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Chapter One: Introduction  
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Figure 1.1: Vascular mural cells (smooth muscle cells and pericytes) are associated 

with the endothelium. 

Smooth muscle cells are found in a continuous sheath around the endothelium, while 

pericytes are punctate cells, with individual processes wrapping around the endothelium. 
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Figure 1.3: Populations of neural crest derivatives. 

Neural crest cell populations (cranial, cardiac, trunk, and sacral) give rise to numerous cell 

types within the body. Vascular mural cells are neural crest derived in the head, and come 

from both cranial and cardiac neural crest populations. From Vega-Lopez et al. 201848, 

with permission (see Appendix 7.2). 
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Figure 1.4: Representative neural crest induction and delamination in vertebrates. 

A) Neural crest cells in the neural plate separate the neural ectoderm from the non-neural 

ectoderm. In response to moderate levels of BMP and high levels of Wnt, FGF, and retinoic 

acid signals, induction of neural plate begins. B-E) Representative neural crest induction 

and delamination in most vertebrate embryos. Upon induction, the neural plate undergoes 

a morphological change, creating the neural tube, migratory neural crest cells, and the 

epidermis.   
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Figure 1.5: Cranial and cardiac neural crest cells migrate along stereotypical 

pathways based on origin. 

Representative cartoon of vertebrate embryo where cranial and cardiac neural crest cells 

originate in the dorsal head and then migrate along known tracks to the ventral head, 

towards attractive cues. Migrating neural crest cells avoid repulsive cues, where they 

differentiate into vascular mural cells and other neural crest derivatives. OV = otic vesicle.  
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Figure 1.6: Cross section schematic of a developing embryo and the mammalian 

boundary for smooth muscle origins along the aorta. 

A) Cross section schematic of a developing embryo, showing location of neural crest cells 

and multiple mesoderm populations. B) Smooth muscle cells of the aorta in mammals 

derive from multiple sources. Smooth muscle cells of the ascending aorta and aortic arch 

are neural crest derived, while the smooth muscle cells of the descending aorta are derived 

from paraxial mesoderm, with a sharp boundary. Tricuspid valves are derived from lateral 

plate mesoderm.  
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Figure 1.7: Transmission electron microscopy depicts close association of mural cells 

with the endothelium via tight junctions. 

Peri-vascular mural cells are labelled with asterisks (*) at 48 hpf and associated with 

endothelial cells (ec). Lumen is denoted by lum, notochord is denoted by nc. Tight 

junctions between peri-vascular cells and endothelial cells are labelled with arrows. Scale 

bar in A is 2 µm and scale bar in C is 300 nm. Adapted from Lamont et al. 201043, with 

permission (see Appendix 7.3).   
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with variable specificity, with the third helix presented to the major groove of DNA90,93,94. 

Fox proteins share strong similar DNA binding sequences (estimated around 90% 

similarity), but outside of the binding domain there is less sequence similarity90. Fox 

proteins bind DNA with different affinities, and coupled with different spatiotemporal 

expression and functional diversity in interacting partners, it explains the widespread 

functions of fox proteins in an organism90,91. 

1.7.2 Fox genes involved in vascular biology 

Within the 19 families of Fox proteins, humans have 50 individual fox genes and zebrafish 

have 4992,93. There are many diverse processes in which Fox proteins are involved in, and 

the role of fox proteins in vascular biology is no exception. As previously mentioned, 

vascular mural cells of the head are derived from neural crest, and foxd3 is an important 

neural crest specifier gene65,95; loss of foxd3 results in loss of neural crest tissue, including 

neural crest derived mural cells36,47,95.  

foxf2 is another fox gene involved in vascular biology. Previous work from the Childs lab 

has shown foxf2 is expressed in pericytes, and that loss of foxf2a or foxf2b leads to loss of 

pericyte and smooth muscle coverage96. In mice, Foxf2 is expressed in pericytes, and loss 

of Foxf2 results in hemorrhage and a leaky blood brain barrier96,97.  

foxf2 is part of an conserved cluster through evolution with foxc1 and foxq1, in human, 

mouse, and zebrafish (Figure 1.9)98. Indeed, FOXC1 and FOXF2 have been shown to be 

co-deleted in patients with glaucoma, and these patients also present with white matter 

hyperintensities, characteristic of cerebral small vessel disease (CSVD)99. Loss of 

foxc1a/foxc1b or overexpression of foxc1a, in zebrafish, both lead to hemorrhage, and 

dosage of these genes is critical, or it can lead to disease progression92,99. Loss of FOXC1 

has been associated with Axenfeld-Rieger syndrome, and overexpression of FOXC1 has 

been shown in vitro to correspond with increase migration and invasion of cancer cells92. 

In this thesis, I characterize foxc1b as a smooth muscle marker. 
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Figure 1.9: foxc1b is part of a conserved cluster across evolution. 

foxc, foxf, and foxq are part of a cluster of fox genes that is conserved between human, 

mouse, and zebrafish, in a conserved order for each species. Distances between genes are 

displayed, in kilobases (kb). 
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Figure 1.10: Phylogenetic tree of Ras super family of GTPases proteins. 

Rasl12, and its related paralogues, are highlighted by the red box. Modified from Colicelli, 

J. (2004). Human RAS Superfamily Proteins and Related GTPases. Signal Transduction 

Knowledge Environment, 2004(250), Re13. Reprinted with permission from AAAS. 

 



24 

 

 
Figure 1.11: Simplified membrane bound signal transduction and Ras activation. 

Extracellular ligand binding to receptor tyrosine kinase (RTK) cell surface receptors 

induces dimerization of receptors and trans-autophosphorylation of tyrosine residues in the 

intracellular tyrosine kinase domain. Phosphorylated residues are recognized by protein 

binding domains (PBD), such as SH2 and PTB, on adaptor proteins. Adaptor proteins 

bound to phosphorylated receptors activate Ras by exchanging GDP for GTP. Ras-GTP 

can then interact with downstream effector proteins. Distinct effectors lead to activation of 

different downstream signalling cascades. Inset: Ras protein molecular switch schematic, 

where Ras is bound to GDP and is in its inactive form. Using guanine exchange factors 

(GEFs), GDP is removed and replaced with GTP. When Ras is bound to GTP, it is in its 

active form. Ras-GTP either undergoes slow intrinsic GTP hydrolysis, or its uses GTPase 

activating proteins (GAPs) to hydrolyze GTP and release a phosphate group.  
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specification of neural and neural crest pigment derivatives, and repress ectomesenchymal 

fates36,47,163. However, transcription factors that actively specify smooth muscle cells from 

ectomesenchymal cells are currently unknown. 

Vascular smooth muscle cells are found in large blood vessels where a continuous single 

or multilamellar smooth muscle cell layer surrounds the endothelial cell lining and provides 

contractility to modulate blood flow and stability. Smooth muscle cells are separated from 

the endothelium by a basement membrane. Smooth muscle cells secrete a large amount of 

the blood vessel ECM, consisting mainly of laminin, collagen, nidogen, perlecan, and 

fibulin. Secretion of ECM from vascular smooth muscle cells is vital, as loss of the collagen 

Col4a1 leads to perinatal hemorrhage164, while loss of Fibulin4 leads to aneurysms165,166.  

Pericytes are mural cells found in microvessels (smaller arterioles and capillaries), 

particularly in the brain, eye and kidney167. Unlike smooth muscle cells, pericytes do not 

form a continuous layer and are present as isolated cells. Pericytes are embedded within 

the basement membrane. Recent findings show that they also provide contractility to blood 

vessels168. Interestingly once pericytes cover vessels, this halts vascular remodelling and 

prevents further proliferation of endothelial cells42,169. Pericytes thus control fundamental 

behaviours of endothelial cells.  

Although there are suggestions that the lineage of pericytes and smooth muscle cells might 

be identical, and they express overlapping sets of molecular markers25, the two cell types 

are defined as morphologically distinct. One of the main criteria used to distinguish 

pericytes and smooth muscle cells is whether the mural cell lies within or outside of the 

basement membrane25. In embryonic development; however, this cannot always be applied 

as the basement membrane is not always present during angiogenesis. For instance, in early 

zebrafish vessels, ultrastructure shows no evidence of a basement membrane, nor 

convincing expression of pericyte or smooth muscle specific molecular markers44. In this 

case, mural cells have been referred to as 'mesenchymal' or 'perivascular support cells' until 

they can be properly identified43,44. 

We and others have developed markers for the early vascular mural cell lineage in 
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2.4  Results 

2.4.1 Creation of an acta2 promoter/enhancer construct for in vivo expression 

In mouse, both the proximal promoter and first intron of acta2 contribute to its 

expression175. In particular, 'CArG box' (CC (A/T)6 GG) motifs are critical for mural cell 

expression of acta2, including two CArG boxes in the acta2 proximal promoter (CArG-A 

and CArG-B) and one in the first intron (intron CArG). We manually aligned the 300 bp 

proximal promoter and first intron of the zebrafish acta2 gene with that of mouse. Although 

there is very poor sequence identity of these two genomic regions (42% overall identity), 

the relative position of the CArG elements is conserved (CArG-A is at -83bp in fish and -

70 in mouse; CArG-B is at -135bp in fish and -121 in mouse; intron CArG is at +655bp in 

fish and +1039 in mouse). Furthermore, the sequence of these elements is highly conserved 

from zebrafish to mouse, with only one conservative nucleotide difference in CArG-B, and 

absolute conservation in CArG-A and intron CArG (Figure 2.1 A). In comparison with 

other fish, an identical CArG-B box was also found in tilapia and medaka, as well as a 

completely conserved CArG-A box in tilapia (Figure 2.1 B). These elements have not been 

functionally tested in zebrafish, although their conservation with those in mouse, tilapia 

and medaka, suggests they have been conserved through a long evolutionary period and 

are likely to be functionally important. 

acta2 is strongly expressed in visceral smooth muscle precursors in the gut and swim 

bladder at 72 hpf and 100 hpf (Figure 2.1 C, D). Non-smooth muscle expression of acta2 

is also observed in the ventral eye in the site of the optic fissure (Figure 2.1 C) and in the 

floor plate (Figure 2.1 D).  

2.4.2 acta2 is a marker of vascular mural cells and visceral smooth muscle 

Hypothesizing that the first intron of acta2 would act as a transcriptional enhancer in 

zebrafish as in mouse, we cloned the entire intron 1 upstream of 300 bp of proximal acta2 

promoter to make a compact promoter/enhancer construct that could easily be used for 

transgenesis (Figure 2.1 A). The promoter/enhancer was adapted with Gateway cloning 

sites and inserted into the Tol2 transposon, driving either EGFP or mCherry178,179. To make  
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Figure 2.1: acta2 promoter /enhancer construct design and expression in zebrafish.  

A) A zebrafish (Dr) enhancer/promoter construct was constructed from the proximal 

promoter and first intron sequence of the zebrafish acta2 gene, and contains three highly 

conserved CArG binding sites also found in the mouse (Mm) acta2 proximal promoter and 

first intron. B) Comparison of zebrafish CArG boxes A and B in zebrafish, tilapia and 

medaka. C, D) By wholemount in situ hybridization, acta2 shows strong expression in the 

gut (g) at 72 hpf (C), and expressed in the gut, swim bladder (sb), ventral aorta (va), floor 

plate (fp), aortic arch arteries (aaa), and bulbus arteriosus (ba) at 100 hpf (D). E, F) Co-

expression of wholemount in situ hybridization acta2 and anti-GFP staining of the 

acta2:EGFP transgene shows strong expression in the aortic arch arteries (aaa) at 100 hpf. 

(G, H, I) 4 dpf acta2:EGFP transgenic fish (H) stained with Tagln rabbit polyclonal 

antibody (G). Merge (I) shows co-expression between acta2:EGFP and Tagln. 

Arrowheads in G-I depict vascular mural cells. Scale bar in G represents 20 µm.  
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Figure 2.2: Morphology of vascular and visceral mural cells in acta2:EGFP 

transgenic fish. 

A) Ventral pharyngeal region of a 4 dpf double transgenic Tg(acta2:EGFP)ca7; 

Tg(kdrl:mCherry)ci5 (mural cells are green and endothelial cells are red) zebrafish shows 

extensive mural cell coverage of the ventral aorta (VA) and lesser coverage on the smaller 

aortic arches (AA) or opercular artery (ORA). B) Wholemount adult ventral aorta and 

attached afferent branchial arteries shows extensive smooth muscle coverage. C) Lateral 

view of the gut (g) and swim bladder (b) of a 14 dpf double transgenic Tg(acta2:EGFP)ca7; 

Tg(kdrl:mCherry)ci5 zebrafish shows radial and circumferential smooth muscle on both gut 

and swim bladder, but sparse mural cells on the dorsal aorta (DA) and no visible cells on 

the posterior cardinal vein (PCV). Scale bar in A represents 25 µm. Scale bar in B and C 

represents 100 µm. 
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be present in mammalian species at an equivalent developmental stage78,181. To determine 

whether these pericyte-like cells eventually mature into smooth muscle, we dissected 

whole adult ventral aorta and associated vessels of an adult transgenic animal. We find that 

there is extensive coverage of the ventral aorta and associated vessels in the adult 

acta2:EGFP transgenic fish, suggesting that these early pericyte-like acta2:EGFP positive 

cells mature into a conventional smooth muscle layer as the fish grows (Figure 2.2).  

Clear evidence of radial and circumferential smooth muscle cells is seen in both the gut 

and the swim bladder of 14 dpf acta2:EGFP in the trunk region (Figure 2.2). In contrast to 

the well-developed visceral smooth muscle, very few acta2:EGFP cells are seen on the 

dorsal aorta of the trunk, even at this juvenile stage. Skeletal muscle fiber expression of the 

acta2:EGFP transgene is present but highly variable from embryo to embryo at early stages 

(Figure 2.4). 

2.4.3 acta2 expression in the developing heart outflow tract 

Since the region of the outflow tract has the highest blood pressure exposure, we 

hypothesized that it would be the first vessels to develop vascular smooth muscle. We 

examined native acta2 transcript by in situ hybridization and compared it to acta2:EGFP 

transgene expression. At 56 hpf acta2 mRNA is restricted to the bulbus arteriosus (Figure 

2.5 A). In contrast, the acta2:EGFP transgene is expressed in the myocardium of the atrium 

and ventricle, but not in the bulbus arteriosus at this time (Figure 2.5 B, C). The lack of 

expression of the acta2:EGFP transgene in the bulbus arteriosus at 56h hpf likely reflects 

a delay in GFP protein expression, as both acta2 mRNA and acta2:EGFP transgene are 

expressed in the bulbus arteriosus at 78 hpf (Figure 2.5 D-F). At 100 hpf, mRNA for acta2 

and the acta2:EGFP transgene are both visible in the bulbus arteriosus and ventral aorta 

(Figure 2.5 G-I). We note persistent expression of the acta2:EGFP transgene in the atrium 

and ventricle at every time point examined including 78 and 100 hpf and beyond, times at 

which native acta2 expression is not observed by in situ hybridization (Figure 2.5 F, I). As 

myocardial expression continues into the adult, this suggests our acta2 promoter-enhancer 

construct is lacking an additional sequence to properly downregulate its expression in the 

heart. Additional non-muscle sites of acta2 mRNA expression are seen in the tip of the  
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Figure 2.4: Wholemount image of 4 dpf acta2 transgenic zebrafish shows constant 

smooth muscle and heart expression and variable skeletal muscle expression. 

Wholemount images of two independent 4 dpf zebrafish embryos using brightfield and 

fluorescent microscopy. While embryo 1 shows strong visceral smooth muscle expression 

and heart expression of the transgene, embryo 2 also shows scattered skeletal muscle fiber 

expression. The expression in skeletal muscle is variable from embryo to embryo and 

decreases over developmental time. 
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Figure 2.5: Smooth muscle markers are restricted to the developing cardiac outflow 

tract by 56 hpf. 

A) At 56 hpf, acta2 expression is restricted to the developing BA. B, C) Double transgenic 

Tg(acta2:EGFP)ca7; Tg(kdrl:mCherry)ci5 embryo shows expression of EGFP in both the 

atrium and ventricle of the heart at 56 hpf, but not in the BA. D) acta2 expression is evident 

at 78 hpf in the BA in both wholemount and cross section (E) and in transgenic animals 

(F). G-I) Expression of acta2 continues to be restricted to the BA and ventral aorta (VA) 

at 100 hpf by in situ hybridization and in transgenic fish. J-O) Cross sections of the 22 dpf 

BA show a multilamellar arterial phenotype as visualized by hematoxylin and eosin 

staining (J), in situ hybridization of acta2 (K) and transgenic GFP (nuclei stained blue with 

DAPI, L). The bulbus vascular wall consists of three layers: an inner intima, middle media, 

and outer adventitia (separated by black lines in J). The intima is endothelial (arrowheads 

point to nuclei of endothelial cells). The media consists of 3-4 cell-thick layers of vascular 

smooth muscle cells (M, arrows point to nuclei of smooth muscle cells). In comparison to 

the BA, the vascular wall of the VA at 22 dpf is thin (M) but expresses acta2 by in situ 

hybridization (N) and GFP in transgenic animals (O). The endothelium of VA is covered 

by a thin layer of smooth muscle cells (arrowheads point to nuclei of smooth muscle cells). 

P) In situ hybridization of the wholemount adult heart shows strong staining in the bulbus 

arteriosus, but not ventricle or atrium, which is localized to the myocardial wall in cross 

section (Q). R) Wholemount dissected acta2:EGFP transgenic heart shows stronger 

expression of GFP in the bulbus arteriosus as compared to ventricle. Staining is also 

continuous with the ventral aorta. In B, C, F, I, and R, green expression is acta2:EGFP 

transgene. Scale bar in B, C, F, and I is 100 µm. Scale bar in E, H, and Q is 50 µm. Scale 

bar in K, L, N, and O is 20 µm.  
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notochord and floorplate (Figure 2.5 G, H). The anterior tip of the notochord is strongly 

labelled in acta2:EGFP transgenic fish (Figure 2.5 F, I).  

We next studied larval stages. At 22 dpf, multiple layers of smooth muscle are observed in 

the bulbus arteriosus by histology (Figure 2.5 J), while the ventral aorta still has only a 

single layer (Figure 2.5 M). This smooth muscle is positive for acta2 expression by in situ 

hybridization (Figure 2.5 K, N) and expresses the acta2:EGFP transgene (Figure 2.5 L, 

O). Anatomical context for Figure 2.5 K and N is provided in Figure 2.6.  

We then observed acta2 expression in the adult heart. In situ hybridization of the 

wholemount heart shows strong staining of acta2 in the bulbus arteriosus, but not atrium 

or ventricle (Figure 2.5 P). Sections of the heart reveal that the acta2 staining is localized 

to the muscle wall (Figure 2.5 Q). In comparison, a whole heart isolated from an 

acta2:EGFP transgenic animal shows intense acta2:EGFP expression in the bulbus 

arteriosus, but maintains weak GFP expression in the ventricle (Figure 2.5 R). 

2.4.4 acta2:EGFP vascular mural cells gradually increase in number 

To examine the progression of mural cell association with endothelium, we imaged 

acta2:EGFP cells in the ventral head at 4, 7, 11 and 14 dpf. Zebrafish grow at variable 

rates during larval periods182, and thus we imaged a minimum of 3 fish for each time point 

and present a representative image. The location of acta2:EGFP cells is compared to the 

pattern of blood vessels as marked by the Tg(kdrl:mCherry)ci5 transgene. At 4 dpf in ventral 

views (Figure 2.7), both chambers of the heart are strongly acta2:EGFP positive, as is the 

bulbus arteriosus. Along the ventral aorta, coverage by acta2:EGFP cells is dense, but does 

not completely cover the blood vessel. Scattered cells are seen on aortic arch arteries. At 

7, 11 and 14 dpf the ventral aorta is still undergoing morphogenesis and increases in length. 

During this period, the coverage of acta2:EGFP cells increases modestly. Over this period 

we observe an increasing complexity in vascular pattern of the gill arches, although the 

majority of acta2:EGFP positive cells are associated with larger vessels and not newly 

formed small vessels.  

  



46 

 

 

Figure 2.6: In situ hybridization shows expression of acta2 in the bulbus arteriosus 

and ventral aorta. 

Cross sections of 22 dpf zebrafish showing strong acta2 expression in the bulbus arteriosus 

and ventral aorta. This provides context to Figure 2.5 K and N. Scale bars are 50 µm. 
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Figure 2.7: Mural cell and endothelial development in the ventral head of larval 

zebrafish. 

Confocal micrographs collected from a ventral point of view show a progressive increase 

in vessel complexity (red, A, C, E, G) and in density of mural cell coverage of aortic arch 

vessels (green, B, D, F, H) from 4 dpf (A, B), 7 dpf (C, D), 11 dpf (E, F) through 14 dpf 

(G, H). Heart expression of acta2:EGFP is maintained. aaa= aortic arch arteries; va= 

ventral aorta; ba= bulbus arteriosus. Scale bar in A represents 100 µm.  
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Figure 2.8: Development of mural cells and endothelial cells as seen in dorsal view. 

Confocal micrographs collected from a dorsal point of view show a progressive increase 

in vessel complexity (red, A, C, E) and in density of mural cell coverage of head vessels 

(green, B, D, F) at 4 dpf (A, B), 7 dpf (C, D), and 11 dpf (E, F). nc= notochord. Scale bar 

in A represents 100 µm. 
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Figure 2.9: Development of mural cells and endothelial cells as seen in lateral view. 

Confocal micrographs collected from a lateral point of view show a progressive increase 

in vessel complexity (red, A, C, E, G) and in density of mural cell coverage of aortic arch 

vessels (green, all panels, inset is enlarged in B, D, F, H to show coverage of aortic arches) 

at 4 dpf (A, B), 7 dpf (C, D), and 11 dpf (E, F). Scale bar in A represents 100 µm. 
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Figure 2.10: Vascular and visceral mural and smooth muscle cells in the trunk. 

A, B) At 4 dpf, acta2:EGFP positive cells (arrows in B) are seen in the ventral portion of 

the dorsal aorta, but not in other vessels of the trunk. Floor plate (fp) expression of 

acta2:EGFP is observed in all images. C, D) At 14 dpf, the distribution of vascular mural 

cells to the ventral portion of the dorsal aorta only, is still observed. E) In contrast to the 

scarce vascular smooth muscle coverage, visceral smooth muscle cells strongly express the 

acta2:EGFP transgene at 80 hpf. Scale bars represent 100 µm. Green striations are skeletal 

muscle fibres. 
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2.5 Discussion 

We show here that an acta2:EGFP transgenic line derived from an enhancer/promoter 

fusion is expressed in vascular mural cells and visceral smooth muscle cells in the zebrafish 

embryo, larva and adult. Visceral smooth muscle development has been well described by 

others using tagln transgenic zebrafish, and we will not discuss its formation further here 

as our observations in acta2:EGFP transgenic fish are similar78. Although tagln and acta2 

are both early smooth muscle markers with an essentially identical expression pattern in 

zebrafish79, acta2 turns on slightly later in development as detected by in situ hybridization. 

However, the temporal development of vascular smooth muscle as assayed by the tagln 

transgenic and our acta2:EGFP transgenic is similar. Seiler, Abrams, and Pack show 

expression of the tagln transgene at 4 dpf in the bulbus arteriosus and ventral aorta, similar 

to the acta2:EGFP transgenic78. However, the strong expression of acta2:EGFPca7 

transgenic fish has allowed us to trace vascular mural cell development in live animals 

from late embryogenesis through larval and adult stages for the first time in this important 

model organism. 

We demonstrate that vascular mural cells turn on acta2:EGFP several days after the 

initiation of circulation and initially show a pericyte-like morphology. Furthermore, it is 

only in late larval stages that multilamellar smooth muscle is observed. We corroborate 

transgenic expression with morphology and in situ hybridization for native acta2 mRNA. 

The most developed vascular smooth muscle occurs in bulbus arteriosus, with the next 

greatest coverage occurring in the ventral aorta. In contrast, the dorsal aorta of the trunk 

has single acta2:EGFP cells on the ventral surface only, at an equivalent time point. Hu et 

al., have shown that the ventral aorta has a 40% greater blood pressure than the dorsal aorta 

in the head of adult zebrafish due to the resistance in the fine branchial (gill) arteries37. Our 

observation of much greater mural cell coverage in the vessels adjacent to the heart (such 

as the ventral aorta) and much lower coverage in distal vessels (such as the dorsal aorta of 

the trunk) mirrors this blood pressure difference.  

Why is there less vascular mural cell coverage of vessels in fish embryos as compared to 

mouse embryos? The reported ventricular systolic pressure in a 5 dpf zebrafish is 0.47 
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mmHg, while that of an adult is 2.5 mmHg37,187. In comparison, the mouse blood pressure 

is around 2 mmHg at E9.5, but rises to 11.5 mmHg at E11.5 and 30 mmHg at P2188. Thus, 

the blood pressure of a developing mouse is considerably higher than that of zebrafish. The 

need for vascular stabilization and control of blood vessel tone is clearly greater in a larger 

organism with much higher blood pressures34. Relatively low blood pressure may also 

explain why the first mural cells we observe have a morphology more similar to pericytes 

than smooth muscle as their function might be more important for vascular stabilization 

than in vascular tone.  

Expression of acta2 between mice and zebrafish also differs. Mice expressing a BAC-

derived Acta2:mCherry transgene show expression of ACTA2 at E8.5 in the myocardium 

of the heart181. At E9.5 and 10.5, signal is observable in the aorta and somites, while 

visceral smooth muscle expression begins at E13.5 in these mice. Thus, mouse ACTA2 is 

expressed in vascular mural cells during embryonic stages concomitantly with the onset of 

circulation, while zebrafish acta2 is expressed in larval and juvenile stages, long after the 

initiation of circulation. While the cell types that are labelled are similar between mouse 

and zebrafish, the order of their appearance differs. For instance, zebrafish show expression 

first in the myocardium, then in visceral smooth muscle and skeletal muscle before vascular 

smooth muscle expression. The slow development of vascular mural cells may be a 

reflection of the small size of the zebrafish and thus there is little need to develop contractile 

smooth muscle at an early stage. Unlike our zebrafish transgenic where acta2:EGFP is 

expressed in the myocardium through life, expression of the mouse Acta2 transgene was 

maintained in adult smooth muscle, but not cardiac muscle.  

acta2:EGFP expression seems to simply turn on in cells with a pericyte-like morphology 

as opposed to a gradual increase in intensity. We therefore predict there is an immature 

mural cell in place that is associated with vessels, which switches on acta2:EGFP 

expression when mature. We cannot visualize immature mural cells with our current 

transgenic model, or with any current marker. However, we have previously shown the 

presence of vascular mural cells on the dorsal aorta of the hindbrain by transmission 

electron microscopy at 48 - 52 hpf. These cells lack contacts with endothelial cells in 
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models of hemorrhage such as igu and bbh genetic mutants43,44. Mural cells are therefore 

present and functional as early as 2 dpf, but do not express acta2, tagln or other early mural 

cell genes at this early stage. In the mouse, acta2 and tagln are some of the earliest markers 

of the vascular mural cell lineage82, but clearly, novel markers of even earlier mural cells 

are required in the zebrafish.  

As head mural cells are thought to derive from neural crest, we wanted to test whether 

ectomesenchymal neural crest markers co-expressed with the acta2 transgenic line. We 

show here that fli1a:nEGFPy7, which is an ectomesenchymal neural crest marker, does not 

co-express with acta2:mCherry. However, there are caveats to our double transgenic 

experiment because by the time that the acta2:mCherry transgene turns on at 4 dpf, 

fli1a:nEGFPy7 may either never be expressed in vascular mural cells, or may be already 

downregulated. However, experiments to rule out that the vascular mural cells in the 

ventral head originate from lateral mesoderm are still required. This interesting question 

awaits a thorough lineage analysis. 

We show that early vascular mural cells of the ventral aorta have the appearance of 

pericytes as they appear as single isolated cells on this vessel. Mural cells with a pericyte-

like morphology can be found on large vessels in adult zebrafish. Some of these vessels 

would normally be covered in smooth muscle in other organisms. For instance, pericytes, 

not smooth muscle, are observed on adult zebrafish coronary vessels189. Even the bulbus 

arteriosus, which is argued to be an enlarged artery, has been reported to have smooth 

muscle at 4 weeks, but not before34,190 although here we observe multilamellar smooth 

muscle at 22 dpf. As an aquatic organism with low blood pressure, more mural cell 

coverage may not be required. 

The description of the acta2:EGFP transgenic line will now open the door to many 

unanswered questions in zebrafish vascular biology, allowing the simultaneous imaging of 

endothelial and mural cells during larval stages. This should allow us to address questions 

of origins, gene expression and behaviour of mural cells in this tractable model system. 
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Name Forward Primer (5'>3') T7 + Reverse Primer (5'>3'), T7 sequence underlined 

foxc1b CTCTGACCTACTCGCCAACC AATTTAATACGACTCACTATAGGTTTTTCAACAAAGCGACAATTT  

tagln Georgijevic et al., 2007   

capn3b TGGAGGGAATGTTTAGGGCG AATTTAATACGACTCACTATAGGTTGCTACTCTAGCACAAGACGC 

kcne4 GTCCAGGGTGAAACATCCCG AATTTAATACGACTCACTATAGGGCTGTTGTTTTCCGATCCCG 

pcolce2b GGCCGGAGAGAGACTATCCT AATTTAATACGACTCACTATAGGGGTCCTCTGGTTTTTGGCCT 

cnn1b AGCTGGCCCACAAGTATGAC AATTTAATACGACTCACTATAGGTCTACGACCGGTCAGACACT 

lox AGCTTTATGAAAGAGCGCAAC  AATTTAATACGACTCACTATAGGGGTTGTCCGGGTCAGTAGAC 

lmod1b ACCACAAACCAGGGCTGATAG AATTTAATACGACTCACTATAGGACAGCAGATGGGCCGAATTT 

desmb GGCCCTGAAACAATCCAAGC AATTTAATACGACTCACTATAGGAGCTGCTGGTCCGAGGTTTA 

myl9a CCGGAGAGCACAATCCACTC AATTTAATACGACTCACTATAGGCTCCGTGCTTTAGGATGCGA 

tpm4b AGGTGTTTTTAGGTCATTTTGGACA AATTTAATACGACTCACTATAGGCAGGCCTTACAGGCACCAT 

si:ch211-

247i17.1 

TGGATCAAGTGCAGCAGTACC AATTTAATACGACTCACTATAGGTCAGACACTGATGATGCTAGTATTT 

 

Table 3.1: Primer sequences for amplification of in situ hybridization probes used in Figure 3.13. 
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Sample Name RNA-Seq 

Sample ID 

RIN Millions 

of Reads 

acta2:EGFP positive Li1555 8.4 54.1 

acta2:EGFP positive Li1556 8.1 49.5 

acta2:EGFP positive Li1678 7.0 60.7 

acta2:EGFP negative Li1557 7.7 57.1 

acta2:EGFP negative Li1679 8.0 65.0 

acta2:EGFP negative Li1683 8.6 60.7 

foxc1b:EGFP + acta2:mCherry double positive Li1561 7.1 56.3 

foxc1b:EGFP + acta2:mCherry double positive Li1845 7.1 63.0 

foxc1b:EGFP + acta2:mCherry double negative Li1558 8.9 54.2 

foxc1b:EGFP + acta2:mCherry double negative Li1687 8.4 66.8 

foxc1b:EGFP + acta2:mCherry double negative Li1848 8.4 63.6 

 

Table 3.2: Information for RNA Sequencing samples.  

RNA-Seq information for individual acta2:EGFP and foxc1b:EGFP + acta2:mCherry 

samples, including sample name, RNA-Seq identifier number for GEO accession 

submission, RNA Integrity Number (RIN), and the number of millions of reads per sample.  
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Dataset Biological Process Number 
of Genes 

Log2 Fold 
Enrichment 

Raw P 
Value 

False Discovery 
Rate 

ac
ta

2:
EG

FP
 

muscle contraction 18 18.46 2.97E-17 7.05E-15 

cyclic nucleotide 
metabolic process 6 7.20 2.32E-04 9.17E-03 

cellular calcium ion 
homeostasis 6 5.90 6.49E-04 1.92E-02 

sensory perception 7 5.77 2.61E-04 8.83E-03 

system process 28 4.75 7.47E-12 8.85E-10 

cytoskeleton 
organization 11 4.17 8.23E-05 3.90E-03 

cellular component 
morphogenesis 10 3.29 1.07E-03 2.81E-02 

single-multicellular 
organism process 30 3.10 2.57E-08 2.03E-06 

multicellular 
organismal process 30 3.10 2.63E-08 1.56E-06 

fo
xc

1b
:E

G
FP

 +
 a

ct
a2

:m
C

he
rr

y 

muscle contraction 62 11.34 2.34E-40 5.55E-38 

heart development 11 10.06 8.68E-08 2.57E-06 

regulation of 
vasoconstriction 3 9.23 6.77E-03 4.45E-02 

blood circulation 8 9.02 1.01E-05 1.41E-04 

skeletal system 
development 5 8.91 5.19E-04 5.12E-03 

muscle organ 
development 12 8.12 1.66E-07 3.57E-06 

behavior 12 4.56 3.30E-05 4.34E-04 

glycogen metabolic 
process 6 4.32 4.00E-03 2.96E-02 

cell-matrix adhesion 9 4.12 6.23E-04 5.90E-03 
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Table 3.3: PANTHER Gene Ontology analysis reveals expected biological processes 

as enriched in the acta2:EGFP and foxc1b:EGFP + acta2:mCherry datasets.  

Genes selected for Gene Ontology analysis from each dataset were above the log2 fold 

change threshold of 2. The top nine biological processes for each dataset are shown, with 

the corresponding number of genes per process denoted.  
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Figure 3.1: A foxc1b:EGFP transgenic line mimics endogenous foxc1b mRNA 

expression in the zebrafish ventral head.  

A-F) 2 dpf and G-L) 4 dpf images of foxc1b expression in lateral (A-D, G-J) and ventral 

views (E, F, K, L). A) foxc1b mRNA (purple) is expressed in the aortic arches, jaw, 

ceratohyal, and periocular mesenchyme of the ventral head of the zebrafish embryo (n = 

6_. B) foxc1b mRNA and foxc1b:EGFP transgene expression (brown) overlap (arrows) in 

the ceratohyal (n = 6). C) foxc1b:EGFP transgene (green) is strongly expressed in the aortic 

arches and mesenchyme of the ventral head (n > 10). D) foxc1b mRNA expression (green) 

overlaps with foxc1b:EGFP antibody stain (red) in the aortic arch arteries (arrows; n = 3). 

E) Strong expression of foxc1b:EGFP in the ventral head including the ceratohyal (n > 10). 

F) foxc1b mRNA expression overlaps with foxc1b:EGFP antibody stain in the ceratohyal 

(n = 3). G) At 4 dpf, foxc1b mRNA is present in the aortic arch arteries, the epibranchial 

region of the ventral brain, ceratohyal, swim bladder, and intestine (n = 7). H) foxc1b 

mRNA and foxc1b:EGFP overlap in cells surrounding the aortic arch arteries (n = 6). I) 

foxc1b:EGFP is expressed in aortic arch arteries (n > 10). J) foxc1b mRNA expression 

overlaps with foxc1b:EGFP antibody stain in the aortic arch arteries (arrows; n = 3). K) 

foxc1b:EGFP is expressed around the ventral aorta and ceratohyal (n > 10). L) foxc1b 

mRNA expression overlaps with foxc1b:EGFP antibody stain in the ventral aorta (arrows) 

and ceratohyal (n = 3). Scale bars in A and G represent 200 µm. Scale bars in B and H 

represent 20 µm. Scale bars in C-F and I-L represent 50 µm. Insets in D, F, J, and L show 

merged, foxc1b:EGFP F-ISH, and foxc1b:EGFP antibody stain. AAA = aortic arch 

arteries, CH = ceratohyal, VA = ventral aorta. 
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Figure 3.3: A foxc1b:EGFP transgenic line faithfully mimics endogenous foxc1b 

mRNA expression in vascular smooth muscle cells. 

A) At 2 dpf, foxc1b mRNA expressing-cells are adjacent to kdrl:EGFP positive 

endothelium (brown, arrowheads; n = 4). B) foxc1b mRNA (green) is detected adjacent to 

kdrl:EGFP antibody stain (red) in the aortic arch arteries (n = 3). C) foxc1b mRNA is 

expressed in the ceratohyal and is not perivascular (n = 3). D) At 4 dpf, foxc1b mRNA 

expressing-cells are adjacent to endothelium (arrowheads; n = 4). E) foxc1b mRNA is in 

mural cells adjacent to kdrl:EGFP antibody stain (red) in the aortic arch arteries 

(arrowheads; n =3). F) foxc1b mRNA is observed in mural cells adjacent to the ventral 

aorta (arrowheads; n = 4). G-L) At 4 dpf, foxc1b mRNA and acta2:EGFP (brown) are co-

expressed in mural cells in the aortic arch arteries and brain vessels. Enlargements shown 

in J, K, and L. H) foxc1b mRNA is co-expressed with acta2:EGFP antibody stain (red) in 

the aortic arch arteries (arrowheads; n = 3). I) foxc1b mRNA is co-expressed with 

acta2:EGFP around the ventral aorta (arrowheads; n = 3). J) Enlargement of the ventral 

head in G shows overlap of foxc1b mRNA and acta2:EGFP on the aortic arch arteries 

(arrow). K) In the brain, there is overlap of foxc1b mRNA and acta2:EGFP (arrows). L) 

Enlargement of panel K, showing the overlap between foxc1b mRNA and acta2:EGFP, 

but also that foxc1b mRNA is expressed in smaller vessels distal to the termination point 

of acta2:EGFP (asterisks). Scale bars in A, D, J represent 20 µm. Scale bars in B, C, E, F, 

H, I represent 50 µm. Scale bar in G represents 100 µm. For panels G, J, K and L, n = 5. 

AAA = aortic arch arteries, CH = ceratohyal, VA = ventral aorta. 
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3.4.2 foxc1b is expressed in mesenchymal cells as they associate with, and attach to, the 

endothelium 

We next asked whether foxc1b:EGFP labels vascular smooth muscle cells earlier in 

development than the currently used smooth muscle marker acta2. At 2 dpf, when we have 

previously seen vascular mural cells present near the endothelium of the dorsal aorta using 

transmission electron microscopy43,212, foxc1b:EGFP-positive cells are near the 

endothelium and have a mesenchymal morphology (Figure 3.4 A). In comparison, the 

acta2:mCherry transgene is not expressed in this region at this time (Figure 3.4 B)77. By 3 

dpf, foxc1b:EGFP-positive cells associate closely with the endothelium (Figure 3.4 C, 

arrowheads) and some cells co-express acta2:mCherry (Figure 3.4 D, arrows). There are 

also foxc1b:EGFP-positive cells that do not express acta2:mCherry. At 4 dpf, most mural 

cells co-express foxc1b:EGFP and acta2:mCherry. We note that when vascular expression 

of acta2:mCherry begins around 3 dpf in a few scattered cells, it is co-expressed with 

foxc1b:EGFP (Figure 3.4 D). Taken together, this suggests that foxc1b expression precedes 

acta2 expression in mural cells (Figure 3.4 C and D). At 4 dpf, foxc1b:EGFP is still present 

in mural cells around the endothelium (Figure 3.4 E), and these cells co-express 

acta2:mCherry (Figure 3.4 F). These patterns persist through 9 and 12 dpf (Figure 3.5) and 

into adulthood. There is also co-expression of foxc1b and acta2 in the trunk, along the 

dorsal aorta at 4 dpf, but no endothelial expression (Figure 3.6). Co-expression is not 

universal, and cells expressing one or other marker (foxc1b:EGFP or acta2:mCherry) are 

occasionally observed (Figure 3.5).  

To trace when foxc1b:EGFP-expressing cells transform from a mesenchymal to a smooth 

muscle morphology we used time-lapse confocal microscopy. foxc1b:EGFP-positive cells 

begin as mesenchymal clusters (Figure 3.7 A), adjacent to kdrl:mCherry-positive 

endothelium. Distinct foxc1b:EGFP-positive vascular mural cells emerge on the 

endothelium by 58 hpf (Figure 3.7 A). After taking on a mural cell morphology, 

foxc1b:EGFP-positive cells then express acta2. This transition from foxc1b:EGFP+; 

acta2:mCherry- to foxc1b:EGFP+; acta2:mCherry+ cells occurs around 66 hpf (Figure 

3.7 B). Taking time-lapse and marker expression together, our data depict the  






















































































































































































































