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Abstract

Secreted Wnt proteins play pivotal roles in development, including regulation of cell proliferation, 

differentiation, progenitor maintenance and tissue patterning. The transmembrane protein Wntless 

(Wls) is necessary for secretion of most Wnts and essential for effective Wnt signaling. During a 

mutagenesis screen to identify genes important for development of the habenular nuclei in the 

dorsal forebrain, we isolated a mutation in the sole wls gene of zebrafish and confirmed its identity 

with a second, independent allele. Early embryonic development appears normal in homozygous 

wls mutants, but they later lack the ventral habenular nuclei, form smaller dorsal habenulae and 

otic vesicles, have truncated jaw and fin cartilages and lack swim bladders. Activation of a 

reporter for β-catenin-dependent transcription is decreased in wls mutants, indicative of impaired 

signaling by the canonical Wnt pathway, and expression of Wnt-responsive genes is reduced in the 

dorsal diencephalon. Wnt signaling was previously implicated in patterning of the zebrafish brain 

and in the generation of left–right (L–R) differences between the bilaterally paired dorsal 

habenular nuclei. Outside of the epithalamic region, development of the brain is largely normal in 

wls mutants and, despite their reduced size, the dorsal habenulae retain L–R asymmetry. We find 

that homozygous wls mutants show a reduction in two cell populations that contribute to the 

presumptive dorsal habenulae. The results support distinct temporal requirements for Wls in 

habenular development and reveal a new role for Wnt signaling in the regulation of dorsal 

habenular progenitors.
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1. Introduction

The habenulae are bilaterally paired nuclei in the epithalamus that connect the limbic 

forebrain to the mid- and hind-brain. In mammals, the habenulae consist of medial and 

lateral nuclei, which have been implicated in a wide variety of behaviors including anxiety, 

sleep and reward (Aizawa, 2013; Hikosaka, 2010; Viswanath et al., 2014) and in conditions 

such as addiction, bipolar disorder and depression (Ranft et al., 2010; Savitz et al., 2011; 

Viswanath et al., 2014). Despite their functional importance, little is known about the 

development of the habenular nuclei.

Recently, the zebrafish has emerged as a valuable model to study habenular development. 

Zebrafish possess dorsal (dHb) and ventral (vHb) habenular nuclei, equivalent to the medial 

and lateral habenula of mammals, respectively (Aizawa et al., 2011). A recent study 

demonstrated an essential role for Wnt signaling in formation of the ventral habenulae 

(Beretta et al., 2013). Wnt signaling is also thought to underlie the prominent left–right (L–

R) differences in the organization, gene expression, and connectivity of the dorsal nuclei. A 

mutation in axin1, which encodes a negative regulator of Wnt/β-catenin signaling, causes 

both dorsal habenulae to adopt a right habenular identity as defined by gene expression and 

axonal targeting (Carl et al., 2007). Conversely, a mutation in tcf7l2, a Wnt-dependent 

transcriptional activator, results in the opposite phenotype, with both habenulae displaying 

features characteristic of the left nucleus (Hüsken et al., 2014). These findings suggest that 

the level of canonical Wnt signaling is a critical factor in the formation of habenular L–R 

differences. Although canonical Wnt signaling is essential for development of the ventral 

nuclei and for L–R asymmetry of the dorsal nuclei, the precise Wnts that mediate these 

functions and their cells of origin are unknown.

For secretion and effective signaling, Wnt proteins require a lipid modification that renders 

them hydrophobic and insoluble (Ke et al., 2013; Takada et al., 2006). The chaperone 

protein required for Wnt secretion is Wntless (Wls) (Banziger et al., 2006; Bartscherer et al., 

2006; Goodman et al., 2006), a transmembrane protein that hides the lipid modification in a 

lipocalin fold and escorts the Wnt protein through the secretory pathway to the cell 

membrane (Das et al., 2012; Willert and Nusse, 2012). At the cell membrane, the Wnt is 

released from Wls, which is then recycled back to the endoplasmic reticulum via the Golgi 

to participate in further rounds of Wnt trafficking (Franch-Marro et al., 2008; Yu et al., 

2014). It is currently thought that Wls is required for secretion of almost all Wnts and, 

therefore, necessary for canonical and non-canonical Wnt signaling (Coudreuse and 

Korswagen, 2007; Najdi et al., 2012, Port and Basler, 2010). This is supported by the severe, 

early phenotypes of wls homozygous mutant mouse embryos and maternal zygotic 

Drosphila mutants (Banziger et al., 2006; Bartscherer et al., 2006; Carpenter et al., 2010; Fu 

et al., 2009; Goodman et al., 2006).
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In the course of a mutagenesis screen to identify genes that control habenular development, 

we isolated a mutation in the zebrafish homolog of wls. In homozygous mutant embryos, the 

dorsal habenulae are reduced in size and the ventral habenulae are absent, whereas other 

regions of the brain appear unaffected. Surprisingly, the dorsal habenulae retain their L–R 

differences, suggesting that maternally provided Wls fulfills this requirement for Wnt 

signaling or that generation of habenular asymmetry is a Wls-independent process. 

However, early signaling is not sufficient to regulate habenular precursor cell populations, 

which are reduced in number in wls mutants. Our findings suggest that there are three 

distinct roles for Wnt signaling in habenular development, an early requirement for L–R 

asymmetry and later functions in the specification of the ventral habenulae and in the 

regulation of dorsal habenular precursors.

2. Results

2.1. Recovery of mutations in the zebrafish wntless gene

The c186 mutation was discovered in a mutagenesis screen to identify genes involved in the 

development and/or L–R asymmetry of the zebrafish habenular nuclei, as determined by 

altered expression of the potassium channel tetramerisation domain containing 12.1 gene 

(kctd 12.1, formerly known as leftover; Gamse et al., 2003). Homozygous mutants have a 

significantly reduced domain of kctd12.1 expression compared to wild type (WT) siblings, 

indicative of smaller dorsal habenular nuclei. However, the L–R difference in the 

distribution of kctd12.1 transcripts is preserved (Fig. 1A, E). During early embryonic 

development c186 mutants are morphologically indistinguishable from their WT siblings 

(data not shown), but by 4 days post-fertilization (dpf) they exhibit notable defects such as 

smaller otic vesicles, pectoral fins and jaw cartilages (Fig. 1B–D, F–H). The mutants fail to 

develop swim bladders and die by approximately 12 dpf.

Recombination mapping of the c186 mutation placed it between z13620 (1 recombinant out 

of 1238 meioses) and z60815 (13/2066) on chromosome 2 (Fig. 1I), in the vicinity of the 

zebrafish homolog of the Drosophila wntless (wls) gene (Jin et al., 2010). Positional cloning 

followed by DNA sequencing verified that the mutation resulted from a single base change 

(G to A) in the seventh exon of zebrafish wls, leading to a premature stop codon. To verify 

that the exon 7 lesions was indeed responsible for the mutant phenotype, we generated a 

second allele, fh252, by Targeted Induction of Local Lesions in Genomes (TILLING; refer 

to Draper et al., 2004). The fh252 allele is a nonsense mutation in the third exon of the wls 

homolog, (Fig. 1I). Homozygous fh252 and c186 mutants have identical phenotypes and, as 

expected, the two mutations fail to complement. The resultant transheterozygous embryos 

are phenotypically indistinguishable from homozygous mutants for each individual allele, 

indicating that the two mutations result in an equivalent loss of Wls function (supplementary 

material Fig. S1). As confirmation that both are null mutations, wls transcripts are not 

detected by RNA in situ hybridization in either c186 or fh252 homozygous embryos after 

late epiboly (Fig. 2C, D and data not shown). Absence of wls transcripts allows mutant 

embryos to be distinguished from their WT siblings at stages prior to when morphological 

phenotypes are evident.
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Injection of in vitro transcribed wls mRNA into 1–2 cell zebra-fish embryos rescues the 

mutant phenotypes, including formation of appropriately sized dorsal habenular nuclei and 

habenular innervation of the midbrain target, the interpeduncular nucleus (Fig. 1J–M). The 

extent of rescue was also assessed by the size and morphology of the pectoral fins, otic 

vesicles and jaw, and the presence of a swim bladder (Table 1A). To validate rescue of wls 

homozygous mutants, 25 embryos were scored phenotypically and then processed for DNA 

extraction and genotyping using a derived cleaved amplified polymorphic sequence assay 

(Fig. 1M, refer to Section 4). Several embryos that were scored as indistinguishable from 

WT or only mildly affected were confirmed to be homozygous mutants (n=8, Table 1B). 

Although fully rescued mutants developed normal jaws, fins, and swim bladders and lived 

for several weeks, they did not survive to adulthood, suggesting an essential later role for 

Wls.

Bioinformatic analyses support the presence of a single wls gene in the zebrafish genome as 

in invertebrates and mammals. Regions flanking the zebrafish wls gene on chromosome 2 

are syntenic with other teleost species (e.g., medaka and tetraodon, supplementary material 

Fig. S2). Zebrafish chromosome 6 also shows partial synteny indicative of genomic 

duplication. However, sequence homology to wls is not detected within the duplicated 

region where the gene is expected to reside (Supplementary material Fig. S2).

2.2. Maternal and zygotic wls activity

Wnt signaling is necessary for patterning of the germ layers, axis formation and coordinated 

cell migration during gastrulation (e.g., Harland and Gerhard, 1997; Heisenberg et al., 2000; 

Kilian et al., 2003; Schier and Talbot, 2005). These processes appear normal in zebrafish wls 

mutants, suggesting that maternally deposited wls mRNA or protein fulfills the early 

requirement for Wnt signaling in the developing embryo. Accordingly, maternal wls 

transcripts are present in 100% of the progeny from heterozygous matings (Fig. 2A, B) until 

approximately 90% epiboly, at which time transcripts are no longer detected in 25% of the 

embryos (Fig. 2C–D′).

The analysis of zygotic wls expression is consistent with the previous findings of Jin et al. 

(2010), who reported transcripts in the diencephalon, jaw, otic vesicles and fins, the same 

tissues affected in wls mutants (Fig. 2D–E and data not shown). At 48 hpf, wls is strongly 

expressed in the diencephalon, but not within the developing habenulae themselves 

(arrowhead, Fig. 2E′).

2.3. Wnt signaling is reduced in zygotic wls mutants

Canonical Wnt signaling is known to play an important role in anterior–posterior patterning 

of the zebrafish brain (Heisenberg et al., 2001; Paridaen et al., 2009). In the mouse, a 

conditional wls mutation produced by a Wnt1-Cre driver causes a decrease in canonical Wnt 

signaling and a loss of the tectum, cerebellum, tegmentum and choroid plexus (Carpenter et 

al., 2010; Fu et al., 2011). To determine whether zebrafish mutants also show reduced 

activation of the Wnt pathway, we introduced the wls mutation into Tg(7xTCF-

Xla.Siam:GFP)ia4, a transgenic line carrying a reporter of canonical Wnt signaling (Moro et 

al., 2012). As early as 30 hpf, homozygous mutant embryos bearing the transgenic Wnt 
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reporter exhibit a notable decrease in GFP labeling in the dorsal diencephalon, midbrain–

hindbrain boundary and otic vesicles (compare Fig. 3A, B to E, F). By 60 hpf, fluorescence 

is also diminished in the pectoral fins and jaw (Fig. 3C, D and G, H).

To determine the relationship between Wnt responsive cells and habenular development, we 

examined expression of the developing brain homeobox 1b (dbx1b) gene, whose transcripts 

are highly enriched in the developing habenulae and thalamic progenitors of the mouse 

(Chatterjee et al., 2014; Quina et al., 2009; Vue et al., 2007) and in proliferating cells of the 

presumptive dorsal habenulae of zebrafish (Dean et al., 2014). In WT embryos, GFP 

labeling from the Wnt reporter partially overlaps with dbx1b expression at 27 and 35 hpf 

(Fig. 3I,J and Supplementary material Movie S1), which confirms that canonical Wnt 

signaling is occurring within the developing dorsal habenulae.

We next examined whether reduced Wnt activity in the brain affected downstream 

components of the canonical pathway. Expression of the lef1 and axin2 genes is known to be 

activated by Wnt signaling (Holland et al., 2013; Jho et al., 2002). Transcripts for lef1 were 

found at near normal levels in the midbrain, but were noticeably reduced in the dorsal 

diencephalon at 48 hpf and 4 dpf (Fig. 3K, L and data not shown). Similarly, fewer axin2 

transcripts were detected in the dorsal diencephalon, otic vesicles and developing jaw (Fig. 

3M, N), regions that are affected in wls mutants. The reduction rather than complete loss of 

Wnt reporter activity, and the presence of Wnt-dependent gene expression outside of the 

dorsal diencephalon, indicate that Wnt signaling is only partially diminished in the 

developing nervous system of zygotic wls mutants.

2.4. Patterning of the brain and habenular L–R asymmetry are intact in wls mutants

Despite the reduction in labeling from the canonical Wnt reporter, the morphology and 

regionalization of the brain is largely normal in wls mutant embryos. Anterior–posterior and 

dorsal–ventral patterns of gene expression are indistinguishable from WT embryos (Fig. 

4A). An exception is expression of neurogenin-1 (neurog1) in a small domain in the dorsal 

diencephalon just ventral and caudal to the habenulae. This domain is significantly reduced 

or absent in wls mutants compared to their WT siblings (arrowheads, Fig. 4A). We assessed 

whether the lack of neurog1 expression is responsible for the small dorsal habenulae by 

examining neurog1hi1059 homozygous mutants (Golling et al., 2002). The size of the dorsal 

habenular nuclei is similar in mutant and WT brains (Supplementary material Fig. S3), 

indicating that while loss of Wls leads to a decrease in neurog1-expressing cells in the 

diencephalon, a reduction in neurog1 itself does not appear to affect dorsal habenular 

development.

As Wnt signaling has been shown to influence L–R asymmetry of the dorsal habenulae (Carl 

et al., 2007; Hüsken et al., 2014) and is important for formation of the ventral habenular 

nuclei (Beretta et al., 2013), we examined whether these features are disrupted in the 

absence of Wls. The bilateral expression domains of genes such as f-spondin and ano2 are 

smaller in wls mutants compared to WT siblings (Fig. 4B). Although the dorsal habenulae 

are reduced in size, and consistent with the initial results on kctd 12.1 (Fig.1A, E), the 

asymmetric expression patterns of genes showing either a left- or right-sided bias are 

preserved (Fig. 4B). Leftward migration of the parapineal, a structure known to influence 

Kuan et al. Page 5

Dev Biol. Author manuscript; available in PMC 2016 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



habenular laterality (Gamse et al., 2003, Concha et al., 2000), also appears unperturbed in 

wls mutants, as determined by expression of otx5 in the pineal and parapineal (Fig. 4B). 

However, as in tcf7l2 mutants (Beretta et al., 2013), the ventral habenular nuclei of wls 

mutants are absent (Fig. 4B). These findings indicate that the functions of Wnt signaling in 

L–R asymmetry of the epithalamus and formation of the ventral habenular nuclei are 

separable.

2.5. Habenular precursor populations are affected in wls mutants

The small size of the dorsal habenulae of wls mutants could result from abnormal 

neurogenesis, as it is well known that Wnt signaling influences this process (Ciani and 

Salinas, 2005; Ille and Sommer, 2005). To assess cell death and cell proliferation we 

performed terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) to detect 

apoptotic cells and immunolabeing using a phospho-Histone H3 (pH3) antibody that 

recognizes mitotic cells, at stages when the developing habenulae could be distinguished in 

TgBAC(dbx1b:GFP) embryos. An equivalent low number of TUNEL positive cells (0–2 

cells, data not shown) were detected at 27 hpf in the GFP labeled habenular region of c186 

homozygotes (n=6) as in their WT siblings (n=12). At 48 hpf, actively dividing pH3+ cells 

were found in equivalent numbers relative to the volume of the dbx1b:GFP habenular 

domain in mutant and WT embryos (Supplementary material Fig. S4). Therefore, neither 

increased cell death, nor disruption of proliferation appears responsible for the reduced 

dorsal habenulae of wls mutants.

An alternative role for Wls-dependent Wnt signaling could be in the specification and/or 

maintenance of habenular progenitors. To test for this, we examined dbx1b expression at 23 

hpf, when transcripts are first detected in the dorsal diencephalon of the majority (57%) of 

WT embryos. At this stage, dbx1b transcripts were not detected in the same brain region of 

wls mutants (Fig. 5 A–A′; Table 2). By 26 hpf, when almost all WT siblings show robust 

dbx1b expression in the developing habenulae (92%; Table 2), only a few dbx1b+ cells were 

observed in 27% of wls mutants (Fig. 5B–B′; Table 2). These findings suggest that there is a 

temporal delay in the development of the dbx1b+ habenular progenitor cell population.

Previously, the chemokine (C–X–C motif) receptor 4b (cxcr4b) gene was described as 

another marker of habenular progenitor cells or early habenular neurons (Roussigné et al., 

2009). Since cxcr4b is expressed in a similar pattern as neurog-1 (Roussigné et al., 2009), a 

global marker of neural progenitors whose expression is reduced in wls mutants (Fig. 4A), 

we hypothesized that the small dorsal habenulae could also result from a lack of cxcr4b+ 

cells. From 27 hpf onward, homozygous wls mutants show characteristic defects in both the 

dbx1b and cxcr4b-expressing habenular populations, while expression of these genes is 

unperturbed in other regions of the brain (Fig. 6 and data not shown). Compared to WT, 

fewer cxcr4b+ cells were found in the diencephalon of wls mutants at 27 hpf and 35 hpf 

(arrowheads Fig. 6A–B′). As early as 27 hpf, the bilateral dbx1b+ habenular domains are 

noticeably smaller (Fig. 6E–F′,H–I′) and, by 48 hpf, the presumptive habenulae of wls 

mutants, as defined by cxcr4b (Fig. 6C,C′) and dbx1b (Fig. 6G,G′,J,J′) expression, are 

significantly reduced in size. Thus, a deficit in two progenitor populations accounts for the 

small dorsal habenular nuclei of wls mutant zebrafish.
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3. Discussion

During the course of a mutagenesis screen to identify genes that regulate habenular 

development, we isolated a mutation that results in small dorsal habenular nuclei and 

localized it to the zebrafish homolog of the wntless gene. The Wntless protein is essential for 

the transport of Wnts to the cell surface in both invertebrates and mammals (Das et al., 

2012). Our study now implicates Wls in proper formation of the habenular region of the 

zebrafish forebrain. Zebrafish wls is expressed in the developing dorsal diencephalon in 

domains directly adjacent to but not within the habenulae. Characterization of the wls 

mutant phenotype supports distinct requirements for Wnt signaling in habenular 

development: an early function in establishing L–R asymmetry of the dorsal nuclei (Carl et 

al., 2007; Hüsken et al., 2014) and later roles in formation of the ventral habenular nuclei 

(Beretta et al., 2013) and in the generation of a complete repertoire of dorsal habenular 

progenitors.

3.1. Identification of a zebrafish wntless homolog

A wls homolog was previously isolated from the zebrafish genome on the basis of the high 

amino acid identity of its predicted protein with the human and mouse Wntless proteins (Jin 

et al., 2010). The zebrafish protein is 78% identical to human WLS isoform 1 and 76% to 

mouse isoform a, but only 42% identical to the Wls isoform B of Drosophila. In addition to 

sequence conservation at the amino acid level, we determined that the predicted zebrafish 

protein contains a tyrosine–glutamate–glycine–leucine (YEGL) motif that is required for 

retromer-dependent recycling from the cell membrane (Gasnereau et al., 2011). Analyses of 

sequence homology and syntenic chromosomal regions indicate that this is the sole Wls 

gene in the zebrafish genome.

The initial ENU induced c186 mutation and the fh252 mutation identified by TILLING 

contain premature stop codons in exons 7 and 3, respectively. Both are loss-of-function 

mutations since aberrant, zygotically-derived wls mRNA is not detected in homozygous 

mutants and is most likely a target of nonsense-mediated decay.

3.2. Conserved aspects of the zebrafish wls mutant phenotype

Zebrafish wls mutants show defects in a variety of tissues, including the jaw and pectoral fin 

cartilages and the otic vesicles. Previous studies using a morpholino to deplete zebrafish Wls 

also reported irregularities in jaw and otic vesicle development (Jin et al., 2010; Wu et al., 

2015). In addition, severe phenotypes such as small heads and cardiac edema were described 

(Jin et al., 2010) that are not observed in wls homozygous mutants, indicative of non-

specific morpholino toxicity. Conditional mouse mutants generated with a Wnt1:Cre driver 

show craniofacial abnormalities reminiscent of the jaw phenotype of wls mutant zebrafish 

(Carpenter et al., 2010; Fu et al., 2011). A reduction in limb structures, analogous to the fish 

pectoral fin, was observed in conditional wls mutant mice produced with a Prx1:Cre driver 

(Zhu et al., 2012). Defects in the ear and habenular region of the brain have not yet been 

reported in conditional wls mutant mice; however, the development of these tissues may 

depend on Wls derived from other sources than wnt1- or prx1-expressing cells. Thus, the use 
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of additional Cre driver lines may reveal alterations in analagous structures in zebrafish and 

mice.

3.3. Does Wntless mediate all Wnt signaling in zebrafish?

Given the role of Wls in Wnt signaling, we expected to find numerous Wnt-related defects 

in zebrafish homozygous mutants. However, zebrafish wls mutants undergo surprisingly 

normal early development. This contrasts with wnt5b and wnt11 mutants, which have severe 

abnormalities in convergence-extension during axis formation (Heisenberg et al., 2000, 

Marlow et al., 2004) or other Wnt signaling mutants that show disruptions in brain 

patterning and organogenesis (e.g., Heisenberg et al., 2001; Hikasa and Sokol, 2013; Lee et 

al., 2006, Lin and Xu, 2009, Matsui et al., 2005, Paridaen et al., 2009; Poulain and Ober, 

2011). Furthermore, expression of genes downstream of canonical Wnt signaling is only 

notably affected in the dorsal diencephalon of wls mutants and labeling from a transgenic 

reporter of canonical Wnt signaling is also diminished rather than absent and low levels of 

GFP labeling persist in mutants as late as 6 dpf.

A likely explanation for the relatively normal early development of wls mutants and the 

persistence of Wnt reporter activity is the presence of maternally deposited mRNA and 

protein. Given that maternally deposited WT wls mRNA can persist until 90% epiboly (8–9 

hpf), Wls protein could be present throughout much of early embryonic development in 

zygotic mutants. Indeed, a recent study confirms the presence of maternally derived Wls 

protein in zebrafish embryos, at levels sufficient for embryos injected with wls antisense 

morpholinos to develop normally at early stages (Wu et al., 2015). Maternal deposition 

could also account for the difference in phenotypic severity between zebrafish wls 

homozygotes and wls mutant mice (Carpenter et al., 2010; Fu et al., 2009) or Drosophila 

embryos derived from wls mutant germline clones (Banziger et al., 2006; Bartscherer et al., 

2006; Goodman et al., 2006). The precise roles of maternally provided Wls need to be 

rigorously tested in zebrafish by eliminating the maternal contribution and generating a 

maternal-zygotic mutant.

An alternative possibility to account for the relatively mild phenotype of wls homozygotes is 

that some Wnts may be released in a Wls-independent manner. A subset of genes that are 

positively regulated by and highly sensitive to Wnt signaling are transcribed at low levels in 

Drosophila lacking wls function (Banziger et al., 2006; Goodman et al., 2006), suggesting 

that in the absence of Wls, some Wnt signals can still be received by Wnt-responsive cells. 

Wnt family members have also been identified that do not require the acyltransferase 

Porcupine, which, unless they are lipid modified by a different mechanism, would allow for 

their secretion independent of Wls (Chen et al., 2012; Richards et al., 2014). WntD, for 

example, is neither lipidated nor requires Wls for its intracellular trafficking and secretion 

from Drosophila cells (Ching et al., 2008). Depletion of zebrafish Wls using an antisense 

morpholino further argues for a differential requirement for this protein in Wnt trafficking, 

as membrane localization of fluorescently tagged Wnt5b is severely disrupted, whereas 

Wnt11 persists at the cell membrane, indicative of active secretion (Wu et al., 2015). 

Moreover, not all wnt genes show co-expression with wls in the zebrafish embryo (Kuan and 

Halpern, unpublished), suggesting that alternative strategies must exist for trafficking of the 
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Wnts that they encode. A recent study suggests that a protein homologous to Caenorhabditis 

elegans Unc119-c may perform similar functions to Wls as a Wnt chaperone in zebrafish 

(Toyama et al., 2013).

3.4. Multiple roles for Wnt signaling in habenular development

Several features of habenular development have been attributed to the canonical Wnt 

signaling pathway. Analyses of axin1 and tcf7l2 mutants indicate that Wnt signaling is 

important for directional asymmetry of the dorsal habenulae (Carl et al., 2007; Hüsken et al. 

2014). It is therefore surprising that L–R differences between the dorsal habenulae are intact 

in wls mutants.

Another demonstrated function of the Wnt signaling pathway is in the formation of the 

ventral habenulae, which are lacking in tcf7l2 mutants (Beretta et al., 2013). Markers of the 

ventral habenulae are also undetected or their expression greatly diminished in wls mutants. 

Thus, while L–R asymmetry of the dorsal nuclei and formation of the ventral nuclei are both 

reliant on Wnt signaling (Beretta et al., 2013; Hüsken et al., 2014), analysis of the wls 

mutant phenotype demonstrates that these features of habenular development are 

independently regulated. The most parsimonious explanation is that there are temporally 

distinct roles for canonical Wnt signaling, with an early function in L–R asymmetry and a 

later one in the formation of the ventral habenulae. L–R differences in the developing brain 

are found as early as 18 hpf, as evidenced by expression of lefty1, cyclops, and pitx2 on the 

left side of the dorsal diencephalon (Concha et al., 2000; Rebagliati et al., 1998; Sampath et 

al., 1998; Thisse and Thisse, 1999). In contrast, ventral habenular precursors are thought to 

be present at 2 dpf (Beretta et al., 2013). Because of this difference in timing, we propose 

that maternally derived Wls activity plays a role in the establishment of directional 

asymmetry and determination of dorsal habenular L–R identity, whereas zygotic Wls is 

necessary for specification of the ventral nuclei.

Characterization of the wls phenotype reveals an additional role for Wnt signaling in the 

regulation of dorsal habenular precursor populations, as depicted schematically in Fig. 7. As 

early as 27 hpf, Wnt responsive cells are found within the dbx1b domain, suggesting that 

proper development of dorsal habenular progenitors is dependent on Wnt signaling. 

Attenuated Wnt signaling in the diencephalon may cause the delay in the production of and 

ultimate reduction in numbers of dbx1b+ dorsal habenular progenitors. By 35 hpf, there are 

notably fewer cxcr4b-expressing cells in the developing habenulae, though they are present 

more caudally in the diencephalon. Given the known role of Cxcr4b in cell migration of the 

lateral line primordium and olfactory placodes (Miyasaka et al., 2007; Venkiteswaran et al., 

2013), we suspect that the cxcr4b-expressing habenula progenitors migrate anteriorly to join 

the newly forming dbx1b-expressing dorsal habenulae. Recruitment of fewer cxcr4b-

expressing cells to the dbx1b-expressing presumptive habenulae could further reduce the 

mutant dorsal habenular nuclei. Intriguingly, mutations in axin1 or tcf7l2 do not cause a 

reduction in the size of the dorsal habenulae (Carl et al., 2007; Hüsken et al., 2014) as 

observed in wls mutants. Proper formation of the dbx1b presumptive dorsal habenulae and 

recruitment of the cxcr4b-expressing habenular progenitors may, therefore, rely on other 

downstream components in the Wnt signaling pathway.
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Reduced habenular size has been implicated in bipolar disorder and major depressive 

disorder (Ranft et al., 2010; Savitz et al., 2011). Intriguingly, lithium chloride, a common 

treatment for bipolar disorder, is both a Wnt agonist (Klein and Melton, 1996) and increases 

habenular volume in bipolar patients (Savitz et al., 2011). While it is premature to propose a 

causal relationship between habenular size and psychiatric disorders, wls mutants provide a 

valuable model to explore the multiple roles of Wnt signaling in the development and 

ultimately the function of the habenular region of the brain.

4. Materials and methods

4.1. Zebrafish strains and husbandry

Zebrafish were maintained at 28 °C on a 14:10 light: dark cycle. The wildtype AB strain 

(Walker, 1999), the N-ethyl-N-nitrosourea (ENU) induced mutations wlsc186 and wlsfh252 

and the transgenic lines Tg(7xTCF-Xla.Siam:GFP)ia4 (Moro et al., 2012), 

TgBAC(dbx1b:GFP) (Kinkhabwala et al., 2011) and TgBAC(gng8:Eco.NfsB-2A-CAAX-

GFP) (deCarvalho et al. 2013) were used. Maintenance and care of zebrafish and 

experimental procedures were performed in accordance with the Carnegie Institutional 

Animal Care and Use Committee.

4.2. ENU mutagenesis and gene identification

Mutations were induced by exposure of AB males to ENU as previously described (Haffter 

et al., 1996). Mutant phenotypes were identified in the F3 generation following screening for 

expression of kctd12.1. Carriers were outcrossed to AB fish to maintain and expand the line. 

To generate a mapping panel, c186 heterozygous males were mated to WIK (Rauch et al., 

1997) females. The position of the c186 lesion was determined by bulked segregation 

analysis using simple sequence repeat length polymorphisms (SSLP) (Talbot and Schier, 

1999). Sequences for SSLP primers are provided at http://www.zfin.org, with the exception 

of the ys-Lg2-12 primers (5′-TCC AGC AGT CAA ATC AGG TG -3′ and 5′-TCC AGC 

AGT CAA ATC AGG TG-3′), which were designed based on genomic DNA sequence. 

Exons of the zgc:64091 transcript (NCBI accession# NM_213146.1) were PCR amplified 

for DNA sequencing using the following primers:

exon 1: 5′-GAGCCTGGCCGTGTGACGTCA-3′ and 5′-

ACCAAACTGGAAACACACTGTGCA-3′

exon 2: 5′-GAATCGAAAATGTAATCGAATAGAGG-3′ and 5′-

AATCGCCAATATGGATGAGGAG-3′

exons 3 and 4: 5′-CAGTGCAGCAACGTTTACTGTTT-3′ and 5′-

TGTGCGTTTTAGACATGCATCC-3′

exon 5: 5′-AGCAAACAACGATACCCATCAA-3′ and 5′-

AGAACACCCAGACAACCACAA- 3′

exon 6: 5′-TGTTTCTTGGTGAGGTGTGCT-3′ and 5′-

ATTCTGCACCAATTGATCCAC-3′
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exons 7 and 8: 5′-AAAAAAGTGGGTCCAACCTGGTAC-3′ and 5′-

ACAGCACAGCAACCATCACAAT-3

exon 9: 5′-GACCATACTATTGTGATGGTTG-3′ and 5′-

TGCCTTCTGCATCACTTTTGAC-3′.

exon 10 and 11: 5′-GTTTGCTCGTTACTGAACCCAT-3′ and 5′-

CACACTATTTACTTATGCACTTAC CCA-3′.

The fh252 allele was generated by TILLING as described previously (Draper et al., 2004).

4.3. Genotyping

Genotyping of the c186 allele was performed using a derived cleaved amplified 

polymorphic sequence (dCAPS). Genomic DNA was PCR amplified using forward (5′-

GACTGAGAGGAACCGCTTTTCAGTGTTCT-3′) and reverse (5′-AGAAAGGATTCT 

TTAGCTGTACTCCTCTGC-3′) primers. The forward primer contains a mismatch, 

generating a DNA fragment that is sensitive to XbaI digestion in the c186 allele but not in 

WT.

4.4. RNA injection

The zgc:64091 clone corresponding to full-length wls cDNA was purchased from the ATTC 

Resource Center, Manassas, VA. Sense RNA was produced using the mMESSAGE 

mMachine Kit (Ambion). For mutant rescue, approximately 1 nL of RNA (0.3 ng/nL in 

0.2% phenol red and sterile water) was injected into zebrafish embryos at the 1–2 cell stage.

4.5. Bioinformatic analyses

Low homology screens to identify additional wls genes in the zebrafish genome were 

performed using BLAST and tBLASTx algorithms (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Syntenic regions were found by examining the genes flanking wls and searching for 

duplicated copies of their coding sequences in the zebrafish genome or for homologous 

genes in the genomes of other teleost species (www.ensembl.org).

4.6. RNA in situ hybridization and immunofluorescence

Techniques for colormetric and fluorescent in situ hybridizations were performed as 

described previously (deCarvalho et al., 2013). RNA probes for pax6 (Krauss et al., 1991), 

dlx2a (Akimenko et al., 1994), fgf8 (Fürthauer et al., 1997), wls, neurog1, cxcr4b (Thisse et 

al., 2001), olig2 (Park et al., 2002), nkx2.2 (Thisse and Thisse, 2004), dbx1b (Gribble et al., 

2007), kctd12.1, kctd12.2, f-spondin, (Gamse et al., 2003; Gamse et al., 2005), nrp1a (Yu et 

al., 2004), vachtb (Hong et al., 2013) and ano2 (deCarvalho et al., 2014) were synthesized 

according to the published methods. cDNA fragments for lef1 and axin2 were generated by 

RT-PCR using primers 5′-TGGCATGCTTTATCTCGGGAA-3′ and 5′- 

GTCAAAGATGCCTATTTATTTCCA-3′ and 5′-AAGTCGCACAGTTTGGAACC-3′ and 

5′-CACATCATCGGCTATTGGCT-3′, respectively. The amplified fragments were cloned 

into pCRII by TOPO TA-cloning (Invitrogen K4600-01).
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Immunolabeling to detect GFP or pH3 was performed as described previously (deCarvalho 

et al., 2013) using rabbit GFP antisera (Torrey Pines Biolabs) or anti-phospho-Histone H3 

(ser10) antibody (Millipore), respectively, and Cy3-conjugated AffiniPure goat anti-rabbit 

IgG secondary antibody (Jackson ImmunoResearch). To quantify the number of cells 

undergoing mitosis in the presumptive dorsal habenulae, ph3 immunolabeling was 

performed on WT and c186 mutant embryos carrying the TgBAC(dbx1b:GFP) transgene 

that labels this brain region. From a confocal z-stack, 3D images were processed using 

Imaris software (Bitplane) and the volume of the dbx1b:GFP habenular domain was 

calculated using the ‘surfaces’ function. Only pH3+ nuclei found within this domain were 

counted using the ‘spots’ function, which was set to identify labeled spheres approximately 

5 μm in diameter. The number of labeled nuclei was normalized to habenular volume and a 

two-tailed t-test was used to compare mutant and WT values.

4.7. Alcian Blue staining

Larvae were collected at 6 dpf, fixed in 4% paraformaldehyde (PFA) in phosphate buffered 

saline (PBS) overnight and stored in PBS at 4 °C. Alcian Blue (0.1% in 0.37% hydrochloric 

acid (HCl), 70% ethanol) was used to label cartilage according to standard methods 

(Schilling et al., 1996).

4.8. Microscopy

Bright field images were collected on a Zeiss Axioskop with an AxioCam HRc camera. 

Images incorporating both bright field and fluorescence were obtained using a Zeiss 

AxioZoom.V16 fitted with an AxioCam MRm. Confocal images were acquired with upright 

or inverted Leica SP5 microscopes using 40 × oil immersion and 25 × water immersion lens, 

respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Isolation of mutant zebrafish wls alleles. (A–D) WT and (E–H) c186 homozygous mutants. 

(A, E) The c186 mutation was isolated through an RNA in situ hybridization screen using 

the asymmetrically expressed kctd12.1 gene. Dorsal views, 4 dpf. (B, F) Bright field images 

at 6 dpf. (C, G) Alcian blue staining of jaw cartilages and (D, H) pectoral fins at 6 dpf. (I) 

Genetic map of the chromosome 2 region where the two ENU induced lesions are located. 

The c186 allele is flanked by microsatellite markers z13620 and z60815 (recombination 

frequencies indicated by numbers in parentheses). Three genes were annotated in this 

interval: gadd45aa (i); gng12 (ii) and wls/gpr177 (iii). Nonsense mutations in the fh252 (C 

to T) and c186 (G to A) alleles reside in exons 3 and 7, respectively. (J–M) Rescue of 

mutant phenotypes by injection of wls mRNA. Lateral views of WT (J), homozygous c186 

mutant (K) and rescued c186 mutant (L) TgBAC(gng8:Eco.NfsB-2A-CAAX-GFP) larvae at 7 

dpf. The transgene labels habenular neurons and their axons with membrane-tagged GFP. (J

′–L′) are dorsal views of the dorsal habenular nuclei. (M) Genotyping of larvae was used to 

confirm mutant rescue (refer to Section 4 for details).
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Fig. 2. 
wls is maternally deposited and not expressed in the dorsal habenular nuclei. Maternally 

derived wls transcripts are detected at the (A) 1-cell and (B) 8-cell stage. All embryos 

derived from heterozygous (wlsc186/+) parents have wls transcripts; however, by (C) 90% 

epiboly, they are no longer detected in 25% of the progeny. (D) Expression of wls in the 

diencephalon and midbrain–hindbrain boundary at 24 hpf is not observed in homozygous 

wls mutants. (E) wls transcripts (blue) are found in cells surrounding but not within the 

dorsal habenular nuclei (red, indicated by arrowhead in boxed area shown on right). (For 

Kuan et al. Page 18

Dev Biol. Author manuscript; available in PMC 2016 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.)
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Fig. 3. 
Wnt signaling is reduced in wls mutants. (A–H) The c186 mutation was introduced into a 

transgenic reporter of canonical Wnt signaling, Tg(7xTCF-Xla.Siam:GFP)ia4 (Moro et al., 

2012). At 30 hpf, (A,B) WT siblings show robust GFP labeling in the dorsal diencephalon, 

midbrain–hindbrain boundary and otic vesicles compared to (E,F) c186 mutants (A, E lateral 

views, B, F frontal views). By 60 hpf, GFP labeling is also found in the pectoral fins and jaw 

of (C, D) WT embryos and is reduced in (G,H) c186 mutants (C, G lateral views, D, H 

dorsal views). (I,J) GFP labeling from Tg(7xTCF-Xla.Siam:GFP)ia4 colocalizes with dbx1b 
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expression in the presumptive habenulae at 27 hpf (single section) and 35 hpf (maximum 

projection of 15 sections at 0.3 μm) (K,M) WT and (L,N) c186 mutant embryos were 

assayed for expression of the Wnt-responsive genes (K,L) lef1 and (M,N) axin2. Bilateral 

lef1 expression domains in the dorsal diencephalon (arrows in K) are absent in wls mutants 

at 4 dpf, as are axin2 transcripts in a similar region of the brain (arrow in M). Expression of 

axin2 is also reduced in the developing jaw and otic vesicles of (N) wls mutants. (K,L 

dorsal, M,N lateral views). Scale bar=100 μm for A–H and K–N and 50 μm for I,J.
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Fig. 4. 
Defects in brain patterning confined to dorsal diencephalon. (A) Spatially restricted patterns 

of gene expression in the brains of WT and wls mutant larvae at 48 hpf. WT larvae are 

distinguished from homozygous wls mutants by the presence of wls transcripts (red), with 

the exception of kctd12.1 (red) and neurog1 double-labeling, where they are distinguished 

by dorsal habenular size. The neurog1 expression domain adjacent to the habenulae 

(arrowhead in WT) is reduced in wls mutants. (B) Gene expression in the habenular region. 

The dorsal habenulae of wls mutants show reduced f-spondin and ano2 expression but, 

despite their smaller size, L–R asymmetric gene expression (nrp1, kctd12.2, vachtb) is 

maintained (right dorsal nucleus indicated by arrow for vachtb). Expression of vachtb and 

aoc1 in the ventral habenulae (arrowheads in WT) is largely absent in wls mutants. The 

parapineal is positioned to the left of the pineal analage, as determined by otx5 expression, 

in WT and wls mutant siblings. Scale bars=100 μm. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. 
dbx1b+ expression in the developing habenulae is delayed in wls mutants. Lateral view of 

dbx1b transcripts in the dorsal diencephalon of (A–A′) 23 hpf and (B–B′) 26 hpf WT and 

c186 embryos. At these early stages, wls expression (red) distinguishes WT siblings from 

homozygous mutants. Scale bar=50 μm. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.)
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Fig. 6. 
Habenular precursor populations are reduced in wls mutants. (A–C′) Dorsal views of cxcr4b 

expression in the diencephalon of WT and wls homozygous mutant embryos. Dorsal (E–G′) 

and lateral (H–J′) views of dbx1b expression in WT and wls mutant embryos. wls transcripts 

(red) were used to distinguish WT siblings from homozygous mutants. Scale bar=100 μm. 

(For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 7. 
Role of Wntless in dorsal habenular development. Schematic model whereby Wls-dependent 

canonical Wnt signaling influences formation of the dbx1b-expressing presumptive dorsal 

habenulae and the subsequent recruitment of cxcr4b-expressing progenitors. Diminished 

Wnt signaling in homozygous wls mutants is proposed to reduce the dbx1b-expressing 

habenular domain and migration of the cxcr4b+ population to the dorsal habenulae.
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Table 1A

Frequency of mutant phenotypes reduced following wls RNA injection.

Swim bladder (%) Pectoral fins (%) Otic vesicles (%) Jaw (%) Dorsal habenulae (%) Total embryos

Injected 19 9 9 6 3 475

Uninjected 39 27 27 27 26 494

Seven independent groups of embryos from matings between wlsc186/+ parents were injected with full-length wls mRNA. At 6 dpf, control and 
injected embryos were assessed for defects in structures associated with the wls mutant phenotype (i.e., absence of swim bladder, small pectoral 
fins and otic vesicles, truncated jaw cartilages and reduced dorsal habenular nuclei).
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Table 1B

Phenotypic rescue of homozygous wls mutants.

Extent of rescue Swim bladder Pectoral fin Otic vesicles Jaw Dorsal habenulae

Full 62.5% 62.5% 25% 37.5% 62.5%

Partial n/a 37.5% 50% 62.5% 37.5%

No 37.5% 0% 25% 0% 0%

Embryos obtained from wlsc186/+ parents were injected with wls RNA. The severity of phenotypes was scored at 7 dpf in the indicated structures. 
Full rescue is defined as indistinguishable from WT, no rescue represents a morphological defect similar to that observed in wls mutants and partial 
rescue refers to an intermediate phenotype. Larvae were genotyped after phenotypic scoring, and data for 8 confirmed homozygous mutants is 
shown. Two of the homozygous mutants were completely indistinguishable from WT siblings at the comparable stage.
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Table 2

Expression of dbx1b is delayed in the developing habenulae of wls mutants.

Presence of dbx1b+ cells (hpf) WT (%) wls mutants (%)

23 57 (n = 19) 0 (n = 5)

26 92 (n = 13) 27 (n = 11)

Percent of embryos with dbx1b expression in the habenular region at 23 and 26 hpf for wlsc186 mutants and their WT siblings.
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