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Abstract 

The Dlx homeobox genes are conserved among vertebrates and encode homeodomain 

transcription factors involved in development of multiple tissues. These genes are organized as 

bigene clusters that are partially regulated by conserved cis-regulatory elements. These regulatory 

elements contain binding sequences for Dlx proteins suggesting they are sites of cross-regulation. 

The Dlx genes are important in the differentiation and migration of GABAergic neurons in the 

mouse brain. Additionally, Dlx are also important in the development of craniofacial tissues by 

providing patterning information to neural crest cells. However, deletion of single and compound 

Dlx mutants in the mouse lead to early lethality, precluding detailed analysis on the role of 

individual Dlx during development. In zebrafish, these genes are also involved in the development 

of craniofacial tissues and are co-expressed in brain areas containing GABAergic neurons. 

Therefore, the role of four paralogs dlx1a, dlx2a, dlx5a, and dlx6a in the nervous system and 

craniofacial development were investigated in this project. Two additional mutants, inter56 where 

the enhancers of dlx5a/dlx6a are deleted, and dlx5i6 where the entire dlx5a/dlx6a locus is deleted 

were created for further analysis. These mutants were generated by CRISPR-Cas9 genome editing 

and all homozygotes were found to be viable and fertile as adults. They were also capable of 

normal feeding indicating no abnormalities in jaw function. Whole mount in situ hybridization for 

dlx genes in dlx mutants demonstrated dlx can cross-regulate in zebrafish. Relationships observed 

in the mouse were identified in zebrafish however some differences were also elucidated, such as 

the presence of dlx5a expression in dlx2a mutants until 3dpf. During craniofacial development, 

loss of dlx genes affected the size of ventral cartilage structures. In particular, the Meckel’s 

cartilage (MC) of dlx5a-/- and dlx5i6-/- larvae had consistent morphological defects. The expression 
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of chondrogenic markers and proliferation was also altered in dlx5a-/- and dlx5i6-/- mutants at 2-

3dpf. Importantly, the size and shape of the MC may be due to abnormal expression of the non-

canonical Wnt wnt5b during morphogenesis. These mutants exhibited more random distribution 

of microtubule organizing center in MC chondrocytes indicative of abnormal non-canonical Wnt 

signaling. To address consequences of dlx loss in the nervous system of zebrafish, the distribution 

and number of calretinin (CR) neurons, a type of GABAergic neuron were investigated. There was 

a trend towards fewer CR+ neurons in the optic tectum of dlx5a-/- and dlx5i6-/- mutant adults 

suggesting possible defects in integrating visual, auditory and vestibular information. These 

mutants also have abnormal swimming behaviour at around 2 months old characterized by frequent 

turning and spinning during a swim bout without changes in inactivity duration or total distance 

travelled. The number of neuromasts, a type of sensory organ that provides positional information, 

was reduced in dlx5a mutants and have reduced regeneration. The maintenance and regeneration 

of neuromasts depend on Schwann cells, a type of neural crest derivative. Defects in craniofacial 

development and neuromast biology suggest dlx5a may have a general role in neural crest cell 

biology beyond craniofacial development. 
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1.1 Overview of homeobox genes 

 Homeobox genes encode transcription factors that are found in all animals, plants and 

fungi (Bürglin & Affolter, 2015). They are involved in a variety of functions including axis 

patterning, stem cell maintenance and metabolic responses (Dolzblasz et al., 2016; Pick & 

Heffer, 2012; Tao et al., 2016; T. Wu et al., 2011). These proteins play an essential role in 

development since mutation in homeobox genes often lead to homeotic transformations wherein 

one part of the body is transformed to resemble a different part (Emerald and Roy, 1997). The 

homeobox is a shared sequence element of 180 bp that encodes a homeodomain (HD) of about 

60aa long (McGinnis et al., 1984; Scott & Weiner, 1984). The basic structure of the HD is 

globular with 3 alpha helices in a helix-turn-helix motif (Bürglin & Affolter, 2015; Laughon & 

Scott, 1984). Other structures are also possible due to influences from additional flanking 

domains and cofactors. This domain can recognize and bind to a tetranucleotide ATTA core-

motif downstream of a GG dinucleotide (Kissinger et al., 1990). Most of the HD-DNA 

interaction is through contact at the major groove however the strength of binding is influenced 

by the N-terminal arm at the minor groove (Rohs et al., 2009). Due to the short length and AT-

rich nature of the binding sequence, it has been suggested that specificity of HD transcription 

factor target genes may be attributed to additional factors such as other flanking domains, other 

DNA binding domains, interaction with other transcription factors and even chromatin 

landscape(Andzelm et al., 2015; Choe et al., 2014; Hojo et al., 2016; Mann et al., 2009).  

About 15-30% of all transcription factors found in most vertebrates contain a HD (de 

Mendoza et al., 2013; Holland, 2013). HD transcription factors can be broken into different 

classes based on sequence similarity of protein motifs and presence of similar flanking domains. 
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One of the largest classes of HD transcription factors is the antennapedia class, to which Dlx 

genes belong(Bürglin & Affolter, 2015).   

 

1.2 Overview of Dlx genes 

 The Dlx family of homeobox genes are related to the Drosophila distal-less (Dll) gene, 

so named due to the loss of distal limbs in Dll mutants resulting in embryonic lethality (Cohen 

& Jurgens, 1989). Less severe Dll alleles were found to result in fusion of leg segments or tarsi, 

loss of tarsal segments, and loss of antennae (Cohen et al., 1989; Si Dong et al., 2000; Sunkel 

& Whittle, 1987). Analysis of clones generated from Drosophila distal leg cells found Dll null 

cells delaminate from the distal imaginal disc epithelium and migrate towards the presumptive 

proximal cells, demonstrating Dll plays a crucial role in specifying the proximal-distal axis 

during development(J. Wu & Cohen, 1999).  

Vertebrates have at least six Dlx genes thought to be due to a tandem gene duplication 

event early in chordate evolution followed by genome duplication events (di Gregorio et al., 

1995; Stock et al., 1996).  The six Dlx paralogs in vertebrates are organized in convergently 

transcribed, linked pairs (Zerucha & Ekker, 2000) (Fig. 1.1). Sequence similarity of motifs 

within the homeodomain and the carboxyl terminus can also separate the six genes into two 

groups. The first group is composed of Dlx2, Dlx3 and Dlx5 and the second of Dlx1, Dlx4 and 

Dlx6. The first group contains an additional conserved motif in the N terminus. Each pair is 

made of one Dlx from each group: Dlx1/Dlx2, Dlx3/Dlx4 and Dlx5/Dlx6. Zebrafish possess two 

additional dlx genes that are unpaired and thought to have arisen through at least one additional 

genome duplication event (Robinson-Rechavi et al., 2001). Each dlx gene is made of three exons 

and two introns with the homeobox split between exons 2 and 3 (Ellies et al., 1997; J. K. Liu et 
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al., 1997). In the intergenic region of each Dlx gene pair are regulatory elements that are able to 

modulate the expression of neighbouring Dlx genes (Ghanem et al., 2003, 2007; M. Yu et al., 

2011; Zerucha et al., 2000). Additionally, the Dlx1/Dlx2 cluster also possess two 5’ regulatory 

elements closest to Dlx1 that are active where Dlx1/Dlx2 expression occurs (Ghanem et al., 

2007).  

In addition to the DNA-binding HD, DLX proteins possess a consensus sequence of 

tryptophan-aspartic acid-tryptophan-tyrosine at the C-terminal end of the HD (Panganiban & 

Rubenstein, 2002). Based on the propensity of other HD transcription factors to interact at 

tryptophan residues in conserved motifs, it is possible that this is a site where DLX proteins 

may interact with other transcription factors to increase specificity of target activation 

(Knoepfler et al., 1999; Neuteboom et al., 1995; Passner et al., 1999). DLX proteins are also 

proline-rich upstream and downstream of the HD suggesting oligomerization and importance 

in transcriptional activation. This was demonstrated to be the case in the case of the proline rich 

N-terminus of Dlx5 and the C terminus of DLX3 (Masuda et al., 2001; Mermod et al., 1989; 

Xiao et al., 2000) 

Of the six Dlx genes shared among vertebrates, only four (Dlx1/dlx1a, Dlx2/dlx2a, 

Dlx5/dlx5a, Dlx6/dlx6a) will be described in this thesis and will be the only Dlx genes 

considered for the rest of this chapter.   
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Figure 1.1. Schematic representation of genomic organization of the mouse Dlx genes.  
White boxes represent coding regions. Intergenic cis-regulatory elements are depicted in coloured boxes 

(blue for Dlx1/Dlx2, green for Dlx3/Dlx4 and red for Dlx5/Dlx6). Schematic taken from Darbandi, 2014. 
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1.3 Regulation of Dlx gene expression  

1.3.1 Cis-acting regulatory elements (CRE) of Dlx expression 

As mentioned previously, within each Dlx gene pair locus are conserved CRE that are 

able to modulate the expression of the neighbouring Dlx genes (Fig.1). Within the Dlx1/Dlx2 

locus are four CRE that appear to be active in different tissues and contexts. The first CRE is 

Upstream Regulatory Element 1 (URE1), a 600bp sequence located upstream of Dlx1. This 

CRE is able to activate expression of reporter transgene in the retina but not the forebrain, limbs, 

or craniofacial elements in the developing mouse (Ghanem et al., 2007). URE2 is a ~900 bp 

sequence that is active in the forebrain, specifically the subpallial telencephalon, Prethalamus 

and hypothalamus. This enhancer can also activate reporter expression in the hyoid arch, 

somites, and limbs. Importantly, reporter expression recapitulates expression regions of 

Dlx1/Dlx2 demonstrating this enhancer is active in the same areas Dlx1/Dlx2 are expressed. The 

two other CREs found within the Dlx1/Dlx2 locus are found within the intergenic regions 

between the two genes. I12b was found to induce reporter activity in the mouse forebrain 

starting at E10.0 and in migrating cells at E11.5 (Ghanem et al., 2003; Poitras et al., 2007). I12a 

is also in the intergenic region and is between I12b and Dlx2. This enhancer was shown to drive 

reporter expression in some mesenchyme cells of the first and second pharyngeal arches in both 

mouse and zebrafish (Ghanem et al., 2003; Park et al., 2004).  

 Within the Dlx5/Dlx6 locus are two CREs found in the intergenic region. Reporter 

expression under the activity of I56i was observed in the ventral thalamus and basal 

telencephalon in both zebrafish and mice (M. Yu et al., 2011; Zerucha et al., 2000). 
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Additionally, the mouse version of this CRE was also active in the branchial arches, olfactory 

placode and developing limb bud. The second CRE in this locus, I56ii, can drive reporter 

expression in the telencephalon, specifically in distinct regions of the ganglionic eminences and 

in select striatal neurons (described in 1.4.2.4)(Ghanem et al., 2008). It may also be able to 

modulate the activity of I56i to label additional cells in the zebrafish telencephalon, 

diencephalon, and midbrain tectum (M. Yu et al., 2011). Finally, an enhancer upstream of Dlx6 

was identified that is specific for pharyngeal arch reporter expression (Verzi et al., 2007). 

 

1.3.2 Trans-acting regulators of Dlx expression 

 A common feature of all the CRE listed above is that they all possess binding sequences 

for DLX, suggesting that Dlx genes can cross-regulate expression using these enhancer regions. 

For example, Dlx1, Dlx2 and Dlx5 are able to bind directly to I56i (Poitras et al., 2010). 

Furthermore, reporter activity and Dlx5/Dlx6 expression was reduced when Dlx1/Dlx2 was 

knocked out in the mouse developing telencephalon (Zerucha et al., 2000). Additionally, loss 

of Dlx2 resulted in reduced Dlx1 expression in mice(Eisenstat et al., 1999). Taken together, this 

suggests Dlx2 can regulate the expression of Dlx1, Dlx5 and Dlx6 whereas the expression of 

Dlx5 and Dlx6 may require the activity of both Dlx1 and Dlx2.  

During forebrain development, many factors interact at Dlx CREs to regulate temporal 

and region-specific Dlx expression. For example, Ascl1 (previously Mash1) is a pro-neural 

factor that is involved in the specification and differentiation of ventral telencephalon 

progenitors(Yun et al., 2002). This transcription factor was identified to bind directly to the I12b 

enhancer and when the site was mutated, reduced enhancer activity resulted, suggesting Ascl1 
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is important in regulating expression of Dlx1/Dlx2 in mice (Poitras et al., 2007). Additionally, 

knockdown of ascl1 in zebrafish resulted in reduced expression of dlx1a, dlx2a and dlx5a, 

further supporting this factor as an important Dlx regulator (MacDonald et al., 2013). Another 

important neural factor that interact on Dlx CREs is the retinoblastoma protein which regulates 

the G1-S phase checkpoint during cell division and appears essential for proper maturation and 

migration of telencephalic interneurons by regulating expression of Dlx1/ Dlx2 through direct 

binding of the I12b enhancer (Ghanem et al., 2012).  

Less is known about trans-acting regulatory elements controlling Dlx gene expression 

in the developing face. The myocyte enhancer factor family2 member Mef2c is one of the few 

factors identified to directly bind to the enhancer upstream of Dlx6 to activate Dlx6 expression 

in lower jaw and posterior palate development (Verzi et al., 2007). This is also true in zebrafish 

where the ortholog mef2ca is required for dlx6a expression (Miller et al., 2007). Recently, the 

chromatin modifier Kat6a, identified in patients affected with congenital abnormalities 

including cleft palate and heart defects. Importantly, this modifier was found to regulate Dlx5 

expression by changing access to the locus via histone acetylation (Vanyai et al., 2019). Loss 

of Kat6a resulted in reduced expression of Dlx5 and downstream targets leading to cleft palate 

of the lower jaw among other deformities in mice. Zebrafish kat6a is also important in 

pharyngeal segment identity, presumably also through regulation of dlx5a (Crump et al., 2006; 

Miller et al., 2004).  

 

1.3.3 Signaling molecules regulating Dlx expression 

 Several signaling pathways have been found to influence Dlx expression, however the 

mechanisms are still largely unknown. Sonic Hedgehog (Shh) was found to induce expression 
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of Dlx2 in the developing mouse telencephalon in vitro and in vivo, potentially through 

expression of a non-coding RNA molecule evf2 (Feng et al., 2006). Shh also plays a role in 

regulating dlx5a/dlx6a expression during dorsal-ventral patterning of the zebrafish pharyngeal 

arches through the receptor Smoothened (Swartz et al., 2012). FGFs and BMPs are essential for 

proper expression of Dlx1 and Dlx2 in the first pharyngeal arch mesenchyme (Tucker et al., 

1998, 1999). Dissected mouse mandibles were induced to express Dlx2 when exposed to beads 

soaked in FGF8, but not BMP4 (B. L. Thomas et al., 2000). In a similar experiment, Park and 

colleagues demonstrated that FGF8 and FGF9 were able to induce I12a reporter activity in the 

mouse mandible but BMP4 antagonized FGF8 effects(Park et al., 2004). Lastly, Endothelin-1 

(Edn1) is a signal produced by the ventral pharyngeal arch epithelia and is able to induce 

Dlx5/Dlx6 expression to establish ventral fate in neural crest cells of the first pharyngeal arch 

(Clouthier et al., 2010; Coffin Talbot et al., 2010; Vieux-Rochas et al., 2010). 

 

1.3.4 Downstream targets of Dlx genes 

 Due to the role of Dlx genes in the development of GABAergic interneurons, many of 

the known gene targets of Dlx transcription factors are involved in neuronal differentiation and 

GABA expression. Indeed, Dlx1, Dlx2 and Dlx5 are all found to be able to induce in vitro, the 

expression of GAD65, an essential component of GABA synthesis (Stühmer et al., 2002). 

Additionally, knockdown of dlx2a or dlx5a resulted in reduction in the expression of gad65 in 

zebrafish (MacDonald et al., 2013). Dlx1/Dlx2 were also shown to regulate the migration of 

cortical interneurons through direct repression of the Semaphorin (Sema3) receptor neuropilin2 

(Nrp2)(Le et al., 2007). The interaction of Sema3/Nrp2 is a repulsive guidance cue that mediates 

the sorting of tangentially migrating interneurons. Loss of Dlx1/Dlx2 resulted in ectopic Nrp2 
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expression leading to accumulation of interneurons in the subventricular zone of the ganglionic 

eminences in which interneurons originate. Neurite outgrowth is also regulated by Dlx1/Dlx2 

activity through repression of Pak3 (Cobos et al., 2007). Finally, Wnt5a is a direct target of Dlx2 

and Dlx5, and transplantation of wild-type (WT) neuronal precursors into a Dlx2 or Dlx5 null 

host was enough to prevent GABAergic interneuron differentiation through downregulation of 

Wnt5a (Paina et al., 2011).  

 Dlx genes are able to affect the morphogenesis of the jaws and palate through regulation 

of a few key signals and transcription factors. In the lower jaw, Dlx5/Dlx6 induces the 

expression of Hand2 and Gsc to define the ventral domain of the lower jaw (Depew et al., 1999).  

Oropharyngeal patterning also requires regulation of Fgf10 signaling through Dlx5 activity 

(Sugii et al., 2017).  

 

1.4 Function of Dlx genes in craniofacial development 

1.4.1 Overview of neural crest cells 

 Neural crest cells (NCC) are a population of transient embryonic cells that can 

differentiate into diverse derivatives and thus are often referred to as cells of the “fourth germ 

layer”(Sauka-Spengler & Bronner-Fraser, 2008). The introduction of the neural crest delineate 

vertebrates from other metazoans since this population provides key cells of paired sensory 

organs, craniofacial skeleton and peripheral nervous system. It may also be a driving force in 

expanding the vertebrate taxa by facilitating predatory behaviours (Gans & Northcutt, 1983). 

Development of NCC begin during gastrulation until late organogenesis. This process requires 
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intrinsic and extrinsic signals that govern their induction, specification, migration, and terminal 

differentiation.  

 

1.4.2 NCC induction and specification 

 The ectoderm is the outer-most embryonic germ layer and forms the neural plate at the 

most dorsal aspect of the vertebrate embryo during gastrulation. The neural plate will produce 

the neural tube and central nervous system. Lateral and ventral to the neural plate is the non-

neural ectoderm which will produce the epidermis and associated glands. The area between 

these two regions is called the neural plate border, the origin of the neural crest. Cells at the 

border are exposed to at least three major signaling pathways: intermediate levels of BMP from 

the neural ectoderm and antagonists from the underlying paraxial mesoderm; Notch signaling 

to promote neural crest formation and restriction to the neural plate border and canonical Wnt 

signaling (Deardorff et al., 2001; Endo et al., 2002; Lewis et al., 2004; Marchant et al., 1998). 

These inductive signals lead neural plate border cells to express a set of transcription factors 

including Zic1, Msx1, Msx2, Dlx3, Dlx5, Pax3 and Pax7(McLarren et al., 2003; Sauka-Spengler 

& Bronner-Fraser, 2008). The combined expression of these transcription factors gives neural 

plate border cells the competency to become NCC. The prospective NCC will then express 

another set of transcription factors known as neural crest specifiers (or neural crest markers). 

These markers include Sox9, Sox10, and Foxd3 and will guide the events involved in specifying 

NC fate including delamination, changing cell shape, motility and signaling competency 

involved in migration and differentiation (Sauka-Spengler & Bronner-Fraser, 2008).  

During the above processes, the embryo continues through gastrulation into neurulation 

where the neural plate folds downwards to form the neural tube and bringing the two neural 
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plate borders together above the tube (Fig. 1.2). At this point, the neural plate border cells are 

neural crest precursors, having gone through induction and specification but are not migratory 

until the precursors segregate from the neural tube and the non-neural ectoderm encases the 

underlying structures.  
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Figure 1.2. Schematic of neural crest cell formation from induction to migration.  
Neural crest cells (pink) express different markers at different key points of formation, indicated by 

boxed genes.  
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1.4.3 NCC possess axial identity based on associated rhombomere 

 As the vertebrate nervous system continue to develop, the NC cell cycle is arrested and 

factors are expressed to both maintain multipotency and prevent apoptosis (Sauka-Spengler & 

Bronner-Fraser, 2008). Additionally, NCC will begin to express certain transcription factors 

that will bestow positional identity based on their location along the AP axis of the neural tube 

(Fig. 1.3). This positional information is related to the development of transient segments of the 

neural tube within the hindbrain region known as rhombomeres (Lumsden & Krumlauf, 1996; 

Minoux & Rijli, 2010). Rhombomeres are established through the expression of transcription 

factors such as Hox genes. Different paralogs of these genes are induced through varying 

concentrations of retinoic acid and FGF or Wnt (Dupé & Lumsden, 2001; Maves et al., 2002; 

Nordström et al., 2002). The combinatory effect of different levels of signals and transcription 

factors result in seven rhombomeres (r1-r7). With regards to NCC, the rhombomeres 

characterize migration streams and delineate the type of cell the NCC will ultimately become. 

NCC from the diencephalon and midbrain contribute to the frontonasal epidermis and 

mesenchyme respectively. NCC from r1, r2, r4 and r6 are known as cranial NCC (CNCC) and 

are the cells that become the bone, connective tissue, neurons and glia of the face (Schilling & 

le Pabic, 2014). Posterior to the last rhombomere, are NCC of the trunk which will migrate 

around and between somites to become part of the epidermis, connective tissue, neurons, glia 

of the trunk in addition to the enteric nervous system.   
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Figure 1.3. NCC are bestowed axial identity based on associated rhombomere (r1-r7) 
through expression of Hox genes. 
(A)Vertebrate rhombomeres and Hox patterning code. This organization is conserved among 
vertebrates including mouse (depicted here) and zebrafish (expressing orthologs of hox genes 
in schematic). (B-C) Axial identity of NCC determines which pharyngeal (PA) to reside in 
mouse (B) and zebrafish (C). (A and B adapted from (Kindberg & Bush, 2019)). 
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1.4.4 CNCC delamination and migration 

 From their position above the neural tube, all NCC will undergo delamination, 

epithelial-to-mesenchyme transition (EMT), and migrate to their final destination. Interestingly, 

the process of delamination and migration differ slightly based on NCC axial identity and 

species. Generally, CNCC will delaminate and undergo en masse EMT to migrate all at once to 

their destination whereas trunk NCC undergo EMT individually, delaminating and migrating in 

progressive waves (Taneyhill & Padmanabhan, 2014; Thiery et al., 1982).  Delamination is the 

process where cells or groups of cells will separate from surrounding cells and is required for 

EMT which itself is a process that describes stationary cells becoming migratory. EMT requires 

the dismantling of various cellular junctions present between neighboring NCC and junctions 

of NCC with other ectoderm cells (neural tube below and non-neural ectoderm above), as well 

as cytoskeletal rearrangements that allow for migration (Thiery & Sleeman, 2006). This process 

is triggered by changes in extracellular signals such as TGF-β and FGF. Furthermore, elevated 

BMP and inhibition of Wnt signaling have recently been identified as additional signals to 

initiate EMT (Maj et al., 2016; Piacentino et al., 2021). These changes and the expression of 

neural crest specifiers previously mentioned (Snail2, Sox9, Sox10, Foxd3, etc) lead to changes 

in cell adhesion allowing EMT to proceed. For example, Snail2 expression is shown to mediate 

the switch from N-cadherin to Type II Cadherins (eg: Cdh6, Cdh7) to weaken cell-cell 

connections (Batlle et al., 2000; Ikenouchi et al., 2003).  

Once EMT is completed, NCC possess the ability to migrate. In zebrafish, CNCC begin 

migration at 12 hours post fertilization (hpf) and by 16hpf, cells have accumulated in transient 

groupings ventro-rostral from the dorsal neural tube known as pharyngeal arches (Schilling & 

Kimmel, 1994). Cells at each rhombomere will migrate all at once creating three streams of 
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CNCC: the first stream is from r1/2 to populate the first pharyngeal arch; CNCC from r4 will 

migrate to the second arch and CNCC from r5/6 will reside in the third arch (Kulesa et al., 2004; 

Piotrowski et al., 1996)(Fig. 3c). A combination of repulsive signals including Ephrin, Sema3 

and BMP regulators confine CNCC to their streams and prevent mixing. Attractive signals from 

the endoderm and optical stalk such as the chemokine Sdf1a and the receptor Cxcr4a expressed 

by CNCC guide CNCC towards the pharyngeal arches(Killian et al., 2009).  

 

1.4.5 Derivatives of pharyngeal arches 

 Prior to CNCC migration, the pharyngeal arches (PA) are already being segmented by 

the endoderm and induced to grow laterally from the developing pharynx by migrating paraxial 

mesoderm (Graham, 2008; McKinney et al., 2020). Veitch and colleagues demonstrated that 

PA can form without NCC but associated structures of the arches will be absent (Veitch et al., 

1999). The number of PA can differ between organisms however the structures, in particular of 

the first two PA are similar and regulatory circuits are conserved. Amniotes possess five PA: 

the first PA is called the mandibular arch; the second PA the hyoid arch and the remaining three 

are broadly termed posterior PA (Fabik et al., 2021).  

 The first arch of amniotes will be split into two regions: the dorsal and proximal region 

will form the upper maxilla and the ventral, distal region the mandibles. The cartilage structures 

formed by the first PA are called the quadrate  (maxillary) and Meckel’s cartilage (mandibular). 

The quadrate will eventually undergo endochondral ossification to form the orbital, lateral skull 

wall, alisphenoid and incus bone of the middle ear (Rodríguez-Vázquez et al., 2018; 

Woronowicz & Schneider, 2019). NCC surrounding the quadrate will also form the maxilla, 

zygomatic and squamous part of the temporal bone through intramembranous ossification. The 
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Meckel’s cartilage can be further broken into three regions from distal to proximal axis to form 

part of the dentary bone, jawbone or mandible, and malleus of the middle ear respectively, 

through endochondral ossification (Bhaskar et al., 1953; Shimo et al., 2004; Svandova et al., 

2020).  

 The second arch produces cartilage that will undergo endochondral ossification to form 

the stapes. It is also the site of Reichert’s cartilage that is continuous with the ear capsule and 

will form the temporal bone and horns of the hyoid which help attach the jaw to the neck and 

supports the tongue (Rodríguez-Vázquez et al., 2006).  

 Teleosts such as zebrafish possess seven arches: the first two are again the mandibular 

and hyoid arches and the remaining five are called branchial/gill arches that produce structures 

that help gill function (Kimmel et al., 2001; Yelick & Schilling, 2002). Similar to amniotes, the 

first arch can be broken into two regions producing the palatoquadrate (homolog of the 

quadrate) of the upper jaw and the Meckel’s cartilage of the lower jaw (Fig. 1.4). The hyoid 

arch produces the hyosympletic cartilage in the dorsal region, which helps attach the jaw to the 

neurocranium and the ceratohyals and basihyal of the ventral region that help stabilize the jaw. 
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Figure 1.4. Cartilage structures of the teleost face. 
(A)The neurocranium and pharyngeal skeleton in lateral view. (B) The paryngeal skeleton in 
ventral view. Abbreviations: bb,basibranchials; bh, basihyal; cb1-5, ceratobranchials; ch, 
ceratohyal; hb1, hypobranchial; hs, hyosympletic; ih, interhyal; m, Meckel’s cartilage; pq, 
palatoquadrate. Figure from Kimmel et al., 2001.  
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1.4.6 Neural crest differentiation in the mandibular and hyoid arches 

 NCC are arrested from cell cycle progression and maintain multipotency until they reach 

their destination (Baggiolini et al., 2015). Once in the pharyngeal arches, CNCC are exposed to 

signals that play a role in cell fate choice. Wnt signaling is one such mechanism that is key in 

regulating the choice between differentiation into chondrocytes to produce cartilage, or 

osteoblasts to produce bone (Hartmann, 1993; for review see MacDonald et al., 2009). 

Inhibition of canonical Wnt signaling through deletion of the effector molecule β-catenin in 

NCC resulted in compete agenesis of cranial bones, absent maxilla, mandibles, and stapes. 

Ectopic cartilage structures also formed. These results suggest canonical Wnt signaling is 

required to balance osteogenesis and chondrogenesis (Brault et al., 2001; Day et al., 2005; 

Goodnough et al., 2014). In zebrafish, Wnt signaling is also important in chondrogenic fate 

decision. Knockdown of fzb or frzd7a, which are both able to bind to Wnt molecules, result in 

lack of lower jaw structures and loss of chondrocytes in ethmoid plate (Kamel et al., 2013). 

Wnt9a appears crucial for chondrogenic proliferation by regulating expression of sox9a (Curtin 

et al., 2011). Additionally, wnt5b appears to be important in regulating chondrocyte polarity 

affecting the shape of Meckel’s cartilage in addition to regulating endochondral ossification 

(Ling et al., 2017).  FGF signaling is also involved in regulating chondrogenic/osteogenic fate. 

Mutations in FGF receptors resulting in constitutive activity leads to premature loss of cranial 

sutures due to precocious osteogenesis (craniosynostosis) whereas reducing FGF increases 

chondrogenic proliferation (Burke et al., 1998; Sarkar et al., 2001; Wilkie, 1997). However, 

FGF8 is also able to induce chondrogenesis through activation of Sox9 expression. Thus, FGF 

influence on NCC fate choice is likely temporal and context-dependent (John et al., 2011; Walshe 

& Mason, 2000). Finally, a third important family of signaling molecules involved in NCC fate 
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choice is the TGF-β superfamily. TGF-β promotes proliferation of CNCC and loss of TGF-β 

signaling result in agenesis of both cartilage and bone structures (Iwata et al., 2010; Oka et al., 

2008; Wurdak et al., 2005). BMPs are a member of the TGF-β superfamily and deletion of 

Bmp2 was found to downregulate Sox9 expression in the mandibular process demonstrating a 

requirement for BMP signaling in chondrogenesis (Chen et al., 2019).  

  The transcription factor and NCC marker Sox9 is essential for chondrogenesis. Loss of 

Sox9 results in embryonic lethality prior to cartilage development in the mouse and murine ES 

cell lines fail to differentiate into chondrocytes (Bi et al., 1999; Mori-Akiyama et al., 2003). 

The zebrafish mutant jellyfish (jef) is a hypomorphic mutant for sox9a and lacks most of the 

cartilage elements in the face (Yan et al., 2002). The jef mutant also exhibited significant 

reductions in the expression of a collagen col2a1. Collagen is an important component of 

cartilage and is produced by chondrocytes. Sox9 appears able to regulate expression of this 

collagen in addition to Col11a2 by binding directly to specific enhancers (Bell et al., 1997; Fang 

et al., 2010; Lefebvre et al., 1997).  

 CNCC can also differentiate into osteoblasts through the activity of Runx2, the master 

regulator of osteoblast differentiation. Deletion of this transcription factor results in agenesis of 

all ossified bone. Knock-out in NCC results in mice with severely hypoplastic mandible, 

maxilla, premaxilla, and nasal bones in addition to mineralization defects (Komori et al., 1997; 

Otto et al., 1997; Shirai et al., 2019). One downstream molecule regulated by Runx2 is Osterix 

(Sp7) which is a transcription factor required for osteoblast fate (K. Nakashima et al., 2002). 

Interestingly, Osterix is a co-activator that can partner with Dlx5 to initiate expression of 

ossifying genes (Hojo et al., 2016).  
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 Ossification of the facial skeleton of mammals occurs through two processes. 

Intramembranous ossification is the primary mechanism wherein CNCC will differentiate into 

osteoblasts directly to form bone (Berendsen & Olsen, 2015). This process forms some of the 

bones of the neurocranium and viscerocranium. Other structures however are formed through 

endochondrial ossification which describes a process of cartilage replacement by invading 

osteoblasts, forming the base and posterior skull. In contrast, the zebrafish facial skeleton 

exhibit three types of ossification. Intramembraneous ossification produces the skull and 

opercular bones, similar to mammalian skeletogenesis where this ossification is important for 

the cranial vault and dentary. The second process is endochondrial ossification which is further 

broken into two types: 1) Type I where osteoblasts lay down a bone matrix following 

degradation of cartilaginous matrix to produce the ceratohyals and 2) Type II where ossification 

and calcification zones are absent and instead cartilage template is replaced by adipose cells. 

This latter process forms the hyomandibula, ceratobranchials and ethmoid plate (Weigele & 

Franz-Odendaal, 2016; Witten & Huysseune, 2009). Finally, the third type of ossification is 

perichondral ossification where bone is formed in the perichondrium, a dense layer of 

connective tissue that surrounds cartilage, and is the process that describes osteoblasts 

aggregating on the surface of cartilaginous template of the hyomandibula and Meckel’s cartilage 

to deposit bone matrix (Hall, 2015).  

 

1.4.7 Role of Dlx in craniofacial development 

 The Dlx genes are involved in craniofacial development beginning shortly prior to 

migration from the dorsal neural tube where CNCC from the first two rhombomeres will express 

Dlx2 (Santagati & Rijli, 2003). Additionally, cells from r2 will lose Hoxa2 expression so that 
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CNCC from r1 and r2 will migrate together to populate the first pharyngeal arch. In zebrafish, 

other dlx paralogs will also be expressed as CNCC are migrating, such as dlx5a (Yu et al., 2021). 

Once in the first pharyngeal arch, Dlx expression appears to provide patterning information 

along the dorsal-ventral and proximal-distal axes (Santagati & Rijli, 2003). Dlx2/Dlx1 positive 

cells aggregate in the dorsal and proximal regions and Dlx5/Dlx6 positive cells found more 

ventral and distal although overlapping of expression areas exist in the intermediate regions. 

This expression pattern is mediated by signals such as Edn1 and FGF8/9 in addition to 

transcription factors such as Mef2c as described in previous sections (1.3.2, 1.3.3).  

 Abnormal expression of Dlx paralogs within the craniofacial anlage result in severe 

consequences. Deletion of Dlx2 in mice lead to loss and abnormal morphology of maxillary 

structures, clefting of the secondary palate and other malformations resulting in embryonic 

lethality (Qiu et al., 1995). Mice lacking Dlx1 presented with only some of the changes observed 

in Dlx2 mutants suggesting these paralogs may be compensatory or redundant in some regions 

of the first and second arch derivatives (Qiu et al., 1997). Supporting this reasoning, compound 

Dlx1/2 mutants die at birth and have exacerbated defects relative to both single mutants. 

Similarly, reduction of dlx1a, dlx2a or both paralog expression by morpholino-mediated 

knockdown resulted in deformities of first and second arch derivatives (Sperber et al., 2008). 

Loss of both paralogs presented with the most severe phenotype, much like compound mutants 

in the mouse. Additionally, reduced dlx1a/dlx2a expression led to increased NCC apoptosis and 

abnormal expression of downstream patterning genes involved in proper chondrogenesis.  

 While the consequence of Dlx1/Dlx2 perturbations were defects in dorsal and proximal 

craniofacial structures, deletion of Dlx5 in mice resulted in exencephaly and death shortly after 

birth (Acampora et al., 1999; Depew et al., 1999). Non-exencephalic mutants present with 
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dysmorphology of proximal structures of the mandibular component of PA1. In particular, the 

Meckel’s cartilage is shortened and does not connect correctly with the middle ear, leading to 

an ectopic intramemranous bone by P0. Additional morphological defects were apparent in the 

otic and nasal capsules which led to sensory impairments. Loss of Dlx5 also led to a shortened 

soft palate and absence or dysmorphology of muscles that help with the function of the soft 

palate such as swallowing or sucking, through dysregulation of FGF10 signaling (Sugii et al., 

2017). Interestingly, knockdown of dlx5a or in the dlx5a hypomorphic mutant in zebrafish only 

resulted in mild defects of the intermediate domain (jaw joint, second arch joint, opercle, 

branchiostegal bones), in contrast to the phenotypes observed in mice (Talbot et al., 2010).  

 The compound null mutant for Dlx5/Dlx6 in mice revealed the most severe craniofacial 

phenotype wherein neonates die shortly after birth, are usually exencephalic and those that had 

a formed head presented with a complete loss of the Meckel’s cartilage due to homeotic 

transformation to a secondary maxillary (Beverdam et al., 2002; Depew et al., 2002; Merlo et 

al., 2002; Robledo et al., 2002). Other craniofacial defects include fused or dysmorphic inner 

and middle ear cartilages, severe patterning defects of cranial floor cartilages and reduced 

ossification of cartilage structures (Robledo et al., 2002).  

 Despite the above observations on Dlx/dlx gene function during craniofacial 

development, little is known about how each paralog affects development of craniofacial 

structures. This is particularly true in the case of mammalian studies since loss of one or more 

Dlx genes lead to embryonic or early lethality.  
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1.5 Nervous system development and Dlx genes 

1.5.1 Induction and neurulation 

 The vertebrate nervous system begins development during gastrulation when the three 

germ layers are produced. Cells on the surface of the embryo will actively migrate to the center 

through a small invagination or opening called the blastopore. The ectoderm is induced to a 

neural fate through the activity of three factors secreted by the dorsal blastopore lip, called the 

shield in zebrafish and the node in the mouse (Spemann & Mangold, 1923; Beddington, 1994; 

Oppenheimer, 1953; Ozair et al., 2013). These proteins are Noggin, Chordin and Follistatin, all 

three which antagonize BMP activity. Activity of these antagonists help create a BMP gradient 

where the neural plate will develop under low BMP conditions. 

 Through interactions with the neighboring epidermis and signals from the organizer, 

patterning of the neural plate results in a wider portion of the neural plate at the anterior end and 

the posterior becoming narrower (Cox & Hemmati-Brivanlou, 1995; Niehrs, 1999; Ozair et al., 

2013). The wider portion will become the brain while the narrow portion will become the spinal 

cord. Two processes occur to form the neural tube from the neural plate: primary neurulation in 

which neural plate cells proliferate, fold and invaginate into the body to form hollow tube; and 

secondary neurulation where an aggregate of mesenchyme cells form a solid cord that 

subsequently hollow out (Harrington et al., 2009). In many vertebrates, both processes are used: 

primary neurulation at the anterior and secondary neurulation more posterior (Catala et al., 

1995; Lowery & Sive, 2004). In zebrafish, some controversy exists whether primary neurulation 

occurs at the anterior since zebrafish neurectoderm first forms the neural keel, a solid rod of 

cells before forming a lumen and tube (reviewed in Lowery & Sive, 2004). However, the neural 

keel is not made of mesenchymal cells and recent studies have identified hallmarks of primary 



 

26 

 

 

neurulation during formation of zebrafish forebrain such as presence of the hingepoint (Werner 

et al., 2021).  

1.5.2 Organization and regionalization of the embryonic brain 

 After the anterior portion of the neural tube is formed, patterning to segment the 

structure into three primary vesicles is already underway. These three vesicles, from anterior to 

posterior, are the prosencephalon (forebrain), mesencephalon (midbrain) and rhombencephalon 

(hindbrain). By the time the neural tube is fully formed, secondary vesicles are present to 

segment the prosencephalon into the telencephalon and diencephalon, while the 

rhombencephalon is divided into the metencephalon and mylencephalon (Purves et al., 2001).  

 

Telencephalon  

 Shortly after neural tube closure, the telencephalon is further divided into the dorsal, 

pallial domain and the ventral, subpallial region through opposing gradients along the 

dorsoventral axis(Ulloa & Briscoe, 2007). Wnt and Bmp molecules from the dorsal midline and 

paramedial neuroectoderm opposes a Shh gradient from the anterior mesendoderm and later, 

the rostroventral telencephalon.  Independent of Shh activity, the transcription factor Foxg1 is 

important for the specification, survival, proliferation, and patterning of the ventral 

telencephalon. Deletion of Foxg1 in mice or knockdown of foxg1 in zebrafish result in loss of 

ventral precursors (Danesin et al., 2009; Duggan et al., 2008; Martynoga et al., 2005; Xuan et 

al., 1995). Fgfs are required for ventral telencephalic development: increased apoptosis of 

subpallial cells were observed when Fgf signaling was blocked and deletion of Fgf receptors 

result in failure to generate ventral telencephalon structures (Gutin et al., 2006; 

Shanmugalingam et al., 2000; Shinya et al., 2001; Walshe & Mason, 2000). The ventral 
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telencephalon or the subpallium consist of the ganglionic eminences from which GABAergic 

interneurons arise such as the medial ganglionic eminence that will become the future pallidum 

(involved in the limbic system) and the lateral ganglionic eminence that will become the future 

striatum. The amygdala also arises from this portion of the telencephalon.  

 The dorsal telencephalon domain also requires Fgfs and Foxg1 activity since loss of 

either affect the size of the dorsal telencephalon (Paek et al., 2009). Wnt signaling is also 

necessary and sufficient to produce mature dorsal identities in chick and mice where loss or 

gain of β-catenin function result in loss or gain of dorsal telencephalic cell identities and 

structures (Backman et al., 2005; Gunhaga et al., 2003). The effect Wnt signaling has on shaping 

dorsal telencephalon identity is in part due to regulating Pax6 expression (Gunhaga et al., 2003). 

The dorsal telencephalon is divided into four domains that will develop into the neocortex 

(dorsal pallium), hippocampus (medial pallium), piriform cortex (lateral pallium) and 

components of the amygdaloid complex (ventral pallium) (Medina et al., 2004; Puelles et al., 

2000).  

 

Diencephalon 

 The diencephalon lies posterior to the telencephalon and is divided into three segments 

known as prosomeres. Signals including Wnt, Shh, Fgf and Bmp are critical for inducing and 

maintain prosomere identity (López-Bendito & Martini, 2020). Prosomere 1 (P1) which abuts 

the midbrain, will develop into the pretectum, and parts of the ventral tegmental area and 

substrantia nigra (Borostyánkoi-Baldauf & Herczeg, 2002; Garcia-Lopez et al., 2004). These 

areas are important in oculomotor and visuomotor functions as well as motor control and head 

orientation reflexes. Prosomere 2 is anterior to P1 and will produce the habenula and pineal 
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body in mature brains (Garcia-Lopez et al., 2004; Hikosaka, 2010). Finally, prosomere 3 the 

most anterior and ventral segment and will develop into the prethalamic nuclei and prethalamic 

eminence. 

 

Mesencephalon 

 The midbrain region is defined by two borders: the diencephalon-mesencephalon 

boundary and the midbrain-hindbrain boundary. The diencephalon-mesencephalon boundary is 

produced via repressive interaction between Pax6 expressed throughout the diencephalon and 

En/Pax2 which are markers of the midbrain (Matsunaga et al., 2000; Walther & Gruss, 1991). 

The midbrain-hindbrain boundary through interaction between the midbrain Otx2 and the 

hindbrain Gbx2 transcription factors (Shamim & Mason, 1998; Simeone et al., 1992). With 

these two boundaries established, the midbrain is divided into two domains through a 

dorsoventral gradient of Shh from the floorplate (Echelard et al., 1993; Ericson et al., 1996; 

Nomura & Fujisawa, 2000). The transcription factors Pax3 and Pax7 are also highly expressed 

in the roofplate to establish the tectum domain whereas the ventral domain delineates the 

tegmentum domain (Matsunaga et al., 2001). The tectum will become the optic tectum in birds, 

fish and amphibians or the superior colliculus in mammals. The tegmentum becomes several 

structures including a portion of the reticular formation, the substantia nigra and ventral 

tegmental area.  

 

1.5.3 Organization and regionalization of zebrafish telencephalon 

 In mammalian telencephalon development, a process known as evagination occurs 

describing the bilateral expansion of telencephalic hemispheres with neural wall enclosing a 
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centrally located ventricle (Fig. 1.5a). Thus, the proliferative regions of the brain, the ventricular 

and subventricular zone are located in the center of the brain. In ray-finned fish including 

zebrafish however, a separate process called eversion is used in telencephalon development. In 

eversion, the midline dorsal pallium rolls outwards laterally, resulting in the ventricles being 

pulled outwards from the middle of the two hemispheres and surrounding the outer dorsal layers 

of the telencephalon (Nieuwenhuys & Meek, 1990; Northcutt & Braford, 1980; Wullimann, 

2009). Consequently, proliferative regions of the brain are found in the center of the 

telencephalon and surrounding dorsal regions. The partial eversion hypothesis proposed by 

Wullimann (2004) suggest that medial pallium and dorsal pallium are everted but not the lateral 

and ventral pallium, through anatomical and marker expression data (Wullimann & Mueller, 

2004)(Fig. 1.5b). This hypothesis also suggests that despite anatomical locations differing, 

zebrafish possess analogous structures to mammalian brains such as the lateral ganglionic 

eminences being analogous to the teleostean dorsal subdivision of dorsal subpallium near the 

center ventricle.  
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Figure 1.5. Regionalization and organization of the teleost telencephalon. 
(A) Mammalian telencephalon arise through a process known as evagination where the two 
lobes of the brain balloon out from the ventricle. Teleostean telencephalon undergo eversion 
instead where the midline dorsal pallium fans out resulting in altered topology of telencephalon 
regions. (B) Analogous structures between mouse telencephalon and zebrafish. Expression of 
certain markers of telencephalic regions were used to identify analgous regions. Figure adapted 
from Wullimann, 2009. 
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1.5.4 GABAergic interneuron development 

 Gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the 

vertebrate central nervous system. Once released into the synaptic cleft, the neurotransmitter 

will open inhibitory ion channels on the post-synaptic membrane. Production of GABA from 

glutamate requires the activity of two enzyme isoforms: glutamate decarboxylase (GAD)67 and 

GAD65. The two isoforms are encoded by the genes Gad1 and Gad2 respectively. While these 

two enzymes are often co-expressed, the subcellular localization of expression differs: GAD67 

is usually in the cytoplasm and synthesize GABA for cell metabolism whereas GAD65 is found 

in axon terminals, responsible for GABA synthesis in an activity-dependent manner (Pinal & 

Tobin, 1998).  

 Cells that express GABA in the mammalian brain originate from transient subdivisions 

of the subpallium called the ganglionic eminences. There are three ganglionic eminences (GE) 

based on their location: medial (MGE), caudal (CGE) and lateral (LGE) which all give rise to 

GABAergic interneurons although the destination and subtyping of these neurons differ based 

on their origin (Laclef & Métin, 2018). The main GABAergic interneurons produced in the 

MGE are parvalbumin and somatostatin expressing neurons whereas calretinin, VIP, reelin 

subtypes originate mostly from the CGE and LGE (Butt et al., 2005; Corbin et al., 2003; Flames 

et al., 2007; Fogarty et al., 2007; Xu et al., 2004, 2008). As such, each area of the GE express 

similar and unique transcription factors that may play a role in specifying different types of 

GABAergic interneuron subtypes. Expression of Ascl1 and Dlx paralogs are observed in all 

three GEs where Ascl1 is found in the ventricular and subventricular zones to aid in 

neurogenesis and Dlx paralogs are expressed in both neurogenic areas and regions of 

differentiating progenitors (Casarosa et al., 1999; Long et al., 2009; Petryniak et al., 2007; Potter 
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et al., 2009; Yun et al., 2002). In contrast, cells from the MGE also express Nkx2.1, Lhx6 and 

Sox6 whereas cells from the CGE and LGE express Prox1, the serotonin receptor 5-HT3a, the 

orphan nuclear receptor Nr2f2 and Sp8 (Azim et al., 2009; Butt et al., 2008; Grigoriou et al., 

1998; Kanatani et al., 2008; Miyoshi et al., 2015; Tricoire et al., 2010).  

 As these neurons are undergoing differentiation, they are also leaving the GEs to enter 

other parts of the brain via tangential migration. In tangential migration, neurons move parallel 

to the surface of the brain (Hatten, 2003). Tangential migration out of the GEs mostly occurs 

through two streams (Lavdas et al., 1999; Wichterle et al., 1999). The first is a superficial route 

through the marginal zone and the second is a deeper path overlapping with the SVZ. There is 

a third route that a smaller fraction of neurons takes through the subplate. For all three tracts, 

neurons will colonize the cortex homogenously (Marín & Rubenstein, 2001). Since GABAergic 

neurons from the GE all take the same routes out towards the cortex, similar molecular processes 

are used regardless of GE of origin, such as Sema3/ Nrp interactions (Marín et al., 2001; 

Tamamaki et al., 2003). At some point, neurons will switch from tangential migration to radial 

migration, to enter and integrate into cortical layers of the cortical plate (Lim et al., 2018). 

Mechanisms behind this switch and what cues are involved to determine which cortical layer 

each neuron integrates into is still unknown however neuronal activity appears to be critical in 

normal laminar layer distribution (Bortone & Polleux, 2009; de Marco García et al., 2011). 

Once in the correct laminar layer, GABAergic will complete differentiation and maturation, 

which may take up until post-natal ages.  

 Unlike the developing mammalian brain, zebrafish brains do not possess GEs. Instead, 

gene expression data suggest the dorsal subdivision of the dorsal subpallium is analogous to the 

LGE while the ventral subdivision of the dorsal subpallium is the teleostan MGE (Mueller & 
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Wullimann, 2009). The expression of gad67 is observed in these areas located near the 

ventricles, one of the proliferative zones of the zebrafish brain during development and as adults 

(Mueller & Wullimann, 2009; Pellegrini et al., 2007; Zupanc et al., 2005). GABA expression is 

observable by 2dpf, overlapping with areas expressing gad67 except near the ventricles, 

suggesting GABA expression occurs only in post-mitotic cells (Mueller et al., 2006; Mueller & 

Wullimann, 2009). Furthermore, GABA expressing neurons also migrate tangentially from the 

region near the ventricles outwards and then radially, similar to amniote GABAergic 

interneuron migration tracts. Zebrafish brains also possess many of the same GABAergic 

interneuron subtypes including calretinin, somatostatin and parvalbumin.  

 

1.5.5 Calretinin expressing GABAergic interneurons 

 Calretinin (CR) is a calcium binding protein first identified in the retina (Schwaller, 

2014). About 10-30% of GABAergic interneurons express CR, representing a heterogenous 

group according to cell morphology such as bipolar or multipolar cell bodies (Kubota et al., 

1994; Tamamaki et al., 2003). Some CR-expressing neurons also co-express other markers of 

GABAergic interneurons such as vasoactive intestinal polypeptide, cholecystokinin, 

neuropeptide Y and somatostatin (Cauli et al., 2014; Gonchar & Burkhalter, 1997; Wang et al., 

2004). Additionally, CR expressing neurons also exhibit a range of firing potentials further 

highlighting the heterogeneity of this group (Karagiannis et al., 2009; Wang et al., 2002). As 

previously mentioned, most CR expressing neurons derive from the CGE with a smaller 

population originating in the dorsal MGE (Fogarty et al., 2007; Xu et al., 2004). These two 
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populations can also be classified as different CR neurons: VIP-bipolar neurons from the CGE 

and SOM-Martinotti neurons from the MGE.  

 

1.5.6 Development of somatosensory systems of the peripheral nervous system 

 The peripheral nervous system (PNS) describes all the nerves and ganglia outside the 

brain and spinal cord (central nervous system, CNS), connecting the CNS to the body’s limbs 

and organs. The PNS is divided into two systems: the somatic nervous system that controls 

voluntary movements through communication between sensory systems, CNS and motoneurons 

and the autonomic nervous system that regulates smooth muscle and glands without conscious 

input. The autonomic nervous system is itself divided into two systems: the sympathetic nervous 

system controlling “flight or fight” responses, and the parasympathetic system controlling “rest 

and digest” functions. NCC contribute to the entire PNS, forming cranial placodes with 

neuroectoderm and neuroepithelial cells to create the somatic nervous system, neurons of the 

dorsal root ganglia (somatic and sympathetic) and other sympathetic ganglia, and finally 

Schwann cell precursors, a derivative of NCC, make up the parasympathetic system ganglia 

(Baker & Bronner-Fraser, 2001; Dyachuk et al., 2014; Espinosa-Medina et al., 2014; Ladher et 

al., 2010).  

 The development of cranial placodes into sensory systems used by the somatic nervous 

system is well characterized. There six placodes shared among all vertebrates: the 

adenohypophyseal placode that produces the anterior pituitary; the lens placode generating the 

lens of the eye; the otic placode that forms inner ear structures, the sensory hair cells and the 

vestibulocochlear ganglion involved in vestibular stimuli sensation; the olfactory placode that 

generates the olfactory and vomeronasal epithelia; the epibranchial placode that lie dorsal to 
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pharyngeal arches to give rise to viscerosensory neurons including ganglia of the face, 

glossopharyngeal, vagal nerves and somatosensory neurons that mediate touch, temperature and 

pain sensation from skin; and finally the profundal and trigeminal placodes giving rise to 

subpopulation of somatosensory neurons of the profundal and trigeminal ganglia (Baker & 

Bronner-Fraser, 2001; Schlosser, 2010). Fish and amphibians possess a seventh placode called 

the lateral line placode that generates the hair cells and supporting cells of neuromasts, the 

sensory organs of the lateral line and neurons innervating those organs.  

 All cranial placodes derive from cells in the preplacodal area (PPA), a narrow band of 

non-neural ectoderm at the border between the neural plate and epidermis (G. F. Couly & le 

Douarin, 1987; G. Couly & le Douarin, 1990; Schlosser & Ahrens, 2004). The preplacodal area 

is also more anterior to the developing neural crest although the two cell populations are in close 

proximity (Schlosser, 2014). FGF ligands are important for the induction of PPA, but the origin 

and specific ligands are dynamic since FGFs are expressed in mesoderm, ectoderm and 

endoderm contacting the presumptive PPA and the types of ligands differ temporally and by 

species (Schimmang, 2007). Diversification of the PPA to generate different placodes is thought 

to be through different dosage and interactions between different FGFs from any of the three 

germ layers, and WNT from the hindbrain as morphogenesis of the neural tube continues. In 

particular, the otic placode appears to require WNT expression as demonstrated in mouse and 

chick where lower levels of β-catenin or increased antagonism of WNT signaling result in otic 

cell loss, but increased β-catenin activation leads to enlarged otic placodes at the expense of the 

epibranchial placode (Freter et al., 2008; Ohyama et al., 2006). BMP signaling is also involved 

in diversification of PPA ectoderm, as demonstrated in chick and zebrafish where inhibiting 

Bmp inhibits formation of epibranchial placodes (Begbie et al., 1999; Holzschuh et al., 2005).  
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 Preplacodal ectoderm and NCC are not only closely positioned during neural tube 

formation, but the two populations also migrate together in a chase-and-run interaction. NCC 

may spatially constrict placodal formation (Bailey et al., 2006; Grocott et al., 2012; Theveneau 

et al., 2013). This interaction, mediated through SDF1/CXCR4 chemoattraction and subsequent 

contact inhibition through N-cadherin and cell polarity changes, was demonstrated to help 

subdivide the PPA and is particularly important for formation of epibranchial placodes. 

Ablation of premigratory NCC completely abolishes epibranchial cell movements and 

formation of placodes whereas blocking either SDF1 in preplacodal ectoderm or CXCR4 in 

NCC arrests NCC migration and ultimately prevents formation of epibranchial placodes.  NCC 

is also involved in the formation of the lens placode by expressing TGF-β ligands to repress 

lens identity (Bailey et al., 2006; Grocott et al., 2012).  

 Once placodes are established, NCC continue to interact with placodal cells to form 

ganglia that innervate placodal sensory cells. Ablation of NCC in the chick lead to misplaced 

epibranchial ganglia with projections that fail to connect to hindbrain demonstrating the critical 

role NCC play in organization of central connections from placode to brain (Begbie & Graham, 

2001). This is likely due to abnormalities in NCC migration since disrupting Nrp/Sema 

interactions or the interaction between the EGF receptor Errb4 and neuregulin leads to 

misplaced ganglia in the chick and mouse (Golding et al., 2004; Osborne et al., 2005; Schwarz 

et al., 2008). Ganglion condensation in the trigeminal ganglia is also dependent on NCC 

interaction with placode cells (Shiau et al., 2008). Finally, NCC-derived glia are also important 

for axonal pathfinding of the lateral line ganglia, are closely associated with neuromasts after 

development and may regulate the number of neuromasts deposited (Collazo et al., 1994; D. T. 

Gilmour et al., 2002; Grant et al., 2005; López-Schier & Hudspeth, 2005).  
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1.5.7 The posterior lateral line 

 The lateral line is a sensory system found in aquatic vertebrates including fish and 

amphibians that detect water motion and pressure in relation to the body in order to aid in 

navigation and behaviours such as shoaling, predator and prey detection and mating (Dijkgraaf, 

1963; Montgomery et al., 2000). This system consists of a series of neuromasts connected by 

the lateral line ganglion which project into the medial octavolateralis nucleus of the hindbrain 

(Butler & Maruska, 2016). From this nucleus, ascending projections are made into the 

ventrolateral portion of the midbrain torus semicircularis that processes mechanosensory 

information. Neuromasts consist of hair cells that can transduce water vibrations into a chemical 

signal via microtubule-rich kinocilium bending into actin-rich stereocilia, which then activate 

ion channels (Fig. 1.6A). Support cells and mantle cells contribute to the structure of the 

neuromast. Each hair cell of a neuromast is independently innervated by afferent and efferent 

fibers. The lateral line is divided into two systems: the anterior lateral line that connects 

neuromasts of the head and the posterior lateral line (PLL) that describes the system of 

neuromasts along the trunk and tail of the organism. The PLL has been extensively studied in 

zebrafish and will be one of the foci of this thesis.  

 After the lateral line placode has migrated to a position just posterior of the otic placode, 

it is divided into two where the anterior portion develops into the PLL ganglion and the posterior 

half becomes the lateral line primordia that will migrate along the trunk towards the tail, 

depositing clusters of 20-30 cells at regular intervals of 5-7 somites (D. Gilmour et al., 2004; 

Ma & Raible, 2009; Metcalfe et al., 1985). This process begins at 19-25 hpf, neuromasts are 

recognizable by 48hpf and by 72hpf, the zebrafish larvae possesses around 12 neuromasts 
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representing the rudiments of three PLL that will continue to expand in number of neuromasts 

as the fish grows (Fig. 1.6B,C) (Ledent, 2002; Metcalfe et al., 1985). As adults, the total number 

of neuromasts may differ depending on the length and width of the fish body but all additional 

neuromasts will fall within one of three lines established as larvae forming vertical lines of 

neuromasts known as a stitch (Fig. 1.6D) (Ledent, 2002).  

 The migrating lateral line primordia exhibits pre-patterning where cells at the leading 

edge are unpatterned and become progressively specified closer to the trailing edge where cells 

are formed in clusters or rosettes called protoneuromasts before being deposited (Ghysen & 

Dambly-Chaudière, 2007; Lecaudey et al., 2008). This polarization is possible through an 

anterior to posterior gradient of Wnt and Fgf signals where Wnt is high in the leading (posterior) 

edge to maintain a population of progenitors as the primordia migrates and Fgf is highest at the 

trailing (anterior) edge to mediate protoneuromast formation (Aman & Piotrowski, 2008; 

Lecaudey et al., 2008; Nechiporuk & Raible, 2008). This bipartite gradient also influences 

changes in chemokine receptor expression, cell adhesion dynamics and cell polarity to allow 

for collective migration and protoneuromast deposition(Dambly-Chaudière et al., 2007; David 

et al., 2002; Hava et al., 2009). Growth cones from the lateral line ganglion follow the migration 

of the primordia, innervating protoneuromasts as they are deposited (Metcalfe et al., 1985).  

 Expansion of the lateral line as the fish grows larger is possible through development of 

intercalary neuromasts from latent progenitors deposited from the migrating primordia between 

protoneuromasts and through budding of established neuromasts to form accessory neuromasts 

(E. D. Thomas et al., 2015). Formation of intercalary neuromasts is regulated by Schwann cells 

from a nearby lateral line nerve in addition to Wnt and Fgf signaling (Lush & Piotrowski, 2014). 

Budding of accessory neuromasts from primary neuromasts forming a stitch is also regulated 
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by Wnt signaling but innervation is also required for proper stitch formation and maintenance 

since accessory neuromasts are innervated by the same nerve as the primary neuromast (Grant 

et al., 2005; Wada et al., 2013). Neuromasts can also regenerate following physical insult or 

exposure to heavy metals or aminoglycoside antibiotics through Schwann cell activity (Ceci et 

al., 2014; Sánchez et al., 2016).   
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Figure 1.6. The lateral line is a system of neuromasts that become more elaborate along 
the trunk of the body as the fish grows.  
(A) Schematic of a neuromast which is made of sensory hair cells (yellow), surrounded by 
support cells (purple) and mantle cells (green). Upon encountering vibrations in water, kinocilia 
will bend to move the shorter stereocilia, opening ion channels (adapted from Ma and Raible, 
2009). (B) The rudimentary lateral line is present by 3dpf. O, D and L neuromasts represent 
different lateral line branches. (C) O, D and L PLL systems become more elaborate in juvenile 
fish. D) Part of the PLL system in an adult fish demonstrating stitch formation of the L and L’ 
lines (adapted from Ledent, 2002)    
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1.5.8 Role of Dlx in the nervous system 

Brain 

 The Dlx paralogs Dlx1, Dlx2, Dlx5 and Dlx6 are expressed in distinct and overlapping 

regions of the ganglionic eminences where Dlx1 and Dlx2 are expressed in the proliferative 

ventricular zone, Dlx5 and Dlx6 expressed in the mantle zone of migrating and differentiating 

neurons, and all four paralogs expressed in the subventricular zone (Bulfone et al., 1993; 

Simeone et al., 1994) (Fig. 1.7). There is also a temporal sequence of Dlx expression: Dlx, Dlx1 

and Dlx5 then Dlx6 with the latter two expressed in more differentiated neural progenitors 

(Eisenstat et al., 1999; J. K. Liu et al., 1997; Zerucha & Ekker, 2000). Thus, loss of Dlx 

expression generally result in alterations in GABAergic interneuron population and distribution 

in the brain, with some differences based on the Dlx lost. For example, knock-out of Dlx1 does 

not result in embryonic lethality but rather in an age-dependent and location dependent loss of 

Gad67+ neurons in the neocortex and hippocampus but not in the olfactory bulb, thalamic 

reticular nucleus and hypothalamus where Dlx1 is also expressed (Cobos et al., 2005). This 

reduction is correlated with decreases in the number of cortical interneurons making 

somatostatin, calretinin but not Parvalbumin. Knock-out of Dlx2 also result in mild 

consequences to forebrain development in mice although homozygotes do die shortly after birth 

due to craniofacial abnormalities (Qiu et al., 1995).  In contrast, knock-out of both Dlx1 and 

Dlx2 result in early post-natal lethality and abnormal proliferation, migration and differentiation 

of striatal neurons from the LGE possibly due to blocking proper cell-cell communication via 

Notch signaling (Anderson et al., 1997; Yun et al., 2002). Additionally, these mutants had a 

complete block in differentiation of GABAergic and dopaminergic interneurons in the olfactory 

bulb (Bulfone et al., 1998). The severity of phenotypes observed in double Dlx1/Dlx2 knock-
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out mutants but mild neural consequences in Dlx1-/- or Dlx2-/- suggest functional redundancy 

between these paralogs. Yet, the specific loss of certain subtypes of GABAergic neurons in the 

somatosensory cortex and hippocampus of Dlx1-/- mice also suggest GABAergic subtypes have 

differential Dlx requirements during development.  

 Deletion of Dlx5 result in early postnatal lethality with profound cranial structure 

abnormalities including exencephaly making study of Dlx5-/- brains and other neural 

consequences difficult (Acampora et al., 1999; Depew et al., 1999).  In intact brains, 

disorganization of OB cell layers and impairment of GABAergic interneuron differentiation and 

differentiation of dopamine neurons were observed (Levi et al., 2003; Long et al., 2003). Using 

neural stem cells from Dlx5-/- brains and culturing them into neurospheres, Perera and 

colleagues were able to further determine that loss of Dlx5 does not affect proliferation nor 

apoptosis but did reduce differentiation into neurons, supporting the idea that Dlx5 fulfills a 

function during later neurogenesis (Perera et al., 2004).  

 Simultaneous deletion of Dlx5 and Dlx6 leads to exencephaly of the anterior brain 

similar to Dlx5 loss (Depew et al., 2002; Robledo et al., 2002). However, the brains of these 

dysmorphic mice exhibit normal telencephalic patterning, including preservation of normal 

Dlx1 and Dlx2 expression in the ventricular and subventricular zones of the LGE and 

MGE(Wang et al., 2010). However, tangential migration of interneurons was affected where 

cells of the superficial migratory stream was poorly formed and did not migrate as far into the 

neocortex compared to WT siblings. Furthermore, when cells from Dlx5/6-/- MGE were 

transplanted into a WT host, these cells produced significantly fewer parvalbumin neurons and 

the parvalbumin neurons that were produced had more neurites that were shorter demonstrating 

a role of Dlx5/6 in parvalbumin neuron differentiation.   
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 The effect of dlx1a, dlx2a, dlx5a and dlx6a is less known in zebrafish brain 

development. Similar to the mouse, the above dlx paralogs and an additional paralog, dlx2b 

(through teleost-related duplication event) are expressed in distinct and overlapping regions of 

the zebrafish brain between 24 hpf and 48hpf (MacDonald et al., 2010). Additionally, dlx1a, 

dlx2a and dlx2b are expressed closer to the ventricle, which is proliferative and likely analogous 

to the mammalian subventricular zone whereas dlx5a and dlx6a are expressed outside the 

ventricular zone where more differentiated neurons are found, similar to mammalian Dlx5/Dlx6 

expression (MacDonald et al., 2010; Wullimann & Mueller, 2004).  Knockdown of dlx1a/dlx2a 

and dlx5a/dlx6a also lead to reductions in expression of   gad1b, the zebrafish ortholog of Gad1, 

suggesting loss of function of zebrafish Dlx orthologs may result in reductions of GABAergic 

neuron numbers (MacDonald et al., 2013). Furthermore, lineage tracing experiments 

demonstrated some cells that expressed dlx1a/dlx2a co-express somatostatin or calretinin 

whereas some cells that expressed dlx5a/dlx6a are parvalbumin positive, supporting the idea 

certain dlx paralogs are more associated with certain subtypes of GABAergic interneurons 

(Solek et al., 2017). Expression of all four dlx paralogs in the brain persist into adulthood where 

transcripts are detected in the telencephalon and periventricular hypothalamus of the midbrain 

in addition to almost all neurogenic niches of the adult zebrafish brain suggesting a role in 

constitutive proliferation (Mendes et al., 2020). 
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Figure 1.7. Expression of Dlx genes in the developing mouse telencephalon.  
Dlx paralogs are expressed in overlapping and distinct regions of the ganglionic eminences 
following a temporal sequence. Figure from Panganiban and Rubenstein, 2002.  
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Sensory systems 

 Some evidence suggest Dlx activity is involved in development of various sensory 

systems of the PNS. Dlx5 is involved in forming the neural plate border and as such is involved 

in subdividing the early embryonic ectoderm to help form the PPA(Yang et al., 1998). Loss of 

Dlx5 in the mouse leads to abnormalities in otic placodogenesis, development of the otic vesicle 

and structural defects in components of the inner ear required for vestibular sensation 

(Acampora et al., 1999; Depew et al., 1999). Furthermore, loss of an enhancer regulating Dlx5 

expression in mice result in deafness and abnormal locomotion characterized by rapid circling 

and head shaking due to structural defects in semicircular canals (Johnson et al., 2018). Loss of 

Dlx2 in mice was shown to affect trigeminal ganglia arborization where nerves that enter the 

mandibular arch made abnormal connections towards the lateral surface of the proximal 

mandibular arch instead (Qiu et al., 1995). Knockdown of dlx2a in zebrafish resulted in loss of 

trigeminal sensory ganglia, potentially due to reduced NCC survival (Sperber et al., 2008).  

 

1.6 CRISPR-Cas9 mediated genome editing 

 The clustered regularly interspaced short palindromic repeat (CRISPR)-Cas genome 

editing system was initially discovered over 30 years ago in E. coli but the function of these 

repeated sequences would not be known until much later after discovery in a number of other 

bacteria and archaea genomes as a type of immune system against bacteriophages and archaeal 

viruses (Ishino et al., 1987; Mojica et al., 1993, 2005). At the same time, several other genes 

were identified in hyperthermophilic archaea as associated with CRISPR called Cas (CRISPR-

associated) genes and were thought to work with CRISPR to function as acquired immunity 

akin to RNAi systems in eukaryotes (Jansen et al., 2002; Makarova et al., 2002, 2006). In 
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general, the process of CRISPR-Cas genome editing requires three steps: 1) invading phage 

DNA is identified and fragmented by Cas protein; 2) the fragments are inserted into the CRISPR 

locus as spacers; 3) the CRISPR locus is transcribed with the new phage-derived fragment (pre-

crRNA) which is processed into the crRNA before binding to Cas protein to allow the protein-

RNA complex to cleave foreign DNA (Ishino et al., 2018). 

Two classes of CRISPR-Cas systems were subsequently described based on the effector 

proteins involved: class 1 are systems with multi-subunit effector proteins of 4-7 cas proteins 

whereas class 2 are systems using single multidomain Cas proteins (Burstein et al., 2016; 

Shmakov et al., 2017). It is the latter class that is used in most genome editing strategies due to 

the relatively few components required- a single Cas protein that is both capable of binding the 

crRNA and induce double-strand breakage of DNA. Of the different Class 2 Cas proteins, Cas9 

is the most commonly used since it is the best studied multidomain effector protein.  

 Much work has been done since the discovery that CRISPR-Cas systems (in particular, 

CRISPR-Cas9) can be used to edit genomes to make the process as simple and targeted as 

possible (Jinek et al., 2012). In this simplified system, only the Cas9 protein and a synthetic 

“guide-RNA” consisting of a fusion of the crRNA and transactivating crRNA is required. The 

guide-RNA will bind to the Cas9 protein and by base complementarity, will direct the enzyme 

to the DNA target of interest. This system has been used extensively in many models including 

zebrafish, as a more efficient alternative to previously common methods of genome editing such 

as zing finger nuclease or transcription activator-like effector nucleases (W. Y. Hwang et al., 

2013; Jao et al., 2013; Ota et al., 2014).  
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1.7 Statement of inquiry 

 The dlx genes are clearly crucial to development of various tissues based on the high 

conservation observed among vertebrates yet understanding how each paralog influences 

development is still largely unknown. Majority of previous analysis on Dlx function was 

performed in mice however knock-out of individual or combinatory Dlx genes usually resulted 

in embryonic or early lethality. Therefore, the overall purpose of my thesis is to explore the role 

of each dlx paralog of interest (dlx1a, dlx2a, dlx5a and dlx6a) during development of the 

craniofacial and nervous system in zebrafish. Analysis in zebrafish may be particularly useful 

since embryos develop ex utero, an extensive molecular toolbox is available for use and the 

model is highly amenable to genome editing. To fulfill this goal, three specific aims will be 

addressed: 

 First, what is the cross-regulatory consequence of dlx paralog loss on the expression of 

the remaining dlx genes of interest during early zebrafish development (1-3 days post 

fertilization)? This aim will probe the similarities and differences underlying dlx expression 

between zebrafish compared against knowledge gleaned from mouse studies.  

 Second, I aim to identify how loss of each dlx paralog of interest affect craniofacial 

development. Specifically, I will determine if any gross anatomic changes occur, and identify 

the molecular mechanisms underlying those changes. 

 Third, I will explore the effect of dlx loss during nervous system development. 

Specifically, I will focus on the impact on calretinin neuron distribution in the brain during 

larval and adult ages. Additionally, I will describe consequences of dlx loss on the PLL in 

zebrafish to further substantiate the role of dlx function in the sensory nervous system.  
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Chapter 2 

Materials and Methods 
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2.1 Animal care and husbandry 

 All experiments were conducted following protocols approved by the University of 

Ottawa Animal Care Committee. Adult zebrafish were housed in circulating water at 28.5°C 

with a 14hr light cycle. Embryos were collected from natural spawning and raised in E3 embryo 

media at 28.5°C. Phenylthiourea (final concentration of 0.003%) was added at 24-26hpf to 

prevent development of pigmentation when required. Larvae older than 5dpf were housed in 

petri dishes in system water and fed a diet of rotifers or pulverized flake food twice daily. A 

water change was performed prior to each feed.  

 

2.2 CRISPR-Cas9 mutagenesis 

 For each dlx gene, multiple guide-RNAs (sgRNAs) were designed to target the 5’UTR 

or the first exon and 3’UTR or last exon using CHOPCHOP (Montague et al., 2014). Templates 

for sgRNA transcription were generated by annealing gene specific oligonucleotides containing 

T7 promoter sequence, the 20-base pair target site, and a complementary region of 80 bp 

constant oligonucleotide (Gagnon et al., 2014; Varshney et al., 2015). The MAXIscript T7 kit 

(Life Technologies) was used to synthesize sgRNA from oligonucleotide templates following 

manufacturer protocols. Cas9 protein (New England Biolabs) and at least two sgRNAs targeting 

the 5’UTR and 3’UTR (final concentration of 20ng/μL each) were injected together with 0.1% 

phenol red (Sigma) into 1-2cell stage embryos. Potential founders were identified using PCR 

on gDNA from pooled 3dpf embryos after crossing with WT. Deletion of target gene was also 

confirmed by sequencing gDNA of individual F1 heterozygous fish. Table 1 lists the sequences 

for sgRNAs templates. Table 2 lists the primers used for genotyping and expected amplicon 

size.  
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Table 1 sgRNA sequences for generating dlx mutants 

Mutant sgRNA 1 (5’-3’) sgRNA 2 (5’-3’) 

dlx1a GGACCAATCAGAGAGCACCT GGTCCCCTGAACTGGGCCAT 

dlx2a GGCAATGATCAACGTGGCAT GGAAACGCTTTCGGCCCCTA 

dlx5a GGCTATTACAGCCCTGCCGG GGCTCTCGATATAATGGCAT- 

dlx6a GGGAGCCGGAATGGAGACAG GGCAGGTACGGACTGTGGTG  and 

GGCGTGTCAATGGTCGACAA 

inter56 GGCGTGTCAATGGTCGACAA GGCTCTCGATATAATGGCAT 

dlx5i6 GGGAGCCGGAATGGAGACAG GGCAGGTACGGACTGTGGTG 

 

 

Table 2. Primers for genotyping dlx mutants 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) Product 

size 

dlx1a WT CCTATGCGTCTCGGTCCATT CGTAGTGCGTCGACAAAAGC 740 

dlx1a mutant GTGTTTCTTCTCCGGTGCGA 320-350 

dlx2a WT GCATGAAACACATGGAAACCGA AGTCTCCACCTCACCCCTCA 629 

dlx2a mutant TTGCTGACGCGACATTGC CAAGTCCCAGGAATCGCCG 130-160 

dlx5a WT ATCAAGAACCAGGCGCATCT GAGCCCACACAGAGATAGCA 498 

dlx5a mutant CCCTTTTCAGCTCTCCACGAT 290-310 

dlx6a WT GGAGGCTCAAGACTCGTCAA TTGCTGACATACGACGGGG 429 

dlx6a mutant AAAACGATTCGCTTCCTGTC 200-250 

inter56 WT AGCTACATGCCCGGCTATTC GGACAAGATGCGGCTCTATTC 796 

inter56 

mutant 

ATAGCCCCCAACCTACAAGC 350-400 

dlx5i6 WT GGAGGCTCAAGACTCGTCAA TTGCTGACATACGACGGGG 429 

dlx5i6 mutant CCCTTTTCAGCTCTCCACGAT 200-230 
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2.3 Whole mount RNA in situ hybridization (WISH) 

 Antisense mRNA probes were labelled with digoxygenin-dNTP (Roche, 

#11277073910) and synthesized from PCR fragments or cDNA clones: dlx1a, dlx2a, dlx5a, 

dlx6a, sox9a (Akimenko et al., 1994; Chiang et al., 2001; Ellies et al., 1997; Stock et al., 1996). 

Vectors containing cDNA clones were linearized with BamH1 or EcoR1 (Thermo Fisher) and 

the antisense riboprobes were synthesized with either T3 or T7 RNA polymerase as required 

(Thermo Fisher). PCR primers with T3 (forward) or T7(reverse) polymerase binding sites were 

used to generate RNA probes for foxd3, col11a2, wls and wnt5b (Table 3).  

 Embryos under 72hpf were manually dechorionated prior to overnight fixation in 4% 

PFA/PBS at 4°C. Whole mount RNA in situ hybridization (WISH) was performed on age-

matched mutant and wild-type embryos per probe and genotype following previously described 

protocols (Thisse & Thisse, 2008). At least two trials per probe and mutant at each time point 

were performed. Images presented are representative of 15-30 larvae per time point and 

genotype unless otherwise indicated.  

 

Table 3. Primers for in situ hybridization RNA probe generation 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

foxd3  AATTAACCCTCACTAAAGGCTCAGTGGAATC
TGCGAGT 

TAATACGACTCACTATAGCCATTTCGATACCGCT
GCTG 

col11a2  AATTAACCCTCACTAAAGAGACCTCGTTTGT
GCTCCTC  

TAATACGACTCACTATAGACGGGCTCCAAAAAC
AGTGA  

wls AATTAACCCTCACTAAAGCGGATGGAGCTTC
GATCACC 

TAATACGACTCACTATAGCATTGCGCAGGCAGT
AATCC 

wnt5b AATTAACCCTCACTAAAGGTGACCCTCATCG
TCTGCAA 

TAATACGACTCACTATAGCATTGCGCAGGCAGT
AATCC 
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2.4 Alcian blue, alizarin red staining and morphometrics 

 Alcian blue and alizarin red staining in 5dpf larvae was performed following established 

protocols (Walker & Kimmel, 2009). For staining in 14dpf larvae, the following modifications 

were used: larvae were fixed with 2% PFA for 1.5hrs at room temperature (RT) then washed in 

10mM Tris, pH 7.5/10mM MgCl2 for 15 min prior to 0.04%/10mM MgCl2 alcian blue staining 

overnight. Stepwise rehydration with 80%, 50%, 25% ethanol/100mM Tris for 15 min. Samples 

were then washed in 0.5% KOH for 15min and then bleached with 3% H2O2/0.5%KOH for 

15min. Rinsed with 35% saturated NaBO4 for 15min, digested with 1% Trypsin in saturated 

NaBO3 for 15min. Washed with 10% glycerol/0.5% KOH until samples are saturated before 

staining overnight with 0.01% alizarin, pH7.5. Washed with 50% glycerol/0.1% KOH until 

saturated and a second wash overnight before storage and/or imaging in 70% glycerol/H2O. 

 Measurements were made using ImageJ of each side of the Meckel’s cartilage, 

palatoquadrate, and ceratohyal for each imaged animal in the ventral position. The 

measurements were then averaged to account for left or right skewing during positioning of the 

larvae and then averaged again for each genotype. 

2.5 BrdU treatment 

 At 52hpf or 5dpf, dlx5i6+/-; sox10:GFP incrossed larvae were treated with either 10mM 

BrdU (Sigma B5002) or 15mM BrdU respectively  with 10% dimethysulfoxide in system water 

following established protocols (Ling et al., 2017; Verduzco & Amatruda, 2011). Larvae were 

then washed three times with system water and recovered for 4 hours at 28.5°C in system water. 

At 4 hours post treatment (hpt), all treated larvae were euthanized with tricaine on ice before 

decapitation below the yolk ball. Heads were fixed in 2% PFA/PBS for 30 minutes at room 
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temperature in 96 well plates and the posterior portion lysed for genotyping in 10ul 0.05mM 

NaOH. After PFA fixation, samples were washed with 1xPBS and then stored in 100% 

methanol at -20°C until genotypes were identified.  

2.6 Vital dye staining 

 For acridine orange staining, live embryos at 2dpf and 3dpf were stained with 10ug/mL 

of acridine orange (3, 6-Bis(dimethylamino) acridine hydrochloride zinc chloride double salt; 

Sigma-Aldrich) in system water for 30 minutes in the dark at RT (~23°C).  Larvae were washed 

three times with system water prior to imaging.  

 To stain neuromasts, larvae (3dpf), juveniles (1-2months) or adults (3+months) were 

incubated with 0.005% DASPEI (2-(-(Dimethylamino) styryl)-N-ethylpyridinium iodide; 

Biotium) in system water for 15 min, 30 minutes, or 1 hour respectively. Fish were washed 

twice with system water and allowed to recover in fresh system water for up to 5 minutes before 

imaging.  

 

2.7 Neuromast regeneration 

 Prior to treatment, fish body length was recorded and transferred to numbered static 

tanks. Neuromasts were stained and imaged to record pre-treatment neuromast number and 

distribution. To degenerate neuromasts, fish were incubated with 0.001% gentamycin sulfate 

(Sigma, G-3632) with system water in static tanks overnight at 28.5°C.  For the next two days, 

complete water changes occurred twice daily along with regular feeding with standard diet food 

(van Trump et al., 2010). At 48 hpt, fish were stained with DASPEI and imaged to confirm 
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neuromast degeneration. Fish were stained and imaged once more at 72 hpt to observe 

neuromast regeneration.  

 To analyze neuromast regeneration, neuromasts for each posterior lateral line was 

counted for each fish from images taken prior to gentamycin treatment and three days after 

treatment. The difference in neuromast number per line between post- and pre- gentamycin 

treatment was calculated and graphed.   

 

2.8 Immunohistochemistry 

 For BrdU staining, samples were rehydrated step-wise in 75%/50%/25% 

methanol/PBST then washed in PBST before permeabilized with 10mg/mL proteinase K for 20 

minutes (56hpf) or 40 minutes (5dpf). Samples were then post-fixed with 4% PFA/PBS for 20 

minutes followed by 2N HCl for 30 minutes (56hpf) or 1 hour (5dpf) for antigen retrieval.  All 

samples were blocked with 10% FBS/PBST for 1 hour at RT  

 For microtubule organizing center (MTOC) staining, larvae were euthanized in 

excessive tricaine and then fixed in 4% PFA/PBS overnight at 4°C. Samples were washed with 

PBST then cut below the yolk ball for greater antibody penetration and easier manipulation 

imaging. Samples were then digested with 10mg/mL proteinase K for 30 minutes and then 

washed 3 times 15 minutes with 0.1% PBS-TritonX (PBSTr) before blocking with 10% FBS/ 

0.5%PBSTr for 2 hours at RT. 

 For staining of neuromasts and hair cells in 3dpf larvae, larvae were euthanized in 

tricaine and fixed in 4% PFA/PBS overnight at 4C. The following day, larvae were washed in 

PBST, 2x10 min then washed 2x 10min with PBSTr. To increase permeabilization of 

antibodies, larvae were incubated in 1% tritonX-100 in 1xPBS for 8 hours at RT. The next day, 
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samples were blocked in 10%FBS/PBSTr for 2 hours at RT. Alexa Fluor 594-phalloidin was 

treated as a secondary antibody for this procedure.  

 For all staining in larvae (intact or not), samples were incubated with primary antibodies 

in 1%FBS/PBST or 1% FBS/PBSTr overnight at 4°C after blocking. Samples were washed the 

next day 3x 15min with PBST or PBSTr and then incubated with secondary antibodies in 

1%FBS/PBST or PBSTr overnight at 4°C. Samples were washed the next day 3x 15 min in 

PBST prior to mounting for imaging. 

 For calretinin neuron labeling, size-matched adult (4 months – 1.5 years) mutant-WT 

sibling pairs were euthanized and decapitated. Adult brains were dissected the same day and 

fixed in 4% PFA/PBS at 4°C overnight. Following fixation, all samples were washed with 1x 

PBS twice prior to treatment with 15% sucrose-PBS until saturated. Samples were then 

incubated with 30% sucrose-PBS overnight at 4°C before mounting into cryo-moulds with OCT 

compound (Tissue-Tek VWR) and frozen in liquid nitrogen. Samples were sectioned at 14-

18um using the CM3050S cryostat (Leica) in triplicate.  Slides were labelled in a code to prevent 

bias during staining and cell counting. After immunohistochemistry, 50μL of VECTASHIELD 

PLUS Antifade Mounting Medium with DAPI (Vector Laboratories, H-2000) was added to 

each slide, cured for 30-45 minutes and sealed with nail polish. Stained slides were stored up to 

1 month at 4°C.  

 A list of antibodies and the concentrations used can be found in Table 4 below. 
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Table 4. Antibodies used for immunohistochemistry 

Host Target Supplier information Dilution 

Mouse Acetylated 

tubulin 

Millipore Sigma, T7451 1:200 

Mouse BrdU Life Technologies, B35128 1:400 

Mouse Calretinin Swant, 6B3 1:400 

Rabbit GFP Life technologies, A11122 1:500 

Goat (IgG H+L) 

Alexa 488 

Mouse Life Technologies, A11001 1:1000 

or 1:300 

Goat (IgG H+L) 

Alexa 594 

Mouse Life Technologies, A11005 1:1000 

Goat (IgG H+L) 

Alexa 488 

Rabbit Life Technologies, A11008 1:1000 

Goat (IgG H+L) 

Alexa 594 

Rabbit Life Technologies, A11012 1:300 

N/A AlexaFluor 594- 

Phalloidin 

Thermo Fisher Scientific, A12381 3:100 

 

 

2.9 RNA extraction, cDNA synthesis and RT-qPCR 

 Total head RNA was extracted from 2dpf and 3dpf dlx5a-/- and WT sibling larvae with 

TriZol (Invitrogen, Thermo Fisher) according to manufacturer’s protocol. A pool of 20-25 

embryos was used for each timepoint from three different crosses to generate three biological 

samples. After precipitation, all RNA were analyzed for purity and integrity through gel 

electrophoresis and using the NanoDrop 1000 spectrophotomerter (Thermo Fisher Scientific). 

Samples with absorbance of 1.95-2.1 and clear 18S and 28S bands were used for cDNA 

synthesis. For cDNA synthesis, 750ng of RNA was used for iScriptTM cDNA Synthesis Kit 
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(Life Science Research, Bio-Rad) following manufacturer’s protocol. RT-qPCR was performed 

in triplicate with 1:4 cDNA diluted in nuclease-free water and using SsoFastTM EvaGreen® 

Supermix (Bio-Rad) on the Bio-Rad CFX96 instrument. Table 5 lists primers for sox9a, 

col11a2, wnt5b, ror2 and frzd7a. Since primers for wnt5b had poor efficiency even after various 

parameters were altered during optimization, two primer pairs were used to corroborate results. 

For reference genes, ef1a and r18s were used (Kalyn & Ekker, 2021; McCurley & Callard, 

2008). Primer efficiencies through standard curve using serial cDNA dilutions for all targets 

were between 89%-118%.  Analysis of fold changes was performed using Microsoft Excel.  

 

Table 5. Primers used for qRT-PCR 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) Amplicon 

size 

sox9a GCGTCCAGCATGGGAGAAGT GCCTCTCGTTTCAGATCCGC 125 bp 

col11a21 GATATTCGGAAGAAGCGGAGG CGCAAAACATCTACTGGATCTG 101 bp 

wnt5b-1 GAGGGTGAGCTTTCCACCTG GTTCACGAGCGTCCACAAAC 139 bp 

wnt5b-2 TATTGGAGAGGGGGCGAAGA ATATGCATGACACGGCCGAA 114 bp 

ror22 GAGGATTACAACTGGAGCTCAT AGCCTCAATCTCTTCAGACTCG 106 bp 

frzd7a GACAAATTCAGCGACGACGG CCCGCTGAGAGAAACCATGT 149 bp 
1  (Mukherjee et al., 2021) 

2  (Young et al., 2014) 

 

2.10 Swimming activity 

 Initial characterization of dlx5a-/- and dlx5i6-/- swimming phenotype was carried out by 

recording individual adult fish (3+ months old) swimming in a static tank while placed inside a 

white polystyrene foam box. Fish were allowed to acclimate in the white environment for 10 
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mintutes before 3 minute long videos were made. The number of spins and turns per fish were 

quantified twice and averaged. Counts were performed by two individuals independently.  

 More detailed behavioural observations were recorded using the ZebraLab software and 

the ZebraCube tracking system (ViewPoint Life Science). Individual fish were transferred into 

a static tank and allowed to acclimate in the ZebraCube by freely swimming for 10 minutes 

followed by a 6 minute recording period. Parameters analyzed were total distance travelled and 

inactive duration. 

 

2.11 Imaging 

 To capture otic vesicle morphology in 4dpf larvae, fish were anesthetized with 0.2 mL 

of 0.4% tricaine and positioned in 3% methylcellulose (Millipore Sigma, M0262). Images were 

acquired with Nikon SMZ1500 using NIS-Elements F software. The same camera and software 

were used to capture in situ hybridization results. 

 For capturing vital dye labeling, fish were anesthetized with 0.2 mL of 0.4% tricaine, 

positioned in either system water or 3% methylcellulose and visualized using the Zeiss 

Axiozoom with Apotome microscope and Zen Black software.  

 Immunohistochemistry performed in whole mount larvae were mounted on either petri 

plates coated with 1% agarose or glass slides with 1% agarose. Holes were created in the agarose 

with Pasteur pipettes and samples were positioned in the holes with 1% low-melt agarose. 

Visualization of labeling was performed using either the Zeiss LSM880 confocal with Zen 

Black software or Nikon A1R MP confocal with NIS Elements software. Capturing MTOC 

labeling was exclusively performed on the latter confocal.   
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 The Olympus FV1000 BX61 confocal and Fluoview software was used to capture 

calretinin labelling on sectioned brain tissue.   

 

2.12 Cell counting 

 ImageJ was used for all cell counting analyses. To analyze number of CR+ cells in a 

brain region, total number of positive cells were counted for each tissue slice per region and 

then averaged by how many sections were counted per brain. Means were then averaged again 

for each genotype and normalized to WT.   

 

2.13 MTOC analysis 

 After z-stacks were obtained, specific images within a stack were used to create traces 

of Meckel’s cartilage cells using Krita digital painting software (KDE). The images to make 

traces were chosen because it captured majority of Meckel’s cartilage cells. Once traces were 

made, cells were divided into five areas (top, bottom, left, right, center) based on relative 

position from the midline. The position of MTOC was recorded based on these traces.  

 

2.14 Statistical analysis 

 Graphs and statistical analysis were performed using GraphPad Prism v9. For average 

cartilage lengths, Brown-Forsythe and Welsh One-way ANOVA with Tukey’s multiple 

comparisons test was used. All other statistics used two-tailed unpaired t-test with Welch 

correction and Holm Sidak method. When data was less than 10 individual points, it is presented 



 

60 

 

 

as mean ± standard deviation, otherwise mean ± SEM was used. For all tests * p<0.05; ** 

p<0.001; *** p<0.0001.  
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Chapter 3 

Results 
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3.1 Cross regulation of dlx genes in larval zebrafish 
 

Results from Sections 3.1.1 – 3.1.6 were published in Yu et al., 2021 (Yu EPY., Perin S., Saxena 

V and Ekker M. 2021. Novel cross-regulation interactions between dlx genes in larval zebrafish. 

Gene. 801 145848.) 
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3.1.1 Mutants generated by CRISPR-Cas9 are fertile and viable as adults 

All mutants were made by injecting at least two gRNAs targeting the 5’ or first exon 

and 3’ UTR simultaneously into 1-2cell stage embryos. Fish with germline mutations were 

identified by crossing with WT and progeny were genotyped using PCR using primers flanking 

the gRNAs or within the gene. Heterozygotes were then incrossed and progeny monitored for 

survival and genotyped at 3 months old, revealing homozygotes are viable and produced at 

Mendellian ratios. Homozygous fish did not have gross morphological or behavioural defects 

except in dlx5a wherein mutants display swim abnormalities (Emily Yu, Sofia Perin, Hadeel Al 

Hadi and Marc Ekker, unpublished observations). All homozygous fish are fertile and progeny 

from in-crosses are also viable.  

 

3.1.2 dlx1a and dlx2a may not have compensatory roles in gene activation of downstream 

dlx paralogs until 72hpf 

 Previous work in mice and zebrafish have shown that deletion or knockdown of 

Dlx1/dlx1a or Dlx2/dlx2a independently result in only mild phenotypes, while perturbations of 

both Dlx1/dlx1a and Dlx2/dlx2a lead to severe neurological and craniofacial phenotypes 

(Anderson et al., 1997; Cobos et al., 2005; Qiu et al., 1995). These results suggested that 

Dlx1/dlx1a and Dlx2/dlx2a may be functionally redundant. Based on this assumption, it was 

expected that dlx1a expression in dlx2a-/- or dlx2a expression in dlx1a-/- would increase 

compared to WT to compensate for the activity of the missing paralog. However, this was 

largely not observed by WISH in dlx1a and dlx2a mutants at 24-72hpf (Fig. 3.1). Staining for 

dlx1a in dlx2a-/- larvae appears similar in intensity to WT at 24hpf and 72hpf whereas the 

staining for dlx2a in dlx1a mutants appear equal or slightly decreased in 24hpf and 48hpf larvae. 
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Interestingly, at 72hpf, there may be an increase in dlx2a expression in dlx1a-/-. If the paralogs 

have compensatory action, it may also be expected that their region of expression would expand 

to encompass the missing paralog. While dlx1a and dlx2a are expressed in mostly overlapping 

regions in the telencephalon, diencephalon and branchial arches, dlx2a extends more ventrally 

in the subpallium (MacDonald et al., 2010). Based on the similarity in staining regions, it is 

unlikely dlx1a expression region is expanded in dlx2a-/-.  

 In mice, the expression of Dlx1 in Dlx2 mutants is reduced in the ganglionic eminences 

(Eisenstat et al., 1999). While expression of dlx1a was comparable to WT in dlx2a-/- at 24hpf 

and 72hpf, the expression of dlx1a was reduced in the dlx2a mutants at 48hpf, recapitulating 

this previously described relationship.  
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Figure 3.1. Expression of dlx1a in dlx2a-/- and expression of dlx2a in dlx1a-/- by WISH. 
In situ results does not suggest compensation is occurring until 72hpf in dlx1a-/-. Expression of 
both paralogs are found in the telencephalon, diencephalon and branchial arches. Percentages 
indicate how often the phenotype was observed. Scale = 100μm.   
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3.1.3 Regulation of dlx2a expression may be mediated by Dlx5a and Dlx6a 

 The expression of dlx2a but not dlx1a was increased in dlx5a-/- at 24hpf and 72hpf and 

all time points in dlx6a-/- (Fig. 3.2-3.3). There may be increased expression of dlx2a in 48hpf 

dlx5a-/- larvae but the differences are minute compared to other stages. Based on previous work, 

Dlx2/dlx2a was shown to be important for regulating Dlx5/dlx5a expression, potentially through 

activity of the CREs within Dlx5/6 locus (Zerucha et al., 2009).  Our results suggest an 

additional layer of regulation wherein a feedback mechanism may exist to control the amount 

of dlx2a expressed via activity of Dlx5a and/or Dlx6a.  
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Figure 3.2 Expression of dlx1a in dlx5a-/- and dlx6a-/- larvae at 24hpf – 72hpf.  
Little change in staining intensity were observed compared to WT for all samples. Staining of 
dlx1a in the telencephalon, diencephalon and branchial arches in mutants and WT are at near 
equal levels. Percentages indicate how often the phenotype was observed. Scale = 100μm. 
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Figure 3.3 Expression of dlx2a is increased in dlx5a-/- and dlx6a-/- larvae.  

Expression of dlx2a is present in telencephalon, diencephalon and branchial arches. Staining 
for dlx2a is most increased in branchial arches in mutants whereas increases in dlx6a mutants 
appears global. Percentages indicate how often the phenotype was observed. Scale = 100μm.  
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3.1.4 Diminished expression of dlx5a in dlx2a-/- suggests Dlx2a is required for maintenance 

but not initiation of dlx5a expression 

 It was previously shown that knock down of dlx2a in zebrafish led to reduced Dlx5/dlx5a 

expression, indicating potential cross regulation (MacDonald et al., 2013). It was therefore 

expected that dlx5a would be expressed at lower levels or absent in dlx2a mutants. Surprisingly, 

dlx5a was still expressed at near WT levels in the telencephalon, diencephalon and branchial 

arches of dlx2a mutants at 24hpf and 48hpf (Fig. 3.4). However, the expression of dlx5a is 

reduced to near undetectable levels by 72hpf. This suggests that dlx2a may not be required for 

initial dlx5a expression but is involved in the maintenance of expression in later development 

in zebrafish.  
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Figure 3.4. Expression of dlx5a in dlx1a-/- and dlx2a-/- larvae.  
Expression of dlx5a is present in 24hpf-72hpf WT and 24-48hpf mutants in the telencephalon, 
diencephalon, branchial arches, otic placode and pectoral fin bud. Percentages indicate how 
often the phenotype was observed. Scale = 100μm.  
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3.1.5 Dlx5a is necessary for the expression of dlx6a 

 Deletion of dlx5a abolished expression of dlx6a at all stages of development analyzed, 

suggesting dlx5a regulates the expression of dlx6a (Fig. 3.5). Furthermore, the expression of 

dlx5a in the dlx6a mutants at 48hpf and 72hpf appears increased, especially in the diencephalic 

regions (hypothalamus and prethalamus). This increased dlx5a expression in the absence of 

Dlx6a suggests a potential feedback mechanism exists to regulate dlx5a expression and/or 

Dlx5a may compensate for Dlx6a in these brain regions.  
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Figure 3.5. Expression of dlx6a in dlx5a-/- and dlx5a in dlx6a-/- larvae.  
Expression of dlx6a is severely reduced in the absence of Dlx5a whereas the expression of dlx5a 
appears increased in 48hpf and 72hpf, especially in the prethalamus (outlined arrow) and 
hypothalamus (black arrowhead). These observations suggest dlx5a regulates the expression of 
dlx6a. Percentages indicate how often the phenotype was observed. Scale = 100μm.  
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3.1.6 Persistent dlx5a and dlx6a expression in inter56-/- suggests alternative or 

compensatory CRE activity 

   Interestingly, expression of dlx5a and dlx6a was still observed in inter56 mutants at all 

time points investigated in the telencephalon, diencephalon and branchial arches, where normal 

dlx5a and dlx6a expression is expected (Fig. 3.6). While the expression of dlx6a is increased 

compared to controls, the expression of dlx5a may be weaker in 24hpf mutants and then 

increases to WT levels by 48hpf and 72hpf. The persistent expression of these paralogs in the 

absence of the intergenic enhancers may still be regulated by Dlx2a since inter56-/- have 

increased dlx2a expression at all time points. These results further suggest an alternative 

mechanism to activate dlx5a and, possibly dlx6a expression and consequently, in the absence 

of previously described regulation pathways. An alternative CRE may be active in the brain of 

these mutants due to the absence of i56i and i56ii activity, and this alternative CRE may be 

triggered in response to reduced amounts of Dlx5a. 
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Figure 3.6. Expression of dlx2a, dlx5a and dlx6a in inter56-/- larvae.  

Staining for dlx2a is darker suggesting greater expression in mutants at all time points in all 
areas where dlx2a expression is expected. The expression of dlx5a appears to increase from 
24hpf to 48hpf to meet WT levels. Expression of dlx6a appears increased in all stages analyzed. 
Percentages indicate how often the phenotype was observed. Scale = 500μm.  
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3.2 Effect of dlx loss during craniofacial development in the 

zebrafish 
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3.2.1 Morphology of adults 

 Not only are dlx mutants all viable and fertile, no severe or consistent morphological 

craniofacial defects were observed in adults. All fish can feed on a standard diet of rotifers, 

brine shrimp and flake food.  

 

3.2.2 Length and shape of PA1 and PA2 structures are altered in dlx mutants at 5dpf 

  Compared to WT (146±2.4 μm), dlx2a-/- (117.2±7.9 μm), dlx5a-/- (78.2±2.0 μm), dlx5i6-

/- (71.9±2.4 μm) and dlx6a-/- (131.5±3.4 μm) all had significantly smaller Meckel’s cartilage 

(MC) structures (Fig 3.8, A). Importantly, dlx5a-/- and dlx5i6-/- MC are shorter compared to all 

other dlx mutants as well. For the palatoquadrate (PQ), dlx1a-/- (167.6±2.1), dlx2a-/-(132.4±8.5), 

dlx5a-/-(80.6±5.8 μm) and dlx5i6-/-(78.7±4.7 μm) were shorter compared WT (187±2.76 μm) 

(Fig 3.8, B). Once again, dlx5a-/- and dlx5i6-/- larvae had the shortest PQ among all mutants. 

Additionally, dlx1a-/- and dlx2a-/- PQ were also significantly different from each other. 

Compared to WT (179.8±2.9 μm), the ceratohyal (CH) of dlx2a-/- (139.3±10.6 μm), dlx5a-/- 

(104.6±1.3 μm) and dlx5i6-/- (98.4±1.2 μm) were shorter (Fig 3.8, C). Again, dlx5a-/- and dlx5i6-

/- had the smallest structures of all mutants.  

 In analyzing the ventral images, the MC of dlx5a-/- and dlx5i6-/-were often wider and did 

not protrude as far distally compared to WT. Thus, a final measurement was performed to 

analyze the width/length ratio of the MC finding that only dlx5a-/- and dlx5i6-/- mutant larvae 

possessed smaller ratios, at 0.33± 0.08 and 0.31±0.08 respectively compared to 0.44±0.08 in 

WT (Fig 3.8, D).  
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Figure 3.7 Alcian blue and alizarin red staining in 5dpf zebrafish. 
Alcian blue and alizarin red staining to visualize cartilage and calcified bone respectively in 5dpf WT and dlx mutant larvae in the ventral (A-G) and 
lateral (A’-G’) positions. Scale = 150μm.  Abbreviations: CH- ceratohyal; MC- Meckel’s cartilage; PQ- palatoquadrate.
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Figure 3.8. Measurements of average MC (A), PQ (B) and CH (C) structures and 
length/width ratio of the MC (D). 
All morphometric data show analyzed structures in dlx5a-/- and dlx5i6 -/- are all shorter and the 
MC is wider and shorter (smallest ratio).  Measurements made from WT (n=33), dlx1a-/- (n=12), 
dlx2a-/-( n=14), dlx5a-/- (n=8), dlx5i6-/-(n=13), dlx6a -/- (n=17) and inter56-/- (n=16) larvae. All 
data represented as mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons test 
was performed. * p<0.05, ** p<0.001; ***p<0.0001. No asterisk indicates comparison was not 
significant.
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3.2.3 Measurements of PA1 and PA2 structures in 14dpf larvae 

Since adult fish did not possess overt morphological changes to jaw structures, it was 

possible the differences observed at 5dpf would be rescued as larvae develop. Thus, 

measurements were also performed at 14dpf (Fig. 3.9, A-G).  

 This analysis found that the MC was significantly shorter in dlx5a-/- (128.3±2.78 μm) 

and dlx5i6-/- (140±3.2 μm) larvae compared to WT (160.8±2.2 μm) (Fig. 3.10, A). The size of 

the MC in dlx5a-/- and dlx5i6-/- larvae were also significantly different compared to dlx2a-/- 

(156±2.4 μm) as well. In fact, dlx5a-/- MC is different from all other mutants, suggesting dlx5a 

is very important for the size of the MC.  

 The PQ was also significantly smaller in dlx5i6-/- mutant larvae (178±3.3 μm) compared 

to WT (198.7±2.3 μm) and dlx2a-/- mutant larvae (202.9±4.2 μm) but dlx5a-/- PQ was not 

significantly different compared to WT or any other mutants (Fig 3.10, B). Interestingly, the PQ 

of dlx1a-/- mutants (172.7±2.9 μm) was also significantly smaller compared to WT and dlx2a-/- 

mutants. Finally, the PQ of inter56-/- mutants (180.3±3.4 μm) was also smaller compared to 

dlx2a-/- but not WT. The PQ of dlx2a-/- did not differ from WT.  

 The last structure analyzed was the CH. This is the only PA2 structure of interest and 

surprisingly, many differences were identified compared to WT and between mutants (Fig 3.10, 

C). The CH of dlx1a-/- mutants were again significantly smaller (162.6±1.9 μm) compared to 

WT (186.8±3.2 μm) and dlx2a-/- mutants (201.1±3.5 μm). This group was also smaller 

compared to dlx5a-/-, dlx6a-/- and inter56-/- mutants. The CH of dlx5i6-/-, dlx6a-/- and inter56-/- 

mutant larvae were also smaller compared to dlx2a-/- but not compared to WT. Finally, dlx2a-/- 

mutant CH was found to be significantly larger compared to WT.  
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The LW ratio of the MC was also measured once more in dlx mutants finding that dlx5a-

/- and dlx5i6-/- larvae still possessed shorter and wider MC, having the smallest ratios at 

0.58±0.03 and 0.52±0.02 compared to 0.75±0.01 in WT (Fig 3.10, D). Compared to the other 

mutants, dlx5a-/- and dlx5i6-/- LW ratios were also significantly different. Interestingly, the ratio 

between dlx1a-/- and dlx2a-/- mutant larvae were also different.  

Based on measurements made of craniofacial structures at 5dpf and 14dpf, dlx5a-/- and 

dlx5i6-/- larvae are consistently in a separate group from other mutants, possessing the shortest 

MC at both time points and with MC that are wider and shorter compared to WT. Additionally, 

dlx5i6-/- larvae present with similar expression of other dlx genes compared to dlx5a suggesting 

these mutants may have similar genetic network expression (Fig 3.11). For these reasons, the 

two mutant lines will be considered the same for the duration of section 3.2 and will be 

collectively called dlx5a mutants. 
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Figure 3.9. Alcian blue and alizarin red staining in 14dpf larvae.  

Alcian blue and alizarin red staining to visualize cartilage and calcified bone respectively in WT (A) and dlx mutants (B-G) in the ventral 
and lateral positions at 14dpf. Note MC in dlx5a and dlx5i6 mutants appear wider and more retracted compared to WT. At this age, 
more bone structures are visible, and the CH is undergoing endochondral ossification. Teeth are also visible in all dlx mutants from the 
last ceratobranchial. Scale = 150μm. Abbreviations: CH- ceratohyal; MC-Meckel’s cartilage; PQ- palatoquadrate. 
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Figure 3. 10. Morphometric analysis of MC, PQ, CH and LW ratio of MC in 14dpf larvae.  
(A) Average length of MC in 14dpf show dlx5a-/- and dlx5i6-/- larvae still have the shortest 
structures but dlx1a-/- larvae also have shorter MC at this timepoint. (B) Average length of PQ 
showing dlx1a-/-, dlx5i6-/- and inter56-/- PQ are shorter compared to WT. (C) Average length of 
CH shows dlx1a-/- now have the shortest structure. (D) LW ratio of MC showing dlx5a-/- and 
dlx5i6-/- larvae continue to have the smallest ratio indicating wider MC. Data presented as mean 
± SEM from measurements on at least 8 animals each genotype One-way ANOVA with Tukey’s 
multiple comparisons test was performed. * p<0.05, ** p<0.001; ***p<0.0001. No asterisk 
indicates comparison was not significant.
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Figure 3.11. Expression of dlx genes in dlx5i6-/- larvae from 1-3dpf. (A-F) Larvae were stained 
for dlx1a expression showing similar staining intensity between WT and mutants. (G-L) Staining 
for dlx2a suggests increased expression by 2dpf and 3dpf in dlx5i6-/- larvae, similar to observations 
in dlx5a-/- previously described. (M-R) Staining for dlx5a expression demonstrates no transcripts 
for dlx5a was produced in dlx5i6-/- larvae at all time points. (S-X) Expression of dlx6a is absent in 
dlx5i6-/- larvae. Scale = 100μm. 
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3.2.4 Abnormal morphology of PA1 derivatives observed in dlx5a mutants is not due to 

increased dlx2a expression 

 From 3.1.3, the expression of dlx2a is increased in dlx5a-/- at 24-72hpf, thus a possible 

confounding factor is that craniofacial phenotypes observed in dlx5a mutants may be due to 

compensatory activity from Dlx2a. To investigate this possibility, compound mutants were created 

through mating dlx2a-/- with dlx5a-/- adults. Very few dlx2a-/-; dlx5a-/- adults were recovered after 

heterozygous incrosses by tail clipping which may suggest larval lethality, however poor overall 

survival of all fish entered into the nursery at the time was observed. To circumvent poor survival, 

compound heterozygous fish were mated and progeny were genotyped at 5dpf. Alcian blue and 

alizarin red staining was performed on all genotyped larvae, revealing a variety of phenotypes that 

impacted the morphology of MC, CH and PQ, which were grouped into five classifications. (Fig 

3.12). While the most severe phenotype was observed in double homozygous larvae, the MC 

continues to be malformed and shorter in dlx2a+/-; dlx5a-/- suggesting that even with one functional 

dlx2a and thus possibly less Dlx2 compared to dlx5a-/-, a similar phenotype was present.  
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Figure 3.12. Craniofacial phenotypes observed in dlx2a-/-; dlx5a-/- larvae at 5dpf.  
(A) Examples of the variety and ranging severity of morphological changes to PA1 and PA2 
derivatives. These phenotypes were grouped into 5 different classes. (B) Description of the five 
classes of phenotypes. (C) Distribution of phenotype classes in three compound mutant genotypes. 
Scale = 150μm.   
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3.2.5 Expression of neural crest and differentiation markers were altered in dlx5a mutants 

 One possible explanation to shorter and malformed PA1 derivative observed in dlx5a 

mutants may be that fewer NCC contribute to PA1 structures, either through defects in migration or 

differentiation. To test this, the expression of foxd3, sox9a and col11a2 was assessed through WISH.  

 At 2 somite stage or 9hpf, induction of NCC at the neural plate border is underway, marked 

by expression of foxd3 in cells at the border. However, expression domain of foxd3 in the mutants 

is wider apart, indicating the border is further from the midline where the presumptive tube will 

form and may suggest possible defects in NCC positioning or migration as the embryo develops 

(Fig 3.13A, B). NCC continue to express foxd3 as they migrate, beginning at 12hpf. Thus, foxd3 

expression in embryos at 10 somite stage or 14hpf, after the onset of NCC migration, was probed. 

In both WT and dlx5a mutants, staining was observed in similar regions suggesting overall 

migration as not affected (Fig 3.13C, D).  

 Another NCC marker assessed was sox9a. This transcription factor is present during NCC 

specification, migration and is essential for chondrogenic differentiation which begins at 48hpf. 

Expression of sox9a was similar between dlx5a mutants and WT at 48hpf, once again indicating 

migration was unaffected and that perhaps the onset of differentiation was unaffected (Fig 3.13E, 

F). However, at 72hpf, when many of the cartilaginous structures are being formed including the 

Meckel’s cartilage, palatoquadrate and ceratohyal, there was more staining for sox9a in mutants 

compared to WT (Fig 3.13G, H). Additionally, the area of staining expands to cover entire cartilage 

structures in mutants rather than the distal tips observed in WT. These observations suggest more 

sox9a expressing cells were present in PA1 derivatives. Interestingly, RT-qPCR results indicate a 

statistically significant increase of sox9a expression in mutants at nearly 3.5 times more than WT 

while at 3dpf only a trend towards increased expression was observed (Fig 3.13M).  
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 The expression of a col11a2, a collagen produced by chondrocytes in craniofacial structures 

was also investigated. At 48hpf, staining for col11a2 does not differ between dlx5a mutants and WT 

(Fig 3.13I, J). However, by 72hpf, staining for col11a2 is more intense in mutants compared to WT. 

These observations are partially supported by RT-qPCR where dlx5a mutants have a 1.3-fold 

increase of col11a2 expression at 3dpf (Fig 3.12N). 
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Figure 3.13. Expression of NC markers in dlx5a mutants during NC specification, migration 
and chondrogenesis.  
(A-D) Expression of foxd3 by WISH in mutants (B, D) and WT (A, C) at 2 somites and 10 somites 
when NC is being specified and during migration respectively. (E-H) Expression of sox9a in 2dpf 
and 3dpf mutants (F, H) and WT (E, G). Lateral views (E-H) show expression of sox9a in the 
developing PA1 and PA2 structures. Ventral views (G’, H’) demonstrates that staining for sox9a is 
present throughout the cartilage structures. (I-L) Expression of col11a2 by WISH in 2dpf and 3dpf 
larvae. (M-N) RT-qPCR for sox9a and col11a2 demonstrating increases in expression of these two 
markers in mutants. All relative expression reported as mean ± SEM. ** p<0.01, ns: no significance. 
Scale = 100μm  
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3.2.6 Increased proliferation without changes in apoptosis was observed in dlx5a mutants 

 Results from in situ for sox9a and col11a2 suggest either abnormal expression of these 

markers or more cells in craniofacial structures resulting in increased staining and expression. To 

resolve these two possibilities, BrdU pulse-chase experiment was performed to observe potential 

increases in cell proliferation in mutants. At 52hpf, dlx5i6-/-;fli1a:GFP and labeled WT siblings 

were incubated with BrdU, chased for 4 hours and fixed at 52hpf for analysis revealing about twice 

as many BrdU+ cells in dlx5i6-/- compared to WT (Fig 3.14C- D, G). A similar experiment was also 

performed on 5dpf dlx5i6-/-; sox10:GFP and labeled WT siblings, also revealing 2.2x more BrdU+ 

cells in the MC, suggesting that mutants exhibit increased proliferation (Fig 3.14 E-G).  

 It is possible increased proliferation is a mechanism to compensate for more apoptosis of 

NCC or chondrocytes. Therefore, acridine orange staining was performed to label any apoptotic 

cells at 48hpf and 72hpf. At both time points, dlx5a mutants and WT did not exhibit differences in 

number of fluorescent puncta in craniofacial regions but some mutants did have more labeled cells 

in the brain, indicative of more apoptosis in that organ (Fig 3.14 A, B).    
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Figure 3.14. BrdU pulse-chase and acridine orange staining in dlx5a mutants.  

 
(A-B) Acridine orange staining in 3dpf larvae showing no differences in number of stained puncta 
in the craniofacial region between dlx5a mutants and WT larvae. Scale = 100um. (C, D) BrdU pulse-
chase at 56hpf showing increased number of BrdU+ cells in developing Meckel’s cartilage. (E-F) 
BrdU pulse-chase at 5dpf also showing increased number of BrdU+ cells in the Meckel’s cartilage. 
(E’, F’) are of the same animal as E and F with increased magnification. (G) The number of BrdU+ 
cells were quantified confirming increased numbers in 56hpf (left) and 5dpf (right). Scale for BrdU 
images = 50μm. * p<0.05 by one tail, unpaired t-test. 
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3.2.7 Wnt signaling defects were observed during MC development 

 It was previously reported that the characteristic arch of the MC is in part due to non-

canonical Wnt activity (Ling et al., 2017). For example, loss of wnt5b in zebrafish resulted in shorter 

MC with smaller L/W ratios and inappropriate chondrocyte cell orientation at the midzone. Thus, 

expression of Wnt signaling components was investigated in dlx5a mutants. At 2dpf, expression of 

wls, a component involved in the trafficking of wnt5b, was expressed at similar levels between 

mutants and WT siblings (B. T. Wu et al., 2015a)(Fig 3.15a, b). However, the expression of wnt5b, 

a non-canonical Wnt expressed by NCC and surrounding mesoderm of PA1, was reduced at 2dpf 

(Fig 3.15e, f). Interestingly, by 3dpf, wls and wnt5b expression was increased in mutants relative to 

controls (Fig 3.15c, d, g, h). The expression of wnt5b was also assessed by RT-qPCR using two 

different primer sets, both demonstrating wnt5b has a trend of decreased expression at 2dpf in dlx5a 

mutants with a 0.6- or 0.4-fold expression (Fig 3.16 A, B). At 3dpf, the expression of wnt5b show 

a trend towards increased expression. The expression of two wnt5b receptors, ror2 and frzd7a was 

also assessed by RT-qPCR, finding that in mutants, the expression of both receptors have a trend 

towards differential expression compared to WT (Fig 3.16 C, D).  

 One process governed by non-canonical Wnt signaling is regulation of cell polarity. To 

visualize this, 3dpf fish were stained with acetylated tubulin to label the microtubule organizing 

center (MTOC) and cell membranes with phalloidin (Fig. 3.17a, b). Within the MC, the polarity of 

the MTOC is split to either the left or right of the chondrocyte relative to the midline of the cartilage 

structure, which can be determined by dividing a cell into quadrants (Fig. 3.17c, left). This analysis 

revealed that the MTOC is positioned relatively equally in both WT and dlx5a mutants (WT: 41.8% 

right, 34.5% left; mutant: 34.5% right, 29.3% left). MTOC were also found in the top (WT: 7.3%, 

mutant:10.7%) and bottom (WT:12.7%, mutant: 16%) quadrants for both genotypes. However, most 
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strikingly, more cells were found with the MTOC in the center of the cell in mutants (20%) 

compared to WT (3.6%). Additionally, chondrocyte cell shape was rounder in mutants and did not 

exhibit the characteristic “stack of pennies” morphology. Both these results phenocopy wnt5b 

mutants, supporting a possible interaction between dlx5a activity and wnt5b function, potentially 

interfering with planar cell polarity during MC development.  
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Figure 3.15. Expression of wls and wnt5b in dlx5a mutants at 2dpf and 3dpf. 
 (A-B) Expression of wls in 2dpf larvae showing similar staining intensities suggesting similar levels 
of expression. (C-D) Expression of wls in 3dpf larvae showing increased staining in dlx5a mutants. 
(E-F) Expression of wnt5b in 2dpf larvae. At the same time it took to stain dlx5a mutants, WT larvae 
became over-stained suggesting lowered expression in dlx5a mutants. (G-H) Expression of wnt5b 
in 3dpf larvae showing increased staining in dlx5a mutants compared to WT suggesting increased 
expression at this time. Scale = 100μm. 
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Figure 3.16. Expression of wnt5b, ror2 and frzd7a by RT-qPCR 
 
(A-B) RT-qPCR of wnt5b using two different primer sets showing decreased expression at 2dpf and 
increased expression at 3dpf. (C) Expression of ror2 showing increased expression at both 
timepoints in dlx5a mutants. (D) Expression of frzd7a in dlx5a mutants is increased at 2dpf and 
3dpf. All qPCR results reported as mean ± SEM from three pools of 20 larvae heads for each 
genotype. Ns: no significance using two-tailed, unpaired t-test with Holm-Sidak method.  
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Figure 3.17. Positioning of microtubule organizing center (MTOC) is randomized in dlx5a 
mutant Meckel’s cartilage at 3dpf. 
 
(A, B) 3dpf larvae were stained with phalloidin and acetylated tubulin to label cell membranes and 
MTOC respectively in WT (A) and dlx5a mutants (B). Traces of Meckel’s cartilage cells were made 
(A’, B’) to enable easier analysis. (C) A cell was divided into 5 regions (left schematic) relative to 
midline of Meckel’s cartilage to determine MTOC localization which should be skewed equally to 
the left and right positions. Mutants displayed more randomization with greater number of MTOC 
in the top, bottom and center locations. A total of 4 WT animals representing 55 cells and 5 mutant 
animals representing 75 cells were analyzed.  
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3.3 Consequence of dlx gene loss on central and peripheral nervous 

system 

Work described in sections 3.3.2 to 3.3.4 were partially performed by Hadeel Al Hadi under my 

supervision to fulfill her UROP placement and summer NSERC project requirements. Work 

described in Section 3.3.1 was partially performed by Jinane El Hage. Larval analysis described in 

Section 3.3.1 was performed by Emily Lam. 
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3.3.1 Distribution of calretinin expressing neurons in the telencephalon and midbrain 

 Calretinin (CR) expressing neurons are a heterogenous subpopulation of GABAergic 

interneurons(Cauli et al., 2014). Previous work in mouse Dlx mutants also suggested CR+ 

populations are altered in number and distribution (Cobos et al., 2005; Jones et al., 2011; Mao et al., 

2009). Thus, to determine if the number of calretinin expressing neurons is reduced or if the 

distribution of these neurons is altered in dlx mutant fish, adult mutant and WT sibling brains were 

dissected, sectioned and stained for calretinin via immunohistochemistry. Similar sized sibling pairs 

were used and only brains similar in size to WT sibling were used for analyses.  

 In general, no significant differences were observed in any of the mutants compared to WT 

brains in any of the regions analyzed, likely due to large standard error observed in many samples 

(Figs 3.18, 3.19 and 3.20). In the dorsal telencephalon, majority of mutants had a trend of fewer 

CR+ neurons than WT (Fig 3.18). Only dlx1a-/- mutants showed a trend towards more CR+ neurons 

with a normalized average of 1.59±0.75 CR+ cells. In the ventral telencephalon, dlx2a-/- mutant 

brains showed a trend towards half as many CR+ neurons as WT (Fig 3.19). In contrast, dlx6a-/- 

mutant ventral telencephalon showed a trend towards increase in CR+ neurons with a normalized 

average of 1.42±0.13. These results suggest there are inconsistent differences within the 

telencephalon as a whole based on genotype and that perhaps specific dlx genes affect different 

subregions of the telencephalon. 

 For the optic tectum, observations were divided between the periventricular gray zone (PGZ) 

where majority of cell bodies are found and the outer layers of the optic tectum proper (TeO). In the 

PGZ, dlx5a-/-, dlx6a-/- and dlx5i6-/- mutants displayed a trend towards fewer CR+ neurons with a 

normalized average of 0.69±0.21, 0.67±0.21, and 0.35±0.16 cells respectively (Fig. 3.20). In 

contrast, PGZ of dlx1a-/- mutant brains had a trend towards more neurons with a normalized average 
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of 1.55±0.34 CR+ cells. In the TeO, dlx1a-/- and dlx5i6-/- mutant brains had fewer neurons with 

normalized averages of 0.56±0.1 and 0.66±0.26 cells respectively. Interestingly, there was a 

significant difference observed in the number of CR+ neurons in 7dpf dlx5a-/- and dlx5i6-/- larval 

heads suggesting the trends observed in adult brains may reach significance with a larger sample 

size (Fig. A1). Taken together, there is a trend of fewer CR+ neurons in the entire optic tectum of 

dlx5i6-/- mutants.  
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Figure 3.18. Number of CR+ neurons in the ventral telencephalon of adult dlx mutant brains.  
(A-L) Transverse cryosections showing immunofluorescence of CR+ (red) and DAPI (blue) cells 
in dissected ventral telencephalon of WT or mutant sibling for each dlx gene. (M) Quantification of 
number CR+ cells in the ventral telencephalon of analyzed brains. All data are normalized averages 
presented as mean ± SEM. Images and data are representative of 3 brain pairs for dlx1a-/-(p=0.737), 
dlx2a-/-(p=0.245), dlx5a-/-(p=0.537), dlx6a-/-(p=0.09) and inter56-/- (p=0.963) groups. For dlx5i6-/-, 
only two brain pairs were used. No significance was found using two-tailed unpaired t-test. Scale = 
100μm. 
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Figure 3.19. Number of CR+ neurons in the dorsal telencephalon of adult dlx mutant brains.  
(A-L) Transverse sections of dlx mutant and WT sibling brains showing immunofluorescence of 
CR+ (red) and DAPI (blue) cells in one lobe of the dorsal telencephalon. (M) Quantification of 
number CR+ cells in the dorsal telencephalon of analyzed brains. All data are normalized averages 
presented as mean ± SEM. Images and data are representative of 3 brain pairs for dlx1a-/- (p=0.507), 
dlx2a-/- (p=0.168), dlx5a-/- (p=0.987) and dlx6a-/- (p=0.349) groups. For dlx5i6-/- and inter56-/-, only 
two brain pairs were used. No significance was found using two-tailed unpaired t-test. Scale = 
100μm. 
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Figure 3.20. Number of CR+ neurons in the optic tectum of adult dlx mutant brains.  

(A-L) Transverse sections of dlx mutant and WT sibling brains showing immunofluoresence of CR+ 
(red) and DAPI (blue) cells in one area of the optic tectum. (M) Quantification of number CR+ cells 
in the PGZ (left) and TeO (right) of analyzed brains. All data are normalized averages presented as 
mean ± SEM. Images and data are representative of 3 brain pairs for dlx2a, dlx5a, dlx6a and dlx5i6 
groups. P values for the pgz are as follows: dlx2a-/- (p=0.329), dlx5a-/- (p=0.445), dlx6a-/- (p=0.481) 
and dlx5i6-/- (0.133).  For the TeO cortex, the p-values are : dlx2a-/- (p=0.403), dlx5a-/- (p=0.737), 
dlx6a-/- (p=0.622) and dlx5i6-/- (0.381). No statistical significance was found using a two-tailed t-
test. No statistical analysis was performed for dlx1a-/- and inter56-/- groups since only two brains 
were used. Scale = 100μm. 
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3.3.2 Abnormal swim phenotype was observed in dlx5a-/- and dlx5i6-/- mutant adults 

 Unexpectedly, dlx5a-/- and dlx5i6-/- mutant fish were found to possess abnormal swim 

behaviours characterized by increased spinning and turning as they move. Importantly, these 

behaviours are not present in larvae or in juveniles under 1.5 months old. To characterize this 

behaviour, 3–8-month-old dlx5a-/- and WT siblings were recorded in 3-minute-long videos to 

observe the number of spins and turns that fish would make in that interval (Fig. 3.21). Mutants 

performed more changes in direction (turns) in a swim bout than WT siblings in addition to 

performing behaviours never observed in WT such as spinning during a swim bout. 

 Locomotor activity of dlx5a-/- mutants was further analyzed using the ZebraLab software. 

Mutants did not display significant differences in inactive duration or total swim distance. However, 

it is worth noting mutants displayed greater variation in these parameters (Fig. 3.22 A, B). 

Interestingly, traces of fish movement produced through ZebraLab also enabled the qualitative 

observation that mutants consistently displayed more activity in the center of the tank compared to 

the characteristic thigmotaxis observed in WT siblings (Fig 3.22 C, D).  
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Figure 3.21. Swim behaviour of dlx5a-/- adults.  

(A) Sequential screen captures of a dlx5a-/- fish spinning from recorded video made from the side 
of a tank. Spins can occur right after rest (depicted here) or during a swim bout and may also occur 
at any depth of the tank. (B) The total number of turns were counted for each fish recorded and 
averaged. (C) The number of spins performed by each fish was counted and averaged. A single WT 
performed one spin during the beginning of a recording session. Data presented as mean ± SD, from 
3 WT fish and 5 dlx5a-/- fish.  
 



 

104 

 

 

Figure 3.22. Locomotor activity recorded from open tank experiment using ZebraLab 
software. 
(A) The inactive duration ratio of dlx5a-/- adults did not differ significantly to WT siblings. (B) The 
total distance also did not differ significantly between mutants and WT siblings. (C) Traces obtained 
through ZebraLab software during a recording session of 2 WT fish and 2 mutants revealed more 
activity in the center of the tank and more erratic swimming. Quantification for graphs A and B 
presented as mean ± SEM from 10 WT and 12 dlx5a-/- fish.  
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3.3.3 Lateral line organization is disrupted in dlx5a-/- fish with abnormal swim behaviour 

 One explanation for the abnormal swim behaviours described in 3.3.2 may be due to 

improper vestibular sensation. The vestibular system provides information about one’s motion, head 

position and spatial orientation to coordinate movement and balance. In vertebrates, the main 

sensory tools are in the inner ear, comprising of the semicircular canals and otoliths which sense 

rotational and linear acceleration, respectively(Kingma & van de Berg, 2016). However, dlx5a-/- 

larvae do not display dysmorphology of semicircular canals or loss of otoliths in the otic placode at 

4dpf (Fig. 3.23, c-f). Within the semicircular canals are hair cells that are able to sense rotational 

movement through fluid movement. Hair cells in the otic placode are present in 5dpf mutants and 

appear comparable to WT as well (Fig 3.24a, b).  

 Fish possess an additional system for vestibular and proprioception known as the lateral line 

which is composed of neuromasts. Neuromasts can be visualized by staining fish in a vital dye called 

DASPEI. To explore whether neuromasts are produced and if regular development of this system 

occurred, 3dpf larvae were stained with DASPEI, revealing that dlx5a-/- mutants do develop a lateral 

line system and placement of neuromasts are comparable to WT (Fig. 3.23, a-b). These neuromasts 

also possess hair cells at 5dpf (Fig. 3.24c, d). However, in adult mutants that display the abnormal 

swim behaviours, distribution of neuromasts was altered (Fig. 3.25a, b). In particular, the L branch 

was partially missing in most fish with a 70% decrease in average number. Overall, mutants had a 

30% reduction in number of total neuromasts (Fig 3.25c). 
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Figure 3.23. Mutant larvae do not possess morphological defects in posterior lateral line or 

semicircular canals. 

 

(A, B) Larvae stained with DASPEI to show dlx5a-/- larvae develop rudimentary posterior lateral 
line at 3dpf that is comparable to WT. (C-F) Semicircular canals of WT (C-D) and dlx5a-/- larvae 
(E-F) at 4dpf demonstrating no morphological defects. DASPEI images from 6-7 animals, 
semicircular canal images are representative of 5 individuals per genotype. Scale = 500μm.  
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Figure 3.24. Hair cells are present in the otic placode and posterior lateral line neuromasts of 

5dpf dlx5a-/- larvae. 

(A-B) Phalloidin was used to label cell bodies and acetylated tubulin to label microtubule rich 
kinocillium of hair cells of the otic placode. (C-D) Neuromasts of the trunk also possess hair cells. 
Overstaining of acetylated tubulin antibody was also able to stain some nerves connecting 
neuromasts. Scale = 50μm.   
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Figure 3.25. Neuromasts in adult dlx5a-/- have reduced number and altered distribution.  

 
(A, B) Lateral images of DASPEI stained 8-month-old fish. Inset image of dashed box region 
showing dlx5a-/- fish possess longer L’ line stitches and absent L line neuromasts. Images are 
representative of 4 individuals per genotype. Scale = 0.5cm; inset scale = 500μm. (C) Number of 
neuromasts per posterior line was counted revealing fewer neuromasts in the L branch. Neuromasts 
were counted from 3 individuals per genotype and data presented as mean ± SD. ** p<0.01.  
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3.3.4 Neuromast regeneration is altered in mutants following gentamycin exposure 

 As the fish body increases in size, the posterior lateral line becomes more elaborate through 

addition of intercalary neuromasts in “stitches”- vertical lines of neuromasts that develop from 

existing neuromasts. The altered distribution of and reduced number of neuromasts of the posterior 

lateral line in dlx5a adults suggest possible abnormalities in this process. To investigate this 

possibility, dlx5a-/- fish were challenged with antibiotic treatment to degenerate neuromasts and the 

ability of mutants to regenerate neuromasts was interrogated. Importantly, the process of 

regenerating neuromasts through latent precursors is thought to recapitulate formation of additional 

neuromasts in a stitch (Sánchez et al., 2016). Mutants and WT siblings that were 2.1-2.6cm in length 

and 2 months old were chosen for this experiment, finding that mutants had reduced capacity to 

regenerate neuromasts of all branches but the difference was especially striking in the L branch 

(Fig.3.26). Repeated exposure to the antibiotic did not exacerbate the difference in the L branch but 

did for the L’ line.  
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Figure 3.26. Neuromast regeneration of PLL following gentamycin treatment.  

(A) Timeline of experiment. (B) Neuromasts were counted per line from 4 dlx5a-/- and 3WT size 
and age-matched fish before gentamycin exposure and after. The average change in neuromast 
number (post-treatment – pre-treatment) for each line was graphed and reported as mean ± SD. 
(C) A second trial was performed on 2 WT and 2 dlx5a-/- fish after a week of recovery, finding 
that similar reduction in regenerative capacity was observed in the L branch. The L’ branch also 
regenerated less following the second trial.  
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Chapter 4 

Discussion 
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4.1 Cross regulation of dlx expression 

The expression of dlx paralogs in the absence of each dlx gene of interest was explored in 

24hpf, 48hpf and 72hpf larvae. Evidence of cross-regulation between paralogs initially observed in 

mice was also seen here. Specifically, dlx1a expression is reduced in dlx2a mutants at 48hpf, a 

developmental timepoint comparable to E12.5-E13.5 in mouse brain development (Eisenstat et al., 

1999; Mueller et al., 2006). However, some exceptions to previously observed cross-regulatory 

patterns were also observed. 

 

4.1.1 Evidence suggests dlx1a and dlx2a are not completely compensatory 

 The expression of dlx2a was equal or slightly weaker in dlx1a-/- than WT at 24hpf and 48hpf, 

however, there may be increased expression of dlx2a in dlx1a mutants by 72hpf, suggesting the idea 

that a compensatory role for dlx2a may be time dependent. Importantly, a role for dlx1a 

compensating for dlx2a was not supported here. While it may be possible the amount of Dlx1a 

expressed in dlx2a-/- is sufficient to fulfill the function of both genes, it was unexpected that dlx2a 

expression decreased in dlx1a mutants. 

 

4.1.2 Dlx2a is required for dlx5a maintenance and expression of these genes may be more 

interconnected than previously thought 

 At early time points, dlx5a is expressed in dlx2a-/- but transcript levels are reduced to near 

undetectable levels by 72hpf suggesting dlx2a may be important for the maintenance of dlx5a in 

zebrafish but not for its initial expression. It is possible that initial dlx5a expression seen in dlx2a-/- 

embryos is due to potential compensation by the unpaired dlx paralog dlx2b. However, current 

knowledge of compensation occurring after CRISPR-Cas9 mediated mutagenesis requires 
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nonsense-mediated decay of truncated RNA which is not likely in our mutants given the entire gene 

was deleted (El-Brolosy et al., 2019). 

 The increased expression of dlx2a in dlx5a mutants suggest a feedback loop exists in which 

dlx5a or a downstream gene regulated by dlx5a may in turn regulate the expression of dlx2a. 

Supporting this, binding sites for dlx genes exist on the CRE I12b between Dlx1/Dlx2 and Dlx5a 

was shown to bind to this site in the CRE (Poitras et al., 2007). Potentially, this communication may 

exist to allow for differentiation of GABAergic interneurons and may even underlie differentiation 

into subtypes. For example, lineage tracing experiments demonstrated that cells that expressed 

dlx1a/dlx2a at 24hpf are associated with somatostatin and calretinin expressing neurons in juvenile 

fish while cells that expressed dlx5a/dlx6a at 24hpf are associated with parvalbumin neurons (Solek 

et al., 2017). Similarly, Dlx5/Dlx6 were to be important in regulating parvalbumin neuron 

development in the mouse, controlling differentiation and influencing neurite growth (Wang et al., 

2010). How deletions of these paralogs influence GABAergic subtype differentiation remains to be 

determined. 

 

4.1.3 Additional regulatory elements may regulate dlx5a/dlx6a expression in a redundant 

manner 

 Interestingly, dlx5a/dlx6a continues to be expressed in inter56-/- larvae wherein both CREs 

within the intergenic region are deleted. In the mouse, deletion of one of the CREs, i56ii, was found 

to reduce but not abolish Dlx5/Dlx6 expression, with expression possible due to the remaining 

enhancer, I56i (Darbandi et al., 2016). However, since both enhancers are deleted here and 

dlx5a/dlx6a expression persists, it is likely other enhancers exist to regulate their expression 

(Cannavò et al., 2016). Indeed, other CREs that affect Dlx5/Dlx6 expression have been identified in 
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the mouse and human with clinical and/or behavioural significance (Brown et al., 2010; Johnson et 

al., 2018). While it is unknown whether these other enhancers are active during brain development 

in mice or humans or even exist in zebrafish, the idea that alternative or compensatory CREs are 

present in the teleost dlx regulatory network warrants further investigation. 

 

4.2 Effect of dlx loss on craniofacial development 

 During craniofacial development, dlx genes are important in providing neural crest cells 

positional identity for development of ventral craniofacial structures of the first two pharyngeal 

arches. However, little is known about the role of each of the six dlx genes expressed within the 

developing craniofacial tissues. Here, differential impact of dlx gene loss on ventral craniofacial 

structure size and shape was observed. Additionally, a role for dlx5a in in regulating morphogenesis 

of ventral facial cartilage, in particular the MC, through interaction with non-canonical Wnt 

signaling such as wnt5b was uncovered. 

 

4.2.1 Phenotypes in dlx mutants generated by CRISPR-Cas9 are different from previously 

reported zebrafish and mouse mutants 

 Previous investigations in zebrafish have determined that dlx5a is involved in the 

intermediate region of the ventral pharyngeal skeleton, particularly where the MC contact the 

palatoquadrate (Coffin Talbot et al., 2010). Reduction in dlx5a expression in addition to reductions 

in dlx3b and dlx4b lead to reductions in the intermediate domain and fusion of the MC and 

palatoquadrate. While domain boundaries were not explored in this thesis directly, it is possible the 

intermediate domain described by Talbot and colleagues is reduced based on the reduced size of 

MC and PQ. However, work described here does not support the finding that reduced dlx5a 



 

115 

 

 

expression leads to fusion of MC and PQ since neither dlx5a-/-, dlx5i6-/- nor dlx2a-/-, which loses 

dlx5a expression by 3dpf display fusion. It is possible the fusion phenotype is absent in these 

mutants because dlx3b and dlx4b may be expressed at normal levels or is even able to compensate 

for some of the effects of dlx5a loss. This possibility will need to be further investigated, ideally 

through generation of a double or triple mutant.  

 Compound mutants for Dlx5/Dlx6 in the mouse resulted in homeotic shift of the mandibles 

to a secondary maxilla (Beverdam et al., 2002; Depew et al., 2002; Merlo et al., 2002; Robledo et 

al., 2002). However, this was not observed in dlx5i6 mutants, which were shown by WISH to have 

little to no expression of dlx5a and dlx6a. This discrepancy may be due to other dlx genes playing a 

larger role in craniofacial development in zebrafish than in mice, or that these paralogs (eg: dlx3b, 

dlx4b) are able to compensate for the loss of dlx5a and dlx6a. An additional or alternative 

explanation may be that the MC, which is a lower jaw structure that was most affected in dlx5a-/- 

and dlx5i6-/- larvae, is a permanent scaffold in zebrafish. However, in the mouse, the MC is a 

transient scaffold upon which further elaborate jaw structures are built, thus more severe 

consequences were observed in compound Dlx mutants in the mouse compared to zebrafish 

(Bhaskar et al., 1953; Svandova et al., 2020).  

 

4.2.2 Loss of dlx paralogs alter size of MC, PQ and CH structures 

 Morphometric analysis revealed loss of dlx paralogs led to changes in the length of the MC, 

PQ and CH. At 5dpf, all three structures were significantly shorter in dlx5a-/- and dlx5i6-/- larvae. 

There was also a trend towards shorter structures in dlx2a-/- larvae. Conversely, there was a trend 

towards longer structures in dlx1a, dlx6a and inter56 mutants. Interestingly, the mutants with shorter 

structures all share a lack of dlx5a expression by 3dpf whereas the group with longer structures have 
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either comparable levels of other dlx paralog expression or increased dlx5a expression (in the case 

of dlx6a-/- larvae). This suggests dlx5a is important in regulating cartilage size. Indeed, in the 

developing mouse limb, gain-of-function of Dlx5 was found to promote chondrocyte hypertrophy 

(Chin et al., 2007). Additionally, smaller MC was also observed in mouse Dlx5 null mutants, 

suggesting the role of Dlx5/dlx5a in regulating MC size is conserved (Beverdam et al., 2002; Depew 

et al., 2002; Merlo et al., 2002; Robledo et al., 2002).  

 The size and shape of craniofacial structures, in particular the MC, is likely autonomously 

regulated by NCC. This was demonstrated in chimeric analysis where quail NCC were transplanted 

unilaterally into a duck host resulting in quail cells in one side of the developing MC (Eames & 

Schneider, 2008). As the host developed, the quail side of the MC maintained a more quail-like 

structure in addition to accelerating certain stages of chondrogenic events such as col2 upregulation 

and matrix deposition in the whole structure relative to age-matched hosts. The fact that loss of 

dlx5a expression leads to shorter structures, and size of cartilage structures is intrinsically regulated 

by NCC suggest dlx5a may regulate a network of genes involved in regulating cartilage size. 

 The size of MC, PQ and CH were also analyzed at 14dpf, finding that most of the differences 

observed at 5dpf have normalized. Particularly, while the MC is still significantly smaller in dlx5a-

/- and dlx5i6-/- larvae, the sizes of the other two cartilages are no longer different. The only other 

exception is in dlx1a-/- which at this age also have shorter MC, PQ and CH. It is possible at this age 

that other mechanisms are involved in regulating cartilage size other than NCC expression profile. 

Importantly, the overall size of the head was also smaller in dlx1a-/- mutant larvae at this age, 

suggesting a possible growth defect in these mutants.  

 Osteogenesis was not investigated in this study however dlx genes are also involved in this 

process. Overexpression of Dlx2 in NCC in the mouse or through in vitro experiments on bone 
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marrow stromal cells was found to increase expression of genes involved in ossification such as 

osteocalcin and Alp (Sun et al., 2022; Zhang et al., 2018). Additionally, osteogenic differentiation 

in human bone marrow stromal cells involves the activity of Dlx2 on Wnt1 activation (Zeng et al., 

2020). Finally, Dlx3, Dlx5 and Dlx6 was found to recruit the key transcription factor of osteoblast 

differentiation, Sp7/Osterix to initiate osteoblast specification and may explain why Dlx5/Dlx6 

mouse mutants lack alizarin red staining (Depew et al., 2002; Hojo et al., 2016). Alizarin red staining 

in dlx zebrafish mutants at both time points did not yield meaningful differences between mutants 

and between WT but additional analysis such as calcein staining or probing expression differences 

in osteogenic genes will need to be performed. Since mutants develop relatively normal jaws as 

adults, it is possible that perichondral ossification, the type of ossification that occurs on the MC 

through aggregation of osteoblast occurs without defect, potentially rescuing abnormalities 

observed in the cartilaginous template of the MC.  

 

4.2.3 Altered expression of chondrocyte markers in dlx5a mutants 

 To further explore the consequence of dlx5a loss in craniofacial development, the expression 

of NCC and chondrogenic markers was explored using WISH and RT-qPCR in developmentally 

relevant timepoints. Results from these experiments demonstrated expression of sox9a and col11a2 

was increased at 3dpf although sox9a qPCR results also showed increased expression at 2dpf. 

Increased expression of these markers suggested that despite having smaller structures, mutants 

experienced chondrogenesis and chondrocyte condensation.  

 Collagen is a protein that is secreted by chondrocytes and other cells such as notochord cells 

to produce a scaffold. It is remodeled in the ECM to modulate the flexibility of the environment to 

allow changes in cell morphology and cell migration through activity of proteins such as 
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metalloproteases (Szabó & Mayor, 2018). Reduced degradation or remodeling of collagen can result 

in stiffening of the ECM, affecting the ability of cells to attain the correct morphology. For example, 

larval zebrafish tail failed to uncurl and body axis did not extend in knock down of Mmp2 (Zhang 

et al., 2003). Later work demonstrated that collagen degradation through Mmp2 activity is required 

at the time tail uncurling occurs (Wyatt & Crawford, 2021). Thus, it is possible that excess collagen 

produced in dlx5a mutants may be the reason MC chondrocytes fail to attain the correct cell 

morphology, outside of possible PCP effects. Future work to elucidate whether the balance in 

collagen secretion and remodeling is altered in dlx5a mutants will need to be performed, perhaps by 

using a collagen mimetic protein that can bind to degraded collagen (J. Hwang et al., 2017; Wyatt 

& Crawford, 2021). Interestingly, the overexpression of Dlx2 was found to increase accumulation 

of type II collagen in mouse chondrocytes in vitro, by inhibiting MMP13 expression and activity 

(Zhang et al., 2018). Thus, if collagen remodeling defect is observed in dlx5a mutants, it is possible 

the effect is due to excess dlx2a activity.  

 

4.2.4 Increased proliferation was observed in MC of dlx5a mutants 

 Proliferation and apoptosis were also investigated in dlx5a mutants since previous work 

from our laboratory have determined reduced dlx1/2 expression leads to reduced survival of NCC 

and a downstream consequence of reduced dlx2a is reduced dlx5a expression. Additionally, it was 

possible that altered MC is a result of fewer NCC contributing to the structure. To observe amounts 

of apoptotic cells, larvae were stained with acridine orange which binds to DNA and acidic 

organelles to label cells undergoing apoptosis. This experiment revealed no differences in number 

of cells positive for the marker in the craniofacial region although more puncta were observed in 
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the brains of dlx5a mutants compared to WT. Proliferation was investigated through incubating 

larvae at 52hpf or 5dpf with BrdU and chasing for 4 hours, revealing dlx5a larvae at both time points 

have increased number of BrdU+ cells, suggesting proliferation occurred in the MC. These results 

are directly at odds with consequences of morpholino-mediated knockdown of dlx1a/2a. This may 

be explained by the known tendency of morpholinos to induce off-target effects such as p53 pathway 

activation leading to cell death. However, to confirm this, acridine orange should also be 

investigated in dlx2a-/- larvae.  

 Regulation of the cell cycle is an important component in development and influences events 

such as altering the time a cell can respond to differentiation cues and preserving multipotency in 

stem cells and progenitors (Langley et al., 2014; Soufi & Dalton, 2016). Previous work in cell lines 

have identified a role for Dlx5 and Dlx6 in cell cycle regulation, where expression of these genes 

resulted in antagonism of the G1/S transition (MacKenzie et al., 2019). Cells progressed through 

the cycle slower with fewer cells entering the S-phase. Importantly, these effects did not affect 

apoptosis. It is therefore possible that loss of dlx5a/dlx6a resulted in increased proliferation due to 

shorter cell cycle duration or there were simply more cells in S-phase without dlx5a/dlx6a 

expression leading to more cells being labeled by BrdU. To further confirm dlx5a mutants 

experience more cell proliferation, labeling with additional markers of proliferation such as PCNA 

or Ki67 will need to be performed.  

NCC proliferation is tightly linked to migration and axial level. Trunk NCC are arrested in 

the G1 phase of the cell cycle, only entering S phase synchronously upon delamination (Burstyn-

Cohen & Kalcheim, 2002). However, CNCC leave the neural tube in clusters and progression 

through the cell cycle is stochastic among this population (Théveneau et al., 2007). Further analysis 

of cell cycle progression of CNCC during migration in the chick revealed an increase of eightfold 
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to threefold in NCC of a migratory stream from leading to lagging cells (P. M. Kulesa et al., 2008). 

Once in the PA, NCC doubling time decreased (faster proliferation) suggesting permissive factors 

are present in the environment and/or CNCC are more responsive to pro-proliferative signals 

(Ridenour et al., 2014). Importantly, ablation of a subpopulation of CNCC before migration from 

the neural tube resulted in increased proliferation in migratory CNCC and suggest cell density within 

a migratory stream influences the rate of cell cycle progression. Based on these findings from the 

chick CNCC, it is possible that increased proliferation observed in dlx5a mutants may also arise 

from fewer cells migrating in a stream, leading to an increased rate of proliferation during migration 

and after invasion in the PA. While overall migration of NCC in dlx5a mutant larvae was 

investigated through extent of foxd3 staining, a more detailed analysis of NCC migration was not 

performed. It will be important to elucidate whether the number of CNCC migrating from the neural 

tube is affected through confocal time-lapse imaging of live sox10:GFP; dlx5a-/- animals.  

 

4.2.5 Interaction between dlx and the non-canonical Wnt signaling pathway during MC 

morphogenesis 

 One of the most interesting results in this section was the discovery that non-canonical Wnt 

signaling may be aberrant in dlx5a mutants, leading to abnormal morphogenesis of the MC. 

Morphometric analyses determined that the MC in fish without dlx5a have wider MC that did not 

protrude as far past the ethmoid plate as WT (ie: L/W ratio). This phenocopies mutants of non-

canonical Wnt signaling such as wnt5b, glypican and fzd7a (Ling et al., 2017). Surprisingly, dlx5a 

mutants have reduced expression of wnt5b at 2dpf during onset of MC morphogenesis. However, 

by 3dpf, there is a drastic increase in wnt5b expression, suggesting that increased Wnt signaling 

may also lead to planar cell polarity defects. This is further supported by the observation that the 
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microtubule organizing center in chondrocytes of the midpoint of the MC are misoriented in dlx5a 

mutants and that chondrocytes fail to elongate, instead maintaining a spherical cell shape.  

Planar cell polarity (PCP) describes a process in which a cell attains uniform orientation and 

structure within a tissue, mediated by non-canonical Wnt activity. Rather than activate β -catenin 

and gene expression, activity of non-canonical Wnts such as zebrafish wnt5b, wnt9a and wnt11 lead 

to changes in microtubule dynamics and cytoskeletal rearrangements through mediators such as 

Rho-kinases or c-jun N-terminal kinase JNK (Perkins et al., 2022; Topczewski et al., 2011). Animals 

with PCP defects usually present with convergence and extension defects resulting in shorter, 

broader animals. The body axis of dlx5a mutants may be affected since foxd3 WISH at early 

somitogenesis stages showed streaks of NCC that were further apart from the midline, suggesting a 

wider axis. However older larvae did not appear shorter or broader. Additional assays to determine 

if PCP is affected in the animal will need to be performed in the future, such as WISH for 

krox20/myoD to observe differences in the hindbrain and somite placement between dlx5a mutants 

and WT siblings.  

 Previous work in loss of function mutants of non-canonical Wnt signaling components such 

as wnt5b, wnt9a, fzd7a and gpc4 determined the Meckel’s cartilage were wider and shorter, 

potentially due to chondrocytes failing to elongate and stack properly (Ling et al., 2017; Sisson et 

al., 2015). Other defects included changes to osteogenesis and decreased proliferation. In the present 

work, an initial downregulation followed by upregulation of wnt5b was observed during the onset 

of Meckel’s cartilage development, which contrasts with a complete loss of wnt5b expression at all 

timepoints. It is possible that much lower levels of non-canonical Wnt signaling and higher levels 

both lead to PCP defects (Jussila & Ciruna, 2017). For example, over-expression of Dishevelled, a 

downstream mediator following Wnt receptor activation, results in polarity and convergence and 
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extension defects in zebrafish and Xenopus (Tada & Smith, 2000; Wallingford et al., 2000). Ectopic 

expression of the co-receptor ror2 also leads to convergence and extension defects in zebrafish 

similar to phenotypes in knock-down and introduction of dominant-negative constructs (Bai et al., 

2014; Young et al., 2014). These examples and the present work suggest the proper dosage of non-

canonical Wnt signaling components is essential for cell polarity and morphogenesis. To further 

support this idea, it will be important to investigate the expression of other non-canonical and 

canonical Wnts to determine if the morphological effects are only due to changes in wnt5b activity 

as well as other timepoints to determine if expression levels normalize.  

 Other signals may also be involved in morphogenesis of the MC, including FGFs. 

Interestingly, wnt5b mutant phenotypes such as shorter body axis, shorter and wider MC and CH 

can be rescued by ectopic fgf3 mRNA (B. T. Wu et al., 2015b). It was also found that fgf3 expression 

was reduced along the AP axis in wnt5b mutants but not morphants for wnt9a or wnt11 suggesting 

fgf3 is downstream of wnt5b activity. Finally, loss of wnt5b or wls knock down resulted in reduced 

proliferation at 2dpf, potentially through regulating fgf3 activity. Given that dlx5a mutants presented 

with proliferation and morphological abnormalities in the MC, and that these mutants mis-express 

wnt5b and wls, it is possible that fgf3 expression is affected as well.  
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4.3 Consequence of dlx loss in the central and peripheral nervous system 

 

4.3.1 No differences were observed in calretinin neuron number and distribution in the 

telencephalon and optic tectum of any dlx mutants 

 The distribution and number of CR neurons in adult dlx mutant telencephalon and optic 

tectum was explored in this thesis. In all mutants, no significant differences were identified in any 

of the brain regions chosen. However, dlx5i6-/- brains showed a trend towards fewer CR+ neurons 

in the entire optic tectum. This result is contrary to previous work in mice showing that loss of Dlx1 

resulted in fewer CR+ and somatostatin neurons without changing the number of other subtypes 

(Cobos et al., 2005). However, since large variation was observed in all mutants and brain regions, 

it is possible that trends observed in adult dlx mutant brains for CR+ neurons may reach significance 

with a larger sample size, in particular, for dlx5i6-/- brains. The discrepancies between the data 

described here and published work may also be due to difficulty in confirming true CR neurons 

since a counter label was not possible with the antibodies available. To address this issue, a 

transgenic line was created where mcherry fluorescent protein is under the regulation of gad67 

reporter to label cells that express GABA (plasmid construct from Song et al., 2017). These fish 

were crossed into all dlx mutants however I was unable to attain the F2 generation for homozygous 

adults. In the future, these fish may be used to ensure GABAergic neurons were counted. 

Additionally, a counter label may provide more information and landmarks to further differentiate 

specific clusters within the ventral and dorsal telencephalon. 

 The impact of dlx loss on the number and distribution of other types of GABAergic neurons 

will also need to be elucidated. Previous work in our laboratory suggested that different dlx genes 

are involved in development of different GABAergic subtypes. Enhancers for dlx genes drove 
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reporter expression in different GABAergic subtypes in the developing forebrain: URE2, I12b and 

I56i can all drive reporter expression in parvalbumin, CR+ and NPY neurons but URE2 reporter 

activity alone colocalized with nNOS neurons whereas I12b and I56i activity colocalized with VIP, 

CB and SOM neurons (Ghanem et al., 2007). Deletion of I56ii in the mouse also led to changes in 

the number of different GABAergic neuron subtypes: there was an increase of CR neurons and a 

decrease of PV neurons in the cortex at P17 (Darbandi et al., 2016). It is however also possible these 

results are characteristic of mouse and mammalian models since lineage tracing experiments in 

zebrafish demonstrated that majority of neurons that expressed dlx1a/dlx2a or dlx5a/dlx6a during 

early larval stages colocalize mostly with gad65/67a expression but not with many colocalized with 

markers of GABAergic subtypes, indicating these are neurons that have not fully differentiated yet 

(Solek et al., 2017). Nonetheless, this paper did find that cells that expressed dlx1a/dlx2a at 24hpf 

colocalize with CR+ and somatostatin subtypes but not parvalbumin, suggesting these dlx genes are 

more involved in the differentiation of CR+ and somatostatin neurons in zebrafish. 

 There was a trend towards fewer neurons in the PGZ of the optic tectum in dlx5i6-/- animals. 

The optic tectum is important for registering visual, auditory and other sensory information to form 

maps about the environment and position of stimuli in relation to the individual. This brain area and 

function is evolutionary conserved, although the region is called the superior colliculus in mammals. 

Interestingly, visual information from retinal ganglion cells is spatially mapped in the optic tectum, 

with cells reporting on the anterior visual field terminating in the caudal tectum while posterior 

visual field is registered in the caudal tectum (Isa et al., 2021). Dorsal and ventral information are 

registered in the lateral and medial tectum. With fewer inhibitory neurons in the PGZ, it may be 

possible visual information is not synthesized properly within these mutants. Furthermore, sensory 

information from the vestibular systems including the lateral line in aquatic animals are integrated 
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in the optic tectum to help trigger egocentric responses. Since dlx5i6-/- animals have fewer PGZ and 

tectal GABAergic neurons in this brain region, this may indicate vestibular responses are 

inappropriate and offer a biological basis to the abnormal swim behaviour observed in mutants.  

 

4.3.2 Abnormal swimming behaviour was observed in dlx5a and dlx5i6 adult homozygous 

mutants 

 In dlx5a and dlx5i6 mutant adult zebrafish, an abnormal swimming behaviour was observed 

and characterized by frequent turning and spinning during a swim bout. Additionally, fish spent 

more time swimming in the middle of the tank than the edges. However, these differences do not 

affect overall distance travelled or frequency of inactivity. This characteristic behaviour of dlx5a 

and dlx5i6 homozygous mutants does not appear until after the fish reaches 2.8-3cm in length 

(typically 2 months old). As larvae, these mutants do not have any differences swimming compared 

to WT and heterozygote siblings and they reacted appropriately in touch-evoked escape assays (E. 

Yu, unpublished observations).  

 There is a growing body of work correlating zebrafish swimming behaviours with 

neurodevelopmental and psychological conditions (Sakai et al., 2018; Tayanloo-Beik et al., 2022). 

For example, zebrafish mutants of genes associated with autism spectrum disorder (ASD) such as 

shank3b result in adult fish with abnormal swimming patterns such as frequent turning, “walling” 

(swimming against only one wall of the tank) or other repetitive behaviours (C. X Liu et al., 2018). 

There is also an indication that swimming along the edge of a tank (thigmotaxis) is associated with 

increased anxiety whereas greater time spent swimming in the center of an open tank is associated 

with lowered awareness of danger (Mathur & Guo, 2010). However, recent work also questioned 
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whether thigmotaxis is associated with anxiety or if it is simply a trait specific to zebrafish strains 

(Rajput et al., 2022).  

 Interestingly, ASD and a lowered sense of danger are both associated with dlx expression. 

Both bigene clusters investigated in this thesis are found in ASD susceptibility loci and various 

polymorphisms within enhancers of these clusters were identified in families of ASD patients 

(Hamilton et al., 2005; X. Liu et al., 2008; N. Nakashima et al., 2010). Furthermore, our laboratory 

demonstrated that one of these polymorphisms within the I56i enhancer resulted in reduced 

enhancer activity and prevented binding of Dlx2 and Dlx5 on the enhancer (Poitras et al., 2010). 

This same study identified another factor, Gtf2i that also interacts at this enhancer and may function 

synergistically with Dlx2 or Dlx5 to induce enhancer activity. Gtf2i is candidate gene for Williams-

Beuren syndrome (WBS), which is characterized by distinct facial features, cognitive deficits, over-

friendliness and increased trust in strangers (Francke, 1999). Importantly, almost half of WBS 

patients possess symptoms of ASD (Klein-Tasman et al., 2007; Lincoln et al., 2007). More recent 

work has also determined that loss of both I56i and I12b result in mice with increased sociability 

(Darbandi et al., 2021).  Thus, it is possible that dlx5a-/- and dlx5i6-/- mutants may model some 

attributes of ASD and/or WBS through their swimming behaviour. In the case of dlx5a-/- mutants, a 

reduction in I56i activity may be occurring to explain the abnormal swim pattern. It is also curious 

that no reports of increased spinning are associated with ASD in zebrafish. Spinning during a swim 

bout may represent a different type of repetitive behaviour, or a consequence of potential vestibular 

deficits occurring concurrently with repetitive swimming behaviours associated with ASD. To 

further tease these behaviours apart, inter56-/- mutants should be recorded to determine if abnormal 

swimming occurs, since these mutants lack I56i but maintain expression of dlx5a.  
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4.3.3 Number and organization of neuromasts are disturbed in mutants with swim defect 

possibly due to decreased capacity to generate new neuromasts 

 To understand the biological basis of abnormal swimming behaviour, in particular the 

frequent spinning and turning during a swim bout, that was observed in dlx5a-/- and dlx5i6-/- adults, 

the vestibular and proprioceptive sensory system was examined. Larvae did not possess any 

phenotypes that would suggest a defect in the semicircular canals that contribute to vestibular 

sensation. Larvae also did not have defects in the lateral line neuromasts along the length of the 

body of mutant and WT animals were comparable at 3dpf. However, in adults 3cm or longer, which 

is when the swimming defect can be observed, fewer neuromasts were present in the posterior lateral 

line and in some animals, the L’ branch was missing. We challenged, using antibiotic treatments, 

the ability of mutant neuromasts to regenerate but the difference we observed did not reach 

significance.  

 Stitch formation in the posterior lateral line is dependent on innervation. This was 

demonstrated by Wada et al. where the researchers ablated the PLL ganglion in larval zebrafish and 

found adult animals never developed stitches on the side without the ganglion (Wada et al., 2013). 

In addition, the size of primary neuromasts also decreased as the fish grew. Primary neuromasts 

completely degenerated when the fish reached 2.6cm on the side without PLL ganglion, 

demonstrating that innervation is also required for neuromast maintenance. Interestingly, this size 

of fish coincides with when abnormal swimming behaviour is observed in dlx5a-/- mutants along 

with loss of the L’ stitch. This suggests neuromast innervation may have been affected in mutants 

and future work should utilize the nbt:dsred transgenic line and CLARITY protocols to investigate 

if neuromast innervation change as fish grow.  
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 In dlx5a mutants, stitch formation occurred in the PLL for all lines, followed by reduction 

in numbers for the L’ branch. Since degeneration of neuromasts and stitches is due to loss of 

innervation, loss of innervation may be occurring in dlx5a mutants. However, the question of how 

innervation was lost also requires investigation, particularly because the PLL nerve can regenerate. 

When larval zebrafish had a segment of the PLL nerve neuroectomized, Schwann cells at the injury 

site and distal from the site were observed to interact to form a scaffold allowing axon regrowth 

between the gap (Ceci et al., 2014). Schwann cells were found to be indispensable for the 

regeneration of the nerve axon since depletion of Schwann cells results in the inability of the axon 

to regenerate. Importantly, the ability for Schwann cells to aid in nerve regeneration may require 

loss of differentiation marker expression and attainment of an undifferentiated cell morphology. 

Schwann cells are also important for the regeneration of neuromasts themselves, as they interact 

with interneuromastic cells to form a new neuromast following degeneration (Sánchez et al., 2016). 

These dual roles of Schwann cells in neuromast and nerve regeneration suggest that the dlx5a mutant 

neuromast phenotypes may be due to abnormal Schwann cell function or to an alteration in the 

number of Schwann cells found along the lateral line ganglia. Importantly, Schwann cells are a NCC 

derivative. If cell morphology change is a required event for Schwann cell activation and function, 

a fascinating implication is that dlx5a loss may also affect PCP in Schwann cells similar to 

observations we made in Meckel’s cartilage chondrocyte morphology.  

 

4.4 General conclusions 

In zebrafish, individuals homozygous for the deletion of dlx1a, dlx2a, dlx5a, dlx6a, of the 

enhancers of dlx5a/dlx6a (inter56), and with compound deletions of dlx5a and dlx6a (dlx5i6) are 
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all viable and fertile. The dlx genes in zebrafish also exhibit cross-regulation similar to what was 

observed in the mouse. However, some differences were observed such as continued expression of 

dlx5a in the absence of dlx2a until 3dpf. Additionally, expression of dlx2a may be increased in 

dlx5a-/- and dlx5i6-/- mutants. These expression relationships may influence some of the phenotypes 

observed with regards to craniofacial development and nervous system function. In dlx5a-/- and 

dlx5i6-/- mutant larvae, smaller Meckel’s cartilage was formed that were also wider. This defect 

persisted up to 14dpf. NCC in these mutants also exhibited greater proliferation and more expression 

of chondrogenic markers. A novel interaction between loss of dlx5a and the non-canonical Wnt 

activity was identified that may underlie a mechanism behind Meckel’s cartilage malformation, 

increased proliferation, and expression of chondrogenic genes. Within the nervous system, these 

same mutants also showed a trend towards fewer CR neurons in the optic tectum which is 

responsible for integrating visual, auditory, and vestibular information to generate an egocentric 

map of one’s environment. This defect may underlie abnormal swimming behaviour observed in 

adult mutants that is reminiscent of ASD-like behaviours in zebrafish. Finally, a defect in neuromast 

survival and regeneration may implicate dlx5a function in maintenance of the lateral line ganglion 

and of an NCC derivative, Schwann cells, suggesting dlx5a may have a general role in neural crest 

cells differentiation or function.  

 Given the important roles already attributed to dlx function during development of 

craniofacial tissues and nervous system function, we believe the work presented in this study 

enriches the understanding of dlx genes during development and identifies many new avenues for 

further research. 
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Additional figures 

 
Figure A1. Labeling and quantification of CR+ neurons in the optic tectum of larval zebrafish 
heads.  

(A-E) Transverse sections of 7dpf heads and immunohistochemistry was performed to label CR (green) and 
DAPI (blue). Schematic represents approximate location of sections. (F) The total number of CR+ neurons 
were counted and averaged for each genotype (WT: n=3; dlx5a-/-: n=6; dlx5i6-/-: n=6; inter56-/-: n=4). Data 
is presented as mean ± SEM. Statistical significance was determined by two-tailed, unpaired t-test, *≤ 0.05. 
Scale = 75μm.  
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