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Abstract 

Astyanax mexicanus consists of two different populations: a sighted surface-

dwelling form (surface fish) and a blind cave-dwelling form (cavefish). In the cavefish, 

embryonic expression of sonic hedgehog a (shha) in the prechordal plate is expanded 

towards the anterior midline, which has been shown to contribute to cavefish specific traits 

such as eye degeneration, enhanced feeding apparatus, and specialized brain anatomy. 

However, it is not clear how this expanded expression is achieved and which signaling 

pathways are involved. 

Nodal signaling has a crucial role for expression of shh and formation of the 

prechordal plate. In this study, we report increased expression of prechordal plate marker 

genes, nodal-related 2 (ndr2) and goosecoid (gsc) in cavefish embryos at the tailbud stage. 

To investigate whether Nodal signaling is responsible for the anterior expansion of the 

prechordal plate, we used an inhibitor of Nodal signaling and showed a decreased anterior 

expansion of the prechordal plate and increased pax6 expression in the anterior midline 

in treated cavefish embryos. Later in development, the lens and optic cup of treated 

embryos were significantly larger than untreated embryos. Conversely, increasing Nodal 

signaling in the surface fish embryo resulted in the expansion of anterior prechordal plate 

and reduction of pax6 expression in the anterior neural plate together with the formation 

of small lenses and optic cups later in development. These results confirmed that Nodal 

signaling has a crucial role for the anterior expansion of the prechordal plate and plays a 

significant role in cavefish eye development. We showed that the anterior expansion of 

the prechordal plate was not due to increased total cell number, suggesting the expansion 

is achieved by changes in cellular distribution in the prechordal plate. In addition, the 

distribution of presumptive prechordal plate cells in Spemann’s organiser was also altered 

in the cavefish. These results suggested that changes in the cellular arrangement of 

Spemann’s organiser in early gastrulae could have an essential role in the anterior 

expansion of the prechordal plate contributing to eye degeneration in the cavefish. 
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Introduction: 

 

 Being able to adapt to specific environments is important to the survival of any 

species. In closely related organisms, this adaptability is evident in the diversification of 

morphology as well as behaviour. This is especially evident when species evolve by 

adaptation to conditions found in isolated extreme environments. Cave animals—

troglobites evolved in constant darkness—often show convergent physiological and 

phenotypic modifications: most lack pigments and eyes; but other sensory systems are 

often expanded (Jeffery, 2008; Protas and Jeffery, 2012).   

The troglobite fish: Mexican tetra Astyanax mexicanus, has conspecific surface 

and several cave-dwelling populations (Hecht et al., 1988). The cave population shows 

regressive features such as loss of eye and pigmentation, and also adaptive features such 

as wider jaw and increased taste bud density (Jeffery, 2008; Yamamoto et al., 2009). 

Though the adult cavefish lacks eyes, cavefish embryos form small optic cups, which 

undergo degeneration during later juvenile stages. The morphogen sonic hedgehog (Shh) 

is a major regulator of the eyeless phenotype (Pottin et al., 2011; Yamamoto et al., 2004). 

shha expression along the anterior midline is expanded in embryos of the cave population. 

Artificially increasing shha expression in surface fish embryos phenocopies the 

developmental progression of eye degeneration seen in cave populations, namely, 

smaller optic cups, followed by lens apoptosis and the eventual degeneration of the eye 

(Yamamoto et al., 2004). shha expansion during cavefish embryogenesis also controls 

other morphological features such as wider jaw, increased taste bud density, a larger 

olfactory placode, and also a larger hypothalamus in larvae (Hinaux et al., 2016; Menuet 

et al., 2007; Yamamoto et al., 2009). Thus, the expanded expression of shha may be an 

important adaptive change gained during cavefish evolution. However, it is still unclear 

precisely how altered shha expansion is achieved and how its expansion controls eye 

degeneration in the cavefish. 

 There are at least three mechanisms that may explain the expanded expression 

of shha seen in cavefish.: 1) changes in cis-regulatory elements regulating shha 

expression along the anterior midline of cavefish embryos. A published quantitative trait 

loci (QTL) analysis suggested 12 loci in the cavefish genome are involved in eye 

degeneration. However, none of them is found near the shha gene on the linkage map 

(Gross et al., 2008; Protas et al., 2008, 2007). This suggests altered cis-regulatory 

elements are unlikely to have any influence on the expanded expression of shha and 
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resultant eye degeneration in the cavefish. 2) An increase in expression of an upstream 

regulator gene could directly cause an expanded expression of shha. 3) The distribution 

of shha-expressing cells is altered in cavefish embryos. For instance, shha-expressing 

cells in the posterior midline might migrate anteriorly during gastrulation, thus increasing 

cell numbers at the anterior midline. 

  Signaling molecules from the prechordal plate, which resides at the midline, 

positioned underneath the neural plate, pattern the ventral midline of the neural plate 

(Placzek and Briscoe, 2005; Wilson and Houart, 2004).  Failure to pattern the prechordal 

plate correctly often leads to holoprosencephaly—malformation of the forebrain—one of 

the most common birth defects found in humans (Geng et al., 2009). In zebrafish, a 

member of the transforming growth factor  (TGF-family: ndr2 (nodal-related 2; 

previously named cyclops) is a crucial regulator of prechordal plate patterning and shha 

expression in the anterior midline (Chen and Schier, 2002; Dougan, 2003; Gritsman et al., 

2000; Hagos and Dougan, 2007; Müller et al., 2000; Sampath et al., 1998). Nodal also 

acts upstream of shha to pattern the fate of the floor plate, hypothalamus, and ventral 

telencephalon (Rohr et al., 2001; Tian et al., 2003). Therefore, the patterning of the 

prechordal plate and ndr2 expression could be critical regulators of the anterior expansion 

of shha expression found in cavefish. 

 In this study, we set out to examine whether the prechordal plate is a regulator of 

eye degeneration in cavefish. We used prechordal plate markers, ndr2, gsc, and dickopf-

1 (dkk1) to examine the distribution of the anterior midline in Astyanax and found that the 

prechordal plate is indeed expanded in the cave population. Interestingly, cell number is 

not significantly different between cave and surface populations. Instead, the anterior 

expansion is achieved by cellular redistribution: more cells in the anterior and fewer cells 

in the posterior prechordal plate. By inhibiting or enhancing Nodal signaling in Astyanax 

embryos, we were able to increase or decrease eye size in cave and surface fish, 

respectively. We also describe an antagonistic relationship between the anterior 

expansion of the prechordal plate and the expression of pax6 in the anterior midline. 

Moreover, the antagonistic relationship controls the ratio between the retina and non-

retinal tissues (optic stalk or forebrain) in the anterior neural plate (ANP). These results 

support the idea that the cellular distribution of the prechordal plate is modified in the 

cavefish embryo and that anterior expansion of the prechordal plate has a crucial role in 

the eye development. In addition, we describe how the cellular distribution of presumptive 
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prechordal plate cells in Spemann’s organiser is altered in cavefish. We propose a 

hypothesis that, in cavefish, altered cellular distribution in Spemann’s organiser changes 

prechordal plate morphogenetic cell movements during gastrulation, the resultant change 

in cellular distribution leads to the anterior expansion of shha expression and thus the eye 

degeneration found in cavefish. 
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Material and Methods: 

 

Astyanax and Embryo Culture 

Astyanax mexicanus surface and cavefish embryos were obtained by natural spawning or 

in vitro fertilisation of laboratory colonies. Astyanax from two cave populations is used in 

this study, the Tinaja cave and the Pachón cave. Adult fish were reared under conditions 

described by Jeffery and Martasian (Jeffery and Martasian, 1998). Embryos were cultured 

at 25oC in zebrafish embryo medium 2 (E2, Westerfield, 2000). 

 

In situ hybridization and cell counting 

In situ hybridization using antisense RNA probes was carried out as previously described 

(Strickler et al., 2001). Two-colour in situ was performed with the following modifications. 

Fluorescein (FITC) or digoxigenin (DIG) labelled RNA probes (Roche) were incubated 

together in the initial hybridization step at 65oC. In general, FITC labelled probes were 

developed first using NBT/BCIP (5-bromo-4-chloro-3-indolyl-phosphate/4-nitro blue 

tetrazolium chloride, Roche) as the substrate for the AP labelled antibody, either at room 

temperature (RT) or overnight at 4oC. To stop the first reaction, embryos were washed in 

PBS and fixed with 4% paraformaldehyde in PBS for 30 minutes at RT. To further reduce 

the likelihood of cross-reaction, the enzymatic activity of the first antibody was quenched 

by washing the embryos with 0.2M glycine (pH2.0) for 30mins at RT. To develop the 

second probe, embryos were blocked (5% normal sheep serum, 2mg/ml BSA, 0.1% 

Tween, 1xPBS) a second time and incubated with anti-DIG AP antibody and developed 

using BCIP as the substrate. BCIP alone produces a cyan colour, where NBC/BCIP 

combined produces a dark blue colour.  

 To count the number of cells expressing shha or gsc, embryos of similar size and 

stage were selected. Stage of development was judged by the pattern of paired box gene 

2 (pax2) expression; its probe is always included in the hybridization cocktail. After in situ 

hybridization, embryos were dehydrated into 100% ethanol and embedded in 100% 

polyester wax. 10μm sections were cut from the animal-dorsal direction. Sections were 

secured to glass slides using 0.3% gelatine solution, rehydrated and counterstained with 

nuclei stain Hoechst. Sections were photographed using a compound microscope. Images 

were converted to grey scale, and the area of interest was isolated using Photoshop 

(Adobe Inc, USA). To count the cells, grey scale images were converted to binary by 

thresholding and counted using the particle counting tool in ImageJ (NIH, USA). 
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Drug treatment and mRNA injections 

Between 15 to 20 embryos were treated with 5ml of 25μM SB-431542 (Sigma, SB stock 

made in DMSO) dissolved in E2 in 6 well plates.  Control sibling embryos were treated 

with the same concentration of DMSO. To wash off the drug after treatment, control and 

experimental embryos were washed several times with fresh E2.  

 Constitutively active Mothers against decapentaplegic homolog 2 (smad2CA) 

mRNA for injection was generated using an Sp6 mMessage Machine kit (Ambion) and 

was pressure injected into one cell stage embryos as previously described (Müller et al., 

2000; Yamamoto et al., 2004). Control embryos were injected with an equivalent amount 

of nGFP mRNA. 

 

Eye and lens measurements 

48hr larvae were anesthetised in 0.16mg/ml of MS222 (Tricaine methanesulfonate, Sigma, 

A5040) in E2 and held in place with 0.2% agar E2 solution. Photographs were taken using 

a Nikon dissection microscope with 8x magnification. Eye and lens areas were measured 

using the area tool in ImageJ software (NIH, USA). 

 

Acridine orange staining 

Anesthetised live embryos were stained with acridine orange solution (20μg/ml in E2) for 

20 mins at 25oC, washed three times with fresh E2. Embryos were further anesthetised, 

held in position with 0.2% agar in E2 and photographed under a fluorescent dissecting 

microscope. 

 

Lineage Analysis 

Embryos were dechorionated by incubating in 0.1mg/ml pronase (Sigma-Aldrich) in E2 

solution for 1 min. To label the anterior neural plate with DiI, fine glass needles were 

coated with DiI solution (25mg/ml Ethanol) by putting a small drop of DiI on the glass 

needle while resting on a glass slide and allowed to dry. Tailbud to 3 somite stage embryos 

were held in place by placing the embryo in 0.2% Agar. The DiI coated needle was gently 

inserted into position using a micromanipulator and was held in place for 30 seconds to 

allow DiI to stain the surrounding tissue. Immediately after labelling, a photograph of the 

anterior neural plate was taken at 10x magnification to document the position of the label. 

After labelling, embryos were incubated in E2 until 24hrs post fertilisation, at this time 

tissues that received the label were photographed.  
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The final tissues labelled were classified as either eye, optic stalk, forebrain, nose 

or skin epidermis. Most DiI labelled cells in the forebrain were located either in the 

telencephalon or hypothalamus with most of them located ventrally. However, in our 

system, it is difficult to distinguish specific areas of the brain. All labelled cells around the 

telencephalon and hypothalamus are scored as “forebrain”. Embryos containing only 

epidermal staining were discarded. 

To practice the labelling technique, especially to ensure we were consistently 

labelling positions corresponding to the most anterior midline of paired box protein 6 

(pax6) expression pattern, the DiI labelling was photo-converted to the dark non-diffusible 

product by incubating with DAB and illuminating with rhodamine filtered UV light through 

a 20X objective. After conversion, in situ hybridization was performed as described using 

the pax6 probe. 

 

Quantitative PCR (qPCR) 

Total RNA was extracted from 20 embryos for each sample by using TRIzol reagent 

(Invitrogen), and cDNA was synthesised using Superscript II (Invitrogen) enzyme using a 

poly-dT primer following the manufacturer’s protocol. Each sample was analysed by qPCR 

in triplicate using SYBR Green JumpStart Taq ReadyMix (Sigma) and specific primers 

(listed below). ΔCT was calculated using Ribosomal protein L13a (rpl13a) as a reference 

gene. Relative expression levels were plotted after determining ΔΔCt by normalizing to a 

single sample with a high ΔCT value. 

 

Primers were designed using Primer Express (v 2.0, Applied Biosystems) and published 

A. mexicanus sequence (see below). The qPCR products and efficiency of qPCR primers 

were verified by melt curve analysis. Primers were 18–30 nucleotides in length with a 

melting temperature between 58–64 °C. The primer sequences were as follows: ndr2 

(XM_007242927.3) forward primer, 5’-CAACCAGATTGGATGGGGCT-3’ and reverse 

primer, 5’- TCTGCATGTAGGCGTGGTTT-3’; ndr1 (XM_007256760.2) forward primer, 5’-

CTTGGAAAGGGCTGCCAATG-3’  and reverse primer, 5’- 

TACCGCTTCACGCACTTTCT-3’; dkk1 (XM_007233996.1) forward primer, 5’- 

CACTGCAACAACGGAGTGTG-3’ and reverse primer, 5′- 

CAGTACCAGTGTGGCGTTCT-3’; gsc (XM_007232124.1) forward primer, 5’- 

TACACGTACAGGGACCGAGT-3’ and reverse primer, 5′- 

TAGCCTGTGGGAATGCAAGG-3’; rpl13a (XM_007244599.3) forward primer, 5′- 
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TCTGGAGGACTGTAAGAGGTATGC-3’ and reverse primer, 5′- 

AGACGCACAATCTTGAGAGCAG-3’. 
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Results: 

 

Expanded shha expression is correlated with a reduction of pax6 expression in the anterior 

neural plate. 

 

Pax6 is a paired-class homeodomain transcription factor expressed in the embryonic 

central nervous system with important roles in the eye, brain and spinal cord formation in 

vertebrates (Ashery-Padan and Gruss, 2001; Gehring, 2005). Pax6 is expressed in the 

ANP which represents the future fore- and midbrain field in teleost (Loosli et al., 1998; 

Macdonald and Wilson, 1997; Strickler et al., 2001). The anterior domain of pax6 

expression corresponds to the eye field, and the posterior domain marks the prospective 

diencephalon. A small expression gap can be seen along the midline at the early tailbud 

stage (Loosli et al., 1998; Nornes et al., 1998; Strickler et al., 2001). During early 

somitogenesis stages, pax6 is also expressed in the presumptive lens epithelium in two 

arcs, one on each side of the pax6 expression in the ANP. As reported before, we found 

that the pax6 expression area in the ANP is smaller in the cavefish when compared to 

surface fish (Figs. 1A, B); the expression gap along the midline is also wider, especially at 

the most anterior domain, when compared to the eyed surface fish ((Strickler et al., 2001), 

arrows in Figs. 1A, B). The expression intensity in the presumptive lens epithelium is 

weaker in cavefish when compared with that of the surface fish, and the expression also 

has a gap at the anterior midline, with a wider gap also been reported in the cavefish 

(Hinaux et al., 2016), arrowheads in Figs. 1A, B, surface fish n=17, Pachón n=17). . 

How this wider gap observed in the pax6 expression domain of the cavefish is 

related to shha expression expansion ((Figs. 1G-I) is not clear. To examine the possible 

link between the expanded expression of shha and the expression gap of pax6, we 

performed two-colour in situ hybridization for shha and pax6. In surface fish, the anterior 

edges of pax6 and shha expression were almost at the same anterior-posterior level. 

However, the anterior edge of pax6 in the Pachón cavefish was always more posterior 

than that of shha (arrowheads, Figs. 1C, D surface n=9, Pachón n=13). Lateral views of 

the embryos also showed that the most anterior part of the pax6 expression in the cavefish 

was located more posteriorly than that of the surface fish, indicating that anterior 

expression of pax6 is reduced in the cavefish (arrowheads, Figs. 1C’, D’). We also 

observed that the wider gap between the anterior pax6 expression matched the expanded 

shha expression in the cavefish embryos (Figs. 1A-D’). This data suggests that the 
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expanded midline signaling of shha in the Pachón cavefish could be associated with down-

regulation of pax6 along the anterior midline in the ANP.  

 

Cavefish has an expanded prechordal plate compared to surface fish 

 

One mechanism for achieving an expanded expression of shha in the midline is 

the expansion of the prechordal plate itself. To examine whether the prechordal plate was 

expanded in cavefish embryos, we compared the expression pattern of prechordal plate 

marker genes, gsc and ndr2 (previous name cyclops) between surface fish and cavefish. 

gsc is a paired homeobox family transcription factor and a prechordal plate marker in 

vertebrates (Niehrs et al., 1993; Schulte-Merker et al., 1994). In zebrafish, ndr2 encodes 

a Nodal-related signaling protein, a member of TGF- family, which is a crucial regulator 

of shh midline expression and prechordal plate formation. It is expressed in the prechordal 

plate of zebrafish embryos, along with the anterior midline at tailbud stages (Rebagliati et 

al., 1998; Sampath et al., 1998) 

In the cavefish embryos, gsc was expressed in a ‘salt and pepper’ manner along 

the anterior midline in a wedge shape with its widest point at the most anterior region. 

Compared to the surface fish, the cells were more dispersed, and the expression domain 

was shorter and wider in the cavefish embryo along the anterior-posterior axis (Figs.1E, 

F). We compared gsc expression between surface fish and Pachón cavefish and found 

that the expression domain in cavefish embryos (Pachón cave) was 30% larger than that 

of surface fish. gsc expression domain area was divided by that of the pax2 expression 

domain to normalize for embryonic size differences (gsc/pax2, surface 0.751±0.123 n=10; 

Pachón 0.979±0.182 n=15; t-test p<0.01, Fig.1M).  

ndr2 expression in Astyanax was not uniform along the entire prechordal plate but 

can be divided into anterior and posterior domains. The anterior domain consisted of the 

anterior tip expression (polster), which was denser and wider than the posterior domain. 

ndr2 expression was wider in the two cavefish populations (Tinaja and Pachón cave) 

examined, especially in the anterior domain (arrowheads, Figs. 1J-L). To quantify this 

difference between the surface fish and Pachón cavefish, we measured the ndr2 

expression areas. In Pachón cavefish, ndr2 expressing area was 50% larger than in the 

surface fish (ndr2/pax2, surface fish 0.53±0.01, n=20; Pachón cavefish 0.82±0.01, n=20; 

t-test p<0.001, Fig. 1M).  
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These results suggest that the prechordal plate is also expanded at the anterior 

midline of cavefish when compared to surface fish.  

 

Cavefish prechordal plate expansion is not due to an increase in cell number but rather 

cellular redistribution. 

The expanded prechordal plate could be a result of increased cell number or 

cellular rearrangement. To distinguish between these two possibilities, we compared the 

number of cells expressing shha and gsc between the surface fish and Pachón cavefish 

at tailbud stage. We found that cell numbers in the prechordal plate were not significantly 

different (shha; Surface 373±63 n=9; Pachón 365±73 n=9, t-test p>0.05, gsc; Surface 

401±70 n=11; Pachón 413±95 n=9, t-test p>0.05, Fig. 1N). This data demonstrates that 

expansion of the anterior prechordal plate is due to changes in cellular distribution rather 

than changes in cell number. 

Dickopf-1 is an antagonist of Wnt signaling and is expressed in the anterior 

prechordal plate, and it is a potent regulator of both prechordal plate and anterior head 

development in Xenopus and zebrafish (Kazanskaya et al., 2000; Shinya et al., 2000). In 

Astyanax, dkk-1 was expressed in a small domain at the midline slightly anterior to or 

overlapping with the neural plate border at tailbud stage (Figs. 2A, B). The position of 

these cells overlapped with the most anterior domain of ndr2 expression (data not shown). 

In Pachón cavefish, dkk-1-expressing-cells were less compact than in surface fish. We 

performed two-colour in situ hybridization for dkk-1, dlx3b (distal-less homeobox 3b) and 

shha to examine the relationship between the neural plate border (marked by dlx3b), the 

midline (by shha) and the anterior prechordal plate (by dkk-1). In relation to the neural 

plate border, the most anterior shha and dkk-1 expressing cells in cavefish were placed 

more anterior than in surface fish. Also, we found that in 62% (n=21) of Pachón embryos, 

shha expressing cells were mixed with dkk-1-expressing cells. In surface fish, this mixing 

was only observed in 1 out of 22 embryos (Figs. 2C, D). 

Taken together, these data suggest that the cell number in the prechordal plate, 

as defined by shha and gsc expression, is the same between the surface fish and Pachón 

cavefish. However, the cavefish cells are more dispersed and placed more anteriorly, 

resulting in a wider anterior tip of the prechordal plate. pax6 expression is reduced in the 

cavefish at the anterior midline region, and shha expression is expanded complementary 

to the reduction of pax6. Fig. 2E summarises the gene expression patterns in the 

prechordal plate and ANP at tailbud stage (left surface fish, right cavefish).  
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Inhibition of Nodal signaling rescues some aspects of cavefish eye degeneration  

 

Nodal signaling is required for prechordal plate specification in vertebrates, and ndr2 has 

been identified as one of the direct up-stream regulators of shh expression at the anterior 

midline in the zebrafish (Hagos and Dougan, 2007; Müller et al., 2000). To investigate 

whether Nodal signaling regulates the formation of the prechordal plate and the expansion 

of shha expression in cavefish, we treated embryos with SB431542, a specific inhibitor of 

TGF- Type I receptor Alk4/5/7, (Hagos and Dougan, 2007). We treated cavefish embryos 

with 25 µM of SB431542 at two different time points. For the early treatment, embryos 

were treated during prechordal plate specification and migration (from blastula to tailbud 

stage, 4hrs to 11hrs of post fertilisation). For late treatment, embryos were treated during 

the time of induction of shha expression (from late gastrula to early somitogenesis stage, 

8hrs to 15hrs post fertilisation). To understand the effect of nodal inhibition on prechordal 

plate size we performed in situ hybridization for gsc and dkk-1. After the early treatment, 

the intensity of gsc expression was weaker, with a narrower width of the expression 

domain, and a diminished expanded anterior expression (arrowheads in Figs. 3A, A’). The 

late treatment also slightly reduced gsc expression especially at the expanded anterior 

domain, compared with DMSO-treated control embryos (arrowheads in Figs. 3A, A”). The 

dkk-1 expression domain was also reduced in both the early and later treatment, and it 

was not as dispersed as in the control embryos (Figs. 3B-B”).  

To understand how nodal inhibition affected shh expression and ANP patterning, 

we examined the expression of shha and pax6. After early treatment, expression of shha 

was diminished at the anterior midline and failed to reach the anterior neural plate border 

marked by expression of dlx3b (14 out of 14, Figs. 3C, C’). The later treatment also slightly 

reduced the shha expression domain, which also did not reach the neural plate border (15 

out of 15, Fig. 3C”). Interestingly, after SB treatment, we did not observe a bent (left or 

right) or a zigzag pattern of shha expression, which was often found in cavefish embryos 

(Fig. 3F). Instead, the expression pattern of the treated embryos became a straight line, 

similar to what was found in the surface fish.  

After the early treatment, the gap between the left and right domain of pax6 

expression was narrower, and the most anterior domain of pax6 expression had increased 

and filled the gap (Figs. 3D, D’, E, E’). After the later treatment, pax6 expression also 
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increased slightly at the anterior gap and more rostral domains (arrows Figs. 3D, D”, E, 

E”). Two-colour in situ showed that the increased expression of pax6 corresponds to the 

reduction of shha at the anterior midline (Figs. 3F, F’). The expression domains in the 

presumptive lens were also slightly bigger in the treated fish (arrowheads in Figs. 3E-E”).  

These data suggest down-regulation of Nodal signaling in the cavefish, reduced 

expansion of the prechordal plate as marked by gsc, dkk-1 and shha, and extended eye 

and lens fields in the ANP as marked by pax6.  

To investigate whether reduction of Nodal signaling can rescue eye degeneration 

in cavefish, we measured the size of optic cup and lens, as well as examined lens 

apoptosis by acridine orange staining in 48hrs larvae. After the early SB treatment, the 

treated larvae had a 20% larger total lens area (Fig. 3H) and 13% larger optic cup area, 

as measured from lateral view (n=44, Fig. 3I). After the later treatment, some of the larvae 

had slightly enlarged lens and optic cup, but the size difference was not significant 

between the DMSO and SB-treated embryos (n=33, Figs. 3H, I). This difference between 

early and later treatments correlated with the level of reduction of shha and enhancement 

of pax6 expression at the anterior midline described above. For lens degeneration, 

apoptosis was detected in the lens of 48hrs larvae after both treatment regiments (n=19, 

Figs. 3J, J’). Later in development, eye degeneration in SB treated embryos was similar 

to control embryos.  

To investigate whether Nodal signaling is essential for eye degeneration during 

somitogenesis, we treated cavefish embryos with SB from early to late somitogenesis 

stage (11 to 24 hours post fertilization). Treated embryos were not significantly different 

from the controls in aspects of lens size, optic cup size or lens apoptosis (n=28, Figs. 3H, 

I). These data suggest that down-regulation of Nodal signaling before somitogenesis could 

rescue some aspects of cavefish eye degeneration (increasing the size of the lens and 

optic cup), but it could not prevent apoptosis in the lens and eye degeneration later in 

development. 

 

Up-regulation of Nodal signaling reduces eye size in surface fish.  

 

To investigate whether up-regulation of Nodal signaling can enhance anterior midline 

signaling and initiate eye degeneration in surface fish, we injected smad2CA mRNA into 

2-cell stage surface fish embryos. Smad2CA is a constitutively active form of Smad2, 

which is a downstream effector of the Nodal signaling pathway. In zebrafish, over-
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expression of smad2CA in the early embryo enhanced Nodal signaling, resulting in 

increased shha expression (Maurus and Harris, 2009; Müller et al., 2000). After 

microinjection of 75pg of smad2CA mRNA, the expression of gsc and shha showed 

slightly expanded domains at the anterior midline of surface fish embryos (arrowheads in 

Figs. 4A, A’, B, B’). Embryos injected with 150pg of smad2CA mRNA showed a widely 

expanded expression of gsc and shha at the anterior midline (arrowheads in Figs. 4A, A”, 

B, B”). Interestingly, the shha expression domain often expanded to the left or right similar 

to what was often observed in the cavefish, but never in surface fish embryos. In 50% of 

injected embryos, the anterior shha expression area reached the neural plate border 

marked by dlx3b (n=18, Fig. 4B”). The pax6 expression domain was also reduced in the 

ANP, and the gap between left and right domains was slightly wider than in control 

embryos (Figs. 4C-C”). The pax6 expression domains in the presumptive lens epithelium 

were reduced at the anterior midline, and staining intensity was weaker compared to 

control nGFP mRNA injected embryos (arrowheads Figs. 4D-D”). These data suggest that 

up-regulation of Nodal signaling enhanced anterior expansion of the prechordal plate and 

reduced pax6 expression at anterior midline.  

We also examined the size of optic cup and lens in 48hrs surface fish embryos 

after up-regulation of Nodal signaling. After injection of 75pg of smad2CA mRNA into 

surface fish embryos, the lens and optic cup area were slightly smaller (19% in lens and 

15% in optic cup area, n=27, Figs. 4G, H). Increasing the amount of mRNA to 150pg did 

not decrease the size of the lens and optic cup further, but only reduced the variability of 

the size reduction. Smad2CA injected larvae did not show any apoptotic cells in the lens 

after staining with acridine orange (data not shown). We also did not detect any eye or 

lens degeneration at later stages. These data suggest that up-regulation of Nodal 

signaling could impact on anterior midline signaling, reducing pax6 expression in the ANP, 

and reducing lens and optic cup size. However, it cannot initiate eye degeneration in the 

surface fish. 

  

Hypothalamus and optic stalk are reduced after the inhibition of Nodal signaling in cavefish 

 

It has been reported that cavefish embryos have a larger hypothalamus and optic stalks 

than surface fish (Menuet et al., 2007; Yamamoto et al., 2004). Midline expansion and 

changes in Nodal signaling could be responsible for these differences. To test this, we 

examined expression patterns of marker genes for the hypothalamus and optic stalks 
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(nkx2.4b (NK2 homeobox 4b) and pax2, respectively) after inhibition of Nodal signaling in 

cavefish. The expression domain of nkx2.4b was significantly reduced at the 10-somite 

stage, especially in the anterior domain of the hypothalamus region (arrows in Figs. 5A, 

A’). At the 15-somite stage, the optic vesicle of the treated embryos was located more 

anteriorly than untreated embryos. The anterior hypothalamus was also smaller in treated 

embryos (black-arrows in Figs. 5B, B’). The expression domain of pax2 in the optic vesicle 

was also reduced (Figs. 5B, B’). In 24hrs embryos, pax2 expression in the optic stalk was 

slightly reduced (arrows, Figs. 5C, C’) in SB treated embryo. However, pax2 expression 

in the midbrain-hindbrain boundary was not affected (arrowheads, Figs. 5B, B’). These 

results suggest that Nodal signaling is associated with cavefish features such as a larger 

hypothalamus and robust optic stalks. 

Levels of shh expression at the anterior midline control the tissue ratio between 

the neural retina and optic stalk in zebrafish and cavefish (Macdonald et al., 1995; 

Yamamoto et al., 2004). We have shown that the level of Nodal signaling during embryonic 

development could control the expression of shha and pax6 in the ANP, which also 

affected eye size. However, it is still unclear how changes in pax6 expression in the 

anterior midline affect the ratio between the retina and optic stalk in cavefish. To 

understand this, we examined the cell fate of the anterior midline of the ANP using DiI 

staining. Midline cells were labelled during tailbud stage using DiI, and the location of the 

labelled cells was examined at 24 hours post-fertilisation (hpf). Figs. 5D and E showed DiI 

labelled cells at tailbud stage of Pachón cavefish just after the labelling. Figs. 5F and G 

showed the DiI labelled cells in the surface fish retina and cavefish optic stalk at 24 hpf, 

respectively.   

Lineage tracing showed the area where the anterior gap of pax6 expression mainly 

contributed to the optic stalk and the retina in both morphs. However, in cavefish, positions 

within the anterior middle gap were more likely to contribute to the optic stalk than in 

surface fish (Fig. 5H). Overall, in Pachón cavefish larvae, only 29.5% of DiI labelled cells 

were found in the eyecup, and 35.8% of the labelled cells were found in the optic stalk 

(n=47). In surface fish larvae 70.2% of the labelled cells were found in the eyecup where 

only 11.7% were found in the optic stalk (n=54). After early SB treatment (25uM for 4 to 

11hpf) in cavefish larvae, the probability of optic stalk contribution in the anterior midline 

cells was decreased to surface fish levels: only 13.5% of the labelled cells were found in 

the optic stalk, and 68.4% of the labelled cells were found in the eyecup (n=22). 

Interestingly, 30.2% of DiI labelled cells were found in cavefish brain, but after the 
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treatment, this decreased to 15%. The DiI labelled cells in the brain were mostly located 

in the forebrain (telencephalon and hypothalamus). These data confirmed that cells in the 

anterior gap of pax6 expression were more likely to differentiate into non-retinal tissues 

(optic stalk and forebrain) than into retina in cavefish. Decreasing the anterior gap by 

Nodal inhibition could lead to a reduction of cell numbers in the non-retinal tissues and an 

increase in the volume of the neural retina in the treated cavefish embryos. 

 

Changing Spemann’s organiser distribution in cavefish 

 

We have shown that inhibition of Nodal signaling can reduce anterior midline signaling, 

thereby rescuing the size of the optic cup and lens in cavefish embryos. The most effective 

period of inhibition is during blastula and gastrula stages, when the specification and 

migration of the prechordal plate occur in Spemann’s organiser (Chen and Schier, 2002; 

Dougan et al., 2003; Gritsman et al., 2000; Hagos and Dougan, 2007). This suggests that 

the strength of Nodal signaling may differ between surface fish and cavefish in the blastula 

and gastrula stages, affecting prechordal plate behaviour and distribution. To examine this, 

we compared expression levels of two Nodal-related genes, ndr1 and ndr2 at the shield 

stage by quantitative PCR. We also investigated expression levels of gsc, which has a 

crucial role for prechordal plate formation and behaviour (Niehrs et al., 1993; Ulmer et al., 

2017). We used the Ribosomal protein L13a (rpl13a) gene as a reference gene which was 

similarly expressed in Pachón and Surface fish. We found that ndr2 expression was 

slightly increased in cavefish, but the difference is not statistically significant (Fig. 6G, 

surface fish: 1.36 (n=5), Pachón: 1.57 (n=6), t-test p>0.05). Interestingly, ndr1 expression 

was two times higher in cavefish embryos when compared to surface fish (Fig. 6G, surface 

fish: 2.48 (n=5), Pachón: 6.17 (n=6), t-test p<0.01). In addition, gsc expression was almost 

six times higher in cavefish compared to surface fish (Fig. 6G, surface fish: 4.86 (n=5), 

Pachón: 28.22 (n=6), t-test p<0.001). These data suggest that Nodal signaling, particularly 

Ndr1, is enhanced in cavefish at shield stage and this may induce more gsc expression in 

the cavefish embryo.  

Specification of prechordal plate occurs in Spemann’s organiser during 

gastrulation. To understand whether increasing ndr1 and gsc expression have an impact 

on presumptive prechordal plate cells in the cavefish, we compared the distribution and 

cell number of the presumptive prechordal plate cells in Spemann’s organiser between 

surface fish and cavefish by using the marker genes gsc and ndr2. In surface fish embryos, 
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gsc and ndr2 were expressed at the embryonic shield similarly to zebrafish embryos. In 

Pachón cavefish, these genes were also expressed at the shield stage, however, the 

expression domain is laterally narrower along the mediolateral axis and wider along the 

animal-vegetal axis when compared to surface fish embryos (arrowheads, Figs. 6A-D”, 

surface fish; gsc (n=15), ndr2 (n=13), Pachón; gsc (n=17), ndr2 (n=13)). Interestingly, the 

germ ring was thicker in cavefish than surface fish embryos (arrows, Figs. 6A”-D”). Fig. 

6E shows a closed-up dorsal view of gsc expression at 40% epiboly and shield stage. In 

surface fish, gsc was expressed in only 3-4 tiers of cells close to the bottom edge of the 

germ rings at the 40% epiboly stage. However, in cavefish, gsc was expressed in 6-7 tiers 

of cells from the bottom edge. At shield stage, gsc was expressed in 7-10 tiers of cells in 

surface fish embryos, but in cavefish, 10-12 tiers of cells expressed gsc in the embryonic 

shield. Other marker genes for Spemann’s organiser, chordin and foxa2 also showed a 

narrower expression along the mediolateral axis and wider along the animal-vegetal axis 

in the cavefish when compared to surface fish embryos (data not shown). We also 

compared the numbers of gsc-expressing cells at shield stage between surface fish and 

cavefish. The number of gsc-expressing cells in the cavefish was fewer than that in surface 

fish embryos, but the difference was not statistically significant (Surface 181±30 n=5; 

Pachón 169±23 n=6, t-test p>0.05, Fig. 6F). In zebrafish, a mediolaterally narrower 

Spemann’s organiser leads to the formation of a small anterior neural plate (ANP) in the 

gastrula and formation of a small forehead later in development (Bielen and Houart, 2012; 

Kudoh et al., 2004; Stewart and Gerhart, 1990). To investigate whether the cavefish has 

a small ANP, we measured the ANP length (dlx3-pax2) and divided by body length (dlx3-

tailbud) to normalize the embryonic size differences at tailbud embryos. In surface fish, 

the ANP length is 33.3±2.2% of the body length (n=8), but in cavefish, the ANP length was 

only 30.4±1.8% (n=10, t-test p<0.01). This suggested that cavefish have a smaller ANP 

than surface fish.   

These data suggested that the cell distribution within the Spemann’s organiser has 

been modified during the cavefish evolution and could account for the expanded anterior 

prechordal plate associated with the smaller ANP. These modifications of early patterning 

could lead to the formation of a small lens and optic cup in the cavefish.
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Discussion  

 

In this study, we have shown that 1) The anterior prechordal plate was expanded in 

cavefish tailbud embryos and that this expansion matched the anterior reduction of pax6 

expression. 2) This anterior expansion was due to altered cellular distribution (more cells 

in the anterior, but fewer cells in the posterior prechordal plate) instead of increased total 

numbers of cells. 3) Down-regulation of Nodal signaling in cavefish embryos caused a 

reduction of the anterior expansion and rescued expression of pax6 at the anterior midline. 

This led to the enlargement of the optic cup and lens in 48hr embryos, but it did not stop 

lens and eye degeneration at later stages. 4) Up-regulation of Nodal signaling in surface 

fish embryos expanded the anterior prechordal plate and reduced the anterior expression 

of pax6 reminiscent of cavefish embryos. It also reduced the optic cup and lens in surface 

fish embryos. 5) Inhibition of Nodal signaling in cavefish embryos resulted in diminished 

cavefish features, including robust optic stalks and an enhanced hypothalamus. Fate-

mapping experiments suggested that the wider anterior gap of pax6 expression could be 

associated with the enhancement of non-retinal tissues, optic stalks and hypothalamus at 

the expense of the neural retina in the cavefish. 6) Quantitative PCR suggested that Nodal 

signaling was enhanced in the cavefish early gastrulae, which may have led to the 

increased expression of gsc in the presumptive prechordal plate cells. Numbers of 

presumptive prechordal plate cells was not significantly different between the surface fish 

and cavefish. However, the distribution of the cells in Spemann’s organiser was different 

between the two morphs. The unique cellular distribution at the early gastrula stage could 

contribute to the expansion of the anterior prechordal plate and eye degeneration in the 

cavefish. 

 

Midline signaling and eye degeneration 

  

In the cavefish, the expansion of the anterior prechordal plate is associated with a wider 

midline gap of pax6 expression at the ANP, which is negatively correlated with the size of 

the optic cup and lens vesicle. In Xenopus, medaka and zebrafish embryos, pax6 

expression has a similar expression pattern in the ANP, and Nodal, Shh, and Bone 

morphogenic proteins (BMPs) are expressed in the prechordal plate located underneath 

the midline gap (Andreazzoli et al., 1999; Loosli et al., 1998; Placzek and Briscoe, 2005). 

These signaling molecules may suppress the expression of pax6 at the midline directly or 
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indirectly. In zebrafish, Nodal null mutants lose shh expression in the prechordal plate and 

fail to form the midline gap in the ANP. In these embryos, eyes are fused anteriorly and 

form a cyclopic phenotype similar to a shh null mutant (Ekker et al., 1995; Hatta et al., 

1994). We showed that both ndr2 and shha were expressed in the prechordal plate and 

that Nodal signaling controls the expansion of shha expression in the prechordal plate by 

manipulating nodal signaling (Figs. 3 and 4).  

Other lines of evidence support that the Nodal and Hedgehog signaling can inhibit 

pax6 expression. For example, in the spinal cord, Shh can inhibit pax6 expression 

indirectly through induction of Nkx2.2, which is a homeobox-containing transcription factor 

(Briscoe et al., 2000, 1999; Lek et al., 2010; Muhr et al., 2001). Similarly, homologous 

nkx2.2 genes, nkx2.1 and nkx2.4b (former name is Nk2.1a) are also induced by Nodal 

and Shh and antagonize the expression of pax6 in the telencephalon and diencephalon in 

Xenopus, mouse, chicken and zebrafish embryos (Manoli and Driever, 2014; Marín et al., 

2002; Pera and Kessel, 1997; Sussel et al., 1999; van den Akker et al., 2008). In zebrafish 

and Astyanax, nkx2.1, 2.2 and 2.4b are expressed in the anterior midline of the ANP, 

positioned just above the prechordal plate at the tailbud stage. In cavefish embryos, all of 

the above nkx2 genes are laterally expanded, and reducing Shh signaling by a specific 

chemical inhibitor, cyclopamine, prevents the expanded expression (Menuet et al., 2007; 

Yamamoto et al., 2009). Conversely, enhancement of Shh signaling by injecting its mRNA 

expanded nkx2.4b expression in the ANP (Yamamoto et al., 2009). BMPs are also 

expressed in the prechordal plate, such as bmp4 and bmp7 in zebrafish and Astyanax, 

and have an important role in increasing the gap in pax6 expression (Hinaux et al., 2016; 

Pottin et al., 2011; Schmid et al., 2000). In chicken embryos, both bmp7 and shh are 

expressed in prechordal mesoderm and induces nkx2.1 expression in ventral midline cells 

in the forebrain (Dale et al., 1997). BMPs could, therefore, cooperate with Nodal and Shh 

to induce expanded expression of Nkx2 genes in the anterior neural plate of cavefish. 

These findings indicate that the wider gap of pax6 expression in cavefish could be 

explained by the expanded expression of nkx2.1, 2.2 and 2.4b genes suppressing the 

expression of pax6 at the anterior midline.  

Our fate-mapping experiment suggested that cells in the anterior midline gap of 

pax6 likely contribute to the optic stalk or forebrain. These data are consistent with other 

midline fate maps (Pottin et al., 2011; Varga et al., 1999). However, these fate-mapping 

experiments suggested that the non-retinal fated (optic stalk or forebrain) and retinal fated 

cells tend to mingle together and that there is no clear border between them at the end of 
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gastrulation. This indicates that the fates are not completely determined at the neural plate 

stage and that the fate would be refined during the dynamic morphogenetic movements 

of optic vesicle evagination (Hernandez-Bejarano et al., 2015; Ivanovitch et al., 2013). 

Indeed, the signaling molecules Shh and FGF have essential roles in the forebrain for 

patterning the optic vesicle (Cardozo et al., 2014; Hernandez-Bejarano et al., 2015; Lupo 

et al., 2005; Picker and Brand, 2005). During early somitogenesis stage, the optic vesicles 

bud out from the neural tube with cells in the anterior part of the optic vesicle expressing 

both pax2 and vax1, and becoming the optic stalk later in development. The posterior part 

of the optic vesicles expresses pax6, and these cells then become the neural retina (Ekker 

et al., 1995; Macdonald et al., 1995; Schwarz et al., 2000). Shh signaling from the ventral 

diencephalon induces pax2 and vax1 in the anterior optic vesicle, and these genes 

antagonize pax6 expression in the posterior optic vesicle (Cardozo et al., 2014; Lee et al., 

2008; Sanek et al., 2009; Schwarz et al., 2000; Take-uchi, 2003). In cavefish, shha 

expression in the forebrain is laterally expanded during the somitogenesis stage and the 

expansion is associated with extended expression of pax2 and vax1 into the posterior 

optic vesicle, which reduced expression of pax6 leading to the formation of robust optic 

stalks and smaller optic cups (Yamamoto et al., 2004).  

The formation of robust optic stalks in the cavefish could be controlled by two 

sequential events: 1) enhanced expression of both Nodal and Shha signaling at the end 

of the gastrula, which suppresses pax6 expression in the anterior midline; and 2) the 

expanded expression of shha in the diencephalon during somitogenesis, which could 

induce extended expression of pax2 and vax1 in the anterior optic vesicle to form robust 

optic stalks and reducing the size of optic cup (Figs. 7).  

FGF signaling has also been shown to play an important role for optic cup 

formation in Astyanax (Pottin et al., 2011). At the early somitogenesis stage, fgf8 is 

expressed two hours earlier in the cavefish telencephalon than in the surface fish. 

Inhibition of FGF signaling in cavefish embryos, during gastrulation and early 

somitogenesis, reduces the enhanced shha expression in the hypothalamus and 

increases the size of the optic cup at later stages. Furthermore, inhibition of Shh signaling 

between late gastrula and early somitogenesis suppressed the early fgf8 expression in 

the cavefish telencephalon. These data suggest that both Shh and FGF signaling have a 

reciprocal interaction and both have important roles for optic cup formation. However, it is 

not clear whether the FGF signaling could have an impact on the anterior expansion of 

the prechordal plate. FGF signaling has a pivotal role for cellular motility during 
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gastrulation in mouse and Xenopus (Chung et al., 2005; Sun et al., 1999) and controls the 

anterior migration of prechordal plate cells in Medaka fish (Shimada et al., 2007). It would 

be interesting to investigate whether FGF has a vital role in cellular migration and the 

anterior expansion of prechordal plate in the cavefish.   

The reduction in the size of lens vesicles in the cavefish is also linked to the 

expanded anterior prechordal plate, which could reduce pax6 expression in the lens 

placode. Nodal and Shh, acting as signaling molecules in the prechordal plate, may have 

an important role to play. Expression patterns of bmp4 in the prechordal plate are also 

modified in cavefish, and ectopic enhancements of BMP signaling in the tailbud embryos 

increased the lens vesicles in  cavefish (Hinaux et al., 2016). This suggests that BMP 

signaling in embryos could have a role in the formation of the small lens vesicle in cavefish 

together with Nodal and Shh. It is interesting to note that at the somitogenesis stage, pax6 

expression in the optic vesicle has a pivotal role in inducing a lens vesicle in mouse and 

chicken embryos (Canto-Soler and Adler, 2006; Klimova and Kozmik, 2014). Therefore 

reduction of Pax6 in the posterior optic vesicle might also contribute to the formation of 

the small lens vesicles in the cavefish.  

We showed that inhibition of Nodal signaling in cavefish could rescue the formation 

of the optic cups and lens vesicles. However, the inhibition could not stop further eye 

degeneration. Cells in the lens vesicles underwent apoptosis and degenerated later in 

development. This indicates that the reduction of Nodal signaling itself is not sufficient to 

stop eye degeneration. Indeed, the rescued optic cups and lens vesicles in cavefish were 

still smaller than those in surface fish. Inability to rescue the eye degeneration completely 

could be related to the size of the ANP, as the treated embryos still displayed a reduced 

ANP. A small ANP may lead to the formation of optic cups and lenses of insufficient size 

to prevent the eye degeneration happening in the cavefish. Similarly, the enhancement of 

nodal signaling could reduce the size of optic cups and lens vesicles in surface fish 

embryos but failed to induce apoptosis in the lens and subsequent eye degeneration. 

However, enhancement of Shh signaling in the surface fish embryos induced apoptosis in 

the lens that lead to eye degeneration at later development (Yamamoto et al., 2004). This 

suggests that upregulation of Shh by enhancement of Nodal signaling alone is not 

sufficient to induce eye degeneration and other signaling molecules. Indeed, FGF and 

BMP may be required to modify the midline patterning in the surface fish embryo further 

to induce the eye degeneration. Indeed, QTL analysis showed 12 loci in the cavefish 
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genome that could have an important role for eye degeneration (Protas et al., 2008), 

suggesting that multiple factors are involved in inducing the eye degeneration in cavefish. 

 

Mechanisms of anterior expansion of prechordal plate in cavefish 

 

We have shown that modified midline signaling in cavefish plays a central role in many 

cavefish phenotypes, such as reduction of both the optic cups and lens vesicles and 

enlargement of the optic stalks. The expansion of the anterior prechordal plate can be 

seen as the first step of cavefish eye degeneration as it controls midline signaling. In 

zebrafish, presumptive prechordal plate cells are induced by Nodal signaling in the 

blastula, and these cells are located in Spemann’s organiser in gastrula (Chen and Schier, 

2002; Gritsman et al., 2000; Hagos and Dougan, 2007; Schier, 2009; Tian et al., 2003). 

During gastrulation, the prechordal plate cells migrate toward the animal pole as a highly 

cohesive group controlled by Wnt, PDGF and Nodal signalling (Tada and Heisenberg, 

2012). At the end of gastrulation, the anterior prechordal plate cells stop migrating after 

reaching the anterior border between the neural and non-neural ectoderm (Tada and 

Heisenberg, 2012; Tada and Kai, 2012). In Astyanax embryos, prechordal plate cells are 

also induced at blastula stage and are located in Spemann’s organiser as indicated by gsc 

expression. Our study provides evidence that prechordal plate cell distribution is different 

between surface fish and cavefish, with more cells located anteriorly in the cavefish.  

Two potential mechanisms could enhance the anterior midline expansion in 

cavefish: increased cell movement towards the anterior and smaller anterior neural plate. 

In surface fish, the distribution of prechordal plate cells along the anterior-posterior axis is 

uniform, according to the expression patterns of ndr2, shha and gsc (Figs. 1-3). Whereas 

In cavefish, there are more cells in the anterior prechordal plate than in the posterior part. 

The widest point of the anterior prechordal plate in cavefish is nine cells wide, but the 

widest point in the surface fish is only six cells wide (Yamamoto et al., 2004). However, 

the total number of prechordal plate cells is not significantly different (shha and gsc 

expressing cells), so the increase in anterior cell numbers is likely due to enhanced cellular 

movement in this direction. In zebrafish, Nodal signaling regulates the motility of 

endodermal cells through activating Rac1, a Rho-family small GTPases, and inhibition of 

Nodal signaling during gastrulation leads to slower migration (Woo et al., 2012). In surface 

fish, enhancement of Nodal signaling, by Smad2CA mRNA injection, resulted in more cells 

being distributed in the anterior prechordal plate with the most anterior cells reaching the 
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border between the non-neural and neural ectoderm. This usually does not occur in 

surface fish tailbud embryos (Fig. 4). Inhibition of Nodal signaling in cavefish gastrula 

prevented the prechordal plate cells from reaching the anterior neural plate border, which 

typically occurs in cavefish embryos (Fig. 3). Furthermore, our RT-PCR data suggested 

that nodal transcription was higher in cavefish gastrulae than surface fish gastrulae. 

Therefore, this enhanced Nodal signaling may up-regulate cellular motility and cause 

anterior expansion of the prechordal plate in cavefish embryos. Moreover, expression of 

gsc is strongly up-regulated in the cavefish gastrula (Fig. 6G) and Goosecoid is known to 

have a vital role in cellular motility of the prechordal plate and is also induced by Nodal 

signaling (Gritsman et al., 2000; Jones et al., 1995; Luu et al., 2008; Niehrs et al., 1993; 

Sampath et al., 1997; Toyama et al., 1995). For example, up-regulation of gsc enhanced 

the cellular migration in the Xenopus gastrulae (Niehrs et al., 1993). Microinjection of gsc 

mRNA into dorsal blastomeres at the 32cell stage led to gsc enhanced cells to move more 

anteriorly than cells that did not receive gsc mRNA. This also changed the cell fate of 

caudal mesoderm such as the notochord and somite into cranial endo-mesoderm (head 

mesenchyme, prechordal plate and pharyngeal endoderm). Interestingly, we could not 

detect significantly increased ndr2 expression. However, although increased ndr1 

expression may be sufficient to increase gsc expression, time of exposure to Nodal 

signalling, not just the strength, is also crucial for induction of gsc (Boxtel et al., 2015). 

Further experiments are necessary to understand the relationship between ndr1, ndr2 and 

gsc in the cavefish and to test the hypothesis that higher expression of nrd1 and gsc leads 

to increased anterior movement of prechordal plate cells leading to anterior prechordal 

plate expansion in cavefish embryos. 

 The second possible scenario that could affect the shape of the prechordal plate 

is the smaller anterior neural plate (ANP) observed in cavefish embryos. About half of 

cavefish embryos showed a unique pattern of the prechordal plate, which exhibits a 

zigzagged or bend pattern (Figs. 1D and 3F). Cavefish tailbuds embryos have a slightly 

shortened ANP (shorter along the anterior-posterior axis) when compared to the surface 

fish. Shortened ANP means there is less space for cell movement, which may result in the 

accumulation of cells at the anterior tip. As more posterior prechordal plate cells continue 

to move anteriorly, anterior cells already present could impede their movement and that 

causing cells to move laterally, resulting in a bend or zigzagged expression pattern. The 

anterior prechordal plate cells (dkk-1 expressing cells) were shown to intermingle with 

posterior shha expressing cells (Fig. 2) suggesting that posterior cells are indeed 
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encroaching on the anterior territory. A similar intermingling phenomenon was also 

reported between bmp4 and shha expressing cells in the cavefish anterior prechordal 

plate (Hinaux et al., 2016).  

In summary, the enhanced cellular motility and smaller anterior neural plate may 

coordinate the anterior expansion of the cavefish prechordal plate. Further investigation 

is needed to understand how this contribution to expansion is achieved. 

 

Spemann’s Organiser and prechordal plate development 

 

Enhancement of cellular motility in the gastrula and formation of a smaller anterior neural 

plate at the tailbud stage suggest early developmental processes were modified in 

cavefish embryos. This early change could originate from Spemann’s organiser, which 

has an important role in establishing the border between non-neural and neural-ectoderm 

by secreting antagonists of BMP signaling. In zebrafish, a reduced Spemann’s organiser 

leads to the development of a smaller ANP at the tailbud stage (Bielen and Houart, 2012; 

Kudoh et al., 2004; Stewart and Gerhart, 1990). Our observation of differences in 

Spemann’s organiser between cavefish and surface fish add support to this hypothesis. 

The cavefish Spemann’s organiser (marked by gsc and ndr2) is mediolaterally narrower 

and wider towards the animal pole at shield stage (Fig. 6). Before initiation of gastrulation, 

at the 40% epiboly stage, the gsc expression domain is also laterally narrower in cavefish 

embryos, suggesting that cavefish embryos could be ventralised. However, the number of 

cells expressing gsc in the Spemann’s organiser is not significantly different between 

surface fish and cavefish. Wider expression of gsc along an animal-vegetal axis in 

cavefish blastula suggests Nodal signaling is enhanced in the blastula. It has been shown 

that enhancement of Nodal signaling in the zebrafish blastula leads to a wider germ ring 

at gastrula stage (Feldman et al., 2002),  which is also observed in the cavefish gastrula 

(Fig. 6). A wider germ ring in the cavefish, as a result of enhanced Nodal signaling, could 

affect the shape of the organiser. Cells within the Spemann’s organiser are patterned by 

complex interacting morphogenetic gradients. Differences in cellular arrangement could 

lead to cell groups experiencing these morphogens differently, leading to patterning 

differences.  

A precise series of molecular events are necessary for the formation of Spemann’s 

organiser, which include localisation of maternal factors in the yolk, -catenin 
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accumulation in the nucleus, and expression of Nodal-related signals in the germ ring 

(Jones et al., 1995; Schier, 2009; Tuazon and Mullins, 2015). Interestingly, cavefish have 

slightly bigger yolk content in the egg (Hinaux et al., 2011; Hüppop and Wilkens, 1991). 

The increased yolk content may have some influence on the distribution of maternal 

factors, which in turn could affect patterning. 

Modifying early developmental patterning events can affect a group of related 

features ensuring that the development and changes in the morphology of these features 

happen in a coordinated and organised way. In the case of cavefish, expansion of Shh 

signaling resulted in a reduction of eye size and a corresponding expansion of jaw size. 

We have shown in this study that this change may be the consequences of changes early 

in development during the patterning of Spemann’s organiser. More careful and intensive 

research is necessary to understand the mechanism behind the unique shape of cavefish 

Spemann’s organiser and whether it has an impact on the anterior expansion of the 

prechordal plate and the development of cavefish specific traits, such as enhanced other 

sensory organs, specialized brain, and enhanced feeding apparatus 
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Figure 1 

 

Fig. 1. The anterior prechordal plate is expanded in the cavefish. Its expansion is 

correlated to expanded expression of shha and reduction of pax6 expression in the 

ANP. Dorsal view of the ANP in Surface fish (A, C, E, G, J), Pachón cavefish (B, D, F, H, 

K), and Tinaja cavefish (I, L) and lateral view of the ANP in Surface fish (C’) and Pachón 

cavefish (D’). (A, B, 1-2 somite stage) The overall pax6 expression domain is smaller in 

the Pachón cavefish. The expression is reduced in the gap between the left and right 

domains and especially in the anterior region (arrow). The pax6 expression in the lens 

epithelium is also reduced, the gap between the domains is also wider in the cavefish 

(arrowhead). (C, C’, D, D’, 1-2 somite stage) The two-colour in situ hybridization suggest 

the reduction in pax6 (cyan) expression is correlated with the domains of shha (dark blue) 

expanded expression. The anterior edge of pax6 in the Pachón cavefish is always more 

posterior than that of shha (arrowhead). (E-L, early tailbud stage) Prechordal plate 

markers, gsc (arrowhead, E, F) and ndr2 (arrowhead, J-L) show the anterior prechordal 

plate region is also expanded in the cavefish similar to shha (G-I). (M) Quantification of 
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gsc and ndr2 expressing areas shows prechordal plate area in the ANP is larger in the 

cavefish. (N) Th number of gsc and shha expressing cells is not significantly different 

between Pachón and surface fish. Scale bars, 250 µm.  
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Figure 2 
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Fig. 2. The relationship between the prechordal plate and ANP suggests the midline 

cells migrate more anteriorly in the cavefish.  Dorsal view of the ANP of Surface (A, 

C), Pachón (B, D) tailbud stage embryos. To understand the relationship between different 

regions of the ANP, we performed two-colour in situ hybridization with dkk-1, dlx3b, pax2, 

and shha probes. (A, B) The in situ hybridization show the dkk-1 expression domain in the 

anterior prechordal plate. The expressing cells are more dispersed in the cavefish. (C, D) 

The in situ hybridization shows the tip of shha expression domain (dark blue), and dkk-1 

domain (red) are more anterior to the neural plate border dlx3b expression (dark blue) in 

the cavefish. The shha expressing cells invade into the dkk-1 expression domain (red) in 

the cavefish. (E) Summary of the expression differences in the ANP between surface fish 

and cavefish. Scale bars, 250 µm. 
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Figure 3 
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Fig. 3. Decreasing Nodal signaling in the Pachón cavefish reduces anterior 

expansion of the prechordal plate and increases pax6 expression in the anterior 

midline.  DMSO control (A-F), early (4 to 11hr, A’-F’), and late (8 to 11hr, A’’-F’’) of 

SB431542 (SB, 25µM) treated Pachón embryos. (A-B’’, tailbud stage) In situ hybridization 

staining shows that reduction of anterior expansion of prechordal plate after the treatment 

as indicated by gsc (A-A’’) and dkk-1 (B-B’’) expression (arrowheads). (C-C’’, tailbud 

stage) shha expression is also reduced, and the tip of the shha domain no longer bend or 

reach the neural plate border. (D-E’’) Correspondingly, the pax6 expression is increased 

at the anterior midline (arrows) after the treatment at early tailbud (D-D’’) and 1-2 somite 

stage (E-E’’). The anterior midline gap of pax6 expression has recovered in the treated 

embryos. The width of the midline gap between the left and right are also reduced. Early 

treatment (A’-F’) is more effective than later treatments (A’’-F’’). (F-F’’, tailbud stage) The 

two-colour in situ hybridization suggest expanded pax6 (cyan) expression is correlated 

with the reduced shha (dark blue) anterior expression in the SB431542 (SB) treated 

embryos. (G-G’’, 48 hpf) DMSO control (G), early (4 to 11hr, G’), and late (8 to 15hr, G’’) 

of SB (25µM) treated embryos at 48 hpf. (H, I) Early SB treatment (4 to 11hr) significantly 

increased lens and optic cup size. Late SB treatment (8 to 15hr) treatment also has an 

effect; however the difference is not statistically significant. SB treatment during early 

somitogenesis does not change the size of lens and optic cup. (J, J’, 48 hpf) Acridine 

orange staining shows SB treatment does not prevent lens apoptosis at 48hr embryos. 

Scale bars: 250 µm (A), 150 µm (G) and 75 µm (J).  
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Figure 4 

 

Fig. 4. Increasing nodal signaling in the surface fish enhance the anterior 

prechordal plate, shh expression and decreases pax6 expression in the anterior 

midline. 150pg of nGFP mRNA as a control (A-D), 75pg (A’-D’), or 150pg (A’’-D’’) of 

smad2CA injected surface fish embryos. (A-D’’, A-C’’ early tailbud and D-D’’ 1-2 somite 

stage) In situ staining show that the increasing Nodal signaling enhances the anterior 

expression of gsc (A-A’’) and shha (B-B’’) and reduces pax6 expression (C-D’’) in the 

anterior midline. (E-H, 48 hpf) Lens and Optic cup areas are measured in 48hr embryos. 

Lens and optic cup size were significantly smaller in smad2CA injected embryos versus 

nGFP control mRNA injected fish. Scale bars: 250 µm (A) and 150 µm (E).  
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Figure 5 

 

Fig. 5. Optic stalk and hypothalamus were reduced in SB431542 treated cavefish 

embryos.  DMSO control (A-C), early SB431542 (4 to 11hr) treated (A’-C’) Pachón 

embryos. We performed in situ hybridizations with hypothalamus marker nkx2.4b (A, A’) 

and optic stalk marker pax2 (B-C’). (A, A’, 10-somite stage) At 10-somite stages, the 

presumptive hypothalamus is smaller and more posteriorly located in the treated embryo 

(arrows, A, A’). (B, B’, 15-somite stage) At 15-somite stages, pax2 marks in the anterior 

optic vesicle which is reduced in the treated fish (white-arrows). The optic vesicle is located 

more anteriorly and reduces part of the anterior hypothalamus in the treated embryos 

(black-arrows). (C, C’, 24 hpf) In the 24hr embryos, the optic stalk is smaller in the SB 

treated embryos. However, pax2 expression in the midbrain-hindbrain boundary is not 

changed (arrowheads). (D, tailbud stage) DiI labelled anterior neural plate at tailbud stage 

of cavefish embryos. (E, tailbud stage) DiI labelled tailbud cavefish embryos with pax6 

expression in the ANP after conversion of DiI to DAB precipitate and in situ hybridization. 

(F, G, 24hpf) Examples of DiI staining in 24hr embryos after labelling at tailbud embryos. 
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A surface fish embryo with DiI in the retina (F) and a cavefish embryo with staining in the 

optic stalk (G). Scale bars: 250 µm (A,B,D) and 150 µm (C,F). (H) The table shows the DiI 

labelled midline cells are more likely to contribute to the OS (optic stalk) and brain in the 

cavefish. In the surface fish, these cells are more likely to contribute to the retina. After SB 

treatment, the distribution of DiI labelled cells in the cavefish is similar to that of the surface 

fish. 
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Figure 6 

 

Fig. 6. Modification of the cellular arrangement in the Spemann’s organiser. Dorsal 

(A-D), lateral (A’-D’) and animal pole view (A’’-D’’) of surface fish (A-A’’, C-C’’) and Pachón 

cavefish embryos (B-B’’, D-D’’) at shield stage. (A-B’’) Expression pattern of gsc (A-B’’) 

and ndr2 (C-D’’) in the Pachón cavefish shows the expression domain in the Spemann’s 

organiser is narrower along the mediolateral axis and wider along the animal-vegetal axis 

when compared to the surface fish embryos (arrowheads). Germ ring is thicker in the 

cavefish embryos when compared to the surface fish (arrows). Scale bar: 250 µm (A). (E) 

Close-up dorsal view of the gsc expression shows the expression domain is wider along 

the animal-vegetal axis in the cavefish embryos at 40% epiboly and shield stage. (F) 

Numbers of presumptive prechordal plate cells are not significantly different between the 

surface fish and cavefish at shield stage. (G) Comparing expression level of two nodal-

related genes, ndr1 and ndr2, and gsc at shield stage by quantitative PCR. The ndr1 
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expression is two times higher, and gsc expression is almost six times higher in the 

cavefish embryos when compared to the surface fish.   
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Figure 7 

 

Figure 7 Summary (A) Cellular distribution of gsc and ndr2 expressing cells (dark blue) 

in Spemann’s organiser is modified in cavefish embryos at shield stage. The modification 

could contribute to the formation of expansion of anterior prechordal plate and small ANP 

in the cavefish that leads to enhance the shh and reduce the pax6 (green) expression in 

the anterior midline of the tailbud embryo. The enhanced shh induces robust 

hypothalamus (red) in ventral brain and pax2 (orange) in anterior optic vesicle during early 

somitogenesis. At the hatching stage, cavefish embryo has robust optic vesicle (orange) 

and small optic cup (green) and large hypothalamus. (B) Molecularly, Nodal induces 

expression of Shh in the anterior midline during gastrulation. The Shh in the prechordal 

plate controls the expression of Pax6, Nkx2, and Pax2 and the development of the neural 

retina, hypothalamus and optic stalk, respectively.  


