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ABSTRACT  

The role of LIM homeobox Transcription Factor 1-Beta (LMX1b) in skeletal, ocular and 

neuronal patterning is well-established. More recently, LMX1b has been implicated in the 

regulation of autophagy, which underlies cellular differentiation, maintenance, and survival. 

Nevertheless, the combined and wide-ranging effects of LMX1b across all developing body 

systems, and underlying cellular mechanisms, remain poorly defined. Therefore, this project 

aimed to broadly characterise gross phenotypic changes seen in LMX1b-ablated embryonic 

development, using CRISPR knockout zebrafish lines of paralogues LMX1ba and LMX1bb as 

a model. Larval morphological assessment revealed abnormal neuronal patterning in mutants 

and striking discrepancies between paralogue lines. LMX1ba mutants displayed defective jaw 

cartilage development and stunted growth, whereas LMX1bb mutants were severely affected 

with oedema, uninflated swim bladders and premature death. Fascinatingly, LMX1bb mutant 

adults also demonstrated abnormally anxiolytic behaviour in novel environment tests. These 

results suggest defective LMX1b-dependent neurodevelopment might translate into abnormal 

adult alarm behaviour. Furthermore, phenotypes of reduced larval growth, swim bladder 

uninflation and oedema suggest the involvement of LMX1b-dependent autophagy in 

embryonic development, as autophagy impairments previously have been linked to these 

phenotypes. Further studies must determine the extent to which autophagy underpins 

LMX1b’s role in early development, and additionally characterise the neuronal and adult 

behaviour changes we preliminarily observed in mutants. Taken together, this field aids 

understanding of the role LMX1b might play in human skeletal and neuronal diseases. 
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INTRODUCTION 

The LIM Homeobox Transcription Factor 1-Beta (LMX1b) gene encodes a transcription factor 

that is predominantly expressed during embryonic development. Well-characterised roles of 

LMX1b are documented in the early patterning of the dorsoventral axis, the glomerular 

epithelium in the kidney and the anterior segment of the eye (Dai 2009). Interest arose in 

LMX1b when these specific regions were linked with the rare skeletal disease Nail Patella 

Syndrome (NPS), which causes malformed kneecaps and nails, nephropathy and increased 

glaucoma risk (Dreyer 1998, Lichter 1997). Following linkage analysis (McIntosh 1997), 

subsequent patient sequencing confirmed that various LMX1b heterozygous mutations result 

in NPS (Dreyer 1998), and single-nucleotide polymorphisms (SNPs) for LMX1b have also now 

been identified in glaucoma (Shiga 2018) and isolated kidney disease (Boyer 2013). 

LMX1b is a member of the homeobox gene superfamily. These genes all contain a highly 

conserved homeobox domain and have wide-ranging functions in cellular differentiation and 

morphogenesis (Mark 1997). LMX1b additionally contains two zinc-finger binding domains, 

called LIM domains, which serve as binding interfaces for multiple proteins/cofactors to form 

transcription factor complexes (Matthews 2003). LMX1b also binds A/T-rich sequences 

(termed FLAT-elements) in promoter gene sequences to upregulate a wide range of tissue-

specific transcription events in development, for instance NURR1 (in dopaminergic neurone 

development) and Eng-1 (in dorsoventral patterning) (Moreno 2020, Chen 2002).  

LIM-homeobox genes have a highly conserved function in early neuronal patterning (Hobert 

2000). LMX1b is highly expressed at the neural tube constriction known as the isthmus, which 

marks the boundary between the developing midbrain and hindbrain (Adams 2000). LMX1b 

regulates signalling cascades promoting the isthmus to secrete factors Fgf8 and Wnt1, which 

map the developing midbrain and hindbrain (Guo 2007). Wnt1 signalling also promotes the 

differentiation of mesodiencephalic dopaminergic neurones in the ventral midbrain (Anderegg 

2013), and therefore specification and proliferation of these neurones is reliant on LMX1b 

signalling (Doucet-Beaupré 2015).   

More recently, research has started implicating LMX1b in the cellular process of 

macroautophagy (Laguna 2015). Bioinformatics approaches demonstrate LMX1b binds FLAT-

elements in multiple autophagy gene promoters to upregulate their expression, including LC3 

and ATG13 (Moreno 2020). Macroautophagy, hereafter termed autophagy, involves 

packaging of cytoplasmic components into autophagosome vesicles, which are then degraded 

following fusion with lysosomes (Jeon 2017). Autophagy was previously thought to simply 

underpin cellular protein and waste metabolism (Dikic 2018), but is now considered a tightly 
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regulated, ubiquitous cellular process which promotes cellular differentiation, homeostasis, 

metabolism and cartilage/bone secretion (Moss 2020). It remains uncertain which LMX1b-

dependent embryonic processes are mediated via upregulation of autophagy rather than non-

autophagy related pathways. Therefore, in order to investigate LMX1b’s wide-ranging roles in 

embryonic development and the underlying cellular mechanisms, a gross morphological 

assessment of all body systems is primarily required.   

Zebrafish are an optimum model for this purpose. Although they have a different evolutionary 

lineage to mammals and therefore translatability is poorer than with a mammalian model 

organism, zebrafish still offer many advantages for neuronal and skeletal study. External 

fertilisation and transparency of embryos enables excellent visualisation of early development 

(Kimmel 1995). Additionally, high genetic tractability enables transgenic reporter and 

CRISPR/Cas9 knockout lines to be created more easily than in mammalian species (Fontana 

2018). Zebrafish skeletal system development is similar to that in mammals, and the zebrafish 

lower jaw is particularly comparable with mammalian endochondral ossification (Mork 2015). 

Zebrafish neurological development is also homologous to other vertebrates, so zebrafish are 

commonly used to study experimental manipulations in neurogenesis (Schmidt 2013). 

Moreover, adult zebrafish are effective models of neurodegenerative diseases such 

Parkinson’s Disease (PD), where assessing dopaminergic neurone survival following MPTP-

injection is common (Khuansuwan 2019). Additionally, the profile of autophagy proteins is 

highly conserved between zebrafish and mammals (Moss 2020).  

Zebrafish lineage experienced a genome duplication unseen in mammalian evolution 

(Postlethwait 1998). This extra polyploidisation step means zebrafish commonly express two 

paralogues of the corresponding mammalian gene. The mammalian orthologue LMX1b 

corresponds to two zebrafish paralogues, termed LMX1ba and LMX1bb (O’Hara 2015). 

Therefore, LMX1ba and LMX1bb knockout lines must be created separately, before crossing 

into a double LXM1ba/LMX1bb knockout zebrafish line. This project analysed single knockout 

lines in larvae, however due to the availability of data, double knockout lines were included in 

adult analysis.   

METHODS AND MATERIALS 

All experiments were conducted following ethical approval from the Home Office and in 

accordance with COSHH safety guidelines. Wildtype and mutant larvae were kept in Danieu 

solution until 5dpf before transfer to the Zebrafish Facility and were maintained under standard 

conditions (Aleström 2020). Due to COVID-19 Pandemic restrictions, Joanna Moss (PHD 

student) conducted in-person lab experiments and uploaded images online for this analysis.  
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Creating CRISPR knockout lines 

Separate CRISPR zebrafish LMX1ba and LMX1bb knockout lines were created, as shown in 

Fig.1. Selected gRNA sequences were injected at single-cell stage, and subsequent fragment 

analysis of larval DNA revealed the most effective gRNA larvae population. These generation 

zero (G0) mosaic mutants were outcrossed with wildtype. Crossing the resulting G1 

heterozygotes produced Mendelian ratios of G2 heterozygote (het), homozygote (homo) and 

wildtype (wt) larvae. These were genotyped using Sanger Sequencing. G2 homozygotes were 

crossed to produce stable homozygous mutant (termed homoinX) lines of LMX1ba. LMX1bb 

homozygotes (LMX1bb-/-) die as juveniles. Therefore, LMX1bb knockout lines were 

maintained in their heterozygous state (hetinX).  

Analysis involved assessing offspring from LMX1ba homoinX, LMX1ba hetinX and LMX1bb 

hetinX lines. Whole embryo post-mortem genotyping of hetinX larvae occurred on 7dpf. HetinX 

larvae were therefore analysed double-blind, with genotype revealed post-analysis.  

 

Figure 1 Schematic depicting generation of LMX1ba knockout line and imaging of larvae. 

Identical protocol generated LMX1bb mutants.  

Bioinformatics 

Multisequence alignment (MSA) of protein sequences was performed using EMBL-EBI Clustal 

Omega tool (Madeira 2019) to compare percentage similarity between amino acid sequences 

(see Fig.2). Protein sequences of LIM1, LIM2 and Homeobox domains were individually 

aligned using UniProt BLAST tool (UniProt 2021). Transcript and protein sequences were 

obtained from the NCBI database (NCBI 2021).  

NCBI wildtype LMX1ba/bb sequences were aligned against experimental mutant transcripts 

using Snapgene (Snapgene-Software 2021). The CRISPR-induced indel mutation sites were 
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located (see Fig.3A). These mutations were manually introduced into wildtype LMX1ba/bb 

sequences (Fig.3B), and the resulting protein sequences were assessed (Fig.3C).  

Gross morphological assessment of larvae 

Live imaging of anaesthetised larvae was performed every 24 hours until 7dpf, using brightfield 

stereomicroscopy at 1-8.3xmagnification. 4dpf was not recorded. Where possible, images 

were taken from the lateral aspect. Scales were calibrated on ImageJ (Schindelin 2012). 

Images were qualitatively assessed for the following gross morphological phenotypes: 

oedema, swim bladder inflation, yolk sac, eye oedema, upper spinal bend (which are markers 

of early zebrafish development) and kidney cysts, eye oedema, and tail bends (body parts 

relevant to LMX1b expression). Body length and eye diameter were measured manually with 

the segmented line tool on ImageJ. Body length is a larval developmental marker and eyes 

are investigated due to LMX1b high expression here.  

Oedema was classified as no/mild/severe (see Fig.6B), in accordance with existing literature 

(Shin 2016). For analysis, larvae were allocated oedema phenotypes in their 7dpf image or 

final image before death. Larvae were characterised as ‘uninflated swim bladder’ when swim 

bladder did not inflate at any dpf. Partial inflation was recorded as full inflation because this is 

observed normally. 

Body length was measured from snout, to centre of eye, to otolith, to first somite, then tracking 

the notochord until the caudal peduncle (shown in Fig.5A,B). This technique ensured that body 

length was not confounded by spinal curvatures (Kimmel 1995).  

Eye diameter was manually measured as the longest visible diameter of the eye (Parichy 

2009) (see Fig.5A,B). Where eyes overlapped on a non-lateral image, the diameter of a single 

eye was estimated.  

Morphological assessment of adult zebrafish 

Lateral images were taken of anaesthetised fish (aged 6.5-7.5mpf) using a camera. Following 

scale calibration, body length and eye diameter were measured following previously-stated 

methods (shown in Fig.5C). 

Quantifying lower jaw length and Sox9a expression 

Culled 3dpf and 5dpf larvae were fixed for whole-mount immunohistochemistry following 

standard procedure (Westerfield 2007). The prepared larvae were treated with anti-col2a and 

anti-Sox9a antibodies followed by fluorophore-labelled anti-rabbit and anti-mouse secondary 
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antibodies. Confocal microscopy was performed from the ventral aspect, and Maximum 

Projection images were assembled on ImageJ.  

The ImageJ line tool was used to manually measure full lower jaw length, and width and length 

of Meckel’s cartilage, shown in Fig.7A.  

Confocal Z-stack images were imported into Seg3D, a purpose-built extension of Matlab 

(Seg3D 2016). The volume of Sox9a staining contained within a manually-drawn region of 

interest in the Z-stack provided a readout of Sox9a intensity (see Fig.7B).   

Preliminary neuronal immunohistochemistry 

Small samples of LMX1ba-/-, LMX1bb-/- and wildtypes were culled on 1-7dpf. Whole-mount 

acetylated tubulin (ACT) and tyrosine hydroxylase (TH) immunostaining as well as DAPI 

staining was conducted. Images of the head region were collected from various angles using 

confocal microscopy. 

The only directly comparable images were 5dpf dorsal images of LMX1bb-/- and wildtype TH-

stained larvae. Gross patterns of TH-staining were qualitatively assessed from confocal Z-

stack projections on ImageJ (see Fig.8A).  

Preliminary morphological assessment of midbrain-hindbrain boundary (MHB) 

1dpf larval brightfield images were selected which contained overlapping eyes and a non-

blurry head outline. This is necessary because the MHB is best visualised on high-quality 

lateral images (Vaz 2019). Larvae were allocated to the following categories (see Fig.8B) 

based on existing literature (Jászai 2003): 

‘Normal MHB’: visible midbrain, hindbrain and developing cerebellum (termed cerebellar 

anlage). 

‘Moderate MHB abnormality’: caudal enlargement of the tectum (part of midbrain), absent 

cerebellar anlage. 

‘Severe MHB abnormality’: no distinct boundaries present in midbrain/hindbrain/cerebellar 

region. 

Assessing adult alarm behaviour 

Novel environment behavioural tests were conducted on 6.5mpf LMX1ba-/-, 7mpf LMX1bb+/-

, 7mpf LMX1ba;LMX1bb+/- (double heterozygous knockout) and 7.5mpf wildtype zebrafish, 

using protocol devised from Formella 2012. Surrounding noise was minimised. Zebrafish were 

individually placed into novel tanks and video-recorded for 10 minutes. Number of seconds of 

‘bottom-dwelling’ behaviour (fish occupying base of the tank) and freezing behaviour 
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(immobile at base of tank) was recorded in the 1st and 10th minute, using a manual stopwatch 

(see Fig.9A).  

Statistical Methods 

Normality was assessed with D’Agnostino Pearson and Shapiro-Wilks Tests on Prism 

(GraphPad Prism V9.0) for each data set. All normality tests were passed thus parametric 

tests were performed.  

LMX1ba and LMX1bb hetinx yielded separate wildtype and heterozygote data, which was 

initially compared using Prism multiple comparisons tests. When LMX1ba and LMX1bb wt and 

het samples were not significantly different they were combined into a ‘siblings’ (sibs) group, 

and sibs were analysed against homo mutants. For body length, LMX1ba sibs were 

significantly different from LMX1bb sibs, so each mutant paralogue was analysed against their 

corresponding sib group. 

Prism unpaired t-tests were performed to compare differences in mean body/eye/jaw lengths, 

Sox9a volumes and bottom-dwelling/freezing times. Prism 2-way ANOVA and Tukey Multiple 

Comparisons were used to analyse body/eye lengths over 1-7dpf.  

Freeman-Halton Tests were conducted for categorical data (swim bladder inflation, oedema 

and MHB phenotypes) using VasaarStats online tool (Lowry 2021). This is an extension of 

Fisher’s Exact Test for 3x2 matrices. This frequency-based analysis was chosen to account 

for highly variable sample sizes between genotype groups.  

Post-hoc power analysis of Sox9a volume data was conducted using ClinCalc online tool 

(Kane 2021).  

Graphical data was created on Prism; error bars represent 95% confidence intervals. 

RESULTS 

Bioinformatics reveals high conservation between Danio Rerio and Homosapiens 
LMX1b 

The high protein sequence similarity seen pictorially between Danio Rerio (zebrafish) 

paralogues and Homosapiens LMX1b in Fig.2B is confirmed by high MSA percentage 

similarity in the whole protein and domain sequences (shown in figure 1 and 2). The LMX1b 

protein is 100% conserved between Mus Muscularis (common mouse) and humans (see 

figure 1 and 2). Zebrafish LMX1bb displays higher % similarity to Homosapiens than LMX1ba 

in LIM1 and LIM2 domains, however the Homeobox domain is identical across all species. 



7 
 

High conservation across vertebrates gives confidence that LMX1b protein function is also 

likely similar.  

CRISPR-induced LMX1ba and LMX1bb indel mutations cause frame-shifts (see Fig.3B), 

premature stop codons and hence truncated protein (see Fig.3C).  

 

Figure 2 Schematic illustrating transcript (A) and protein (B) sequences for Homosapiens 

LMX1b and zebrafish paralogues including sequence lengths, exon number and key 

domains, showing high conservation of LMX1b protein domains. 

 

Figure 1 Percentage Similarity for LMX1b Danio Rerio, Homosapiens and Mus Muscularis 

indicates high protein % similarity between zebrafish paralogues and mammalian LMX1b. 
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Figure 2 Percentage Similarity for key LMX1b domains in Danio Rerio, Homosapiens and 

Mus Muscularis indicates high conservation of domain sequences between zebrafish 

paralogues and mammalian LMX1b. 

 

 

Figure 3 Schematic displaying mutation sites in experimental LMX1ba and LMX1bb 

transcripts (A), resulting premature stop codons in transcript (B) sequences and truncated 

protein (C) sequences, indicating null mutants.  

LMX1ba-/- and LMX1bb-/- mutants show markedly different abnormal phenotypes in 
development 

Gross morphological assessment was conducted to identify developmental abnormalities in 

mutants. Both mutants displayed MHB abnormalities at 1dpf.  Only LMX1bb-/- developed a 
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severe phenotype of oedema and uninflated swim bladders from 5dpf, and died before 

adulthood.  

 

Figure 4 Characteristic phenotypes in mutant and wildtype zebrafish through development. 

Abnormal MHB brain morphology, shorter body length and eye diameter, oedema and swim 

bladder uninflation are observed in mutants.  

Decreased body length is seen in LMX1ba-/- and decreased eye diameter in LMX1bb-/- 
larvae 

As shown in Fig.5D, comparisons of mutant and wt larvae reveal LMX1ba-/- are significantly 

shorter than corresponding sibs at 3dpf (212μm±124 shorter) and 5dpf (153.8μm±143 

shorter). Interestingly, the shorter body length is not maintained in LMX1ba-/- beyond 5dpf, 

and is not seen in LMX1ba-/- adults (see Fig.5G). In contrast, LMX1bb-/- larvae are not 

significantly different in length to the corresponding sib population. These results surprisingly 

suggest that LMX1bb+/- adults are significantly longer than wt (mean difference -

3656μm±1599) (see Fig.5G). Tank and feeding conditions of wt and mutant fish lines must be 

controlled in order to confirm this finding and rule out the possibility of stock density issues 

confounding results.  

As shown in Fig.5F, LMX1bb-/- larvae display significantly reduced eye diameter compared to 

sibs from 5dpf onwards (mean difference at 5dpf -24.21μm±18.729, 6dpf -43.64μm±26.55, 

7dpf -38.51μm±19.53), which is not replicated in LMX1ba-/- larvae or adult populations.  
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Figure 5 (A,B,C) Schematics showing body length and eye diameter measurements in 1dpf 

larvae, 7dpf larvae and adult zebrafish respectively. (D) Graph showing significantly shorter 

body length of LMX1ba-/- vs LMX1ba sibs at 3-5dpf (3dpf p<0.0001, 5dpf p=0.031, Tukey’s 

multiple comparisons, 2-way ANOVA) (n≥32). (E) Same as (D) for LMX1bb-/- and sibs, 

where no difference is observed (n≥19). (F) Graph depicting significantly reduced mean eye 

diameter of LMX1bb-/- vs sibs at 5-7dpf, with no difference in LMX1ba-/- vs sibs (LMX1bb-/- 

vs sibs 5dpf p=0.007, 6dpf p=0.0004, 7dpf p<0.0001, Tukey’s multiple comparisons, 2-way 

ANOVA). (G) Graph indicating significantly increased mean body lengths of 7mpf LMX1bb-/- 

vs 7.5 mpf sibs and 6.5mpf LMX1ba-/- and 7mpf wt (LMX1bb+/- vs wt p<0.0001, unpaired t-

test) (n≥9). (H) Same as (G) for eye diameter, with no difference between mutants vs sibs.  

Uninflated swim bladders and development of severe oedema in LMX1bb-/- larvae 

Striking differential penetrance of oedema and swim bladder phenotypes is observed between 

mutant and sib larvae (see Fig.6C,D). Whilst the majority of LMX1bb-/- had uninflated swim 

bladders (16 out of 19 larvae) and severe oedema (all 19 larvae) by 7dpf, het were not 

significantly different from wt suggesting a recessive pattern of inheritance. These phenotypes 

were not evident in LMX1ba-/-.  

The generalised oedema is accompanied by eye oedema (see Supp.Fig.2), and typically first 

presented at 5/6dpf. Lymphoedema cannot be the sole contributor due to the zebrafish 

lymphatic system being undeveloped at 5dpf (Jung 2017), however the observed phenotype 

is not typical of isolated renal-induced/cardiovascular oedema (this onsets prior to 5dpf, often 
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with pronounced pericardial oedema, Cosentino 2010). Therefore, a combination of 

lymphoedema with renal-induced/cardiovascular oedema is suspected.  

 

Figure 6 (A) Appearance of inflated and uninflated swim bladder larval phenotypes. (B) 

Representative examples of no/mild/severe oedema classification system. (C) Graph 

indicating 84% LMX1bb-/- larvae display uninflated swim bladders but no difference between 

sibs and LMX1ba-/-. (LMX1bb-/- vs sibs p<0.0001, Freeman-Halton Test) (n≥19). (D) Graph 

showing proportion of mutants and sibs with oedema phenotypes, with 100% LMX1bb-/- 

displaying severe oedema and no significant difference between LMX1ba-/- vs sibs 

(p<0.0001, Freeman-Halton Test) (n≥19). 

LMX1ba-/- show decreased lower jaw dimensions at 3 and 5dpf 
 

Immunostaining for Col2a (the primary component of developing cartilage matrix) enabled 

visualisation of the cartilage template and jaw outline (Gistelinck 2016). As shown in Fig.7I-K, 

LMX1ba-/- but not LMX1bb-/- displayed significantly shorter full lower jaw and Meckel’s 

cartilage lengths (-30.24μm±21.44, -27.05μm±8.88 respectively). Following this finding, 3dpf 

LMX1ba-/- larvae were investigated, and significantly decreased full length was also observed 

at this younger age (-27.08μm±24.568) (see Fig.7D-F). There was no difference between 3-
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5dpf percentage growth of LMX1ba-/- and wt lower jaws (see Supp.Fig.3), indicating that 

LMX1ba’s effect on jaw growth occurs predominantly before 3dpf. Qualitative examination 

suggested that 3dpf LMX1ba-/- jaw outlines were more uneven than wt.  

Noticeable decrease in larval lower jaw Sox9a expression is not quantitatively 
significant 
 

Immunostaining for Sox9a (a transcription factor promoting chondrocyte differentiation) served 

as a proxy for chondrocyte maturation and health (Yan 2002). Qualitative assessment of 

confocal images suggested Sox9a expression was reduced in 3dpf and 5dpf LMX1ba-/-. 

However, subsequent quantitative analysis did not reveal significant differences in Sox9a 

intensity compared to wt, despite pronounced differences in mutant and wt mean intensity 

readings (mean difference LMX1ba-/- vs wt 3dpf -2.03x105μm3±3.11x105, 5dpf -

3.08x105μm3±3.21x105, LMX1bb-/- vs wt-1.94x105μm3±3.10x105) (see Fig.7G,L). Post-hoc 

power analysis demonstrated that wide variation in intensity readouts, particularly in wildtypes, 

resulted in extremely low power of 44%. Obtaining 80% power would require n=52 (Kane 

2021).  
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Fig.7 continues overleaf.  
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Figure 7 (A) Schematic illustrating lower jaw length measurements from ventral-view Col2a 

Z-stack projections (1=full lower jaw length, 2=length Meckel’s cartilage, 3= width Meckel’s 

cartilage). (B) Example of manually-drawn ROI on Seg3D (4=ROI encompassing entire 

Meckel’s cartilage). (C) Representative examples of 3dpf LMX1ba-/- and wt jaw images, 

illustrating reduced Sox9a volume and smaller jaw dimensions in LMX1ba-/- mutants. Col2a, 

Sox9a and merged Col2aSox9a confocal images are Max Z-stack projection images of 

Col2a/Sox9a immunostaining. Sox9a volume images are 3D models of Sox9a intensity 

output on Seg3D programme. (D-F) Graphs comparing mean jaw lengths in 3dpf LMX1ba-/- 

and wt larvae, indicating LMX1ba-/- have significantly smaller full lower jaw length but other 

dimensions are similar (full length p=0.0336, unpaired t-test) (n≥6). (G) Graph indicating the 

reduced Sox9a volume intensity readout in 3dpf Meckel’s cartilage in LMX1ba-/- is 
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nonsignificant vs wt (n≥6).(H) Same as (C) for 5dpf. (I-K) Same as (D-F) for 5dpf mutant and 

wt larvae, indicating LMX1ba-/- have significantly reduced lower jaw full length and Meckel’s 

length vs wt and LXM1bb-/- (LMX1ba-/- vs wt full length p=0.0129, width Meckel’s p=0.0013, 

unpaired t-test) (n≥6). (L) Same as (G) for 5dpf larvae (n≥4), indicating the reduction Sox9a 

intensity in mutants is nonsignificant.   

Mutants display altered patterning of TH-positive neurones and MHB 

Qualitative assessment of TH-staining, which labels catecholamine-positive neurones 

(predominantly dopamine and noradrenaline, Filippi 2010) reveals lack of TH-positive cell 

organisation in the LMX1bb-/- gross forebrain/midbrain region (shown in Fig.8A). This 

potentially indicates compromised dopaminergic neurone development (Filippi 2010). 

Shown in Fig.8C, assessment of MHB appearance in 1dpf larvae brightfield images revealed 

significantly higher incidence of MHB abnormality in both LMX1ba-/- and LMX1bb-/- than sibs 

(p=0.0121, p=0.0228, Freeman-Halton Test). MHB abnormalities were most prevalent in 

LMX1b-/- larvae, presenting in 8 out of 12 LMX1bb-/- larvae.  
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Figure 8 (A) Example of dorsal-view TH-stained confocal images of 5dpf LMX1bb-/- and wt 

brains. No LMX1ba-/- images were available. (B) Appearance of normal/mild/severe MHB 

abnormality classification in 1dpf brightfield lateral-view images. (C) Graph indicating a 

higher proportion of mutants display MHB abnormalities compared to sibs (n≥12).  

LMX1bb-/- and LMX1ba;LMX1bb+/- adults showed diminished alarm behaviour in 
novel environment tests 

When placed in a novel environment, zebrafish normally exhibit increased bottom-dwelling 

and freezing behaviour in order to ‘hide’ from predators (Kalueff 2013, Sackerman 2010). As 

seen in Fig.9B/C, LMX1bb+/- and LMX1ba;LMX1bb+/- demonstrated impaired bottom-

dwelling behaviour that was significant in 1st min (-52.07%±35.54, -46.23%±35.55 

respectively). Freezing behaviour was non-existent in 1st min, however 3 of the 4 wt and 

LMX1ba-/- adults froze for a large proportion of 10th min, compared to none of the LMX1bb+/- 

or LMX1ba;LMX1bb+/- (see Fig.9D). Behaviour of LMX1ba-/- was indistinguishable from 
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wildtype. The differential behaviours of LMX1ba and LMX1bb mutants suggests two alleles of 

LMX1bb are required for normal alarm behaviour.   

 

Figure 9 (A) Examples of bottom-dwelling and non-bottom dwelling behaviour. (B) Graph of 

% time adult zebrafish spent bottom-dwelling during 1st minute indicating LMX1bb 

heterozygous mutants spend significantly less time dwelling at the bottom (LMX1bb+/- vs wt 

p=0.0053, LMX1ba;LMX1bb+/- vs wt p=0.0117, unpaired t-tests) (C) Same for (B) for 10th 

min, showing the apparent reduction in bottom dwelling time in LMX1bb heterozygous 

mutants is nonsignificant (D) Graph illustrating the % reduction in freezing time in 10th min in 

mutants is nonsignficant (n=4 for all). 
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DISCUSSION 

These results highlight a striking role for LMX1b in multiple aspects of zebrafish larval 

development. This discussion principally focusses on differential morphologies, underlying 

autophagy processes and neurodevelopmental implications, with the inclusion of experimental 

shortcomings and model suitability. 

Significance of broad morphological changes 

LMX1b mutations presenting in human patients are only found in heterozygous form, and 

result in specific non-lethal patterning defects of the dorsoventral axis and eyes (Witzgall 2017) 

with no evident neurodevelopment/autophagy changes. The broader phenotypic changes 

seen in our zebrafish indicate that LMX1b homozygous knockout might impair embryonic 

autophagy and neurodevelopmental processes, and it is therefore possible that similar 

autophagy/neuronal defects might be causing the prenatal death of human LMX1b 

homozygous mutants.  

The location of mutations seen in Bioinformatics analysis (Fig.3) indicates that both LMX1ba 

and LMX1bb mutants are null. Our results also suggest differential paralogue expression. 

LMX1bb-/- are the more severely affected mutant, displaying uninflated swim bladders and 

oedema post-5dpf which culminates in premature death. Specifically, the milder-affected 

LMX1ba-/- show shortened body length and jaw cartilage abnormalities, suggesting selective 

LMX1ba expression in the jaw. 20% of LMX1ba-/- larvae also display an inconsistently 

penetrant lethal phenotype at 2dpf (see survival analysis, Supp.Fig.1). Finally, preliminary 

analysis indicates that in LMX1bb, but not LMX1ba mutants, neurodevelopmental 

abnormalities may translate into impairment of certain adult behavioural responses. The 

differential spatial expression of LMX1ba/bb could be confirmed through FACS-sorting specific 

cell populations, for instance larval chondrocytes (Manoli 2012). 

Autophagy impairment as an explanation of mutant developmental abnormalities 

Defective autophagy-driven lipid metabolism and stunted growth 

LMX1ba-/- show decreased body length in larval development (see Fig.5) which appears to 

catch up with wt by 6/7dpf. This coincides with a feeding switch. From 6dpf onwards, larvae 

were fed with protein (brine trim) rather than reliance on yolk sac lipids. Lipid metabolism, but 

not protein metabolism, has been shown to be autophagy-dependent (Singh 2009). Indeed, 

unpublished findings from the Hammond Lab indicate that ATG13-/- (a critical autophagy-

related gene) larvae show impaired yolk sac metabolism and stunted growth (Unpublished 

Moss 2021). Therefore, it is postulated that LMX1ba-/- early growth is impaired due to inability 

to metabolise the yolk sac, whereas protein diets administered from 6dpf are metabolised as 
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normal. Changing larvae diets from protein to fat would illustrate whether continued inability 

to metabolise does decrease body length (Minchin 2018). Alternatively, reduced body length 

could indicate a spinal defect; reduced number of somites (seen in abnormal spinal patterning) 

decreases notochord length (Resende 2014). Somite number should be counted in brightfield 

larval images to assess for patterning defects. 

Defective lymphatic vessel lipid metabolism and oedema phenotype 

LMX1b’s role in the autophagy pathway of lipid metabolism may also underlie the observed 

lymphoedema phenotype. Even though the role of LMX1b, or autophagy more generally, in 

lymphoedema is yet to be explored, lymphatic endothelial cells are worse affected in 

autophagy knockout models than other endothelial cells (O’Sullivan 2016). This is thought to 

be because lymphatic cells have a greater reliance on lipid droplets as a source of fatty acids 

for mitochondrial metabolism than other endothelial cells (Wong 2017). Autophagy assists in 

the degradation of lipid droplets to fatty acids, and in-vitro autophagy knockout models impair 

fatty acid oxidation, lipid metabolism and lymphangiogenesis (O’Sullivan 2016). However, the 

relative contributions of cardiovascular and renal-induced oedema to the mutant phenotype 

must be confirmed. Decreased LMX1b expression in renal podocytes (Rohr 2002) may result 

in a malformed and leaky glomerular filtration barrier (Hanke 2013) which could contribute 

significantly to the observed oedema.  

It is postulated that reductions in eye diameter specifically in LMX1bb-/- at 5-7dpf (see Fig.5) 

might be explained by the associated increase in eye oedema over this time (see Supp.Fig.2). 

LMX1b’s role in eye development, specifically in the migration of periocular mesenchymal cells 

(McMahon 2009), is well-characterised (Richardson 2017). Nevertheless, it is likely that 

increased pressure in eye oedema underlies the pronounced ocular shrinkage (Arden 2011) 

rather than ocular developmental defects, because eye oedema presented the fish which also 

had severe oedema.   

Uninflated swim bladders could be explained by surfactant production deficit 

LMX1bb-/- larvae additionally display uninflated swim bladders. This could substantiate 

evidence that autophagy is required for inflation of air-filled cavities (Morishita 2020). Research 

shows that autophagy impairment decreases surfactant production by lamellar bodies in 

mouse lungs and zebrafish swim bladders. Surfactant is required to reduce surface tension 

and inflate these cavities (Chen 2018), so reduced surfactant is postulated to decrease swim 

bladder inflation. ATG13-/- mutants with impaired autophagy also demonstrate uninflated 

swim bladders (Unpublished Moss 2021), suggesting our observed phenotype might also be 

due to defective autophagy. Taken together, these results potentially implicate LMX1bb in 

autophagy-mediated surfactant production.  
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Developmental jaw defects suggest impaired chondrocyte autophagy 

Reduced jaw length and uneven template boundaries (visualised by Col2a staining) indicates 

defective cartilage secretion by chondrocytes specifically in LMX1ba-/-. Moreover, qualitative 

data suggests that LMX1ba-/-, and also perhaps LMX1bb-/-, might display reductions in Sox9a 

intensity. Sox9a marks chondrocytic maturation and development, and this is partially 

regulated by autophagy (Aghajanian 2018). Indeed, preliminary findings demonstrate that 

ATG13-/- mutants likewise have reduced lower jaw Sox9a expression and maldeveloped 

chondrocytes (Unpublished Moss 2021). Hence, these results suggest that LMX1b may be 

necessary for autophagy-dependent chondrocyte differentiation, to enable Col2a secretion in 

the developing cartilage template of the lower jaw. Alternatively, the jaw phenotype also could 

be due to reduction in LMX1b skeletal expression; human patients with LMX1b heterozygous 

mutations show skeletal deformities and the zebrafish jaw models skeletal systems.  

Although the above morphological changes may result from defective autophagy-mediated 

LMX1b processes, non-autophagy roles of LMX1b for example in skeletal patterning and 

kidney patterning could also underlie changes (jaw and length phenotype and oedema 

phenotype respectively). Autophagy flux experiments would determine whether autophagy is 

defective in which locations in these mutants.  

Linking neuronal patterning abnormalities and reduced alarm behaviour 

Neurodevelopmental abnormalities possibly due to defective neuronal autophagy 

At 1dpf, MHB patterning appears significantly altered in both mutant paralogues. The observed 

phenotype of abnormal tectal and cerebellar morphology is similar to previous LMX1b ablation 

models in zebrafish, chick and mouse embryos (O’Hara 2005, Adams 2000, Guo 2007), and 

confirms the crucial role of LMX1b in early patterning. Nevertheless, future whole-mount in-

situ hybridisations of MHB markers such as Otx2 and Pax2a (Kesavan 2017) are required to 

visualise 1dpf MHB abnormalities more precisely. Preliminary observations also indicate 

disruption of TH-positive neurone development at 5dpf. This supports literature showing 

LMX1b is required for the specification/differentiation of midbrain dopaminergic (mDa) 

neurones in zebrafish (Filippi 2007) and tetrapods (Smidt 2000). However, further TH-stained 

immunohistological sections of larval brains, particularly of the ventral midbrain where large 

dopaminergic populations develop in zebrafish (Rink 2002), are required to assess each 

paralogue’s effects on dopaminergic neuronal development.  

Fascinatingly, LMX1b-dependent neuronal specification/differentiation is also thought to be 

mediated via autophagy pathways; interactions of LMX1b with autophagy proteins ATG8 and 

LC3 are required for iPSC-derived human dopaminergic neurone differentiation and 
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maintenance (Moreno 2020). In mammals, LMX1b ablation in post-mitotic presynaptic mDa 

neurones is associated with downregulation of the autophagic-lysosomal pathway (ALP) and 

decreased expression of multiple autophagy proteins (including LC3, Beclin1, Lamp1) 

(Laguna 2015), which leads to neurodegeneration. Notably, neurodegeneration is reversed 

upon rescuing the ALP (Dehay 2010). Our model cannot explore the autophagy-mediated 

effects of post-mitotic LMX1b expression in mDa neurones because zebrafish do not express 

LMX1b in mature neurones (Filippi 2007). Nevertheless, these studies indicate that LMX1b is 

a critical mediator of autophagy in dopaminergic neurones, consequently autophagy defects 

may underlie the LMX1b-/- neuronal patterning abnormalities we observed.   

Neurodevelopmental changes possibly persist into adulthood, with relevance to PD  

Our behavioural investigations appear to suggest that reduction in LMX1bb expression has 

long-lasting effects on adult zebrafish behaviour. Although preliminary lab observations report 

LMX1b mutant behaviour seems generally normal, LMX1bb+/- and LMX1ba;LMX1bb+/- seem 

to demonstrate reduced bottom-dwelling and freezing behaviour in the novel environment test 

(see Fig.9). Fascinatingly, this corresponds to behavioural findings in zebrafish with depleted 

dopamine specifically in larval development (via transient TH-morpholino injection) (Formella 

2012). In these fish, adult dopaminergic neurones/dopamine levels appeared unaffected. 

Parallels could be drawn between this scenario and LMX1b mutants; LMX1b is integral in 

larval dopaminergic neurone development), but is unexpressed in mature mDa neurones 

(Filippi 2007). Decreased freezing/bottom-dwelling behaviour is an anxiolytic behaviour 

typically displayed when dopamine levels decrease (Liu 2020, Lopez-Patino 2008). Our 

preliminary findings, combined with findings from Formella et al, may indicate that reduction 

in dopaminergic neurone signalling early in development leads to chronic changes to specific 

adult behaviours, whilst other behaviours are unaffected possibly due to compensation 

(Schwamborn 2018).  

This has potential implications for PD modelling. There is increasing evidence that PD 

symptoms arise due to multiple ‘hits’ which damage midbrain dopaminergic neurones 

(Schwamborn 2018). These include neurodevelopmental, environmental and genetic defects 

(Sulzer 2007), which increase susceptibility to neurodegeneration later in life. Thus, it would 

be interesting to explore whether LMX1b-/- lines have increased susceptibility to 

neurodegeneration/dopaminergic neurodegeneration, and whether behaviour deteriorates at 

a different rate to wt. Sequential repetition of the novel environment experiment/other 

behavioural tests would be a first step.  
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Conclusions are tentative due to methodology limitations  

The poor accuracy of manual eye, body and jaw length measurements could be vastly 

improved through automated analysis in both larvae and adults (Teixidó 2019). Jaw mounting 

issues resulted in angled confocal images, which caused jaw lengths to seem shorter than 

they would have been in horizontal sections. 3D rendering would alleviate this in future 

analysis. Additionally, Seg3D Sox9a intensity readings were hugely variable, and reliability 

could be increased by computing a standardised ROI panel into the Seg3D program, as well 

as normalising to non-Sox9a expression.  

The usefulness of our TH-stained confocal images is limited because key dopaminergic 

populations exist more posterior to the brain region visible (Rink 2002). Additionally, 

conclusions from neuronal TH-staining and behavioural analysis remain tentative due to low 

sample sizes. Following the initial striking behavioural findings, increased sample size is 

required to determine whether freezing/bottom-dwelling behaviours are significantly ablated 

in LMX1bb mutants. Automated tracking software would be more reliable than stopwatch time-

keeping and enable more aspects of alarm behaviour to be recorded efficiently. This could 

include the number of direction changes, % time spent in vertical tank quadrants and number 

of dives to bottom. (Kalueff 2013).  

Lastly, post-mortem genotyping at 7dpf meant that 13/135 larvae had to be excluded from our 

analysis, because the genotype of all hetinX larvae which died prior to 7dpf was unknown. 

This limitation also caused larval survival analysis (Supp.Fig.1) to be inaccurate, as only the 

survival of LMX1ba homoinX (which had known genotype) could be properly tracked. Live 

genotyping of 3dpf larvae using caudal fin clips (Kosuta 2018) would alleviate this limitation, 

despite being more time-consuming.  

Usefulness of our zebrafish LMX1b-/- model in studying skeletal and neuronal 
development 

These results indicate our model may be more applicable for studying LMX1b’s role in 

autophagy processes and neurodevelopment rather than skeletal development. A surprising 

lack of spinal and dorsoventral patterning larval defects are observed in comparison to in 

LMX1b mutant human patients. There is no tail curvature phenotype (a sign of abnormal 

patterning, Kanungo 2003) in mutant larvae (see Supp.Fig.4A), and prominent upper spine 

curvatures in LMX1bb-/- (see Supp.Fig.4B) are more likely a consequence of the generalised 

sickness phenotype than spinal defects. Normal mutant patterning could be because bone 

formation begins after 7dpf in zebrafish (Spoorendonk 2008). Alternatively, both paralogues 

might be expressed in the developing spine, so compensation by the other paralogue could 
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occur in each mutant line. A double knockout line would therefore confirm if LMX1ba and 

LMX1bb are both involved in dorsoventral and spinal patterning.  

Double LMX1b knockout lines would additionally display greater resemblance to the 

mammalian condition and are therefore currently in development. Nevertheless, separately 

studying both differentially expressed paralogues in our current model enables different roles 

of LMX1b to be seen in separate models. This is advantageous when one specific phenotype 

leads to gross morphological changes/death (e.g. severe sickness of LMX1bb-/-) because 

other roles can be visualised in the opposing paralogue line (e.g. chondrogenesis in LMX1ba-

/-). It is hoped that through studying the prominent neuronal and potentially autophagy-

mediated larval mutant phenotypes in the zebrafish model, the cause of early lethality (which 

may be resulting in premature death of homozygote human mutant embryos) may be revealed. 

This highlights arguably the greatest advantage of the zebrafish model: external development 

of transparent embryos enables easy visualisation and assessment of the embryonic mutant 

form, which is unparalleled in mammalian embryonic models.  

Conclusion 

In conclusion, this project has allowed fascinating insight into the wide-ranging roles LMX1b 

might have across zebrafish development thereby supporting current literature that this 

transcription factor is more complex than simply regulating early patterning of skeletal 

systems. Nevertheless, refinements of genotyping procedure, accuracy of measurements and 

neuronal imaging/behavioural methodologies are required, in order to further investigate 

LMX1b’s effects in autophagy-mediated developmental processes, and how resulting 

neurodevelopmental defects might persist into adult behaviour change.  
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6. APPENDICES 

6.1 Death of 20% LMX1ba-/- larvae at 2dpf.  

https://academic.oup.com/nar/advance-article/doi/10.1093/nar/gkaa1100/6006196
https://academic.oup.com/nar/advance-article/doi/10.1093/nar/gkaa1100/6006196
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Survival analysis indicates a highly significant difference (p<0.0001, Log-rank test) in survival 

rates of LMX1ba-/- (64% survival), LMX1bb-/- (89.5%) and sibs (100%). Lack of survival data 

past 7dpf means that the premature death of LMX1bb-/-, estimated 10-17dpf, is not shown. 

Additionally, survival data for LMX1ba/LMX1bb hetinx is only available for those that survive 

to at least 6dpf, due to post-mortem 7dpf genotyping. This limits validity of the analysis. 

 

Supplementary Figure 1 Kaplan Meier Survival Curve depicting survival of zebrafish larvae 

until 7dpf (n≥19) 
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6.2 LMX1bb-/- display pronounced eye oedema from 5dpf. 

Eye oedema is dramatically increased in LMX1bb-/-, with 16 out of 19 larvae developing eye 

oedema by 7dpf (see Supp.Fig2). Onset of eye oedema is typically 5dpf.   

 

Supplementary Figure 2 (A) Representative example of eye oedema phenotype, 

characterised as oedemic swelling in ocular region (red arrows). Shrinkage of eye diameter 

can be seen. (B) Graph showing % larvae which developed eye oedema (LMX1bb-/- vs sibs 

p<0.0001, Chi-squared test) (n≥19) 
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6.3 Equal percentage change in growth between LMX1ba-/- and wt jaws from 3-5dpf. 

There is no significant difference in percentage growth from 3dpf to 5dpf in LMX1ba-/- and wt 

larval lower jaws (unpaired t-test), indicating that the effect of LMX1ba-/- on growth reduction 

occurs prior to 3dpf.   

 

Supplementary Figure 3 Graph comparing percentage change in jaw length between 

LMX1ba-/- and wt (n≥6).  
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6.4 LMX1bb-/- show pronounced upper spine but not lower spine curvatures. 

Supp.Fig.4C illustrates the incidence of tail curvatures does not increase in mutant larvae. 

LMX1bb-/- displayed slightly reduced incidence of tail bends compared to sibs. As seen in 

Supp.Fig4D, LMX1bb-/- display significantly increased incidence of upper spine bends by 
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7dpf. 

 

Supplementary Figure 4 (A) Schematic displayed categories of tail bends, defined by angle 

of largest bend in notochord. Multiple bends were recorded as ‘severe tail bend’. (B) 

Schematic displaying categories of upper bends, seen in region of the swim bladder/prior to 

the 1st somite (C) Graph comparing % of mutant and sib larvae with tail bends (LMX1ba-/- vs 

sibs p=0.052, LMX1bb-/- vs sibs p=0.498, Freeman-Halton Test) (n≥19). (D) Graph 

comparing % with upper bends (LMX1ba vs sibs p=1.0, LMX1bb vs sibs p<0.0001, 

Freeman-Halton Test) (n≥19). 

 


