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Abstract

During development of the mouse forebrain interneurons, the D/x genes play a key role in a gene
regulatory network (GRN) that leads to the GABAergic phenotype. Here, we have examined the
regulatory relationships between the asc/la, dlx, and gadlb genes in the zebrafish forebrain.
Expression of asc/1aoverlaps with dixZain the telencephalon and diencephalon during early
forebrain development. The loss of Asclla function results in a loss of d/x expression, and
subsequent losses of dix5a and gadlb expression in the diencephalic prethalamus and
hypothalamus. Loss of DIx1a and DIx2a function, and, to a lesser extent, of DIx5a and DIx6a,
impairs gadlb expression in the prethalamus and hypothalamus. We conclude that dixZa/2a act
downstream of asc/1abut upstream of dix5a/dIx6aand gadlbto activate GABAergic
specification. This pathway is conserved in the diencephalon, but has diverged between mammals
and teleosts in the telencephalon.
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Introduction

Gene regulatory networks (GRNSs) are made up of dynamic interactions between
transcription factors and cis-regulatory elements (CREs) found within the genome (for
reviews see: Levine and Davidson (2005) and Davidson and Levine (2008)). CREs are
classically thought to be non-coding regulatory sequences, comprised of clustered
transcription factor binding sites; the binding of these transcription factors are able to affect
the transcription of specific genes (for reviews see: Kulkarni and Arnosti (2003), Kadonaga
(2004) and Panne (2008)). The overall levels and timing of gene expression are conferred by
the cumulative contributions of multiple transcription factors on a myriad of regulatory
regions. The genes regulated by this process during development often encode transcription
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factors that will play a role in the regulation of other transcription factor genes located
downstream in the GRN, eventually resulting in the expression of terminal differentiation
genes leading to a specified cell type.

Ascl1 (Mashl) is one of the basic helix—loop-helix (bHLH) transcription factors thought to
play important roles in GRNSs controlling neurogenesis (for reviews see: Bertrand et al.
(2002) and Allan and Thor (2003)). Asc/1 is expressed in proliferating neural precursors in
the subpallial telencephalon and prethalamus of the mouse (Lo et al., 1991; Guillemot and
Joyner, 1993; Porteus et al., 1994; Yun et al., 2002; Andrews et al., 2003). Asc/I mutants
have defects in neural specification and in the timing of differentiation in the ventral
forebrain, including altered telencephalic expression of the D/x genes and Gadl (Gadé6?),
which encodes glutamic acid decarboxylase, the enzyme responsible for the production of
y-amino butyric acid (GABA) (Casarosa et al., 1999; Horton et al., 1999: Yun et al., 2002;
Long et al., 2009a). Ectopic expression of Asc/I leads to Gadl expression in the mouse
dorsal telencephalon, further supporting a role for Asc/Z in GABAergic interneuron
development (Fode et al., 2000). In zebrafish there are two Asc/1 orthologs, asc/1aand
ascl1b. These genes are expressed in the embryonic forebrain, including the subpallial
telencephalon and prethalamus, reminiscent of Asc/I expression in the mouse (Allende and
Weinberg, 1994; Wullimann and Mueller, 2002).

In the mouse forebrain, expression of Asc/Z and D/x genes overlap suggesting these genes
may genetically interact during mouse forebrain development (Porteus et al., 1994; Yun et
al., 2002; Andrews et al., 2003). Consistent with this hypothesis, Asc/Z~/~ mutant mice have
mis-expression of D/xin the ganglionic eminences (Casarosa et al., 1999; Horton et al.,
1999; Yun et al., 2002; Long et al., 2009a) and ASCL1 proteins have been shown to activate
and directly bind to a D/x1/ DIx2 regulatory element (Poitras et al., 2007).

The Dlx genes encode homeodomain transcription factors expressed in the ganglionic
eminences of the telencephalon and diencephalon in the mouse. More specifically, four Dix
genes are expressed in the forebrain of the mouse: DIx1, Dix2, DIx5, and D/x6 (Liu et al.,
1997; Yang et al., 1998; Anderson et al., 1997a; Eisenstat et al., 1999), while five
orthologous d/x genes are expressed in the forebrain of the zebrafish: dixIa, dixZa, dix5a,
dix6a, and dix2b (Akimenko et al., 1994; Ellies et al., 1997; Hauptmann and Gerster, 2000).
The DIx genes are expressed in highly overlapping but also distinct domains within the
forebrain of mice and zebrafish, often correlating with neuronal differentiation and Gad
expression (Liu et al., 1997; Eisenstat et al., 1999; MacDonald et al., 2010a; Stihmer et al.,
2002a,b; Yun et al., 2002). Functional studies have shown that the D/x genes are required
for the differentiation and migration of most GABAergic neurons in the telencephalon and
diencephalon (Anderson et al., 1997a,b; Stuhmer et al., 2002a,b; Long et al., 2007; Long et
al., 2009a,b; Wang et al., 2012). Additionally, DLX1 and DLX2 are involved in the
suppression of neurite growth and branching, thus enabling the proper tangential migration
of GABAergic neurons (Cobos et al., 2007).

The zebrafish dfx genes are involved in branchial arch and sensory placode development
(Solomon and Fritz, 2002; Kaji and Artinger, 2004; Walker et al., 2006; Jackman and Stock,
2006; Sperber et al., 2008; Talbot et al., 2010), as are the mouse D/x genes (Qiu et al., 1995;
Depew et al., 2002; Jeong et al., 2008). However, despite their common use as forebrain
markers, there has been little functional analysis of the d/x genes in the zebrafish brain. To
characterize the role of asc/Zaand dlx in the GRN(s) controlling GABAergic interneuron
differentiation in the zebrafish forebrain, we have knocked down their function and assayed
the effects on downstream targets. Our results show that the asc/Za gene regulates d/x genes
necessary for proper gad1b expression in the diencephalon of the zebrafish. Thus, these
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genes are key part of a GRN involved in early forebrain development that is conserved
among bony vertebrates.

Materials and methods

Zebrafish strains and staging

Embryos were obtained and housed using standard procedures described in Westerfield
(2000). The following transgenic zebrafish lines were used in this study: 7g(dlxIa
2alG.GFP) (MacDonald et al., 2010a), 7g(dIxIUREZ2:GFP) (MacDonald et al., 2010b), and
To(dIx5al 6a; GFP) (Ghanem et al., 2003). All developmental stages are reported as hours
post-fertilization (hpf) All experiments were performed in accordance with the Canadian
Council on Animal Care guidelines and approved by institutional animal care committees.

Morpholino and mRNA injections

Morpholino oligonucleotides (MO) were injected into one-cell stage wild type or transgenic
zebrafish embryos at concentrations ranging from 2 to 4 ng/u.l. The following translation
blocking morpholinos were used: dlxIa (Sperber et al., 2008), d/x2a (Sperber et al., 2008),
alx2b (Jackman and Stock, 2006), dix5a (Walker et al., 20223), dix6a

(5" TGGTCATCATCAAATTTTCTGCTTT3’). The asc/1a® YTR MO (Cau and Wilson,
2003) was kindly provided by Dr. S. Wilson. Splice blocking MOs for d/x5a (Talbot et al.,
2010) were kindly provided by Dr. C. B. Kimmel, and were used to confirm the translation
blocking MO phenotypes. The dlx6a splice-blocking morpholino binds to the end of the
second exon and inhibits the splicing of the second intron (5’ AAATGAGTTCA-
CATCTCACCTGCGT3).

In situ hybridization and imaging

Whole mount mRNA /n sifu hybridization was carried out as described in Thisse and Thisse
(1998). The antisense mRNA probes were labeled with digoxygenin-11-UTP (Roche,
11277073910) and synthesized from the following cDNA clones: d/xIa (Ellies et al., 1997),
dIx2a (Akimenko et al., 1994), dfx5a (Akimenko et al., 1994), dix6a (Ellies et al., 1997),
dlx2b (Ellies et al., 1997), gadZ (Martin et al., 1998), gad1b (Mueller et al., 2008), asc/1a
(Cau et al., 2000), nkx2.1a (Rohr and Concha, 2000), emx2 (Morita et al., 1995), /ix5a
(Toyama et al., 1995), gfp (Dorsky et al., 2002). After the procedure, embryos were post
fixed in 4% PFA and cleared overnight in glycerol.

Fluorescent RNA /n situ hybridization was carried out with a protocol modified from those
described previously (Jowett and Yan, 1996; Welten et al., 2006; Talbot et al., 2010). The
DNP-labeled probe was revealed with tyr-Cy5, whereas dig-labeled probes were revealed
using tyr-Cy3. Fluorescein-labeled probes were revealed with tyrfluorescein (available from
Perkin-Elmer). The full tissue labeling protocols can be found online: http://wiki.zfin.org/
display/prot/Triple+Fluorescent+In+Situ.

For confocal imaging, embryos were placed in mounting media on glass slides and
positioned under coverslips. Confocal z-stacks were obtained by using a Zeiss LSM5
PASCAL (Carl Zeiss, Germany) with an excitation laser at 488 (Fluorescein), 543 nm
(Cy3), and 633 nm (Cy5).

Rescue experiments and morphant phenotype scoring

For exogenous expression of dfx genes, capped full-length mRNA was synthesized /n vitro
using linearized PCS2+ plasmids (mMessageMachine; Ambion) and purified. The following
plasmids as templates: mutd/x2a (mutagenized at MO binding site) and mutd/x5a
(Supplementary Table 1). A solution containing 40 ng/pil of MRNA, along with MO, was
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co-injected into single cell embryos. Individuals were classified and scored in two groups:
either as having reduced or normal prethalamic expression. Embryos from each treatment
were scored in a double-blind manner and plotted with standard error from three individual
experiments. One way ANOVA was used to compare data.

The asclla, dix, and gadlb genes are co-expressed in the forebrain

We utilized triple fluorescent /n situ hybridizations to determine if the zebrafish asc/1a, dix
and gad genes show overlapping expression in the forebrain as they do in the mouse. The
expression of asc/labegins in the prospective forebrain at 10 hpf and lasts until at least 72
hpf (Allende and Weinberg, 1994). The dlxIaand dix2a (hereafter called dixIalZa) genes
are expressed starting at 13 hpf in the prospective forebrain (Akimenko et al., 1994; Ellies et
al., 1997). At 24 hpf, dixIais expressed in the telencephalon and two domains of the
diencephalon, the prethalamus (or ventral thalamus) and the hypothalamus (Fig. 1A). The
dlx2a expression domains are identical to d/xZa (MacDonald et al., 2010a), so we consider
dix1aexpression as representative of the two genes. At 24 hpf, expression of asc/lais
detected in the telencephalon and prethalamus, and partially overlaps with the dixZa
expression domain (Fig. 1A). The asc/1b6 gene is paralogous to asc/Ia, but each has unique
and overlapping expression domains with the central nervous system, including the
forebrain (Allende and Weinberg, 1994). At 24 hpf, expression of asc/16 was detected in the
forebrain but had very little co-expression with dfxZaor ascl/la positive cells (Fig. 1A),
indicating that asc/1b cannot activate d/x gene expression at this stage in the forebrain.

The DIx genes are expressed in very similar domains within the developing forebrain of
mice and zebrafish (Liu et al., 1997; Anderson et al., 1997a; Eisenstat et al., 1999;
Akimenko et al., 1994; Ellies et al., 1997; Zerucha et al., 2000; Mueller et al., 2008;
MacDonald et al., 2010a). At 24 hpf, the expression of dix5aand gad1b are both highly
overlapping with dixZaexpression in the telencephalon, prethalamus, and hypothalamus
(Fig. 1B; MacDonald et al., 2010a). Expression of dixZa, dix5a, and gad1bremains highly
overlapping at 48 hpf in the telencephalon (Fig. 1C), and prethalamus (Fig. 1C and D,
arrows). However, there is an area of intense staining for gadZbin the dorsal region of the
telencephalon potentially corresponding to GABAergic interneurons that will migrate into
the pallium starting at approximately 72 hpf (Fig. 1C”"’, asterisk) (Mione et al., 2008).
Additionally, there is an area dorsal to the dixZaand d/x5a expression domains of the
prethalamus that is gadZb positive and dlx negative (Fig. 1D, arrowhead) that may
correspond to the rostral thalamus (Peukert et al., 2011; Lauter et al., 2013).

Knockdown of ascllareveals arole in the regulation of the DIx and gadlb genes in the
prethalamus and hypothalamus

To determine the role of asc/1ain regulating d/x and gad1b gene expression in the zebrafish
forebrain, we knocked down Asclla activity with a translation blocking morpholino (Cau
and Wilson, 2003). Morpholino knock down of Asclla function in the zebrafish affects the
development of the pituitary, neurogenesis in the epiphysis, and regeneration in the retina
(Cau and Wilson, 2003; Herzog et al., 2004; Pogoda et al., 2006; Fausett et al., 2008), here
we examine the consequences of its knockdown on GABAergic fate specification in the
forebrain. Injected embryos were examined at 24 and 48 hpf, stages when the genes are co-
expressed and the distinct regions of the forebrain are evident. In asc/Za morphants, there is
a loss of dix1a, dix2aand dix5a expression in the domain of the prethalamus and
hypothalamus at 24 and 48 hpf (Fig. 2A-C, Supplementary Fig. 1, asterisks). A slight
reduction in dix1a, dix2aand dlx5a expression in the telencephalon is also possible but
difficult to assess by /n situ hybridization. Expression of gadlb is also impaired in the
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ventral prethalamus and hypothalamus of asc/Za morphants at 24 and 48 hpf (about 65% of
injected embryos; Fig. 2D, Fig. 3A, B and Supplementary Fig. 2A, B, G, H), suggesting the
loss of either asc/1aor dix gene function may play a role in the differentiation of gad1b
expressing cells.

Expression of DIx1/ DIx2 genes in the forebrain is conferred by at least two conserved CREs,
112b and URE2 whereas that of D/x5/ DIx6'is conferred at least by CREs located in the
intergenic region (Zerucha et al., 2000; Ghanem et al., 2003; Ghanem et al., 2007; Potter et
al., 2009; MacDonald et al., 2010a,b). To test if the loss of asc/Za function affects d/x gene
regulation by altering the activity of dl/x regulatory elements, we knocked down Asclla
function in the following transgenic lines: Tg(dIx1al2alG.GFP) (MacDonald et al., 2010a),
To(dIx1aUREZ:GFP) (MacDonald et al., 2010b), and 7g(d/x54 6a:GFP) (Ghanem et al.,
2003). Both the Tg(dix1al2alG.: GFP) (Fig. 2E) and Tg(dIxIUREZ:GFP) (Fig. 2F) embryos
injected with the asc/Za MO show a reduced reporter gene expression in the prethalamus
consistent with the loss of dfx1al2a expression in this domain. The expression of gfpin
To(dIxIUREZ2:GFP) is also reduced in the telencephalon indicating asc/1ais also necessary
for proper regulation of d/xZaand/or dfx2ain this part of the forebrain (Fig. 2F). The
Tg(dIx5al 6a.GFP) ascl1a morphants showed a severe loss of GFP expression in the
prethalamus (Fig. 2G), while expression in the telencephalon may be reduced but is still
detectable. Overall, our data support the hypothesis that asc/Za acts as an upstream regulator
of the dix1a, dIx2a, dix5aand gadlb genes in the embryonic prethalamus and hypothalamus.

of dIx paralogs results in the loss of gadlb expression in the forebrain

In the mouse, GadZ is downstream of DIxZ and DIx2 (Stihmer et al., 2002a; Long et al.,
2007; Long et al., 2009a), prompting us to test this relationship in zebrafish. To assay a
possible role for dix genes in gadlb expression (orthologous to mouse Gadl) in the
zebrafish forebrain at 24 and 48 hpf, we used translation and splice blocking MOs against
dixla, dix2a, dix5a, and dix6a. Single d/x morphants show no discernible changes in gadib
expression in the telencephalon, prethalamus or hypothalamus at 24 and 48 hpf
(Supplementary Figs. 2D and 3A-C, E, F). At 48 hpf, gad1b expression in the telencephalon
of dix1al 2a double morphants is similar to controls, but there is a reduction in the ventral
prethalamus and in the hypothalamus (Fig. 3C and Supplementary Fig. 2C). The
combinatorial loss of dix5a/6aresults in a mild reduction in prethalamic gadbZ signal
compared to dixZal 2amorphants, and a reduction in the hypothalamic gad1b expression that
is comparable to that observed in asc/Z1aand dixIal Za morphants. (Fig. 3D and
Supplementary Fig. 2E). Finally, triple knockdown of the paralogs dixIa, dix2aand dix2b
does not increase the severity of gadb loss in the prethalamus or result in any noticeable
loss in the telencephalon, prethalamus or hypothalamus (Supplementary Fig. 3D). Therefore,
dixlal2aand, possibly, dix5al 6aare necessary for proper expression of gadib in the
prethalamus and hypothalamus. In D/x2/2™* mutant mice the expression of Asc/Z was
altered in regions of the telencephalon (Yun et al., 2002; Long et al., 2009a); we examined
ascllaexpression in dixlal2aand dix5al 6a double morphants. We did not observe any
noticeable changes in asc/laexpression in the forebrain in these morphants (Supplementary
Fig. 4).

The mouse DI/x genes are involved in auto- and cross-regulatory interactions in the
telencephalon (Zerucha et al., 2000; Zhou et al., 2004; Poitras et al., 2007; Bond et al., 2009;
Potter et al., 2009) and diencephalon (Long et al., 2009a). To test if the zebrafish dixIalZa
genes play a role in the regulation of the d/x5al 6a bigene cluster, we examined d/x5a
expression and the activity of 7Tg(dlx5al 6a.GFP) following MO-mediated knock down of
dixlaandlor dix2a. There is no loss of dfx5a expression in single dfxIaor d/x2a morphant
embryos (data not shown). In embryos injected with both MOs, there is a severe reduction of
both telencephalic, prethalamus and hypothalamic expression of dfx5a, consistent with the
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loss of GFP expression in Tg(dIx5al 6a:GFP)(Fig. 4A-B). To confirm the observed
differences in expression are not due to alteration of the anatomy of the telencephalon or
diencephalon, we verified the expression of marker genes such as nkx2.1a (Fig. 4C), /hx5a
(Fig. 4D), and emx2 (Fig. 4E) and their expression domains are not markedly changed after
the knockdown of dixIalZa. The gadZ gene is also expressed in the telencephalon and
prethalamus, in a pattern very similar to gad16 (Martin et al., 1998). However, dixIalZa
morphants show no change in the expression of gad2at 24 hpf, indicating the gadZb and
gad2 genes may be regulated differently (Fig. 4F). To verify that changes in gadb
expression pattern in morphants is not due to cell death in the forebrain we stained double
morphants with acridine orange and did not observe any overt increase in cell death
(Supplementary Fig. 5).

Exogenous administration of dix2a and dix5a mRNA in asclla morphants partially rescues
diencephalic gad1lb expression

Rescue experiments were carried out to determine whether asc/Zaand dlxIalZa act
sequentially or in parallel cascades to regulate prethalamic gadZb expression. We used
exogenous expression of d/x2aor dfx5a mRNA to rescue the gadZb phenotype in the
forebrain of asc/1a morphants. Rescue experiments were carried out by co-injecting asc/1a
MO with d/xZa or dix5a mMRNA or co-injecting the dfxI1al2a MOs with mismatched d/xZa or
dIx5a mRNA, and performing /n situ hybridization for gad1b at 48 hpf. As both genes in a
dlx bigene pair have highly redundant expression patterns and, possibly, biochemical
function, we injected mRNA from only one gene of each pair. The gad1b phenotype of a
given individual was classified as being “normal” (resembling the wild type expression, blue
bars in Fig. 5), or “reduced” in the prethalamus and hypothalamus (red bars in Fig. 5). A
cohort of injected embryos for a given treatment would have varying proportions of these
two phenotypes. Tol2 mRNA was injected as a control because this RNA is not expected to
affect the asclla-dIx-gad1lb pathway. Sixty-four percent of asc/Za morphants show reduced
gadlb expression. However upon co-injection with exogenous d/x2aor dix5a mRNA this
phenotype was significantly rescued in the diencephalon of asc/Za morphants (Fig. 5).
Similarly, 61% of dlxZal 2a morphants show reduced gadZb but exogenous expression of
dix2aor dix5a mRNA significantly rescues this phenotype in the diencephalon (Fig. 5).

Discussion

asclla expression is necessary for the proper regulation of the dix and gadlb genes

The asc/1a gene is co-expressed with dfxIa, which is later co-expressed with d/x5a and
gad1bin the forebrain, reminiscent of the expression of their mouse orthologs (Porteus et al.,
1994; Yun et al., 2002; Andrews et al., 2003; Stiihmer et al., 2002a,b; Long et al., 2009a,b).
Overlap in asc/la, dixand gadlb gene expression suggests that the GRNs necessary for
GABAergic interneuron development in mammals and teleosts may be similar. In the
mouse, Asc/1is required for the generation of early born neurons in the subcortical
telencephalon, whereas D/x genes play a role in late neurogenesis (Casarosa et al., 1999;
Horton et al., 1999; Anderson et al., 1997a, Yun et al., 2002; Long et al., 2009a,b). The gene
expression data, coupled with their relationship during neurogenesis in the forebrain suggest
that Asc/1is upstream of D/x. Knockdown of the zebrafish Asc/Z ortholog, asc/Ia, results in
the loss of dlixZal2aand dlx5aexpression in the prethalamus and hypothalamus, and
possibly lower expression in the telencephalon, showing that asc/Zais involved in the
regulation of d/x genes in diencephalic territories. The loss of Asclla function also results in
altered gad1b expression in the same region (Fig. 6). Although Asc/I mutant mice show
increased D/x expression due to premature differentiation of the subventricular zone (Long
et al., 2009a, b), we do not see increased d/x expression in the telencephalon of zebrafish
asc/Zamorphants. This may also be explained by a potentially redundant function of the gsx
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gene family in the zebrafish forebrain. Whereas mouse Ascll is a downstream effector of
Gsx function in the telencephalon (Wang et al., 2009), gsxZ is not expressed in the zebrafish
telencephalon at early developmental stages (Scholpp et al., 2007), and thus should not
control dlx expression. It remains possible that gsx2may play a role in the telencephalon,
however this has yet to be tested.

MO-mediated knockdown of dlixZal 2a leads to impaired expression of dix5aand gadlbin
the prethalamus and hypothalamus. We therefore attribute, at least in part, the loss of dix5a
and gadl1b expression in the diencephalon of asc/Za morphants to the loss of proper dix1al2a
function. Our data suggest asc/Iaregulates dix1al 2a expression, which may then regulate
dix5al 6a (Fig. 4) and gadlb expression (Fig. 6). Furthermore, the results of dix5al 6a
morpholino injections show a mild modification of gadb expression in the ventral
prethalamus when compared to d/xIal 2a morphants. This suggests that d/x54/6a may play a
relatively smaller role in the regulation of gadZb in this region. The rescue of the
prethalamic gad1b phenotype in asc/1a morphants by exogenous expression of d/x2aalso
supports the existence of a genetic cascade consisting of asc/la, dixlal2a, dlx5al 6a, leading
to expression of the Gadlb enzyme.

DIx function during prethalamus development in the zebrafish

The DIx genes have largely redundant functions within the mouse forebrain, as suggested by
the synergistic phenotypes see after combinatorial loss of D/x genes (Qiu et al., 1995;
Acampora et al., 1999; Anderson et al., 1997b; Marin et al., 2000; Cobos et al., 2007; Long
etal., 2007; Mao et al., 2009; Long et al., 2009a,b; Wang et al., 2012). For instance,
although DIx2~* and DIx2""mutants have only subtle neural defects, D/x1~/~I DIx2!~
double mutants show a major block in neurogenesis and differentiation resulting in a loss of
Gad expression in the ventral telencephalon. Similarly, we show that knockdown of
individual d/x genes in the zebrafish had no discernible effect on gadlb expression whereas
double knockdowns resulted in reduced gad1b expression in the prethalamus and
hypothalamus. Impaired gadZb expression is unlikely due to increased cell death or loss of
the structures as specific molecular markers for this forebrain region are unaltered in dix
morphants.

In contrast to the prethalamus, the combined knockdown of both dixZal Za does not result in
discernible loss of gadlbexpression in the telencephalon. However, it is possible that the
expression level of gadlb is altered but is not detectable with our methods. The presence of
alx2b, a teleost specific paralog of dixZathat is co-expressed with dfixZaand dlx2ain the
forebrain, could explain the absence of gadb phenotype in the telencephalon. However,
MO-mediated knock down of d/x2b did not affect forebrain gadb expression and the
combined administration of MOs for dix1a, dix2aand dix2b did not enhance the phenotype
observed with the dixZal2a MO combination. The lack of a gadZb phenotype in the zebrafish
telencephalon points to differences in the genetic pathways regulating gadZb expression in
this tissue between teleosts and mammals.

DIx1™=/DIx2”~ mutant mice show a loss of Gad expression in the olfactory bulb and the
ventral telencephalon (Anderson et al., 1997a,b; Bulfone et al., 1998, Long et al., 2007;
Long et al., 2009a,b; Wang et al., 2012). Furthermore, ectopic expression of the D/x genes
leads to expression of Gad genes, Gadl and Gad’Z, in mouse telencephalon slice cultures
(Anderson et al., 1999; Stiihmer et al., 2002a).The knockdown of d/x5al 6a causes less
dramatic gadZb changes in the ventral prethalamus. This suggests that di/xZal 2a function
may be sufficient for gadZb expression in this region. Unfortunately, the mouse D/x5/=/
DIx6~~ mutant forebrain phenotype cannot be fully studied due to exencephaly (Robledo et
al., 2002, Wang et al., 2010). However, our morpholino data may provide some clarity as to
the role of DIx1/2 and/or DIx5/6 for the GABAergic neuron differentiation and migration in
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the forebrain. Due to the close genetic interactions between D/x genes, it has been
challenging to uncouple their functions. Our data suggests that DIx1/2 function is critical for
gadlbexpression, whereas DIx5/6 may have a relatively minor role.

Loss of dlxfunction does not affect the expression of gadZ. Distinct genetic pathways may
regulate the gadZb and gad2 genes (as suggested by Szabd et al. (1996), Pinal et al. (1997)
and Yanagawa et al. (1997)) although some upstream factors such as fg73/8and her6 were
shown to be necessary for the proper expression of both gadZband gaa?Zin the prethalamus
(Miyake et al., 2005; Scholpp et al., 2009).

Regulatory interactions involving DIx genes

In mammals, the DIx proteins participate in auto- and cross-regulatory interactions by
binding regulatory elements both within their own bigene cluster and in paralogous D/x
cluster (Zerucha et al., 2000; Zhou et al., 2004; Bond et al., 2009; Potter et al., 2009).
Altered DIx binding to such regulatory elements results in the loss of reporter gene
expression in the forebrain of transgenic mice (Zerucha et al., 2000; Poitras et al., 2007). To
explore this issue in the zebrafish, we tested the effect of the asc/Zaand df/x MO injections
on transgenic lines where the reporter gene (g7p) is under the control of zebrafish CREs
from the dixloci. The Tg(dIx1al 2alG.GFP) contains the 112b element and is active in
telencephalon and prethalamus, similarly to its orthologous mouse sequences (Ghanem et
al., 2003; Ghanem et al., 2007; Poitras et al., 2007; MacDonald et al., 2010a). Furthermore
this regulatory element contains a highly conserved ASCL1 binding site (E box) that that is
essential for enhancer activity (Poitras et al., 2007). Expression of 7g(dlx1al2alG:GFP) is
impaired in the diencephalon of asc/Za morphants with no severe impact in the
telencephalon. The zebrafish URE2 CRE found upstream of dixZa does not contain a
conserved E-box (MacDonald, R.B. and Ekker, M., Unpublished observations) and may not
require Asclla for its activity. Surprisingly, expression of the URE2-containing
To(dIx1aUREZ2:GFP) transgene is impaired in both the telencephalon and diencephalon of
asc/lamorphants. This large effect contrasts with changes in dixZal 2a mRNA expression
that were observed only in the diencephalon of morphants. Similarly, 7g(dlx5al 6a:GFP)
expression was severely affected in asc/Za morphants without a comparable loss of dlx5a or
alx6a mRNA expression. These apparent discrepancies are likely attributable to the
redundancy in gene regulatory controls and/or would suggest influence of factors, in
addition to Asclla, involved in d/x regulation.

Lineage-specific changes GRNs in the forebrain of mice and zebrafish

The early patterning of the diencephalon seems to have been highly conserved amongst
extant vertebrates. The roles of Shh, Fez, Otx, Wnts, Ascl1, Neurogl and FGFs in
prethalamic and thalamic regionalization are similar in the mouse, chick, Xenopusand
zebrafish (Scholpp and Lumsden, 2010). Our results suggest that regulatory relationships
between asclla, dixlalZa, dix5a 6aand gadlb are present in the developing zebrafish
prethalamus and hypothalamus, but the position of dix5aand dix6ain such a pathway
remains ambiguous due to a smaller dIx5a/6a knock down effect on gad1b expression. The
loss DIx5and Dix6 expression in the forebrain of DixI™~/DIx2”~ mice and the regulatory
relationships between them (Zerucha et al., 2000; Anderson et al., 1997a) support an
implication of DIx5/ D/x6in GABAergic neuron development. It is possible that the D/x5/
DIx6 genes of the last common ancestor of mice and zebrafish were involved in such a
developmental pathway, but this role became less important in the lineage leading to
zebrafish. If this were the case, dfx5al 6a may have been examples of nodes in a GRN that
were more vulnerable to exclusion, perhaps due to regulatory redundancy with other dix
genes.
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The current study shows the conservation of the diencephalic GRN regulating GABAergic
interneuron development and the apparent divergence of the same process in the
telencephalon. Our observations reinforce the neuromeric model of brain development and
evolution (Rubenstein et al., 1994; Hauptmann and Gerster, 2000; Puelles and Rubenstein,
2003). This model postulates that the early vertebrate forebrain is composed of relatively
discrete morphogenetic units termed neuromeres, between which cellular migration is
limited, and within each neuromere developmental GRNs may undergo dynamic
evolutionary changes. It is possible that during the approximately 300 million since the
divergence of lineages leading to mice and zebrafish, the GRN underlying GABAergic
interneuron specification in the telencephalic neuromere has changed. Our work suggests
that divergence in the activity of GRNs responsible for forebrain neurodevelopment has
occurred between mice and zebrafish vertebrate lineages.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The expression domains of the asc/1a, dix, and gad1b genes overlap in the forebrain of the
embryonic zebrafish. Single z sections on triple fluorescent /n situ hybridizations. (A) In the
forebrain lateral view of a WT embryo, the dfxZaand asc/laare co-expressed throughout the
telencephalon and prethalamus at 24 hpf, while asc/1b is not co-expressed at this stage. (B)
The dix1a, dix5a, and gadlb genes are co-expressed in the telencephalon, prethalamus, and
hypothalamus at 24 hpf. (C) The dix1a, dix5a, and gadlb genes continue to be co-expressed
in the telencephalon and prethalamus at 48 hpf. The gadb expression is increased in the
dorsal tip of the telencephalon (arrow). The plane of section for (D) is shown as a dotted line
in C”. (D) Cross-section showing the co-expression of dlx1a, dlx5a, and gad1bin the
prethalamus (arrow). The rostral thalamus (arrowhead) is positive for gad1b expression but
not dixZ or dix5a. Tel=telencephalon, Pth=prethalamus, Hy=hypothalamus, rTh=rostral
thalamus. Scale bar in A-D=100 pm and in E=40 p.m.
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Fig. 2.

Asclla function is required for proper expression of the d/x and gad1b genes in the forebrain
at 24 hpf. (A, B) Expression of dixZaand dfxZais reduced in the prethalamus and
hypothalamus (asterisk), but not affected in the telencephalon of asc/Za morphants compared
to control embryos. (C) The expression of dlx5a is particularly reduced in the prethalamus
and hypothalamus in asc/Za morphants. (D) gad1b expression is unaffected in the
telencephalon, but reduced in the prethalamus and hypothalamus. (E) 7g(dIx1al 2alG.GFP)
embryos reduced gfp mRNA expression in the prethalamus of asclla morphants but
telencephalic expression appears unaffected. (F) 7g (dixZUREZ2:GFP) embryos show
reduced gfo mMRNA expression in the telencephalon and prethalamus. (G) The loss of GFP
expression in the 7g(dix5al 6a:GFP) transgenic line is consistent with a loss of d/x5a
expression. Dashed box represents prethalamus region. Tel, telencephalon; Pth, prethalamus;
Hy, hypothalamus. Scale bar=50 pm.
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Fig. 3.

The expression of gadlbis impaired in the prethalamus but not in the telencephalon of
ascl1a morphants and of dixZal 2a double morphants at 48 hpf. Lateral (A-D) and dorsal
views (A’-D") of the forebrain of control and morphant embryos. (A) Expression of gad1b
in embryos injected with the control morpholino is seen in the telencephalon (Tel),
prethalamic (Pth) and hypothalamic (Hy) diencephalon. (B) Morpholino knockdown of
ascllaresults in a loss of ventral prethalamic (dashed box) and hypothalamic (asterisk)
gadibexpression. (C) Double morpholino knockdown of dixZal Za results in decreased
prethalamic and hypothalamic gad1b expression. (D) In dix5al dix6a morphants there is mild
reduction of prethalamic and a decrease in hypothalamic gadZb expression similar to that
observed in asc/laand dix1a Za morphants. Dashed line indicates telencephalon-
diencephalon boundary. Scale bar=50 pm.
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Fig. 4.

Knockdown of dixIal Za identifies cross-regulatory interactions between the dixZaldix2a and
dix5al dix6a dix bigene clusters. (A) Double knockdown of dixZal Zaresults in reduced dfx5a
expression in the telencephalon (arrow) and diencephalon (asterisk). (B) The loss of dix5a/
6aregulatory element activity in Tg(d/x5a 6a.GFP) in dixIal Za morphants is consistent with
the loss of dfx5a expression. The defects in the prethalamus are not due to loss of mis-
patterning of the structures as (C) nkx2.1a, (D) emx2, and (E) /hx5a genes are unaffected in
diIx1al 2amorphants. (F) The dlxIal Za morphants do not show a loss of gad2 expression in
the forebrain. Scale bar=100 pm.
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Fig. 5.

Exogenous dix2a and dix5a mRNA expression in asc/laand dlx morphants rescues gadlb
expression in the diencephalon (prethalamus and hypothalamus). Average number of
embryos per injected treatment with normal (blue), and reduced (red) diencephalic gadZb
expression. A clear difference in expression is observed between the embryos injected with
the control MO+Tol2 mRNA (left insert) and the embryos injected with the asc/7aMO+Tol2
RNA (right insert). The latter is thereafter treated as the baseline for comparison with
ascl1aMO+dIx2a (middle insert). Furthermore, exogenous expression of dlx5a, and
particularly of dix2amRNA, is able to significantly decrease the proportion of embryos with
reduced gad1b expression in the diencephalon of dixZal 2a morphants. Data from 3
experimental replicates, with total individuals per treatment shown within graph ranging
from 7=144-173, p<0.05.
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Fig. 6.

Model showing the regulation of the df/xand gad1b genes in the zebrafish forebrain. In the
telencephalon, asc/lacontrols Tg(dIxIUREZ:GFP) activity and may modulate d/xIal2a
expression. The dix1al 2a genes will regulate dlx5a expression via its CREs. A currently
unknown genetic pathway controls the expression of gadZb in the telencephalon as
knockdown of asclla, dixlalZaor dix5al 6ahas little or no effect on transcription. In the
diencephalon, specifically the ventral part of the prethalamus and the hypothalamus, asc/1a
controls the expression of dixZal2a which then regulates dix5al 6a and gad1b in this tissue.
The dix5al 6a genes may play a minor role in gadZb regulation in the diencephalon (as

shown by dashed black line).
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