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Abstract

The DIx genes play an important role in the differentiate;nd migration of
gamma-aminobutyric acid (GABA) interneurons of mi€&ABAergic interneurons
are born in the proliferative zones of the ventedéncephalon and migrate to the
cortex early during mouse development. Singlg mutant mice show only subtle
phenotypes. However, the migration of immature rmgarons is blocked in the
ventral telencephalon oDIx1/DIx2 double mutant mice leading to reduction of
GABAergic interneurons in the cortex. AldoIx5/DIx6 expression is almost entirely
absent in the forebrain, most probably due to eregslatory mechanisms.

In zebrafish, the role allx genes in GABAergic interneuron development is
unknown. By injecting Morpholino, we double knockaolwn dix1 anddIx2 genes in
wildtype zebrafish to investigate the function dfettwo genes in zebrafish
GABAergic interneuron development. By comparindgetént subsets of GABAergic
interneuron development in wildtype amwitkl/2 morphant zebrafish forebrain, we
found out that at 3dpf, 4dpf and 7dpf, double krtmekn of dix1 anddIx2 genes in
zebrafish remarkably reduced the number of CalbidiSomatostatin- and
Parvalbumin-positive GABAergic neurons, whereas tlaevelopment of
Calretinin-positive neurons is slightly affectedneBe results suggest that in zebrafish,
dixla and dIx2a genes are important for the development of certaibtypes of
GABAergic interneurons (Calbindin-, Somatostatinnda Parvalbumin-positive
neurons) and may have minor influence on Calrefiusitive neuron development.

This also suggests that different regulatory meigmas are involved in the



development of the different subtypes of GABAeligterneurons.
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Abbreviations

ac: anterior commissure

AER: apical ectodermal ridge

CB: calbindin

CGE: caudal ganglionic eminence
CNS: central nervous system

CR: calretinin

CREs:cis-acting regulatory elements

DT: dorsal thalamus

Emt: eminentia thalami

GAD: glutamic acid decarboxylase
GABA: gamma-aminobutyric acid
GH: growth hormone

LGE: lateral ganglionic eminence
LIM-hd: LIM-homeodomain

LTP: long-term potentiation

LV: lateral ventricle

MGE: medial ganglionic eminence
MZ: mantle zone

NCX: neocortex

NPY: neuropeptide Y

P: pallium
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PCX: palliocortex

po: preoptic region

PPSS: Somatostatin is synthesised as preprosoatatost
PTd: dorsal part of posterior tuberculum
PTv: ventral part of posterior tuberculum
PT: posterior tuberculum

PV: parvalbumin

S: subpallium

sd: dorsal thalamus

SDF-1: cell-derived factor-1

SHFM: Split Hand/Split Foot Malformation
SOM: somatostatin

SVZ: subventricular zone

SR: sarcoplasmic reticulum

TDO: tricho-dento-osseous

TeO: tectum opticum

TnC: troponin-C

vt: ventral thalamus

VZ: ventricular zone
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1 Introduction

1.1 Distal-less (DIl) genes

Distal-lessis the earliest known gene specifically expressetkieloping insect
limbs whose expression is maintained throughoub lilevelopment. The signal from
Distal-lessaffects the formation of imaginal discs, distirghung the site of imaginal
disc development from the general body wall (Coéieal., 1993), thus setting the
stage for limb developmeriDrosophilamutants lackinddll function die as embryos

because they lack the rudimentary larval limbs @wo&nd Jurgens, 1989).

1.2 Vertebrate Homologs of DIl (DIx)

DIx is a family of homeodomain transcription factaevhich are related to
the Drosophilaistal-less(DIl) gene (Panganiban and Rubenstein, 2002). The
vertebrateDIx genes are a functional diversification of paral@sanem et al., 2003).
These paralogs have overlapping patterns of exprebgcause of theis-acting
regulatory sequences located in the short intecgegjion that separated them
(Ghanem et al., 2003; Park et al., 2004; SumiyamdiaRuddle, 2003; Zerucha and
Ekker, 2000). These intergenic sequences also teethiass-regulation ddlx
proteins (Zerucha et al, 2000; Ghanem et al, 2003).

Gnathostoma vertebrates haveBIx genes and they are closely linked in
tail-to-tail pairs,DIx1-DIx2, DIx3—DIx4(originally calledDIx7) andDIx5-DIx6. They
are thought to have arisen via a tandem gene duiplicevent followed by a series of

duplication events (Simeone et al., 1994). In mataraad birdsPIx2, DIx3andDIx5
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are more closely related to each other than theyadIx1, DIx4 andDIx6 because
the creation of the first linked pair of genes hapgd a long time before the
production of the other three pairs (Neidert et2001; Stock et al., 1996). FoDtx
genespPIx1, DIx2, DIx5andDIx6 are expressed in the forebrain in two highly
restricted domains: the telencenphalon and thecdmralon (Eisenstat et al., 1999;
Puelles et al., 2000; Zerucha et al., 20@0%. genes display a spatio-temporal
expression in whicbIx2 is expressed the earliest in the progenitorsoaed by
DIx1, DIx5 andDIx6 (Liu et al., 1997; Eisenstat et al., 1999; Zeruehal.,

2000)(Figure 1.1).

Fig. 1.1. Expression domains @lIx1, DIx2, DIx5andDIx6 during mouse brain
development. Schema otransverse section through the E12.5 mouse teleat@p
showing the combined expressiondik transcripts. Most cells in the subpallial
telencephalon expref¥x1, DIx2, DIx5or DIx6 at some stage of their differentiation.
The arrows indicate the migration from the subpalilito the pallium (cortex) (Marin
and Rubenstein, 2001). Thexed region on the left is used in the middleisadib
show the expression Bfix2, DIx1, DIx5andDIx6. DIx2is primarily expressed in
undifferentiated cells; it is expressed in scattarells in the ventricular zone (green
dots), in most cells in the subventricular zonafeum green) and in scattered cells in
the mantle zone (green dotB)x6 is primarily expressed in differentiated cellghie
mantle zone (uniform peach)Ix1 (red) andDIx5 (blue) are expressed in

intermediate patterns. (Bottom) A hypothesized geramd biochemical pathway that

13



proposes the sequential role@k2, DIx1, DIx5andDIx6 at different stages of
differentiation. Telencephalic regioase as follows. Pallium: neocortex (NCX) and
palliocortex(PCX). Subpallium: lateral ganglionic eminence (DG#8edial
ganglionic eminence (MGE). Stagesdifferentiation: ventricular zone (VZ);
subventricular zone(SVZ); mantle zone (MZ). LV glial ventricle (ventricle of
telencephalon); 111, third ventricle (ventricle tbfe diencephalon). Cited from

Panganiban and Rubenstein, 2002.

[ o256

Dix2 Dix6

VZ

SVZ

Model:
Dix2 ——DIx1——DIx5 ——DIx6
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1.3 DIx genesin zebrafish

In zebrafish, there are eight knowtx genes (Akimenko et al., 1994; Ekker et al.,
1992; Ellies et al., 1997; Stock et al., 1996). Siww similar bigene genomic
arrangements as in the moudkla/dIx2a; dix3b/4pbanddix5a/6aclusters
orthologous tdIx1/2; DIx3/4; DIx5/6, respectively (Quint et al., 2000). Two
additional genegjIx2banddIx4a, are thought to be duplicates of ancedal and
DIx4, respectively, after the teleost-specific genomglidation event (Amores et al.,
1998).

In the mouse, the CREsgacting regulatory elements) 156i located in the
intergenic regions dDIx5/Dx6 (Zerucha et al., 2000) and 112bDIx1/DIx2 (Ghanem
et al., 2003), respectively, show comparable reguofaactivities in the subpallial
telencephalon and diencephalon (Ghanem et al.,)2088 CREs URE1 and URE2
were found located ~17 kb (URE1) and~12 kb (URE®team of th®Ix1 ATG
start site. The zebrafighix genes share a similar genomic arrangements agin t
mouse, including the presence of the regulatonyetds 112a and 112b in the
dixla/2aintergenic region, upstream regulatory elemerdRE2) upstream aflix1a,
I56i and 156ii betweenlx5aanddIx6a(Zerucha et al., 2000; Ghanem et al., 2003).
Five dIx genes (all butlix3b, dix4banddix4a are expressed in the zebrafish
forebrain with very similar expression domainshe telencephalon and diencephalon
(Akimenko et al., 1994; Ellies et al., 1997).

The first twdIx genes expressed during zebrafish developmemtx3and

dIx7 during gastrulation (Akimenko et al., 1994; Elletsal., 1997). The zone of
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expression oflix3 anddIx7 during gastrulation will develop into the prospeeti
olfactory and otic placodes (Akimenko et al., 19BHies et al., 1997). Later during
development, additionallx genesdix4 anddIx6, are expressed in the olfactory
placodes and in the developing otic vesicle andrimar (Akimenko et al. 1994;

Ekker et al. 1992; Ellies et al. 1997)(Zerucha BkHer, 2000)(Table 1.1).

Table 1.1 Summary aflx genes expression in the zebrafiglkimenko et al., 1994;

Panganiban and Rubenstein, 2002

Expression Gene

Ectodermal stripes dix3b dix4b

in gastrula

Ventral forebrain dixla dIx2a dix5a dIx6a dIx2b
Olfactory placodes dix3b dix4b dix5a dIx6a

Migrating neural dix2a

crest

Visceral arches dixla dIx2a dIx3b dIx4b dIx5a dIx6a 4Hx
Dorsla otic vesicle dix3b dIx4b dIx5a dix6a

Pectoral fin buds dixla dixla dIx3b dix4b dIixba dIx6a dIx2blx4dh

Median fin fold dixla dixla dIx3b dIx4b dIx5a dix6a dIx2b x4d
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1.4 DIx gene function
TheDIx proteins are known as DNA-binding transcriptioregulators,

which control large numbers of downstream effegemes. Genetic approaches were
used to show that tHalx genes regulate the development of ectodermalketissu
derived from neural plate, the differentiation chAEBAergic neurons, patterning of the
branchial arches skeletddlx genes are also involved in bone and cartilage d6on
and limb development (Panganiban and Rubenste@®)20

Overlapping patterns of expression for Big genes cause a problem in
determining their respective roles for gene functizay be partially redundant. The
phenotypes of mice with targeted mutation®ir genes are consistent with partial
functional redundancy. The most prominent methostidy the functions of thaix
genes in zebrafish is the use of knockdown teclyiedo such as injecting morpholino

oligonucleotides.

1.4.1 Neurogenesis and neuron specification

Neurogenesis in vertebrates occurs by the regulaitbdrawal from the cell
cycle of a homogeneous population of progenitdsaelthe neural tube (McConnell,
1981). Subpallial neurogenesis is under the coofrtte bHLH, achaete-scute family,
Mashl1proneural factor (Casarosa et al., 19983shlacts as neural determinant
through regulation of the Notch pathway, it alsafeos ventral neuronal identity
through regulation obIx and GADG67 (the rate-limiting GABA synthesis enzyme

(Casarosa et al., 1999; Poitras et al., 2007; leovdé, 2000; Parras et al., 2002).
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In the subpallium, the lateral ganglionic eminefidB8E) generates the
striatal projection neurons (Deacon et al., 1984ate mapping study of the
Nkx2.1-lineage in the mouse telencephalon demaestithe medial ganglionic
eminence (MGE) gives rise to many different pragctineurons of the globus
pallidus, septum, and nucleus basalis (Xu et @D82. The other group consists of
projecting neurons whose cell bodies can be foaradseries of nuclei in the
subcortical telencephalon, including the mediatwep(also designated as Chl
cholinergic group) (Mesulam et al., 1983), the ieaitand horizontal limbs of the
nucleus of the diagonal band (Ch2 and Ch3) (Mesetaah, 1983), and the basal
magnocellular complex (designated as Ch4) (Mesweah,1983), which comprises
cholinergic neurons scattered through the magndeelpreoptic nucleus, substantia
innominata, ventral pallidum, and nucleus basalisgulam et al, 1989).

It has been shown thBix1”~/DIx2”~ mutants have reduced GAD
expression, a block in tangential migration, abredmeurite morphogenesis and
decreased neuronal survival (Anderson et al,199TCabos et al., 2007; Long et al.,
2007, 2009 a,bPIx1”~ mutants have selective postnatal loss of a sulbsetrtical
interneurons (Cobos et al., 200B)ice lackingDIx5 have a reduction in the size of
the olfactory epithelium, and olfactory neurong faiinnervate the olfactory bulb
(Levi et al., 2003; Long et al., 2003).

DIx genes are crucial regulators for GABAergic diffaration.

DIx1 andDIx2 double mutant mice lose the majority of GABAergeonortical,

hippocampal, and olfactory bulb interneurons dudetiects in neuronal maturation
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and migration (Anderson et al., 1997a; Cobos 2805, 2007; Long et al., 2007,
2009 a,b)DIx1 and2 mutants also have a block in the differentiatibbasal ganglia
GABAergic projection and interneurons (Andersorlet1997b; Marin et al., 2000;
Yun et al., 2002). ThuBIx1 andDIx2 are essential for GABAergic neuron formation
throughout the forebrain.

Over-expression assays have indicatedthe can induceéDIx5 expression,
DIx1, DIx2andDIx5 can induce the expression frorDk5/6-lacZenhancer/reporter
construct, an®Ix2 andDIx5 can induceéGAD65/GAD67expression (Stuhmer et al,
2002). DIx proteins cooperate with other proteike Necdin to activate the
transcription of target genes and promote GABA aeal phenotype (Kuwajima et al,
2006). In addition, other homeodomain-containingdes expressed in the subpallium
such as Gshl and Gsh2 are required for the formatid maintenance of the LGE
progenitor population (Toresson et al, 2001), gmokar to regulatBIx expression and
thus GABAergic interneuron differentiation.

In-depth analysis has shown tiGRES,I56i andI56ii, in theDIx5/DIx6

intergenic region act as individual enhancers ang participate irbIx gene
regulation during the development of specific papiohs of GABAergic interneurons

(Ghanem et al., 2007; Ghanem et al., 2008).

1.4.2 Bone development
It has been demonstrated tldk5 andDIx6 are expressed in all anlagen of

the endochondral skeleton (Zhu et al, 2009). Adrlatages of skeletogeneddx5
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and DIx6 are expressed in the post-mitotic prehypertropimd hypertrophic zones
(Bendall et al, 2003; Hsu et al, 2006; Ferrari [et2802). DIX5 and DIx6 are also
expressed in the perichondrium/ periosteum in tmg Ibones as well as ribs and
vertebrae (Bendall et al, 2003; Simeone et al, 19%%n et al, 1996; Acampora et al,
1999).DIx5 single andDIx5/6 double knockouimice have demonstrated requirements
for DIx5 andDIx6 during chondrogenesis (Bendall et al, 2003) Howevdnas been
demonstrated thddIx5 is required for chondrocyte hypertrophy and thit6 has a
redundant function in this tissue since the regu@et for DIX5 and DIx6 function
during chondrocyte hypertrophy can be satisfiech\Wwikx5 alone (Zhu and Bendall,
20009).

Previous study indicated that in bd#tsxI”~andDIx5" mice, frontal bone
development was adversely affected. The frontakbamiMsx1andDIx5 double
mutant mice showed even more severe defects thzarkisxI” or DIx5" mice
(Chung et al, 2010). In additioD|x5 overexpression accelerates osteoblast
differentiation of primary osteoblast cultures gted from chick calvariae (Tadic et al,
2002).DIx5 null mice display significant craniofacial and sery capsule skeletal
defects as well as delayed calvarial ossificatiw lass well organized diaphyseal
cortical bone (Depew et al., 1999; Acampora e1999).

Humans with a four base deletion in the codingaegif DIx3 have a
hereditary disorder, tricho-dento-osseous (TDOYsyme (Price et al.,1998) that
affects morphogenesis of teeth and craniofacidkesie (Lichtenstein et al, 1972) and

is characterized by increased bone density (Haldezhal., 2004; Price et al., 1998;
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Price et al., 1999).

1.4.3 Limb development

In invertebratesDIx function is best understood in the development of
appendages, particularly of the limbs. All of tretebrateDIx genes are expressed in
the apical ectodermal ridge (AER) of the limb bwtijch regulates the patterned
outgrowth of the limb. In the CNS, compoutk mutants have limb defects while
limb development in thBIx1, DIx2 andDIx5 single mutants seems to be
normal(Acampora et al., 1999; Depew et al., 1999;éDal., 1997; Qiu et al., 1995).
It has been demonstrated tBax1” /DIx2" mutants have normal limbs, bDtx2™
IDIX5" mice have split distal limb defects, similar toredactyly syndromes seen in
humangRobledo et al., 2002T.his syndrome is called Split Hand/Split Foot
Malformation (SHFM), can be caused by mutationSkHFM1, a locus which is

closely linked to the humanix5 andDIx6 genes (Crackower et al., 1996).

1.4.4 Patterning of the craniofacial skeleton

It is known that irDIx5/6 double null mice the lower jaw skeleton is altered
in both size and shape (Beverdam et al. 2002; Degppalv 2002). IfDIx1/2 mice,
the maxillary process-derived elements are moongty affected than those of the
mandible (Qiu et al. 1997; Depew et al. 2005). RGAS replication-competent
retroviral vector system that allows sustained rpsession of a gene of interest in

avian cells (Gordon et al, 2009). RCA®B2- and RCASPIx5-infected avian

21



embryos exhibit changes in skeletal developmetiterupper jaw. Analysis of the
distribution of RCASPIx2-infected cells suggests tHalx2 induces aggregation of
undifferentiated mesenchyme, which subsequentlgldesg into the ectopic skeletal
elements (Gordon et al, 2010). These results sugyadIx factors mediate
localization of ectomesenchymal subpopulationsiwithe pharyngeal arches and

define where skeletogenic condensations will arise.

1.5 DIx targets

A variety of genes have been identified as targeBlIx regulation, including
theDIx genes themselves. For example, DIx1, DIx2 and @lkBan activate
transcription from the moud@ix5/DIx6 and zebrafislllx5a/dIx6aintergenic
enhancers in tissue culture cells (Zerucha e2@00) and in slices of embryonic
mouse brain (Stuhmer et al., 200R)x1, DIx2andDIx5 can also activate a glutamic
acid decarboxylase enhancer (Condie et al, 138X also is thought to regulate
Whntldirectly in the developing telencephalon (ller let H995).Arx transcription
factor has been proved as a reliable DIx2 targe¢ giiringembryonic development
(Colasante et al, 2008). DIx3 has been implicatezttly in the activation of several
genes, including those encoding a human choriaomadotropin subunit in the
placenta (Roberson et al., 2001) and profilaggridifferentiating keratinocytes
(Morasso et al., 1996Ix4 (previouslyDIx7) activates both GATAL and MYC in
hematopoietic cells (Shimamoto et al., 1997). Ect®x4 also can inhibit apoptosis

via upregulation of expression of intercellular esion molecule 1 (Shimamoto et al.,
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2000). During bone formatiomIx5 represses osteocalcin (Ryoo et al., 1997). Genes
encoding collagen 1A1 (Dodig et al., 1996) and bsiatoprotein (Benson et al., 2000)

were found to be activated Bx5 during bone differentiation.

1.6 Neuronal migration in theforebrain

Neurons are most frequently born at a distance ftanplace where they finally
become integrated in a specific neuronal circuieyltravel from their birth place to
their final position in the brain.

In the subpallial telencephalon lateral ganglie@mainences (LGE) and medial
ganglionic eminences (MGE) give rise to multipleirmnal populations with
disparate migratory patterns. During mid-embryatages, the LGE gives rise
primarily to cells that migrate radially in theiatum, whereas the MGE give rise to
cells that migrate tangentially towards the stnatmeocortex and hippocampus,
where they differentiate as GABAergic interneur@sderson et al., 2001; Lavdas et
al., 1999; Pleasure et al., 2000; Wichterle etl&99; Wichterle et al., 2001).

There are two major modes of migration in the Ch@ial migration, in
which cells migrate from the progenitor zone toveatte surface of the brain where
they differentiate into glutamatergic neurons; tartjential migration, in which cells
migrate orthogonally to the direction of radial maitjon into the cerebral cortex

where they differentiate into GABAergic interneusqiMarin and Rubenstein, 2003)

23



1.7 GABAergic neurons

Gamma-amino butyric acid (GABA)-ergic neurons coisgabout 20% of
all neurons within the cerebral cortex and hippgeasnand about 95% of neurons
within the striatum (Danglot et al., 2006; Rymaakt 2004; Wonders and Anderson,
2006). GABAergic interneurons are generated irbdmal ganglia and migrate across
the pallium/subpallium border to populate the ceakbortex (Anderson et al., 1997a;
Wichterle et al., 2001). It is known that GABAergnterneurons modulate neuronal
activity and synaptic plasticity and perform kekibitory functions within neural
systems (Freund and Gulyas, 1997). Disruption oB&#rgic neuron function may
cause several disorders such as schizophrenia gletvai, 2006; Lewis et al, 2008),
autism (Acosta et al., 2003) and anxiety (Mohlealet2002).

GABAergic interneurons can be subdivided by molecutarkers which
include Ca2+-binding proteins, such as calbindiB)(Calretinin (CR), and
parvalbumin (PV), neuropeptides, such as somatog®&OM) and neuropeptide Y
(NPY). Expression of these markers within GABAergirneuron subtypes varies
between regions, yet about 85% of interneuronseariassified by largely
non-overlapping expression of PV, CR, and SOM &dbrtex and PV, CR, and CB
in the hippocampus (Freund and Buzsaki, 1996; Gam&@®08; Gonchar and
Burkhalter, 1997; Jinno and Kosaka, 2006; Kubothkawaguchi, 1994; Miyoshi et
al., 2007). In this report, we used molecular megke distinguish different subsets of

GABAergic interneurons.

24



1.8 Calbindin

Calbindin (CB) is a member of EF-hand family of @d#inding proteins. It
was originally described as a 27-kD protein indulbgditamin D in the duodenum of
the chick (Kojetin et al, 2006). Calbindin andm&NA have a wide distribution in
the central nervous system (Frantz and Tobin, 198dluding in hypothalamic
supraoptic (SON) and paraventricular nuclei (Sandtal, 1992; Abe et al, 1992;
Arai et al, 1994). It has up to six high affinitgZ+-binding sites. Gain-of-function
experiments have shown that CalbindigsPoverexpression induces neuronal
differentiation and Calbindin-f3« facilitates neuronal differentiation via
up-regulation of genes suchldeuroD Pax6,andMashXMiettinen et al, 1992

Calbindin is expressed in both GABAergic (e.g. lagecuit neurons) and

glutamatergic cortical neurons (e.g. projectionrnas) (Celio, 1990) and is
expressed in 50% of neurons that express orexépters and is never detected in
neurons that lack orexin receptors (Korotkova gt24103). It has been shown that, in
rat, Calbindin is expressed in gyrus dentatus @oplocampal CA1-CA3 region

(Miettinen et al., 1992)

1.9 Calretinin

Calretinin (CR) is a member of the calcium-bindprgtein EF-hand family
first identified in the retingRogers, 1987)t has a function in intracellular calcium
buffering, messenger targeting, and is involvedrocesses such as cell cycle arrest,

and apoptosis (Camp and Wijesinghe, 2009).
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Calretinin is expressed in distinct neuronal pofoites including in the retina,
granule cells of the cerebellum, and brainstemtandneurons.
Immunohistochemistry revealed that 83% of calratitontaining neurons were
immunoreactive for GABA and they are located indleatate gyrus and CA1-3
subfield. Most of the GABA-negative calretinin-immareactive neurons were
located in the hilus of the dentate gyrus andratstn lucidum of the CA3 subfield
(Miettinen et al., 1992).

In zebrafish, CR is a marker of various neurongduising numerous cells
in the optic tectum, torus semicircularis, secopdprstatory nucleus, reticular
formation, somatomotor column, gustatory lobesawafateral area, and inferior olive,
as well as of characteristic tracts of fibers aadropil (Castro et al., 2006).

Experiments have revealed that Calretinin playsrgoortant role in the
modulation of intrinsic neuronal excitability arftetinduction of long-term
potentiation (LTP) (Schurmans et al., 1997). Furtiwe, selective knockout of
Calretinin in mice suggests a putative role forr€ain in the maintenance of

calcium dynamics (Camp and Wijesinghe, 2009).

1.10 Somatostatin

Somatostatin (SOM) was originally characterized aypothalamic peptide with
a direct inhibitory activity on the secretion obgith hormone (GH) by the anterior
pituitary gland(Brazeauet al., 1973).

Somatostatin was shown to have significatiérfces on digestive system
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physiology. It modulates almost all gastrointedtioactional activities, such as
motility, secretion, and absorption (Walsh., 1984ulkes, 1994). It is also known
that Somatostatin accelerates granule cell moveneatthe birthplace in the EGL
and in a stage-specific manner (Elina and Hitcd2bd2).

Somatostatin is contained in mucosald cells disted with different densities
along the entire gastrointestinal tract, in neutiotr$nsic to the submucosal and
myenteric plexuses, and in pancreatic islet c#llal§h, 1994; Costa et al., 1977).
Somatostatin is synthesised as preprosomatosk®8%), and the cDNA of three
preprosomatostatins has been identified includir§®, PPSS2 and PPSS3
(Argenton and Zecchin, 1999). It has been shownRR&S?2 is expressed in the
pancreas, whereas PPSS1 is expressed in bothrtbeepa and the central nervous

system (Devos et al, 2002).

1.11 Parvalbumin

Parvalbumin (PV) is an 11-kDa cytosolic protein detbngs to the EF-hand
family of Ca2+ binding proteins (Kawasaki et al98%. It co-exists with GABA in
cortical neurons. Immunostaining experiment hasvshiiat Parvalbumin was
exclusively present in hippocampal interneuronsstvid them were located within or
close to the granule cell layer of the dentate gynd the CA1-CA3 pyramidal cell
layers (Keilhoff et al, 2004). In adult rats, pdbwamin is present in ~50% of
interneurons in the neocortex and is expressedtim Ghandelier cells and in some

basket cells (Xu et al, 2003).
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PV has been shown to accelerate myocardial retaxativitro
PV is associated with several Ca2+-mediated celadtvities and physiological
processes. It has been suggested that PV mighidaras a “Ca2+ shuttle” which
transports Ca2+ from troponin-C (TnC) to the salasipic reticulum (SR) (Baylor
and Hollingwort, 2003). PV may contribute to thefpemance of rapid, phasic
movements by accelerating the contraction—relaratyele of fast-twitch muscle
fibers. It has also been shown that PV deficiertgrathe neuronal activity, a key

mechanism leading to epileptic seizures (Arif, 2009
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2. Objectives of this project

As described above, it is known that Dl genes play an important role in the
differentiation and migration of gamma-aminobutyaicid (GABA) interneurons of
mice. SingleDIx mutant mice show only subtle phenotypes. Howether,migration
of immature interneurons is blocked in the venteééncephalon dDIx1/DIx2 double
mutant mice leading to a reduction of GABAergicemmeurons in the cortex. In
zebrafish, the role afilx genes in GABAergic interneuron development is wvkm
The main objective of this project is to stu@ix gene function in zebrafish
GABAergic interneuron development.

GABAergic neurons are remarkably diverse and can shbdivided by
morphology, electrophysiology and molecular markditsere are several molecular
markers for GABAergic neurons. They include Calcibimding proteins: CB
(calbindin), CR (calretinin), PV (parvalbumin); Nepeptides: VIP (vasointestinal
peptide), SOM (somatostatin), NPY (neuropeptide I¥)s possible thaDIx genes
have different regulatory roles on different suletymf GABAergic neurons. In order
to know whether this is true, we used molecularkea to subdivide GABAergic
neurons and investigate the roleDdk genes.

SinceDIx1/DIx2 double mutant in mice is leading to reduction of E3ergic
interneurons in the cortex, | focuset the regulation function afilixladIx2a in
zebrafish GABAergic interneuron development.

In summary, the objectives of this project are:

B StudyDIx genes function in zebrafish GABAergic interneudavelopment.
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e Investigate whether morpholino knockdowndbkla/dIx2aaffects GABAergic
neuron development in the zebrafish brain.
m Identify which subtypes of GABA cells are regulatgdDIx genes.

e Investigate whether molecular markers label GABAengeurons by using
double immunohistochemistry with GAD (antibody usedanark GABAergic cells).

e Investigate the influence of double knockdown dbkla/dIx2a on different

subtypes of GABAergic interneurons using immunaakemistry.
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3. Research Methods
3.1 Animalsand Tissue Preparation

Animals used in this study were developing zebnaéimbryos/larvaeQanio
rerio) ranging from 3 days post fertilization (dpf) tdpf. Embryos and larvae were
fixed in 4% paraformaldehyde (PFA)/phosphate befiesaline (PBS) and dehydrated

in methanol for storage.

3.2 Morphoalino oligonucleotide microinjection

Morpholino oligonucleotides (MO) are synthetic oligicleotides composed of
chains of about 25 subunits that are similar to Dl RNA oligonucleotides, except
that they have a morpholine ring rather than asebdng. The MO is targeted to
sequence 5’ of the translation start site of mMRMA ahibits the progression of the
initiation complex and leads to the inhibition cdrislation.

MOs were injected into one-cell stage wild type rabh embryos at a
concentration of 4ng/nl. The following translatiblocking morpholinos were used:
dixla(Sperber et al. 2008))x2a (Sperber et al., 2008).

The amount of morpholino injected is estimated il calibration
micrometer slide.

For each immunostaining, approximately 100pholino injected zebrafish
larvae were obtained and about 75 of them were igseskctioning and

immunohistochemistry stain.
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3.3 Frozen section
First, 3dpf, 4dpf and 7dpf zebrafish larvae werexedi in 4%

paraformaldehyde/PBS at room temperature. Therafisbwere equilibrated in 30%
sucrose/PBS at 4°C for 1-2 days prior to sectionfeprafish samples were put into
section container with Tissue Freezing Medium (igla Biomedical Sciences), 3
fishes per bolt, face up and eyes horizontallyeAthis, samples were frozen in -80°C
and moved to -20°C 10 min before sectioning. Zesinasamples were sectioned in
10 um transverse sections using crytostat (Leical&\) at -20°C. Sections were
attached on Superfrost/Plus slides (Fisher Scientihd stored under -20°C if not use
instantly.

At last, slides were washed in PBS to get rid oftiee media before

immunohistochemistry.

3.4 Immunohistochemistry

Zebrafish were fixed and storaedd cryoprotected overnight in 20% sucrose at 4
°C. The larvae were then sectioned using a cryastae transverse plane at a
thickness of 1um, mounted onto coated slides, and stored at —2aintiCfurther
use.

GABA cells and subtypes of GABA cells were idertifiusing an array of
commercially available antibodies (Table 3.1).

The slides were soaked in PBS 10min for 3 titoeget rid of sectioning media.

Then the sections were blocked in BSA/PBS for 2rfiai room temperature. Diluted
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primary antibody was added to sections and kept@tovernight. Then slides were
washed three times 10min each in PBISAr detection, the sections were incubated
with the secondary antibodi@sdark at room temperature for 2 hours. Prior to
mounting on slides, the tissue was rinsed with PR&ced in a mounting medium
and then viewed using fluorescent microscope.

Each immunostain panel represents aboutrv&dal5 sectioned larvae were
used for immunohistochemistry at each time andnggiexperiments for every

marker.

Table 3.1. Primary and Secondary Antibodies Usedhionunohistochemistry

Primary Antigen  Dilution Host  Source
GADG65/67 gad 1:400 rabbit  Millipore
GADG65/67 gad 1:400 mouse  Biomol
CB calbindin  1:400 rabbit swant
CR calretinin ~ 1:400 mouse  swant
PV parvalbumin 1:400 mouse sigma
SOM somatostatin  1:200 rat chemico
Secondary
Alexa 488(green) mouse 1:300 goat ingén
Rabbit
Alexa 594(red) mouse 1:300 goat immgen
Rabbit
Rat

3.5 Immunohistochemistry optimization
Zebrafish were sectioned and immunohistochemistrfopmed at each stage with
each antibody after various dilutions.

Table 3.2 Immunohistochemistry conditions optinmimat
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Stages of zebrafish tested

Various dilutions tested

Section thickness tested

2dpf, 3dpf, 4df Band 7dpf

Rabbit anti-GAD A031:400 1:500 1:1000

Mouse anti-GAD 1:300 1:400 1:500 1:1000
Rabbit anti-CB 1:300 1:400 1:500 1:1000
Mouse anti-CR  1:300 1:400 1:500 1:1000
Mouse anti-PV  1:300 1:400 1:500 1:1000
Rat anti-SOM 1:100 1:200 1:300 1:400 1:500

8um, 10um and12um

34



4. Results
4.1 Expression of Calbindin and GAD isremarkably reduced in 3dpf dixla/dix2a
mor phant zebrafish compared with 3dpf wildtype zebrafish brain.

In 3dpf wildtype zebrafish forebrain, CB-positivells are scattered around
anterior commissure (ac) and preoptic region (fpogure4.1A). They can also be
found in dorsal part of posterior tuberculum(DTenwal thalamus (vt), dorsal
thalamus (sd) and dorsal part of posterior tuberou(PTd) (Figure 4.1 G). GAD+
cells occupied vt, ad sd and po (Figure 4.1 B)ythlso gathered around tectum
opticum (TeO), PTd and DT (Figure 4.1 H). CB+ anfll3 cells overlap in ac, po
(Figure 4.1 C) and vt ,PTd, sd, DT (Figure 4.1 1).

In 3dpfdixla/dix2amorphant zebrafish forebrain, it is hard to see-CBlls in ac,
po, DT, vt, sd or PTd where they are found in witgt zebrafish brain.(Figure 4.1 D
J). Although some red color appears in vt, sd (feégul E K) and ac, TeO (Figure 4.1
K), the staining is more diffuse compared with 8D expression in wildtype
zebrafish and could not be considered as real G&idession. The strong expression
in TeO of morphant in panel E is strong backgrositaih which is a common problem
occurs in immunohistochemistry and may be causedpfiityary and secondary
antibody cross-reactivity.

Thus, the expression of Calbindin and GAD is reduge 3dpf dixla/dIx2a

morphant zebrafish compared to 3dpf wildtype zeshdbrain.
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4.2 Expression of Calbindin and GAD isremarkably reduced in 4dpf dixla/dix2a
mor phant zebrafish compared to 4dpf wildtype zebrafish brain.

In 4dpf wildtype zebrafish forebrain, CB+ cells #eeed around ac (Figure 4.2 A
G) and vt, sd (Figure4.2 G). GAD+ cells appeareddr(Figure 4.2 B H), vt, sd and
TeO (Figure 4.2 H). CB+ and GAD+ cells both appdareac, vt in 4dpf wildtype
zebrafish (Figure 4.2 C I).

In 4dpf dixla/dIx2amorphant zebrafish forebrain, there are no CB+sdblat
appear in ac, vt or sd, the areas where CB is egptein wildtype zebrafish brain
(Figure 4.2 D J). Despite some diffuse expressiornsd (Figure 4.2 E K), the
expression of GAD is hardly be seen in regions @Hl&AD is expressed in wildtype
zebrafish. These facts indicate reductions of CB &AD expression in 4dpf
dixla/dix2a morphant zebrafish compared to wildtype zebrafah the same

development stage.

4.3 Expression of Calbindin and GAD isremarkably reduced in 7dpf dixla/dix2a
mor phant zebrafish compared with 7dpf wildtype zebrafish brain.

In 7dpf wildtype zebrafish forebrain, CB+ cells app in vt, ac, sd. and TeO
(Figure 4.3 A, G). GAD expression can be seen i(Fsgure 4.3 B E). CB and GAD
are co-expressed in sd (Figure 4.3 C I).

In 7dpf dixla/dIx2amorphant zebrafish forebrain, CB+ cells can ordyseen in
eyes but not in brain (Figure 4.3 D J) and thetai®ly any GAD expression in 7dpf

dixla/dix2amorphant zebrafish brain (Figure 4.3 E K). It isarl that expression of
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Calbindin and GAD is reduced in 7dgfxla/dIx2amorphant zebrafish compared

with 7dpf wildtype zebrafish brain.

4.4 Expression of Calretinin is dlightly reduced while GAD expression is
significantly reduced in 3dpf dixla/dix2a morphant zebrafish compared with
their expression in 3dpf wildtype zebrafish brain.

In 3dpf wildtype zebrafish forebrain, there is aouadance of CR+ cells that
occupy the dorsal part of posterior tuberculum (PTdentral part of posterior
tuberculum (PTv), DT and TeO (Figure 4.4A G). GADPslls could be found in PTv
(Figure 4.4 B H), PTd, DT (Figure 4.4 B). CB and B Are co-expressed in PTv
(Figure 4.4 C J), PTd, DT (Figure 4.4 C).

In 3dpf dixla/dIx2amorphant zebrafish brain, although their numbesnsaller
than in wildtype zebrafish brain, CR+ cells caradig be observed in PTv, eminentia
thalami (Emt),. (Figure 4.4 D K) and PTd, DT (Figut.4 D). GAD+ cells can barely
be seen in the brain of morphant zebrafish (FiguteE K). These results show that in
3dpf dixla/dIx2a morphant zebrafish, expression of Calretinin igttly reduced
while GAD expression is reduced compared to expyesa 3dpf wildtype zebrafish

brain.

45 Expression of Calretinin is dlightly reduced while GAD is significantly
reduced in 4dpf dixla/dlx2a morphant zebrafish compared with their expression

in 4dpf wildtype zebrafish brain.
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In 4dpf wildtype zebrafish forebrain, there is duadance of CR+ cells in PTd,
PTv, DT and pallium (P) (Figure 4.5A G). GAD+ celiathered in TeO, PTv, PTd and
ac. (Figure 4.5 B H). CB and GAD are co-expressaddliv and PTd (Figure 4.5 C I).

In 4dpfdixla/dIx2amorphant zebrafish forebrain, CR+ cells can be& sedTv,
PTd, P and DT (Figure 4.5 D J) but both the cethbar and the staining intensity are
lower than in wildtype zebrafish. GAD+ cells canrddg be seen in the brain of
morphant zebrafish (Figure 4.5 E K). CB and GAD @reexpressed in PTv and Emt
(Figure 4.5 F L). These results show that in 4difla/dIx2amorphant zebrafish,
expression of Calretinin is slightly reduced whitee number of GAD + cells is

remarkably reduced compared with 4dpf wildtype aébh brain.

4.6 Expression of Calretinin and GAD is not markedly reduced in 7dpf
dix1a/dix2a mor phant zebrafish compared with wildtype zebrafish brain.

In 7dpf wildtype zebrafish forebrain, there is duadance of CR+ cells in PTd,
PTv, DT, P and TeO (Figure 4.6 A G). GAD expresseBTd, PTv, DT and P(Figure
4.6 B H). CR and GAD co-expressed in PTd, PTv, bd B (Figure 4.6 C I).

In 7dpf dixla/dIx2a morphant zebrafish forebrain, there are some CBis c
scattered in PTv, PTd (Figure 4.6 D J ), P and Bigyre 4.6 J ) but both the cell
number and labeling intensity are lower than indtyibe zebrafish. Expression of
GAD can be seen in PTd, PTv, DT and P in morphahtafish (Figure 4.6 F L) yet
the expression intensity is less than it in wildtygebrafish. Thus, in 7dpix1a/dIx2a

morphant zebrafish, expression of Calretinin and>3#reduced but still can be seen
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compared with their expression in 7dpf wildtyperadish brain.

4.7 Expression of both Somatostatin and GAD isreduced in 3dpf dixla/dix2a
mor phant zebrafish compared with their expression in 3dpf wildtype zebrafish
brain.

In 3dpf wildtype zebrafish forebrain, SOM+ cellglyered in P, S, DT and Emt
(Figure 4.7 A G). And GAD+ cells can be seen in fane areas as SOM+ cells
(Figure 4.7 B H).

In 3dpfdixla/dix2amorphant zebrafish brain, neither SOM nor GAD espion
can be clearly observed in S, P and DT (FigureD4E J K) which indicates that the
expression of SOM and GAD is reducedlirla/dIx2amorphant zebrafish compared

with their expression in 3dpf wildtype zebrafistaior.

4.8 Expression of both Somatostatin and GAD isreduced in 4dpf dixla/dIx2a
mor phant zebrafish compared with their expression in 4dpf wildtype zebrafish
brain.

In 4dpf wildtype zebrafish forebrain, SOM+ cellshyred in subpallium (S) and
Emt (Figure 4.8 A G). GAD+ cells gathered in Emig(i¥e 4.8 B H), P, S and DT
(Figure 4.8 B). SOM and GAD co-expressed in EmgiiFe 4.8 C I) and S (Figure 4.8
C).

In 4dpf dixla/dix2a morphant zebrafish forebrain, both SOM and GAD

expression are much less than in wildtype zebrafisgure 4.8 D E J K). These
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indicate that expression of SOM and GAD is redugeddixla/dlx2a morphant

zebrafish compared with their expression in 4dpdtype zebrafish brain.

4.9 Expression of both Somatostatin and GAD isreduced in 7dpf dixla/dIx2a
mor phant zebrafish compared with their expression in 7dpf wildtype zebrafish
brain.

In 7dpf wildtype zebrafish forebrain, SOM+ cellstigered in S and Emt (Figure
4.9 AG) and P, DT (Figure 4.9 G). GAD+ cells ga#tein the same areas as SOM+
cells (Figure 49 BHC ).

In 7dpfdixla/dix2amorphant zebrafish forebrain, there is no clegression of
SOM (Figure 4.9 D J), nor is there GAD expressidigyre 4.9 E K). These
observations indicate that expression of SOM andGé# reduced indIx1la/dIx2a

morphant zebrafish compared with their expressiordipf wildtype zebrafish brain.

4.10 Expression of Parvalbumin isreduced in 3dpf dixla/dix2a mor phant
zebrafish compared with their expression in 3dpf wildtype zebrafish brain.

In 3dpf wildtype zebrafish forebrain, PV-positivells are scattered in ac, TeO,
PTd and DT (Figure 4.10 AD).

In 3dpfdixla/dix2amorphant zebrafish, there is no clear expressid®\oin the
brain (Figure 4.10 D J). These observations inditlaat expression of PV is reduced
in dIxla/dIx2a morphant zebrafish compared with expression in 3dpfitype

zebrafish brain.
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4.11 Expression of Parvalbumin isreduced in 4dpf dix1a/dlx2a mor phant
zebrafish compared with expression in 4dpf wildtype zebrafish brain.

In 4dpf wildtype zebrafish forebrain, there is duadance of PV+ cells in TeO,
DT, PTd and PTv (Figure 4.10 B H).

In 4dpf dixla/dIx2amorphant zebrafish, there is no clear PV expressiothe
brain (Figure 4.10 E K). These indicate that exgims of PV is reduced in
dixla/dix2amorphant zebrafish compared with expression in 4djoftype zebrafish

brain.

4.12 Expression of Parvalbumin isreduced in 7dpf dixla/dix2a mor phant
zebrafish compared with expression in 7dpf wildtype zebrafish brain.

In 7dpf wildtype zebrafish forebrain, there is duadance of PV+ cells in TeO,
DT, PTd and PTv (Figure 4.10 C ).

In 7dpf dixla/dIx2amorphant zebrafish, there is no clear PV expresgseitie
brain (Figure 4.10 F L). This suggests that expoessf PV is reduced idIx1la/dIx2a
morphant zebrafish compared with expression intyle zebrafish brain at the same

developmental stage.
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Figure 4.1 Calbindin and GAD expression in 3dpf wildtype and dixla/dIx2a
morphant zebrafish brain by immunohistochemistry on 3dpf zebrafish brain
transverse sections (10um). A, G) anti-Calbindin (CB) immunohistochemistry on
3dpf wildtype zebrafish brain. B, H) anti-GAD65/@Wmunohistochemistry on 3dpf
wildtype zebrafish brain. C, F, I, L) merged imagédoth CB and GAD expression.
D, J) anti-Calbindin immunohistochemistry on 3djif1a/dIx2amorphant zebrafish
brain. H, K) anti-GAD65/67 immunohistochemistry oh3dpf dix1la/dIx2amorphant
zebrafish brain. Green represents CB expressidmeqgresents GAD expression and
yellow represents overlap of CB and GAD expresskamnel A-F and G-L are two
pairs of larvae which showing the most represerggthenotype of the experimental
group they are in, basically they representing same planes of brain and similar
phenotype.ac: anterior commissure, DT: dorsal thalamus, peoptic region, PTd:
dorsal part of posterior tuberculum, sd: dorsalae@f the subpallium, vt: ventral
thalamus, TeO: tectum opticum. Neuroanatomicalsatlefered to Mueller and

Mullimann, 2003. Dorsal is to the top. Scale badgré
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Figure 4.2 Calbindin and GAD expression in 4dpf wildtype and 4dpf dixla/dIx2a
morphant zebrafish brain by immunohistochemistry on zebrafish transverse
sections (10pm). A, G) anti-Calbindin immunohistochemistry on 4dpfldtype
zebrafish brain. B, H) anti-GAD65/67 immunohistochstry on 4dpf wildtype
zebrafish brain. C, F, I, L) merged images of loBhand GAD expression images. D,
J) anti-Calbindin immunohistochemistry on 4dgiik1a/dIx2a morphantzebrafish
brain. E, K) anti-GAD65/67 immunohistochemistry ddpf dixla/dIx2a morphant
zebrafish brain. Green represents CB expressidmegresents GAD expression and
yellow represents overlap of CB and GAD expresskamnel A-F and G-L are two
pairs of larvae which showing the most represerggthenotype of the experimental
group they are in. Panel A-F representing the uppsares of the larvae brain while

panel G-L representing the lower one. Dorsal ihéotop. Scale bar= gt
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Figure 4.3 Calbindin and GAD expression in 7dpf wildtype and dixla/dIx2a
morphant zebrafish brain by immunohistochemistry on zebrafish brain
transverse sections (10um). A, G) anti-Calbindin (CB) immunohistochemistry on
7dpf wildtype zebrafish brain. B, H) anti-GAD65/@vimunohistochemistry on 7dpf
wildtype zebrafish brain. C, F, I, L) merged imagédoth CB and GAD expression.
D, J) anti-Calbindin immunohistochemistry on 7diit1a/dIx2amorphantzebrafish
brain. E, K) anti-GAD65/67 immunohistochemistry @dpf dixla/dIx2a morphant
zebrafish brain. Panel A-F and G-L are two pair¢aofae which showing the most
representative phenotype of the experimental grthgy are in, basically they
representing the same planes of brain and similangtype. Green represents GAD
expression, red represents CB expression and yekpwesents overlap of CB and

GAD expression. Dorsal is to the top. Scale bann80
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Figure 4.4. Calretinin and GAD expression in 3dpf wildtype and dixla/dix2a
morphant zebrafish brain by immunohistochemistry on zebrafish brain
transver se sections (10pm). A,G) antiCalretinin (CR) immunohistochemistry on 3dpf
wildtype zebrafish brain. B,H) anti-GAD65/67 immumstochemistry 3dpf wildtype
zebrafish brain. C, 1) merged images of both CR &@#&D expression in. 3dpf
wildtype zebrafish brain D,J) antiCalretinin immunohistochemistry on 3dpf
dixla/dIx2a morphantzebrafish brain. E,K) anti-GAD65/67 immunohistoclistny
on 3dpfdixla/dix2amorphant zebrafish brain. F,L) merged images dh &R and
GAD expression 3dpdlixla/dIx2amorphant zebrafish brain. Panel A-E and F-J are
two pairs of larvae which showing the most represtére phenotype of the
experimental group they are in. Panel A-F represgrihe upper planes of the larvae
brain while panel G-L representing the lower onedRepresents CR expression,
green represents GAD expression, yellow represemtslap of CR and GAD
expression. PTd: dorsal part of posterior tuberyl®Tv: ventral part of posterior

tuberculum. Dorsal is to the top. Scale bar gr80
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Figured.5. Calretinin and GAD expression in 4dpf wildtype and dixla/dix2a
morphant zebrafish brain by immunohistochemistry on zebrafish brain
transverse sections (10pm). A,G) anti- Calretinin (CR) immunohistochemistry on
4dpf wildtype zebrafish brain. B,H) anti-GAD65/6fhmunohistochemistry 4dpf
wildtype zebrafish brain. C, 1) merged images ofhb@R and GAD expression in.
4dpf wildtype zebrafish brain D,J) anGalretinin immunohistochemistry on 4dpf
dixla/dIx2a morphantzebrafish brain. E,K) anti-GAD65/67 immunohistoclistny
on 4dpfdixla/dix2amorphant zebrafish brain. F,L) merged images dh &R and
GAD expression 4dpdlixla/dIx2amorphant zebrafish brain. Panel A-F and G-L are
two pairs of larvae which showing the most represtére phenotype of the
experimental group they are in, basically they espnting the same planes of brain
and similar phenotype. Green represents CR expressed represents GAD
expression and yellow represents overlap of CR @AdD expression. P: pallium.

Dorsal is to the top. Scale bar =80
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Figure 4.6. Calretinin and GAD expression in 7dpf wildtype and dixla/dix2a
morphant zebrafish brain by immunohistochemistry on zebrafish brain
transverse sections (10um). A,G) anti-Calretinin (CR) immunohistochemistry on
7dpf wildtype zebrafish brain. B,H) anti-GADG65/6fhmunohistochemistry 7dpf
wildtype zebrafish brain. C, 1) merged images ofhb@R and GAD expression in.
7dpf wildtype zebrafish brain D,J) anti-Calretiniimmunohistochemistry on 7dpf
dixla/dIx2a morphantzebrafish brain. E,K) anti-GAD65/67 immunohistoclistny
on 7dpfdixla/dix2amorphant zebrafish brain. F,L) merged images dh &R and
GAD expression 7dpdlixla/dIx2amorphant zebrafish brain. Panel A-F and G-L are
two pairs of larvae which showing the most représtére phenotype of the
experimental group they are in, basically they espnting the same planes of brain
and similar phenotype. Green represents CR expressed represents GAD
expression and yellow represents overlap of CR@AD expression. Dorsal is to the

top. Scale bar= §0n
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Figure 4.7. Somatostatin and GAD expression in 3dpf wildtype and dixla/dix2a
morphant zebrafish brain by immunohistochemistry on zebrafish brain
transverse sections (10um) A, G) anti-somatostatin (SOM) immunohistochemistry
on 3dpf wildtype zebrafish brain. B, H) anti-GAD6%/ immunohistochemistry on
3dpf wildtype zebrafish brain. C, F, I, K) mergedages of both SOM and GAD
expression. D, J) anti-somatostatin immunohistogbieyn on 3dpf dixla/dix2a
morphant zebrafish brain. E, K) anti-GAD65/67 immunohistoehistry on 3dpf
dixla/dix2amorphant zebrafish brain. Panel A-F and G-L are pairs of larvae
which showing the most representative phenotypthe®experimental group they are
in, basically they representing the same planesraih and similar phenotype. Red
represents SOM expression, green represents GARssipn and yellow represents

overlap of SOM and GAD expression S: subpalliumrdabis to the top. Scale bar=

80um
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Figure 4.8. Somatostatin and GAD expression in 4dpf wildtype and dixla/dix2a
morphant zebrafish brain by immunohistochemistry on zebrafish brain
transverse sections (10um) A, G) anti-somatostatin (SOM) immunohistochemistry
on 4dpf wildtype zebrafish brain. B,H) anti-GAD63/émmunohistochemistry on
4dpf wildtype zebrafish brain. C, F, I, L) mergedaiges of both SOM and GAD
expression. D, J) anti-somatostatin immunohistogbieyn on 4dpf dixla/dix2a
morphant zebrafish brain. E, K) anti-GAD65/67 immunohistoehistry on 4dpf
dixla/dix2amorphant zebrafish brain. Panel A-F and G-K are pairs of larvae
which showing the most representative phenotypthe®experimental group they are
in, basically they representing the same planesraih and similar phenotype. Red
represents SOM expression, green represents GARRssipn and yellow represents

overlap of SOM and GAD expression. Dorsal is tottpe Scale bar = 80n
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Figure 4.9. Somatostatin and GAD expression in 4dpf wildtype and dixla/dix2a
morphant zebrafish brain by immunohistochemistry on zebrafish brain
transver se sections (10um) A,G) anti-somatostatin (SOM) immunohistochemistny o
4dpf wildtype zebrafish brain. B,H) anti-GADG65/6fmunohistochemistry on 4dpf
wildtype zebrafish brain. C, F, I, L) merged imagek both SOM and GAD
expression. D, J) anti-somatostatin immunohistogsieyn on 4dpf dixla/dix2a
morphant zebrafish brain. E, K) anti-GAD65/67 immunohistoetigtry on 4dpf
dixla/dix2amorphant zebrafish brain. Panel A-F and G-L are pairs of larvae
which showing the most representative phenotypthe®experimental group they are
in, basically they representing the same planesraih and similar phenotype. Red
represents SOM expression, green represents GARssipn and yellow represents

overlap SOM and GAD expression. Dorsal is to the &cale bar= 8dn
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Figure 4.10. Parvalbumin expression in 3dpf, 4dpf and 7dpf wildtype and
dixla/dix2a morphant zebrafish brain via immunohistochemistry on zebrafish
brain transver se sections (10um).

A,G) anti-parvalbumin(PV) immunohistochemistry 3dpildtype zebrafish brain.
B,H) anti-parvalbumin immunohistochemistry of 4dpifdtype zebrafish brain. C,I)
anti-parvalbumin immunohistochemistry on sectiorifu(n) of 7dpf wildtype
zebrafish brain. D,J) anti-parvalbumin immunohisimistry on 3dpfdixla/dix2a
morphant zebrafish brain. E,K) anti-parvalbumin iomohistochemistry on 4dpf
dixla/dix2amorphant zebrafish brain. F,L) anti-parvalbumimmiomohistochemistry
on 7dpfdixla/dix2amorphant zebrafish brain. PV expression is showgréen in A,
C, D, F, G-L and in red in B, E. Different colorere due to different second

antibodies were used. Dorsal is to the top. Scate BQum
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5. Discussion
5.1 DIx genes are important for Calbindin positive GABAergic neuron
development.

In this report, we showed that dixla/dIx2amorphant zebrafish brain at 3dpf,
4dpf and 7dpf, the number of Calbindin- and GAD#pes cells is remarkably
reduced compared with wildtype zebrafish brairhatdame developmental stages. By
inhibiting translation of a gene, morpholinos asedito knockdown the gene function
and to learn about its normal function. The knoeskd®f dix1a/dIx2aby morpholino
could be the cause of reduction of Calbindin- ad&positive cells number. This is
consistent with what has been shown in the mouse.

A previous study has shown that the number of neicab GABA- and
calbindin-expressing cells is greatly reduced aRix1/2 double mutant mice
(Anderson et al, 1997). The expression of the sgiing enzyme for GABA was
also reduced in the neocortex of these mutantsrddhection of the expression of the
interneuron markers was observed throughout theamsx and the hippocampal CA
fields (Anderson et al., 1997). It is also knowattm the mouse, the overexpression
of Necdin, a member of the MAGE (melanoma antigenjein family, significantly
increased the populationgcells expressing Calbindin D-28kd GAD in cultured
forebrain slices. DIX5N, a truncated form @fix5 that competes with DIx2 to bind
MAGE-D1, suppresses GABAergic neuron differentiatiny dissociatinghe
endogenous necdin-MAGE-D1-DIx2 complex. Furthermuorgitro experiments

have indicated that necdin deficiency diminisbeg-dependent GABAergic
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differentiation but not neuronal differentiationgeneral (Kuwajima et al, 20pat
could be possible that inhibition dixlaanddIx2afunction indIxla/dIx2amorphant
zebrafish impaired the necdin-MAGE-D1-DIx2 complekich led to the suppression
of GABAergic neuron differentiation and reductioncalbindin- and GAD-positive
cells.

Therefore, our results suggest thatla anddix2aare involved in Calbindin

positive GABAergic neuron development in zebrafish.

5.2 The regulatory function of DIx genes in Calretinin-positive GABAergic
neuron development is not obvious.

It is shown in this report that in the forebraintbé dix1a/dIx2amorphant
zebrafish at 3dpf, 4dpf and 7dpf, the expressiorCalretinin and GAD was not
significantly altered when compared with wildtypebrafish forebrain at the same
developmental stages.

This result contradicts with what have bskown in mouse. Xu et al showed
that Calretinin interneurons are absenDir1-/- DIx2-/- mice, in which both MGE
(medial ganglionic eminences) and CGE (caudal gamgl eminence) are abnormal
(Xu et al, 2004). The difference between thela/dix2aknockdown zebrafish and
DIx1-/- DIx2-/- knockout mice may be due to different developnlentachanism
between the two animal models. Yet there are alker@ossible explanations that
can not be ruled out.

In DIx1”" mice there was no significant difference in expissf Calretinin and
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GADG67 at early postnatal stages (P12) compared With In contrast, the number of
Calretinin+ interneurons was significantly redueéedhe mutant mice older than one
month (Cobos et al., 2005). This suggests that esgosn of Calretinin is
age-dependent. In this report, we only examinedadish at 3dpf, 4dpf and 7dpf and
it is reasonable to hypothesize that these devedopah stages are too early for the
development of Calretinin+ cells to be affected lbgs-of-function ofdlxla and
dix2a

Furthermore, although the majority of calretinimterneurons exprefix1, these
cell subtypes are only partially lost idIx1-/- mice, suggesting the existence of
molecular properties that distinguish whibkx1-positive interneurons survive in the
mutants (Cobos et al, 2005). It is known that theme at least two distinguishable
subtypes of CR-positive cells, termed bipolar (B@RY multipolar (MCR) CR cells.
These cell types differ in most of characteristins|uding firing pattern, biochemical
markers, neurite arborization, and synaptic plagt{€aputi et al, 2009). Therefore it
is possible that in our experiments, knocking dafrdixla anddix2ain zebrafish
affects only specific subtype(s) of CR+ cells bat the others, which results in minor
reduction of CR expression in contrast to an obwichange in CR expression in
DIx1/DIx2 knockout mice.

More experiments are required to verify andhier interpret the role of

dixlaanddIx2ain regulation of Calretinin-positive GABAergic rem development
in zebrafish. Until further work is done, resulterh this study do not support a role

of dIxlaanddIx2ain regulating Calretinin-positive GABAergic neurdevelopment
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in zebrafish.

5.3 DIx genes are important for somatostatin positive GABAergic neuron
development.

In this study, we showed that at 3dpf, 4dpf and f7dpe expression of
somatostatin- and GAD in the forebrain of ti®la/dIx2amorphants is remarkably
reduced when compared with wildtype at the samesldpmental stages. This is
similar to what has been observedix1 knockout mice (Cobos et al., 2005).

Previous studies have implicatdchxg the LIM-homeodomain (LIM-hd)
factor, as a mediator for the development of therimeurons expressing somatostatin.
Lhx6 exerts this function by promoting the expressiérCXCR4 and CXCR?7 that
regulate interneuron migration and the expressibrranscription factors Arx to
control interneuron development (Liodis et al, 200@ theDIx1-/- andDIx2-/- mice,
interneuron migration to the cortex is greatly dirshed because of reducAdx and
Lhx6 expression caused by molecular changes in the NiGibos et al., 2005;
Petryniak et al., 2007). It is possible that reductof SOM-positive cells in
dixla/dix2amorphant zebrafish is the result of redutbd6 expression.

In addition, a previous study demonstrated in mice, CXCR4, the receptor
for the CXC motif chemokine stromal cell-derivedttar-1 (SDF-1), contributes to
the development of the morphology and connectidtysomatostatin-expressing
GABAergic neurons (Stumm, 2007). CXCR4 is reduae®lix1/2 mutant mice and

leads to disruption of interneuron migration (Loetgal., 2009a). This suggests that
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knockdown ofdIx1a/dIx2ain zebrafish might reduce CXCR4 and result inupsed
somatostatin-expressing GABAergic neuron developgmen

In conclusion, the results of this study suggesat th the zebrafish brain,
dixla and dix2a are important for somatostatin-positive GABAergmeuron

development.

54 DIx genes are important for Parvalbumin-positive GABAergic neuron
development.

Results above have demonstrated that at 3dpf, 4dgf 7dpf, expression of
Parvalbumin is remarkably reduced in the brairdlafla/dIx2amorphant zebrafish
compared with wildtype at the same developmentalest. This suggests thdikla
and dix2a genes may be required for Parvalbumin-positive @GAmgic neuron
development.

Previous studies have suggested that6 is involved in the development of
the interneurons expressing parvalbumin in micedis et al, 2007). Insufficient
Lhx6 in DIx1/DIx2" mice may disrupt the development of PV+ neuroriss Thight
also explain the reduction of PV-positive neurandlxla/dIx2amorphant zebrafish.

However, inDIx1” mice the number of parvalbumin+ cells did not cheng
significantly while somatostatin- and calretininpegssing neurons were lost (Cobos
et al., 2005). This may be due to functional redumy betweerDIx1 and DIx2 in
regulating PV+ cells development or due to différdavelopmental mechanism of

PV+ neurons in zebrafish and mice.
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6. Conclusion

This study furthers the knowledge aflx gene function in zebrafish
GABAergic interneuron development. By injecting mploolinos targeted against the
dixlaanddix2amRNA, we examined the functions of these gendkardevelopment
of the zebrafish GABAergic interneuron. Using imrobrstochemistry on wildtype
and morphant zebrafish brain transverse sectionth wiarious GABAergic
interneuron markers, we have shown that expressid@albindin, Somatostatin and
Parvalbumin are remarkably reduceddimla/dIx2amorphant zebrafish brain while
expression of Calretinin is slightly reduced coneglto wildtype zebrafish.

. Previous studies have demonstrated fixtl and DIx2 are essential for
GABAergic neuron formation throughout the forebrainmice. Yet the role ofllx
genes in GABAergic interneuron development in zidmais unknown. Our study
suggests that in zebrafisgixlaanddix2agenes are important for the development of
certain subtypes of GABAergic interneuron (Calbmdi Somatostatin- and
Parvalbumin-positive neurons) and may have mintluence on Calretinin-positive
neuron development. This also suggests that differegulatory mechanisms are

involved in the development of the different suletyof GABAergic interneurons.
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