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ABSTRACT 

The mechanosensory lateral line is a crucial sensory system ancestrally present in all 

vertebrate lineages. Identifiable in the earliest vertebrate fossils, lateral lines have been evolving 

for half a million years through major morphological transformations in vertebrate evolution. The 

lateral line is essential for behaviors like schooling, predation, and escape. Developing from a 

series of ectodermal placodes, it consists of a series of receptor cells called neuromasts 

distributed over the heads and trunks of aquatic organisms. The cranial component of the lateral 

line in jawed vertebrates consists of lines around the orbit, on the cheek and on the lower jaw. 

While the trunk lateral line has been studied in detail as a model for cell migration in zebrafish, 

very little is known about the cranial lateral line. This dissertation takes an integrative approach 

combining data from palaeontology, comparative anatomy and developmental biology to 

examine the evolution and development of the cranial lateral line system in vertebrates. 

Contrary to previous hypotheses of lateral line evolution as a direct, linear transformation from 

conditions in jawless to jawed vertebrates, we propose a scenario where lateral lines evolved 

independently in agnathans and gnathostomes, and were marked by a radical phase of 

remodelling preceding the advent of jaws, resulting in a shift from a postorbital to a preorbital 

location of complex lateral lines. This shift may have been essential for colonization of the water 

column by jawed vertebrates. 

 Focusing on the cranial lateral line system in zebrafish, I show that the neural crest, an 

important cell type, is closely physically associated with the lateral line and is required for 

normal lateral line development. Abrogation of the neural crest, through genetic or 

pharmacological manipulations results in stereotypical deficits to the lateral line system. I further 

describe the development of the lateral line system in postembryonic and larval stages of 

zebrafish and show that superficial neuromasts are added continuously through development 

via a variety of mechanisms including the migration of a new primordium, intercalation between 



 

existing neuromasts or budding from an existing neuromast. I also describe a novel cross-

placodal mechanism involved in the development of a subset of cranial neuromasts. Using 

experimental ablations, I demonstrate that zebrafish undergo a developmental switch in 

ontogeny after which innervation becomes indispensable for lateral line development. Taken 

together, my findings shed new light on the evolution of vertebrate lateral line morphologies, 

show how interactions with other tissues may influence lateral line development and uncover 

new developmental mechanisms underlying the growth of the lateral line system. These findings 

lay the foundation for future studies on this ancient, crucial and complex sensory system.  
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CHAPTER ONE: INTRODUCTION  
The lateral line: form and function 

 The lateral line system is a sensory modality ancestrally found in all vertebrate 

lineages. It consists of a mechanosensory and electrosensory component, used to 

detect stimuli in aquatic environments. The system is essential for key behaviors like 

schooling, predation and escape. The mechanosensory lateral line consists of a 

network of canals (embedded in the dermis) or superficial grooves on the head and 

trunk of the organism. Situated within these canals are receptor units called 

neuromasts, consisting of central hair cells surrounded by support cells, and connected 

to the medial octavolateral nucleus of the hindbrain by afferent nerves. These 

neuromasts serve to detect flow stimuli and currents as the water flows over them, 

owing to a deflection of their hair cells. These stimuli are then transmitted to the brain 

and utilized by the fish to interpret changes to water current, velocity and acceleration. 

Recent studies have revealed other important functional roles for the lateral line system. 

It has been noted that fish use the lateral line to differentiate between self-generated 

eddy currents and water flow from other fish near them. Further, it has also been 

suggested that the lateral line and auditory system, which also contains hair cells, may 

be part of a larger bioacoustic sensory modality (Webb et al., 2008). Sound also travels 

through the water in the form of compression waves. While the auditory system broadly 

perceives ‘far-field’ acoustic stimuli and the lateral line system detects ‘near-field’ 

changes to water current, the distinction between the two remains blurred, and it is 

possible that the lateral line system functions along with the auditory system and the 

Weberian apparatus to process both sound and current information (Webb et al., 2008). 



 
 

2 

Figure 1-1 is a representative teleost, based on the mooneye Hiodon adapted from 

Hilton (2002) and its lateral line system. The lateral line network is differentiated into 

distinct head and trunk components, which, as discussed in the following section, might 

be under the control of different developmental regulation. Significantly, vertebrate 

lineages exhibit characteristic differences in the morphology of their lateral lines, and 

these differences have long contributed to the morphological character sets used to 

determine taxa, both extinct and extant. Thus, lateral lines provide a rich data set, 

evident in fossils as well as living forms, for studying the evolution of a sensory system. 

Furthermore, lateral lines are more broadly distributed in vertebrate phylogeny than 

many of the anatomical innovations often associated with the evolutionary successes of 

major subgroups within the clade. Examples include jaws, paired nostrils, and paired 

fins. Accordingly, the changes evident in this sensory network as it evolved in response 

to these radically transformed vertebrate anatomies are ripe for systematic investigation. 
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(A) Basic structure of lateral lines,with a model teleost fish adapted from Hilton (2002) 
showing components of cranial and trunk lateral line networks (black). Colour gradient 
indicates distribution of water pressure across body, after Mogdans et al., (2019). (B) 
Detail of trunk canal section illustrating neuromasts between pores opening externally. 
(C) Neuromast structure: hair cells surrounded by support cells, enveloped by layer of 
mantle cells; hair cell sensory cilia extend into jelly-filled cupula. (D) Single hair cell 
showing kinocilium and stereocilia, connected to afferent nerve. 
 
 
Lateral line development 

Mechanosensory lateral line systems (both neuromast receptors and their concomitant 

nerves) develop from ectodermal thickenings called placodes. Placodes are formed 

lateral to the neural crest in a domain called the pre-placodal ectoderm (Schlosser 

2006). Apart from lateral line organs, vertebrate placodes form key sensory structures 

including the olfactory capsule, otic vesicle, lens of the eye, and parts of sensory 

Figure 1-1: Basic structure of lateral lines 
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ganglia. These placodes can be broadly grouped into an anterior domain comprising the 

adenohypophyseal, trigeminal, lens, and olfactory placodes, and a posterior domain 

comprising the otic and lateral line placodes, along with the epibranchial placodes that 

form the ganglia of a subset of cranial sensory nerves (reviewed in Anselmi et al. 2024). 

Lateral line placodes flank the otic vesicle: the pre-otic and post-otic lateral line 

placodes form the anterior and posterior lateral line systems, respectively. Over the 

course of development, these placodes delaminate and migrate through the ectoderm 

as primordia of the lateral line. Primordia formed by pre-otic placodes migrate rostrally, 

while those formed by the post-otic placodes migrate caudally. At the same time, a deep 

component of each of these placodes develops into neuroblasts. These neuroblasts 

mature into bipolar sensory neurons, which send projections toward the hindbrain as 

well as axons that follow the migrating primordium. The lateral line is unique in being a 

placode-derived sensory system that forms receptors along the entire antero-posterior 

axis of the embryo and is the only placodal sensory system present on the trunk. 

Contrary to an early study (Collazo et al. 1994), which suggested that neural crest cells 

contribute to lateral line receptors, subsequent data have decisively shown that lateral 

line receptors are placode-derived in a wide variety of vertebrates (Modrell et al., 2011, 

Gillis et al., 2012). Neural crest cells nevertheless likely contribute to the ganglia of 

lateral line systems, as has been demonstrated in zebrafish (Kague et al., 2012).  

Northcutt (1989) suggested that vertebrates ancestrally possessed six lateral line 

placodes. However, this hypothesis has not been verified through embryological 

observation in evolutionarily relevant clades, in part owing to the difficulty of visualizing 

individual placodes.  
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Most of our current understanding of the molecular underpinnings of lateral line 

development comes from studies of the posterior lateral line in zebrafish (Danio rerio), 

which has served as an exemplar model of collective cell migration (reviewed by Baker 

& Piotrowski, 2014). In zebrafish, the posterior (trunk) lateral line primordium originates 

from a placode that develops just posterior to the otic vesicle. This placode and its 

derivatives all express the transcription factor gene eya1, a member of the eyes-absent 

family, throughout development (Sahly et al. 1999). Once formed around 19 hours post 

fertilization (hpf), the club-shaped posterior lateral line primordium begins to migrate 

caudally just beneath the skin, aligned with the horizontal myoseptum, reaching the 

caudal tip of the animal by 48 hpf (Dalle Nogare and Chitnis 2017). Its superficial 

location, coupled with the transparency of developing zebrafish embryos, has made the 

zebrafish lateral line system a superb candidate for real time in vivo imaging (e.g. Dalle 

Nogare et al., 2017). Moreover, transgenic lines have been developed that specifically 

label the zebrafish lateral line system, in particular the frequently used CldnB:GFP 

transgenic (Haas and Gilmour, 2006). Imaging studies have revealed, that during its 

migration, the primordium is divided into a distinct leading domain, composed of cells 

with a mesenchymal morphology, and a trailing domain, composed of epithelialized 

cells. The trailing domain forms rosettes of cells, which are periodically (once every five 

somites) ‘dropped off’, each ultimately becoming a neuromast. Although the primordium 

continues to proliferate, it becomes smaller as migration proceeds, and ceases to 

migrate at the tip of the embryo’s caudal peduncle.  

The availability of genetic tools in the zebrafish system has helped uncover the 

molecular mechanisms that control the migration of the posterior lateral line primordium. 
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First, it was discovered that a chemokine, Cxcl12, is expressed along the horizontal 

myoseptum and plays a role in guiding the migration of the primordium (Haas & 

Gilmour, 2006). In mutants for cxcl12 the primordium stops migration partway, and 

‘tumbles’, reversing its direction. Directional movement of the primordium suggests the 

presence of a chemokine gradient. However, the chemokine is expressed in a 

continuous strip and not a gradient. These data corroborate classical studies using 

surgical fusion approaches, which we can now interpret as indicating that the 

chemokine is unlikely to form a gradient. Harrison (1903) surgically fused the heads of 

two differently pigmented frog embryos. If a chemokine had been expressed in an A-P 

gradient, the trunk primordium of one animal should have ceased migration at the point 

of fusion (since the gradient would be reversed here). Instead, the posterior primordium 

continued to migrate in its normal direction, even migrating on to the fused second head 

(Harrison, 1903). We now know that rather than following a polarized chemokine 

gradient, the primordium is instead polarized itself, with two different chemokine 

receptors, Cxcr7 and Cxcr4, expressed in leading and trailing domains respectively. 

Here, the receptor Cxcr7 acts as a local ‘sink’ to the chemokine, generating a local 

gradient (Boldajipour et al., 2008) within the primordium, thus giving it directionality. 

Further, there is a Wnt signalling domain in the leading edge of the primordium, which 

induces Fgf signaling in the trailing domain. Wnt and Fgf signalling mutually repress 

each other, producing separate Wnt and Fgf domains within the primordium (Aman and 

Piotrowski, 2008). Fgf signalling in the trailing zone in turn induces Delta/Notch 

signaling, which initiates epithelialization of cells, which then form rosettes (Dalle 

Nogare & Chitnis, 2017). As these rosettes leave the Wnt domain, they get dropped off 
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as proneuromasts. These proneuromasts then induce atonal-1 expression in a central 

cell (mediated by lateral inhibition), which then matures into a hair cell of the neuromast. 

These genetic interactions have been extensively computationally modeled, and it has 

been shown that the number of cells in the initial primordium and the extent of Wnt and 

Fgf signaling determine the migratory speed, morphology and number of neuromasts 

(Dalle Nogare & Chitnis, 2017).  

As ontogeny proceeds, the lateral line system gets greatly expanded, with the 

addition of both canal and superficial neuromasts. At approximately 48 hpf, a second 

primordium migrates along the horizontal myoseptum adding more trunk canal 

neuromasts (Sapède et al. 2002). Interneuromast cells which are initially deposited 

between the primary neuromasts later mature into neuromasts. This maturation is 

initially inhibited by signals from the glial cells that surround the posterior lateral line 

nerve. As the fish grows in size, the nerve moves further away from the string of 

interneuromast cells and this inhibition is reduced, inducing maturation at stage (Lopez-

Schier & Hudspeth, 2005). Beginning at 3 days post fertilization (on the operculum), 

superficial neuromasts proliferate as “stitches” alongside the main trunk canal 

neuromasts (Wada et al., 2013).  Further, new superficial neuromasts are added in the 

head as late as 15 days post fertilization (dpf) through a variety of mechanisms detailed 

in Chapter 4.  

Though studies in zebrafish have provided extensive detail on the molecular 

underpinnings of posterior lateral line development, significant anatomical and 

taxonomic gaps remain. First, while posterior lateral line primordium migration is 

disrupted in the absence of chemokine signaling, the anterior lateral line in these 
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mutants develops normally, suggesting that anterior lateral line migration is under the 

control of different factors. Second, it has not been demonstrated whether Cxcl12 or a 

related chemokine mediates posterior lateral line development in other taxa. This is 

pertinent because the development of posterior lateral lines differs significantly in 

morphology in different organisms. While the zebrafish posterior primordium migrates, 

dropping neuromasts in its wake, in other taxa (e.g. chondrichthyans), the primordium 

elongates via cell division, forming a ridge along the flank of the embryo (for example in 

Squalus acanthias, Johnson, 1917). The ridge then fragments, forming individual 

neuromasts. Figure 1.2 contrasts the two modes of development: fragmentation and  

 

Figure 1-2: Contrasting modes of development (elongation and fragmentation) between 
the teleost and elasmobranch trunk line 
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migration. It was previously assumed that both head and trunk lines in chondrichthyans 

elongate and fragment, but this may not be the case. In Chapter 5, I discuss preliminary 

data suggesting that the pectoral line in skates may combine migratory and elongating 

primordia. Other taxa, e.g. amphibians, have elongating primordia on the head and 

migrating primordia on the trunk (Harrison 1903; Winklbauer & Hausen, 1985). Stone 

(1928) showed that when pre-otic and postotic primordia are interchanged, both 

primordia elongate and form a ridge, suggesting the trunk primordium is competent to 

elongate when on the head, but the head primordium does not have the competence to 

migrate like the trunk primordium, even when transplanted to the trunk. There are no 

data on the molecular underpinnings of elongating primordia, though it is possible that 

FGF and Wnt signalling again mediate their development, in a similar manner to the 

zebrafish migratory trunk primordium. It was further assumed that all teleost primordia—

both head and trunk—are migratory (Lekander, 1949), but studies on the channel 

catfish have shown that head primordia in this taxon elongate and form ridges. In 

Chapter 3, I discuss my data indicating that cells of the infraorbital line in zebrafish also 

elongate into a ridge and coalesce to form neuromasts, as opposed to being migratory. 

In the absence of outgroup data from lampreys and hagfish, the phylogenetic signature 

of elongating and migrating primordia—what the plesiomorphic condition is— remains 

unclear.  

Phylogeny of lateral lines: patterns of loss and modification 

Fossil evidence of lateral lines dates back to the earliest known vertebrate whole-body 

fossils. The early vertebrates Astraspis, Arandaspis and Sacabambapsis, all had lateral 

lines embedded in their dermal skeletons (Janvier, 1996). Lateral lines are ancestrally 
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present in all major vertebrate clades, both jawless and jawed, and thus precede the 

evolution of jaws. Among extant lineages, some form of lateral line system is present in 

both clades of jawless vertebrates (hagfish and lampreys), cartilaginous fish including 

sharks, skates, rays and chimaeras, as well as bony fish including both ray-finned fishes 

and all three lineages of lobe- finned fishes (lungfish, coelacanths and amphibian 

tetrapods). The composition of the lateral line system however is different in various 

taxa. As previously mentioned, the lateral line can consist of both mechanosensory and 

electrosensory units. Among the cyclostomes, lampreys have both mechanosensory 

and electrosensory lateral line systems, while hagfish have likely lost just the 

electrosensory component. Available data (Braun & Northcutt, 1997) suggest that 

hagfish may possess mechanosensory cells, but the complete anatomy and peripheral 

innervation of these cells has not yet been described. Among jawed vertebrates, 

chondrichthyans possess both mechanosensory and electrosensory systems. Within 

tetrapods, electroreception is present in salamanders and caecilians (Roth et al., 1992). 

Among ray-finned fish, neopterygians (gars, bowfin, and teleosts) have lost 

electroreception. Some teleost lineages have secondarily evolved electroreception 

(reviewed in Piotrowski & Baker, 2014). All lateral lines, both mechanosensory and 

electrosensory have been lost within the amniote lineage, although the pattern of loss in 

this characteristically terrestrial lineage with the occupation of land remains unclear. The 

story is more complicated in lissamphibians. Stem lissamphibians seem to have lost the 

entire lateral line system at least in adult stages (eg Balanerpeton,Milner and Sequeira, 

1993). It is however possible that the system evolved into a network of free neuromasts 

on the skin, which would not leave fossil evidence. However, some extant 
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lissamphibians such as axolotls and aquatic caecilians retain lateral lines well into 

adulthood. It is unclear if the lateral line system in these clades was secondarily 

evolved, or whether stem lissamphibians retained a larval lateral line, implying 

heterochrony in extant aquatic lissamphibians.  Figure 1-3 summarizes the presence 

and absence of different lateral line components across vertebrate diversity.  Lateral 

line-like systems have secondarily evolved in several amniote groups including the 

electrosensitive bills of platypuses (Gregory et al., 1987) and the trigeminal-innervated 

mechanosensory cells on the snouts of crocodylians (Leitch and Catania ,2012). 

However, there is no detectable lateral line placode in amniotes, and the 

aforementioned sensory systems are likely to have evolved convergently.   

A key issue in understanding the evolutionary origin of the lateral line system is the 

difficulty in a recognizable outgroup pre-condition to lateral lines in vertebrates. All vertebrates 

(with the exception of amniotes) ancestrally have lateral lines, but no clear homologue 

of the system is visible in the nearest sister groups to vertebrates, the tunicates and 

cephalochordates. Recent data have suggested that a ‘coronal sensory organ’ in adult 

tunicates is composed of hair cells and support cells innervated by afferent and efferent 

nerves. This morphological similarity (Burighel et al., 2003) has been used to suggest 

that the coronal organ is a homologue of the lateral line system in vertebrates. Further 

bolstering this hypothesis, orthologues of vertebrate hair cell markers like atonal1 have 

been identified in tunicates, but not localized to hair cells (Rigon et al., 2013). However, 

these genes are also conserved across bilaterians: for example, being expressed in the 

mechanosensory chordotonal organs in fruit flies (Jarman et al., 1993). Consequently, it 

is possible they are part of a more deeply conserved regulatory complex involved in 

multiple forms of mechanotransduction, being repurposed every time a 
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mechanosensory system evolves. In vertebrates, placodes are organized into an 

anterior domain (comprising the adenohypophyseal, trigeminal, olfactory and lens 

placodes) and a posterior domain (comprising the otic, lateral line and epibranchial 

placodes). Vertebrate hair cells develop exclusively from the posterior placodal domain, 

while the tunicate coronal sensory organ develops from an anterior placodal domain, 

casting doubt on whether the two might be homologous. It has been suggested that the 

ancestor of tunicates and vertebrates possessed the ability to form hair cells from both 

anterior and posterior placodal regions, and that this ability was differentially lost in both 

the groups. However, this hypothesis is yet to be tested, given that the nearest outgroup 

Figure 1-3: Phylogenetic signature of lateral line systems 
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to both tunicates and vertebrates—the cephalochordates—seems to have no hair cell-

like structures.  

Historical overview 

 A foundational question in sensory system research is reconstructing the ancestral 

morphological condition and delineating how this condition was modified in various 

groups across evolutionary morphological transitions. The most recent, integrative 

approach to answering this question with reference to the lateral line system, was by 

Northcutt (1989) who reconstructed a putative ancestral vertebrate condition based on 

inferences from both fossils and embryos. Northcutt was the first worker to take a 

cladistic approach to the question and compare lateral line morphologies in all major 

vertebrate clades. He hypothesized that the ancestral gnathostome had six lateral line 

branches, innervated by six lateral line nerves. This hypothesis was based on 

embryonic data from axolotls (Northcutt et al., 1994), the shovelnose sturgeon 

Scaphirhyncus (Gibbs and Northcutt, 2004) and the gar Lepisosteus, (Song and 

Northcutt, 1991). Northcutt also hypothesized that these six lateral line branches arose 

from a set of six independent placodes. Living vertebrate diversity is represented by 

jawed fishes which include Osteichthyes (bony fishes) and Chondrichthyes 

(cartilaginous fishes including sharks, rays and chimaeras) as well as jawless fishes 

(cyclostomes), represented by lampreys and hagfish. Embryological evidence 

supporting Northcutt’s hypothesis of six ancestral placodes, however, used only the 

three osteichthyan species noted above, with no chondrichthyan or cyclostome 

representatives. Northcutt’s detailed analysis combined developmental data from these 

three taxa with morphological information (the presence, absence and condition of 

different lateral line network components) from the fossil record to generate a 
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hypothesis of what the ancestral condition in jawed vertebrate lateral lines was.  This 

was a maximalist inference, implying that the vast diversity of lateral line morphologies 

seen in different vertebrate clades arose as a result of differential loss, not independent 

gains. In essence, the ancestral gnathostome had more lines than found in any 

descendant lineages, with little room for innovation. 

The value of Northcutt’s study persists because of how it synthesized data drawn 

from two separate analytical frameworks. These frameworks were the comparative 

anatomical approach, primarily pursued by Anglo-American scientists including Westoll 

(1937; 1941), Watson (1937), Allis (1889; 1901; 1923), Moy-Thomas (1941), and 

Parrington (1949), which compared the lateral line morphologies of different adult forms 

in an evolutionary context, versus the approach taken primarily by members of the 

Stockholm school who used embryological data from a few select taxa to interpret adult 

variation and the fossil record. The latter was centered on the idea of an embryonic 

archetype or ground plan and includes monographic works by Stensio (1947), Holmgren 

(1942), and Holmgren & Pehrson (1949). Key papers of the former school include 

Westoll’s survey of lateral lines on the cheek in teleosts (Westoll, 1937), Watson’s 

survey of acanthodians (stem-sharks) (Watson,1937), Allis’ studies of lateral line canals 

in several living taxa including the smooth-hound shark Mustelus (Allis, 1901), the 

bowfin Amia (Allis, 1889), the frilled shark Chlamydoselachus (Allis, 1923) and his 

synthetic work on vertebrate lateral lines (Allis, 1934), as well as Parrington’s work on 

lateral line canals and dermal bones (Parrington, 1949). The Swedish school produced 

several detailed embryological studies including Holmgren’s description of cranial 

development in sharks and rays (Holmgren, 1940; 1943) and Pehrson’s description of 
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lateral line development in lungfish embryos (Pehrson, 1949). These embryological 

studies were synthesized by Holmgren (1942) and Stensiö (1947), with a subsequent 

synthesis and a response by Holmgren & Pehrson (1949). These embryological studies 

have had a long-lasting impact, being referenced in textbooks (Jarvik 1980) and also 

used in later analyses of lateral line development (eg., Northcutt, 1989).  

The embryological studies of the Stockholm school were focused primarily on 

inferring the homologies of cheek lines in different fishes, and how lateral lines might 

have been modified across the agnathan-gnathostome transition. Vertebrate evolution 

was seen as a transformational series from ‘lower’ to ‘higher’ vertebrates, with taxa like 

Chlamydoselachus viewed as displaying primitive characters. For example, 

Chlamydosleachus has six gill slits, which was interpreted as a primitive character and 

not secondary.  Stensiö used Necturus (mudpuppy) as a model embryo, while 

Holmgren and Pehrson used chondrichthyan embryos, particularly Squalus and 

Torpedo. Each study produced an embryonic placodal archetype, which was inferred to 

be modified in different groups through ontogeny (for a detailed analysis of the different 

morphotypes, see Northcutt, 1989). Fossils and adult forms were interpreted in light of 

these embryo archetypes. For example, the lateral lines in Acanthodes (a kind of early 

shark) were seen as a transformation of the lines in an embryonic Squalus (Fig 1-4). 

This interpretation was further bolstered by a reconstruction of lines in single embryo of 

Chlamydoselachus, which was interpreted as a primitive shark. Chlamydoselachus was 

thought to be primitive because it was seen to possess morphological characters 

representative of early vertebrates in the fossil record, including six gill arches. Further, 

fossil agnathans (particularly heterostracans) were compared to the only living jawless 
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vertebrates with lateral lines–lampreys– to deduce how lateral lines may have changed 

across the agnathan/gnathostome transition. Holmgren’s works (e.g., Holmgren 1942; 

1949) hypothesized that a gnathostome lateral line network arose by the modification 

and reduction of lines from a heterostracan-like ancestor. Heterostracans have more 

lateral line components than any other vertebrate lineage (Northcutt, 1989). These lines 

are also embedded deep in the dermal skeleton as canals, which implies a tractable 

fossil record of lateral lines. The Stockholm school argued that this represented the 

ancestral condition, and lateral lines in other, descendent, vertebrate lineages arose 

through loss or modification of such a heterostracan condition.  

 

 

This hypothetical ancestor had a series of longitudinal lines extending antero-

posteriorly along the body, connected by a series of segmental ‘transversal’ lines 

running dorso-ventrally (Holmgren, 1942). Lampreys were seen as primitive vertebrates, 

and interpreted in light of fossil jawless fishes, particularly heterostracans. Lampreys 

have a suprabranchial line running along the gill pores (Marinelli and Strenger, 1954) 

which Holmgren and Pehrson hypothesized to be homologous to the lateral of the two 

Figure 1-4: Homologization of lines between Chlamydoselachus and Acanthodes 
based on Holmgren 1942. Homologous portions between the two taxa indicated by the 
same colour 
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longitudinal lines in heterostracans. Further, they hypothesized that the lamprey medial 

longitudinal line is homologous to the main trunk line in jawed vertebrates. With these 

morphological anchors in place, it was hypothesized, through a series of hypothetical 

transformational stages, that either a pair of the ventrally directed transverse lines 

(Holmgren, 1942) or two ventral longitudinal lines (Holmgren & Pehrson, 1949) 

extended on to the newly evolved mandibular territory. Most jawed vertebrates lost one 

of these two lines, though two mandibular lines on the jaws of some supposed primitive 

forms like the Chlamydoselachus or lungfish were considered holdovers of this 

evolutionary transition.  Figure 1-5 schematizes this proposed transition from 

heterostracans to jawed vertebrates. 

 

  The idea that frilled sharks are primitive living ancestors was a holdover from 

previous descriptions and inferences (Bashford and Grudger, 1930). Modern 

Figure 1-5:Schematized transitions from an ancestral (heterostracan) to a derived 
(gnathostome) type of lateral line configuration based on Holmgren and Pehrson, 
1949 (left) and Holmgren, 1942 (right) 
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evolutionary understanding based on morphological (Villalobos-Segura et al., 2022) and 

molecular (Naylor et al., 2012) data has also shown that taxa like Chlamydoselachus 

are derived, like other sharks, and thus not fully representative of any ancestral 

condition. Further, though lampreys were compared to jawed vertebrates, there remains 

no information on the ontogeny of lamprey lateral lines. Finally, other workers have 

pointed out (e.g. Disler, 1961) that the descriptions of chondrichthyan embryos 

themselves might warrant reexamination.  

The alternate approach to the Stockholm school was the one primarily taken by 

Anglo-American palaeontologists, who compared adult morphologies in fossil and living 

taxa. These studies were primarily concerned with the homology relationships of 

different components of vertebrate skulls and saw the lateral line as a useful criterion for 

determining such homologies. It was hypothesized by Westoll (1937) that bones 

carrying lateral lines were more stable through evolutionary time than other dermal 

bones, and this inference was used to homologize bones based on lateral line canal 

components in them.  

The assumption that bones carrying lateral lines are more evolutionarily stable 

led to the speculation that sensory cells of the lateral line network might have an 

inductive effect on ossification processes. Moy-Thomas (1941) attempted to test this 

inductive relationship by ablating neuromasts on one side of a developing trout embryo 

and comparing ossification patterns on both sides. While his study showed that dermal 

bone developed normally regardless of neuromast ablation, the regenerative capability 

of neuromasts (Thomas et al., 2015) was unknown at the time, so it is possible that the 

ablations were incomplete. Further, an inductive potential of lateral lines was called into 
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question based upon the observation that ossification patterns remain consistent 

between clades that have lateral lines and clades that have completely lost them.  

In an attempt to clarify any potential relationship between lateral lines and dermal 

bone, Parrington (1949) proposed a new synthesis. He suggested that lateral lines were 

not inducing dermal ossification, but that some ‘morphogenetic field’— with its center 

correlating with a future center of ossification was guiding the migration of these canals. 

The hypothesis further suggested that the lateral lines may then induce ossification of 

these fields. However, these hypothetical fields have never been identified, nor has the 

hypothesis been tested.  

Scope and aims of the thesis 

This dissertation takes an integrative approach, combining anatomical, paleontological 

and developmental data to understand the evolution and development of the lateral line 

system. In chapter 2, I review the existing literature on lateral line morphologies in a 

variety of vertebrate taxa, both fossil and extant, and propose a novel synthesis 

describing the evolutionary trajectory of the system. This chapter also focuses on the 

relationship between other sensory systems and the lateral line, as well as the 

relationship between lateral lines and surrounding tissues. Key findings of this chapter 

include an evolutionary episode of reorganization and remodelling of the lateral line and 

the inference of a hierarchical relationship between different cranial sensory systems. 

Chapter 3 focuses on the role development plays in determining the anatomy of the 

lateral line in an exemplar model, the zebrafish. Focusing on the anterior lateral line of 

the zebrafish, this chapter aims to delineate the relationship between placodes (which 

form lateral lines) and another key vertebrate tissue, the neural crest. Examining the 
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relationship between placodes (which form lateral lines) and neural crest (which forms 

cranial dermal bone) is an empirical test of Parrington’s ‘morphogenetic field’ theory 

described above. I show that neural crest cells are necessary for proper lateral line 

development, and experimental ablation of the neural crest results in stereotypical 

defects to the cranial lateral line. Chapter 4 focuses on postembryonic development and 

innervation of the lateral line in zebrafish. This chapter reveals novel patterns of 

innervation and post-embryonic growth of the lateral line system, including a hitherto 

undescribed mechanism of nerve-driven expansion of superficial neuromast number. 

Further, this chapter also includes functional tests of the relationship between nerves 

and lateral line receptors and shows that innervation is necessary for postembryonic 

lateral line development.  

Chapter 5 synthesizes my findings on lateral line evolution and development. 

Here, I expand on my macroevolutionary hypotheses from Chapter 2, focusing on 

specific groups and important evolutionary transitions, particularly the advent of jaws 

and the vertebrate colonization of land. I explore gnathostome phylogeny in greater 

detail, focusing on osteostracans- the nearest sister group to crown jawed vertebrates- 

and stem tetrapods. I explore the phylogenetic patterns of lateral line change and loss in 

the tetrapod crown: stem amniotes and lissamphibians. I further expand on the different 

modes of lateral line development, centered around my preliminary findings in a 

chondrichthyan model, the little skate Leucoraja erinacea. I use the skate model to 

evaluate the placodal origins of some cranial lines. Further, I compare and contrast the 

developmental morphology of lateral lines between different lineages such as teleosts 

and batoids. I also speculate on the molecular mechanisms that could underlie lateral 
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line development and crest-placode interactions in zebrafish anterior lines. I conclude 

with a discussion of future directions, building primarily on my pilot data from skates.  
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CHAPTER TWO: RE-MAKE, RE-MODEL: EVOLUTION AND 
DEVELOPMENT OF VERTEBRATE CRANIAL LATERAL LINES 
Summary 

Lateral lines are placodally derived mechanosensory systems on the heads and trunks 

of many aquatic vertebrates. There is evidence of lateral lines in the earliest known 

vertebrate fossils, and they exist in organisms with widely different craniofacial 

morphologies – including the presence or absence of jaws, external or internal nostrils, 

and variable positions of the cranial cartilages with respect to eyes and braincase. 

Consequently, the lateral lines make an ideal study system to understand how 

morphological variation in a deeply conserved sensory system responds to overall 

evolution of the head. However, palaeontological and developmental data have not 

been integrated to elucidate the history of this system in the context of evolving 

vertebrate crania. The emergence of new imaging techniques and molecular methods to 

study ontogeny in non-model systems provides unique opportunities for such a study. 

This review examines open questions in light of new fossil discoveries that have altered 

our understanding of vertebrate evolution as well as new insights on the development of 

non-model taxa. We find that the diversity of lateral lines is not the result of 

simplification from a complex ancestral condition as previously supposed. Rather, the 

anterior lateral line systems of living gnathostomes result from an evolutionary episode 

of reduction and reassembly, both preceding and overlapping the origin of jawed 

vertebrates. This event is coupled to a marked postorbital to orbital–preorbital shift in 

the territorial elaboration of the lateral line systems, and we argue that this spatial move 

likely signals functional change, coinciding with a major enhancement of the 

gnathostome vestibular system. A version of this article has been published as: 
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Venkataraman V, Lopez M, Prince VE, Coates MI. Re-make, re-model: evolution and 

development of vertebrate cranial lateral lines. Biol Rev Camb Philos Soc. 2025. doi: 

10.1111/brv.70045 

I. Introduction 

As discussed in the previous chapter, both cranial and trunk lateral lines develop from a 

suite of cranial neurogenic placodes. These lines are present in all lineages of aquatic 

vertebrates with the exception of amniotes. This system is composed of specialized 

receptive organs called neuromasts, which are contained within canals or grooves or 

embedded superficially in the skin, bones, and scales of the head and trunk (Fig 1-1 A). 

These neuromasts consist of specialized hair cells surrounded in some cases by 

support cells (Fig. 1-1 B, C). The hair cells have a prominent kinocilium and a series of 

smaller stereocilia projecting into a jelly-filled cupula (Fig. 1-1 D). These neuromasts are 

exposed to water in a lateral line canal, or in a groove, or directly from the surface of the 

skin in shallow pits. Different neuromasts on different parts of an organism’s body 

contain hair cells polarized in characteristic orientations. Water currents deflect the cilia 

differentially and this deflection is then transduced as nervous impulses, transmitted 

from the neuromast organ to the hindbrain via afferent nerves. 

Fishes use lateral line systems to perceive hydrodynamic stimuli at macro- and 

microscales. These systems have traditionally been implicated in schooling and 

orientation to water currents: fish that have had their lateral line network ablated are 

unable to orient themselves to the direction of bulk water movement. Species-specific 

adaptations of the lateral line can also filter out mechanosensory stimulation by strong 

currents, allowing the fish to detect high-frequency stimuli like approaching predators 
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(Herzog et al., 2017). However, recent functional studies have also shown that this 

mechanosensory system is part of a broader multimodal ‘bioacoustic’ network working 

in concert with the ear to detect auditory signals in the water (Higgs and Radford, 2013). 

The study of lateral lines has attracted the interest of three distinct research 

programmes: palaeontologists and comparative anatomists concerned primarily with the 

pattern and disparity of lateral lines across vertebrate lineages (Northcutt, 1989), 

functional biologists and neuroscientists researching how lateral line input is processed 

and behaviours modified in response (Liao, 2006) and developmental biologists 

concerned with the process generating lateral line morphologies in a few easily 

accessible model taxa (Dambly-Chaudière et al., 2007). Developmental studies have 

primarily been concerned with the posterior or trunk lateral line, i.e., the component 

posterior to the otic vesicle. By contrast, palaeontological and functional studies have 

primarily been focused on the anterior or cranial lateral lines that occupy the skull and 

head shield. Importantly, data from all three programmes are reciprocally informative. 

Given our rapidly changing picture of early vertebrate evolution – thanks to new fossil 

discoveries, new imaging tools and new methods of phylogenetic reconstruction – 

developmental data gleaned from extant taxa can be used to improve our 

understanding of lineage-specific patterns of developmental bias or phylogenetic 

constraint. Reciprocally, comparative embryological approaches in a phylogenetic 

framework can reveal the developmental mechanisms underlying varied lateral line 

morphologies. This review focuses on these two approaches: evolution and 

development of cranial lateral lines. 
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Palaeontologists have a long-standing interest in lateral lines because of the high 

likelihood of their preservation within the dermal skeletons of early vertebrates. 

Furthermore, lateral lines exhibit considerable morphological variation across different 

lineages. Thus, lateral lines provide a data-rich window on sensory system evolution 

within the context of major morphological transitions. Examples of these transitions 

include the advent of jaws and changes in jaw position, changes in the number and 

location of nostrils, and changes in cranial proportion and position of the eyes. Further, 

vertebrates have also undergone major ecological transformations: from benthic to 

nektonic to marginal habitats and from demersal to pelagic and emergent lifestyles. 

Finally, lateral lines have been linked to hypotheses of dermal bone homology (Moy-

Thomas, 1941; Parrington, 1949; Rizzato et al., 2020; Westoll, 1941) and thus feed 

directly into analyses of phylogenetic relationships. 

In parallel, lateral lines are of great interest to developmental biologists. This is 

largely because the posterior or ‘trunk’ lateral line cells of zebrafish (Danio rerio) provide 

a tractable model for the study of collective cell migration (Haas and Gilmour, 2006; 

Chitnis et al., 2012; Dalle Nogare et al., 2017). The molecular mechanisms underlying 

the migration and morphogenesis of posterior lateral line neuromast primordia have 

been delineated through myriad studies. However, the more complex and variable 

anterior (or head) lateral lines have received much less attention (Iwasaki et al., 2020). 

This is especially significant because current data indicate that the head and trunk lines, 

at least in zebrafish, are patterned by different developmental mechanisms. But, the 

zebrafish is just one of nearly 35,000 species of extant teleost fishes (Froese & Pauly, 

2024) separated from other bony fishes and cartilaginous fishes by nearly half a billion 
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years of evolution (Zhu et al., 2022). Given this evident dearth of comparative 

embryological data, the general versus derived modes of lateral line patterning and 

development across the vertebrates present an area ripe for exploration.  

The goals of this review are to re-examine the evolution of the lateral line system 

in light of new phylogenies and data, both morphological and developmental. We 

include a discussion of how major evolutionary changes such as the occupation of the 

water column, the advent of predation, and transformations of cranial anatomy are 

linked to the origin and disparity of lateral line systems in living taxa. Further, we 

highlight gaps in the comparative data – taxonomic, morphological and developmental – 

with a view to setting an agenda for future research. Finally, we identify avenues of 

study in lateral line evolution that could be answered via an integrative approach 

combining comparative embryology, functional studies, digital visualization, and new 

phylogenetic analyses.  

II. Vertebrate lateral line diversity 

(1) General conditions  
 

The disparate patterns of lateral line networks in major extant and extinct vertebrate 

groups are summarized in Fig. 2-1. This figure is a synthesis of several representative 

published descriptions for each group and shows an inferred general condition for each. 

Morphological features of the various kinds of heads have been abstracted to show the 

relationship of lateral lines to major landmarks including the eyes, nose, and the mouth 

(Fig. 2-1 A, B). The order of taxa displayed in Fig. 2-1 follows their relative familiarity 

rather than phylogenetic convention, hence, teleosts are presented first. 
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The general condition in extant jawed vertebrates, as seen for example in a 

representative teleost (Figs 1-1A, 2-1C), consists of one main trunk canal running from 

behind the head to the caudal fin, often referred to as the posterior lateral line. 

Anteriorly, this line extends as several branches coursing around various cranial 

openings like the orbits (Figs 1-1A, 2-1C), the nostrils and the operculum, as well as 

extending along the jaw. These anterior lines are consequently termed the orbital, 

nasal, pre-opercular and mandibular branches of the lateral line network. This basic 

pattern is modified or elaborated in different lineages. For example, teleosts, in addition 

to having elaborated lines (Webb, 1989), can have accessory lines of superficial 

neuromasts flanking the main head canals (Northcutt et al., 2000)(Fig. 2-1C), and 

cartilaginous fishes often have additional canals and loops as seen in the rostrum of 

holocephalans (Didier, 1995)(Fig. 2-1D) or the pectoral fins of batoids (Abe et al., 2012). 

In some cases, like amphibians or bathypelagic fishes, all lateral lines are composed of 

neuromasts within grooves in the skin as opposed to canals. However, to understand 

fully the extent and evolution of vertebrate lateral line diversity, we need to delve into 

the fossil record.  

A selection of exemplar fossil vertebrates is included in Fig. 2-1 to demonstrate 

the historical diversity of anterior lateral line systems. †’Placoderms’ are the earliest 

jawed vertebrates. Use of a dagger in this context denotes an extinct taxon, and the use 

of inverted commas denotes uncertainty about whether ‘placoderms’ constitute a natural 

group or merely a grade of extinct vertebrates. Nevertheless, †’placoderms’ are mostly 

characterized by the possession of cranial and thoracic skeletons consisting of large 

plates which preserve clear traces of their lateral line systems. These fishes had diverse 
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morphologies, ranging from large, predatory open-water swimmers like the arthrodires 

(for example, †Dunkleosteus) to small, benthic taxa including †antiarchs such as 

†Bothriolepis (Janvier, 1996). Recently discovered maxillate ‘placoderms’ (Fig. 2-1E), 

including the Silurian †Entelognathus, are inferred to be ‘†placoderms’ but are also 

considered to be the sister group of extant jawed vertebrates. Significantly, these are 

the only ‘placoderms’ known to have lateral lines on the lower jaw (Zhu et al., 2016). It 

follows that †Entelognathus occupies a key position in the transition from stem to crown 

jawed vertebrates, and the maxillate ‘placoderms’ have prompted a significant 

reappraisal of relationships among taxa close to the crown gnathostome node(Zhu et 

al., 2016; King et al., 2017; Li et al., 2021). 

Importantly, beyond ‘placoderms’, the evolutionarily deeper stretches of the 

gnathostome lineage also include a host of jawless groups. Many of these jawless 

fishes also bear a head shield consisting of large plates and a tail covered in bony 

scales, thereby extending the total evolutionary record of lateral line system diversity. 

†Osteostracans (Fig. 2-1F) and †galeaspids (Fig. 2-1G) have dorsoventrally flattened 

crania, enclosing remarkably detailed internal morphology (Janvier, 1985; Gai et al., 

2011). By contrast, †heterostracans, including †pteraspids (Fig. 2-1H), have head 

shields but no substantial endocranial remains (Moy-Thomas & Miles, 1971). This deficit 

in the quality of fossil material extends to the very earliest vertebrate body fossils, 

including †Astraspis, † Arandaspis and †Sacabambaspis (Fig. 2-1I), all from the 

Ordovician period (Ritchie and Gilbert-Tomlinson, 1977; Sansom et al., 1997; Gagnier 

et al., 1986; Pradel et al., 2006; Dearden et al., 2023). 



 
 

29 

From these data, we infer that the general condition for vertebrates is to have 

one or a series of longitudinal (or trunk) lines extending from approximately the otic 

region to the caudal end of the animal. Rostrally, extensions of these lines course 

around apertures in the skull, including the orbits, the nostrils, the mouth and gill 

openings. However, the eyes of the earliest vertebrates were positioned close to the 

front of the head (Gagnier et al., 1986). Thus, the lateral line system in these fossils 

consists of multiple longitudinal lines behind the orbits, often with multiple transverse 

extensions. These postorbital and dorsal networks are elaborated in †heterostracans 

and †galeaspids (Fig. 2-1G, H), where such lines may form complex reticulating 

networks (Janvier, 1996; Yang et al., 2024).  

(2) Orbital lines  
 

Orbital lines in modern jawed vertebrates generally consist of a supraorbital and 

infraorbital line coursing around the eye. Although the two lines are connected caudally 

in most extant jawed vertebrates, fossil data from early sarcopterygians (Qiao & Zhu, 

2010) (Fig. 2-1J), actinopterygians (Gardiner,1984) (Fig. 2-1C) and ‘†acanthodians’ 

(Fig. 2-1K) (early sharks) (Burrow 2021; Watson, 1937) demonstrate that the primitive 

condition is the two lines being disjunct caudally. In these cases, the supraorbital lines 

lie parallel to a stretch of an infraorbital line behind the eye (Fig. 2-1C). Therefore, in 

modern taxa, the connections between two orbital lines both behind and in front of the 

eyes represent a derived condition but it remains unclear how many times these 

connections evolved.  

Orbits have been modified in both position and size during vertebrate evolution, 

and the supraorbital and infraorbital lines have shifted accordingly with respect to orbit 
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location as well as the position of a pineal opening. We note that infraorbital lines are 

the most consistently present component of the anterior lateral line system throughout 

vertebrate diversity. The earliest vertebrate condition, as revealed by †heterostracans, 

†galeaspids and †antiarch ‘placoderms’ is to have supraorbital lines converging behind 

the pineal opening (Fig. 2-1H,G, L). In †osteostracans, the pineal opening is located 

anteriorly, between the eyes, consequently reducing the space for a post pineal 

commissure, and correlates with a total absence of supraorbital lines (Fig. 2-1F). Similar 

instances occur in lampreys (Fig. 2-1M), where the pineal is also anterior to the eyes. 

However, the †anaspids (stem group cyclostomes) are poorly preserved showing few 

traces of a rudimentary line network (Fig. 2-1N). In living gnathostomes (osteichthyans 

and chondrichthyans: e.g., Fig. 2-1O, P), orbits are in a much more lateral position 

relative to the orbits of †osteostracans and †galeaspids and the supraorbital lines 

connect with the main trunk lines on their respective sides. In some cases, a medially 

directed supratemporal canal connects the trunk lines of both sides, forming an occipital 

commissure, posterior to the supraorbital canals.  

Pit lines are short grooves in the skin that house superficial neuromasts. In extant 

forms, the pit lines are generally found in the parietal/postparietal domain. They also 

occur in extinct taxa, such as the lines found on the nuchal bones of ‘†placoderms’ and 

the cheeks and jaws of early osteichthyans. The anterior pit line in modern 

osteichthyans is a short, open groove with superficial neuromasts positioned behind the 

caudal extremity of the supraorbital line. There are usually two other pit lines, termed 

the middle and posterior lines, radiating out from the crown of the head. Unlike the 
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anterior pit line, the middle and posterior pit lines do not bear any obvious spatial 

relationship to other parts of the anterior lateral line system. 

(3) Cheek and jaw lines  
 

The general condition for lines on the cheek of jawed vertebrates is a series of 

longitudinal and transverse lines posterior to the orbit. This includes, as seen in 

zebrafish, lateral lines on the preopercle as well as lines on the lower jaw: the 

mandibular line (Fig. 1-1A). Embryological evidence from several taxa including 

zebrafish supports morphological data that connect the lower jaw line to a preopercular 

line: one is a continuation of the other (Lekander, 1949; Iwasaki et al., 2020). The cheek 

region accommodates the jaw adductor muscles of gnathostomes and is therefore also 

a derived feature of the group (although rarely recognized as such). Lampreys and 

other jawless vertebrates do not have a well-defined cheek as such, so the relationship 

of their postorbital lines to those of jawed vertebrates is unclear. The mandible (lower 

jaw) is a feature of jawed vertebrates, but mandibular lines are not present in early 

members of the clade, hence the significance of the mandibular lateral line discovered 

in †Entelognathus (Zhu et al., 2013). 
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Each is abstracted from multiple representatives of the taxon in question to illustrate features of the 
characteristic lateral line networks, highlighting system diversity. A and B provide key to panels C–P. 
Taxon panel order follows the sequence of taxa discussed in the main text. (A) Elasmobranch head in 
dorsolateral view. (B) Same head ‘exploded’ to show component parts. (C) Actinopterygian, after 
Gardiner (1984), with teleost pit-line pattern after Lekander (1949). (D) Holocephalan after Cole 
(1897). (E) Maxillate ‘placoderm’ after Zhu et al. (2016). (F) Osteostracan after Janvier (1974, 1985). 
(G) Galeaspid after Shan et al. (2020). (H) Heterostracan (cythaspid and pteraspid conditions) after 
Janvier (1996) and Randle et al. (2022). (I) Early pteraspidomorph (†Astraspid, †Arandaspid and 
†Sacabambaspid conditions) after Gagnier et al. (1986), Sansom et al. (1997) and Pradel et al. 
(2006). (J) Stem sarcopterygian (†Guiyu and †Psarolepis conditions) after Yu (1998), Zhu et al. (1999) 
and Qiao & Zhu (2010). (K) ‘Acanthodian’ generalized after Watson (1937). (L) Antiarch ‘placoderm’ 
after Graham-Smith & Parrington (1978). (M) Cyclostome (Lampetra) after Marinelli & Strenger, 1954. 
(N) Anaspid (stem-cyclostome) after Smith (1957). (O) Crown sarcopterygian Gogonasus (stem-
tetrapod) after Long et al. (1997. (P) Crown elasmobranch (squalomorph), after Garman (1888) and 
Johnson (1917). Use of a dagger indicates an extinct taxon. Blue circles indicate pineal openings. 

Figure 2-1:Extant and extinct vertebrate cranial models 
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(4) Sensory system hierarchy and new morphologies 
 

We note that there appears to be a hierarchy in sensory system patterning, with lateral 

lines shifting to accommodate the changing positions of other cranial sensory systems, 

particularly the olfactory, visual, and hearing systems. Novel and extreme morphologies 

help us to understand such apparent hierarchies. For example, body forms can be 

flattened either dorsoventrally or laterally. Dorsoventral compression may be restricted 

to the rostrum, as in sturgeons and paddlefish, or involve flattening of the entire body, 

as in the skates and rays. Lateral flattening can involve extreme asymmetry, as seen in 

flatfishes (pleuronectids). In each instance, the lateral line system invades new territory, 

although to different degrees in different lineages. In addition to skates and rays, 

several other chondrichthyan groups have evolved flattening, including angel sharks 

and wobbegongs (carpet sharks). In most cases, lateral lines have grown onto the 

expanded, flattened regions of the body, as seen for example in guitarfish (Garman, 

1888). These extended lateral line branches, often misleadingly called scapular lines, 

run from the main trunk line and grow out laterally (Maruska, 2001). The most extensive 

flattening in skates and rays involves fusion of the pectoral girdle to the rostral tip of the 

snout, and in this unique instance, the cranial lateral line canals extend onto the 

pectoral fin (Ewart & Mitchell, 1895; Maruska,  2001). Notably, these pectoral lines are 

also unique in being the only example of a rostral (preotic) placode-derived lateral line 

growing in a posterior direction.  

Elongate rostra, not always associated with elongate jaws, repeatedly evolved in 

both osteichthyans and chondrichthyans. In osteichthyan examples such as sturgeons 
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and paddlefish, and chondrichthyan examples such as sawfishes and sawsharks 

(Wueringer et al., 2011), the rostrum is elongate, but the mouth is in a sub-terminal 

position with the nostrils close to the face (Fig. 2-2A,B). However, despite these 

similarities in gross morphology, the distribution of the orbital lateral lines differs 

between these two groups. In sturgeons and paddlefish the infraorbital canal extends 

onto the ventral side of the snout, forming complex loops, but the supraorbital line 

terminates abruptly in a proximal position between the nostrils (Fig. 2-2A). By contrast, 

in sawfishes and sawsharks, both lines run to the anterior tip of the snout (Fig. 2-2B). It 

appears that nostril position dictates these different patterns of lateral line distribution. In 

sturgeons and paddlefish, the supraorbital line lies between the anterior and posterior 

nostril and is perhaps trapped in this proximal domain. In sawfishes and sawsharks, 

however, both nostrils lie outside the loop of the orbital lines, and therefore the lines are 

not restricted by nostril position. Conditions in garpike (Fig. 2-2C), another osteichthyan, 

corroborate this restriction scenario. Garpike have elongated rostra, but these fish have 

both nostrils positioned at the very tip of the snout. Here, both supra and infraorbital 

lines extend all the way to the distal extremity and loop around the nostrils. Taken 

together, these three conditions across two divisions of jawed vertebrates support the 

idea that lateral lines have their positions dictated by cranial openings such as nostrils. 

In this regard, the migrating orbits of pleuronectids might provide a further test of the 

generality of this scenario, in which lateral line network patterning is warped to match 

the location of other major sensory systems.  

Flatfishes (pleuronectids, Fig. 2-2D) develop as bilaterally symmetrical larvae, 

but through ontogeny begin to lie on one side (the ‘blind side’) and move their orbits, 
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nostrils and mouth towards the side facing the water column (the ‘eyed side’). During 

this process, a conventionally symmetric larval lateral line system becomes asymmetric. 

Recent data (Duarte-Ribeiro et al., 2024) indicate that cranial asymmetry evolved once 

in flatfishes, and extensive studies (Neave, 1986; Harvey et al., 1992; Voronina et al., 

2019) have demonstrated that all members of the group show varying degrees of 

asymmetry in lateral line positioning. While the morphological diversity of 

pleuronectiform lateral lines has been documented in detail, there is scant information 

on how developmental remodelling emerges within the system. It is unclear if 

neuromasts undergo apoptosis, with new ones arising within the transformed head, or if 

canals and neuromasts somehow relocate along with a shift of the dermis or change in 

cranial morphology.  

Yet another example of the hierarchical relationship between lateral lines and 

other sensory systems is evident in the internalization of the posterior nostril in 

tetrapods, lungfishes, and holocephalans (also known by a variety of other names 

including chimaeras, ghost sharks, ratfish, and elephant sharks). The ancestral 

condition for lobe-finned osteichthyan lineages, as exemplified by the early tetrapod 

†Tungsenia (Lu et al., 2012) and early lungfish †Porolepis (Kulczycki, 1960; Chang, 

1995), was for the orbital line to loop around and encompass both nostrils. However, in 

intermediate forms like the early tetrapod Kenichthys, where the posterior nostril is at 

the ventral border of the maxilla, the supraorbital line displays a kink, as if it were 

dragged down with the nostril (Zhu and Ahlberg, 2004). In the case of extant lungfishes 

both nostrils are internal, with the anterior nostril on the medial border of the lip. Here, 

both nostrils appear to have ‘broken through’ the loop of the supraorbital line, which 
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never connects with the infraorbital line. In holocephalans the posterior nostril is once 

again within the medial border of the upper lip (Howard et al., 2013) but in this instance 

both nostrils lie outside the loop of the orbital lines, thus no lines are altered or 

interrupted.  

In summary, lateral lines appear to be subordinate or secondary to other sensory 

systems. The positioning of cranial openings for these systems, like the olfactory or 

optic, influences the course of the anterior lateral lines. It follows that the phylogenetic 

legacies of chondrichthyans and osteichthyans – the initial positions of their nostrils 

relative to the lateral lines – played a major role in determining lateral line morphology. 
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(A–C) Examples of rostral elongation showing the relationship of orbital lateral line canals to nostrils. (A) 
Sturgeon after Gibbs & Northcutt (2004); i, dorsal view; ii, lateral view; iii, ventral view. (B) Sawfish after 
Wueringer et al. (2011); i, dorsal view; ii, ventral view. (C) Garpike after Song & Northcutt (1991); i, dorsal 
view; ii, lateral view; iii, ventral view. (D) Flatfish (Tephrinectes sinensis) after Voronina et al. (2019); i, 
dorsal view; ii, ventral view. Supraorbital line (magenta, SO) terminates close to eyes in sturgeons, and 
extends to rostral tip in sawfishes and garpikes. Infraorbital line (yellow, IO) extends to rostral tip in all 
cases. Sawfishes have ‘nasal’ line characteristic of elasmobranchs (blue). Nostrils are shown in black 
throughout. 

 

III. Lateral lines and surrounding tissues 

Lateral lines derive from ectodermal thickenings or placodes in front of and behind the 

otic vesicle. The preotic placodes form primordia that migrate or elongate anteriorly to 

form the anterior lateral line network. By contrast, the placodes posterior to the otic 

Figure 2-2: Orbital lines on extreme head shapes. 
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vesicle form primordia that elongate or migrate caudally to form the posterior or trunk 

lateral line system. 

A long-standing area of research has focused on the relationship between lateral 

line systems and the surrounding dermoskeleton; for a recent review, see Hamm & 

Gross (2025). Westoll (1936, 1937) argued that the bones carrying lateral line canals 

were less morphologically variable than other dermal bones; he termed these non-canal 

bones ‘anamestics’ or filler bones (Hilton et al., 2011). This observation led to a 

suggestion that the lateral line system developmentally induces ossification of the 

surrounding dermal bones (Lekander, 1949; Holmgren & Pehrson, 1949). However, 

Moy-Thomas (1941) ablated the rudiments of the lateral line on one side of the head of 

an early larval rainbow trout (Onchorynchus myskiss) and reported the complete 

development of frontal bones on both the ablated and unablated control sides, implying 

that lateral lines are not necessary for dermal ossification to occur. However, 

neuromasts are known to regenerate after ablation (Williams & Holder, 2000). It is thus 

possible that neuromasts on the ablated side in Moy Thomas’ (1941) experiments 

regenerated to allow dermal ossification to occur normally.  

Lateral lines might yet be found to influence morphogenesis of specific 

components of the cranial dermal skeleton. Studies dating back to Allis (1889) indicate 

that in many fishes the dermal skull bones are produced by two separate developmental 

modules: a flat, membrane-bone component and a separate cylindrical component 

surrounding the neuromasts (see Fig. 11 in Grande & Bemis, 1998). These two 

ossifications may fuse through ontogeny, forming a single dermal bone (Tarby & Webb, 

2003; Webb & Shirey, 2003). The cylindrical component forms as the epithelium 
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underlying the neuromasts invaginates to form a gully, which may then enclose the 

neuromasts as the apices of the gully contact each other to form a closed tube or canal. 

Neuromasts might have some inductive potential on the ossification of these grooves 

and canals. Chang & Franz-Odendall (2014) laser-ablated developing infraorbital 

neuromasts of larval and juvenile zebrafish, then analysed ossification of the infraorbital 

bones after the neuromasts had regenerated. They found that canal wall ossification 

was significantly reduced in all cases, despite the fact that the neuromasts had 

regenerated, although the overall shape of the infraorbital bones remained unaffected. 

Based on these findings, the authors inferred that neuromasts have an early inductive 

effect on the later ossification of the canal wall, but development of the remaining 

dermal bone is independent of neuromast influence. 

While many studies have examined the histological structure of fossil vertebrate 

dermal skeletons (Sansom et al., 1992; Donoghue, 2002; Giles et al., 2013; Keating & 

Donoghue, 2016), it is notable that there have been few studies on the histology of 

fossil lateral line canals or grooves. Further work is needed to explore the evolution of 

lateral line histology, including the taxonomic extent and history of separate lateral line 

canal ossifications.  

In many chondrichthyans, which lack large dermal plates and have a dermal 

skeleton made of small scales, those scales abutting the lateral line canals are 

modified. In holocephalans, the only scales that remain on the trunk resemble 

incomplete curtain rings, forming a flexible gutter housing the lateral line (Cole 1897; 

von Lubitz, 1981; Didier et al., 2012). In many †’acanthodians’ (early sharks), scales 

surrounding the lateral lines are larger than other scales of the flank and fins (Watson 
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,1937) and may be morphologically distinct (Hanke & Wilson, 2006;). All these data 

suggest that the lateral line might influence the development and morphogenesis of 

adjacent scales. We suggest this observation deserves further experimental evaluation.  

Current comparative data are equivocal on whether canals or grooves were the 

ancestral condition for vertebrates: available fossil data are insufficient. However, for 

crown jawed vertebrates, canals appear to be the ancestral condition. But, once again, 

we do not know if canals evolved at the root of all vertebrates or among the earliest 

members of the gnathostome lineage. Resolution of this question is hindered by 

ongoing uncertainty concerning the monophyletic versus paraphyletic status of 

‘placoderms’. Furthermore, it remains unclear if a separate bony lining around the 

lateral line canals is an osteichthyan synapomorphy. Finally, experimental data (Chang 

& Franz-Odendaal, 2014), considered together with the observations on scale patterns 

in chondrichthyans, suggest a possible inductive relationship between lateral lines and 

mineralized portions of the dermoskeleton.  

Embryological studies have explored the interaction between the lateral line and 

adjacent tissues early in development, particularly to test if the migratory substrate plays 

a role in guidance or patterning of lateral line systems. Smith et al.(1990) attempted to 

delineate a potential substrate-driven lateral line guidance mechanism in axolotl 

(Ambystoma mexicanum) embryos. They surgically manipulated the overlying epidermis 

in front of a migrating posterior primordium, turning it by 90º or 180º. When the 

epidermis was flipped by 180º, the primordium migrated indistinguishably from controls 

that had undergone sham surgeries, suggesting the rostrocaudal directionality of 

overlying tissues was unimportant. However, when the epidermis was turned by 90º, the 
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primordium ceased to migrate, or turned at the site of surgery and wandered until it 

encountered the path of another primordium, whereupon it followed the new path. This 

suggests that migrating primordia follow ‘tracks’ in the overlying substrate. A complete 

rostrocaudal flip of these supposed tracks does not change primordium migration, 

suggesting that the tracks are not polarized. While the molecular nature of these tracks 

and their interactions with the primordium remain unclear, extirpation of the underlying 

mesoderm (one somite) stalls primordium migration, even with no surgical flipping of the 

ectoderm. This suggests that the migration is influenced by both overlying epidermis 

and underlying mesoderm. We speculate that the track in the axolotl mesoderm might 

be of a chemokine molecule, as has been shown in zebrafish ((Haas and Gilmour, 

2006); see below for details). A crucial limitation of these studies is that they have not 

been replicated for the head. Thus, while these classical embryological approaches 

have provided important insights into how the trunk lateral line system develops, we 

have a much more rudimentary understanding of anterior lateral line development.  

It is already evident that head and trunk lines differ in their manner of 

development between different taxa. In zebrafish, both the head and trunk lateral lines 

develop as a migrating primordium deposits a series of neuromasts (Fig. 1-2A) (Iwasaki 

et al., 2020; Haas & Gilmour, 2006). By contrast, in a foundational study, Johnson 

(1917) showed that in a chondrichthyan (Squalus acanthias), both the head and trunk 

primordia elongate and subsequently fragment (Fig. 1-2B). This pattern of elongation 

and fragmentation is also found in the anterior lateral lines of a wide variety of non-

teleost osteichthyans (Allis, 1889; Harrison,, 1903; Beckwith, 1907; Landacre and 

Conger, 1913; Winklbauer and Hausen, 1983; Northcutt et al., 1994; Modrell et al., 
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2011). However, the trunk systems in these osteichthyans exhibit similar migration and 

deposition patterns to zebrafish. For these reasons, we argue that the general condition 

for teleosts is unclear, and further note that all relevant data on anterior lateral line 

development are limited to studies of a single teleost sub-group: the ostariophysans 

(Landacre, 1910; Lekander, 1949; Iwasaki et al., 2020). 

The molecular mechanisms that underlie the development of lateral lines from 

primordia also remain unclear, with current knowledge derived exclusively from studies 

in zebrafish(Haas and Gilmour 2006; Dambly-Chaudière et al., 2007; Chitnis et al., 

2012; Piotrowski and Baker, 2014; Neelathi et al.,, 2018). These studies have 

demonstrated that the zebrafish posterior lateral line develops from a migrating 

primordium (Fig. 1-2A). The primordium follows a track of the chemokine Cxcl12 (C-X-C 

Motif chemokine ligand 12) (Haas & Gilmour, 2006), which is laid down in a narrow 

stripe along the length of the underlying trunk paraxial mesoderm. Of note, the 

embryological experiments of Smith et al. (1990) suggest that a similar track may exist 

in axolotls, but in the overlying epidermis. Periodic deposition of neuromasts from the 

migrating primordium is dependent on a feedback loop between distinct Wnt (wingless 

related integration site) and Fgf (fibroblast growth factor) domains within the primordium 

(Aman et al., 2011). However, there are no data yet on whether trunk lateral lines in 

other taxa that are deposited by migrating primordia (e.g. in amphibians, see Smith et 

al., 1990) follow similar chemokine tracks, nor whether Wnt/Fgf signalling are involved. 

Elongating primordia (Fig. 1-2B) might use entirely different molecular mechanisms to 

achieve neuromast distribution, including specific spatiotemporal patterns of gene 

expression. Surprisingly, however, the classic embryological experiments of Stone 
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(1928) revealed that the head and trunk lateral line primordia of Ambystoma punctatum 

(axolotl) are functionally interchangeable (Fig. 2-3). However, it is unclear from figures 9 

and 10 in Stone (1928) whether the anterior primordium, when transplanted to the trunk, 

migrated like a normal trunk primordium or instead elongated and fragmented. In either 

case, Stone’s (1928) findings suggest that extrinsic signals from the surrounding cranial 

or trunk tissues must play a major role in patterning the placodal primordia and the lines 

that emerge from them.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(A) Reproduction of figure 8 of Stone (1928) schematizing a reciprocal transplantation 
approach, moving placodal ectoderm from preotic to postotic domains and vice versa 
between embryos of spotted salamanders (Ambystoma punctatum). (B) Reproduction of 
figures 2 and 9 of Stone (1928) camera lucida drawings showing that the preotic 
ectoderm migrated posteriorly leaving behind rosettes of hair cells when transplanted to a 
postotic domain. Conversely, postotic ectoderm elongated and formed ridges around the 

Figure 2-3: Stone's transplantation experiments 
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Fig 2-3 cont. eye when transplanted to a preotic domain. Stone (1928) concluded that 
placodal ectoderm migrates or elongates based on its local environment. 
 

IV. Northcutt’s paradigm 

Northcutt (1989) provided the first cladistic and rigorously comparative analysis of 

lateral line evolution. His study combined embryological data from Ambystoma 

mexicanum with palaeontological and anatomical data from diverse sources (Northcutt, 

1989; Northcutt et al., 1994) with the aim of reconstructing the ancestral gnathostome 

lateral line condition. Northcutt (1989) hypothesized an ancestral gnathostome with a 

set of orbital, mandibular and cheek lines (Fig. 2-4 A). He further argued that these lines 

arise from six placodes and are innervated by a corresponding set of six placodal 

nerves. Based on this posited ancestral condition, Northcutt (1989) hypothesized that all 

diversity evident in extant vertebrate lateral lines resulted from descent with differential 

loss.  

In this respect, Northcutt’s work developed ideas put forward in earlier studies 

(Holmgren, 1942; Holmgren and Pehrson, 1949). However, Holmgren & Pehrson (1949) 

based their evolutionary scenario on a †heterostracan ancestor extrapolated from a 

theoretical vertebrate archetype. At that time, †heterostracans provided the earliest 

available information on fossil vertebrate conditions, hence their significance in these 

mid-20th century studies. As noted in Section II (Fig. 2-1H), †heterostracan head 

shields bear a network of longitudinal and transverse lines. Therefore, they theorized 

that with the advent of a jaw, components of this network extended onto the new 

anatomical territory of the mandible. Holmgren (1942) and Holmgren & Pehrson (1949) 

connected their ancestral condition with ‘advanced types’, representing conditions in 

extant forms via a series of hypothetical intermediates. Unlike Northcutt’s (1989) 
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hypothesis, they included no explicit arguments for gains or losses at nodes in the 

vertebrate phylogeny. Moreover, they were influenced by the idea that extant ‘lower 

vertebrates’, such as the frilled shark Chlamydoselachus anguineus and lungfishes, 

more closely approached these primitive or archetypical states of vertebrate anatomy 

(Allis, 1923).  

By contrast, Northcutt (1989) aimed to reconstruct trait history, generate 

hypotheses of evolutionary developmental mechanisms, explore form–function 

relationships, and identify knowledge gaps, all within an explicit tree-based framework 

(Fig. 2-4B). It is important to note that at this time Northcutt had access to a limited set 

of fossil data (Moy-Thomas & Miles, 1971). However, since 1989, our best estimates of 

early vertebrate interrelationships and evolution have changed drastically (Fig. 2-4C). 

Over 30 years’ worth of discoveries have filled gaps in the fossil record in unexpected 

ways, while generating new questions. New phylogenies of early vertebrates have 

changed our fundamental understanding of character evolution. The notion of ‘higher’ 

and ‘lower’ taxa has been jettisoned, and C. anguineus is neither a living fossil nor a 

living ancestor. Similarly, it is also clear that cyclostomes (lampreys and hagfish) are far 

from primitive. Nevertheless, several of the knowledge gaps identified by Northcutt 

(1989) remain unfilled such as information on the comparative innervation and 

development of cyclostome lateral lines.  

Importantly, Northcutt’s (1989) analysis provided an explicit, testable hypothesis: 

that lateral lines evolved via a pattern of gradual reduction, and that traces of this 

ancestral condition are manifest in the distribution of canals, pit lines, and superficial 

neuromasts of extant taxa. In the next section, we explore this hypothesis in the light of 
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updated phylogenies (Fig. 2-4C), acknowledging both stable and unstable areas of the 

evolutionary tree. 

 

 

(A) Northcutt’s proposed morphotype for ancestral gnathostome head and 
trunk lateral lines [after Northcutt (1989), fig. 3.3D]. (B) Cladogram of 
fossil and living vertebrate relationships after fig. 3.1 in Northcutt (1989). 
(C) Taxa from B rearranged based on current phylogenetic consensus 
(Miyashita et al., 2019) 

Figure 2-4: Ancestral gnathostome lines from 
Northcutt (1989). 

C 
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V.  New tree, new synthesis 

(1) Vertebrate phylogeny revised 
 

Fig. 2-5 presents a summary of the most recent phylogenetic trees of early vertebrates. 

It is important to recognize that this is not a formal supertree (Gordon, 1986; Bininda-

Emonds et al., 2002). Challenges to the consensus that underpinned Northcutt’s 

phylogeny (Fig. 2-4B; fig. 3.1 in Northcutt, 1989) first emerged in Forey & Janvier (1993) 

and were further developed in Janvier’s Early Vertebrates (see his ‘odd trees’ in fig 9.1 

in Janvier, 1996). Changes cover all clades involved in this topology. To set the stage 

for our discussion of lateral line macroevolutionary patterns in Section V.3, we describe 

some important changes to the topology and identify some of the unresolved 

relationships.  

In contrast to Northcutt’s (1989) hypothesis (compare Fig. 6B and 7) 

†’acanthodians’ are now recognized as early chondrichthyans (Brazeau, 2009; Davis et 

al., 2012; Coates et al., 2018). This discovery of a stem group has vastly enriched the 

entire chondrichthyan lineage but depopulated the osteichthyan stem. The few 

remaining stem osteichthyans are contentious in the sense that they have been 

equivocally interpreted as stem or crown group members, with either actinopterygian or 

sarcopterygian affinities (Basden et al., 2000; Lu et al., 2016). 

†’Placoderms’ (magenta box in Fig. 2-5) are the earliest jawed vertebrates in the 

fossil record. Taxonomically diverse and morphologically disparate, they might not 
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constitute a natural group. If instead †’placoderms’ constitute a grade, meaning clades 

branching successively from the stem, then they can provide a series of snapshots of 

trait evolution leading to modern jawed vertebrates (Dupret et al., 2017; M. Zhu et al., 

2016; Y. Zhu et al., 2022). Alternatively, if a large monophyletic rump group of 

†’placoderms’ persists, then they represent an independent evolutionary radiation of 

early jawed fishes. In this case, they must have converged on several morphologies 

shared with modern clades. Both hypotheses are current – monophyly (natural group, 

see King et al., 2017) and paraphyly (Brazeau and Friedman, 2015; Brazeau et al., 

2023); for this reason, we include polytomy A in Fig. 2-5.  

†Entelognathus is the first maxillate †’placoderm’, meaning it has a maxilla, like 

osteichthyans. But perhaps more significantly, it is also the first †’placoderm’ found to 

have lateral lines on the jaws, thus bearing out Northcutt’s predictions (Northcutt, 1989, 

p. 69). Among the †’placoderms’, †Entelognathus and other maxillate forms are now 

hypothesized to be sister groups to the extant gnathostome evolutionary radiation.  

In contrast to the instability of †’placoderm’ relationships, cyclostome monophyly 

is now resolved on the basis of both molecular and morphological evidence (Kuraku et 

al., 1999; Furlong and Holland, 2002; Heimberg et al., 2010; Miyashita et al., 2019). As 

a consequence of this monophyly, early jawless fishes have been redistributed across 

cyclostome and gnathostome stems. The groups are shown in Fig. 2-5, although 

uncertainty persists (see polytomy B). Contra Northcutt (1989), †osteostracans 

(Stensiö, 1932; Janvier, 1985; Sansom, 2009) are now regarded as the sister group to 

jawed vertebrates (Forey, 1995; Donoghue and Smith, 2001; but see also Gai et al., 

2011). †Heterostracans and their likely relatives (Fig. 7; blue box) provide additional and 
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abundant data on what appears to be an independent evolutionary radiation of stem-

gnathostomes (Randle et al., 2022). †Thelodonts (Wilson and Caldwell, 1993; 1998; 

Wilson and Märss, 2009; Ferrón and Botella, 2017) remain the least fixed group in early 

gnathostome phylogeny, constituting a ‘wild card’ taxon (Nixon & Wheeler, 1992) 

because of their incomplete preservation, often consisting of little more than 

assemblages of scales. 

The chronology of branching points is based on a series of minimum dates 

estimated from the fossil record, as determined by taxon ranges (Fig. 2-5; thick green 

lines). Recent discoveries (Zhu et al., 2022) have confirmed phylogenetic predictions 

(Brazeau & Friedman, 2015; Andreev et al., 2016; Coates et al., 2018) that crown 

gnathostomes date from at least the early Silurian (440 million years ago). This has 

consequences. Fig. 2-5 shows that a minimum hypothesis of the age of the last 

common ancestor of extant gnathostomes is pushed back in time, earlier than the 

earliest occurrences of the vast majority of †’placoderms’ and most of their jawless 

outgroups. The key question now concerns the implied missing record of early 

vertebrates: how many groups of jawed and jawless fishes originated before or after the 

extinction event at the Ordovician–Silurian boundary (Harper et al., 2014; Servais and 

Harper, 2018)? Furthermore, how might these unknown groups transform our current 

best hypotheses of morphological evolution, including lateral lines? 

(2) New hypotheses of lateral line evolution 
 

The most arresting feature of cranial lateral line evolution depicted in Fig. 2-5 is the 

breakdown and reassembly of the lateral line networks near the origin of gnathostomes 
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(Fig. 2-5, yellow box). An overview of lateral line conditions in groups such as 

†heterostracans and †galeaspids reveals an abundance of reticulating lines with 

numerous twigs and branches ramifying across the dorsal surface in a distinctively 

postorbital position. The preorbital domain in most of these fishes is short and devoid of 

branching lateral lines. In jawed vertebrates, the situation is quite different: the body of 

the lateral line network has switched from a postorbital to an orbital/preorbital position. 

Lines circumnavigate the orbits, traverse the snout, and populate the cheek and jaws. 

Crucially, this evolutionary episode of reassembly, remaking and remodelling, starts 

before the origin of jaws.  

Our evolutionary scenario shows early and divergent trajectories of sensory 

system elaboration. This contrasts with traditional narratives in which systems and 

characteristics evolve, usually towards humans, in a linear fashion. In Northcutt’s (1989) 

framework, the path is one of descent with loss and modification. Most recently, Edens 

& Bronner (2025) reviewed the evolution of placodes and neural crest to reconstruct the 

serial assembly of peripheral sensory structures, but this too, is essentially a linear 

narrative. 

Returning to Fig. 2-5, in our scenario, the earliest full elaboration of the anterior 

sensory line system is seen in †heterostracans and their relatives. This elaboration is 

also seen in the broad head shields of †galeaspids, but it is strikingly absent in the 

similarly shaped head shields of †osteostracans. Thus, †galeaspids and †osteostracans 

bracket the first signal of this transformation. In both, the general condition of the head 

shields is dorsoventrally flattened and broadly semi-lunate with dorsally positioned 

orbits. However, the lateral line networks and other sensory systems are strikingly 
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different. †Galeaspids show the elaborate, ramifying, postorbital patterns seen in 

†heterostracans and other allied groups, but †osteostracans have only a rudimentary 

array of superficial lines. And this signature persists in the earliest jawed fishes: the 

†‘placoderms’. Here, the general pattern of lines radiates out from the centre of the 

postpineal domain, much like †galeaspids, but lateral line occupation of the cheek 

region and lower jaw regions is limited. Both of these territories are evolutionary 

novelties relative to jawless conditions. In this respect, †Entelognathus is unique among 

†’placoderms’ in having lines on the lower jaw (Zhu et al., 2016 contra Stensiö,1947). 

These data suggest a ‘phylogenetic lag’: new domains are not immediately occupied by 

the lateral line system.  

Switching focus to extant clades, our new synthesis signals that, contra Northcutt 

(1989), the lateral lines of extant gnathostomes are not the end products of serial 

reductions from a maximally lined common ancestor (Fig. 2-4,A). Instead, we propose 

that lateral line systems diversified independently in quite distinct trajectories among the 

jawless and jawed lineages. This raises the question of how this new scenario changes 

our estimates of general versus specialized conditions among the lateral lines of extant 

groups. 

Among modern fishes and their extinct relatives, the infraorbital line emerges as 

the most stable component of the system. In living sharks and bony fishes, the 

infraorbital line consistently joins the supraorbital line behind the orbit (Figs 2-1 C, D, O, 

P and 7). But the introduction of fossils like †Mimipiscis and †Falcatus (Fig. 2-5) shows 

that this connection is a convergent phenomenon (as noted in Section II.2). By contrast, 

supraorbital lines are more evolutionarily labile. Most †’placoderms’ such as 
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†arthrodires (Fig. 2-5) possess supraorbital and infraorbital lines indicating that these 

are likely a general feature for all jawed gnathostomes. Therefore, the absence of 

supraorbital lines in maxillate †’placoderms’ (Zhu et al., 2013) such as †Entelognathus 

is probably derived. 

The evolutionary hypothesis laid out in Fig. 2-5 also raises questions about 

lateral line placode evolution. Mandibular lines are considered a general feature of the 

cranial lateral line network. However, their first appearance in the lower jaws of taxa 

such as the maxillate †’placoderm’ †Entelognathus, in the absence of any cheek canal, 

is likely important. In modern jawed vertebrates, the mandibular line is continuous with a 

preopercular line on the cheek (Fig. 1-1). Developmental data (Northcutt et al., 1994; 

Iwasaki et al., 2020) indicate that the mandibular and preopercular lines develop from a 

single anteroventral placode. This suggests a transformational hypothesis. First, the 

evolution of the mandible was followed by the de-novo condensation of a new placode. 

Next, the developmental derivative of this placode invaded the new territory of the 

cheek. Currently, there are no data on whether any homologue of an anteroventral 

placode exists in extant jawless cyclostomes (hagfishes and lampreys).  

The macromeric skulls of osteichthyans, i.e., skulls comprising large plates, have 

been presented as the result of correlated evolution between lateral lines and the 

dermal skeleton (Westoll 1941; Pehrson 1922). These skulls were previously thought to 

have evolved from a micromeric skull composed of tiny scales (Romer, 1966; Schultze, 

1993). However, this general scenario is no longer supported by current hypotheses 

and data. First, micromeric skulls are now recognized as a derived feature, and are not 

ancestral to macromeric skulls (Friedman and Brazeau, 2013). Second, major features 
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of the lateral line network persist through this shift from macromery to micromery. Third, 

in macromeric skulls such as our own, the general pattern of skull bones persists 

despite the complete and long-standing absence of a lateral line system. For these 

reasons we argue that the respective pattern stabilities of cranial bones and lateral lines 

are independent to a greater degree than previously appreciated.  

(3) Functional implications and macroevolutionary pattern 
 

Fig. 2-5 shows how extinction events (skull and crossbones) map through time relative 

to the taxon ranges and branching events in this summary of vertebrate phylogeny. The 

origin of all major clades – both jawed and jawless – dates back to at least the early 

Silurian, and the early radiation of these lineages might have occurred in response to 

the end-Ordovician extinction (Harper et al., 2014). Similarly, the foundations of extant 

vertebrate diversity, composed mostly of osteichthyans (tetrapods and actinopterygians) 

and chondrichthyans were laid in the aftermath of a pair of late Devonian extinctions, 

the Kellwasser and Hangenberg events (Sallan and Coates, 2010). Notably, both 

tetrapods and actinopterygians diversify into new body shapes, new abundance, and 

new habitats. The so-called ‘Age of Fishes’, formerly the Devonian ‘pre-tetrapod’ 

vertebrate world now ranges from the end-Ordovician to the end-Devonian, a span of 

some 80 million years. Moreover, throughout most of this period jawless and jawed 

fishes overlapped. There is no rapid elimination of jawless taxa, but quite how this 

ichthyological Eden was maintained remains to be determined.  

The acquisition of crown gnathostome characters, including a heterocercal tail, 

muscular pectoral and pelvic fins, a third semicircular canal of the inner ear, a jaw, and 

dentition, enabled increasingly active swimming and a wider range of feeding strategies. 
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These changes are associated with the most successful of what appear to have been 

several ecological excursions into the water column by different early lineages, and 

likely underpinned the vertebrate component of the Devonian Nekton Revolution (DNR) 

(Klug et al., 2010; for alternative views of timespan and significance of the DNR see 

Whalen and Briggs, 2018). Crucially, all of these transformations accompany the major 

reorganization of the cranial lateral line network.  

The DNR (Klug et al., 2010), encapsulating increased occupation of the water 

column by nektonic and demersal clades (invertebrate and vertebrate), fundamentally 

changed marine ecosystems and food webs. Aside from changes already outlined for 

vertebrates in general, this shift is also reflected in body cross-sectional outlines. Fig. 2-

5 shows transitions from broad, dorsoventrally flattened conditions (blue half-circles) to 

more laterally compressed profiles (crimson circles). Among the jawless groups, both 

†anaspids and †thelodonts have bodies with round to laterally compressed cross 

sections (green ovals) suggesting life in the water column, and swimming modes in 

these taxa have been modelled as such (Ferrón and Botella, 2017; Ferrón et al., 2020; 

Ferrón and Donoghue, 2022). However, the extent to which these fishes could sustain 

occupancy of the water column, as well as their ability to evade predators, is unknown.  

For other early jawless gnathostomes, such as †Astraspis, body shapes indicate 

that they experienced downward thrust, consistent with demersal (Fig. 2-5, taxa marked 

D) or strictly benthic (Fig. 2-5, taxa marked B) habits. All of these fishes likely fell victim 

to invertebrate predators that had already begun occupying the water column (e.g. 

†eurypterids and †radiodonts; Klug et al., 2010). For these reasons, we suggest that the 

extensive dorsal postorbital lines were adaptations for predator evasion and escape, 
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analogous to arthropod looming receptors (Rind et al., 2016). The general absence of 

lateral lines at the front of the head implies that these organisms were not gaining 

extensive sensory input from bulk water flow (Mogdans, 2019). Exceptions to this rule 

include heterostracans with extended rostra which very likely served as sensory arrays 

(e.g., Errivaspis; White, 1935). We acknowledge that many of these early jawless fishes 

have very little preorbital territory, but what is absent is a concentration of sensory lines 

and pits surrounding the orbitonasal and oral complex (e.g., Sacabambaspis). The lines 

in these cases are distributed evenly across the length of the headshield. The broadly 

limited sensitivity of these fishes to current strength and direction may have restricted 

swimming efficiency and sophistication (i.e., they were unlikely to have schooled or 

exhibited other coordinated group behaviours) and, by extension, limited their habitat 

occupation. By contrast, the evolution of complex mechanosensory systems located 

rostrally, combined with muscular paired fins, provided the capability to become fully 

pelagic (Fig. 2-5, taxa marked P), perform enhanced swimming manoeuvres, exhibit 

novel behavioural responses, and establish new ecological niches. 

This sensory elaboration probably happened in a stepwise manner. 

†Osteostracans (Fig. 2-1F, Fig. 2-5) show that the evolution of at least one pair of 

muscular fins, a heterocercal tail, and large-scale remodelling of sensory systems 

preceded the advent of jaws. †Osteostracans and †galeaspids have similar body 

shapes (Janvier, 1996), but †osteostracans have exceptionally reduced lateral lines  

(Stensi,1932; Janvier, 1974). However, their peculiarly elaborated vestibular system is 

connected to large dorsal and rostral sensory fields. We suggest that these functioned 

similarly to the rostral lines of crown gnathostomes to perceive bulk water flow towards 
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the front of the head (Janvier, 1985). A similarly rudimentary lateral line system, but 

lacking any trace of sensory fields, is seen in †’placoderms’ thought to represent 

primitive conditions (†antiarchs and †romundinids) (Denison, 1978). The modest jaws of 

these early branching clades precluded any possibility of macropredation, suggesting 

that jaws and teeth were only later co-opted for predatory behaviour. Notably, even the 

canal-bearing jaws of the maxillate †’placoderm’-grade antecedents of crown-group 

gnathostomes are toothless (Zhu et al., 2013). In summary, lateral lines are part of a 

major reorganization of sensory systems that both preceded and overlapped a 

vertebrate body plan that we now recognize as fundamental to modern gnathostomes.  

 
Figure 2-5: Early vertebrates and lateral line evolution 
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Figure 2-5 cont.: Time-calibrated phylogenetic synthesis after King et al. (2017), Miyashita et al. (2019) 
and Zhu et al. (2022). Crania sketched with lateral lines (blue) after Gagnier et al. (1986), Elliott & Mark-
Kurik 2005), Gai et al. (2020), Stensiö (1932), Graham-Smith & Parrington (1978), Choo (2012), Long 
(1995) and Lund (1985). Colour shading on crania represents hypothetical water pressure gradients. 
Graded triangles connect crania to position on tree. Yellow arrowed box is zone of major remodelling of 
lateral lines. Thick green lines represent taxon ranges. Magenta box captures ‘placoderms’; blue box 
captures heterostracans. Body shape indicated by symbols at branch tips: crimson circles are body 
shapes approximately circular in cross section; blue half circles are dorsoventrally flattened body shapes; 
green ovals are laterally flattened body shapes. Black boxed letters indicate inferred life habit (B, benthic; 
D, demersal; P, pelagic). Daggers represent extinct clades. Skull and crossbones denote extinction 
events: 1, End-Ordovician; 2, Kellwasser; 3, Hangenberg (End-Devonian). Black circle denotes crown 
node. Polytomies A and B (in red circles) represent unresolved branching within ‘placoderms’ and jawless 
stem gnathostomes, respectively. Advent of jaws (red box) as indicated. Simple calibration aligning taxon 
ranges to stratigraphic timescale is based on the International Commission on Stratigraphy, v 2023/09.  

 

VI. Future directions: avenues for integrative research 

An integrative approach, combining palaeontological, anatomical and developmental 

data is essential to fill the outstanding gaps in our understanding of lateral lines. Here 

we lay out an agenda of five themes deserving future work.  

A key question is the relationship between lateral lines in jawless and jawed 

vertebrates: how do the lines in living agnathans relate to those in gnathostomes? 

Resolving this involves study of the only extant jawless vertebrates with extensive 

lateral lines: lampreys. While palaeontologists have attempted to address this question 

by comparing osteostracans and lampreys (Janvier, 1974), current phylogenetic 

consensus places these two lineages distant from each other. In addition, embryological 

evidence regarding the development of lateral lines in lampreys is lacking and would 

help reveal the placodal origins of lamprey lateral lines. This in turn would clarify the 

homologies between jawless and jawed vertebrate lateral lines and reveal whether 

lampreys have a precursor of the vertebrate anteroventral placode. 

Another key area of research is the origin and development of lateral lines in 

fishes with extreme morphologies (see Section II.4). For example, it is unclear which 
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placode produces the novel pleural lines on batoid fins, nor do we know how they grow 

posteriorly. Molecular assays including antibody staining for proteins on large embryos 

(Masselink and Tanaka, 2023) and hybridization chain reactions (HCRs) to assay gene 

expression (Dirks and Pierce, 2004) would help trace the development of these lines at 

high resolution in fixed specimens. Combined with a vital dye labelling approach (e.g. 

using DiI(1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine);(Gillis et al., 2012), this 

would illuminate the specific origin and homologies of these novel lines.  

The relationship between the lateral line and the surrounding dermal skeleton 

(Section III) presents a further area ripe for investigation. While advances in 

tomographic imaging have vastly improved our knowledge of fossil dermal skeletons 

(Giles et al., 2013; Keating & Donoghue, 2016), none of these studies has focused on 

lateral lines. Moreover, experimental embryological evidence is needed to follow up on 

preliminary work looking at the relationship between the lateral line and other tissue 

types (Smith et al., 1990).  

There are crucial gaps to fill within the fossil record, especially the missing 

Silurian ranges of jawless and jawed vertebrates (Section V.1). Resolution of 

†’placoderm’ phylogeny, with further clarity on whether the clade forms a monophyletic 

group, will inform patterns of trait evolution in crown jawed gnathostomes. In particular, 

this would add detail to the evolutionary phase in which the lateral line system was 

remodelled to the condition at the base of extant jawed vertebrates (Fig. 2-5; yellow 

box). 

The establishment of transgenes labelling zebrafish lateral lines (Haas & 

Gilmour, 2006) has allowed unprecedented access to spatiotemporal patterns of 
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development in this system. Using genetic, pharmacological or embryological 

approaches to ablate different tissue types in model systems like zebrafish or Xenopus 

would help explore the interaction between placodal lines and adjacent tissues like 

neural crest or underlying mesoderm. We lack a mechanistic understanding of how 

migrating versus elongating primordia are patterned. Antibody staining, combined with 

other morphological visualization techniques including scanning electron microscopy 

and paraffin histology would help advance our understanding of this difference. 

Finally, vital dyes like TMRE (Tetramethylrhodamine, Ethyl Ester, Perchlorate) or 

DASPEI (2-(4-(Dimethylamino)styryl)-N-ethylpyridinium iodide) enable the visualization 

of maturing hair cells and thus neuromasts through the entirety of ontogeny in an 

unprecedented variety of vertebrates (Pisano et al., 2014; Esterberg et al., 2013).  
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CHAPTER THREE: DEVELOPMENT OF THE ZEBRAFISH ANTERIOR 
LATERAL LINE SYSTEM IS INFLUENCED BY UNDERLYING CRANIAL 
NEURAL CREST 
Summary 

The mechanosensory lateral line system of aquatic vertebrates comprises a superficial 

network of distributed sensory organs, the neuromasts, which are arranged over the 

head and trunk and innervated by lateral line nerves to allow detection of changes in 

water flow and pressure.  While the well-studied zebrafish posterior lateral line has 

emerged as a powerful model to study collective cell migration, far less is known about 

development of the anterior lateral line, which produces the supraorbital and infraorbital 

lines around the eye, as well as mandibular and opercular lines over the jaw and cheek.  

Here we show that normal development of the zebrafish anterior lateral line system from 

cranial placodes is dependent on another vertebrate-specific cell type, the cranial neural 

crest.  We find that cranial neural crest and anterior lateral lines develop in close 

proximity, with absence of neural crest cells leading to major disruptions in the overlying 

anterior lateral line system.  Specifically, in the absence of neural crest neither 

supraorbital nor infraorbital lateral lines fully extend, such that the most anterior cranial 

regions remain devoid of neuromasts, while supernumerary ectopic neuromasts form in 

the posterior supraorbital region.  Both neural crest and cranial placodes contribute 

neurons to the lateral line ganglia that innervate the neuromasts and in the absence of 

neural crest these ganglia, as well as the lateral line afferent nerves, are disrupted.  

Finally, we establish that as ontogeny proceeds, the most anterior supraorbital 

neuromasts come to lie within neural crest-derived frontal and nasal bones in the 

developing cranium.  These are the same anterior supraorbital neuromasts that are 
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absent or mislocated in specimens lacking neural crest cells.  Together, our results 

establish that cranial neural crest and cranial placode derivatives function in concert 

over the course of ontogeny to build the complex cranial lateral line system. A version of 

this article has been published as: Vishruth Venkataraman, Noel H. McGrory, Theresa 

J. Christiansen, Joaquin Navajas Acedo, Michael I. Coates, Victoria E. Prince, 2025. 

Development of the zebrafish anterior lateral line system is influenced by underlying 

cranial neural crest. Developmental Biology 525, 102-121. Supplementary movies 

mentioned in this chapter are available with the online edition of the article.  
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I. Introduction 
 

Aquatic vertebrates possess a mechanosensory lateral line system that gives 

organisms the ability to detect water movements in their environment.  The lateral line 

system serves to orient an individual relative to flow direction, facilitate schooling 

behavior, enhance prey location, and contribute to predator evasion (Mogdans, 2019). 

Recent functional studies in goldfish have shown that this mechanosensory system is 

part of a broader multimodal ‘bioacoustic’ network, working together with the ear to 

detect auditory signals in the water (Higgs and Radford, 2013). The system includes the 

neuromasts—each comprising a core of sensory hair cells surrounded by support 

cells—and their afferent neurons, both of which are derived embryologically from 

discrete patches of thickened neurogenic epithelium termed lateral line placodes.  The 

lateral line placodes form bilaterally on the sides of the developing head and each gives 

rise to a primordium and a sensory ganglion, which differentiate into the sense organs 

and nerves of the lateral line system, respectively.   

The cellular and molecular bases of zebrafish posterior lateral line development 

have been studied in detail (reviewed by Chitnis et al., 2012; Piotrowski and Baker,, 

2014; Olson and Nechiporuk, 2018). Briefly, the posterior lateral line initially develops 

from a post-otic primordium which migrates caudally along the trunk as a dynamic 

collective, depositing neuromasts in its wake at defined locations.  At the same time, the 

primordium tows along its afferent nerve, which extends from the posterior lateral line 

ganglion (Haas & Gilmour, 2006).  Key roles in this complex process have been 

established for chemokine signaling, which helps mediate directed migration, and for 

Fgf and Wnt signaling, which coordinate primordium proliferation and neuromast 
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deposition (reviewed by Piotrowski & Baker, 2014).  Posterior lateral line development 

continues as a second primordium follows the first, depositing additional neuromasts 

(Navajas Acedo et al., 2019), with intercalary neuromasts emerging still later, through 

proliferation of interneuromast cells left behind by the migrating primordia (reviewed by 

Ghysen & Dambly-Chaudière, 2007).   

We have a more limited understanding of zebrafish anterior lateral line 

development, derived primarily from two previous studies.  A description of the anterior 

lateral line ganglia and nerves was published over two decades ago (Raible and Kruse, 

2000) and, more recently, transgenic zebrafish lines were used to generate a detailed 

description of the deposition of anterior lateral line neuromasts, and their innervation, 

over the first 10 days of development (Iwasaki et al., 2020).  We also know that the 

initial establishment of the placodes that form posterior versus anterior lateral line 

primordia is controlled by different signaling pathways: retinoic acid is necessary for 

formation of the posterior lateral line placode, while Fgf is necessary for formation of the 

anterior lateral line placode(Nikaido et al., 2017).  While disruptions in chemokine 

signaling block migration of the posterior lateral line, they have not been reported to 

disrupt the anterior lateral line (David et al., 2002; Ghysen & Dambly-Chaudière, 2007).   

The anterior lateral lines that extend above the eye (the supraorbital) and below 

the eye (the infraorbital) develop from an anterodorsal placode, which arises just 

anterior to the otic vesicle by 24 hours post fertilization (hpf).  The lines that traverse the 

cheek and jaw develop from an anteroventral placode, which arises a little more 

ventrally around 36 hpf (Iwasaki et al., 2020; Raible & Kruse, 2000).  Iwasaki and 

colleagues (2020) classified anterior lateral line neuromasts into four categories: 
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homegrown, which develop near their point of origin; migratory, which arise from a 

migratory primordium; budding, which form through outgrowth from already deposited 

migratory neuromasts; and intercalary, which arise from interneuromast cells, similar to 

the production of intercalary neuromasts in the posterior lateral line.   

Cranial placodes, together with neural crest cells, are found exclusively in the 

vertebrates and these tissues have together allowed the evolution of complex vertebrate 

crania with their array of sensory structures (Gans and Northcutt, 1983). These two 

classes of cells develop from early primordia that lie in close apposition and are likely 

intermixed at the earliest stages (reviewed by Koontz et al., 2023; Rocha, Beirirger et 

al., 2020; Rocha, Singh et al., 2020; Steventon et al., 2014).  As development 

continues, placode-derived and neural crest cells remain close together, allowing scope 

for interactions between these spatially associated cells in the assembly of cranial 

sensory structures (Steventon et al., 2014).  Cranial neural crest cells are therefore a 

good candidate to influence the development of the anterior lateral line.   

Functional interplay between neural crest and cranial placodes has been 

described in multiple species and situations, including in zebrafish posterior lateral line 

development, where neural crest-derived glial cells function to suppress premature 

formation of trunk intercalary neuromasts (Grant et al., 2005; López-Schier and 

Hudspeth, 2005; Lush and Piotrowski, 2014).  In chick, as well as zebrafish, both neural 

crest and placode cells co-contribute to cranial ganglia (Covell Jr. and Noden, 1989; 

Hamburger, 1961; Kague et al., 2012).  Chick neural crest cells also establish corridors 

for placode-derived neuroblast cells to migrate through, helping to establish 

stereotypical organization of their cranial sensory ganglia (Freter et al., 2013). Zebrafish 
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neural crest cells similarly promote assembly of epibranchial ganglia (Culbertson et al., 

2011).  Evidence of neural crest-placode interactions has also been found in a lamprey, 

Petromyzon, where CRISPR-mediated disruption of neural crest development results in 

changes to cranial ganglia morphology and positioning, but does not affect the total 

number of ganglia (Yuan et al., 2020).  In Xenopus, the positioning of both the neural 

crest cells and the placodes is partially determined by a ‘chase and run’ dynamic.  The 

neural crest cells ‘chase’ placode cells due to attraction by placode-secreted 

chemokines, whereas placode cells ‘run’ from neural crest cells in response to cell 

contact (Theveneau et al., 2013).  Importantly, the zebrafish neural crest and anterior 

lateral line systems remain closely coupled throughout the entire course of ontogeny.  

The cranial neural crest gives rise to a subset of the zebrafish dermal bones that 

encase the adult cranium (Kague et al., 2012), and as bones form during ontogeny, the 

cranial lateral lines become enclosed by bony canals (Webb and Shirey, 2003).   

The relationship between the lateral line and surrounding dermal bone was a 

topic of repeated interest over the last century, with multiple authors suggesting that 

lateral line neuromasts might influence ossification of surrounding dermal bones (Moy-

Thomas, 1947; Pehrson, 1922; Stensiö, 1947).  In response to that idea, but also to 

findings that called it into question, Parrington (1949) put forward an alternative model 

rooted in early development.  Specifically, Parrington hypothesized that “the precursors 

of dermal ossifications influence the courses of the lateral lines”.  While Parrington did 

not mention neural crest, we now know that the neural crest cells are the source of 

many cranial dermal bones (Kague et al., 2012).  Parrington’s hypothesis, together with 

the many examples of functional interactions between neural crest and cranial placodes 
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(above), led us to test whether zebrafish neural crest cells might interact with the 

placode-derived anterior lateral line system to influence how the lateral lines navigate 

over the developing head.  

Here, we have investigated zebrafish anterior lateral line development using 

confocal and Single Plane Illumination Microscopy (SPIM) of transgenic specimens, as 

well as immunolabeling, to build on previous descriptions of neuromast deposition and 

innervation (Iwaskaki et al., 2020, Raible & Kruse, 2000).  Importantly, we have 

established that both the supraorbital and infraorbital anterior lateral lines develop 

directly adjacent to cranial neural crest cells, with neural crest cells also surrounding 

and contributing to anterior lateral line ganglia.  To test the hypothesis that cranial 

neural crest influences anterior lateral line development we ablated neural crest cells 

using transgene mediated cytotoxicity.  We found that absence of neural crest cells 

leads to absence of neuromasts in the most anterior (pre-orbital) part of the cranium.  

Supraorbital line extension stalls above the eye, while ectopic neuromasts often form in 

the posterior supraorbital region.  The infraorbital line is severely reduced, and the 

mandibular and opercular lines are missing.  We also explored the innervation of the 

zebrafish anterior lateral line system, demonstrating that both dorsal and ventral anterior 

lateral line ganglia have neural crest and placode cell contributions, and establishing 

that lateral line gangliogenesis and lateral line innervation are disrupted in the absence 

of neural crest cells.  Finally, we exploited Cre-based lineage tracing of neural crest 

cells to reveal that the most anterior supraorbital neuromasts become encased in neural 

crest-derived bone.  These same most anterior supraorbital neuromasts are the ones 

that fail to migrate to their normal positions in the absence of neural crest.  Together, 
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our findings establish that developmental interactions between neural crest and 

placode-derived anterior lateral line cells prefigure anatomical interactions. 

II. Materials and methods 

(1) Animal husbandry 
 

Zebrafish (Danio rerio) were maintained in accord with IACUC-approved protocols at 

the University of Chicago, the Stowers Institute, and the Marine Biological Laboratory.  

Embryos were maintained in E3 solution (5mM NaCl, 0.17mM KCl, 0.33mM Ca2Cl2, 

0.33mM MgSO4), which was supplemented with 0.3% 1-phenyl-2-thiourea (PTU; 

Sigma) to block pigment formation for analyses after 24 hpf, and staged according to 

standard guidelines (Kimmel et al., 1995; Parichy et al., 2009). Embryos were obtained 

from crosses of adult fish stocks of wild types (*AB line) and/r transgenics.   

The following transgenic zebrafish lines were used in this study: Tg(cldnB:GFP)zf106, 

a tight junction marker that labels the membranes of cells in the lateral line system, 

other placodes, and epithelia (Haas & Gilmour, 2006); Tg(-8.0cldnB:H2AmCherry)psi4Tg, 

referred to in the text as Tg(cldnB:H2AmCherry), is a nuclear localized red fluorescent 

version of the same marker (Peloggia et al., 2021); Tg(dRA:GFP), a fortuitous insertion 

line that labels the lateral line primordia (provided by Parker and Krumlauf, who 

generated the line using methodology described in (Parker et al., 2014); Tg(-

7.2sox10:mRFP)vu234, referred to in the text as Tg(sox10:mRFP), labels the membranes 

of neural crest cells as well as part of the otic vesicle (Kucenas et al., 2008); 

Tg(sox10:gal4;UAS:NTR-mCherry), which combines the Tg(-7.2sox10:Gal4-VP16)psi5 

(Rosenberg et al. 2014) and Tg(UAS-Eib:NfsB-mCherry)jh17 (Parsons et al., 2009) 

transgenes, this line is referred to in the text as Tg(sox10:NTRmCherry), and expresses 
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Nitroreductase enzyme in neural crest cells and the otic vesicle; Tg(Hgn39d:EGFP) is 

an enhancer trap insertion (Nagayoshi et al., 2008) into the contactin associated protein 

2a gene, referred to in the text as Tg(cntnap2a:EGFP), and exclusively labels lateral 

line afferent nerves (Faucherre et al., 2009; Pujol-Martí et al., 2012); Tg(-

28.5Sox10:cre;ef1a:loxP-dsRed-loxP-egfp), referred to in the text as 

Tg(sox10Cre;dsRed/EGFP), uses Cre/Lox recombination to permanently label neural 

crest cells with EGFP, while other cells express dsRed (Kague et al., 2012).  

 

(2) Single plane illumination microscopy (SPIM) 
 

Transgenic embryos were mounted for SPIM in Fluorostore Fractional FEP Tubing 

(F018153-5) using a modified multilayer technique (Kaufmann et al., 2012).  Embryos 

were immobilized using 0.3% agarose (Invitrogen UltraPure Low Melt Agarose Cat 

#16500) dissolved in E3 medium and 0.2 mg/ml tricaine, and the FEP tubing capped 

with a 1.2% agarose plug.  Embryos were incubated at 28.5 °C during data collection.  

Images were captured with either a Zeiss Lightsheet Z.1 (with 20x objective) or a Zeiss 

Lightsheet 7 (with 10x objective) single-plane illumination microscope, each equipped 

with tandem PCO.edge sCMOS cameras (PCO.Imaging, Kelheim, Germany).  Volumes 

were acquired every 10 minutes.   Zeiss Zen software was used to acquire images, with 

post processing in FIJI (Schindelin et al., 2012) and Imaris (Oxford Instruments).  

(3) Confocal image acquisition  
 

For assays in fixed specimens, embryos were fixed in 4% paraformaldehyde (PFA; 

Sigma) at 4 °C overnight.  Following overnight fixation, embryos were washed in 1X 
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Phosphate Buffered Saline (PBS) five times for 5 min each.  For long-term storage of 

embryos, embryos were washed in 30%, 60% and 100% methanol (diluted in 1X PBS) 

and stored in 100% methanol at −20 °C.  If stored in 100% methanol, embryos were 

progressively washed in 60%, 30% methanol as well as 1X PBS + 0.1%Tween-20 

(Sigma) before mounting or staining.  Static confocal images were collected on upright 

Zeiss LSM710 or LSM900 confocal microscopes with Plan-Apochromat 10x/0.45, 

20x/0.8W, or 40x/1.W objectives.  Time-lapse confocal microscopy of living specimens 

was performed on an inverted Zeiss 780 microscope using a 40x/1.1W Corr M27 

objective in a climate-controlled chamber set at 28 °C.  Embryos were anesthetized as 

described for SPIM and mounted in 0.8% low melt agarose in glass-bottomed dishes 

(MatTek, USA).  Zeiss Zen software was used to acquire images, with post processing 

in FIJI (Schindelin et al., 2012).  

(4) Nitroreductase mediated neural crest ablations 
 

Double transgenic zebrafish specimens were acquired by crossing individuals of two 

different transgenic lines to generate Tg(sox10:NTRmCherry;cldnB:GFP) or 

Tg(sox10:NTRmCherry;cntnap2a:EGFP) embryos.  The sox10:NTRmCherry transgene 

is expressed shortly after 9 hours post fertilization, so drug treatments were begun at 

this stage.  To achieve drug-mediated ablation of Nitroreductase-expressing neural 

crest cells, 9 hpf embryos were transferred in their chorions into 1.25 μM Nifurpirinol 

(Sigma-Aldrich catalog # 32439) dissolved in E3 medium plus 1:1000 dimethyl sulfoxide 

(DMSO) and incubated in the dark.  Controls were incubated in E3 medium plus DMSO 

carrier alone.  Double transgenic embryos were sorted and dechorionated at 24 hpf, 

and single transgenic sibling specimens lacking Tg(sox10:NTRmCherry) also kept as 
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controls.  The Nifurpirinol solution was replaced with fresh solution at the 48 hpf stage 

for specimens to be raised to later stages. 

(5) Immunolabeling  
 

Immunolabeling was performed as previously described (Prince et al., 1998) on 

specimens fixed in 4% PFA. The following primary antibodies were used: anti-Sox2 

1:200 (anti-rabbit; GTX124477), anti-Sox10 1:250 (anti-rabbit; GTX128374), anti-HuC/D 

1:200 (anti-mouse; Molecular Probes 16A11), anti-GFP 1:200 (anti-rabbit; Sigma A-

6455), and anti-Otoferlin, 1:50 (anti-mouse; Developmental Studies Hybridoma Bank 

HCS-1).  Secondary antibodies used were Alexa 488, 1:500 (Invitrogen anti-mouse A-

11001; anti-rabbit A-11008), Alexa 546 1:500, (Invitrogen anti-rabbit A-11035), and 

Alexa 633, 1:300 (Invitrogen anti-mouse A-21052; anti-rabbit A-21070).  The far-red 

Alexa 633 secondaries were coupled with HuC/D, Otoferlin and Sox2 antibodies.   

For adult zebrafish staining, a CUBIC clearing and staining protocol was adapted 

from Pende et al. (2020).  Specifically, we depigmented adult specimens in acetone 

overnight at -20 °C before lightly bleaching for 5-19 minutes in a 3% solution of 

hydrogen peroxide in 1% KOH.  Specimens were then incubated overnight in Low Urea 

CUBIC I solution at 37°C for initial clearing.  For immunolabeling, cleared specimens 

were blocked using goat serum at 25°C for 3-4 hours before primary and secondary 

incubation.  Specimens were incubated in primary antibody at 37 °C for 2-3 days and 

subsequently in secondary antibody at 37 °C for 2 days, with sox10Cre;EGFP signal 

amplified using anti-GFP antibody.  Specimens were placed in CUBIC R + (N) RI 

matching solution (Kubota et al., 2017) for at least 30 minutes prior to imaging.  For 

TMRE live-dye labeling, larval zebrafish were incubated for 30 minutes in 5nM 
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Tetramethylrhodamine, Ethyl Ester, Perchlorate (TMRE; Invitrogen) in E3 medium 

(Esterberg et al., 2013; Mandal et al., 2021).  

 

(6) Large format lightsheet microscopy  
 

Adult specimens were imaged on a LaVision Large Format Lightsheet, using a 4x 

objective, and 2.0 μM excitation sheet in CUBIC R+ (N) imaging medium (Kubota et al., 

2017).  

III. Results 

(1) The anterior lateral line system develops in close proximity to cranial neural crest 
 

Throughout this study we have made use of Tg(cldnB:GFP) to visualize the dynamic 

process of anterior lateral line development.  This tight junction marker labels the 

membranes of sensory placode cells including those of the lateral line system, as well 

as epithelial cells (Haas & Gilmour, 2006).   Figure 3-1 A-E shows a series of still 

images from a confocal time-lapse analysis of a triple transgenic 

Tg(cldnB:GFP;dRA:GFP;cldnB:H2AmCherry) specimen.  The Tg(dRA:GFP) line 

(provided by Parker & Krumlauf) is a fortuitous insertion, which labels the lateral line 

(yellow) and augments the cldnB:GFP signal (also yellow); nuclear localized 

cldnB:H2AmCherry (magenta) reveals the nuclei of lateral line and epithelial cells.  Our 

analysis focused on the cranial region, specifically the region between the developing 

eye and the otic vesicle, from 25-42 hpf, with confocal maximum projection images 

shown in lateral view (Fig. 3-1A-E; Supplemental Movies 1, 2).  As early as 25 hpf the 

primordia that will produce the supraorbital (SO) and infraorbital (IO) anterior lateral 
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lines can be observed beginning to migrate anterodorsally and anteroventrally, 

respectively (Fig. 3-1A, A’, SOp and IOp).  Shortly after this stage, a little before 29 hpf, 

the first two otic neuromasts are deposited (Fig. 3-1B, B’, O1 and O2).  These 

‘homegrown’ neuromasts (Iwasaki et al., 2020) remain close to their points of origin, 

gradually shifting apart as development continues.  At this same 28.7 hpf stage, the IO 

primordium consists of an elongated ridge of cells extending under the eye (Fig. 3-1B, 

B’, IOp).  The SO primordium deposits the SO2 neuromast at about 33 hpf (Fig. 3-1C, 

C’), and shortly after begins to bud, such that the SO line extends further anteriorly over 

and around the eye as development proceeds (Fig. 3-1D-E; and see also Fig. 3-1G-I’, 

below).  The IO primordium is maintained as a ridge, but gradually starts to condense to 

form neuromasts (e.g. Fig. 3-1E, IO4; and see also Fig. 3-1F-I’, below). 

To investigate a potential relationship between the developing anterior lateral line 

system and the cranial neural crest, we made use of Tg(sox10:NTRmCherry), which—in 

common with other transgenes driven by sox10 gene regulatory sequences—labels 

developing neural crest cells (Rosenberg et al., 2014).  Figure 3-1F-I shows a series of 

still maximum projection images from a Single Plane Illumination Microscopy (SPIM) 

time-lapse analysis of a Tg(cldnB:GFP;sox10:NTRmCherry) double transgenic 

specimen.  Our SPIM analysis allowed the entire cranial region to be imaged from 33 to 

52 hpf, again presented in lateral view (Fig. 3-1F-1; and Supplemental Videos 3, 4).  At 

33 hpf the supraorbital primordium of the anterior lateral line is already migrating 

anterodorsally above the eye (Fig. 3-1F, F’, SOp).  By 37 hpf the SO2 neuromast has 

started to condense from the supraorbital primordium (Fig. 3-1G, G’, SO2), and has 

begun to form SO1 (here labeled as SO1p, for primordium).  The budding process 
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continues (Fig. 3-1H, H’), depositing the more anteriorly located SO1 neuromast close 

to the olfactory bulb (ob) by 45 hpf (Fig. 3-1I, I’).  The infraorbital primordium, in contrast 

to the supraorbital, initially forms as an elongated ridge of cells (Fig. 3-1F, F’, small 

arrowheads).  The IO neuromasts gradually condense from this ridge, with IO2 

beginning to appear by 37 hpf (Fig. 3-1G, G’), and the more anteriorly located IO1 by 45 

hpf (Fig. 3-1I, I’).  Over this same developmental period the homegrown otic neuromasts 

O1 and O2, remain dorsal and ventral to the anterior lateral line ganglion (gALL; which 

is also cldnB:GFP-positive), gradually shifting apart as development proceeds.  

Throughout the 33-52 hpf developmental time-period, the various lateral line 

components are in close proximity to neural crest cells that have already migrated out 

into the cranial region (Fig. 3-1F-I; Supplemental Video 4).  Above the eye, the region 

into which SO2 buds to produce SO1 houses a layer of abundant neural crest cells (Fig. 

3-1H; I; note locations of SO1p and SO1).  Below the eye, where the IO line is 

developing, a dense domain of neural crest cells is present throughout the region (Fig. 

3-1F-I’). 

  In summary, confirming previous descriptions (Iwasaki et al., 2020), our confocal 

and SPIM time-lapse analyses demonstrate that the supraorbital lateral line forms via 

migration and budding of neuromasts. By contrast, we find that the infraorbital line forms 

from an initial elongated ridge of cells, with neuromasts then condensing from the ridge.  

Importantly, our analysis also reveals that anterior lateral line components are already in 

close proximity to cranial neural crest cells at the 33 hpf stage, a relationship that 

continues as the IO and SO lines continue to develop, including during the stages when 

the SO2 neuromast buds to generate SO1.  
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(A-E) Confocal microscopy time-lapse images of the cranial region of 
a Tg(cldnB:GFP;dRA:GFP;cldnB:H2A-mCherry) triple transgenic specimen, in lateral view with anterior to 
the left. Maximum projections are shown at 25 hpf (A), 28.7 hpf (B), 33 hpf (C), 36.7 hpf (D), and 42 hpf 
(E). A′-E′ are single channel images of the lateral line (cldnB:GFP and dRA:GFP) alone. Neuromasts are 
indicated with white arrowheads and labeled (SO: supraorbital neuromast; IO: infraorbital neuromast; O: 
otic neuromast). The supraorbital and infraorbital primordia are indicated (SOp, IOp). (F-I) Single Plane 
Illumination Microscopy (SPIM) time-lapse images of the cranial region of 
a Tg(sox10:NTRmCherry;cldnB:GFP) double transgenic specimen, in lateral view with anterior to the left, 
allowing comparison of the development of the lateral line system (cldnB:GFP; yellow) and neural crest 
(sox10:NTRmCh; magenta) over developmental time. Maximum projections (imaged using the 20x 
objective) are shown at 33 hpf (F), 37 hpf (G), 40.7 hpf (H), and 45.3 hpf (I). F′-I′ are single channel 
images of the lateral line (cldnB:GFP) alone. Neuromasts are indicated with white arrowheads and 
labeled. Small white arrowheads in F′ and G′ indicate the elongating ridge of the infraorbital line, which 
can be seen condensing to form the IO2 neuromast in G′-I′. Note budding of the SO2 neuromast in G′ and 
H′, extending a primordium (SO1p) that then forms the SO1 neuromast, I’. Abbreviations are as follows: e: 
lens of the eye; ov: otic vesicle; ob: olfactory bulb. Scale bars are 50 μm. 
 

To investigate the proximity of the anterior lateral line and cranial neural crest 

cells in more detail we returned to confocal microscopy.  We once again used the 

Tg(cldnB:GFP) line to label the lateral line, but for this analysis used Tg(sox10:mRFP), 

Figure 3-1:Time-lapse microscopy analysis reveals dynamics of anterior lateral 
line development and relationship to cranial neural crest cells. 
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which labels the membranes of neural crest cells (Kucenas et al., 2008), allowing more 

effective evaluation of cell-cell interactions between neural crest and placode-derived 

lateral line cells (Figure 3-2).  Confocal imaging of 37 hpf specimens (Fig. 3-2A, A’) 

again demonstrates that cells of the placode-derived lateral line system (cldnB:GFP, 

yellow) and neural crest (sox10:mRFP, magenta) are closely apposed.  In Fig. 3-2A’ the 

supraorbital and infraorbital regions are boxed, indicating the regions imaged at higher 

magnification in panels B and E, respectively.  Fig. 3-2B shows the developing 

supraorbital region, with boxed regions on this panel indicating the locations of images 

focused on the SO1 neuromast primordium (C) and SO2 neuromast (D), displayed in 

subsequent panels.   

Fig. 3-2C is a maximum projection of three z-slices (total z depth = 3.75 µm) in 

the plane of the SO1 primordium, revealing that the cldnB:GFP-expressing lateral line 

cells budding from SO2 (Fig. 3-2C’; SO1p) overlie sox10:mRFP-expressing neural crest 

cells (Fig. 3-2C”).  An orthogonal yz reslice through the whole z-stack is shown on the 

right-hand side of Fig. 3-2C, confirming the close proximity of the two cell types.  Fig. 3-

2D is a maximum projection of three z-slices (total z depth = 3.75 µm) in the plane of 

SO2 and the supraorbital nerve (Fig. 3-2D’, nADso), revealing that sox10:mRFP-

expressing neural crest cells wrap around the cldnB:GFP-expressing SO nerve 

(compare Figs. 3-2D, D’, D”; an orthogonal yz reslice through the whole z-stack is 

provided on the right-hand side of Fig. 3-2D).  Fig. 3-2E shows a maximum projection of 

three z-slices in the infraorbital region (total z depth = 3.75 µm; an orthogonal yz reslice 

through the whole z-stack is provided on the right-hand side).  The infraorbital, like the 

supraorbital, has cldnB:GFP-expressing lateral line cells (Fig. 3-2E’) in close contact 
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with underlying sox10:mRFP-expressing neural crest cells (Fig. 3-2E”), confirming the 

close proximity of the two cell types.  Finally, to address whether the close relationship 

between placode-derived and neural crest cells is present earlier in development, we 

performed a similar analysis at the 30 hpf stage, when the SO and IO primordia are first 

forming.  Fig. 3-2F is a single z-slice (z depth 1.44 µm) that shows both the SO and IO 

primordia branching away from one another.  Already at this stage, the cldnB:GFP-

expressing lateral line cells (Fig. 3-2F’) are directly overlying sox10:mRFP-expressing 

neural crest cells (Fig. 3-2F”).  

Together, our lightsheet and confocal microscopy analyses confirm that placode-

derived anterior lateral line primordia develop in close proximity to cranial neural crest 

cells, from as early as 30 hpf.   
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Figure 3-2:Confocal imaging reveals that cells of the 
anterior lateral line develop in close proximity to 
cranial neural crest cells. 
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Fig 3-2 cont.: (A) Lateral view of the cranial region of a 37 hpf Tg(cldnB:GFP;sox10:mRFP) double 
transgenic embryo, anterior to the left. Maximum projection of a 3 μm deep z-stack, imaged using the 10x 
objective, shows the juxtaposition of the developing anterior lateral line (yellow) with cranial neural crest 
cells (magenta). (A′) Single channel image (cldnB:GFP) of the same specimen, showing the developing 
lateral line system only. Neuromasts are labeled: SO2: supraorbital neuromast 2; SO1p: primordium of 
supraorbital neuromast 1 in the process of budding from SO2; O1, O2: otic neuromasts; e: lens of the 
eye. Boxed regions indicate the approximate regions imaged in panels B and E. (B-E) Maximum 
projections of a second 37 hpf Tg(cldnB:GFP;sox10:mRFP) specimen, imaged using the 40x objective. 
(B-B″) Maximum projection of a 30.75 μm deep z-stack, centered on the developing supraorbital region 
(see panel A′ for region). Hatched boxes indicate regions imaged at higher magnification in panels C and 
D. (C-C″) Maximum projection of a 3.75 μm deep sub-stack of the z-series from the specimen in B, in a 
focal plane showing the SO1 primordium (SO1p, indicated in C’; cldnB:GFP) budding over neural crest 
cells (C″; sox10:mRFP). An orthogonal yz reslice through the whole stack, in the plane indicated by a 
small yellow arrow, is provided to the right of C. (D-D″) Maximum projection of a 3.75 μm deep sub-stack 
of the z-series from the specimen in B, in a focal plane showing the SO2 neuromast and supraorbital 
nerve (nADso; D′). An orthogonal yz reslice through the whole stack, in the plane indicated by small 
yellow arrows, is provided to the right of D. Note the nSO nerve is wrapped in neural crest cells 
(D’’; sox10:mRFP). (E-E″) Maximum projection of a 3.75 μm sub-stack of the larger z-series, in a focal 
plane showing the developing infraorbital region (see panel A′ for region). An orthogonal yz reslice 
through the whole stack, in the plane indicated by small yellow arrows, is provided to the right of E. IOp 
indicates the infraorbital primordium (E; cldnB:GFP) elongating over neural crest cells (E″; sox10:mRFP). 
(F-F″) A single (1.44 μm) z-slice of a 30 hpf Tg(cldnB:GFP;Sox10:mRFP) embryo, imaged using the 40x 
objective, showing supra- and infraorbital primordia (SOp and IOp) of the anterior lateral line diverging 
away from one another (F′) over a field of neural crest cells (F″; magenta). Scale bars are 10 μm 
throughout. 
 

 

(2) Lateral line ganglia have a shared neural crest and placode origin 
 

The lateral line system not only comprises the neuromast sensory organs, but also the 

ganglia and afferent nerves that innervate them.  Moreover, all these components of the 

system derive from the same set of cranial placodes.  We therefore turned our attention 

to investigating the anterior lateral line ganglia and their relationship with the neural 

crest cells. 

Figure 3-3A-D’’ shows lateral views of confocal maximum projections of the 

cranial region of Tg(cldnB:GFP) (yellow) specimens at 24 hpf, 30 hpf, 36 hpf, and 48 

hpf.  Specimens were immunolabeled with anti HuC/D antibody, a marker of 

differentiated neurons (cyan), and anti-Sox10 antibody, which marks neural crest cell 
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nuclei (magenta).  The anterodorsal component (gAD) of the ALL ganglion is specified 

by 24 hpf (Fig. 3-3A-A’’), adjacent to the acoustic ganglion (gVIII), and shifts anteriorly 

towards the trigeminal ganglion (gV) by 30 hpf, while rapidly growing in size (Fig. 3-3B-

B’’), as previously reported (Raible & Kruse, 2000).  At 36 hpf and 48 hpf, the gAD 

retains a spherical shape and lies directly adjacent and posterior to the trigeminal 

ganglion (Fig. 3-3C-3D’’).  We were able to observe the first signs of neurons in the 

anteroventral component (gAV), specified ventromedially to the gAD, at 36 hpf (Fig. 3-

3C-C’’), a few hours earlier than the previously reported 40 hpf (Raible and Kruse 

2000).  Neurons of the lateral line ganglia (gAD, gAV, gP) can be identified by double 

labeling with HuC/D (cyan) and CldnB:GFP (yellow) (Fig 3-3A’’-D’’).  Throughout the 

development of these lateral line ganglia, Sox10-positive neural crest cell nuclei are 

clustered around the gAD, gAV, and gP (Fig. 3-3A-D).  We include a single z-slice inset 

(z depth 1.22 µm) in Fig. C’’, which shows how neural crest cells (magenta) directly 

contact the clustered HuC/D-positive, CldnB:GFP-positive (cyan and yellow, 

respectively) cells of the gAD.  We also observed that neural crest cells wrap around the 

supraorbital (nADso) and infraorbital (nADio) lateral line nerves of the gAD as early as 

30 hpf (Fig. 3-3B’’-D’’), as well as the mandibular nerve (nAVmd) of the gAV once it is 

specified (Fig. 3-3D’’’).   

Expression of Sox10 protein is down regulated rapidly in some migrating neural 

crest cells, such that anti-Sox10 antibody reveals only low levels of expression in those 

cells populating the developing pharyngeal arches (Fig. 3-3A-D’’).  By contrast, the 

membrane RFP signal provided by Tg(sox10:mRFP) is long-lasting, providing a more 

complete readout of neural crest cell localization.  We therefore immunolabeled 
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Tg(sox10:mRFP) specimens with anti-HuC/D antibody, allowing a comparison of neural 

crest cell and neuron localization at 26 and 32 hpf (Fig. 3-3E-F’’).  At both stages, we 

find that the gAD is encased in a ‘shell’ of neural crest tissue. 
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Figure 3-3: Lateral line ganglia form in close association with 
neural crest cells. 
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 Fig 3.3 cont.: (A-D″) Confocal maximum projections in lateral view (40x objective), anterior to the left, of 
the lateral line ganglia of specimens co-labeled for differentiated neurons (anti HuC/D; cyan), neural crest 
cells (Sox10; magenta) and lateral line (Tg(cldnB:GFP): yellow); channels as indicated. In A (24 hpf), B 
(30 hpf), C (36 hpf), and D (48 hpf) neural crest cell nuclei are labeled with anti-Sox10 antibody. Inset in 
C″ is a single z-slice (z depth = 1.22 μm) showing neural crest cells (magenta) enveloping neurons in the 
anterodorsal lateral line ganglion (arrow; gAD; cyan). (E-F″) In E (26 hpf) and F (32 hpf) neural crest cell 
membranes are labeled by Tg(sox10:mRFP) (magenta) and differentiated neurons are labeled with anti 
HuC/D (cyan). The anti-HuC/D marker is shown in single channel in E′ and F'; Tg(sox10:mRFP) is shown 
in single channel in E″ and F″. Abbreviations: ov: otic vesicle; gV: trigeminal (Vth nerve) ganglion; gAD: 
anterodorsal lateral line ganglion; gAV: anteroventral lateral line ganglion; gVIII: acoustic ganglion; gPLL: 
posterior lateral line ganglion; nADso: supraorbital nerve; nADio: infraorbital nerve; nAVmd: mandibular 
nerve. Scale bars are 50 μm for A-D, 10 μm for the inset in C″, and 20 μm for E-F. 

 

While data in Figure 3 indicate that lateral line gangliogenesis occurs in close 

proximity to the neural crest, it is unclear from this analysis whether neurons within the 

ganglia are neural crest cell-derived.  To address whether there is a neural crest cell 

contribution to the anterior lateral line ganglion, we extended our analysis to later 

stages, shown in Figure 3-4.  Fig. 3-4A shows a single high magnification confocal z-

slice of a 72 hpf Tg(sox10:mRFP) specimen, immunolabeled with anti HuC/D antibody.  

In this single slice, two HuC/D-expressing ALL ganglion neurons can be seen to co-

express mRFP (Fig. 3-4A-A”; arrowheads in Fig. 3-4A’).  Cell counts (Fig. 3-4B) indicate 

a range of 3-6 neural crest derived neurons within the ALL ganglion at this stage.  By 96 

hpf, however, we were no longer able to detect mRFP signal in the ganglia of 

Tg(sox10:mRFP) specimens, presumably reflecting the down regulation of Sox10 in 

neural crest cells.   

To facilitate longer term tracking of Sox10-expressing neural crest cells we made 

use of a two-transgene lineage tracing system previously employed by Kague et al. 

(2012): Tg(-28.5Sox10:cre;ef1a:loxP-dsRed-loxP-egfp), for simplicity referred to 

hereafter as Tg(sox10Cre;dsRed/EGFP).  The first transgene uses neural crest-specific 

sox10 regulatory sequences to drive expression of Cre recombinase, and the second 
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transgene responds as a “switch”, with LoxP sites recombined by Cre to remove dsRed 

gene and bring EGFP under control of the ef1a ubiquitous promoter.  Thus, despite the 

down regulation of Sox10 expression described above, once cells have expressed the 

sox10-driven Cre recombinase, they become genetically labeled by EGFP, a trait that is 

passed on to all that cell’s progeny.   

As the Tg(sox10Cre) transgene is driven by different Sox10 regulatory 

sequences to those used in Tg(sox10:mRFP), we began our analysis by confirming that 

Tg(sox10Cre;dsRed/EGFP) faithfully drives EGFP expression in Sox10 expressing 

cells.  We compared sox10Cre-driven EGFP expression with anti-Sox10 antibody 

labeling in 22 hpf and 24 hpf specimens, stages selected to be early in neural crest cell 

migration while allowing sufficient time for the Cre recombinase to act.  Fig. 3-4C-C” 

shows a lateral view of a confocal maximum projection of a 22 hpf 

Tg(sox10Cre;dsRed/EGFP) specimen.  As expected, multiple cells are co-labeled with 

Sox10 antibody (yellow) and Tg(sox10Cre;EGFP) (magenta).  The co-labeled cells 

(white arrowheads) are in the otic vesicle, the pharyngeal arches, and the pre-otic 

region where the ganglion will later form.  In the ventrally-localized pharyngeal region, 

the Sox10 protein signal (Fig. 3-4C (yellow), C’) is already reduced, as expected due to 

down regulation of sox10 gene expression, whereas the permanent EGFP signal (Fig. 

3-4C (magenta), C”) is retained at high levels.  Reciprocally, in dorsal regions, including 

the otic vesicle, some cells express high levels of Sox10 protein (Fig. 3-4C (yellow), C’) 

but are not yet EGFP-positive (Fig. 3-4C (magenta), C”).  This reflects the expected 

temporal delay between the onset of Sox10 expression and ef1a-driven EGFP 

expression, which can only occur after completion of Cre/LoxP recombination.  Results 
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were similar at 22 and 24 hpf, and, importantly, at both stages (n = 6) very few EGFP-

expressing cells show no Sox10 protein expression and those that are present may 

have experienced transient Sox10 expression at an earlier stage.  We conclude that 

Tg(sox10Cre;dsRed/EGFP) is a reliable reporter of neural crest cell identity and can 

therefore be used to investigate later neural crest cell contributions to the anterior lateral 

line ganglion. 

Figure 3-4D shows a single high magnification confocal z-slice of a 96 hpf 

Tg(sox10Cre;dsRed/EGFP) specimen, immunolabeled with the HuC/D marker of 

differentiated neurons.  At this stage, there are multiple EGFP-expressing (magenta) 

neural crest-derived cells co-labeled with HuC/D (cyan), in both the ALL ganglion and 

the adjacent trigeminal (gV)  ganglion (Fig. 3-4D-D”, arrowheads).  Counts of neurons in 

the ALL ganglia at 96 hpf are provided in Fig. 3-4E.  The finding of neural crest derived 

neurons in the ALL ganglion is consistent with our data using Tg(sox10:mRFP) at 72 hpf 

(Fig. 3-4A, B) and also confirms a previous report from Kague et al. (2012).  

In Figure 3-4F we show a lateral view of a confocal projection of the broader 

cranial region of a 120 hpf Tg(sox10Cre;dsRed/EGFP) specimen, with the organization 

of the cranial ganglia again revealed by immunolabeling with the HuC/D marker of 

differentiated neurons (cyan).  Fig. 3-4F shows the location of EGFP-labeled neural 

crest cells (magenta).  Fig. 3-4G is a schematized version of Fig. 3-4F, indicating the 

locations of cranial ganglia and summarizing their placodal (cyan) or placode plus 

neural crest (hatched cyan/magenta) origins, based on our data.  We find, again 

confirming the previous report by Kague et al. (2012), that the anterior lateral line, 

posterior lateral line, Vth/trigeminal, VIIth/facial, and VIIIth/acoustic ganglia (Fig. 3-4G: 
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gP, gV, gVII, and gVIII) each include neurons of mixed origins.  In Figs 3-4H-K, we 

extend these previous findings, to demonstrate that both the dorsal and the ventral 

components of the anterior lateral line ganglion (gAD and gAV) share placode and 

neural crest cell contributions.  Figures 4H and J are single high magnification confocal 

slices through the adjoining trigeminal (gV) and anterior lateral line ganglia (region 

boxed with red dashes in Fig. 3-4G).  Panels H-H” show a single confocal z-slice 

through the superficial dorsal ganglion (gAD), whereas panels J-J” show a single 

confocal z-slice through the deeper ventral ganglion (gAV).  Fig. 3-4I schematizes the 

relative locations of these slices.  All neurons are HuC/D-positive (Figs 3-4H, H’’ and J, 

J’’) and a subset of the gV, gAD and gAV ganglia are EGFP-labeled (magenta) (Figs 3-

4H’, J’), revealing their neural crest origins.  Counts of neurons in the ALL ganglia (both 

gAD and gAV) at 120 hpf are provided in Fig. 3-4E.  The proportion of neural crest 

derived neurons in gALL increased from an average of 14% at 72 hpf to 25% at 120 hpf 

(n = 5 each, Wilcoxon test p< 0.05).  In summary, both the anterodorsal and the later 

forming anteroventral components of the zebrafish anterior lateral line ganglion combine 

placode-derived and neural crest-derived neurons (schematized in Fig.3-4K). 
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Figure 3-4:Lateral line ganglia have a shared neural crest and placode 
origin. 
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Fig 3-4 cont.: (A-A″) A single high magnification confocal z-slice (40x objective) through the anterior 
lateral line ganglion of a 72 hpf specimen (of n = 5). (A) Neural crest cell membranes are labeled 
by Tg(sox10:mRFP) (magenta) and differentiated neurons are labeled with anti HuC/D (cyan). 
(A′) Tg(sox10:mRFP) only; arrowheads indicate sox10mRFP-expressing neurons in the gALL. (A″) 
HuC/D-positive differentiated neurons only. (B) Quantification of sox10:mRFP-positive (Sox10+); HuC/D+ 
neurons (red) and sox10:mRFP-negative (Sox10-); HuC/D+ neurons (blue) in the ALL ganglia at 72 hpf 
(n = 5). Mean and standard deviation are indicated. (C-C″) Confocal maximum projection (40x objective), 
in lateral view with anterior to the left, of the pre-otic region of a 22 hpf Tg(sox10Cre;dsRed/EGFP) 
specimen immunolabeled with anti-Sox10 antibody (yellow) (of n = 6). (C) Sox10 antibody labeled neural 
crest cell nuclei (yellow) and sox10Cre;EGFP labeled cells (magenta). Co-labeled cells are indicated with 
white arrowheads. (C′) Sox10-antibody positive neural crest cell nuclei only. (C″) sox10Cre;EGFP labeled 
cells only. (D-D″) A single high magnification confocal z-slice (40x objective) through the anterior lateral 
line ganglion of a 96 hpf specimen (of n = 5). (D) Neural crest cells are labeled 
with sox10Cre;EGFP (magenta) and differentiated neurons are labeled with anti HuC/D (cyan). 
(D′) sox10Cre;EGFP only. (D″) HuC/D-positive differentiated neurons only. (E) Quantification 
of sox10Cre;EGFP-positive; HuC/D-positive (red) neurons and sox10Cre;EGFP-negative; HuC/D-positive 
(blue) neurons in the ALL ganglia at 96 hpf (n = 5) and 120 hpf (n = 5). (F, F′) Confocal maximum 
projection (10x objective), in lateral view with anterior to the left, of the cranial region of 
a Tg(sox10Cre;dsRed/EGFP) 120 hpf specimen immunolabeled with anti HuC/D (of n = 6). (F) HuC/D-
positive neurons (cyan) together with sox10Cre;EGFP neural-crest derived cells (magenta). (F′) HuC/D-
positive differentiated neurons only. (G) Schematic representation of panel F indicating placode and 
neural crest contributions to the cranial ganglia. (H-J″) Higher magnification views (40x objective) of the 
region boxed in G (red dashed line). (H-H″) A single z-slice (1.02 μM), in the plane of the anterodorsal 
lateral line ganglion and trigeminal ganglion. (H) Merge, neural crest-derived cells in magenta and HuC/D-
positive neurons in cyan. (H′) neural-crest-derived cells (Sox10Cre;EGFP); (H″) HuC/D-positive neurons; 
(J-J″) A single z-slice (1.02 μM), in the plane of the anteroventral lateral line and trigeminal ganglion. (J) 
merge, neural-crest derived cells in magenta and HuC/D-positive neurons in cyan. (J′) neural crest-
derived cells (Sox10Cre;EGFP); (J″) HuC/D-positive differentiated neurons only; (I) Schematic 
representation of the ganglia shown in H and J, indicating the z-planes imaged. (K) Schematic 
representation of panels H and J, showing the neural crest contribution (magenta) to the anterior lateral 
line ganglia and the trigeminal ganglion. Scale bars are 20 μm in A, C, D; 50 μm in F, and 10 μm in H, J. 
Abbreviations are as follows: ov: otic vesicle; gV: trigeminal (Vth nerve) ganglion; gALL: anterior lateral 
line ganglion; gAD anterodorsal lateral line ganglion; gAV: anteroventral lateral line ganglion; gAV/gVII: 
anteroventral lateral line ganglion fused with facial ganglion; gVIII: acoustic ganglion; gM: middle lateral 
line ganglion; gP: posterior lateral line ganglion, gIX: glossopharyngeal ganglion; gX: vagal ganglion 

 

(3) Anterior lateral line development is disrupted in the absence of neural crest  
 

Having confirmed a close physical relationship between cranial neural crest cells and all 

parts of the anterior lateral line system, we tested the hypothesis that neural crest cells 

play a functional role in anterior lateral line patterning and development.  To remove 

neural crest cells, we turned to a commonly used method to ablate zebrafish cells 

conditionally: the genetic/pharmacological approach based on expression of the 

transgene-encoded bacterial enzyme Nitroreductase (NTR)(Curado et al., 2007). 
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(Genetically encoded NTR converts a prodrug into a cytotoxic compound that is strictly 

limited to the NTR-expressing cells, thus causing cell-specific apoptosis (White and 

Mumm, 2013).  To achieve neural crest-specific cell death we used the 

Tg(sox10:NTRmCherry) transgene, which expresses NTR enzyme and mCherry 

fluorescent protein under control of the neural crest specific sox10 regulatory 

sequences.  By treating these transgenic specimens with the prodrug Nifurpirinol (NIF) 

we achieved effective ablation of the NTR-expressing neural crest cells without 

generalized toxicity, consistent with previous reports (Bergemann et al., 2018; 

Cavanaugh et al., 2015).  We then used this approach to evaluate how depletion of 

neural crest cells impacts development of the anterior lateral line system. 

Figure 3-5A-D’ shows lateral views of confocal maximum projections of the 

crania of Tg(sox10:NTRmCherry; cldnB:GFP) double transgenic specimens, treated 

with DMSO carrier control, at 36 hpf, 48 hpf, 72 hpf, and 120 hpf.  As expected, 

development of the lateral line system in the DMSO-treated controls was 

indistinguishable from that of unmanipulated specimens (compare Fig. 3-5A-B’ with Figs 

3-1 and 3-2).  Fig. 3-5E-L shows Tg(sox10:NTRmCherry;cldnB:GFP) experimental 

specimens, which were treated with 1.25 µM NIF from the 9 hpf stage; a stage selected 

because it is immediately before the onset of sox10 expression.  In the experimental 

specimens, at 36 hpf and at all subsequent stages, we observed widespread neural 

crest cell death: apoptotic cells are distinguished by their reduced size and eventual 

degradation to puncta, accompanied by a dramatic reduction in mCherry signal.  The 

absence of neural crest cells led to disrupted cranial morphology, with a complete 

absence of jaw structures apparent by 72 hpf.  Despite a lack of neural crest cells, the 
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specimens remained generally healthy and continued to develop, although by 120 hpf 

they displayed dysmorphic hearts as previously reported in response to an equivalent 

manipulation (Cavanaugh et al., 2015).  We also noted that the otic vesicle was reduced 

in size, consistent with expression of Tg(sox10:NTRmCherry) in this structure.  We used 

the cldnB:GFP transgene to evaluate how the lateral line system was affected by the 

loss of neural crest cells.  Fig. 5E-L shows two independent experimental specimens 

out of n =/> 10, at each of the four developmental stages.  

At the 36 hpf stage there were only modest differences between the anterior 

lateral lines of control (Fig. 3-5A, A’) and NIF-treated experimental (Fig. 3-5E, I) 

specimens.  When neural crest cells were depleted, the supraorbital primordium 

exhibited a modest reduction in distance migrated above the eye, but otherwise 

appeared similar to control specimens.  The infraorbital cell stream similarly exhibited a 

more limited extension relative to controls, and also appeared slightly broader.  By the 

48 hpf stage the phenotypes in experimental specimens were more pronounced.  In 48 

hpf control specimens (Fig. 3-5B, B’) the SO1 neuromast had already begun to bud 

from SO2, and extended anteriorly, approaching the developing olfactory bulb (Fig. 3-

5B’, ob).  By contrast, in the experimental specimens (Fig. 3-5F, J) the supraorbital line 

had not extended beyond the dorsal apex of the eye, with limited or scant SO2 budding 

(Fig. 3-5F, SO*; Fig, 3-5J).  Additionally in 48 hpf control specimens, the infraorbital line 

had completely extended along the ventral edge of the eye (Fig. 3-5B, B’), and the IO2 

neuromast had formed, whereas in experimental specimens the infraorbital was 

significantly underdeveloped, and in most cases had extended very little beyond its 36 

hpf position with no IO2 neuromast in place (Fig. 3-5F, J).  In some experimental 
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specimens an infraorbital neuromast appeared to have been displaced dorsally, up into 

the supraorbital region (e.g. Fig. 3-5F, IO*).  Additional evidence supporting the 

assignment of such ectopic neuromasts to the infraorbital system came from our studies 

of innervation and time-lapse microscopy (see Figs 3-6 to 3-8, below).   

The phenotype of restricted supra and infraorbital development continued 

through the 72 and 120 hpf stages in NIF-treated specimens (Fig. 3-5G, H, K, L).  The 

supraorbital line rarely extended beyond the apex of the eye, never reaching the 

olfactory bulb region, while the infraorbital line remained drastically shortened with 

missing neuromasts (compare Fig. 3-5C, C’ with Fig. 3-5G, K, and Fig. 3-5D, D’ with 

Fig. 3-5H, L).  To quantify the extension of the supraorbital line we measured the linear 

distance between the center of the O1 neuromast and the center of the furthest 

migrated (most anteriorly-located) SO neuromast at the 120 hpf stage.  This distance 

averaged 322 mm in DMSO-treated control specimens (n = 9) compared with 243 mm 

in NIF-treated specimens (n = 13).  This 25% reduction in supraorbital extension in 

specimens that lack neural crest cells was highly significant (P < 0.0001; Wilcoxon 

Test).  At the 120 hpf stage, many experimental specimens had formed an additional 

infraorbital neuromast, to result in two total (compare Fig. 3-5H, L with D, D’), but we 

never observed more than three total IO neuromasts in experimental specimens 

(average number = 2.77; n = 13), whereas control specimens typically had four IO 

neuromasts (average number = 3.89; n = 9).  This difference was also highly significant 

(P < 0.0001; Wilcoxon Test).  Additionally, at these later stages, we observed 

emergence of ectopic supernumerary neuromasts in the posterior supraorbital region of 

25% of the NIF-treated specimens analyzed (brackets, Fig. 5K, L), resulting in arrays of 
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closely clustered neuromasts.  By 120 hpf the mandibular and opercular lines have 

begun to form in control specimens (Fig. 3-5D, D’).  Both are entirely absent from the 

neural crest deficient specimens, consistent with major deficits in the neural crest-

populated mandibular and hyoid arches. 

In the absence of neural crest-derived glial cells, as occurs in several zebrafish 

mutants including those in the ErbB/Neuregulin pathway (Lush and Piotrowski, 2014), 

precocious intercalary neuromasts form in the posterior lateral line system.  We found 

that our neural crest cell-deficient specimens similarly displayed supernumerary 

posterior lateral line neuromasts in the trunk, consistent with the predicted loss of glial 

cells.  Figure 3-5M-P shows confocal projections of whole 

Tg(sox10:NTRmCherry;cldnB:GFP) larvae in lateral view at the 30 hpf and 72 hpf 

stages.  DMSO-treated control specimens display typical posterior lateral line 

primordium migration at 30 hpf, with healthy neural crest cells (magenta) migrating 

ventrally in streams adjacent to each somite (Fig. 3-5M).  By 72 hpf, 5-7 primary 

posterior lateral line neuromasts have been deposited at regular intervals along the 

trunk (Fig. 3-5N, this example has 6 trunk neuromasts).  At 30 hpf the NIF-treated 

specimens showed normal primordium migration, although the most anterior neural 

crest cells—which were born earliest—are already rounding up and undergoing 

apoptosis (Fig. 3-5O).  By 72 hpf all neural crest cells are either absent or dead, and 

supernumerary posterior lateral line neuromasts are present (Fig. 3-5P, this example 

has 13 trunk neuromasts).  Importantly, despite the development of precocious 

neuromasts, the posterior lateral line migrates all the way to the posterior limit of the 

trunk when neural crest cells are absent (n = 10).  We conclude that migration of the 
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posterior lateral line primordium is independent of neural crest cells, unlike the situation 

for the anterior lateral line system. 

  

Figure 3-5: Anterior lateral line development is disrupted in the absence 
of neural crest cells. 
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Fig 3-5 cont.: (A-L) Confocal maximum projections, in lateral view with anterior to the left, of the cranial 
regions of Tg(sox10:NTRmCherry;cldnB:GFP) double transgenic specimens at 36 to 120 hpf. (A-D′): 
DMSO carrier-treated controls show normal development of the lateral line; stages are as indicated. A-D 
show the lateral line alone (cldnB:EGFP); A′-D′ show both lateral line (cldnB:EGFP; yellow) and neural 
crest (sox10:NTRmCherry; magenta). (E-L) When neural crest (sox10:NTRmCherry; magenta) 
cytotoxicity is activated via Nifurpirinol (NIF) treatment, lateral line (cldnB:GFP; yellow) development is 
disrupted. Two different samples are shown at each stage (n = 14 at 36 hpf, n = 10 at 48 hpf, n = 10 at 72 
hpf, n = 16 at 120 hpf). The dying sox10:NTRmCherry-positive neural crest cells show punctate 
fluorescence at all stages, with the number of remaining neural crest cells reducing over time. Lack of 
neural crest leads to disrupted morphogenesis of the anterior lateral lines. The anterior-most neuromast 
of the supraorbital line (SO∗) never reaches the olfactory bulb (ob), even at 120 hpf post fertilization. By 
72 hpf we sometimes observe an array of ectopic neuromasts in the posterior supraorbital domain 
(brackets, K, L). Infraorbital lateral line development is severely truncated, with fewer than normal 
infraorbital neuromasts, often inappropriately positioned (IO∗), developing. (M-P) Low magnification, tiled, 
confocal maximum projections, in lateral view with anterior to the left, of 
entire Tg(sox10:NTRmCherry;cldnB:GFP) double transgenic specimens. (M, N): DMSO carrier-treated 
control specimens show normal development of the posterior lateral line (cldnB:EGFP; yellow) and trunk 
neural crest cells (sox10:NTRmCherry; magenta). (M) 30 hpf, the posterior lateral line primordium (PRIM; 
yellow) is migrating through the anterior trunk, and neural crest cells (magenta) are located in the dorsal 
neural tube and migrating ventrally in segmental streams. (N) 72 hpf, shows six evenly distributed trunk 
neuromasts (arrowheads). (O, P) Nifurpirinol (NIF) treatment causes neural crest (sox10:NTRmCherry; 
magenta) cytotoxicity and formation of supernumerary trunk neuromasts, but does not prevent the 
posterior lateral line from migrating fully along the trunk. (O) 30 hpf; shows the posterior lateral line 
primordium (PRIM; yellow) migrating normally through the anterior trunk, while neural crest cells 
(magenta) are starting to die. (P) 72 hpf; shows multiple supernumerary trunk neuromasts (arrowheads), 
while most neural crest cells (magenta) are now absent. Abbreviations are as follows: e: lens of the eye; 
ov: otic vesicle; ob: olfactory bulb; SO: supraorbital neuromast; IO: infraorbital neuromast; O: otic 
neuromast; OP: opercular neuromast; HM: hyomandibular neuromast; MD: mandibular neuromast. Scale 
bars are 50 μM throughout. 

 

(4) Anterior lateral line gangliogenesis and innervation are disrupted in the absence 
of neural crest 

 

As cranial neural crest cells contribute directly to the lateral line ganglia (Figs 3-3, 3-4) 

we predicted that absence of neural crest would cause disruptions to anterior lateral line 

gangliogenesis and potentially to innervation.  We tested this prediction by once again 

taking advantage of Tg(sox10:NTRmCherry) specimens and NIF treatment to cause 

neural crest cell death.  Figure 3-6A-C shows lateral views of confocal projections of the 

region surrounding, and posterior to, the developing eye of DMSO control-treated 

Tg(sox10:NTRmCherry) specimens at 48 hpf, 72 hpf, and 120 hpf.  These specimens 

additionally carry Tg(cntnap2a:EGFP) (cyan), which is expressed exclusively in the 

afferent lateral line nerves (Faucherre et al., 2009; Pujol-Martí et al. ,2012), and are 
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immunolabeled with anti-Sox2 antibody (yellow), to mark neuromast support cells 

(Hernández et al., 2007); Figs 3-6A’-C’ show cntnap2a:EGFP alone.  At the 48 hpf 

stage (Fig. 3-6A, A’) the dorsally located SO2 neuromast is innervated by the 

supraorbital nerve (nADso) and the ventrally located IO2 neuromast is innervated by the 

infraorbital nerve (nADio).  Both the supraorbital and infraorbital nerves extend from the 

gAD ganglion.  Two additional nerves emerge from gAD to innervate the otic 

neuromasts, O1 and O2, generating a characteristic ‘X’ pattern, which is maintained at 

72 hpf and 120 hpf as development proceeds (Fig. 3-6B, B’; C, C’).  By 72 hpf (Fig. 3-

6B, B’) the developing mandibular neuromasts are innervated by the mandibular nerve 

(nAVmd), which emerges from the recently formed ventral (gAV) anterior lateral line 

ganglion.  By 120 hpf this nerve has branched to form the opercular nerve (nAVop), and 

the ventral ganglion (gAV) can now be visualized as a separate component of the 

anterior lateral line ganglion.    

The DMSO-treated control specimens (Fig. 3-6A-C’) are compared with two 

independent NIF-treated specimens (out of n = 10 at each stage; Fig. 3-6D-I).  As early 

as 48 hpf, ectopic nerves could be visualized in the supraorbital region (arrows), 

frequently innervating misplaced neuromasts (indicated by asterisks; e.g. Fig. 3-6D, E, 

F).  The dorsal translocation of the nADio nerve confirmed that an IO neuromast is often 

deposited in an unusually dorsal location to lie close to SO neuromasts (e.g. Fig. 3-6E).  

By 120 hpf, 8 of 10 NIF-treated specimens have multiple dorsally-directed projections 

(e.g. Fig. 3-6F, I; and see also Fig. 3-7F, ahead), suggesting that ectopic 

supernumerary neuromasts originate not only from the misdirected IO, but additionally 

from other sources, which might include precocious proliferation of interneuromast cells.  
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At the 120 hpf stage the lack of a separated gAV ganglion becomes apparent in the 

NIF-treated specimens, with the gAV-derived mandibular and opercular nerves missing 

altogether (Fig. 3-6F, I).  In addition to reduced and missing ganglia, the nerves 

themselves are often thinner in the NIF-treated neural crest-deficient specimens, likely 

as a consequence of missing neural crest-derived neurons.  We also noted that the 

nerves emerged from non-uniform points on the ganglia, relative to controls, and that 

the nerves are often defasciculated, as additionally shown ahead (see Fig. 3-7D).  In 

some specimens, nerves extended erratically in the supraorbital region without 

innervating a neuromast (e.g. Fig. 3-6E).  
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Figure 3-6:Lateral line innervation is disrupted in the absence of neural crest. 
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Fig 3-6 cont.: (A-I) Confocal maximum projections (40x objective), in lateral view with anterior to the left, 
of the cranial regions of Tg(sox10:NTRmCherry;cntnap2a:EGFP) double transgenic specimens at 48 to 
120 hpf. The cntnap2a:EGFP transgene (cyan) labels afferent lateral line neurons and the lens of the eye. 
The specimens are also immunolabeled with the neuromast support cell marker anti-Sox2 (yellow). (A-C): 
DMSO carrier-treated controls show normal development of the lateral line nerves (cntnap2a:EGFP; 
cyan) and neuromasts (Sox2; yellow). (A′-C′) are the same specimens as A-C, shown in 
the cntnap2a:EGFP (cyan) channel alone. Stages are as indicated. (D-I) When neural crest 
(sox10:NTRmCherry; not shown) cytotoxicity is activated via Nifurpirinol (NIF) treatment, lateral line 
innervation (cntnap2a:EGFP; cyan) and neuromast organization (Sox2, yellow), are both disrupted. Two 
different samples, out of n = 10 at each stage, are shown. Innervation is disrupted, with gAV nerves 
nAVmd and nAVop failing to form by 120 hpf (compare F, I with C′). Nerves often project to misplaced 
neuromasts, although some fail to reach a neuromast and project ectopically (arrows). Nerves also make 
multiple supraorbital projections, often innervating ectopic or supernumerary neuromasts (D, E, F, G, 
asterisks), and tend to be defasiculated and contain fewer axons in comparison to DMSO-treated control 
specimens. Abbreviations are as follows: e: lens of the eye; nADso: supraorbital nerve; nADio: infraorbital 
nerve; nAVmd mandibular nerve; nAVop: opercular nerve. Scale bars are 50 μM throughout. 

 

In Figure 3-7 we compare confocal maximum projections of high magnification 

lateral views, showing the anterior and posterior lateral line ganglia and the afferent 

nerves of untreated control (Fig. 3-7A), DMSO-treated control (Fig. 3-7B), and NIF-

treated experimental (Fig. 3-7C) 120 hpf Tg(sox10:NTRmCherry;cntnap2a:EGFP) 

double transgenic specimens.  Compared with the two control conditions, which show 

no significant differences from one another, NIF-treated specimens lack most of the 

posterior lateral line ganglion (gP) cells, and have a significant reduction in the anterior 

lateral line ganglia.  Moreover, the gAD and gAV components of the anterior lateral line 

ganglia can no longer be distinguished in experimental specimens (gAD/gAV, Fig. 3-

7C).  While the controls show distinct axon projections from the gAD and gAV ganglia 

into the hindbrain, NIF-treated specimens lack the gAV projection and have thinner, 

defasciculated axons (compare Figs 3-7A, B, C, arrowheads).  Fig. 3-7D shows an 

example of the defasciculation typical in neuromast-innervating nerves of neural crest-

deficient specimens.   

We next quantified aspects of these phenotypes.  Fig. 3-7E is a Boxplot 

comparing counts of anterior lateral line ganglia neurons in DMSO-control specimens 
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(blue) with NIF-treated specimens (red), revealing a significant reduction in number of 

neurons when neural crest cells are missing.  Fig. 3-7F quantifies the number of 

supraorbital nerve projections that innervate neuromasts in DMSO-treated control 

specimens (blue) versus NIF-treated specimens (red) at 48 hpf, 72 hpf, and 120 hpf.  

This analysis reveals that when neural crest cells are lacking there is a modest increase 

in the number of nerve projections at 48 hpf and 72 hpf, followed by a significant 

increase at 120 hpf.  The increase in projections correlates with the increase in 

neuromasts, as shown in Fig. 3-7G, which quantifies the number of neuromasts in the 

supraorbital region of DMSO-treated control specimens (blue) versus NIF-treated 

specimens (red) at 48 hpf, 72 hpf, and 120 hpf.  When neural crest cells are missing 

there is an increase in the number of neuromasts in the supraorbital region, which 

becomes significant at 120 hpf. 

  

Figure 3-7:Lateral line patterning and gangliogenesis are disrupted 
in the absence of neural crest 
(A-C) Confocal maximum projections (40x objective), in lateral view with 
anterior to the left, of the lateral line afferent system 
of Tg(sox10:NTRmCherry;cntnap2a:EGFP) specimens at 120 
hpf; (cntnap2a:EGFP) shown in single channel. (A) Untreated specimen 
showing the locations of the gAD, gAV, and gP lateral line ganglia and 
their individual projections to the hindbrain (arrowheads). (B) DMSO 
carrier-treated control showing normal ganglia morphology and 
innervation patterns (cntnap2a:EGFP). (C) When neural crest 
(sox10:NTRmCherry) cytotoxicity is activated via Nifurpirinol (NIF) 
treatment, lateral line ganglion morphology is disrupted. 
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Fig 3-7 cont.: The gAV and gAD ganglia are no longer separated, show altered density and shape, and 
make a shared projection to the hindbrain. The posterior ganglion has severe deficits. (D) Example of 
neuromast-innervating nerves (cntnap2a:EGFP, black) defasciculation (arrowheads) in the absence of 
neural crest cells. (E) Boxplot showing counts of HuC/D-expressing neurons, in both the dorsal and 
ventral parts of the anterior lateral line ganglia in DMSO control versus NIF-treated specimens at 120 hpf 
(n = 10 for each condition). (F) Stacked Histogram showing the number of supraorbital nerve projections 
to neuromasts in DMSO control versus NIF-treated conditions at 48 hpf, 72 hpf, and 120 hpf (n = 10 for 
each stage and condition). (G) Stacked Histogram showing the number of neuromasts in the supraorbital 
region of DMSO control versus NIF treated specimens at 48 hpf, 72 hpf, and 120 hpf (n = 10 for each 
stage and condition). Abbreviations are as follows: gAD: anterodorsal lateral line ganglion; gAV: 
anteroventral lateral line ganglion; gP: posterior lateral line ganglion; hb: hindbrain. Data are shown as the 
mean ± SD (E, F, G) ns P > 0.05, ∗P < 0.05, ∗∗∗P < 0.001 (Wilcoxon rank-sum test). Scale bars are 
50 μM (A–C) and 20 μM (D). 

 

Finally, to gain a more dynamic understanding of how inappropriately localized 

anterior lateral line neuromasts and disrupted nerves develop in the absence of neural 

crest cells, we again turned to SPIM time-lapse analysis.  Figure 3-8 shows a series of 

still images taken from a time-lapse analysis of a NIF-treated 

Tg(cldnB:GFP;sox10:NTRmCherry) double transgenic specimen, imaged between 33 

and 55 hpf (Fig. 3-8A-F; and Supplemental Videos 5, 6).  By 33 hpf (Fig. 3-8A) the 

supraorbital (SOp) and infraorbital (IOp) primordia had split anterior to the otic vesicle 

(ov).  However, unlike unmanipulated control specimens with a full complement of 

neural crest cells (Figs 3-1, 3-2), in this specimen a broad region of Cldn:GFP labeled 

tissue (asterisk) remained between the supraorbital and infraorbital branches.   

By 34.7 hpf (Fig. 3-8B) the otic neuromasts O1 and O2 had condensed, while the 

supraorbital primordium SOp had continued to migrate dorsoanteriorly over the eye (e).  

Distinct from specimens with intact neural crest cells (Figs 3-1, 3-2 and Supplemental 

Movies 1-4), in this experimental specimen (Fig. 3-8B) the infraorbital primordium split 

into a dorsal branch (IOp*) as well as a ventral branch (IOp), as it approached the eye.  

By 37.9 hpf (Fig. 3-8C) the ectopic dorsal component of the infraorbital primordium 

(IOp*) had begun migrating parallel to the supraorbital primordium SOp, while the 
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ventral component of the infraorbital primordium (IOp) behaved as in unmanipulated 

specimens, migrating ventrally.  The ventral component of the primordium started to 

condense into the first infraorbital neuromast by 42.7 hpf (Fig. 3-8D, IO4), while the 

dorsal component (IOp*) continued to migrate parallel to the supraorbital primordium 

(Fig. 3-8D, SOp).  By 46.3 hpf (Fig. 3-8E), migration of the ventral infraorbital 

primordium had completely stalled, with IO4 now in place.  The supraorbital primordium 

deposited neuromast SO2, and its migration stalled at the apex of the eye (Fig. 3-8E, 

SOp).  The dorsal branch of the infraorbital primordium (IOp*) similarly stalled parallel to 

SO1p at the apex of the eye, after having dropped off an ectopic neuromast IO* (Fig. 3-

8E).  By 55 hpf (Fig. 8F), the supraorbital and ectopic dorsal branch of the infraorbital 

primordia (SOp and IOp*) had ceased to migrate, after having deposited neuromasts 

SO2 and IO*, respectively.  Axons can be seen extending from the anterior lateral line 

ganglia (gALL) to the otic neuromast O1, the supraorbital neuromast SO2, the 

infraorbital neuromast IO4, as well as ectopic neuromast IO* (Fig. 3-8F).  The region of 

ectopic Cldn:GFP labeled tissue between the supraorbital and infraorbital branches 

(asterisks, Fig. 3-8A-E) gradually reduced in size over developmental time, consistent 

with the possibility that these cells might become incorporated into the ectopic dorsally 

projecting IO primordium (IOp*). 

In summary, we found that when neural crest cells are absent, there are not only 

disruptions in neuromast migration, number, and organization, but also related 

disruptions in their innervation and reductions in the size of the anterior lateral line ganglion.  
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(A-F) SPIM time-lapse images of the cranial region of a Tg(sox10:NTRmCherry;cldnB:GFP) double 
transgenic specimen, treated with Nifurpirinol (NIF), in lateral view with anterior to the left. Single 
channel maximum projections, imaged using the 10x objective, showing only the cldnB:GFP label are 
shown at (A) 33 hpf, (B) 34.7 hpf, (C) 37.9 hpf, (D) 42.7 hpf, (E) 46.3 hpf, and (F) 55 hpf. (A) 
Arrowheads indicate primordia of the supraorbital (SOp) and infraorbital (IOp) lines splitting anterior to 
the otic vesicle at 33 hpf, as they begin to migrate. (B) shows the infraorbital primordium splitting into 
two primordia at 34.7 hpf, a ventrally projecting branch (IOp) and an ectopic anterodorsally projecting 
branch (IOp∗); otic neuromasts O1 and O2 have formed. (C) shows that by 37.9 hpf the ectopic dorsal 
infraorbital primordium (IOp∗) has migrated parallel to the supraorbital primordium (SOp), while the 
ventral infraorbital primordium (IOp) has migrated ventrally to produce infraorbital neuromast IO4. (E) 
by 46.3 hpf SOp has dropped off the first supraorbital neuromast (SO2) and continued to extend, but 
without producing an SO1 neuromast. The anterodorsal IOp∗ primordium has dropped off an ectopic 
neuromast IO∗ and continued to migrate anteriorly, parallel to SO1p. (F) shows that ectopic neuromast 
IOp∗ is innervated by a nerve from the anterior lateral line ganglion gALL. The ventral IOp∗ stalls after 
producing IO4 and does not continue to migrate below the eye. Abbreviations are as follows: e: lens of 
the eye, ov: otic vesicle. Scale bars are 50 μm. Time-lapse analysis of anterior lateral line development 
in the absence of neural crest cells 

 

 

 

Figure 3-8:Time-lapse analysis of anterior lateral line development in the absence 
of neural crest cells. 
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(5)  The most anterior neuromasts are encased in neural crest-derived bone in adult 
zebrafish 

 

As zebrafish ontogeny proceeds, the lateral line system remains closely associated with 

neural crest cell-derivatives.  Supraorbital canals, which will enclose the primary SO 

neuromasts, begin to develop in postembryonic specimens that are 10 mm standard 

length (around 4-6 weeks post fertilization; Parichy et al., 2009) (Webb & Shirey, 2003).  

By the time the developing fish are young adults of 22 mm in standard length, the 

process of canal enclosure of the neuromasts is close to complete (Webb & Shirey, 

2003).  Having observed early patterning defects in the most anterior components of the 

supraorbital system when neural crest cells were absent, we hypothesized that these 

same anterior components are the ones that ultimately lie in neural crest cell-derived 

bone.  

The contributions of neural crest cells to the bones of the zebrafish cranium have 

previously been mapped out using the Cre-recombinase based two-transgene system 

described above (Kague et al., 2012).  This analysis established that only the most 

anterior component of the frontal bone is neural crest derived, with the remainder being 

mesoderm-derived.  The small nasal bone, which lies anterior to the frontal bone, is 

similarly neural crest derived (Kague et al., 2012).  We exploited the same two-

transgene Cre-based lineage tracing system to follow neural crest-derived cells into the 

bony elements of the cranium, to ask how these neural crest-derivatives correspond 

with supraorbital lateral line components. 

We began our analysis by using Tg(sox10Cre;dsRed/EGFP) zebrafish to follow neural 

crest-derived cells into juvenile zebrafish.  Fig. 3-9A shows a maximum projection 
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confocal image of the left side of the cranium, in dorsal view, of a 6 mm standard length 

(SL) (around 3 weeks post fertilization) juvenile specimen.  For this analysis, we labeled 

the supraorbital neuromasts using the vital mitochondrial dye TMRE (yellow), and found 

that the anteriorly localized SO1 neuromast was now embedded in neural crest-derived, 

sox10Cre;EGFP-positive (magenta), tissue.  We then extended our analysis to young 

adult stages (22 mm SL).  Fig. 3-9B shows a low-magnification maximum projection 

large format lightsheet image of the right side of the cranium of a 

Tg(sox10Cre;dsRed/EGFP) specimen.  This specimen is co-labeled with a hair cell 

marker, anti-Otoferlin antibody (yellow) (Goodyear et al., 2010), to reveal SO 

neuromasts, which now include the newly formed anteriorly-located SO1’ neuromast 

(Webb & Shirey, 2003), as indicated.  By this stage, the supraorbital canal has formed, 

and its large open pores are readily apparent, highlighted by edge effects that produce 

some non-specific fluorescent signal in these large specimens.  To provide more 

context, Fig. 3-9C shows a schematic view of the entire cranial region of a 22 mm SL 

young adult specimen, again in dorsal view, indicating the supraorbital canals and the 

canal neuromasts within them (yellow), in relation to the neural crest-derived (magenta) 

and mesoderm-derived (blue) regions of the frontal bone.  The small anterior nasal 

bones, which are also neural crest-derived, lie adjacent to the nostrils (nos).  The region 

imaged in Fig. 3-9B-B’’ is indicated by a dashed box.    

The image in Fig. 3-9B is shown in single channels in Figs 3-9B’ and 3-9B’’.  

Confirming a previous report (Kague et al., 2012), Fig. 3-9B’ (the sox10Cre;EGFP 

channel) shows that the anterior part of the frontal bone is neural crest cell-derived; note 

EGFP-positive puncta across the entire surface of the region to the left of the red 
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dashed line.  Newly formed superficial neuromasts are also apparent at this late stage 

(Webb & Shirey, 2003).  In common with the canal neuromasts (see below), the 

superficials include EGFP-positive puncta, reflecting innervation from neural crest cell-

derived neurons.  Fig. 3-9B’’(the Otoferlin channel) allows individual canal neuromasts 

to be identified.  The region surrounding each of these neuromasts (white dashed line 

boxes) is re-imaged using confocal microscopy at high magnification in Fig. 3-9D-G’, 

with orthogonal (yz) views captured adjacent to each neuromast (plane indicated by 

yellow arrows), provided to the right of each image.  Of note, at the level of each 

neuromast there are filamentous EGFP-positive structures, which are the tips of the 

neural crest cell-derived afferent nerves.  Importantly, Figs 3-9D, D’ and E, E’ show that 

the bone surrounding supraorbital neuromasts SO1 and SO1’ is EGFP-positive, 

confirming its neural crest origin.  By contrast, Figs. 3-9F, F’ and 3-9G, G’ show that the 

bone surrounding SO2 and SO3 lacks a neural crest contribution.   

In summary, our Cre-based lineage tracing has shown that the most anterior 

components of the supraorbital lateral line system, the SO1 neuromasts and the late 

forming SO1’ neuromasts, lie in the neural crest-derived portion of the frontal bone and 

in the neural crest-derived nasal bone, respectively, while SO2 and SO3 are located in 

the mesoderm-derived portion of the frontal bone.  

  



 
 

105 
  

(A) Confocal maximum projection (40x objective), in dorsal view, of the left hand side of the 
anterior cranial region of a 6 mm SL Tg(sox10Cre;dsRed/EGFP) specimen labeled with the 
vital dye TMRE, a mitochondrial marker labeling neuromasts. Canal neuromasts SO1 and SO2 
are shown (TMRE, yellow) alongside neural crest-derived tissue (sox10Cre;EGFP, magenta). 
Because TMRE is highly fluorescent in the rhodamine channel (546 nm), 
the sox10Cre:dsRed signal present throughout the specimen is not visible with the imaging 
parameters selected. ob = olfactory bulb. (B) Large format lightsheet (4x objective), maximum 
projection of the right hand side of the cranium (boxed area in C) of a 22 mm SL 
adult Tg(sox10Cre;dsRed/EGFP) specimen (of n = 5). Neural crest cell-derived tissue is 
labeled with sox10Cre;EGFP (magenta), neuromasts are labeled with anti-Otoferlin antibody 
(yellow), in dorsal view with anterior to the left. (B′) EGFP channel showing neural crest cell-
derived tissue (to left of red dashed line). (B″) Otoferlin channel showing neuromasts (in white 
dashed-line boxes). (C) Schematic of the supraorbital canals and canal neuromasts (yellow) in 
an adult zebrafish. The large frontal and small anterior nasal bones (next to the nostrils, nos) 
are indicated. Cell-type contributions to the bones are as indicated, neural crest in magenta, 
mesoderm in blue. (D-G′) Confocal maximum projection (40x objective), in dorsal view with 
anterior to the left, of each of the canal neuromasts shown in B″ (boxed regions). The white 
dashed lines in D-G indicate the supraorbital canal; D′-G′ show the sox10Cre;EGFP channel 
alone. Orthogonal (yz) sections, taken adjacent to each neuromast (at level of yellow arrows), 
are provided to the right of each panel. Scale bars are 50 μm for panels A, D-G″ and 200 μm 
for panels B–B’’.  

Figure 3-9:The most anterior supraorbital neuromasts are encased in 
neural crest-derived bone in adult zebrafish. 
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IV. Discussion 

 

Our study has augmented understanding of zebrafish anterior lateral line system 

development and its relationship with the cranial neural crest.  Importantly, we have 

documented a close physical tissue-tissue association between the developing 

placodally-derived anterior lateral line system and the underlying cranial neural crest 

cells.  Further, we have tested the functional significance of this interaction: using 

transgene mediated cytotoxicity to kill neural crest cells, we have demonstrated that the 

zebrafish cranial neural crest plays a key role in the development of the overlying 

anterior lateral line.  Both the supraorbital and infraorbital lines fail to extend into the 

anterior, pre-orbital, portion of the cranium in the absence of neural crest.  Using genetic 

lineage tracing, we have established that later in ontogeny it is these same anterior 

supraorbital neuromasts that become encased in neural crest-derived bone.  Taken 

together, our experiments have revealed that the cranial neural crest and cranial 

placode derivatives function in concert over the extent of ontogeny to build the complex 

anterior lateral line system. 

Our analysis of anterior lateral line development during the first five days of 

zebrafish larval life is broadly consistent with a previous comprehensive description of 

neuromast deposition (Iwasaki et al., 2020).  Like Iwasaki and colleagues (2020), we 

have documented migrating anterior lateral line primordia, neuromast budding 

processes, and the emergence of intercalary neuromasts from interneuromast cells.  

However, our SPIM time-lapse analysis has further revealed that migration and budding 
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in the supraorbital line are not entirely separate processes, with the budding of SO1 

from SO2 beginning before SO2 has reached its final location (Fig. 3-1; Supplemental 

Videos 1-4).  Moreover, our Single Plane Illumination Microscopy reveals that the 

infraorbital line initially forms as an elongated ridge of cells, with neuromasts 

subsequently emerging through condensation and proliferation of progenitor cells (Fig. 

3-1; Supplemental Videos 3, 4).  The existence of this ridge was not noted by Iwasaki et 

al. (2020), possibly reflecting the challenge of imaging cells that are located immediately 

below the developing orbit using standard confocal microscopy.   

Migration of a primordium that deposits neuromasts in its wake has been 

described in great detail in the context of the zebrafish posterior lateral line, and is thus 

the more familiar process, but it is important to note that this might not be the general 

condition in jawed vertebrates.  Rather, elongation and fragmentation of lateral line 

primordia occur in both crania and trunks of chondrichthyan species (Gillis et al., 2012; 

Johnson, 1917), as well as in the crania of many non-teleost osteichthyan species 

(Modrell et al., 2011; Northcutt et al., 1994; Stone, 1928; Winklbauer & Hausen, 1983).  

As noted by Iwasaki et al. (2020) evolution of different modes of neuromast deposition 

might reflect relatively modest changes in specific cellular properties. Ultimately, a full 

understanding of lateral line system evolution will require documentation of these 

varying deposition mechanisms across the vertebrates, including in a wider range of 

teleosts. 

Our analysis of lateral line gangliogenesis and afferent nerve development is in 

agreement with the seminal study of Raible and Kruse (2000), as well as with the recent 

detailed transgenic analysis of Iwasaki and colleagues (2020).  We focused in particular 
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on the relationship of developing lateral line ganglia and nerves with the neural crest 

cells.  Confirming a report from Kague et al. (2012) we documented that the neurons in 

the anterior lateral line ganglion derive from both placodes and neural crest.  We 

extended their findings to confirm that both the dorsal (gAD) and the later developing 

ventral (gAV) components of the anterior lateral line ganglia include neurons of both 

origins.  We also established that when the lateral line ganglia first develop from the 

placodes they are surrounded by a ‘shell’ of neural crest cells, which may serve as 

progenitors for the neurons that will subsequently populate the ganglia.  Other neural 

crest cells—presumably developing glia—interact closely with the developing anterior 

lateral line nerves.   

When neural crest cells were removed by transgene-mediated cytotoxicity we 

found that anterior lateral line development was dramatically disrupted.  In the absence 

of neural crest cells the migration of the supraorbital primordium ‘stalls’ above the apex 

of the eye, such that no anterior supraorbital neuromasts are deposited in their typical 

anterodorsal locations relative to the eye.  Similarly, the infraorbital primordium fails to 

extend ventrally below the eye, leading to a similar absence of anterior neuromasts in 

their typical anteroventral locations relative to the eye.  In addition, supernumerary 

neuromasts often develop in the absence of neural crest, producing an unusually 

condensed array of neuromasts in the posterior supraorbital region.  Potential sources 

of these supernumerary neuromasts are discussed below. 

As neural crest cells contribute directly to the lateral line ganglia, it is not 

surprising that we find alterations in both gangliogenesis and lateral line innervation 

when neural crest cells are missing.  While not a primary focus of this study, we note 
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that the posterior lateral line ganglion (gP) is severely reduced in size and highly 

disorganized in the absence of neural crest cells (as exemplified by Figure 3-7C).  

Despite this, we find that the posterior lateral line primordium migrates successfully to 

the terminus of the trunk, consistent with previous reports that innervation is not 

required for its migration (López-Schier & Hudspeth, 2004).  While the anterior lateral 

line ganglion shows less dramatic deficits, our quantification reveals that the number of 

neurons in the ganglion is significantly reduced by 120 hours post fertilization, with the 

anteroventral (gAV) component of the ganglion either absent or drastically reduced in 

size, and the projection from gAV into the hindbrain lacking altogether (Figure 3-7).  Of 

note, it is this late developing gAV component of the ganglion that innervates the 

mandibular and opercular lines, which are completely missing when neural crest is 

absent, presumably reflecting the absence of the tissue in which they would normally 

form.   

In addition to reduced gAD ganglion size when neural crest cells are absent, the 

anterior lateral line nerves are thin, defasciculated, and often make ectopic projections 

(Figures 3-6, 3-7).  These ectopic projections frequently, but not always, connect with 

ectopic neuromasts in the supraorbital region.  On occasion, the nerve that typically 

projects anteroventrally to the infraorbital line (nADio) instead—or in addition—projects 

more dorsally, raising the possibility of dorsal translocation of a single IO neuromast into 

the posterior supraorbital domain.  Consistent with this hypothesis, our SPIM time-lapse 

analysis (Figure 3-8; Supplemental Videos 5, 6) has captured an example of such 

aberrant dorsal migration.  Thus, at least in some instances, ectopic neuromasts in the 

supraorbital region might be misplaced infraorbital neuromasts that are following 
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supraorbital cues and migrating above the eye.  Overall, the deficits we have found in 

lateral line gangliogenesis and innervation are consistent with previous descriptions of 

roles for neural crest in ganglion condensation and establishment of neural connections 

(reviewed by Steventon et al. 2014), including a requirement for chondrogenic—but not 

glial—neural crest in the initial assembly of zebrafish epibranchial ganglia (Culbertson et 

al., 2011).  

Our results raise questions about the source of the other ectopic neuromasts in 

the posterior supraorbital region of neural crest-deficient zebrafish larvae.  One 

possibility is that the ectopic neuromasts derive from cells which would normally form 

the mandibular or opercular neuromasts.  Another possibility, by analogy with posterior 

lateral line phenotypes in the absence of neural crest-derived glia, is that these 

additional cranial neuromasts represent prematurely or ectopically developing 

intercalary neuromasts, or both.  We have observed neural crest cells in close proximity 

to the projecting supraorbital nerves (Figures 3-2, 3-3), and these ‘wrapping’ cells are 

presumably myelinating Schwann cells (Lyons et al., 2005).  In the absence of the 

Schwann cells, nearby interneuromast cells might proliferate precociously and 

condense to form new neuromasts, much as occurs in the trunk.  However, it should be 

noted that a previous study of ngn1 and sox10/colourless mutants, both of which lack 

glial cells, did not reveal ectopic cranial neuromasts at 6 days post fertilization (López-

Schier & Hudspeth, 2005).  Nevertheless, a more detailed future exploration of a 

potential role for Schwann cells in suppressing intercalary neuromast development in 

the anterior lateral line system is warranted.  If Schwann cells prove to play non-

equivalent roles in the cranium and trunk, with respect to suppressing precocious 
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neuromast formation, this does not rule out a similar role for other cranial neural crest-

derived cells.   

We have found that both the neuromasts and the lateral line nerves show 

disrupted localization in the absence of neural crest.  While the anterior lateral line 

neuromasts and their nerves develop together and in concert in specimens with intact 

neural crest, we have found that when neural crest cells are lacking the lateral line 

nerves project from non-uniform points on the ganglia, and then tend to wander, not 

always innervating a target neuromast.  These observations suggest that neural crest 

cells influence nerve outgrowth from the ganglia.  It remains to be resolved whether the 

relevant neural crest cells lie in the outlying tissue, wrap around the ganglia, contribute 

neurons to the ganglia, or are in some combination of these locations.  A possible 

explanation for the increased number of projections from the ganglia is that in the 

absence of surrounding neural crest cells the placode-derived neurons put out 

disorganized projections which do not properly fasciculate.  Neural crest cells play a 

somewhat similar role as ‘boundary cap’ cells, which help to organize the entry and exit 

points of peripheral nerve roots (Maro et al., 2004). Subsequent axon guidance may 

also be influenced by neural crest-derived cells, particularly glia.  Consistent with such a 

model, it has been shown that glial-derived neurotrophic factor (GDNF) is required for 

proper extension of the posterior lateral line nerve, although in that instance it is the 

posterior lateral line primordium itself that serves as the GDNF source (Schuster et al., 

2010). 

The precise nature of the interaction between neural crest and placode-derived 

lateral line cells deserves further attention.  While the neural crest is a highly migratory 
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cell type, our time-lapse analyses reveal that neural crest cells neither tow nor chase 

(Theveneau et al., 2013) the anterior lateral line primordia.  Rather the neural crest cells 

are already in place, although still proliferating and far from static (Supplemental Videos 

2 and 4), at the stages when the supraorbital and infraorbital primordia are migrating 

over them.  The neural crest cells might, however, be providing a physical substrate on 

which the anterior lateral line primordia migrate and bud, and our confocal analysis has 

revealed close apposition of the two cell types, compatible with such a model.  

Alternatively, the neural crest cells might serve as the source of one or more localized 

signals.  Available data (reviewed by Piotrowski & Baker, 2014) suggest that anterior 

lateral line development does not require chemokine signaling—in distinct contrast to 

the situation in the posterior lateral line—but one or more different short-range signals 

could potentially be at work.   

Iwasaki et al. (2020) uncovered a role for local tissue-tissue interactions in the 

specific instance of hyomandibular neuromast progenitors; these respond to R-spondin2 

emanating from mesenchyme of the second pharyngeal arch, which in turn activates 

Wnt/beta-catenin signaling to activate progenitor proliferation.  The lack of a 

requirement for R-spondin2 in the development of other cranial neuromasts is 

consistent with a model in which multiple different localized molecular signals, or cues, 

serve to pattern the varied components of the anterior lateral line system.  We 

hypothesize that one such cue (or set of cues) is followed by the supraorbital 

primordium as it initially migrates dorsoanteriorly to the position where SO2 is 

deposited.  The relatively normal initial migration of the supraorbital primordium in the 

absence of neural crest cells suggests that this particular cue must emanate from non-
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neural crest derived tissue.  Moreover, we observed that when neural crest cells are 

missing, a dorsally mis-placed infraorbital primordium can migrate adjacent to the 

supraorbital primordium, presumably following the supraorbital cue(s) (Figure 3-8; 

Supplemental Movies 5, 6).   A candidate for this supraorbital cue is Fgf signaling.  

Simultaneous knockdown of Fgf3 and Fgf10a disrupts supraorbital neuromast 

deposition, with the sources of these Fgfs identified as the mesoderm/endoderm and 

the anterior lateral line itself, respectively (McCarroll and Nechiporuk, 2013). 

Our study has focused on the anterior lateral line system, which was already 

understood to use distinct developmental mechanisms relative to those of the better 

studied posterior lateral line system (Piotrowski & Baker, 2014).  However, our data 

have uncovered another important difference between the head and trunk lines: we 

have demonstrated that in the absence of neural crest cells the anterior lateral lines fail 

to reach their destinations, yet the posterior lateral line completes its full migration to the 

caudal terminus of the trunk (Figure 3-5).  Intriguingly, the posterior lateral line system, 

despite its destination being the trunk, is nevertheless derived from a cranial placode, 

and could be viewed as a ‘head’ structure (Northcutt and Gans, 1983).  Nevertheless, 

this post-otic placode derivative responds very differently to adjacent neural crest cells 

than does the pre-otic anterior line placode.  It remains unclear to what extent these 

differences are driven by intrinsic differences between the placodes, for example 

differential Hox gene expression status, versus extrinsic differences.  Classical 

embryology experiments performed by Stone (1928) in the axolotl suggested that 

extrinsic differences play a major role.  Stone swapped the anterior and posterior lateral 

line placodes, and found that these swapped placodes responded much as the correct 
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ones to their new environments.  The powerful molecular genetics and imaging 

opportunities now available in the zebrafish provide opportunities to continue to explore 

the molecular underpinnings of both intrinsic and extrinsic aspects of lateral line 

patterning, including the bases of the differences between the anterior and posterior 

systems. 

The placode-derived lateral line system and the neural crest cells are two 

vertebrate specific cell types that are key to vertebrate evolution (Hall 1998; Northcutt & 

Gans, 1983; Gans & Northcutt, 1983). The relationship between these cell types begins 

at the earliest developmental stages with their shared embryonic origins from nearby or 

overlapping non-neuroepithelial ectoderm (reviewed by Koontz et al., 2023; Rocha, 

Beiriger, et al., 2020; Rocha, Singh, et al., 2020; Steventon et al., 2014).  The 

relationship continues with multiple functional interactions, now including those we 

describe in this study in which the neural crest cells influence anterior lateral line 

patterning.  This relationship then culminates with elements of the lateral line system 

becoming embedded in the dermal bone that derives from this same neural crest 

population (this study, Webb & Shirey, 2003).  The contributions of neural crest to 

different components of the cranial dermal skeleton have changed through the course of 

vertebrate evolution (Rocha, Beiriger et al., 2020), as have the morphologies of lateral 

lines (Northcutt, 1989).  New comparative data will be needed to elucidate how the 

relationship between placode-derived lateral lines and cranial neural crest has been 

modified over evolutionary time scales to produce the numerous different lateral lines 

patterns that we find in different vertebrate groups (Northcutt, 1989).   



 
 

115 

As discussed in the introduction, Parrington (1949) hypothesized that the 

precursors of dermal ossifications—which we now know include neural crest cells—

might influence the ‘courses’ of the lateral lines.  Parrington also noted that the test of 

his hypothesis must “rest eventually on experimental evidence”.  Three-quarters of a 

century later, our study now provides that evidence, validating Parrington’s insightful 

model and confirming that there is an intimate and ongoing functional relationship 

between the cranial neural crest cells (which include precursors of dermal bones) and 

placode-derived anterior lateral lines.  
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CHAPTER FOUR: INNERVATION DRIVES POSTEMBRYONIC EXPANSION 
OF THE ZEBRAFISH ANTERIOR LATERAL LINE SYSTEM 
Summary 

Lateral lines are an essential sensory system used by aquatic vertebrates to sense 

environmental hydrodynamic information.  The system comprises distributed sense 

organs called neuromasts and their innervating ganglia, which are organized into 

anterior lateral lines around the eye and jaw and posterior lateral lines (LL) on the 

trunk.  At postembryonic stages, early forming neuromasts expand in size and sink into 

bony canals, while late-forming superficial neuromasts are added to maintain sensory 

density.  Unlike the well-studied zebrafish posterior LL, details of anterior LL 

postembryonic development remain unknown.  Here, we have characterized 

developmental mechanisms and innervation patterns driving expansion of the zebrafish 

anterior LL.  Using tissue-clearing to observe neuromast and nerve markers through 

ontogeny, we demonstrate continuous neuromast addition in the anterior LL, with peak 

rates at larval stages of 6-10 mm standard length (SL).  Superficial neuromast lines 

form parallel to existing canal lines as late as 7 mm SL, with new neuromasts added 

through migration of new primordia, budding, intercalation, and a novel cross-placodal 

mechanism.  Despite some canal lines being innervated by the anterodorsal ganglion, 

all superficial lines are innervated by the anteroventral ganglion.  Anterior LL ganglion 

ablation reveals that denervation abrogates superficial neuromast formation – including 

via the novel cross-placodal mechanism – and limits canal neuromast growth.  While 

the anterior and posterior LL have disparate developmental strategies, innervation is 

critical to expansion of both systems.  Our findings demonstrate that the anterior LL 
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undergoes a “developmental switch” at 7 mm SL, where innervation becomes 

necessary for a secondary phase of sense organ development.  

Attributions 

This work was done in close collaboration with undergraduate student Theresa J 

Christiansen, who generated much of the data in panels 4-1 to 4-7 under my direct 

supervision. I conceived of the study and performed preliminary literature reviews and 

developed the modified CUBIC and TMRE imaging protocols, performed 

immunolabeling and helped with optimizing confocal microscopy. TJC did the 

neuromast counts using vital dye labelling, large format lightsheet microscopy, 

additional immunolabelling and CUBIC stains, laser ablations and performed 

quantitative analyses. VEP played a major role in developing the manuscript for 

publication, coordinated the project and funding acquisition. 

I. Introduction 

The lateral line is a sensory system found in fishes and amphibians that allows them to 

sense hydrodynamic information from their aquatic environment.  The system is 

essential to complex behaviors such as schooling, hunting, and predator evasion.  The 

lateral line comprises distributed lines of mechanosensory organs called neuromasts 

innervated by afferent nerves, which relay sensory input to the lateral line ganglia and 

then to the dorsal octavolateral nucleus of the hindbrain (Raible and Kruse, 

2000).  Each neuromast comprises a cluster of sensory hair cells and their surrounding 

support cells, with the hair cells projecting sensory cilia into an overlying jelly-like cupula 

that interacts directly with the water stream.  These neuromasts are embedded in 

canals—open to the water via pores—or located superficially on the dermis (reviewed 
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by (Venkataraman, Lopez et al., 2025).  Adult patterns of neuromast distribution are 

complex and vary widely, even between closely related species (Webb, 2014).  These 

variations may be adaptations to varied flow environments (Mogdans, 2019).  

The neuromast receptors and their associated nerves develop from ectodermal 

thickenings, the cranial placodes.  While cranial placodes give rise to a variety of 

sensory systems, including the olfactory, optic and auditory capsules, a separate series 

of ‘dorsolateral’ placodes gives rise to lateral line receptors and their nerves (Baker and 

Bronner-Fraser, 2001)  The dorsolateral placodes lying just anterior to the otic vesicle 

produce the anterior lateral lines (anterior LL) that populate the head, while placodes 

just posterior to the otic vesicle produce the posterior lateral lines (posterior LL) that 

populate the trunk.  The ontogeny of neuromast patterning has been described for 

several teleost species, including both the anterior and posterior LL systems of the 

cichlid genera Tramitichromis and Aulanocara , the anterior and posterior LL systems of 

rainbowfish (family Melanotaeniidae) , the anterior LL of the brook trout  and the goby 

genus Elacitinus , and the posterior LL of lab strains of medaka  and zebrafish (Ledent, 

2002). 

Much of our knowledge of lateral line development comes from the zebrafish 

(Danio rerio), where the early development of the posterior LL has been thoroughly 

characterized at a molecular and cellular level during embryogenesis (the first three 

days post fertilization; dpf) (reviewed by Aman & Piotrowski, 2011; Dalle Nogare & 

Chitnis, 2017; Piotrowski & Baker, 2014).  Recently, the systems level development of 

the more complex zebrafish anterior LL has also been described up to 10 dpf (Iwasaki 

et al., 2020).  This work built on a seminal study on the innervation of the zebrafish 

https://www.zotero.org/google-docs/?QB4Hg9
https://www.zotero.org/google-docs/?QB4Hg9
https://www.zotero.org/google-docs/?lrTh2t
https://www.zotero.org/google-docs/?lrTh2t
https://www.zotero.org/google-docs/?gxRipw
https://www.zotero.org/google-docs/?gxRipw
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lateral line system (Raible & Kruse, 2000), which described both anterior and posterior 

placodal systems.  Raible & Kruse (2000) established that the lateral line nerves have 

stereotypical entry points into the hindbrain, where the anterior LL enters with the facial 

(VIIth) motor nerve root, while the posterior LL enters with the glossopharyngeal (IXth) 

nerve.  Moreover, they found that the zebrafish anterior LL system comprises separate 

anterodorsal (AD) and anteroventral (AV) systems, which originate from adjacent 

placodes located anterior to the otic vesicle.  Each placode gives rise to a migrating 

primordium of neuromast progenitor cells (which later deposit neuromasts at 

stereotyped locations) as well as the ganglion that innervates these cells.  The early 

larval AD system consists of the supraorbital and infraorbital neuromast lines, above 

and below the eye, respectively, innervated by the anterodorsal ganglion (gAD).  The 

AV system consists of the continuous preopercular and mandibular lines along the jaw, 

and the anteroventral ganglion (gAV).  The overall organization of the anterior LL is 

schematized in Figures 1A, A’. 

  Raible and Kruse’s study (2000) focused specifically on the embryonic and early 

larval stages of zebrafish development, up to 5 dpf, with Iwasaki and colleagues (2020) 

extending our knowledge out to 10 dpf.  Following the embryonic establishment of 

lateral lines from primordia, we know from studies of the posterior LL that additional 

neuromasts are added via budding from parent neuromasts, or form between existing 

neuromasts via proliferation and condensation of interneuromast progenitors, a process 

termed ‘intercalation’ (reviewed by Ghysen & Dambly-Chaudière, 2007).  Similar 

mechanisms were described by Iwasaki et al. (2020) in the first 10 days of anterior LL 

development.  However, the entire lateral line system expands enormously during 

https://www.zotero.org/google-docs/?5qMbig
https://www.zotero.org/google-docs/?C4Y4ZR
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subsequent ontogeny.  As the animal continues to grow from larval stages to adulthood, 

early forming canal neuromasts increase in size and become enveloped in grooves that 

ossify into canals.  Simultaneously, hundreds of smaller superficial neuromasts emerge 

to form complex patterns on the surface of the skin (Webb and Shirey, 2003; Ghysen 

and Dambly-Chaudière, 2004).  The developmental mechanisms underlying the addition 

of these superficial neuromasts remain unknown.  However, for the posterior LL system 

it has been shown that innervation is dispensable during embryonic development but 

becomes necessary by adult stages for the budding process that produces orthogonal 

“stitches” of superficial (or “accessory”) neuromasts.  When the posterior LL ganglion is 

unilaterally ablated from juvenile zebrafish, the budding process fails to occur, such that 

no superficial neuromasts develop along the flank on the experimental side (Wada et 

al., 2013).  In the anterior LL, only the superficial opercular line has had neuromast 

ontogeny described in detail (Wada et al., 2010), and the ontogeny of complete adult 

anterior LL innervation has not been described for any teleost to date. 

  Here, by combining live imaging of transgenic markers with CUBIC clearing and 

immunostaining methods, we visualized zebrafish anterior LL development from early 

larval to adult stages at high spatiotemporal resolution.  We find that late-forming 

superficial anterior lateral lines form parallel to canal lines during early larval 

development, with each superficial line innervated by a new branch of the AV 

ganglion.  Many of the newly forming superficial neuromasts develop through previously 

documented strategies: primordium migration, budding, and intercalation.  However, in 

the case of the supraorbital superficial line, we describe a novel, cross-placodal 

mechanism of superficial neuromast line formation that combines neuromast tissue from 
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the AD system with innervation from the AV system.  Using laser ablation of the ganglia, 

we establish that functional removal of anterior LL innervation decreases superficial 

neuromast number and restricts patterning.  Specifically, canal neuromast growth is 

limited, and neuromasts formed by the newly described cross-placodal mechanism are 

absent.  Together, our findings reveal that innervation acts as a ‘developmental switch’, 

becoming broadly required for anterior LL development only at late larval stages. 

 

II. Materials and methods 

(1) Animal Husbandry 
 

 Zebrafish (Danio rerio) were maintained in accord with IACUC-approved 

protocols at the University of Chicago.  Embryos and early stage larvae were 

maintained in E3 solution (5mM NaCl, 0.17mM KCl, 0.33mM Ca2Cl2, 0.33mM MgSO4), 

which was supplemented with 0.3% 1-phenyl-2-thiourea (PTU; Sigma) to block pigment 

formation for analyses between 24 hpf and 7 dpf, and staged according to standard 

guidelines (Kimmel et al., 1995).  Later stage larvae (up to 10 mm SL), juveniles (11-22 

mm SL) and adults (>3 months and >22 mm SL) were staged by measuring standard 

length (SL).  SL was measured from the tip of the snout to the caudal peduncle (Parichy 

et al., 2009), providing a more accurate measure of developmental stage than days post 

fertilization, because growth rates differ between individuals (see Table 1 for stages 

analyzed in this study).  Embryos were obtained from crosses of adult fish stocks of wild 

type (*AB line) and/or transgenic lines.  The following transgenic lines were used: 

Tg(cldnB:GFP)zf106 is a tight junction marker that labels cell membranes in the lateral 

line system, other placodes, and epithelia (Haas and Gilmour, 

https://www.zotero.org/google-docs/?5R4Vm7
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/transgenics
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2006);  Tg(Hgn39d:GFP)nkhgn39dET  is an enhancer trap insertion (Nagayoshi et al., 2008) 

into the contactin associated protein 2a gene, which specifically labels lateral line 

afferent nerves as well as the lens (Faucherre et al., 2009; Pujol-Martí et al., 2012). 

(2) Vital Dye Labeling and Live Imaging 
 

 For TMRE live-dye labeling, zebrafish were incubated in 5 nM 

Tetramethylrhodamine Ethyl Ester, Perchlorate (TMRE; Invitrogen) in E3 

medium.  Larvae were incubated for 30 minutes and adults for up to 1 hour (Esterberg 

et al., 2013; Mandal et al., 2021).  After incubation, the specimens were washed 

repeatedly in E3 medium to remove excess TMRE.  Specimens were anesthetized 

using 0.08-0.1% tricaine in E3 for a maximum of one hour after TMRE treatment to 

allow imaging.  Fish were monitored continuously and immediately removed from the 

tricaine solution if opercular movements, indicative of respiration, stopped.  TMRE-

labeled specimens were live imaged using a Leica M205A epifluorescent microscope 

with an AmScope MU500-PB10 5MP USB Camera or a Zeiss LSM 900 confocal with 

the Plan-Apochromat 10x/0.3W or 40x/1W objectives.  For epifluorescent imaging, 

specimens were positioned in a 35 mm petri dish of E3 medium containing a lateral or 

dorsal zebrafish larval body shape agarose mold.  Custom 3D printed mold blocks were 

designed in Tinkercad and printed with the Ultimaker 3 printer in PVA material (gift from 

Elaine Kushkowski).  Molds were made by placing the mold blocks in 1-1.5% agarose 

for 30 minutes before carefully removing them with forceps.  Confocal imaging was 

performed on larvae embedded in 0.7-1% agarose (Invitrogen UltraPure Low Melt 

Agarose Cat #16500) dissolved in E3 medium containing 0.08-0.1% tricaine cooled to 

37°C in 60 mm glass bottom dishes (MatTek, USA).  Larvae mounted in agarose were 
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carefully positioned and removed from the agarose after imaging using a wire 

tool.  Larvae that were previously stained with TMRE were then housed in separate 

tanks.  Images were acquired using the Zeiss Zen software and image post-processing 

was performed in FIJI (Schindelin et al., 2012)  

(3) CUBIC clearing and immunolabeling 
 

For adult zebrafish immunolabeling, a CUBIC clearing and staining protocol was 

adapted from Pende et al (2020) on specimens fixed in 4% paraformaldehyde (PFA; 

Sigma).  Adult specimens were depigmented in cold acetone overnight at -20°C before 

lightly bleaching for 5-20 minutes in a 3% solution of hydrogen peroxide in 1% KOH in 

water.  Specimens were incubated overnight in Low Urea CUBIC I (Pende et al., 2020) 

solution at 37°C for initial clearing.  For immunolabeling, cleared specimens were 

blocked using goat serum at 25°C for 3-4 hours before primary and secondary 

incubation.  Primary and secondary solutions were centrifuged for 5 minutes to remove 

aggregates immediately prior to incubation.  Primary incubation time varied from 1-4 

days at 37°C depending on specimen size, followed by secondary incubation from 1-3 

days at 37°C.  Specific incubation times based on specimen size were as follows:- 4-6 

mm SL: 1 day primary, 1 day secondary; 6-10 mm SL: 2 days primary, 1-2 days 

secondary; 10-22 mm SL: 3 days primary, 2-3 days secondary.  To preserve transgenic 

fluorescence of Tg(Hgn39d:GFP) specimens, bleaching was limited to <10 

minutes.  Cleared and stained specimens were deskinned with forceps to remove 

unwanted signal from epithelial tissue before imaging.  Specimens were placed in 

CUBIC R + (N) RI matching solution (Kubota et al., 2017) for at least 30 minutes prior to 

imaging and mounted between two glass coverslips.  Cleared and stained specimens 
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were imaged on either a Zeiss LSM 900 microscope or a LaVision Large Format 

Lightsheet microscope. 

For embryonic and early larval stages, immunolabeling was performed as 

previously described (Prince et al., 1998)on specimens fixed in 4% PFA. The primary 

antibodies used were anti-Sox2 1:200 (anti-rabbit; Genetex GTX124477; RRID 

AB_1117806), anti-GFP 1:200 (anti-rabbit; Thermo Fisher Cat # A-6455; RRID: 

AB_221570), and anti-acetylated alpha-tubulin, 1:200 (anti-mouse; Sigma-Aldrich Cat# 

T7451; RRID_AB_609894).  Secondary antibodies used were Alexa 488, 1:500 

(Invitrogen anti-mouse A-11001; anti-rabbit A-11008), Alexa 546 1:500, (Invitrogen anti-

mouse A-11003; anti-rabbit A-11035), and Alexa 633, 1:300 (Invitrogen anti-mouse A-

21052; anti-rabbit A-21070).  Specimens were mounted in 1% agarose in 60 mm dishes 

and imaged on the Zeiss LSM 900 confocal with the Plan-Apochromat 10x/0.3W or 

40x/1W objectives. 

(4) Large Format Lightsheet Imaging  
 

Juvenile and adult specimens were imaged on a LaVision Large Format Lightsheet, 

using a 4x objective, and 2.0 μM excitation sheet in CUBIC R+ (N) imaging medium 

(Kubota et al., 2017).  

(5) Laser Ablations  
 

A confocal microscope (either Zeiss LSM 900 or LSM 710) at 40x magnification was 

used to unilaterally ablate the anterior lateral line ganglion (both dorsal and ventral 

components) of Tg(Hgn39d:GFP) specimens.  Tg(Hgn39d:GFP) specimens were 

selected for ablation at 4 dpf based on bright GFP signal in the ganglia coupled with 
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strong swimming ability, indicative of healthy and robust specimens.  Larvae were 

anesthetized and mounted as described above.  The side to be ablated was selected at 

random.  A 405 nm laser was used on 60%-75% power to ablate 2-4 cells at once 

(Morsch et al., 2017).  Cells were identified and the zoom feature in Zen used to magnify 

them by 20x (800x total magnification) before exposing them to the laser in 6 bursts of 

30 seconds, using the photobleaching module in Zeiss Zen software.  In successful 

ablations, all signal from the ganglion cells was permanently removed and degradation 

of the lateral line nerves could be visualized immediately.  Specimens were maintained 

as described above through larval stages.  Ablated specimens were raised in groups of 

≤ 6 in small tanks of ~200 ml water volume with daily water changes of 5-

10%.  Specimens were stained with TMRE each week as described above until sacrifice 

for final analysis at 6 weeks of age or a minimum length of 11 mm SL.  During analysis, 

superficial neuromasts in the nasal line were not included in the total counts, due to 

consistent ectopic reinnervation of ablated side nasal neuromasts by control side 

nerves.  

  

(6) Image Processing 
 

Lateral line tissue was segmented out from epithelia in selected confocal image stacks 

(used in Figures 4-4 and 4-5) of transgenic Tg(CldnB:GFP) or 

Tg(CldnB:GFP;Hgn39d:GFP) larval specimens using the software FIJI.  Image stacks 

were thresholded and converted to binary.  The ‘analyze particles’ tool was used to 

generate masks of image features 50 μm2 or larger.  Masks were manually edited to 

exclude lateral line tissue using the ‘watershed’ and ‘flood fill’ tools and enlarged using 
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the ‘dilate’ tool.  To remove the epithelial tissue signal, masks were subtracted from the 

original image stack using the image calculator tool.  To compare signal intensity 

between control and ablated specimens in Figures 4-6 and 4-7, images were taken at 

the same laser power and processed using identical parameters.  In specimens 

immunolabeled with Sox2, canal neuromast length was measured transverse to the 

canal and width was measured parallel to it, as described by (Webb and Shirey, 2003), to 

establish aspect ratios. 

III. Results 

(1) The zebrafish anterior lateral line expands by addition of superficial neuromast 
lines 

 

The ontogeny of zebrafish anterior lateral lines at late larval and juvenile stages has not 

been described in detail.  This gap in knowledge reflects the challenge of visualizing 

structures such as cranial nerves in juvenile zebrafish that become increasingly opaque 

through development. In this study, we have visualized zebrafish anterior lateral line 

(ALL) development in larval, juvenile, and young adult specimens at high temporal and 

spatial resolution by combining live imaging of transgenic markers with CUBIC clearing 

and immunolabeling methods.  To map out the postembryonic development of the ALL, 

we documented changing neuromast patterns and their innervation in larvae of 3 mm 

standard length (SL) (7 days post fertilization; dpf) through juvenile stages and on to 

adults of 22 mm SL (approximately 3 months post fertilization; mpf), as shown in Figure 

4-1.   

As schematized in Fig. 4-1A, in 3 mm SL larvae there are just four lines of 

neuromasts present: the mandibular (MD) canal line (including the hyomandibular (HM) 

neuromasts) (1), the infraorbital (IO) canal line (2), the supraorbital (SO) canal line (3), 
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and the superficial otic series (O) (4).  By contrast, in the 22 mm SL adult an additional 

nine superficial lines or series of neuromasts are present (Fig. 4-1A’, lines 5-13; Table 

2).  The superficial lines include three that parallel the original canal lines (the MD (5), 

IO (6), and SO (7) superficial lines), as well as neuromast series that form at the 

anterior ends of the IO and MD canals via neuromast budding (8-9) (Table 2).    

The data that underlie these schematics are shown in Fig. 4-1B-E.  These 

images are confocal (Fig. 4-1B-C’) or lightsheet (Fig. 4-1D-E) maximum projections of 

specimens cleared using CUBIC to allow the visualization of deep structures that are 

immunolabeled for the neuromast marker Sox2 (magenta; (Hernández et al., 2007) 

Genetex GTX124477, RRID AB_1117806) and the nerve marker acetylated alpha-

tubulin (cyan, (Chitnis & Kuwada, 1990), Sigma-Aldrich Cat# T7451, RRID_AB_609894) 

(Fig. 4-1B-E).  At the larval starting point (3 mm SL; Fig. 4-1B), there are stereotypically 

fourteen neuromasts, connected by simple lateral line nerves.  By late larval stages (10 

mm SL; Fig. 4-1C, C’) the system has expanded dramatically to include approximately 

100 neuromasts and increasingly branched cranial nerves.  At this stage, developing 

canal neuromasts are easily distinguished from superficial neuromasts by their larger 

size (Brown et al., 2023; Webb & Shirey, 2003).  In Fig. 4-1C’, the individual canal 

neuromasts of the infraorbital (IO) system are labeled in blue, and those in the 

preopercular/mandibular canal (hereafter referred to as the mandibular (MD) canal) are 

labeled in yellow.   

By early adulthood (22 mm SL), the number of superficial neuromasts has 

increased further and the mature canal neuromasts have become enclosed by epithelial 

grooves that have begun to ossify into canals (Fig. 4-1D, E; yellow dotted outlines 

https://www.zotero.org/google-docs/?bquOFw
https://www.zotero.org/google-docs/?hjVoeP
https://www.zotero.org/google-docs/?NmeUCG
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indicate the canal boundaries).  In Fig. 4-1E, the canal neuromasts of the supraorbital 

(SO) system, SO1*-SO3, are indicated (white arrows; note that SO1* buds from existing 

neuromast SO1).  Typically, the canal neuromasts lie at the bottom of the bony canals, 

curving upward along the sides of the canal, and elongating along the length of the 

canal as the fish grows (Webb & Shirey, 2003).  By contrast, superficial neuromasts are 

significantly smaller and lie adjacent to the canals on the surface of the skin (SO 

superficial neuromasts are indicated, Fig. 4-1E).  There are also much smaller clusters 

of cells labeled by Sox2, which we tentatively assign as cutaneous touch receptors, 

unrelated to the anterior LL system (Fig. 4-1E, yellow arrows; Brown et al., 2023; Webb 

& Shirey, 2003). 

We quantified the total anterior LL neuromast count on one side of the head 

between 3 mm and 22 mm SL stages, using the vital dye hair cell label 

Tetramethylrhodamine Ethyl Ester, Perchlorate (TMRE) to label the neuromasts 

repeatedly as ontogeny proceeded (Fig. 4-1F; n = 10).  Throughout ontogeny there is a 

consistent increase in total neuromast number with body size, with variation in 

neuromast number between specimens increasing over time.  Notably, there is a sharp 

increase in neuromast addition rates at late larval stages (7-10 mm SL) (Fig. 4-1F; gray 

panel).  Canal neuromasts and superficial neuromasts making up superficial neuromast 

lines are added with different kinetics, as shown in Fig. 4-1G.  About half of the adult 

canal neuromasts are added at stages between 4 mm and 9 mm SL, with the last 

forming canal neuromasts developing just before the onset of formation of the bony 

canals beginning at 10-11 mm SL (Webb & Shirey, 2003).  Across the superficial lines, 

the broad coordination in neuromast addition likely reflects consistent growth of the 

https://www.zotero.org/google-docs/?rhB6Nr
https://www.zotero.org/google-docs/?rhB6Nr
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underlying dermal structures. Notably, the spike in superficial neuromast addition rates 

at 7-10 mm SL occurs across all major superficial lines (Fig. 4-1G; gray panel).  

  Our neuromast quantifications allowed us to track the ontogeny of each canal 

neuromast and neuromast line; these data are summarized in Table 2.  As noted by 

Webb & Shirey (2003), not all neuromasts that form at embryonic stages are destined to 

become canal neuromasts, as exemplified by the early-forming superficial otic series 

and neuromast MD1.  In the adult zebrafish, anterior LL canal neuromasts were 

described by Webb & Shirey (2003) as being organized into four neuromasts of the 

supraorbital canal, five neuromasts of the infraorbital canal, and five neuromasts of the 

mandibular canal, with pores in the canal bones lying in between adjacent neuromast 

organs and thus connecting the canal with the external environment.  By contrast, we 

found about seven infraorbital and about seven mandibular canal neuromasts.  This 

discrepancy likely reflects, at least in part, our finding that canal neuromasts are present 

at the open ends of each canal, in addition to those located between the pores.  It is 

also possible that different zebrafish lab strains might exhibit differences in canal 

neuromast number.  Of relevance, we find some variation in canal neuromast number 

between individuals, and in adults we have found that canal neuromasts sometimes 

split into two adjacent structures (e.g. Fig. 4-1D, asterisks). 
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Figure 4-1: Development of neuromast 
patterning in the zebrafish anterior lateral line 
from early larval to adult stages (3-22 mm SL). 
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Fig 4.1 cont. (A-A’) Summary schematic of patterning changes between 3 mm SL / 7dpf larvae and 22 
mm SL adults. The number and size of canal neuromasts (blue) increases and hundreds of superficial 
neuromasts (magenta) are added. Each canal line and superficial neuromast series found in the adult is 
labeled 1-13. (A) At 3 mm SL, the mandibular (MD) canal line (1); infraorbital (IO) canal line (2); 
supraorbital (SO) canal line (3); and otic series (4) are present. (A’) At 22 mm SL, nine additional 
superficial lines are present: the MD superficial line (5), which runs parallel to the MD canal line; the IO 
superficial line (6), which runs parallel to the IO canal; the SO superficial line (7), which runs parallel to 
the SO canal line; the MD series (8) at the anterior end of the MD canal; the nasal series (9) at the 
anterior end of the IO canal; the anterior pit line (10), which buds dorsally from O1; the hyomandibular 
superficial line (11); the dorsal opercular line (12); and the opercular line (13).  (B-E) Anterior LL 
neuromast pattern through ontogeny; e = eye.  (B) Cranial region of a 3 mm SL specimen immunolabeled 
with Sox2 (magenta) and acetylated alpha-tubulin (cyan), Scale = 200 µm. (C) Cranial region of a 10 mm 
SL specimen immunolabeled with Sox2 and acetylated alpha-tubulin. (C’) Single channel split of the 
specimen in (C) showing the Sox2 label. Infraorbital (IO) canal neuromasts are labeled in cyan and 
hyomandibular/mandibular (HM/MD) canal neuromasts are labeled in yellow. Scale = 200 µm. (D) Cranial 
region of a 22 mm SL young adult specimen stained with Sox2. Image was processed with IMARIS. The 
SO canal boundaries are highlighted (yellow dotted line). Yellow asterisks indicate an example of 
‘splitting’ of a canal neuromast. Scale = 100 µm. (E) Close up of the supraorbital (SO) canal of the same 
specimen. The canal boundaries are highlighted (yellow dotted line) and canal neuromasts SO1*-SO3 are 
indicated with white arrows and labeled. The SO superficial neuromasts are also indicated. Examples of 
non-neuromast Sox2 expression are indicated by yellow arrows. Scale = 100 µm. (F-G) Quantification of 
neuromast patterning over ontogeny (3-22 mm SL). Region showing neuromast counts from 7-10 mm SL 
specimens is emphasized (gray rectangle). (F) Neuromast count vs. Standard Length (mm) for (n=10 
each) of 3-10 mm, 15 mm, and 22 mm SL specimens. Brackets = standard deviation. (G) Neuromast 
count by line (total canal, IO superficial, MD superficial, opercular, and SO superficial) vs. Standard 
Length (mm).  
     

We next described the second essential component of the anterior LL system, its 

sensory innervation from the anterodorsal (gAD) and anteroventral (gAV) 

ganglia.  Figure 4-2 shows confocal and lightsheet maximum projections of cleared and 

stained specimens that reveal the ontogeny and adult pattern of anterior LL innervation 

in Tg(Hgn39d:GFP) specimens.   Tg(Hgn39d:GFP) is a transgenic line that selectively 

labels lateral line afferent nerves (Faucherre et al., 2009; Pujol-Martí et al., 2012), with 

individual neuromasts recognizable by the complex dendritic arbors that contact the hair 

cells (Faucherre et al., 2009).  Adult specimens were cleared with CUBIC and 

immunolabeled with anti-GFP antibody (Thermo Fisher Cat # A-6455; RRID: 

AB_221570) to enhance the endogenous Tg(Hgn39d:GFP) signal.  Anterior LL 

innervation is divided into the anterodorsal (AD) system, innervated by gAD, and the 

anteroventral (AV) system, innervated by gAV. 
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(A-A´) Innervation map at early larval stages (3 mm SL / 7 dpf). (A)  3 mm SL nerve map 
schematic, based on adjacent image of anterior lateral line afferent innervation of a 3 mm 
SL specimen immunolabeled for anti-GFP against Tg(Hgn39d:GFP) (confocal maximum 
projection). The schematic shows the anterodorsal nerves and ganglia in cyan (nAD 
supraorbital (so) and infraorbital (io) and the anteroventral nerves in magenta (nAV 
mandibular (md) and opercular (op). Axonal projections to the hindbrain are indicated in 
purple. (A’) Close up of late forming superficial nerves (red labels) in the infraorbital region, 
running parallel to canal nerves, and neuromasts (black labels) at 3 mm SL. (B) 15 mm SL 
nerve map schematic showing the mature anterodorsal system (cyan: nAD supraorbital, 
infraorbital, and anterior pit (ap) and anteroventral system (magenta: nAV mandibular, 
mandibular superficial (mds), infraorbital superficial (ios), opercular, opercular dorsal (opd), 
and supraorbital superficial (sos), based on adjacent image of innervation of a 15 mm SL 
specimen immunolabeled for anti-GFP against Tg(Hgn39d:GFP) (lightsheet maximum 
projection). (C) 10 mm SL specimen, showing nerve branch points at the anteroventral 
ganglion (confocal maximum projection at high magnification). The nAVsos branch point is 
indicated with a red arrow. Scale = 50 µm. (D-E) Innervation map at adult stages (22 mm 
SL) immunolabeled for anti-GFP against Tg(Hgn39d:GFP). (D) Lightsheet maximum 
projection of orbital region of the cranium showing the anterodorsal ganglion and nerves 
(cyan in adjacent schematic). (E) Light sheet maximum projection of lateral-ventral view of 
a 22 mm SL specimen showing the anteroventral nerves (magenta in adjacent schematic). 
Scale = 100 µm. 

Figure 4-2: Description and development of adult zebrafish anterior lateral line 
innervation.  
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In 3 mm SL specimens, the AD innervation is relatively simple, as schematized in Fig. 

4-2A and shown by the adjacent Hgn39dGFP nerve map.  The embryonic AD system 

(cyan in Fig. 4-2A) consists of branches innervating the SO and IO canal lines. The 

embryonic AV system (magenta in Fig. 4-2A) innervates the MD and Op (opercular) 

lines.  Both ganglia project axons into the central nervous system at the level of the 

hindbrain (purple) (Fig. 4-2A).  Fig. 2A’ shows a higher magnification view of the 3 mm 

SL specimen, revealing the first developing nerve fibers for late-forming superficial lines 

that will branch from the gAV (red labels).  Note that in the descriptions that follow, we 

use the terminology established by Raible & Kruse (2000), and in addition, we use the 

designation “s” for the newly forming nerves that will innervate superficial lines of 

neuromasts.  In the 3 mm SL specimen, nAVios (nerve from the AV ganglion projecting 

to the infraorbital superficial line) branches from near neuromast HM1 and runs parallel 

to the IO nerve; the nAVmds branches anteriorly from neuromast HM2 and runs part of 

the way down the MD nerve; and the nAVsos branches dorsally from the gAV root 

above neuromast HM1.  We use the nomenclature of HM1 and HM2, based on Iwasaki 

et al. (2020), to describe the embryonic neuromasts that will eventually become canal 

neuromasts in the preopercular portion of the mandibular canal.   

By juvenile stages (15 mm SL), all branches of adult innervation have been 

established (Fig. 4-2B).  The organization of the anterodorsal system (cyan) remains 

very similar to that of 3 mm SL specimens (compare schematics in Figs 4-2A, B).  By 

contrast, the anteroventral system (magenta) is significantly expanded at this later 

stage.  New nerves have been added running parallel to each of the existing canal lines, 
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and a secondary dorsal branch of the opercular line (nAVopd) has formed (Fig. 4-

2B).  By these juvenile stages, superficial nerve nAVios has split into a dorsal branch, 

which innervates superficial neuromasts parallel to the infraorbital line, and a ventral 

branch, which innervates superficial neuromasts parallel to the mandibular line.  The 

early origins (up to 10 dpf) of two of these nerves, nAVopd and nAVios (designated as 

nAVmx), were previously noted by Iwasaki et al. (2020).  Fig. 4-2C shows a close-up 

view of the root of the anteroventral system dividing into several branches at late larval 

stages (10 mm SL), confirming that late forming nerves such as the nAVsos (red arrow) 

originate from the gAV.  The AD (Fig. 2D) and AV (Fig. 4-2E) systems are separately 

shown in a 22 mm SL adult, with accompanying schematics highlighting the relative 

elaboration of each system’s innervation.  The expansion of the anterior lateral line 

occurs primarily due to the addition of AV-innervated superficial neuromast lines at 

larval stages. 
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(A) Schematic of CldnB-labeled lateral line primordia derived from AD (magenta) and AV (cyan) placodes. 
(B-H) Confocal images of live Tg(CldnB:GFP) specimens. (B-D) Development of the mandibular 
superficial line from its migrating primordium (MD Sup Prim) at (B) 4 dpf; (C) 6 dpf; and (D) 7 dpf. (B) The 
mandibular superficial primordium (red bracket) extends from HM2 by 4 dpf, parallel to the mandibular 
primordium (white arrowheads). (C) By 6 dpf the primordium has begun to condense into a 
protoneuromast (red box). (D) At 7 dpf the first neuromast of the MD superficial line is in place (MD Sup 1; 
red box); CldnB:GFP (yellow); TMRE (magenta) labels hair cell mitochondria within the neuromast. (E-H) 
Development of the infraorbital superficial line from its migrating primordium (IO Sup Prim). Extension of 
the IO superficial primordium (red bracket) adjacent to HM1 at (E) 3 dpf; (F) 5 dpf; (G) 7dpf; and (H) 10 
dpf; where it condenses into the first neuromast of the IO superficial line (IO Sup 1; red box). (E) The 
infraorbital superficial primordium originates adjacent to HM1 (red arrow)and extends a few cells ventrally. 
(F) At 4 dpf, the primordium has extended past HM2, running parallel to the IO canal line. (G) At 7 dpf, the 
primordium has extended parallel to the IO canal line (white arrowheads) to its terminal location adjacent 
to the eye between IO1 and IO2 (red box), where the terminus has condensed into a protoneuromast. (H) 
At 10 dpf, this terminus (red box) has differentiated into the first neuromast in the IO superficial line, 
labeled with CldnB:GFP (yellow) and neuromast hair cell marker TMRE (magenta). (I-H) Confocal images 
of live (I, K) and fixed (J, H) Tg(Hgn39D:GFP) specimens immunolabeled for GFP. (I) The innervating MD 
superficial nerve (red bracket) is shown at 4 dpf, branching from gAV near HM2 (red arrow), and running 
parallel to the MD canal nerve (black arrowhead). (J) At 6 mm SL the MD superficial nerve (red 
arrowheads) has extended anteriorly to innervate neuromasts in the mandibular superficial line 

Figure 4-3: Mechanisms of postembryonic superficial neuromast formation from late forming 
primordia. 
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Fig 4-3 cont. (red boxes), continuing to run parallel to the MD canal nerve (black arrowheads). (K) The 
innervating IO superficial nerve (red bracket) branches off from gAV near HM1 (red arrow) and runs 
parallel to the IO canal nerve (black arrowhead). (L) At 6 mm SL the IO superficial nerve (red arrow) has 
formed a ventral branch, with both the original and ventral branches (red brackets) running parallel to the 
IO canal nerve (black arrowhead) and innervating neuromasts in the infraorbital superficial line (red 
boxes). e = eye. 
 
 

(2)  Neuromasts are added by re-use of embryonic mechanisms at later ontogenetic 
stages 

 

Next, we investigated the mechanisms that drive the formation of the superficial lines 

that lie parallel to the canal lines, as well as the proliferation of superficial and canal 

neuromasts at larval stages.  Postembryonic descriptions of the zebrafish posterior 

lateral line have described three different mechanisms by which late forming 

neuromasts can develop.  The first mechanism relies on migration of new primordia: the 

posterior LL forms secondary primordia (prim II and primD) at 48 hpf that migrate 

parallel to the original line ventrally and dorsally, respectively, dropping off superficial 

neuromasts in their wake (Sarrazin et al., 2010).  The second mechanism, intercalation, 

occurs in larval stages beginning at 3-4 dpf.  In this mechanism, interneuromast 

progenitors, which are deposited between existing neuromasts during the initial 

migration of the primordia, proliferate and condense into new neuromasts (Ledent, 

2002).  The third mechanism is budding, where cells from a parent neuromast 

proliferate, extend, and then round up to condense into a daughter neuromast.  In the 

posterior LL, budding occurs sequentially beginning at 10 mm SL to form dorsoventral 

“stitches” that lie orthogonal to the original line, increasing the number of neuromasts in 

each of the lateral lines (Ledent, 2002; Wada et al., 2013).  For both the caudal 

neuromasts of the tail and the opercular superficial line of the anterior LL, neuromasts 

are added by a similar sequential budding process beginning at early larval stages and 
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occurring in the direction of growth of the underlying dermal bone (Wada et al., 

2010).  We asked if, when, and how each of these mechanisms might be used in the 

zebrafish anterior lateral line system, as well as whether there are any anterior LL-

specific mechanisms of superficial neuromast formation. 

  Figure 4-3 documents the emergence of superficial lines from newly emerging 

primordia.  By 3 dpf the mandibular, infraorbital, and supraorbital primordia of the canal 

lines have migrated to their final locations.  Next, the superficial lines start to develop 

from newly emerging superficial primordia, all of which derive from the AV system 

(schematized in Fig. 4-3A; blue).  Figs 4-3B-H show maximum confocal projections of 

lateral line tissue in living zebrafish specimens, imaged using Tg(CldnB:GFP), a 

transgenic line that marks tight junctions of epithelial cells and is enriched in the lateral 

line system (Haas & Gilmour, 2006).  Fig. 4-3B-D documents the emergence of the 

mandibular superficial line, which runs parallel to the mandibular line, from a newly 

emerging strand of CldnB-labeled primordium cells that extends anteriorly from the AV-

derived hyomandibular system at relevant stages (n = 5 specimens).  Fig. 4-3B shows a 

4 dpf specimen with a new primordium splitting off the anterior end of the HM 

primordium (red bracket), parallel to the mandibular line (white arrowheads).  By 6 dpf 

(Fig. 4-3C), this MD superficial primordium has extended part way along the length of 

the MD line and cells are beginning to condense into a protoneuromast (red box).  At 7 

dpf (Fig. 4-3D) the first MD superficial neuromast (MD Sup 1; red box) is in place, with 

mitochondria-rich hair cells labeled by vital dye TMRE (magenta) now present.  

Fig. 4-3E-H documents the similar emergence of the infraorbital superficial line (n 

= 5).  At 3 dpf (Fig. 4-3E), a new strand of CldnB-labeled primordium cells (red bracket) 
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extends anteriorly from a location adjacent to the AV-derived hyomandibular system 

(red arrow).  This IO superficial primordium was described by Iwasaki et al. (2020) as 

forming  the “maxillary line” and our findings corroborate their previous description: we 

find that the primordium elongates parallel to the IO line (Fig. 4-3G, white arrowheads) 

at 5 dpf (Fig. 4-3F), and by 7 dpf (Fig. 4-3G) extends anteriorly (red bracket) to an 

enlarging endpoint (red box), beyond neuromast IO2,  where the tissue begins to 

proliferate and condense into the first new infraorbital superficial neuromast (IO Sup 1, 

red box; Fig. 4-3H) by 10 dpf.    

We also used the Tg(Hgn39d:GFP) transgene to visualize innervation during the 

development of the MD and IO superficial neuromast lines (Figs 4-3I-L).  Fig. 4-3I, J 

show the emergence and later development of the mandibular superficial nerve 

(nAVmds).  Fig. 4-3I shows the nerve (red bracket) branching off from the same location 

on the nAVhm nerve (red arrow) as its primordium, at 4 dpf.  By the 6 mm SL stage 

(Fig. 4-3J), the nerve (red bracket) extends to innervate multiple MD superficial 

neuromasts (red boxes).  Fig. 4-3K, L show the similar emergence and later 

development of the infraorbital superficial nerve (nAVios).  Fig. 4-3K shows the new 

nerve branching from the same location on the nAVhm nerve as the newly forming 

superficial IO line primordium.  By the 6 mm SL stage (Fig. 4-3L), the nerve extends to 

innervate multiple IO superficial neuromasts (red boxes) and has formed a ventral 

branch that innervates superficial neuromasts parallel to the MD line.  In conclusion, the 

initial establishment of the mandibular and infraorbital superficial lines occurs over 

several days, with the system continuing to elaborate throughout ontogeny.   
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Following the establishment of canal and superficial lines by migrating primordia, 

many additional neuromasts are added.  In Figure 4-4, we document the stereotyped 

development of superficial neuromasts via the previously described mechanisms of 

budding and intercalation, using confocal maximum projections of live specimens (n = 5 

per mechanism).  Neuromast maturation was tracked using the vital dye TMRE, which 

labels mitochondria-rich hair cells, indicative of mature functional neuromasts.  By 

repeated co-labeling of live developing Tg(CldnB:GFP) specimens with TMRE, 

neuromast formation (GFP-positive; yellow) and subsequent maturation (TMRE-

positive; magenta) were traced over time.   

Fig. 4-4A-C tracks an example of the budding mechanism over a 5-day 

period.  In this 5 mm SL specimen, the IO1 neuromast is just starting to bud at Day 0 

(Fig. 4-4A; white box), to produce a new CldnB:GFP-labeled superficial protoneuromast 

at Day 3 (Fig. 4-4B), with TMRE-positive (magenta) hair cells developing within the 

newly formed neuromast by Day 5 (Fig. 4-4C).  In Fig. 4-4D, we used Tg(Hgn39D:GFP) 

to document the expansion of innervation associated with the budding process; a direct 

projection branches (red arrow) from the parent to the daughter neuromast (red 

box).  Fig. 4-4E-G tracks a HM superficial neuromast (white arrow) in the process of 

developing between two mature canal neuromasts, HM1 and HM2, via 

intercalation.  Fig. 4-4E shows a 5 mm SL specimen in which expansion of CldnB:GFP 

interneuromast progenitors between the mature canal neuromasts is just beginning 

(Day 0; white arrow).  By Day 2 a protoneuromast has formed (Fig. 4-4F; white 

arrow).  By Day 7, TMRE-expressing hair cells are present in the newly formed 

superficial neuromast (Fig. 4-4G, white arrow).  In Fig. 4-4H, we again used 
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Tg(Hgn39D:GFP) to document the expansion of innervation associated with the 

intercalation process; here, a new projection branches (red arrow) from the HM nerve to 

the newly formed superficial neuromast (red box).  Fig. 4-4I and Fig. 4-4J show 

schematics of neuromast formation by budding and intercalation, respectively. 

Taken together, the data we present in Figures 4-3 and 4-4 indicate that the 

increasingly complex patterning of the anterior LL system can be explained, at least in 

part, by the re-use of embryonic developmental mechanisms at varied locations and 

developmental stages. 

Figure 4-4: Development of anterior lateral line superficial neuromasts by budding 
and intercalation mechanisms. 
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Fig 4-4 cont. (A-C) High magnification confocal time series of lateral line tissue (CldnB:GFP; yellow) and 
mature neuromasts (TMRE; magenta) showing the budding mechanism of neuromast formation in a 
single live specimen from 5-6 mm SL. (A) At day 0, canal neuromast IO1 extends a posterior projection of 
a few CldnB:GFP labeled cells (white box). (B) By day 3, the cells from the posterior projection have 
proliferated to form a protoneuromast (white box). (C) By day 5, this tissue has differentiated into a 
mature daughter neuromast expressing TMRE (white box) lying directly posterior to parent neuromast 
IO1. (D) Confocal image of a live Tg(Hgn39D:GFP) 6 mm SL specimen showing a direct nerve branch 
(red arrow) extending from the ganglion, which also innervates the parent neuromast (IO1), to the 
daughter (red box) neuromast. (E-G) High magnification confocal time series of the lateral line tissue 
(CldnB:GFP; yellow) and mature neuromasts (TMRE; magenta) showing the intercalation mechanism of 
neuromast formation in a single live specimen from 5-6 mm SL. These images were manually segmented 
to remove unwanted signal from superficial epithelial tissue. (E) At day 0, a HM superficial neuromast is 
beginning to form (white arrow) from a thickening of interneuromast tissue (white bracket) between two 
mature canal neuromasts, HM1 and HM2. (F) At day 2, the interneuromast tissue has proliferated into a 
rosette shape (white arrow). (G) By day 7, the interneuromast tissue has differentiated into a mature 
superficial neuromast with TMRE signal (white arrow). (H) Confocal image of a live Tg(Hgn39D:GFP) 6 
mm SL specimen showing a new nerve branch (red arrow) extending from the main HM nerve between 
the HM1 and HM2 branches to innervate the newly formed HM superficial neuromast (red box). (I-J) 
Schematics of neuromast formation processes: CldnB:GFP-labeled neuromast and progenitor cells 
(yellow), TMRE+ hair cells (magenta), and Hgn39d+ nerves (cyan). (I) Schematic of budding process. (J) 
Schematic of intercalation process. 

 

(3)  A novel lateral line formation mechanism with a mixed placodal origin 
 

Unlike the primordium-driven mode of development described above for the MD and IO 

superficial lines, there is no primordium tissue initially associated with the developing 

supraorbital superficial nerve, which has emerged by 7 dpf (3 mm SL) (nAVsos; Fig. 4-

2A’).  To investigate the origins of the neuromast-producing lateral line tissue of the SO 

superficial line, we traced the development of the region immediately caudal to the eye 

between the 3 mm SL stage, when the nerve first appears, and the 8 mm SL stage, 

when the first SO superficial neuromast has formed over the apex of the eye (Fig. 4-

5).  Panel 5A is a low magnification view showing the AV-derived canal neuromast 

HM1, as well as AD-derived neuromasts IO4 and O2.  We next visualized this region in 

high magnification confocal maximum projections, in living specimens, using the 

Tg(CldnB:GFP;Hgn39d:GFP) double transgenic, which labels both lateral line 
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progenitor tissue and lateral line afferent nerves with GFP (yellow), together with TMRE 

vital dye to mark mature neuromasts (magenta).  

A caveat of using Tg(CldnB:GFP;Hgn39d:GFP) double transgenic specimens is that 

both lateral line progenitors and innervation are labeled with the same fluorophore, 

making it challenging to discriminate lateral line cells from either epithelial cells or the 

nerves at late stages.  To rectify this issue, we immunolabeled some fixed specimens 

with anti-Sox2 antibody (Genetex GTX124477, RRID AB_1117806), a label of lateral 

line primordia and interneuromast cells (Hernández et al., 2007).  While Sox2 is a 

transcription factor, and the antibody therefore labels nuclei of progenitors as expected, 

we find that this antibody additionally labels emerging lateral line nerves (confirmed by 

co-labeling with acetylated alpha-tubulin).  Sox2 labeling thus clarifies whether cells 

visualized with the double transgene marker are lateral line cells, nerves, or 

neither.  Fig. 4-5B-B’ confirms that the Sox2-positive supraorbital superficial nerve does 

not have any lateral line primordium cell nuclei directly associated with it (magenta; red 

arrowheads), and that CldnB:GFP-positive cells extending from existing neuromasts are 

interneuromast cells with Sox2-positive nuclei (white arrowheads).   

Fig. 4-5C-F shows a time series of SO superficial lateral line formation in a 

representative single living specimen (n = 5).  Fig. 4-5C shows that at 5 mm SL the 

newly forming nAVsos nerve extends dorsally (white arrowhead) past the level of 

neuromasts IO4 and O2.  Each of these neuromasts extends a strand of CldnB:GFP 

labeled interneuromast cells (brackets) that meet to form a “bridge” of tissue, which the 

extending nerve intersects (intersection indicated by white box).  A few days later, at 6 

mm SL (Fig. 4-5D), the nerve has extended beyond the bridge of tissue, and up over 
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the eye (out of frame in this panel).  By this stage, additional primordium tissue is 

present along the nerve, at points beyond (i.e. dorsal to) the intersection with the tissue 

bridge (white arrowhead: Fig. 4-5D).  By the 7 mm SL stage (Fig. 4-5E), the SO 

superficial nerve has extended fully, to reach a location above the apex of the eye, and 

the cells along the nerve are beginning to proliferate and condense into the first SO1 

superficial neuromast.  In addition, at this same stage, the tissue extending dorso-

anterior from IO4 loses contact with the SO superficial line, and this tissue now 

establishes a ‘bud’ from IO4.  This tissue goes on to form new canal neuromast IO4* 

(Fig. 4-5F).  By 8 mm SL, the first SO supraorbital superficial neuromast (SO Sup 1) has 

matured to become fully TMRE-positive (Fig. 4-5F).  Staining this 8 mm SL endpoint for 

Sox2 (magenta) and acetylated alpha-tubulin (cyan) confirms that the tissue projecting 

from IO4 and O2 to the nAVsos nerve is composed of interneuromast cells (Fig. 4-5F-

F’), and that neuromast progenitor cells are not present along the nerve prior to its 

intersection with the AD-derived neuromast progenitor cells. 

Fig. 4-5G-J shows representative confocal images of fixed specimens labeled 

with Sox2 (magenta) and acetylated alpha-tubulin (cyan) antibodies, which trace a 

cross-placodal mechanism of supraorbital superficial line development through a series 

of steps:  (1) At 5 mm SL the naked nAVsos nerve extends (white arrowhead) to meet 

the tissue “bridge” made by the interneuromast cells of AD-derived neuromasts IO4 and 

O2 (Fig. 4-5G, brackets).  (2) At 6 mm SL the nerve “catches” interneuromast tissue, 

which is now seen running parallel to the nerve after the initial intersection point (Fig. 4-

5H, white box).  (3) At 7 mm SL the nerve and interneuromast tissue are migrating 

together up and over the eye towards their final position above the apex of the eye (Fig. 
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4-5J; white arrowhead).  (4) Interneuromast cells proliferate, with the first neuromast of 

the SO superficial line forming above the apex of the eye (Fig. 4-5J; SO Sup 1).  Figure 

4-5K is a schematic of the steps of the mechanism described in Fig. 5G-J, with the 

origin of each neuromast labeled as AV-derived (magenta) or AD-derived (cyan).  This 

novel, cross-placodal, mechanism of neuromast formation is particularly significant 

because it combines a nerve from one placode and neuromast tissue from another to 

form a new neuromast line without the use of a shared primordium.  Of note, this is the 

latest of all the anterior lateral lines to form, with development of the first supraorbital 

superficial neuromast completed at 8 mm SL.  Additional superficial neuromasts will be 

added along this line throughout ontogeny. 

Each of the mechanisms of larval stage neuromast formation generates 

characteristic innervation patterns.  Thus, the adult innervation patterns allow us to infer 

how any given neuromast developed.  For neuromasts formed by migrating primordia 

(Fig. 4-3) and the new cross-placodal mechanism (Fig. 4-5), a new branch extends 

directly from gAV.  Because neuromasts that are innervated by a common nerve usually 

originate from the same primordium, ‘daughter’ neuromasts that descend from ‘parent’ 

neuromasts by budding will be directly connected to their parent neuromast by a new 

nerve branch (Fig. 4-4D, I).  Consistent with this observation, a previous analysis of the 

development of the opercular line showed that superficial neuromast budding creates a 

‘pedigree pattern’ (Wada et al., 2010).  In contrast, we observe that neuromasts that 

form by intercalation between two existing neuromasts are innervated by a new nerve 

branch from the original, primary line (Fig. 4-4H, J).  Analyzing the innervation patterns 

of 22 mm SL adult specimens (Fig. 4-2; Table 2) shows that superficial neuromasts are 

https://www.zotero.org/google-docs/?HvOV4U
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added primarily by budding and intercalation during larval stages, while the founder 

neuromasts of each superficial line are established by migrating primordia and the novel 

cross-placodal mechanism. 

  

Figure 4-5: The supraorbital superficial line is of mixed placodal origin and 
is formed by a novel cross-placodal mechanism. 
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Fig 4-5 cont. (A) Low magnification (10x objective) confocal image of nerves (Hgn39dGFP; yellow) and 
mature neuromasts (TMRE; magenta) at 5 mm SL with the area of interest behind the eye indicated (red 
box). (B-B’) Comparison of (B) Tg(CldnB:GFP) (yellow) and (B’) Sox2 (magenta) expression at the 
connection between neuromast O2 and the SO superficial nerve (red arrowheads) in 6 mm SL specimen. 
Note that the nerve is also Sox2-positive. CldnB:GFP-positive cells extending from existing neuromasts 
are interneuromast cells with Sox2-positive nuclei (white arrowheads). Scale = 20 µm. (C-F) Live time 
series images of a single Tg(CldnB:GFP/Hgn39d:GFP) (yellow) specimen labeled with TMRE (magenta). 
In all images, neuromasts HM1, IO4, and O2 are labeled. The intersection between the nerve originating 
from HM1 (white arrowhead) and strands of interneuromast cell-derived primordial tissue originating from 
IO4 and O2 (white brackets) is noted with a white box. Scale = 50 µm. (C) Initial intersection of the nerve 
and primordia at 5 mm SL. The SO superficial nerve extending from HM1 (white arrowhead) has no 
lateral line tissue along it and intersects (white box) with the CldnB:GFP-labeled primordium extensions 
(yellow) from O2 and IO4 (white brackets). (D) Adherence of primordium tissue to SO superficial nerve at 
6 mm SL. The SO superficial nerve (white arrowhead) now has lateral line tissue running parallel to it on 
the portions of the nerve that extend past the intersection point (white box) with the O2 and IO4 primordia 
(white brackets). (E) Proliferation of primordium tissue in the SO superficial line at 7 mm SL. The 
primordium extending from O2 (white bracket) still intersects (white box) with the SO superficial line, while 
the primordium from IO4 is beginning to condense into canal neuromast IO4. The first neuromast of the 
SO Superficial line (SO Sup 1) has begun to condense beyond the intersection point. (F) Differentiation of 
a supraorbital superficial neuromast by 8 mm SL. Both SO Sup 1 and canal neuromast IO4* have 
differentiated into mature neuromasts with functional hair cells (magenta), and neuromast O2 remains 
permanently connected to the SO superficial line (white bracket; white box).  (F´) Same view as (F) 
showing the same specimen immunolabeled for neuromast marker Sox2 (magenta) and nerve marker 
acetylated alpha-tubulin (cyan). The innervating gAVsos nerve (SO Sup Nerve) is labeled. (G-H) 
Representative images of SO supraorbital development in specimens stained for Sox2 (magenta) and 
acetylated alpha-tubulin (cyan) at (G) 5 mm, (H) 6 mm, (I) 7 mm, and (J) 8 mm SL. Annotations as in 
panels C-F. Scale = 50 µm. (K) Schematic of the cross-placodal mechanism of SO superficial line 
formation at the imaged stages 5-8 mm SL with placodal origin indicated. 

 

Table 2 integrates data from Figures 4-1 to 4-5 to summarize the mechanisms of 

neuromast formation for each canal neuromast and for each superficial line or series.  In 

the supraorbital line, canal neuromasts SO1-3 are initially deposited during embryonic 

development, with neuromast SO1* budding from SO1 at 5 mm SL.  In the infraorbital 

line, canal neuromasts IO1, IO2, and IO4 form during embryonic development, with IO3 

added shortly after in 4 dpf larvae, and three additional neuromasts forming during later 

larval stages, two by budding (IO2* and IO4*) and one by intercalation (IO3*).  The 

mandibular line forms later, with only two mandibular canal neuromasts deposited by 3 

mm SL (HM1 and HM2).  By adult stages, another five mandibular neuromasts have 

formed by intercalation from the interneuromast progenitors along the mandibular 

canal.  The first neuromasts of the superficial lines in general originate later — up to 8 
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mm SL in the case of the SO Superficial line — and each of the superficial lines 

continues to add neuromasts up to and during adulthood (> 22 mm SL).  Our analysis 

reveals that a large proportion of both canal neuromasts and superficial line neuromasts 

originate during larval stages. 

(4)  Innervation is necessary for anterior lateral line development 
 

In the posterior LL, innervation is necessary for the formation of superficial 

neuromasts via the budding mechanism (Wada et al., 2013).  However, the role of 

innervation in the development of the anterior LL is unknown.  Based on the prominence 

of innervation in the newly described ‘nerve forward’ cross-placodal mechanism of SO 

superficial anterior LL formation, we hypothesized that innervation might be required for 

the development of this superficial line.  In addition, we wished to evaluate whether 

innervation is necessary for the development of additional components of the system, 

such as neuromasts formed through intercalation, or for canal neuromast maturation. 

Figure 4-6 shows the neuromast patterns of zebrafish specimens in which we 

performed a unilateral ablation of both the gAD and gAV ganglia.  In these specimens, 

all gAD and gAV neurons of Tg(Hgn39d:GFP) specimens were ablated at 4 dpf (a stage 

at which both dorsal and ventral ganglia are present and can be visualized) using a 

high-power UV laser to kill the neurons and thus remove innervation.  The contralateral 

side of each ablated specimen serves as an internal control.  Ablated specimens were 

raised to 6 weeks post fertilization (wpf), representing a range of stages between 11 

and 15 mm SL.   At these stages, all superficial lines have formed and canal 

neuromasts have sunk into ossifying canal grooves (Webb & Shirey, 2003).  Those 

specimens that received a sham surgery of intense UV laser light applied immediately 
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adjacent to the anterior LL ganglia showed no change in neuromast or innervation 

patterns at the 6 wpf endpoint (n = 5). 

In successful ablations (n = 10), the signal from both the gAD and gAV ganglia was 

completely and permanently removed, and the anterior LL neuromasts began to 

denervate immediately, as shown by confocal maximum projections in Fig. 4-6A-A’.  We 

found no evidence for regeneration of either the ganglia or their nerves in these 

ablations.  For each ablated specimen, the control and ablated side were imaged with 

an epifluorescent microscope and assayed using the live dye TMRE (Fig. 4-6B-C’), 

followed by clearing and staining for the neuromast marker Sox2 for a higher resolution 

confocal assay of the neuromast pattern (Fig. 4-6D-D’).  Fig. 6B shows a dorsal view 

(anterior to the top) of the change in neuromast pattern in a single specimen between 

the control and the ablated side.  While each of the SO canal neuromasts (yellow 

arrows) are present on the ablated side, the SO superficial line is completely absent 

(red brackets), and the anterior pit line is missing neuromasts (red 

asterisks).  Importantly, in 8/8 ablated specimens assayed, all the neuromasts that lie 

adjacent to the SO canal line were missing at 6 wpf, indicating that the SO superficial 

line did not form.  This finding confirms that the novel cross-placodal mechanism that 

forms the SO superficial line does indeed require innervation.  

Observing the crania of our ablated specimens in lower magnification views, we 

found a dramatic reduction in the number of superficial neuromasts across the entire 

ablated side.  Figure 4-6C compares lateral views of the control (Fig. 4-6C) and ablated 

(Fig. 4-6C’) sides of the same specimen shown in Fig. 6B, with yellow arrowheads 

indicating locations where superficial neuromasts have been drastically reduced in 
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response to ablation.  Neuromasts on the ablated side also show a decrease in TMRE 

intensity compared to posterior LL neuromasts on the same side, or control neuromasts 

on the contralateral side, suggesting a decrease in the number of functional hair cells 

per neuromast (Fig. 4-6B-C’).  Close observation of the superficial neuromast pattern 

reveals that both the IO superficial and MD superficial lines are present at their full 

lengths, but they comprise fewer total neuromasts.  Another example of reduction in 

superficial neuromast number is found in the opercular line, where in this specimen the 

control side (Fig. 4-6D) has 14 neuromasts (yellow arrowheads), but the ablated side 

(Fig. 4-6D’) has only 7 neuromasts (yellow arrowheads), which are more widely 

spaced.  This observation is consistent with a previous description of opercular line 

development, in which the line forms through sequential budding but proliferates further 

as the animal grows and the original neuromasts move apart (Wada et al., 2010), 

indicating that innervation becomes required for this secondary phase of development.  

Notably, quantification reveals that the total number of canal neuromasts is not 

significantly different in ablated specimens relative to unablated or sham ablated 

controls, suggesting that innervation is not required for canal neuromast formation (Fig. 

4-6E).  The average number of total neuromasts decreased significantly, from 83.8 to 

42.3, with this reduction almost entirely explained by the average reduction in number of 

superficial neuromasts from 65.7 to 24.9 (Fig. 4-6F).  Moreover, the phenotype is very 

consistent, with all specimens showing a significant decrease in superficial neuromast 

number and similar disruptions to their complex neuromast patterns.  We conclude that 

innervation is required for a significant proportion of the larval-stage formation of 

superficial neuromasts, regardless of the specific patterning mechanism used. 
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(A-A´) The anterior LL anterodorsal (gAD) and anteroventral (gAV) ganglia labeled by 
Tg(Hgn39d:GFP) (yellow ovals) before (A) and immediately after (A´) laser ablation at 4 dpf.  (B-D’) 
Images of a representative single 12 mm unilaterally ablated specimen. (B) Dorsal view showing both 
control and ablated sides labeled with TMRE. The supraorbital superficial line (red bracket) is labeled 
parallel to the supraorbital canal line (yellow arrows) along with the anterior pit line (red asterisk). (C-
C´) Lateral views showing control (C) and ablated (C´) sides. Yellow arrowheads indicate areas where 
superficial neuromast patterning was strongly reduced compared to the control side. The white boxes 
indicate the area magnified in (D-D’). (D-D´) Higher magnification confocal (10 x objective) view of the 
opercular superficial neuromast line in the same specimen immunolabeled for Sox2 showing control 
(D) and ablated (D’) sides. Neuromasts are indicated with yellow arrowheads. (E) Box plot showing 
change in canal neuromast number between the ablated side and internal unablated control side (n = 
10). (F) Box plot showing change in superficial neuromast number between the ablated side and 
unablated control side (n = 10). Gray lines indicate paired values. A Shapiro-Wilk test was performed 
on all data to confirm normality before performing a paired t-test. Not significant (ns) = p > 0.05; **** = 
p < 0.0001. 

Figure 4-6: Superficial neuromast pattern and number is severely disrupted in the 
absence of innervation. 
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While loss of innervation does not reduce the number of canal neuromasts, it does 

disrupt canal neuromast size and morphology, as shown in Figure 4-7.  Fig. 7A-D’ 

shows confocal maximum projection images of canal neuromasts on the control and 

ablated sides of the same specimen.  Figs 4-7A, A’ compare a dorsal view of the 

supraorbital canal on control and ablated sides in a 12 mm SL specimen, cleared and 

stained for Sox2.  On the ablated side, neuromast SO3 is similar in size to the control 

side, and neuromast SO2 is slightly smaller than its counterpart.  There is a much more 

striking difference for SO1 and SO1*, where the neuromasts on the ablated side are a 

fraction of the size on the control side, and express Sox2 at lower levels.  Similar 

morphological changes can be observed in the IO and MD canals.  For example, on the 

ablated side, IO3 and IO3* show a strongly reduced Sox2 signal, are closer to the size 

of superficial neuromasts, and are more elongated than the circular control side 

neuromasts (compare Figs 4-7B, B’).   

To visualize changes in canal neuromast morphology in more detail, we also stained 

11-15 mm SL specimens for acetylated alpha-tubulin, which labels innervating nerves 

as well as the soma and kinocilia of sensory hair cells (López-Schier and Hudspeth, 

2005) (Fig. 4-7C-D’).  On the control side, the overall shape of neuromast SO1 is round, 

with a large circle of sensory hair cells (magenta; white outline) located in the center of 

the support cells (yellow; Fig. 4-7C).  By contrast, the SO1 neuromast on the ablated 

side is significantly smaller and more elongated; it appears to have lost its sensory hair 

cells and is composed entirely of support cells (Fig. 4-7C’).  Canal neuromast SO3 on 

the control side has very similar morphology to SO1 (Fig. 4-7D), while its ablated 
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counterpart is slightly smaller, expresses Sox2 at a lower level (yellow), and appears to 

have fewer hair cells (magenta; white outline) (Fig. 4-7D’).  During regeneration, it has 

been shown that Sox2 is necessary for both the turnover of neuromast support cells and 

the differentiation of hair cells from progenitors (Hernández et al., 2007).  In neuromasts 

lacking innervation, we observe a decrease in Sox2 expression, as well as reduced 

canal neuromast size and fewer hair cells, as revealed by a decrease in both tubulin 

and TMRE signal.  These findings are consistent with a potential role for Sox2 in 

developing canal neuromast support cell proliferation and hair cell differentiation.  While 

canal neuromast morphology is altered in the absence of innervation, the canals 

themselves appear to be properly induced and patterned.  In the posterior LL, 

neuromasts are required for canal formation ((Wada et al., 2014); by contrast, the 

presence of normal canals in the cranial region of our manipulated specimens suggests 

that loss of innervation, and resultant changes in neuromast morphology, do not disrupt 

cranial canal ontogeny. 

To quantify the changes in canal neuromast morphology we calculated the area 

of each canal neuromast in control versus ablated specimens (n ≥ 6) by measuring 

neuromast length (parallel to canal) and width (perpendicular to the canal).  In all three 

canals, the area of the canal neuromasts was reduced significantly in the ablated 

condition (Fig. 4-7E).  In zebrafish, canal neuromast maturity is described by the 

increasing width of the canal neuromasts with growth (Webb & Shirey, 2003), such that 

neuromast aspect (width/length) ratio increases as ontogeny proceeds.  Comparison of 

the aspect ratio between the control versus ablated specimens (n = 6), reveals a 

significantly lower ratio on the ablated side, suggesting that these canal neuromasts 

https://www.zotero.org/google-docs/?VVZdNg
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show arrested growth compared to their innervated counterparts (Fig. 4-7F).  These 

results show that while innervation is not required for canal neuromast formation or 

canal induction, it does become required for proper canal neuromast morphology and 

growth. 

Building on the consistency of the ablation phenotype, we sought to better 

characterize the developmental stage at which a developmental switch occurs, such 

that innervation becomes required for anterior LL patterning.  Specimens that had 

undergone the ablation procedure at 4 dpf were incubated in TMRE once each week to 

assay neuromast counts on both the control and ablated sides (Fig. 4-7G).  At 2 wpf (4 

mm SL; n = 6) and 3 wpf (5-6 mm SL; n = 6), the number of neuromasts is nearly 

identical between the control and ablated conditions, showing that innervation is not 

required for anterior LL development during early larval stages.  There are only small 

standard deviations in the overall neuromast counts at these stages, in line with the 

data collected from unmanipulated controls (compare with Fig. 1F).  However, by 4 wpf 

(7-8 mm SL; n = 6), the number of neuromasts on the control side is significantly higher, 

and we observe noticeable differences in patterning, e.g., the first neuromasts of the SO 

superficial line failing to form.  After this stage, the number of neuromasts on the ablated 

side plateaus, while neuromasts continue to be added on the control side.  This 

quantification reveals a sharp developmental switch at 4 weeks post fertilization (7-8 

mm SL), at which stage innervation becomes required for further superficial neuromast 

formation by any mechanism.   

In summary, our results have established that innervation is required for the 

addition of superficial neuromasts by any mechanism, including the cross-placodal 



 
 

154 

development of the SO superficial line, as well as the growth and morphology of canal 

neuromasts, after approximately 7 mm SL.  

 
 

(A-D’) Comparison of canal neuromasts on the control and ablated sides of a 12 mm ablated 
specimen, immunolabeled with Sox2 (white, yellow) and acetylated alpha-tubulin (magenta). (A, A’) 
dorsal view of canal neuromasts SO1*-SO3 (yellow boxes). (B, B’) Lateral view of canal neuromasts 
IO2 and IO3 in the same specimen; yellow boxes indicate canal neuromasts, yellow asterisks indicate 
superficial neuromasts. Scale = 50µm. (C, C’) Dorsal high magnification views showing morphology 
of canal neuromast SO1 on unablated control (C) vs. ablated side (C’). (D, D’) Dorsal high 
magnification views showing morphology of neuromast SO3 on unablated control (D) vs. ablated side 
(D’). Scale = 20 µm. (E-F) Quantifications of canal neuromast area and aspect ratio. Gray lines 
indicate paired values. (E) Dot plot showing the difference in average canal neuromast area for the 
supraorbital (n = 6), infraorbital (n = 7), and mandibular (n = 6) canals in the control (solid circle) and 
ablated (open circle) conditions. (F) Dot plot (n = 6) showing the average canal neuromast aspect 
ratio for control and ablated conditions. (G) Total neuromasts vs. weeks post fertilization on the 
control and ablated sides of specimens at 2 wpf (n = 6), 3 wpf (n = 6), 4 wpf (n = 6), 5 wpf (n = 6), and 
6 wpf (n = 8). A Shapiro-Wilk test was performed on all data to confirm normality before performing a 
paired t-test., * = p < 0.05 ** = p < 0.01 *** = p < 0.001 **** = p < 0.0001.  

 

 

 

Figure 4-7: Loss of innervation disrupts canal neuromast size and 
morphology. 
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IV. Discussion 

Here, we provide the first description of the patterning of the zebrafish anterior lateral 

line sensory neuromasts and their innervation at stages between 10 days post 

fertilization and adulthood.  We find that the anterior LL system undergoes significant 

secondary development during larval stages, when three major superficial lines are 

established that run parallel to existing canal lines.   By 22 mm SL, when the fish are 

considered adult, the system has expanded dramatically, in large part due to the 

development of three gAV-innervated superficial lines that run parallel to the three 

existing canal lines.  These superficial neuromasts are added through the migration of 

new primordia, intercalation, budding, and by our newly described cross-placodal 

mechanism (summarized in Table 2).  At around 4 wpf/7 mm SL, innervation becomes 

required for neuromast formation: when the anterior LL ganglia are ablated almost no 

superficial line expansion occurs after 4 wpf/7 mm SL, but the underlying dermal bones 

continue to expand, leading to increasingly sparse neuromast distribution.  In addition, 

innervation is necessary for proper canal neuromast growth and morphology.  

Importantly, the peak in neuromast addition rates at late larval stages, seen in normal 

ontogeny, coincides with the developmental switch to innervation dependence, showing 

that innervation drives a distinct secondary phase of anterior lateral line development.  

In the zebrafish posterior LL, all canal neuromasts and superficial lines have 

originated by the end of embryonic development at 3 dpf (Ledent 2002).  By contrast, 

the cranial anterior LL generates half of its canal neuromasts and all its major superficial 

lines at larval stages, showing both temporal and mechanistic differences from the 

development of the comparatively simpler trunk posterior LL.  This difference correlates 
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with the requirement that the complex cranial anterior LL system must navigate around 

a variety of morphological features, unlike the obstruction-free structure of the trunk. 

  We find that the anterior LL neuromasts formed during larval and adult stages 

following superficial line formation are added through the re-use of embryonic budding 

and intercalation mechanisms—mechanisms that are also used in the expansion of the 

posterior LL.  During this process, both superficial and canal neuromasts are added to 

the anterior LL system, to maintain sensory density with growth.  However, it is unclear 

how neuromasts acquire “canal” versus “superficial” identity.  The superficial line 

neuromasts can only produce more superficial neuromasts.  By contrast, when canal 

neuromasts bud they can produce daughter neuromasts of either canal or superficial 

identity.  Moreover, the identity of these daughter neuromasts does not appear to 

correlate with either the time or the general location of their formation.  For example, at 

6 mm SL, canal neuromast IO1 buds off superficial neuromast daughters, while 

adjacent canal neuromast IO2 buds to form the canal neuromast daughter 

IO2*.  Despite their proximity, these anterior LL neuromasts are spatially distributed, 

such that differential signaling from the local tissue environment or adjacent neuromasts 

might regulate daughter fate.  In a related project we have established that cranial 

neural crest cells are required for aspects of early anterior LL patterning, providing an 

example of how a local tissue environment can influence neuromast development 

(Venkataraman, McGrory et al., 2025).  

  In addition to the previously described mechanisms of superficial neuromast 

formation, we have uncovered a novel mechanism that drives the development of the 

supraorbital superficial line.  In this cross-placodal mechanism, a nerve from the AV 
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system interacts with interneuromast cells extending from AD-derived neuromasts, and 

the extending nerve and primordial neuromast cells then migrate together dorsally, 

towards the apex of the eye.  Moreover, using a ganglion ablation strategy, we have 

demonstrated that this nerve is required for the migration and proliferation of these 

interneuromast cells.  This mechanism is unique because it generates a superficial 

lateral line in which neuromast progenitor tissue originates from one placode (AD), 

whereas the nerve that innervates those neuromasts originates from another placode 

(AV).  In all other described mechanisms, the nerve associates closely with the tissue of 

the relevant anterior LL primordium immediately after its formation, such that these 

other lines have a consistent placodal origin ((Wada et al., 2010) and this study). 

  Paralleling the formation of neuromasts by the cross-placodal mechanism, we 

have observed that in experimental situations the anterior LL nerves from one placode 

have the capacity to promiscuously innervate nearby neuromasts from another line or 

placode.  In almost all fully ablated specimens (13/14), innervation crossed over from 

the control side to innervate the nasal line neuromasts of the ablated side.  In a small 

proportion of our ablated specimens (4/14), the middle ganglion of the posterior LL 

(Raible & Kruse, 2000) ectopically reinnervated the anterior LL, with multiple nerve 

fibers contacting both superficial and canal neuromasts of the anterior LL system and 

partially rescuing neuromast patterning (data not shown).  This observation supports a 

model in which innervation can induce the development of superficial neuromasts after 

interacting with proximal interneuromast progenitor tissue through an inefficient 

neurotropic effect.  We speculate that the more developmental mechanisms the lateral 

line system has in its ‘toolbox’ the more permutations of patterning are possible, 
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suggesting mechanistic underpinnings for the remarkable diversity of lateral line 

patterns across teleost species (Wada et al., 2008).  

  While this study has uncovered differences in development of the anterior and 

posterior LL systems, it has also revealed commonalities.  Both the zebrafish anterior 

LL (this study) and posterior LL (Wada et al., 2013) show innervation-dependent 

budding of superficial neuromasts at late developmental stages.  For example, ablation 

of the posterior LL ganglion blocks the formation of posterior LL superficial neuromast 

clusters that form by the budding mechanism from an embryonic founder neuromast, 

beginning at approximately 10 mm SL (Wada et al., 2013).  Moreover, in these posterior 

LL ganglion ablated specimens, the founder neuromast shows an initial extension of 

tissue, suggesting that innervation is required only for the later steps of proliferation and 

differentiation in the budding process.  In addition to budding, we have established that 

innervation is required for other mechanisms of superficial neuromast patterning in the 

anterior LL.  Specifically, superficial neuromasts that are added by the intercalation 

mechanism no longer form after approximately 7 mm SL in ablated specimens. The 

superficial supraorbital line, which forms via a previously undescribed cross-placodal 

mechanism, also fails to form in the absence of innervation.  Understanding how the 

nerve modulates the proliferation of lateral line tissue at a molecular level will be 

essential to gain further understanding of this potentially instructive nerve-organ 

relationship.   

Previous work suggests that Wnt/beta-catenin signaling is a prime candidate to 

direct neuromast expansion.  Wnt/beta-catenin signaling in the leading edge of 

migrating posterior LL primordia is the driving force of primordial proliferation and 
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neuromast formation (reviewed by Dalle Nogare and Chitnis, 2017).  At larval stages, the 

Wnt effector protein Lef1 is expressed in proliferating cells during neuromast budding 

and this expression is strongly reduced in the absence of innervation (Wada et al., 

2013).  The underlying mechanism that nerves use to induce superficial neuromast 

proliferation may thus be direct local activation of Wnt signaling.  In support of such a 

model, Iwasaki et al. (2020) have shown that nerve-derived Rspo2/Wnt signaling is 

required for proliferation and subsequent budding of some posterior LL superficial 

neuromasts, as well as for embryonic development of HM1/2 neuromasts.   

We have established that innervation is also required for proper growth of 

anterior LL canal neuromasts.  Reporter lines for the Wnt effector protein Lef1 indicate 

that canal neuromasts strongly upregulate Wnt signaling during canal formation (13-15 

mm SL), while the signal is undetectable in mature superficial neuromasts, suggesting 

that continuous Wnt expression promotes canal neuromast growth (Wada et al., 

2014).  We also observed that both the size of canal neuromasts and the number of hair 

cells decreased in the absence of innervation, which is consistent with the decrease in 

hair cells observed in denervated superficial neuromasts of the posterior LL (Wada et 

al., 2013).  We suggest that future studies should investigate whether nerves in the 

anterior LL produce a ligand that induces Wnt signaling in both superficial and canal 

neuromasts. 

  The innervation-driven development of the lateral line system represents a 

striking reversal of the typical ‘organ-first’ relationship observed in sensory system 

development.  Generally, nerves are dispensable for development, with sense organs 

differentiating from their placodes prior to innervation.  For example, in the mammalian 



 
 

160 

inner ear, sensory tissue develops autonomously and later attracts axons through 

neurotrophic factor secretion (Fritzsch et al., 1997).  Similarly, during embryonic posterior 

LL development, the primordium produces glial cell line-derived neurotrophic factor 

(GDNF), which is required for the extension of GDNF receptor-expressing nerves 

(Thomas et al., 2015).  Our findings have revealed that the anterior LL undergoes a novel 

developmental switch from sensory tissue guiding innervation to the requirement of 

innervation for superficial neuromast proliferation.   

  What might be the functional purpose of this developmental switch for aquatic 

vertebrates?  First, nerves may represent an efficient mechanism to drive neuromast 

proliferation as body size increases.  Rather than relying on collective primordium 

migration over increasingly large distances, a single neuron already innervating a 

neuromast could locally release signaling molecules to stimulate proliferation.  Second, 

a two-step system could allow the lateral line to perform adaptive functions across life 

stages.  For rapidly developing aquatic vertebrates, fast, primordium-driven early 

development ensures that hatchlings have the sensory function needed for survival.  As 

ontogeny proceeds, slower, cross-placodal proliferation during secondary development 

may permit diversification of adult neuromast patterns according to species-specific 

sensory needs (Wada et al., 2013). 

  While we have provided a detailed account of the late patterning of the anterior 

LL in zebrafish, comparative studies will be required to address how diverse neuromast 

patterns are established across species.  Our review of previous studies documenting 

lateral line innervation patterns reveals that the expanded gAV innervation system that 

we have described for zebrafish is a common teleost feature (Asaoka et al., 2012; 2014; 
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Münz, 1979; Nakae et al., 2006; 2021; Nakae and Sasaki, 2010; Northcutt et al., 2000). 

However, a gAV-innervated supraorbital superficial line has not been previously 

documented, raising the question of whether lateral lines form with mixed placodal 

origin in other species.   Fortunately, the wholemount clearing and immunostaining 

methods that we have described in this work are applicable to a variety of aquatic 

vertebrate species.  Ultimately, comparisons of not only adult neuromast patterns, but 

also innervation patterns and developmental mechanisms, will clarify which aspects of 

late anterior LL development are zebrafish novelties, versus which aspects are 

conserved features of patterning systems fundamental to aquatic vertebrate 

development.  

The evolution of vertebrate jaws, together with other associated characteristics, 

enabled increasingly active swimming and thus a broader range of feeding strategies 

coupled with exploration of new ecological territory.  This dramatic expansion of fishes 

up into the water column has been referred to as the Devonian Nekton Revolution (Klug 

et al., 2010).  Importantly, this phase of vertebrate evolution was accompanied by a 

radical transformation of the lateral line system, as lateral line networks occupied newly 

available head territory (Venkataraman, Lopez et al., 2025) .  The heads of 

gnathostomes (jawed vertebrates) are remarkably diverse, allowing for a wide variety of 

feeding strategies.  It is possible that the evolution of the gnathostome head apparatus 

was accompanied by the evolution of novel developmental mechanisms to pattern 

sensory structures, including the lateral line system.  Our finding of multiple 

developmental mechanisms patterning lateral lines in a single teleost, the zebrafish, 

now prompts examination of developmental mechanisms patterning the broad diversity 
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of lateral lines across widely varied head shapes and structures, including those of 

basal ray-finned fishes, cartilaginous fishes, and jawless fishes.  

Table 1: Zebrafish stages of ontogeny analyzed in this study 
Based on Parichy et al., 2009 and our observations 

 

Standard Length 

(SL) 

Approx. time in 

weeks post-

fertilization (wpf) 

Phase 

3 mm 

4 mm 

5 mm 

6 mm 

7 mm 

8 mm 

9 mm 

10 mm 

~1 wpf 

~2 wpf 

~3 wpf 

3-4 wpf 

4-5 wpf 

~5 wpf 

~5-6 wpf 

~5-6 wpf 

Larval 

 

 

 

Late larval 

 

11 mm 

12 mm 

15 mm 

22 mm 

~6 wpf 

~6-7 wpf 

~7-8 wpf 

~11-12 wpf 

Juvenile 

 

>22 mm >12 wpf Adult 

 

 

Table 2: Larval ontogeny of canal and superficial neuromast development 
 

Canal 

Neuromast  Stage of formation 

Mechanism of 

formation Where described 

SO1* Larval; 5mm SL Buds from SO1 Webb and Shirey 2003  
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Mechanism described in this study 

SO1 Embryonic; 2 dpf Buds anteriorly from SO2 Iwasaki et al.,2020 

SO2 Embryonic; 1.5 dpf 

Forms from migrating SO 

primordium Iwasaki et al.,2020 

SO3 Larval; 4 dpf Intercalates behind SO2 Iwasaki et al.,2020 

    

IO1 Embryonic; 3 dpf  

Intercalates between IO2 

and superficial 

neuromast N Iwasaki et al.,2020 

IO2* Larval; 6 mm SL Buds anteriorly from IO2 This study 

IO2 Embryonic; 1.5 dpf 

Forms from migrating IO 

primordium Iwasaki et al.,2020 

IO3 Larval; 4 dpf 

Intercalates between IO3 

and O2 Iwasaki et al.,2020 

IO3* Larval; 10 mm SL 

Intercalates between IO3 

and IO4 This study 

IO4 Embryonic; 3 dpf  

Forms from migrating IO 

primordium Iwasaki et al.,2020 

IO4* Larval; 8 mm SL Buds dorsally from IO4 This study 

    

HM1 Embryonic; 3 dpf  

Forms in place from HM 

primordium Iwasaki et al., 2020 
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HM2 Embryonic; 3 dpf  

Forms in place from HM 

primordium Iwasaki et al., 2020 

MD5 Larval; 9 mm SL 

Intercalates along MD 

line This Study 

MD4 Larval; 8 mm SL 

Intercalates along MD 

line This study 

MD3 Larval; 6 mm SL 

Intercalates along MD 

line  

Webb and Shirey 2003 

Mechanism described in this study 

MD2 Larval; 5 mm SL 

Intercalates along MD 

line 

Webb and Shirey 2003 

Mechanism described in this study 

MD1 Larval; 7 mm SL 

Intercalates along MD 

line 

Webb and Shirey 2003  

Mechanism described in this study 

Superficial 

Neuromast Line Stage of formation 
 

Mechanism of 

formation Where described 

IO superficial 

Primordium by 3 dpf; 

first neuromast 4 mm 

SL/10 dpf  

Primordium splits from 

HM prim 

Iwasaki et al.,2020; termed ‘maxillary’ line 

Larval development described this study 

MD superficial 

Primordium by 4 dpf; 

first neuromast 4 mm 

SL/ 11 dpf 

Primordium splits from 

HM prim This study 

SO superficial 

First neuromast 7 mm 

SL 

Tissue from IO4 and O2; 

See Figure 5 This study 
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Opercular Line  First neuromast by 3 dpf 

Budding along 

subopercular bone 

growth axis 

Full ontogeny of main branch described in 

Wada et al., 2010;  dorsal branch described 

by Iwasaki et al., 2020 

Nasal Line First neuromast by 3 dpf 

Medial budding from 

superficial neuromast N 

N described by Iwasaki et al.,2020 

Mechanism described in this study 

Mandibular 

series First neuromast by 3 dpf 

Medial budding from 

superficial neuromast 

MD1 

    Series noted in Webb and Shirey 2003 

Mechanism described in this study 

Anterior Pit Line 

First neuromast by 8 

mm SL Buds dorsally from O1  

This study 

Analogous to anterior pit line seen in other 

ray-finned fishes (Actinopterygii), including 

the teleost catfish  

(Northcutt et al., 2000) 
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CHAPTER FIVE: DISCUSSION AND FUTURE DIRECTIONS 
 

In this dissertation I have used an integrative approach combining palaeontology, 

developmental biology and comparative anatomy to understand the evolutionary 

developmental mechanisms underpinning the cranial lateral line system. In chapter 2 

(Venkataraman, Lopez et al., 2025), I examined existing hypotheses regarding the 

macroevolutionary trajectory of lateral lines across the vertebrates and posited a new 

synthesis, suggesting a major episode of breakdown before the advent of jaws, followed 

by an episode of gradual reorganization and elaboration of the system with the origin of 

jawed vertebrates. This synthesis suggests that contrary to previous ideas of 

evolutionary descent with simplification of a more complex ancestral agnathan pattern in 

gnathostomes, different lineages of agnathans and gnathostomes elaborated their 

lateral line systems independently. These differences in patterning are likely related to 

differences in ecological and behavioral modes. In particular, I posit that the increased 

occupation of the water column by gnathostomes led to a relocation of the most 

elaborate parts of the cranial lateral line system to an anterior domain. This 

reorganization was likely functionally related to the occupation of a pelagic habitat 

concurrent with an increased focus on the location of patchy, discontinuous sources of 

nutrition. This was in contrast to a post-orbital elaboration of lateral lines seen in jawless 

vertebrates optimized for predator avoidance in a benthic habitat. In addition, I also 

suggested that there is a developmental sensory system hierarchy in the head, with 

lateral line systems changing in accordance with changes to other sensory systems like 

eyes or nostrils. In chapter 3 (Venkataraman, McGrory et al., 2025), I examined the 

relationship between development of the lateral line system and a an important tissue, 
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the neural crest. Using experimental manipulations and imaging in the zebrafish system, 

I showed that the neural crest is essential for lateral line development, and that 

alteration or arrest of neural crest development leads to stereotypical deficits in lateral 

line formation, particularly in the orbital and mandibular systems. In chapter 4, I 

identified the patterns and processes by which lateral line development proceeds 

through zebrafish larval and adult stages. I demonstrated that the lateral line undergoes 

significant expansion in postlarval stages, and that the expansion is primarily driven by 

a proliferation of superficial neuromasts. I also showed that superficial neuromast 

formation at late stages in zebrafish happens through a variety of modalities, including a 

novel nerve-dependent mechanism in the superficial supraorbital line. Using 

experimental ablation, I demonstrated that innervation is indispensable for this 

mechanism. In this final chapter, I will examine the broader implications of my findings 

to our understanding of different aspects of lateral line evolution and development, and 

suggest avenues for future work to address key questions generated by this research.  

 

I. The agnathan-gnathostome transition 

Crown gnathostomes share a characteristic complex of circumorbital, cheek and lower 

jaw lines and pit lines. This raises the question of what components of the general 

gnathostome anterior lateral line network are derived, and which are primitive, i.e. 

conserved from patterns established in the stem group, as discussed in chapter 2. 

Both chondrichthyans and osteichthyans possess circumorbital lines, transverse 

lines on the cheek continuing on to the lower jaw and a variable number of pit lines on 

the dorsal surface of the head and on the side of the cheek. Fossil members of these 
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clades provide a test of the hypothesis that these lines in the two groups are 

homologous with respect to each other. As reviewed in chapter 2, two traditionally 

recognized major clades or grades of extinct jawed vertebrates, the acanthodians and 

placoderms, have been related to the crown group (osteichthyans and chondrichthyans) 

in various configurations. Current phylogenies place acanthodians on the 

chondrichthyan stem and placoderms on the gnathostome stem. Acanthodians share 

with living chondrichthyans a similar lateral line pattern with distinctive features such as 

orbital and preoperculo-mandibular lines. Available fossil data from the osteichthyan 

clades, sarcopterygians and actinopterygians, suggest that the general osteichthyan 

condition is to have orbital, cheek and lower jaw lines. However, how these lines relate 

to those on placoderms, or which of these lines are conserved from a placoderm 

condition and which are unique to crown jawed vertebrates remains an open question.  

The aim of this section is to identify further steps/goals in this emerging research 

program. 

(1) The ‘placoderms’ 
 

To determine what parts of the lateral line patterns in jawed vertebrates are unique to 

the crown clade requires understanding conditions in the sister group to crown 

gnathostomes. The morphologically diverse placoderms are the first vertebrates with 

jaws and form a series of plesions (sensu Patterson & Rosen, 1977) on the stem of 

crown jawed vertebrates. While there are several contending hypotheses of placoderm 

interrelationships, seven well-recognized placoderm groups preserve good evidence of 

lateral line canals and will be the subject of this discussion. Fig (5-1) shows abstracted 

representations of the lateral line patterns in these major groups. The sister groups to all 
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other placoderms are either the antiarchs, the acanthothoracids or the brindabellaspids 

(Trinajstic and Roelofs, 2019; Dupret et al., 2017 but see also Zhu et al., 2021). More 

nested are the petalichthyds and sparsely armoured ptyctodonts, and both these groups 

are sister to the well-known arthrodires. Regardless of placoderm monophyly (King et 

al., 2017) or paraphyly (Zhu et al., 2013;2016), the maxillates- consisting of taxa like 

Entelognathus, and Quilinyu are consistently resolved as sister to all crown jawed 

vertebrates. Placoderm monophyly would position these taxa outside of the placodermi 

as the sister group to crown gnathostomes. 

All placoderms with the exception of antiarchs and maxillates, preserve evidence 

of supra and infraorbital lines (seen in Fig 5-1). However, unlike extant gnathostomes, 

these lines do not connect with each other caudal to the eye. Such disjunct orbital lines 

in acanthodians and stem osteichthyans suggest that this connection likely evolved 

independently in chondrichthyans and osteichthyans (Northcutt, 1989). The maxillate 

placoderm Entelognathus is the only placoderm to have lines on the lower jaw (Zhu et 

al., 2013). This suggests an evolutionary lag- lateral lines did not immediately occupy 

the newly-evolved jaw territory. However, the possibility that a superficial lower jaw line 

evolved with the advent of a jaw and became incorporated into the dermal bone only in 

maxillates must nevertheless be considered. Another feature shared amongst all 

placoderm groups is very sparse lateral line occupation of the cheek. It bears repeating 

that the cheek, as a territory for the attachment of jaw closing muscles, is itself a 

gnathostome novelty. In most groups, the sole line on the lateral cheek surface is a 

single ‘post-marginal’ line, branching from either the main lateral line or the infraorbital 

line (marked in red, figure 5-1).  Acanthothoracids, arthrodires and maxillates have 
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independently evolved a supraoral line on the upper jaw. The maxillate supraoral line 

may be a homologue of the maxillary line seen in extant gnathostomes (and described 

in detail in Chapter 4). Thus, a complex of lines seen on the cheek (and extending on to 

the lower jaw) evolved within the gnathostome crown group. A key placoderm 

characteristic is for several lines on the head to converge toward a central zone in the 

parietal/postparietal region. Lines converging here include the supraorbitals, a dorsal 

extension of the infraorbital line (commonly called the central line) and pit lines. This 

morphology is most clearly represented by the petalichthyds, which have a 

characteristic x-shaped commissure between supraorbital and central lines (e.g. 

Castiello and Brazeau, 2018). This pattern of convergence is only visible in some 

examples of the dorsal pit lines of crown gnathostomes, suggesting that there was a 

lateral shift of the orbital lines with the advent of the gnathostome crown.   

Resolving placoderm phylogeny will have important implications for our 

understanding of the assembly of crown gnathostome lateral line characters. For 

example, antiarchs like Bothriolepis possesses fewer lines that other placoderm 

lineages (Graham-Smith and Parrington, 1978; see Fig 2-5), and characteristically do 

not have clear evidence of a supraorbital line, similar to the condition in osteostracans 

(Janvier, 1974). If placoderms are paraphyletic (Brazeau and Friedman, 2015) and 

antiarchs are resolved as sister to all other jawed vertebrates, antiarchs may indeed 

retain an ancestral condition shared with jawless osteostracans, with a supraorbital line 

being a novelty that evolved closer to the crown in other placoderm lineages. If 

placoderms are monophyletic however (King et al., 2017), antiarchs may represent a 
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secondary simplification of a more complex lateral line pattern related to their extremely 

dorsalized eyes (which provide little space for supraorbital lines). 

A second question is the relationship of (sparse) cheek lines on placoderms to 

those in crown gnathostomes- are the supraoral and marginal lines in placoderms 

related the preopercular or other cheek lines in crown gnathostomes? Resolution of this 

question requires evaluating available criteria for homology including connectivity (or 

innervation). While most placoderms don’t preserve detailed evidence of innervation 

patterns, exceptional specimens like Romundina (Dupret et al., 2017) or Brindabellaspis 

(Zhu et al., 2021) do. Combined with modern high-resolution imaging techniques, 

innervation patterns in these fossils can be compared to those in extant jawed 

vertebrates.  

 Finally, the relationship between morphology and function in placoderms is ripe 

for exploration. Placoderms are morphologically and ecologically diverse, spanning 

multiple body size ranges and ecological habitats, from the benthos or nearshore 

marine environments to the open ocean. Functional analyses of jaw morphology also 

suggest they had varied diets, ranging from possibly phytophagous antiarchs (Lebedev 

et al., 2022) to the macropredatory arthrodires (Anderson and Westneat, 2007). A key 

question is whether lateral line morphologies were conserved in groups spanning these 

different regimes (suggesting some underlying developmental constraint), or whether 

they varied based on diet and habitat. My preliminary examination of lateral line patterns 

across the entire group –as seen in figure 5-1– suggests the former but a systematic 

examination is warranted. For example, large macropredatory arthrodires like 
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Dunkleosteus do not show any unique profusion of rostral lateral lines related to their 

inferred predatory behaviors (Engelman, 2024).  

 

 

Figures adapted from Denison (1978) and (Zhu et al., 2013) showing lateral (left) and dorsal 
(right) views. Different colours indicate preorbital, postorbital and mandibular domains. Lateral 
line grooves indicated by blue lines except for the supraoral line which is in red. Parietal domain 
with converging grooves indicated by magenta box.   

Figure 5-1: generalized morphology of lateral line patterns in major placoderm 
groups 
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(2) The agnathans 
 

Understanding the relationship of lateral lines between jawless and jawed groups 

presents a much greater challenge owing to the great anatomical gulf between these 

two groups. Gnathostome evolution comprised not only the advent of a jaw, but also 

other major morphological shifts - from a single to split nostrils and the formation of a 

new cheek territory, to name a few. Consequently, the territory occupied by lateral lines 

underwent a major change, prompting the question of how lateral lines were modified 

accordingly. Living jawless fishes comprise the lampreys and hagfish. Of these, the 

former have a discontinuous distribution of superficially located neuromast lines 

(Gelman et al., 2008; Marinelli and Strenger, 1954). Eptatretid hagfishes have a 

possible homologue of lateral lines (Braun and Northcutt, 1997). However, there is no 

data on the peripheral innervation of these systems, and hypotheses regarding their 

homology with gnathostome lateral line components remain untested. Living 

cylcostomes are however phylogenetically remote from jawed vetebrates with a plethora 

of fossil forms separating the two groups (Miyashita et al., 2019). Anaspids are inferred 

to be stem cyclostomes, with a variety of other jawless fishes positioned on the 

gnathtostome stem.  Osteostracans branch off as the jawless fishes sister to the first 

jawed vertebrates. Osteostracans have a simple, sparse and superficial distribution of 

lateral lines. They show no evidence of a supraorbital line, and have a short, 

discontinuous infraorbital line. The rest of the system consists of small transverse lines 

behind the eyes, and a ventral line close to the base of their head shield (Stensiö et al., 

1932; Janvier, 1985). Despite the diversity of osteostracan body shapes and sizes, 
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ranging from horseshoe shaped Ateleaspis which had a complement of paired pectoral 

fins (Ritchie, 1967) to the smaller, barrel shaped Tremataspis which lacked paired fins 

(Patten, 1902), this pattern of lateral lines is broadly conserved across the group 

(Stensiö et al., 1932; Janvier, 1996). This lateral line pattern differs drastically from 

other agnathan groups, in particular, the heterostracans and galeaspids which have 

elaborate lateral line networks embedded deep in the dermal skeleton (Fig 2-5). In both 

these groups, the lateral line system consists of a reticulating network on the head 

shield, conspicuously in a postorbital domain, in contrast to the gnathostome condition. 

As detailed in chapter 2, this suggests a shift from a postorbital to a preorbital domain of 

lateral line elaboration, with a radical breakdown and rebuilding of the system. 

Osteostracans represent an episode of this breakdown and remodelling, with a 

secondary simplification of their lateral lines. As previously hypothesized, their elaborate 

sensory fields connected to the vestibular system may have compensated for reduced 

mechanosensation from lateral lines (Miyashita et al., 2025).  

To understand how lateral line systems were transformed across the agnathan-

gnathostome transition first requires evaluating which lines are homologous between 

cyclostomes and jawless and jawed members of the gnathostome total group. The 

primary step in this direction demands a detailed, comparative description of lateral line 

patterns in agnathans preserving evidence of lateral lines. Osteostracans, galeaspids 

and heterostracans comprise approximately 200 (Sansom, 2009), 70 (Zhu and Gai, 

2007) and 300 (Randle et al., 2022) species described so far (blue wedges, fig 5-2). 

There has however been no examination of their lateral lines employing a comparative 

phylogenetic framework to understand intra-group lateral line diversity. For example, as 
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mentioned previously, the osteostracans span a wide variety of body shapes, with 

different morphologies of the sensory fields. It remains unclear (given that the sensory 

fields may compensate for reduced lateral lines) whether changes in the morphology of 

these fields correlate with changes in the morphology of lateral line patterns. Further, 

osteostracans and galeaspids preserve good evidence of cranial nerve tracts. New high 

resolution imaging techniques have the potential to reveal unprecedented morphological 

detail in these taxa (Gai et al., 2011; Miyashita et al., 2025), and thus reveal peripheral 

innervation of lateral line components. These data could be used in conjunction with 

neuroanatomical studies of extant gnathostomes and agnathans to establish 

homologies between different parts of the lateral line network using the criterion of 

connectivity. Current phylogenies also recover anaspids to be on the cyclostome stem 

(Miyashita et al., 2019). However, the anaspid fossil record, especially with regard to 

lateral line data, is sparse. Future studies on this group, hopefully aided by more fossil 

discovery, would aid our understanding of the assembly of the living agnathan lateral 

line pattern. Finally, developmental data from agnathans will be necessary to 

understand the placodal homologies of lateral lines between agnathans and 

gnathostomes, and these directions are discussed below. 
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Figure 5-2: Vertebrate phylogeny indicating major clades requiring examination 
of lateral line characters (blue wedges) showing numbers of described taxa, 
respectively. For other symbols, refer to figure 2-5. 



 
 

177 

 

II. The water-land transition and lateral line loss 

 

(1) Lissamphibia 
 

The previous section dealt with the assembly of lateral line patterns leading to the 

gnathostome crown. Here, I discuss the prime example of reduction and loss in the 

system–within tetrapods. Extant tetrapods include amniotes and the lissamphibia 

(salamanders, frogs and caecilians). No extant amniotes have any lateral lines but 

amphibians show a myriad of conditions. Lissamphibians occupy a wide variety of 

ecological habitats and display a range of reproductive modes, from indirect to direct 

developers and completely aquatic to terrestrial inhabitants. Most lissamphibians 

however have aquatic larvae, and go through metamorphosis to inhabit a quasi-

terrestrial or entirely aquatic habitat (Schoch and Witzmann, 2024). In all cases of 

indirect developers, larval stages have lateral lines present as a complex of superficial 

neuromasts (Northcutt et al., 1994; Hetherington and Wake, 1979; Quinzio and Fabrezi, 

2014). Those that remain in aquatic habitats through the adult stages, like the 

cryptobranchid salamanders or aquatic frogs like Xenopus retain superficial lateral lines 

throughout their lives, while those that have terrestrial adult habits lose lateral lines at 

metamorphosis (Roth et al., 1992). Entirely aquatic direct developers like the Suriname 

toad Pipa pipa also retain lateral lines through adulthood (Perez-Rojas and Jerez, 

2022), while direct developing terrestrial amphibians, like the frog Eleuthrodactylus or 

plethodontid salamanders never develop lateral lines (Roth et al., 1992). Thus, there 

seems to be a direct correlation between aquatic habitats and the presence of lateral 
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lines within the living amphibia. Notably, there is no aquatic amphibian without either an 

electrosensory or mechanosensory lateral line system.  

Most phylogenies (Ruta and Coates, 2007; Pardo et al., 2017) suggest the crown 

group lissamphibians as nested within a large, diverse fossil clade called the 

Temnospondylii. Recent fossil discoveries (Kligman et al., 2023) have also confirmed 

that all three extant clades of lissamphibians branch off from within the temnospondyl 

sub-group called the dissorophoids. An examination of the temnospondyl fossil record 

(fig 5-3, adapted from Schoch, 2013) suggests that there was a patchy distribution of 

lateral lines amongst different groups, leading to the question of whether crown 

lissamphibian lateral lines represent a conserved ancestral condition, or a derived 

feature of the clade. A key question in this regard is the evolution of metamorphosis 

within the temnospondyls. Schoch and Witzmann (2024) argue that temnospondyl 

groups evolved different degrees of metamorphosis, but almost all had aquatic larval 

forms. This suggests that all temnospondyls likely possessed lateral lines in larval 

stages, and lost them to different degrees with the advent of terrestrialization. The 

dendrerpetontids (Balanerpeton and Dendrerpeton) have been perceived as terrestrial 

taxa in the adult stages, and did not have any semblance of lateral lines (Milner and 

Sequeira, 1993; Holmes et al., 1998). Other groups like the diminutive dvinosaurs or the 

large, crocodile-like stereospondyls (represented in the figure by Archegosaurus, 

Trematosaurus and Mastodonsaurus) had aquatic adult forms with good evidence of 

lateral lines preserved as grooves on the dermal skeleton (Moodie, 1908; Schoch, 2019; 

Witzmann, 2005; Schoch and Witzmann, 2024). The presence of lateral lines on 

Archegosaurus is historically important, since this character was used by Owen to 
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describe Archegosaurus as a key ‘transitional form’ between fishes and tetrapods 

(Owen, 1859) However, the group forming the sister to crown lissamphibians, the 

amphibamids, have no evidence of lateral lines preserved. Amphibamids, which are 

generally small, have been described as terrestrial insectivores with well-documented 

aquatic larval stages bearing external gills (Schoch, 2022). While evidence of lateral 

lines in these larval specimens remains missing, this is likely a consequence of 

superficially placed neuromasts, which would not preserve an osteogenic signature. 

Different degrees of neoteny have been documented in the dissorophoids (the larger 

group containing amphibamids), such as the case of the aquatic branchiosaurs, which 

retained larval characteristics into adulthood (Sanchez et al 2010). In essence the 

closest fossil relatives of extant lissamphibians have been documented as having a 

terrestrial adult condition, and it is likely that extant lissamphibians re-evolved persistent 

aquatic habits in some cases, while retaining larval lateral lines through adulthood as 

exemplified in some lineages such as Xenopus. Nevertheless, absence of evidence of 

lateral lines in fossil skulls is not evidence of absence of lateral lines altogether. It is 

possible that the groups that have no osteological remnants of lateral lines may have 

simply shifted them to a superficial location (akin to extant lissamphibians), so care 

must be taken in using the absence of lateral lines as definitive evidence for a terrestrial 

habitat. The presence or absence of lateral lines must be used in conjunction with other 

traits, such as the presence of external gills or limb structure to infer aquatic vs 

terrestrial habitats.  

A major gap in our knowledge of lissamphibian lateral lines remains in the case of 

the caecilians. These enigmatic amphibians, least diverse of the living clades, span the 
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gamut from terrestrial, fossorial forms to entirely aquatic taxa, with either direct or 

indirect developing larvae (Wake, 1992). Previous studies have documented that 

indirect developing taxa with terrestrial adults (such as the Ichthyophiidae (Hetherington 

& Wake, 1979) have larval lateral lines lost at metamorphosis. Vivaparous, entirely 

aquatic caecilians of the Typhlonecticdae paradoxically never develop neuromasts, but 

retain electroreceptive ampullary organs throughout adulthood, making them unique 

amongst all gnathostomes (Roth et al., 1992). The study of caecilian lateral line 

development has been primarily hampered by their sparse, uniquely tropical distribution, 

difficulties in culturing all but a couple of species under laboratory conditions, and an 

exceptionally sparse fossil record. Further descriptions of lateral lines within this group 

are warranted to explain the relationship between lateral lines, ecology and 

developmental modes in this enigmatic group of lissamphibians.  
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General morphology of the head in lateral view, anterior to the left. Lateral line grooves 
indicated by solid blue lines. Phylogeny adapted from Schoch 2013. Coloured boxes indicate 
major groups. 

 

 

 

 

Figure 5-3: Lateral line patterns in temnospondyls 
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(2) Amniotes 
 

No extant amniotes have any semblance of lateral lines at any point in ontogeny. This is likely 

related to the evolution of a terrestrial habitat (where lateral lines are of no use), internal 

fertilization and a cleidoic egg, which avoided the necessity for aquatic larval forms. Extant 

amniotes, consequently, are all direct developers. The immediate sister groups to crown 

amniotes, such as the diadectomorphs and seymouriamorphs also do not display any evidence 

of having lateral lines and have been reconstructed as being primarily terrestrial (Bazzana et al., 

2020). Some analyses (Ruta & Coates, 2007) have suggested that the anthracosaurs which 

have well-developed lateral line sulci (Holmes 1984) are nested within the amniote total group, 

though other studies have moved them outside (Pardo et al., 2007). Phylogenetic analyses 

suggest that the lepospondylii, a diverse group of fossil tetrapods which had several aquatic 

forms with some lateral line grooves, such as the aistopods or the nectrideans (Pardo et al., 

2007), are closely related to the amniotes. Consequently, it remains unclear where on the 

amniote stem lateral lines were completely lost. Some seymouriamorphs (closely related to 

crown group amniotes) have been inferred to have lateral line systems at least in larval stages, 

as exemplified by Discosauriscus (Klembara, 1994). Lateral lines are definitely lost in the cladde 

comprising the diadectomorphs and crown group amniotes. The issue is further compounded by 

lack of evidence as to where on the amniote stem the cleidoic egg evolved. Our earliest 

evidence of cleidoic eggs are the hard-shelled eggs of dinosaurs (Reisz et al., 2012), well into 

the amniote crown, and therefor uninformative as to conditions on the stem. The resolution to 

the problem will likely come from sites where extraordinary conditions permit the fossilization of 

soft-tissue structures, such as leathery, non-mineralized cleidoic eggs and fossils providing 

ontogenetic data about stem-amniotes.  

(3) Stem-tetrapods 
 



 
 

183 

Tetrapods are nested within a clade of the sarcopterygians called the tetrapodomorpha, 

which includes lobe-finned fishes like Eusthenopteron and Osteolepis (Ahlberg and 

Johanson, 1998). Analysis of conditions outside the tetrapod crown, as shown in Fig 5-

4, adapted from (Pardo et al., 2017) indicates that the plesiomorphic condition for stem 

tetrapods was to have a complex of lateral line canals embedded within the dermis, 

opening out to the surface through pores (e.g. Panderichthys), shared with 

tetrapodomorph fishes like Osteolepis (Westoll, 1936). However, there appears to be a 

gradual trend of change from canals to a mixed condition of canals and open grooves, 

as exemplified by taxa like Acanthostega (Clack, 2002) or Whatcheeria (Lombard and 

Bolt, 1995). Another major trend is the discontinuity of the supraorbital lines. This may 

be related to flattening of the skull, expansion of orbit size and reduction in inter-orbital 

space (MacIver et al., 2017). A potential behavioral or ecological cause for this 

reduction might also be that with the expansion of visual range, the eyes and top of the 

head were habitually above the water meniscus, where lateral lines would not be useful. 

Possibly in support of this, the mandibular canal is retained most consistently amongst 

stem tetrapods, likely again because the lower jaw and bottom of the skull were below 

the water surface. However, it must be noted that the very presence of (even some) 

lateral lines indicates that there was no necessary trend ‘towards’ terrestrialization, and 

these taxa were at least for the most part aquatic. Once again, other anatomical 

characters like the presence of gill skeletons in Acanthostega lend support to the idea 

that these sarcopterygians were not incipiently heading towards a terrestrial habitat 

(Coates and Clack, 1991), though they were likely spending increasing time in the 

shallows.  
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While there is no evident trend of lateral line loss with the advent of the tetrapod 

crown, there is nevertheless a change from enclosed canals to open grooves. In most 

temnospondyls, for example (fig 5-3), lateral lines are open grooves. The functional or 

ecological consequences of this shift remain unclear. Physiologically, superficial (or 

exposed) neuromasts function as velocity detectors that detect laminar flow and local 

water movement, particularly in standing or slow moving water, while enclosed canal 

neuromasts serve to sense pressure gradients and acceleration caused by other 

moving bodies or fast currents (Mogdans, 2019). It remains to be tested whether this 

shift from enclosed canals to open grooves within the tetrapod crown is related to a 

habitat shift towards still or slower moving water. However, it is unclear if neuromasts in 

open grooves are similar in physiology to completely superficial neuromasts (such as 

those seen in living lissamphibians). A similar trend is seen in lungfish, where two of the 

three living lineages exhibit a shift towards open grooves from an ancestral condition of 

enclosed lateral lines (Webb and Northcutt, 1997). Mathematical modelling of lateral line 

parameters including canal diameter, network topology and depth of the groove or canal 

from the dermal surface could be used to understand the different flow regimes that 

different types of lateral lines were optimized to sense. Such modelling has been done 

so far only on the canals of extant teleost fishes (Scott et al., 2023). Northcutt (1997) 

proposed that the shift from enclosed canals to open grooves happened as a result of a 

heterochronic shift. All neuromasts begin superficially on the dermis, and those destined 

to be canal neuromasts sink into ridges and get enclosed in bony or soft tissue canals. 

Northcutt (1997) suggested that at different points in the phylogeny, this ontogenetic 

trajectory was arrested at different stages, producing either superficial or enclosed 
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neuromasts. However, this hypothesis requires further testing, since data from zebrafish 

shown in chapter 4 indicate that superficial and canal neuromasts are entirely distinct 

both in morphology and in their ontogenies. In essence, neuromasts destined to 

become canal neuromasts are distinct at all stages (even when they are initially 

superficial), and do not resemble actual superficial neuromasts at any point in 

development.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-4: Lateral lines in stem-tetrapods 
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Fig 5-4 cont. Phylogeny adapted from Pardo et al., (2017). Heads shown in lateral view, anterior to the 
left, head regions as in fig 5-1. Enclosed lateral line canals indicated by dotted blue lines, open lateral line 
grooves indicated by solid blue lines. 

 

In essence, there is no clear trend of lateral line loss or reduction within the 

tetrapod stem, though there is a trend towards open grooves rather than enclosed 

canals. Future systematic treatment of lateral line morphologies in this group is key to 

understanding the ecological and behavioral shifts that were happening within the 

tetrapod stem in the Devonian and Carboniferous. However, most morphological 

studies of stem-tetrapods are focused on identification of crown tetrapod characters 

associated with terrestrialization (hence the focus on, for example, limb or girdle 

evolution) and not on characteristics reflecting the more aquatic habits of this clearly 

aquatic group.  

III. Lateral lines and the dermoskeleton 
 

Chapter 2 briefly discussed another area ripe for exploration: the relationship between 

lateral lines and the surrounding dermal skeleton. Dermal skeletons vary widely in 

histological structure between different vertebrate groups. Recent studies (Keating and 

Donoghue, 2016) have substantiated the idea that the vertebrate dermal skeleton is 

composed of distinct, osteogenic and odontogenic layers producing bones or dentine, 

respectively (Smith & Hall, 1990). The diversity of vertebrate dermal skeletons is seen 

as different combinations of these modules in different groups (reviewed in Rocha et al., 

2020). For example, it has been suggested that chondrichthyans reduced the entire 

osteogenic layer, while retaining an odontogenic component in their micromeric 

skeletons (Gillis et al., 2017). These data are founded on palaeontological evidence, 
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which indicates that a macromeric skeleton was the ancestral condition in 

gnathostomes (Friedman & Brazeau, 2013). However, the relationship between lateral 

lines and these various dermoskeletal modules remains unclear. Lateral lines vary 

regarding where in the dermal skeleton they are found; for example, heterostracan and 

galeaspid lateral lines are found in deep canals, while osteostracan lines are in shallow 

grooves (Janvier, 1996). Placoderms show a combination of these conditions, with 

lateral line grooves in most cases, but partially enclosed canals in some groups like the 

ptyctodonts. The functional and behavioural implications of lateral line position remain 

broadly unstudied. Further, there are no clear data on which part of the dermal skeleton 

(or which layer) lateral lines run through in different groups. This is especially pertinent 

in some groups that have complex, multi-layered dermal skeletons. For example, 

osteostracans and some sarcopterygians convergently evolved an elaborate system of 

pore canals in the dermis. These pore canals were once thought to be part of an 

electrosensory or mechanosensory system (Thomson, 1975; Meinke, 1984), but this 

hypothesis has since been questioned (Bemis & Northcutt, 1992). However, how lateral 

line canals connect with (if at all) these elaborated pore canals is not known.  

The relationship between lateral lines and dermal skeletons is also interesting 

from a developmental point of view. As I have shown in chapter 3, in the teleost 

zebrafish the anterior lateral lines develop in close proximity to, and are at least partially 

dependent upon, the cranial neural crest. My data corroborate previous findings that 

neural crest is the source for some of the zebrafish dermal skeleton (Kague et al., 

2012). Moreover, I find that in the absence of properly developing neural crest, it is 

those neuromasts that would normally become embedded in the neural crest-derived 
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bone that are absent. Parrington (1949), in an attempt to clarify the relationship between 

lateral lines and dermal bones, posited morphogenetic fields that would influence the 

course of the lateral lines, with their centers located at the centres of ossification of 

dermal bones. As demonstrated in chapter 3, the neural crest is now a clear candidate 

to be the source of such a morphogenetic field. In this case, how else might lateral lines 

interact with the diversity of dermal skeletons seen throughout vertebrate evolution, 

which might have some neural crest-derived components?  For instance, it has been 

demonstrated that dentine is almost certainly a neural crest derivative (Rocha et al., 

2020; Stundl et al., 2023). The dermal skeletons of fossil vertebrates are often covered 

in dentinous layers on the head and trunk, suggesting neural crest involvement. 

Description of the developmental morphology of lateral lines and (neural crest-derived) 

denticles in chondrichthyans would be a suitable test of the hypothesis that neural crest 

derived dentine influenced lateral line development.  Further, osteichthyans also have 

characteristic tubes of dermal bone surrounding lateral line canals. It remains unclear, 

however, if this canal bone is neural crest-derived, and if neural crest and cranial 

placodes interact in this scenario.  A detailed histological analysis of the dermal 

skeletons surrounding lateral lines in different groups would begin to shed light on this 

issue.  

 

IV. Integrating development 

 

All aspects of this dissertation can be aided by the integration of comparative 

embryological and developmental data, and further study of the fossil record would in 
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turn complement our understanding of vertebrate sensory system development. Here, I 

consider three primary future directions: an embryological interpretation of the 

agnathan-gnathostome lateral line transition, the placodal origin of conserved and novel 

lateral lines within gnathostomes, and the molecular underpinnings of anterior lateral 

line development in teleosts.  

(1) Gnathostome placodes and lateral lines 
 

Despite the general conservation of gnathostome lateral line patterns described above, 

there are nevertheless taxon-specific differences in the morphology of the network in 

different living jawed vertebrates. For example, there are more lines in chondrichthyans 

than in osteichthyans (see Fig 2-1), and there are lines that occupy the elongate rostra 

of taxa like gars, sturgeons or sawsharks in different manners (Fig 2-2). However, all 

the lateral lines derive from cranial neurogenic placodes. A key question then is how 

placodal development was modified in different groups to produce the diversity of lines 

seen in living forms. To answer this question, one must first clarify the relationship 

between individual placodes and specific lateral line components across diverse taxa.  

Northcutt (1989) hypothesized that the ancestral gnathostome lateral line system 

was derived from six placodes, which gave rise to all the lines on different heads (Fig 2-

4). In various lineages, placodes were either lost or may have fused, producing the 

variety of lines we see in extant taxa. However, this idea has not been comprehensively 

evaluated across vertebrate diversity. For example, Raible and Kruse (2000) showed 

that the zebrafish lateral line system is derived from anterior and posterior placodal 

domains (with the anterior further splitting into anterodorsal and anteroventral portions). 

However, it is important to note that the six placodes were only part of a hypothetical 
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ancestor, and not found specifically in any living vertebrate taxon. Further, Northcutt 

used innervation as a criterion to determine placodal development. For example, 

Northcutt (1989) suggest that a middle pit-line in gnathostomes was innervated by a 

middle lateral line nerve and so must have come from a middle placode. However, in 

Chapter 4 I demonstrated that nerves emanating from a placode may innervate 

neuromasts coming from a wholly different placode, so this criterion is not always 

reliable.  

A detailed analysis of placode-line relationships across different groups is 

necessary to determine how many placodes exist in gnathostomes and how they may 

be related between different lineages. An ideal approach to pursue this question is to 

trace the development of placodes to their respective lateral line branches. This can be 

achieved by lineage tracing using vital dyes like DiI to inject the putative placodal 

regions (identified by immunolabelling) and identifying remnant components of the dye 

in different lateral line canals or grooves later in ontogeny (Gillis et al. 2012). While most 

work on lateral line development has focused on osteichthyans (primarily teleosts like 

the zebrafish), little attention has been paid to the other major lineage of jawed 

vertebrates - cartilaginous fishes. Chondrichthyans possess well-developed lateral line 

systems and vary vastly in morphology, ecology, diet and habitat, making them an ideal 

candidate for studying the evolution of lateral line development. A key taxon that proves 

useful for these studies is the little skate Leucoraja erinacea. Skates are oviparous, 

providing easy access to the developing embryo, and can be easily cultured under 

laboratory conditions (Gillis et al. 2022).  
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As a first step towards such analysis, I used immunolabelling in skates against 

the transcription factor Sox2 (expressed in neuromast support cells in teleost lateral 

lines; Hernández et al., 2007) at different stages, to describe overall embryonic 

development of the lateral lines (Fig 5-5). To trace the origin of lines to placodes, and as 

a proof-of-concept, I injected the anterodorsal placode in skate embryos at stage 27 

with DiI (Gillis et al., 2022) (Fig 5-6, A, A'). The embryos were then allowed to grow until 

stage 32 (Maxwell et al., 2008) (by which time most lateral line branches are well-

developed) and then sectioned (Fig 5-6 B,B’,B’’). I was able to identify the presence of 

DiI in a portion of the supraorbital canal, demonstrating that the SO canal in skates is 

derived from the anterodorsal placode, making it homologous with the SO canal in 

teleosts like zebrafish. Future studies involving injection of other placodal regions and 

tracing them to their respective lines, especially when done across a variety of 

representative taxa, would help identify homologous branches of the line across 

species, and help reconstruct the ancestral gnathostome lateral line condition.  

Such an approach can also help shed light on lineage-specific novelties. For 

example, skates and rays possess unique ‘pleural’ and ‘scapular’ lines on the pectoral 

fin. This is the only recorded instance of a lateral line being present on a pectoral 

appendage in any vertebrate (Ewart & Mitchell, 1895). While scapular lines clearly 

branch from the main trunk lateral line (see Fig 5-6), the homology of the pleural line 

remains unclear. Is it a branch of one of the existing lateral lines in other vertebrates, or 

is it a de-novo condensation of an entirely new placode? Preliminary immunolabeling 

(with the marker Sox2) has indicated the presence of an as yet undocumented placode 

like region on the mandibular arch. Future DiI injections into this placodal domain would 
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help to establish if this is indeed a new placode, and if it gives rise to the novel pleural 

line. An ideal experiment would be to do DiI injections in skates in parallel with a 

tractable, closely related group like sharks– for example, the catshark Scyliorhinus, to 

determine if the pleural line is a novelty in skates arising from a new placode versus a 

modification of an existing line in chondrichthyans. 
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Dorsal view, anterior to the left. Abbreviations: SO- supraorbital, P-pleural, IO- infraorbital, SC- 
scapular, T- main trunk line. Stain utilized Genetex Sox2 rabbit polyclonal antibody (GTX 12447) 
and was developed using DAB post amplification using Vectastain Elite avidin-biotin reaction (PK- 
6103) 

Figure 5-6: DiI labelling of the anterodorsal placode in Leucoraja 

Figure 5-5: Sox-2 immunolabelling of a stage 32 skate showing major 
lateral line branches 
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(2) The agnathan-gnathostome transition: developmental insights 
 

As detailed previously, a major gap in our understanding is how the lateral line system 

was modified with the advent of jaws. A key piece of this puzzle is testing the (taxic) 

homologies between living agnathans and gnathostomes. Section IV (2) described the 

identification of a conserved pattern of embryonic placodal development across 

gnathostomes. The methods used to establish this conservation (including lineage 

tracing and immunolabelling) could similarly be used on representative extant 

agnathans (ideally, lampreys). This approach could identify homologies between lateral 

lines in jawless and jawed groups (using a developmental criterion) and reveal how 

placodal development was altered across a major anatomical transformation, i.e., the 

advent of jaws and the concomitant re-organization of lateral line patterns (as discussed 

in chapter 2). As an example, we can consider the mandibular line. It has been noted 

that the maxillate placoderm Entelognathus is the only placoderm with a mandibular 

line, and, in living gnathostomes, the mandibular line is derived from an anteroventral 

placode (demonstrated for example in zebrafish, see Chapter 4) and innervated by an 

anteroventral nerve. Understanding the distribution and development of placodes in 

extant agnathans would help us to understand if an existing agnathan anteroventral 

placode was modified to form the gnathostome mandibular line, versus whether the 

gnathostome mandibular line was formed by the de-novo condensation of a new 

placode.  

Fig 5-6 cont. A, A’ showing brightfield and DiI views respectively of DiI injected above the eye in a st.27 
skate (magenta circle), anterior to the left. B, B’, B’’ showing DAPI, DiI and merged views of the same 
specimen, sectioned at st.32. Imaged on an LSM 700 confocal microscope. Supraorbital canal indicated 
by yellow circle. G- anterodorsal ganglion. B’ and B’’ indicate presence of DiI in the supraorbital canal, 
proving it is derived from the anterodorsal placode.  
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 Chapter 2 details the significant shift of lateral lines from a postorbital to a 

preorbital cranial domain across the agnathan/gnathostome transition. A major 

component of craniofacial development, both in agnathans and gnathostomes is the 

cranial neural crest. The neural crest forms the frontonasal region between the nostrils 

and the cheek in gnathostomes. The pattern of neural crest migration differs markedly 

between agnathans and gnathostomes (Kuratani 2005). In Chapter 3 I have 

demonstrated that the neural crest is necessary for lateral line development in 

gnathostomes. However, it is not known if this relationship also exists in agnathans like 

lampreys. Integrating findings from chapters 2 and 3, with studies on the differences in 

cranial neural crest migration between agnathans and gnathostomes, would shed light 

on whether this post-pre orbital lateral line shift was associated with a change in neural 

crest migration, mediated via the creation of new neural crest territory - such as the 

inter-orbital, or inter-nasal spaces, or the cheek. It is consequently possible that the 

change in lateral line patterns that occurred in gnathostomes was a result of new 

anatomical territory enabling modified neural crest migration patterns, which in turn 

influenced lateral line development. 

(3) Anterior lateral lines in teleosts: a more thorough molecular picture 
 

Chapters 3 and 4, which focus on the development and innervation of lateral lines in the 

zebrafish system, each lead to several avenues for future study. First, Chapter 3 

demonstrated that the anterior lateral line system is dependent on neural crest tissue for 

proper morphogenesis, but the specific nature of local molecular (or mechanical) cues 

underlying this relationship remain unknown. Intensive study of the zebrafish posterior 

lateral line has demonstrated that the system is patterned via a self-organizing posterior 
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lateral line primordium (Dalle Nogare and Chitnis, 2017). This primordium expresses 

mutually exclusive Wnt and FGF signalling domains that divide it into a leading edge 

with a mesenchymal morphology and a trailing edge with an epithelial morphology. As 

the primordium migrates, Wnt signaling promotes cell proliferation, and Fgf signaling 

promotes the formation of the epithelial rosettes that become neuromasts, such that the 

migrating primordium deposits appropriately spaced neuromasts in its wake. Confocal 

and lightsheet imaging shown in Chapter 3 have shown that the zebrafish supraorbital 

primordium is morphologically similar to the posterior lateral line primordium. However, 

it remains to be investigated if Wnt/FGF domains are operating in this primordium, 

similar to the trunk, or if anterior lateral line primordia are under the control of other 

developmental regulatory mechanisms. This is especially interesting given that the 

migrating posterior lateral line primordium follows a ‘track’ of the chemokine Cxcl12, 

which is localized along the horizontal myoseptum of the somitic mesoderm (Haas & 

Gilmour, 2006). Absence of chemokine expression (in mutant fish; David et al., 2002; 

Ghysen & Dambly- Chaudiere, 2007) does not affect anterior lateral line development. 

Thus, even if the supraorbital primordium requires Wnt/FGF expression, similar to the 

posterior lateral line primordium, then the molecular or mechanical cues this primordium 

follows around the head will still need to be identified. Pharmacological manipulations, 

for example using Wnt or FGF inhibitors or agonists, could help ascertain if these 

signalling pathways are involved in development of the ALL. As discussed in Chapter 3, 

previous studies have documented a role for FGF signalling in the anterior lateral line, 

with loss of FGF signaling resulting in an elongate, ridge-like supraorbital primordium 

(McCarroll and Nechiporuk, 2013). Moreover, a previous study has also shown that R-
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spondin2, an activator of Wnt signalling is required for the development of a subset of 

neuromasts in the head (Iwasaki et al., 2020). Future studies using the above-

mentioned techniques can begin to dissect which parts of the cranial lateral line system 

require which signalling pathways for proper development.  

A related question in zebrafish lateral line development (both anterior and 

posterior) is what leads to the initiation of primordium migration. In mutants that lack 

chemokine expression, the posterior lateral line primordium nevertheless begins 

migrating for a short period before stalling (Haas and Gilmour, 2006). Mediated by the 

Wnt/FGF axis, the receptors Cxcr4 and Cxcr7 set up a sink for the chemokine, driving 

its migration through most of the trunk, but how the primordium begins to migrate onto 

the trunk in the first place remains to be seen. Similarly, in the absence of neural crest 

cells, the supraorbital primordium nevertheless begins migration, suggesting that there 

may be molecular signals to initiate migration derived from non-neural crest tissues.  

Another possible avenue of research is the development of the infraorbital lateral 

line system in zebrafish. In Chapter 3 I have demonstrated that the infraorbital 

primordium is morphologically distinct from the supraorbital and posterior lateral line 

primordia, developing as an elongated ridge of cells that then condenses into distinct 

neuromasts, rather than as a migrating cluster of cells that deposits neuromasts in its 

wake. The elongating ridge mechanism used by the IO line in zebrafish appears similar 

to the mechanism of lateral line development used in other taxa, including 

elasmobranchs and the cranial lines of amphibians (Johnson, 1917; Winklbauer & 

Hausen, 1989).  Currently, there are no data on the molecular underpinnings of the 

elongation and condensation mechanism of lateral line development in any system. 
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Future studies of gene expression and primordium migration in mutant zebrafish with 

aberrant Wnt/FGF signalling (such as the apc mutant, see Aman and Piotrowski 2008) 

would serve to inform the developmental mechanisms underpinning the infraorbital line. 

These data can be combined with assays of gene expression and pharmacological 

inhibition (Brooks et al., 2024) in other taxa that have elongating lateral lines to identify 

the molecular underpinnings of these lines, and test the hypothesis that zebrafish are 

redeploying developmental mechanisms seen in other vertebrates. This could further be 

complemented by computational methods to model the infraorbital line and its 

relationship to signalling factors as previously performed for the PLL (Dalle Nogare & 

Chitnis, 2017) 

Chapter 4 has identified innervation patterns and novel mechanisms of 

neuromast development in larval stages. However, these studies represent data from 

just one teleost, the zebrafish Danio rerio. While such innervation patterns (specifically a 

supraorbital superficial nerve coming from an anteroventral placode) have not been 

documented in any other taxa in previous studies (Lekander, 1949; Landacre, 1910; 

Song and Northcutt, 1991; Northcutt et al., 2000), this may merely be due to limitations 

of the descriptive methods used. Both the CUBIC protocol and the live imaging protocol 

utilizing TMRE described in chapter 3 can be used on a wide range of representative 

organisms. The CUBIC protocol is able to render high resolution images of thin nerve 

branches, while live imaging with TMRE can track the proliferation of superficial and 

canal neuromasts through time in the same specimen.  These methods can thus be 

used to identify if the newly described innervation patterns and neuromast development 

mechanisms occur in other teleosts, as well as if they represent a more conserved 
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vertebrate-wide pattern. Utilizing CUBIC clearing on fixed specimens of key 

representative taxa- elasmobranchs, amphibians and lampreys- would help reveal 

conserved and apomorphic patterns of innervation across vertebrate lineages. 

Within the teleosts, catfish and medaka would represent ideal candidates for 

further examination for several reasons. First, they would phylogenetically bracket 

zebrafish to establish if any of these innervation patterns are conserved across teleosts, 

are an ostariophysan synapomorphy (since both catfish and zebrafish are 

ostariophysans), or are unique to cypriniforms. Second, both these species are 

genetically tractable, providing the ability to generate transgenics (e.g. using CRISPR 

‘knock-ins’; (Elaswad et al., 2018; Ansai and Kinoshita, 2014). Transgenics akin to 

zebrafish Tg(Hgn39d), the enhancer trap insertion (Nagayoshi et al., 2008) into the 

contactin associated protein 2a gene used in chapters 3 and 4, could potentially provide 

markers specific to the lateral line afferent nerves to allow imaging at high resolution, 

while also providing an opportunity to track the development of lateral line nerves and 

neuromasts in vivo. Such transgenic lines would also enable functional tests of the 

nerve-neuromast relationship as demonstrated in zebrafish via ablation of the lateral 

line ganglia. 

  Catfish are an especially interesting candidate for investigation because they are 

not only closely related to zebrafish as ostariophysans but have also been described to 

have superficial neuromast lines on the head and trunk in a pattern different from those 

of the zebrafish (Northcutt et al., 2000). Further, based on the one taxon examined 

(Ictalurus, Northcutt et al., 2000) catfish anterior lateral lines develop via elongating 

ridges, which differs from previous accounts of teleost anterior lateral line development 
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(except for the zebrafish infraorbital line, see chapter 3). They are also ideal candidates 

for integrating macroevolutionary studies, due to a well-established fossil record dating 

at least to the Late Cretaceous (Brito et al., 2024) and their widely variant ecologies. 

Catfish have also secondarily evolved electroreception, and have a profusion of 

approximately 4000 ampullary receptor organs scattered throughout the body. Data 

from other bony fishes (Modrell et al., 2011) have shown that ampullary receptors are 

derived from lateral line placodes. However, this previous finding suggests that it is only 

anterior lateral line placodes that can form electroreceptors. If this is the situation in 

catfish, there remains the question of how anterior placode derived ampullary organs 

(and their associated nerves) proliferate and migrate throughout the body.  

Developmental approaches and data can help complement paleontological and 

comparative anatomical understanding of head evolution and diversification. As 

described in Chapter 2, the evolution of the gnathostome cranium and associated 

structures enabled the occupation of new ecological niches and facilitated a sea change 

in prevalent feeding behaviors. Embryological analyses can help identify molecular 

mechanisms involved in this reorganization, and how they maybe related to overall 

craniofacial development. For example, developmental data can help elucidate if and 

how closely related fish living in different environments have modified developmental 

pathways to produce contrasting lateral line morphologies. Ideal candidates to address 

the latter question would be the sighted and blind variants of the cavefish Astyanax 

which have a surface form with eyes and blind cave-dwelling forms. These two morphs 

have differences in their craniofacial skeletons, in neuromast number and position as 

well as the behaviour of their neural crest (Gross and Powers 2023; Powers et al., 2018; 
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Yoshizawa et al., 2018). Like the zebrafish, cavefish are a genetically tractable system 

(Sifuentes-Romero et al. 2023), allowing the approaches discussed earlier to be used to 

address if the expanded neuromast numbers of blind cave-dwelling morphs result from 

differences in neural crest migration or from changes in later neuromast expansion. 

Cavefish would provide an ideal candidate for synthesizing data on lateral line 

development, function (and its relation to ecology) and evolution- a model system for 

‘eco-evo-devo’ studies.  

In conclusion, the anterior mechanosensory lateral line is an excellent system for 

the integrative study of vertebrate evolution and development. This dissertation has 

elucidated several examples of studies taking such an approach, focusing on 

macroevolution of the lateral line and its relationship to major changes in the vertebrate 

craniofacial skeleton, the role of tissue interactions in shaping lateral line development 

and mechanisms driving postembryonic elaboration of the system. Future comparative 

studies expanding on these lines of inquiry would provide a window into understanding 

the complex interplay between morphology, ecology and development that shapes 

vertebrate sensory system evolution.  
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