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ABSTRACT 

 The lateral line is a hair cell-based sensory system that is important for multisensory 

behaviors like schooling, rheotaxis, and predator/prey detection in aquatic vertebrates. This 

dissertation work uses the first genetic model for the congenital loss of lateral line function in 

zebrafish. We have found zebrafish ohnologs of a gene required for hair cell function whose mRNA 

expression patterns are cleanly partitioned between inner ear and lateral line hair cell populations. 

Genetic disruption of each ohnolog results in specific loss of either auditory/vestibular function or 

lateral line function. Since lateral line mutants exhibit normal auditory and vestibular behaviors, 

we can investigate lateral line-mediated behaviors in developing larval zebrafish.  

In my second chapter, I develop a repeated treatment timeline using neomycin sulfate to 

continually ablate the lateral line in early larval zebrafish to compare to the genetic lateral line 

mutant. I examine hair cell regeneration and proliferation rates, as well as associated toxicity of 

repeated neomycin treatments in larval zebrafish. In conclusion, I find that low doses of neomycin 

sulfate treatments every 12 hours in 3-4 day old zebrafish are sufficient to continuously disable 

lateral line function. 



In my third chapter, I begin my analysis of these “lateral line-less” fish to investigate the 

role of the lateral line in modulating expression of the social hormone parathyroid hormone 2. 

Parathyroid hormone 2 (Pth2) is a vertebrate-specific neuropeptide for which thalamic expression 

is upregulated by social contact with conspecifics. In this project, I measure pth2 levels in 

zebrafish mutants lacking hair cell function in either the lateral line only, or in both the inner ear 

and lateral line. Socially raised lateral line mutants express lower levels of pth2 relative to wild-

type siblings, but there is no further reduction when all sensory hair cells are nonfunctional. 

However, social isolation of hair cell mutants causes a further reduction in pth2 expression, 

pointing to additional unidentified sensory cues that influence pth2 production. Lastly, I report that 

social context modulates fluorescent transgenes driven by the pth2 promoter. Altogether, these 

data suggest that lateral line mutants experience a form of isolation, even when raised socially.  

In my fourth chapter, I characterize a novel swim bladder over-inflation phenotype 

associated with the lateral line mutants. Larval zebrafish achieve neutral buoyancy between 3-4 

days post-fertilization by gulping air from the water’s surface to inflate their swim bladders. We 

define this behavior of swimming to the air-water interface as “surfacing.” Little is known about 

the sensory basis for this underappreciated behavior of larval fish. I observe that approximately 

half of lateral line mutants over-inflate their swim bladder during initial inflation and become 

positively buoyant. Thus, I hypothesize that larval zebrafish use their lateral line to sense the air-

water interface during the surfacing behavior to regulate swim bladder inflation. I report that (i) 

over-inflation is caused by abnormal surfacing behaviors in lateral line mutants, (ii) lateral line 

defects are responsible for swim bladder over-inflation, and (iii) the lateral line is specifically 

responsible for surface detection during initial inflation. In summary, I reveal a novel sensory basis 



for achieving neutral buoyancy where larval zebrafish use their lateral line to sense the air-water 

interface and regulate initial swim bladder inflation. 

In my fifth chapter, I characterize surfacing as a multi-sensory behavior that involves 

photosensory and chemosensory cues in addition to mechanosensory cues. Only half of lateral line 

mutants over-inflate their swim bladder, so I hypothesize that other sensory systems, like 

photosensory cues, help larvae to properly perform the surfacing behavior for initial swim bladder 

inflation. In this chapter, I use a combination of genetic and environmental manipulations to 

investigate the roles of ocular and non-ocular photosensation, social isolation, and chemosensory 

cues on initial swim bladder inflation in the context of genetic loss of lateral line function. Overall, 

I find that initial swim bladder inflation in larval zebrafish is affected by non-ocular photosensory 

and chemosensory cues when larvae are genetically deprived of both visual and lateral line 

sensation.
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CHAPTER 1: INTRODUCTION 

Animals of all ages are constantly assessing their surroundings and using any sensory 

information available to make behavioral decisions. Sensory cues are often critical at young life 

stages to perform developmental behaviors that are necessary for continued growth and survival. 

Many of these behaviors are multi-sensory, involving combinations of various sensory inputs to 

react appropriately. For example, a baby learning to walk requires visual, vestibular, and tactile 

sensory capabilities. With practice and further development of recognizing various sensory cues, 

walking eventually feels like an innate ability. These foundations of movement can be further 

developed and joined with other sensory cues to achieve a plethora of behaviors, like dancing to a 

beat or running from a strange noise. 

While most fish are unable to walk, they are no exception to using sensory cues to guide 

movement in the form of swimming. It is imperative to survival that fish from early larval stages 

through adulthood can enact behaviors like foraging for food, phototactic movement based on 

light, and escape responses to predators (Warburton 2003; Mueller and Neuhauss 2010; Domenici 

and Hale 2019). For larval zebrafish, their yolk sac full of nutrients is depleted by 5 days post-

fertilization (dpf) and they must search for exogenous food (Wilson 2012). These behaviors require 

rapid development of both physical features and sensory systems for detection and appropriate 

reactions to their environment. For my dissertation, I aim to further our understanding of 

multisensory behaviors in early larval zebrafish, and I hypothesize that the mechanosensory lateral 

line is a significant contributor to social detection and initial swim bladder inflation. 

An aquatic sixth sense: the mechanosensory lateral line 

To help with navigating the hydrodynamic environment, fish and some amphibians possess 

a sixth sensory system called the lateral line (Dijkgraaf 1963). The lateral line is composed of 
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mechanosensory organs called neuromasts that are distributed along the body of the organism 

(Ghysen and Dambly-Chaudière 2007; Thomas et al. 2015) (Figure 1). In many adult fish species, 

there are two types of neuromasts – superficial and canal. The main differences are that superficial 

neuromasts occur on the skin and detect flow velocity, and canal neuromasts are sub-epidermal 

and detect acceleration (Montgomery et al., 1997). 

Each neuromast contains many hair cells, which are the sensory receptors for the lateral 

line (Figure 1). At the apical end of the hair cell are 

stereocilia and a kinocilium which comprise the hair 

bundle (Hudspeth 1989). Hair cells convert mechanical 

force into electrical signals via mechano-electrical 

transduction (MET) channels at the tips of stereocilia in 

the hair bundle (Corwin and Warchol 1991). The MET 

complex is a multi-subunit ion channel, which allows 

potassium and calcium ions to enter the cell as the hair 

bundle leans toward the kinocilium. This deflection of the 

hair bundle leads to depolarization of the hair cell 

(Gillespie 1995). 

 The lateral line influences behavior through transmission of mechanosensory stimuli from 

hair cells to afferent neurons (Ghysen and Dambly-Chaudière 2004; Nicolson et al. 1998). In larval 

zebrafish, the signal reaches an area in the hindbrain that corresponds to the medial octavolateralis 

nucleus (MON) in adult zebrafish (Liao and Haehnel 2012). This is where lateral line 

mechanoreceptive information is initially processed (McCormick 1981). Further processing occurs 

at higher-brain centers, which enables the nervous system to guide active body movements 

Figure 1. The mechanosensory 
lateral line. Larval zebrafish 
possess an anterior (head) and 
posterior (body) lateral line. 
Neuromasts contain the sensory 
hair cells responsible for 
detecting lateral line stimuli. 
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(McCormick and Hernandez 1996). This neural circuit allows for fish to detect hydrodynamic 

information and respond with appropriate behaviors. Although behaviors reliant on lateral line 

sensory information have been under investigated in early larval fish, lateral line-mediated 

behaviors in juvenile and adult fish are well documented.  

Multisensory behaviors in fish involving lateral line sensory input 

The lateral line is integral to many multisensory behaviors in fish, including rheotaxis (or 

swimming against a current), schooling/shoaling, foraging, and predator avoidance (Suli et al. 

2012; Bleckmann 2006; Montgomery, Baker, and Carton 1997; Baker and Montgomery 1999). 

Rheotaxis primarily combines visual and lateral line sensory inputs to orient and swim against 

oncoming water flow, but tactile and vestibular cues can also contribute (Coombs, Bak-Coleman, 

and Montgomery 2020). The lateral line is primarily responsible for water-motion cues, while the 

visual system (as well as proprioceptive and somatosensory systems) is responsible for body-

motion cues where fish movement is compared to an external and fixed location (Arnold 1974; 

Montgomery, Baker, and Carton 1997; Bak-Coleman, Smith, and Coombs 2015; Baker and 

Montgomery 1999). Vestibular cues enable understanding of fish acceleration without the 

requirement of external fixtures (Pavlov and Tjurjukov 1995). Larval zebrafish exhibit rheotactic 

behaviors as early as 5 dpf, and it has been demonstrated that this behavior can persist despite the 

absence of any one of the aforementioned sensory systems (Baker and Montgomery 1999; Bak-

Coleman et al. 2013; Coombs, Bak-Coleman, and Montgomery 2020). However, if fish are 

deprived of both visual and lateral line sensory systems, rheotaxis is significantly impaired (Liao 

and Haehnel 2012; Suli et al. 2012). 

Schooling and shoaling are similar to rheotaxis where lateral line and visual inputs are 

primarily used to perform the behavior (Chaput et al. 2023; Peichel 2004; Pitcher, Partridge, and 



4 

Wardle 1976). Previous studies have determined that the lateral line is specifically implicated in 

body position while schooling or shoaling, as well as group startle response latency (Partridge and 

Pitcher 1980; Faucher et al. 2010). However, both sensory systems are required for maintaining 

appropriate distances between conspecifics (Partridge and Pitcher 1980; Chaput et al. 2023). The 

general consensus is that the ability to shoal or school decreases when either the visual or lateral 

line sensory systems are lost (Chaput et al. 2023). 

During predator and prey detection, fish call upon the full gamut of sensory cues depending 

on context – mechanosensory, photosensory and chemosensory systems (Bianco, Kampff, and 

Engert 2011; Westphal and O’Malley 2013; Braubach et al. 2009; Carrillo and McHenry 2016; 

Kermen et al. 2013; Fischer et al. 2017; McHenry et al. 2009). There are instances where certain 

sensory cues take precedence, for instance, the lateral line is more heavily relied on for blind fish 

or those in dark or turbid environments (Lloyd et al. 2018; Carrillo and McHenry 2016). Even 

though it is a multisensory behavior, prey hunting is primarily driven by the visual system 

(Semmelhack et al. 2014; Förster et al. 2020). Therefore, processing for foraging in larval zebrafish 

largely occurs in the tectum, though many higher-processing brain centers contribute as well 

(Bianco and Engert 2015; Förster et al. 2020; Zhu and Goodhill 2023).  

A heavily studied fish reaction to predators is the escape response, which is dependent on 

the direction of the predatory cue (Fetcho, Higashijima, and McLean 2008; Hatta and Korn 1998; 

Domenici 2010; Eaton and Emberley 1991). Auditory, visual, and tactile stimulation are the main 

triggers of this response, though other sensory inputs like the lateral line can contribute as well 

(Mirjany, Preuss, and Faber 2011; Domenici and Hale 2019). The neural circuit for this behavior 

is well defined where sensory cues, such as a loud noise, can go through a direct pathway from 

auditory hair cells to Mauthner cell to motor neurons (Korn and Faber 2005; Lacoste et al. 2015; 
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Medan and Preuss 2014). Sensory integration in the brain allows for fish to perform multisensory 

behaviors, like shoaling and foraging.   

The cerebellum, tectum, and thalamus are major sensory integration centers in larval zebrafish 

Primary processing of sensory information in zebrafish varies depending on the system. 

Some sensory inputs exhibit cross-modal sensory integration, like the visual and olfactory system 

with the olfacto-retinal centrifugal (ORC) pathway where olfactory stimulation can directly 

modulate visual sensitivity (Li 2019). However, most multisensory integration occurs at higher-

processing centers in the brain, such as the cerebellum, tectum, and thalamus. The cerebellum is a 

sensorimotor processing region in the zebrafish brain (Ito 2006; Bell, Han, and Sawtell 2008). 

Many behaviors require knowledge of how the organism’s body is generating movement in 

addition to stimuli generated from other organisms, and the cerebellum is responsible for managing 

this information (Knogler et al. 2017; Ito 2006). The lateral line exhibits a similar capacity for 

discriminating self-generated versus externally generated water movements (Perks, Krotinger, and 

Bodznick 2020). Known sensory inputs to the cerebellum include both visual and vestibular 

information, and the cerebellum likely mediates the vestibulo-ocular reflex during rolling 

movements (Knogler, Kist, and Portugues 2019; Blazquez et al. 2003; Laurens, Meng, and 

Angelaki 2013; Yakusheva et al. 2007; Favre-Bulle et al. 2018). 

The tectum is another key processing center, especially for visually guided behaviors (Ingle 

1973). The tectum receives inputs from the visual, auditory, vestibular, lateral line, and 

chemosensory systems (Thompson et al. 2016; Jundi et al. 2023; Migault et al. 2018; Favre-Bulle 

et al. 2018). The tectal neuropil is dense with multiple layers, and visual and non-visual responses 

seem to be segregated between layers with some exceptions (Thompson et al. 2016). As noted 

above, the tectum is directly implicated in prey capture and visual escape, and is hypothesized to 
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be involved with other multisensory behaviors like rheotaxis (Bianco and Engert 2015; Bianco, 

Kampff, and Engert 2011; Muto et al. 2013; Helmbrecht et al. 2018; Coombs, Bak-Coleman, and 

Montgomery 2020; Filosa et al. 2016). 

Finally, the thalamus is a sensory integration and relay center where there is representation 

of lateral line, visual, and vestibular information (Mueller 2012; Anneser et al. 2020; Kappel et al. 

2022; Favre-Bulle et al. 2018; Migault et al. 2018). The zebrafish thalamus has been shown to 

respond to looming stimuli resulting in an escape response through light detection, and it relays 

this information to the tectum (Heap et al. 2018). Another behavior linked to the zebrafish thalamus 

is social detection and attraction, which seems to be mediated through visual or lateral line cues 

(Anneser et al. 2020; Kappel et al. 2022). 

Sensory detection of social context 

 Social detection, specifically of conspecifics, is necessary in zebrafish for large-scale 

behaviors like shoaling (Peichel 2004; Pitcher, Partridge, and Wardle 1976). Chemosensory, 

photosensory, and mechanosensory cues are all used in various contexts to identify conspecifics 

(Butler and Maruska 2016a; Santacà, Dadda, and Bisazza 2021; Gerlach and Wullimann 2021; 

Kappel et al. 2022). Social isolation often results in negative consequences in animals (Amaral 

2002; Mumtaz et al. 2018; Weiss et al. 2004). Similarly, isolation of zebrafish has been shown to 

increase anxiety, stress, and startle sensitivity (Tunbak et al. 2020; Shams et al. 2017; Forsatkar, 

Safari, and Boiti 2017). In larval fish specifically, isolation has also been demonstrated to modulate 

social avoidance reactions and appetite (Wee et al. 2022; Groneberg et al. 2020). There is evidence 

to support that the neural basis for this occurrence is the activation of an oxytocinergic (OXT) 

circuit in the hypothalamus that is modulated by chemical cues from conspecific animals and 

regulates the avoidance and feeding behaviors (Wee et al. 2022).  
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Another example of hormonal modulation based on social isolation in larval zebrafish 

involves the neuropeptide parathyroid hormone 2 (pth2) found in the vertebrate thalamus (Anneser 

et al. 2020; Bhattacharya et al. 2011; Dobolyi et al. 2012). PTH2 has been linked to social 

behaviors in other animals, including maternal care and social contact in rodents (Cservenák et al. 

2013; Keller et al. 2022). In larval and adult zebrafish, pth2 exhibits a significant decrease in 

expression following isolation (Anneser et al. 2020). In this study, the authors found evidence to 

suggest that the lateral line may be responsible for detecting conspecifics and subsequent 

neuromodulation of pth2. However, it is unclear how congenital loss of lateral line function affects 

the recognition of social context in larval zebrafish, especially before 5 dpf.  

Tools to functionally disable the mechanosensory lateral line  

Given the role of the lateral line in many juvenile and adult behaviors, it is important that 

the lateral line’s involvement in early larval behaviors is also investigated. However, it has been 

difficult to assess behaviors dependent on lateral line function in larval zebrafish before 5 dpf due 

to lack of genetic tools. Many studies have sought to understand lateral line mediated behaviors 

by chemically ablating lateral line hair cells with ototoxic compounds (Coffin and Ramcharitar 

2016; Harris et al. 2003; Montgomery et al. 1997; Williams and Holder 2000). Ototoxins include 

aminoglycosides (e.g., neomycin), certain heavy metals (e.g., copper), and various platinum 

derivatives (e.g., cisplatin) (Coffin and Ramcharitar 2016; Linbo et al. 2006; Mackenzie and Raible 

2012; Ou et al. 2007). These compounds disrupt the lateral line by entering hair cells and causing 

oxidative stress until cell death occurs (Olivari, Hernández, and Allende 2008; Owens et al. 2007; 

Sheth et al. 2017). The various types of ototoxins can cause unique effects on regeneration rates 

of hair cells following treatment (Mackenzie and Raible 2012; Owens et al. 2007), as well as 

locomotive behaviors like rheotaxis (Han et al. 2020; Newton et al. 2023). 
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While ablation techniques have shown that certain behaviors are affected by temporary loss 

of the lateral line, these techniques are unable to determine long-term consequences of loss of 

lateral line function. Most studies do not treat larval zebrafish before 5 dpf due to the rapid 

regeneration and proliferation of hair cells in the zebrafish lateral line at 2-4 dpf (Murakami et al. 

2003; Santos et al. 2006). The efficacy of repeated treatments with ototoxin to mimic a congenital 

loss of lateral line function at this stage is not well understood. Given that there are many behaviors 

that occur in larval zebrafish before 5 dpf, it is essential that we establish a way to disable the 

lateral line from 2-4 dpf to understand lateral line-mediated behaviors in early larval fish. While 

repeated treatments are useful for this endeavor, a genetic mutant is the preferable method to 

evaluate the effect of congenital loss of lateral line function on larval zebrafish behaviors.  

Previously, it has been challenging to identify a genetic mutation that exclusively affects 

the lateral line, since hair cells of the inner ear are extremely similar to hair cells of the lateral line. 

Lipoma HMGIC fusion partner-like 5 (LHFPL5) is a subunit of the MET channel in vertebrate 

lhfpl5b-/- neuromast 

Wild Type neuromast A B 

Figure 2. lhfpl5 ohnologs in zebrafish. A) Diagram of whole genome duplication resulting in 
split-functionalization of the lhfpl5 gene between the inner ear and lateral line. B) Confocal 
images of wild type and lhfp5b mutant larvae expressing the Tg(myo6b:EGFP-pA)vo68 
transgene in hair cells (green) and dyed in FM 4-64 (magenta) that only enters hair cells 
through functional MET channels. Mutant larvae possess non-functional hair cells as 
indicated through lack of FM dye uptake. Adapted from Erickson, et al., 2020.    
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hair cells, mutations in which cause deafness in humans, mice, and fish (Cunningham and Müller 

2019; Xiong et al., 2012; Zhao et al. 2014; Erickson et al. 2020; Nicolson et al. 1998). Due to a 

whole genome duplication event, teleost fish possess ohnologous lhfpl5 genes - lhfpl5a and 

lhfpl5b. In zebrafish, lhfpl5a is expressed solely in the auditory and vestibular cells of the inner 

ear and lhfpl5b is expressed only in hair cells of the lateral line (Erickson et al. 2020) (Figure 2). 

A CRISPR-Cas9 knockout of lhfpl5b (lhfpl5bvo35) is the first genetic mutant where the lateral line 

is non-functional from birth but hearing and balance are normal. These zebrafish mutants provide 

an exciting opportunity to uncover novel roles for the lateral line, especially in behaviors that occur 

before 5 dpf like initial swim bladder inflation. 

Swim bladder inflation in teleost fish 

The swim bladder is a hydrostatic organ that gives fish neutral buoyancy in the water 

(Alexander 1966). Without a gas-filled swim bladder, the density of the fish causes it to sink, and 

continuously swimming upwards in the water column to counteract sinking exhausts energy 

(Alexander 1966). The swim bladder resides between the kidney and intestines in teleost fish, and 

development of the swim bladder involves an outpunching of the gut (Pelster 2004). There are two 

types of teleost fish with distinct swim bladders: physostomous and physoclistous. Physoclistous 

fish have a temporary connection from the swim bladder to the gut through the pneumatic duct, 

whereas physostomous fish retain a permanent connection (Bailey and Doroshov 1995).  

There are grave consequences for fish that fail to inflate their swim bladders during the 

larval period, including disease, deformities, and ultimately death (Doroshev, Cornacchia, and 

Hogan 1981). Environmental factors such as water temperature and turbidity can have species-

specific effects on swim bladder inflation (Battaglene and Talbot 1993; Trotter, Battaglene, and 

Pankhurst 2003; Martin‐Robichaud and Peterson 1998). Non-inflation can occur when larvae lack 
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access to the air-water interface due to physical barriers, and often results in lordosis (Chapman et 

al. 1988; Kitajima et al. 1994). Swim bladder over-inflation is equally detrimental to fish survival 

and can occur when water is supersaturated with atmospheric gasses (Cornacchia and Colt 1984). 

In some fish species, swim bladder over-inflation presents as swim bladder disease causing the 

fish to swim sideways or upside down (Sirri et al. 2020). Both non-inflation and over-inflation are 

substantial issues in the fish farming industry (Woolley & Qin 2010), and it is important that 

researchers consider the behaviors necessary for fish to achieve appropriate swim bladder inflation. 

Surfacing as a multisensory behavior – the climb to the surface 

One of the most crucial actions that larval zebrafish execute at 3-4 dpf is a “swim up” or 

“surfacing” behavior for initial swim bladder inflation (Gisbert and Williot 1997; Lindsey, Smith, 

and Croll 2010) (Figure 3). To initially inflate the swim bladder, larval fish must identify which 

way is up, swim that direction, detect the surface, and then ingest air (Lindsey, Smith, and Croll 

2010). That ingested air is then forced through the pneumatic duct that connects the swim bladder 

to the gut for initial inflation (Doroshev, Cornacchia, and Hogan 1981). Although the exact 

Figure 3. The surfacing behavior of larval zebrafish for initial swim bladder inflation. At 2 
dpf, larvae hatch and test their swimming skills on the bottom of a tank or on the seafloor. By 
3-4 dpf, they begin the vertical ascent to the surface for exogenous air intake to the swim 
bladder. By 5-6 dpf, initial swim bladder inflation is complete.     
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timeframe for initial swim bladder inflation varies depending on the species, the behavior occurs 

during a critical period of a few days where sensory systems and physical features mature 

simultaneously to allow for the transition from endogenous to exogenous feeding (Bailey and 

Doroshov 1995; Chatain 1989; Kimmel et al. 1995; Kitajima et al. 1994; Doroshev, Cornacchia, 

and Hogan 1981).  

One sensory organ known to affect initial swim bladder inflation is the inner ear. There are 

two otolithic organs per ear in larval fish. These sensory organs are the saccule and utricle, where 

the former is primarily auditory, and the latter is primarily vestibular. The otoliths are attached and 

mechanically coupled to the hair cells responsible for auditory and vestibular information (Haddon 

and Lewis 1996). Mutations to the MET channel in hair cells result in compromised auditory and 

vestibular systems (Nicolson et al. 1998) and typically result in non-inflation of the swim bladder. 

The loss of the vestibular system, and specifically the inability to detect gravity by the utricular 

otolith, is responsible for the phenotype since larvae are unable to perform the surfacing behavior 

(Riley and Moorman 2000). 

Gravitaxis refers to the movement of an organism in a specific direction in response to 

gravity. It has been studied in microorganisms (Häder 1999), flies (Kamikouchi et al. 2009; Hirsch 

1959), and worms (Chen et al. 2021), but may be involved in the surfacing behavior in larval 

zebrafish as well. The vestibular system gives larvae an understanding of directionality based on 

gravity and has been demonstrated to help zebrafish larvae achieve coordinated vertical 

locomotion (Ehrlich and Schoppik 2017; Bagnall and Schoppik 2018; Ehrlich and Schoppik 2019). 

Additionally, when larval zebrafish are raised in a simulated microgravity chamber, they exhibit 

swim bladder non-inflation (Lindsey 2011). Video recordings show that the swim-up portion of 

surfacing is significantly slower and decreased in larvae subjected to the zero-gravity sensation 
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compared to larvae outside of the chamber (Lindsey 2011). Taken together, it appears that proper 

vestibular functioning and detection of gravity is necessary for the vertical climbing portion of the 

surfacing behavior to allow larvae to reach the surface for initial swim bladder inflation.   

The effect of photoperiod on swim bladder inflation has been studied in many fish species 

to assist in fish farming efforts. Many studies have shown that constant light is associated with a 

decrease in swim bladder inflation rates and constant darkness with an increase in swim bladder 

inflation rates (Battaglene and Talbot 1990; Suchocki and Sepulveda-Villet 2019; Martin‐

Robichaud and Peterson 1998). The shift in swim bladder inflation based on photoperiod is due to 

larvae inflating primarily during dark hours (Trotter, Battaglene, and Pankhurst 2003), which is 

thought to be helpful for energy conservation and predator avoidance (Battaglene, McBride, and 

Talbot 1994). However, some species are unaffected by photoperiod (Hirata et al. 2009; Stuart and 

Drawbridge 2012), and others increase swim bladder inflation in full light conditions (Brüning, 

Hölker, and Wolter 2011) (Table 1). 

Fish Manuscript Dark Light No SD 

Australian Bass (Macquaria 
novemaculeata) 

Battaglene and Talbot 1990 X 
  

California Yellowtail 
(Seriola lalandi) 

Stuart and Drawbridge 2012 
  

X 

Bleak (Albernus albernus) Brüning et al. 2011 
  

X 

Chub (Leuciscus cephalis) Brüning et al. 2011 
 

X 
 

Roach (Rutilis rutilis) Brüning et al. 2011 
  

X 

European Seabass 
(Dicentratchus labrax) 

Villamizar et al. 2009 X* 
  

Greater Amberjack (Seriola 
dumerili) 

Hirata et. al. 2009 
  

X 
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While changes to photoperiod alter photosensory cues, the different types of 

photosensation (visual, pineal, and deep brain) have not been individually investigated for their 

effect on initial swim bladder inflation. Ocular photoreceptors provide visual acuity, while pineal 

and deep brain photoreceptors recognize light (Meissl and Yanez 1994). Fish can use non-ocular 

photoreceptors to perform light-driven behaviors and phototactic movement (Fernandes et al. 

2012; Karpenko et al. 2020). Therefore, it is likely that non-ocular photoreceptors have an 

influence on the climbing portion of the surfacing behavior for species that exhibit higher rates of 

swim bladder inflation in darkness.  

Pacific Blue Fin Tuna 
(Thunnus orientalis) 

Kurata et. al. 2017 X 
  

Sand Whiting (Sillago 
ciliata) 

Battaglene et al. 1994 X 
  

Striped Bass (Morone 
saxatilis) 

Martin-Robachaud and Peterson 
1998 

X 
  

Striped Trumpeter (Latris 
lineata) 

Trotter et al. 2003 X 
  

Yellow Perch (Perca 
flavescens) 

Suchoki and Sepulveda-Villet 
2019 

  
X 

Yellowfin Tuna (Thunnus 
albacares) 

Partridge et. al. 2011 X 
  

White Seabass 
(Atractoscion nobilis) 

Stuart & Drawbridge 2012 
  

X 
  

Table 1. The effect of photoperiod on initial swim bladder inflation in various fish species. An 
X in the “Dark” column indicates swim bladder inflation rates were highest in the photoperiod 
with the highest number of dark hours within the experimental conditions, and vice versa for 
the “Light” column. If changes to the photoperiod made no significant difference in swim 
bladder inflation rates, there is an X in the “No SD” column. The asterisk (X*) represents an 
unusual finding where there were more cases of swim bladder over-inflation in full light, but an 
overall increase in swim bladder inflation rates when the photoperiod included darkness.   
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Pineal-based photoreception is responsible for driving circadian rhythm in zebrafish and 

controlling rhythms of locomotor activity (Ben-Moshe Livne et al. 2016; Ekström and Meissl 

1997). For species that exhibit changes in swim bladder inflation when exposed to slight alterations 

to the photoperiod (while still having light and dark hours), it is plausible that pineal photoreceptors 

modulate the surfacing behavior. Deep brain photoreception has also been implicated in 

phototactic abilities, as determined through studies using eyeless zebrafish larvae with ablated 

pineal photoreceptors. These larvae that are only capable of deep brain photoreception perform a 

dive response and a brief period of hyperactivity upon loss of illumination (Fernandes et al. 2012). 

Zebrafish are generally positively phototactic (prefer light over darkness), although this status can 

change depending on the behavior (Chen and Engert 2014; Mueller and Neuhauss 2010). It is 

unclear whether zebrafish exhibit phototactic responses during initial swim bladder inflation since 

the effect of photosensory cues on the surfacing behavior has yet to be examined in larval zebrafish.  

Chemosensation is another sensory input that may influence initial swim bladder inflation. 

Fish have three chemosensory systems responsible for detecting chemical stimuli in their 

environment: olfaction, taste, and solitary chemosensory cells (Hansen and Reutter 2004). In 

zebrafish, various chemostimulants have been shown to affect larval behavior, including 

pheromones, contaminants, and odorants where the chemical basis is amino acids or bile acids 

(Michel and Lubomudrov 1995; Ueda 2021; Lindsay and Vogt 2004). Some larval fish like 

lamprey use chemosensory cues for migration, wherein damage-released alarm cues increased the 

rate of downstream migration (Zielinski et al. 2005; Johnson et al. 2019). These findings suggest 

that larval fish could use chemotactic cues during the vertical ascent portion of initial swim bladder 

inflation. For example, larvae could release a pheromone or other chemical cue upon successfully 

reaching the surface that encourages conspecifics to do the same.  
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Surfacing as a multisensory behavior – detection of the surface 

While vestibular, chemosensory, and non-ocular photosensory cues may aid in the vertical 

climb to the surface for initial swim bladder inflation, larval fish also require sensory cues once 

they reach the surface. Without surface detection, larvae are unable to intake exogenous air to their 

swim bladder. Visual acuity may aid in this part of the behavior. As noted previously, visual cues 

aid in multisensory behaviors like rheotaxis by providing body motion cues in reference to an 

identified external location (Arnold 1974; Coombs, Bak-Coleman, and Montgomery 2020). 

Additionally, visual photosensation becomes available and involved in other behaviors at 3 dpf in 

larval zebrafish, just in time for initial swim bladder inflation (Easter and Nicola 1996; 

Zimmermann et al. 2018). However, the specific involvement of vision has not been investigated 

for its role in surface detection during initial inflation.  

The lateral line is also well-suited to detect the air water interface during initial swim 

bladder inflation. The surface possesses the unique quality of surface tension compared to the rest 

of the water column, which may be interpretable by the lateral line. The lateral line has been 

demonstrated to sense surface waves generated by predators, prey, and conspecifics (Bleckmann 

and Schwartz 1982; Wilcox 1988). Additionally, it is hypothesized that flying fish use their lateral 

line to detect entrance and exit from the water’s surface (Gibbs 2004; Tsukamoto and Yoshino 

1957). However, the link between lateral line and surfacing behaviors has not been identified, 

likely due to a lack of tools to disable the lateral line before 5 dpf. The lhfpl5b mutant provides the 

opportunity to investigate the lateral line’s role in surface detection during initial swim bladder 

inflation. 
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Themes for this Dissertation 

 Multisensory behaviors, especially 

those involving lateral line sensation, have 

been sparsely investigated in early larval 

zebrafish despite being critical to fish 

development. In this dissertation, I tested the 

role of the lateral line in the multisensory 

behaviors of social detection and initial swim 

bladder inflation in larval zebrafish before 5 

dpf (Figure 4). To assess the role of the lateral 

line in zebrafish before 5 dpf, it was necessary 

to develop tools that adequately disable the 

actively proliferating lateral line hair cells at 

this stage. In the second chapter, I developed 

the use of repeated ototoxic treatments to 

disable the lateral line from 2-5 dpf. I 

evaluated the toxicity and efficacy of repeated 

neomycin sulfate treatments at this stage and 

determined a repeated treatment timeline to effectively limit lateral line function in larval zebrafish 

before 5 dpf. 

 In my third chapter, I used the repeated neomycin treatments as well as the lateral line 

mutant to investigate the role of the lateral line in detecting social context and modulating pth2 

expression. We knew from previous studies that pth2 expression is modulated by social context, 

Figure 4. Summary figure for research 
themes for this dissertation.   
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but we were unsure how congenital loss of lateral line function would impact expression levels. I 

hypothesized that lateral line-less fish would exhibit a significant decrease in pth2 expression.  To 

test this hypothesis, I used both in vitro and in vivo techniques to find that larval zebrafish without 

lateral line function exhibited decreased pth2 expression, similar to socially isolated larvae.  

 In my fourth chapter, I studied the surfacing behavior for initial swim bladder inflation in 

larval zebrafish that occurs between 3 and 5 dpf. While we knew that this complex behavior is 

required for fish survival and likely involves multiple sensory cues, the sensory basis for this 

behavior has been largely understudied. I hypothesized that the lateral line aids in the surfacing 

behavior for initial swim bladder inflation. In this study, I found that lateral line mutants exhibited 

hyperinflated swim bladders, which is an otherwise rare phenotype. I presented evidence to suggest 

that the lateral line is responsible for the surface detection portion of the surfacing behavior to 

mediate air intake to the swim bladder.  

 In my fifth and final research chapter, I examined the multisensory cues involved in the 

surfacing behavior for initial swim bladder inflation in larval zebrafish. We knew that photosensory 

cues play a role in surfacing for other species, so I hypothesized that ocular photosensory cues help 

lateral line mutants identify the surface and mediate initial swim bladder inflation. I tested this 

hypothesis by depriving lateral line mutant zebrafish larvae of ocular and non-ocular photosensory 

cues both genetically and environmentally.  I found that visual cues alone do not aid initial swim 

bladder inflation, but that photoperiod has a moderate effect on swim bladder inflation in zebrafish 

larvae lacking visual and lateral line sensation. Through various forms of social isolation, I also 

found evidence to suggest a role for chemosensory cues in initial inflation when lateral line and 

visual sensory cues are absent. Overall, this dissertation offers novel findings on sensory detection 
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of the early larval zebrafish environment with particular focus on the role of the lateral line in 

multisensory behaviors (Figure 4). 



CHAPTER 2: EVALUATING THE DEATH AND RECOVERY OF LATERAL LINE HAIR 

CELLS FOLLOWING REPEATED NEOMYCIN TREATMENTS 

Published:  
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line hair cells following repeated neomycin treatments. Life 2021, 11, 1180. 
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Abstract 

Acute chemical ablation of lateral line hair cells is an important tool to understand lateral line-

mediated behaviors in free-swimming fish larvae and adults. However, lateral line-mediated 

behaviors have not been described in fish larvae prior to swim bladder inflation, possibly because 

single doses of ototoxin do not effectively silence lateral line function at early developmental 

stages. To determine if ototoxins can disrupt lateral line hair cells during early development, we 

repeatedly expose zebrafish larvae to the ototoxin neomycin during a 36-hour period from 3-4 days 

post-fertilization (dpf). We use simultaneous transgenic and vital dye labeling of hair cells to 

compare 6- hour and 12-hour repeated treatment timelines and neomycin concentrations between 

0–400 µM in terms of larval survival, hair cell death, regeneration, and functional recovery. 

Following exposure to neomycin, we find that the emergence of newly functional hair cells 

outpaces cellular regeneration, likely due to the maturation of ototoxin-resistant hair cells that 

survive treatment. Furthermore, hair cells of 4 dpf larvae exhibit faster recovery compared to 3 dpf 

larvae. Our data suggest that the rapid functional maturation of ototoxin-resistant hair cells limits 

the effectiveness of chemical-based methods to disrupt lateral line function. Furthermore, we show 
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that repeated neomycin treatments can continually ablate functional lateral line hair cells between 

3–4 dpf in larval zebrafish. 

Introduction 

Fish and some amphibians possess a unique sensory system called the mechanosensory lateral 

line, which is comprised of clusters of mechanically-sensitive hair cells distributed all over the 

body in organs called neuromasts. The lateral line detects hydrodynamic information and 

contributes to several behaviors such as foraging, predator avoidance, and swimming coordination 

(Mogdans 2019; Montgomery and Baker 2020). For example, the lateral line is a critical sensory 

component for larval and adult fish to orient to water flow (rheotaxis) (Montgomery, Baker, and 

Carton 1997; Baker and Montgomery 1999; Suli et al. 2012). Additionally, aquatic organisms can 

identify locations of predators and prey by combining the direction and force of the water 

interacting with the neuromast pattern along the body (Coombs et al. 2000; Stewart et al. 2013).  

To investigate these lateral line-mediated behaviors, researchers use a variety of physical and 

chemical strategies to functionally disrupt the lateral line (Coffin and Ramcharitar, 2016; Ton  

Parng 2005). The use of ototoxins to chemically ablate hair cells is the most popular technique due 

to their specificity, convenience, and applicability to a wide range of aquatic vertebrates. Common 

ototoxins include aminoglycoside antibiotics (e.g. neomycin), certain heavy metals (e.g. copper), 

and various platinum derivatives (e.g. cisplatin) (Harris et al. 2003; Linbo et al. 2006; Ou et al. 

2007; Williams & Holder 2000). These compounds disrupt the lateral line by entering hair cells 

through functional mechanotransduction channels, causing oxidative stress, and triggering 

apoptotic cell death (Esterberg et al. 2016; Sha and Schacht 1999; Hirose, Hockenbery, and Rubel 

1997; Olivari, Hernández, and Allende 2008; Owens et al. 2007). While useful for lateral line 

research, aminoglycosides are also major causes of irreversible hearing loss in humans (Forge and 
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Schacht 2000). Understanding how zebrafish hair cells respond to ototoxic assaults may lead to 

preventative or therapeutic strategies to combat human hearing loss (Kros and Steyger 2018).    

The acute chemical ablation of hair cells is a valuable tool for studies on adult fish and free-

swimming larvae. However, there is little information about how the lateral line influences 

behavior in early-stage larvae, likely because ototoxins are less effective at early developmental 

stages (Murakami et al. 2003; Santos et al. 2006). Previous research suggests two reasons why a 

single dose of ototoxin is less effective at younger stages compared to older larvae and adults: (i) 

the rapid proliferation of hair cells at early developmental stages, and (ii) the presence of immature 

hair cells that are resistant to chemical ablation. Regarding proliferation, initial neuromast 

deposition in developing zebrafish begins as early as 20 hours post-fertilization (hpf), and hair 

cells start to gain function by 34 hpf (Ledent 2002; Metcalfe, Kimmel, and Schabtach 1985; Raible 

and Kruse 2000; Ghysen and Dambly-Chaudière 2007). The number of hair cells per neuromast 

increases from 3-5 days post-fertilization (dpf) and results in the generation of over 300 functional 

hair cells (Ghysen and Dambly-Chaudière 2007; Harris et al. 2003; Mackenzie and Raible 2012; 

Raible and Kruse, 2000). Therefore, a single ototoxic treatment during this timeframe is unlikely 

to fully disable the lateral line, especially considering that approximately half of all hair cells are 

regenerated within 24 hours post-treatment (Harris et al. 2003). It has been noted that regeneration 

at this stage of development is difficult to track due to the rapid growth of the lateral line 

(Mackenzie and Raible 2012). Regarding ototoxin-resistance, susceptibility to chemical ablation 

requires that hair cells possess functional mechanotransduction channels (Alharazneh et al. 2011). 

Immature hair cells that have not yet developed mechanosensitivity are resistant to the effects of 

ototoxins (Murakami et al. 2003; Santos et al. 2006), like hair cells where mechanotransduction is 

disabled through chemical or genetic means (Owens et al. 2009; Seiler and Nicolson 1999). 
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Developing neuromasts may contain a relatively high proportion of immature hair cells 

(Hernández et al. 2007; Santos et al. 2006; Murakami et al. 2003) that can potentially gain 

mechanosensitivity after ototoxin treatment, allowing neuromasts to partially regain function 

without regenerating new hair cells. Indeed, following exposure to ototoxin, lateral line-mediated 

behaviors of zebrafish larvae recover before hair cell regeneration is complete (McHenry et al. 

2009; Suli et al. 2012). However, whether functional maturation of immature hair cells precedes 

cellular regeneration has not been tested explicitly.  

Recently, we reported the first genetic model for the specific loss of lateral line function in 

zebrafish (Erickson et al. 2020). To complement our studies with this mutant, here we aim to 

identify a timeline of repeated neomycin treatments in larval zebrafish aged 3-4 dpf that will mimic 

the congenital loss of lateral line function while minimizing off-target toxicity. We use two 

treatment timelines (every 6 or 12 hours) with neomycin concentrations from 50-400 µM. We 

compare these treatment regimens in terms of larval survival, efficacy of hair cell ablation, 

functional maturation of hair cells, and cellular regeneration of hair cells following repeated 

neomycin treatments. Our data supports the hypothesis that rapid functional maturation of 

ototoxin-resistant hair cells diminishes the effectiveness of ototoxins as a tool to study the lateral 

line. We also identify a set of treatment conditions that can be used in future studies along with 

the lateral line mutant to investigate how the lateral line contributes to the behaviors of larval 

zebrafish prior to 5 dpf. 

 Materials and Methods 

2.1 Ethics statement and animal husbandry 

All research involving animals was done at East Carolina University (ECU; Greenville, NC, 

United States) and complied with guidelines stipulated by the ECU Institutional Animal Care and 
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Use Committee. Zebrafish (Danio rerio) were maintained and bred using standard procedures 

(Westerfield 2000). 

2.2 Neomycin Sulfate Treatments 

A 1 mM Neomycin sulfate (EMD Millipore Corp., USA) stock solution was made in 25 mL 

of E3 (embryo medium) and diluted in 35 x 10 mm Petri dishes containing 30 mL E3 to make 50, 

100, 200, 300 and 400 µM concentrations for each treatment round. These concentrations are 

consistent with those previously used as single treatments on larval zebrafish (Harris et al. 2003; 

Santos et al. 2006; Suli et al. 2012). Timeline One involved neomycin treatments every six hours 

for a total of seven treatments while Timeline Two entailed treatments every twelve hours for a 

total of four treatments (Figure 5A). Both timelines were repeated three times at all neomycin 

concentrations. All treatments were done in Petri dishes containing 18-25 larvae and incubated for 

25 minutes at 28.5°C before being returned to Petri dishes with fresh E3.  

Figure 5. Experimental set-up. (A) The 6-hour and 12-hour treatment timelines with neomycin 

concentrations of 0, 50, 200, 300, and 400 µM beginning 8 AM at 3 days post-fertilization (dpf). 

Red dots indicate treatment timepoints, yellow cameras indicate imaging timepoints for hair cell 
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counts (I1-I4), and blue dots indicate final count of surviving larvae. (B) Representation of a 

neuromast showing the strategy used to differentiate between mature and immature hair cells. 

Mature cells are labelled with both GFP and FM 4-64 while immature cells are labelled with GFP, 

but not FM 4-64. (C) Representative confocal images of O2 neuromasts at imaging timepoint I1 

in the 0 and 50 µM neomycin treatment groups. The Tg(myo6b:EGFP-pA)vo68Tg line is green 

and FM 4-64 is magenta in the merge of the two channels in the third column. The full arrow 

indicates a functional hair cell positive for both GFP and FM 4-64. The arrowhead indicates an 

ototoxin-resistant, immature hair cell that is positive for GFP only. Scale bar = 5 µm. Additional 

representative images from imaging timepoints I1-I4 are provided in Supplemental Figure 1. 

2.3 Survivorship counts 

Starting with the first treatment at 8 AM on 3 dpf, the number of surviving larvae in each 

treatment condition was recorded every 6 hours until the final treatment at 8 PM on 4 dpf. The 

final survivorship count was made the following morning at 9 AM on 5 dpf. In addition to the final 

survivorship count on 5 dpf, we quantified incidences of pericardial edema and imaged larvae with 

a ZEISS SteREO Discovery.V8 Microscope equipped with a Jenoptik Gryphax Arktur camera. 

2.4 Hair cell counts and strategy to differentiate between mature and immature hair cells. 

Figure 5A outlines the imaging time points for both neomycin treatment timelines. In all cases, 

the first round of imaging was done after an hour of recovery time following the first neomycin 

treatment (I1). The second round of imaging was done an hour before the second neomycin 

treatment (I2). The third round of imaging was done after an hour of recovery time following the 

neomycin treatment on the morning of 4 dpf (I3). The fourth and final round of imaging was done 

an hour before the next neomycin treatment on the afternoon/evening of 4 dpf (I4). Hair cell counts 
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were done at the 0, 50, 100 and 200 µM concentrations for Timeline One (6-hour intervals) and at 

all concentrations for Timeline Two (12-hour intervals). Timeline One counts did not include the 

300 and 400 µM concentrations due to high larval mortality at later treatments. To quantify hair 

cell numbers, evaluate the efficacy of neomycin treatments, and quantify the functional and 

cellular regeneration of the lateral line following repeated neomycin treatments, we utilize 

simultaneous transgenic and vital dye labeling of lateral line hair cells to distinguish between 

mature, mechanically-sensitive hair cells and immature hair cells that have yet to develop a 

functional transduction apparatus (Figure 5B, C). We mark both immature and mature hair cells 

using the Tg(myo6b:EGFP-pA)vo68Tg line (Erickson et al. 2020) which uses the myo6b promoter 

to drive GFP in all hair cells beginning at an early stage of their development (Kindt, Finch, and 

Nicolson 2012). Simultaneously, functional hair cells were co-labeled with 3 µM FM 4-64 

(Thermo Fisher Scientific) in E3 embryo media for 30 seconds, followed by rinses in E3. FM 4-

64 is far-red fluorescent dye that enters hair cells through functional mechanotransduction 

channels (Seiler and Nicolson 1999; Meyers et al. 2003). In this study, we define mature hair cells 

as being positive for both GFP and FM 4-64 and immature hair cells as being GFP-positive but 

FM 4-64 negative (Figure 5B, C). For all experiments, 5-9 larvae from treated and untreated groups 

were randomly chosen for imaging. Live larvae were mounted in 1.2% low melting point agarose 

(IBI Scientific) dissolved in E3. The L1, MI1 and O2 neuromasts were imaged on a Zeiss LSM 

800 confocal. After imaging, larvae were freed from the agarose and returned to their respective 

control or experimental groups. Hair cell counts were done using the Z-stack data. 
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2.5 Statistics 

P-values of less than 0.05 were considered significant. Analyses were done in RStudio using the 

R stats and betareg packages (RStudio Team 2018; R Core Team 2021) and plots were made 

with ggplot2 (Wickham 2011). 

Results 

3.1. Toxicity of repeated neomycin treatments in 3-4 dpf zebrafish. 

In the following experiments, we use repeated neomycin treatments delivered at either 6-hour 

or 12-hour intervals over the course of 36 hours in zebrafish at 3-4 dpf and at neomycin 

concentrations of 0, 50, 100, 200, 300, and 400 µM (Figure 5A). To assess general toxicity that 

may be associated with repeated neomycin treatments, we quantified survivorship across treatment 

schedules and concentrations. Neomycin concentrations of 100 µM or higher result in greater than 

50% larval mortality when administered every 6 hours (Figure 6A). The two highest 

concentrations, 300 and 400 µM, result in 100% lethality and only the 50 µM concentration allows 

for greater than 50% survival using the 6-hour treatment timeline. 12-hour treatment intervals 

result in improved survival relative to the 6-hour intervals. While only 18% of larvae survive when 

exposed to 400 µM neomycin every 12 hours (n = 64), survival was almost 50% at 200 and 300 

µM, 67% at the 100 µM, and 86% at 50 µM (Figure 6A). Despite increased survival using the 12-

hour interval, many larvae from the 300 µM and 400 µM neomycin treatment groups exhibited 

pericardial edema and were smaller in size compared to untreated larvae at 5 dpf (n = 6/30 and 

5/16 in the 300 and 400 µm groups, respectively) (Figure 6B-D). To determine which factors were 

culpable for the mortality rates, we ran a generalized linear model regressing percent survival after 

24 hours against concentration of neomycin and the experimental timeline used (Table 2). 

Treatment concentrations 100 µM and greater are significantly associated with increased mortality 
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(p < 0.0001), while less frequent treatments favors survival (p < 0.0001). Overall, we find that 

repeated neomycin treatments at 3-4 dpf at concentrations over 50 µM result in high levels of 

larval mortality. 

Figure 6. Toxicity of repeated neomycin treatments in zebrafish larvae. (A) Percent survival for 

Timeline One (6-hour treatment intervals) and Timeline Two (12-hour intervals). Final counts 

were done at 5 dpf, 48 hours following the first treatment. (B) Average percent of larvae with 

pericardial edema at 5 days post-fertilization (dpf) after four neomycin treatments given at 12-hour 

intervals. Error bars represent standard deviation. (C) Image of an untreated (0 µM neomycin) 

larva at 5 dpf. (D) Image of a 5 dpf larva exhibiting pericardial edema (arrow) after 4 treatments 

with 400 µM neomycin delivered every 12 hours. Scale bar = 0.1 mm. 

Beta Estimate 
Standard 

Error 
P value 

Significance 

Level 

Intercept (0 µM, 6 Hours) 4.1322996 0.4913248 4.08E-17 **** 

50 µM Neomycin -0.9457874 0.5789734 0.102 ns 

100 µM Neomycin -2.6188895 0.5660887 3.72E-06 **** 

200 µM Neomycin -3.2026104 0.5625068 1.24E-08 **** 

300 µM Neomycin -5.2428102 0.6140916 1.37E-17 **** 

400 µM Neomycin -5.8515287 0.6317583 2.00E-20 **** 



28 

Table 2. Results of a beta regression model regressing percent survival at 24 hours against 

neomycin concentration and treatment timeline to show which variables are significantly 

contributing to larval survival or mortality (**** = p < 0.0001, ns = not significant). 

3.2. Hair cell proliferation and maturation in untreated larvae. 

Chemical ablation of lateral line function may be less effective in larvae younger than 5 dpf 

due to the natural proliferation of hair cells at this developmental stage. To determine if neuromasts 

are still adding new hair cells between 3-4 dpf, we quantified the total number of hair cells (GFP+) 

and the number of functional hair cells (FM+) per neuromast in untreated larvae and expressed 

these numbers as a percent of the total number of GFP+ hair cells from the beginning of the 

experiment. There is continuous cell proliferation and functional maturation of lateral line hair 

cells during the 36-hour period between imaging timepoints I1 and I4 in untreated larvae (Figure 

7). On average, neuromasts add 1.6 GFP-positive hair cells between imaging timepoints 1 and 4, 

representing a 12.0% increase during these 36 hours of development. Over the same period, 

neuromasts add an average of two FM-positive cells, a 18.9% increase (Figure 7). The number of 

functional, FM-positive hair cells is consistently less than the GFP-positive hair cells at all imaging 

timepoints, yet there is an overall increase in the the proportion of FM-positive cells relative to the 

total number of hair cells per neuromast between imaging timepoints I1 and I4 (FM / GFP = 0.849 

for I1, 0.995 for I4; two-tailed z-score test for two proportions, z = -2.31, p = 0.021) (Figure 7). 

This indicates that a greater proportion of hair cells in each neuromast are mechanically-sensitive 

as development procedes. Together, these data suggest that, between days 3-4 of zebrafish 

12 Hour Treatment Intervals 2.5645373 0.3409579 5.41E-14 **** 
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development, the number of hair cells per neuromast has not yet reached steady-state and both 

nascent and mature hair cells are still being added. 

Figure 7. Hair cell proliferation and maturation in untreated (0 µM neomycin) larvae between 3-

4 days post-fertilization (dpf). Line graph of the percentage of total (GFP+, green line) and 

functional (FM 4-64+, magenta line) hair cells in untreated larvae relative to the total number of 

GFP+ hair cells when larvae were 72 hpf (3 dpf) at the beginning of the experiment. Data points 

are from each imaging timepoint from all control group replicates of the 6- and 12-hour timelines 

combined. The x-axis represents hours post-fertilization (HPF). The shaded regions surrounding 

the line represent the 95% confidence intervals. Average counts from individual neuromasts in 

the 12-hour timeline are provided in Supplemental Figure 2. 

3.3. Effect of neomycin concentration and treatment interval on hair cell death. 

To measure the effect of neomycin concentration and treatment interval on the efficacy of 

hair cell ablation, we quantified the number of GFP-positive and FM-positive hair cells that remain 
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following neomycin exposure at imaging time points I1 and I3. We excluded the 300 and 400 µM 

neomycin treatments from these analyses due to high mortality and abnormal morphology 

observed at those concentrations (Figure 6). Consistently, we find that GFP-positive, FM-negative 

hair cells remain after a 25-minute exposure to neomycin at concentrations ranging from 50 – 200 

µM (Figure 8A). At imaging timepoints 1 and 3, neomycin concentration did not significantly 

affect the number of remaining GFP-positive cells using either 6- or 12- hour treatment intervals 

(ANOVA with Dunn post-test, α = 0.05) (Figure 8A). Next, looking only at mechanically-sensitive 

(FM-positive) hair cells, neomycin concentration did not have a significant effect on the number 

of FM-positive cells remaining after treatment at imaging timepoint 1 in either the 6- or 12- hour 

treatment intervals, with the exception of the comparison between the 50 and 200 µM neomycin 

concentrations (ANOVA with Dunn post-test, p = 0.042) (Figure 8B). At imaging timepoint 3 

within both the 6- and 12-hour treatment experiments, neomycin concentration did not have a 

significant effect on the number of FM-positive cells remaining after treatment (ANOVA with 

Dunn post-test, α = 0.05) (Figure 8B). In general, we observe a non-significant decrease in the 

numbers of total and functional hair cells as neomycin concentration increases (Figure 8).  
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Figure 8. Effect of neomycin concentration and treatment intervals on hair cell death. Box plots 

represent the number of hair cells per neuromast for both the 6-hour and 12-hour treatment 

timelines. (A) Total (GFP+) and (B) functional (FM+) hair cells at imaging timepoints I1 and I3.. 

(C) Comparison of the 6-hour and 12-hour timelines in terms of the number of GFP+ and FM+ 

hair cells remaining after treatment at imaging timepoint I3 on 4 dpf. There is no significant 

difference in the hair cell counts between the two treatment timelines (Kruskal-Wallis ANOVA 

with Dunn post-test, α = 0.05). Significance levels are as follows: *** = p < 0.001, ** = p < 0.01, 

* = p < 0.05, ns = not significant. 

 

Next, we analyzed whether the frequency of neomycin treatments had an effect on the level 

of hair cell ablation by comparing the 6- and 12-hour timelines in terms of the difference in the 

number of total and functional hair cells at imaging timepoint 3 for all neomycin concentrations. 

We find that more frequent treatments do not have a significant effect on cell death (ANOVA with 

Dunn post-test, α = 0.05) (Figure 8C). Overall, we find that mechanically-sensitive hair cells in 

zebrafish at age 3-4 dpf are susceptible to neomycin exposure and can be continuously disrupted 

over 36 hours. Furthermore, neuromasts from 3-4 dpf larvae contain immature, neomycin-resistant 

hair cells that remain after treatment. 

3.4. Cellular and functional regeneration in 3 dpf larval zebrafish. 

We assessed cellular and functional regeneration following exposure to neomycin in 3 dpf 

larvae by analyzing the data from imaging timepoints I1 and I2. Given the high mortality rates 

associated with repeated neomycin treatments of 100 – 400 µM (Figure 6), we focused our analysis 

on the 50 µM condition. We observe a significant increase in the number of functional (FM-

positive) hair cells between time points I1 and I2 for both the 6- and 12-hour treatment intervals 
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(Welch’s t-test, 6-hour: M = 0.8, SD = 0.4, p = 0.028; 12-hour: M = 1.0, SD = 0.3, p = 0.002) 

(Figure 9A). There was no significant change in the number of GFP-positive cells between time 

points I1 and I2 in either the 6- or 12-hours experiments (6-hour: M = 0.39, SD = 0.71, p = 0.407; 

12-hour: M = 0.56, SD = 0.16, p = 0.319) (Figure 9A). We conclude that the surviving immature 

hair cells start to acquire mechanosensitivity within 6 to 12 hours after neomycin treatment and 

that functional maturation of hair cells outpaces the regeneration of new hair cells at 3 dpf. 

 

Figure 9. Comparison of hair cell counts in the 0 µM and 50 µM neomycin treatment groups at 

(A) 3 dpf and (B) 4 dpf. Green box plots indicate cell counts using the GFP transgene to mark both 

transducing and non-transducing hair cells and the magenta box plots indicate hair cell counts 

using FM 4-64 to label mechanically-sensitive hair cells. See Figure 5A for timing of imaging 

timepoints I1-I4. Performed Kruskal-Wallis ANOVA with Dunn post-test to find significance 

levels, which are as follows: **** = p < 0.0001, ** = p < 0.01, * = p < 0.05, ns = not significant. 
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3.5. Cellular and functional regeneration in 4 dpf larval zebrafish. 

Like the analyses done at 3 dpf, we assessed cellular and functional recovery at 4 dpf using 

50 µM neomycin given every 6 or 12 hours. Between imaging time points I3 and I4, we observe a 

significant addition of FM-positive hair cells between 6-hour treatments and 12-hour treatments at 

4 dpf (Welch’s t-test, 6-hour: M = 2.2, SD = 0.9, p = 0.000016; 12-hour: M = 3.9, SD = 0.2, p < 

0.00001) (Figure 9B). In the 6-hour treatment timeline, there is no significant increase in the 

number of GFP-positive hair cells between imaging timepoints at 4 dpf (M = 1.3, SD = 1.1, p = 

0.125). However, in the 12-hour treatment interval, there is a significant increase in the number of 

GFP-positive hair cells between I3 and I4 at 4 dpf (M = 1.6, SD = 0.5, p = 0.004) (Figure 9B). 

These data suggest that, after neomycin treatment at 4 dpf, the remaining immature hair cells start 

to gain functionality within 6 hours while the regeneration of new hair cells begins within 12 hours. 

3.6. Comparison of hair cell death and recovery between 3 and 4 dpf zebrafish. 

Next, we compared the susceptibility of hair cells to 50 µM neomycin at 3 dpf and 4 dpf by 

quantifying the ratio of functional (FM+) to total (GFP+) hair cells from imaging timepoints I1 (3 

dpf) and I3 (4 dpf) for both timelines. Comparing I1 and I3, we observe some variability in the 

proportions of functional hair cells per neuromast that remain following treatment, but the values 

are not significantly different in the 6-hour or 12-hour timelines (Two-tailed z-score test for two 

proportions; 6-hour: z = -0.923, p = 0.356; 12-hour: z = -0.346, p = 0.731) (Figure 10). Even 

though it is not statistically significant, there is a consistent increase in the ratio of FM:GFP from 

I1 to I3 in both timelines. To determine which factors were responsible for these results, we ran a 

generalized linear model regressing hair cell proportions against the days post fertilization and the 

number of treatments (Table 3). According to this beta-regression model, transitioning from 3 dpf 

to 4 dpf is associated with an increase in the proportion of mechanically-sensitive (FM+) hair cells 
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per neuromast (p < 0.001). Conversely, the number of neomycin treatments are significantly 

associated with a decrease in the proportion of mechanically-sensitive cells (p < 0.001). Overall, 

we find that the proportions of functional hair cells that remain after neomycin treatment are 

statistically similar between 3 and 4 dpf, possibly due to the opposing effects of developmental 

time and repeated exposures to neomycin. 

Figure 10. Bar graphs showing the proportion of functional hair cells (FM+) relative to total hair 

cells (GFP+) one hour after 50 µM neomycin treatments on 3 days post-fertilization (dpf) (I1) and 

4 dpf (I3) for both 6-hour and 12-hour timelines. Error bars represent standard deviation, n = 15 

for each group. Two-tailed Z-score test for proportions was used to evaluate the difference between 

the proportion of hair cells at 3 and 4 dpf. ns = not significant.  

Beta Estimate 
Standard 

Error 
P value 

Significance 

Level 

Intercept (0 µM, I1) 0.1024 0.1330 0.441 ns 

4 dpf 1.1435 0.2106 5.68E-8 *** 
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Number of Treatments -0.6593 0.0655 < 2E-16 *** 

Table 3. Results of a beta regression model regressing FM:GFP hair cell proportions against the 

days post fertilization (dpf), treatment timeline, and number of treatments to show which factors 

were significant in contributing to the observed proportions of FM+:GFP+ hair cells between 3 

and 4 dpf (*** = p < 0.001, ns = not significant). 

 

To assess differences in hair cell proliferation and recovery between 3 and 4 dpf, we compared 

the change in the number of hair cells between imaging timepoints I1 and I2 (3 dpf) versus the 

change between I3 and I4 (4 dpf). There is a significant increase in the number of functional, FM+ 

hair cells added per neuromast after allowing for hair cell recovery between treatments at 4 dpf 

compared to 3 dpf in both the 6-hour and 12-hour treatment timelines (Welch’s t-test, 6-hour: p = 

0.007; 12-hour: p = 0.00009) (Figure 11A). However, there is no significant difference in the total 

number of GFP+ hair cells per neuromast added between treatments on 4 dpf compared to 3 dpf 

(6-hour: p = 0.381; 12-hour: p = 0.113) (Figure 11B). Looking at the ratio of functional (FM+) to 

total (GFP+) hair cells per neuromast on days 3 and 4, there is a significant increase in the 

proportion of functional hair cells after a 12-hour recovery on day 4 relative to day 3, but no 

significant increase after 6-hour recovery times (One-tailed z-score test for two proportions, 6-

hour: z = -0.845, p = 0.199, 12-hour: z = -1.792, p = 0.0363) (Figure 11C). Overall, we find that 

functional recovery of lateral line hair cells occurs more quickly at 4 dpf compared to 3 dpf in 

zebrafish larvae. 
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Figure 11. Hair cell recovery at 3 and 4 days post-fertilization (dpf). (A) Box plots showing the 

difference in functional (FM+) and (B) total (GFP+) hair cells between the first and second 50 µM 

neomycin treatments on 3 dpf (I2 minus I1) and 4 dpf (I4 minus I3) in 6- and 12-hour treatment 

timelines. Red dots and text indicate mean values. Statistal analysis was performed using Kruskal-

Wallis ANOVA with Dunn post-test. (C) Bar graph showing the difference in the ratio of 

functional hair cells (FM+) to total hair cells (GFP+) between the first and second treatments on 3 

dpf (I2 minus I1) and 4 dpf (I4 minus I3) for 50 µM treatments in 6-hour and 12-hour treatment 

timelines. Error bars represent standard deviation, n = 15 for each group. One-tailed Z-score tests 

for proportions were used to evaluate increases in the proportion of FM+ cells. Significance levels 

are as follows: **** = p < 0.0001, ** = p < 0.01, * = p < 0.05, ns = not significant. 

Discussion 

In this study, we use repeated neomycin treatments to continuously ablate sensory hair cells 

of the lateral line in 3-4 dpf zebrafish larvae. We find that immature, ototoxin-resistant hair cells 

remain after neomycin treatment, even after multiple exposures delivered every 6- or 12-hours. 

Our evidence suggests that these immature hair cells gain mechanosensitivity during the inter-
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treatment intervals, and that functional maturation of nascent hair cells occurs more rapidly at 4 

dpf compared to 3 dpf. To our knowledge, this is the first study to analyze hair cell death and 

recovery using repeated ototoxin treatments on 3-4 dpf zebrafish larvae. Overall, repeated 

neomycin treatments can be used to continuously disrupt mechanically-sensitive hair cells of the 

lateral line at this early stage of zebrafish development. 

4.1. Toxicity associated with repeated neomycin treatments. 

Single exposures to ototoxins are accepted to be well tolerated by larval and adult fish, thereby 

allowing their use in studies of lateral line-mediated behaviors (Coffin and Ramcharitar 2016). 

However, our data clearly demonstrates that repeated neomycin treatments are toxic to larval 

zebrafish. Survival was less than 50% in both the 100-400 µM neomycin groups treated every 6 

hours and in the 200-400 µM neomycin groups treated every 12 hours. Furthermore, larval death 

occurred more rapidly with increased number and frequency of treatments (Figure 6). We 

consistently observe a major decline in larval survival between treatments four and five. This trend 

was apparent in both experimental timelines, despite differing treatment intervals. In the 300 µM 

and 400 µM neomycin treatment groups, surviving larvae often exhibit pericardial edema and 

developmental delays. Incidences of edema were variable between experimental replicates in the 

12-hour, 300 µM group, suggesting that this condition is near the level where larvae begin to 

experience this toxic effect of neomycin. Our findings are consistent with other studies that have 

demonstrated off-target toxicity of compounds commonly used in lateral line research (Carreau an 

Pyle 2005; Han et al. 2020; Han et al., 2019; Hansen et al. 1999; Xu et al. 2017). Therefore, we 

conclude there is a toxicity threshold for larval zebrafish at 3-4 dpf that is surpassed after four 

treatments when using neomycin concentrations 100 µM and above. 
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4.2. Susceptibility of lateral line hair cells to repeated neomycin treatments at 3-4 dpf. 

 Hair cells of the lateral line are rapidly proliferating and maturing at 3-4 dpf (Harris et al. 

2003; Mackenzie and Raible 2012; Raible and Kruse 2000). Mackenzie and Raible (2012) reported 

an increase in the number of functional hair cells per neuromast between 3-4 dpf and that the 

number of functional hair cells is significantly less than the total number of hair cells per neuromast 

at 5 dpf. At 3-4 dpf, we similarly find that the total complement of hair cells within a neuromast is 

always greater than the number of functional hair cells. Between 3-4 dpf, neuromasts in untreated 

larvae exhibit a 12% gain in total cells and 19% increase in functional cells over the same period. 

These results indicate that, as development proceeds, an increased proportion of hair cells per 

neuromast are mechanically-sensitive and therefore potentially susceptible to ototoxins. 

Furthermore, we find that these mechanically-sensitive hair cells are susceptible to neomycin in 3-

4 dpf zebrafish and, in agreement with previous studies, that hair cell loss is incomplete due to 

functionally immature hair cells being resistant to the ototoxic effects of neomycin (Figures 8 and 

9) (Hernández et al. 2007; Mackenzie and Raible 2012; Murakami et al. 2003; Santos et al. 2006). 

4.3. Hair cell maturation and regeneration after repeated neomycin treatments at 3-4 dpf. 

Previous studies have  provided support for hair cell regeneration occurring more quickly 

in young larvae than in older larvae or adult fish (Cruz et al. 2015; Hardy et al. 2021; Mackenzie 

and Raible 2012). In our study, we observe that there is a significant addition of functional hair 

cells within 6 hours post-treatment at both 3 and 4 dpf (Figure 11). The increase in functional hair 

cells outpaces the addition of new GFP+ hair cells at both 3 and 4 dpf. This is likely due to the 

functional maturation of immature GFP+ hair cells remaining after treatment. However, we found 

that the addition of both functional and total hair cells occurred more quickly at 4 dpf than 3 dpf. 

Using the 50 µM neomycin treatments, the ratio of functional to total (FM+/GFP+) hair cells 
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increases by approximately 12% in 6 hours and 13% in 12 hours on 3 dpf. On 4 dpf, the proportion 

of functional to total (FM+/GFP+) hair cells increases by approximately 25% in 6 hours and 42% 

in 12 hours. We saw that in untreated larvae, the number of hair cells per neuromast increases from 

3 dpf to 4 dpf. Therefore, the rate of functional and total hair cell addition following neomycin 

treatment at 4 dpf may be quicker than at 3 dpf due to a natural increased pace of hair cell 

proliferation. To confirm this, further studies investigating hair cell proliferation at 3 and 4 dpf are 

necessary. 

4.4. Mimicking the chronic loss of lateral line function in larval zebrafish at 3-4 dpf. 

To our knowledge, only one study has used repeated ototoxic treatments to study the long-term 

loss of lateral line-mediated behaviors (Carrillo and McHenry 2016). However, this study was 

conducted on fish older than 5 dpf, and there may be lateral line-mediated behaviors in younger 

larvae (prior to swim bladder inflation) that have not been investigated. Given that even partial 

regeneration can restore lateral line function and behaviors (Hardy et al. 2021; McHenry et al. 

2009; Suli et al. 2012), a single exposure to ototoxin is not an effective way to assess such 

behaviors in early-stage larvae when hair cells are actively proliferating and maturing. Therefore, 

repeated treatments appear necessary, but the feasibility of multiple treatments during lateral line 

formation has not been previously tested.  

Our results support using 50 µM neomycin every 12 hours to continuously disrupt hair cells of 

the lateral line in 3-4 dpf zebrafish larvae. Poor survivorship precludes the use of repeated 

neomycin treatments at concentrations of 100 µM and greater, particularly when delivered every 

6 hours (Figure 6). Furthermore, neomycin concentrations between 50 – 400 µM are similar in 

their ability to kill mechanically-sensitive hair cells (Figure 8), suggesting there is little benefit to 

using higher concentrations. Although there is a statistically significant addition of functional hair 
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cells between treatments for both the 6- and 12-hour intervals, we observe little to no cellular 

regeneration (additional GFP+ hair cells) during the same intervals. Considering these results, and 

because rheotaxic behaviors begin to recover approximately 12 hours after exposure to neomycin 

at 5 dpf (McHenry, et al., 2009), we advise treating 3-4 dpf larvae with 50 µM neomycin every 12 

hours to continuously disrupt lateral line hair cells while minimizing toxic side effects. This 

treatment regimen may complement the lhfpl5b zebrafish mutant in analysis of lateral line-

mediated behaviors in early-stage larvae (Erickson et al. 2020). 
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ABSTRACT 

Parathyroid hormone 2 (Pth2) is a vertebrate-specific neuropeptide whose thalamic 

expression is upregulated by social contact with conspecifics. However, social interactions fail to 

stimulate pth2 expression in isolated zebrafish whose lateral line hair cells have been chemically 

ablated. These results suggest that modulation of pth2 by social context is acutely dependent on 

mechanosensory information from the lateral line. However, it is unclear how a congenital loss of 

lateral line function influences the ability of zebrafish to interpret their social environment. In this 

study, we measure pth2 levels in zebrafish mutants lacking hair cell function in either the lateral 

line only, or in both the inner ear and lateral line. Socially-raised lateral line mutants express lower 

levels of pth2 relative to wild type siblings, but there is no further reduction when all sensory hair 

cells are nonfunctional. However, social isolation of hair cell mutants causes a further reduction in 

pth2 expression, pointing to additional unidentified sensory cues that influence pth2 production. 

Lastly, we report that social context modulates fluorescent transgenes driven by the pth2 promoter. 

Altogether, these data suggest that lateral line mutants experience a form of isolation, even when 

raised in a social environment. 
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Introduction 

 The complex relationship between the brain and social behavior has been studied across 

animal species for decades (Chen and Hong 2018; Kravitz and Huber 2003; Brothers 1990; 

Robinson, Fernald, and Clayton 2008). Different social contexts can evoke a wide range of 

emotions, from joy and positivity (Burgdorf and Panksepp 2006; Panksepp and Burgdorf 2003) to 

fear and aggression (Amaral 2002; Neumann, Veenema, and Beiderbeck 2010) with a high level 

of plasticity (Chen and Hong 2018; Kolb and Whishaw 2003). In situations of social isolation, 

many animals exhibit anxious behaviors in addition to neurochemical changes in the brain (Weiss 

et al. 2004; Shams et al. 2017; Amaral 2002; Mumtaz et al. 2018).  

 Social behavior is modulated by a suite of neuropeptides (Oldfield and Hofmann 2011; 

Panksepp et al. 2007; Adkins-Regan 2009; O’Connell and Hofmann 2011; Schoofs, de Loof, and 

van Hiel 2017). Parathyroid hormone 2 (Pth2, formerly known as tuberoinfundibular peptide of 

39 residues or TIP39) is a neuropeptide expressed in the vertebrate thalamus, which is a sensory 

integration and relay center (Anneser et al. 2020; Bhattacharya et al. 2011; Arpád Dobolyi et al. 

2012; Mueller 2012). In rodents, the PTH2 receptor is expressed in several nuclei throughout the 

central nervous system (Dobolyi et al. 2012). Zebrafish have two pth2r paralogs, pth2ra and 

pth2rb, each with distinct expression patterns in the fish brain (Seitz 2019). Activation of PTH2R 

increases intracellular cAMP levels and can modulate neuroendocrine activity in the 

hypothalamic–pituitary–adrenal (HPA) axis (Dimitrov and Usdin 2010). PTH2-PTH2R signaling 

influences several behaviors, including maternal care (Cservenák et al. 2013), pain sensitivity  

(LaBuda and Usdin 2004; Dimitrov, Petrus, and Usdin 2010; Dimitrov et al. 2013), and anxiety-

like responses (Anneser et al. 2022; Coutellier and Usdin 2011; LaBuda et al. 2004). 
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 Recent work suggests that Pth2 signaling promotes social interactions between 

conspecifics. In zebrafish, pth2 mutants exhibit decreased preference for conspecifics (Anneser et 

al. 2022), while chemogenetic activation of the Pth2-positive region of the rodent brain promotes 

social contact (Keller et al. 2022). Consistent with this, expression of pth2 itself positively scales 

with the quantity of social interactions with conspecifics (Anneser et al. 2020; Keller et al. 2022). 

In rodents, physical touch from conspecifics activates Pth2 expression (Cservenák et al. 2013; 

Keller et al. 2022). In addition to tactile touch sensation, fish also have another form of “distant 

touch” through the mechanosensory lateral line (Dijkgraaf 1963). The mechanosensory lateral line 

is a hair cell-based system in aquatic vertebrates that senses hydrodynamic information, such as 

that created by conspecifics (Butler and Maruska 2015, 2016a, 2016b; Groneberg et al., 2020; 

Montgomery et al. 2013). In zebrafish, chemical ablation of the mechanosensory lateral line 

prevents the rescue of pth2 expression by a social environment following isolation (Anneser et al. 

2020). Therefore, social “touch” (direct contact in rodents and hydrodynamic communication in 

zebrafish) seems to be a primary sensory activator of pth2 expression.  

Despite this knowledge, there remain several unanswered questions regarding the social 

regulation of pth2 expression. First, how do zebrafish interpret social context when they are born 

without lateral line function? Secondly, do mechanosensory hair cells in the inner ear contribute 

to the ability of zebrafish larvae to respond to social context? Thirdly, is pth2 expression regulated 

solely via mechanosensation, or can fish use additional sensory inputs to sense the presence of 

conspecifics? Here, we report that the congenital loss of mechanosensory hair cell function leads 

to chronically depressed levels of pth2 expression in socially-housed larval zebrafish. Interestingly, 

social isolation of hair cell mutants further decreases pth2 levels, suggesting that larval fish use 

additional sensory information to sense conspecifics and modulate pth2 expression. Lastly, we 
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utilize fluorescent reporters driven by the pth2 regulatory region to evaluate the morphology of 

pth2-expressing cells and visualize pth2 dynamics in vivo. Overall, this study offers additional 

insight into the sensory basis for social interactions in zebrafish and introduces novel tools to track 

pth2 expression in living fish. 

Materials and Methods 

Ethics statement 

Animal research complied with guidelines stipulated by the Institutional Animal Care and 

Use Committees at East Carolina University (Greenville, NC, United States) and at University of 

New Brunswick (Fredericton, New Brunswick, Canada). Zebrafish (Danio rerio) were maintained 

and bred using standard procedures (Westerfield 2000). All experiments used larvae at 1–5 days 

post-fertilization (dpf), which are of indeterminate sex at this stage. 

Mutant and transgenic fish lines  

The following previously described zebrafish mutant and transgenic lines were used in this 

study: lhfpl5bvo35, pcdh15ath263b, tomttk256c, cacna1datc323d, and Tg(slc6a3:EGFP)ot80 (Erickson et 

al. 2017, 2020; Maeda et al. 2017; Sidi et al. 2004; Xi et al. 2011). To make the 

Tg(pth2:EGFP)unb2 and Tg(pth2:TagRFP)unb3 transgenic lines,  2067 base pairs immediately 

upstream of the pth2 coding region (including the 5’ UTR and first intron) were PCR amplified 

with primers containing attB4-B1 recombination sites (pth2-specific sequence underlined: Fwd: 

GGGGACAACTTTGTATAGAAAAGTTGGTAAAGGACACTCTTTGAGATCCT, Rvs: 

GGGGACTGCTTTTTTGTACAAACTTGCCTGCAGATGAATAAGTTGAATAATACA. The 

PCR product was cloned into the Gateway pDONR-P4-P1R entry vector by a standard BP clonase 

reaction and a Multisite LR reaction was performed to create pth2:EGFP-pA, cryaa:EGFP and 

pth2:tagRFP-pA, cryaa:mCherry plasmids. pDestTol2pACryGFP and pDESTtol2pACrymCherry 
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plasmids were gifts from Joachim Berger & Peter Currie (Addgene plasmids # 64022, 64023). The 

expression constructs were co-injected with tol2 transposase mRNA into 1-cell zebrafish 

embryos(Kwan et al. 2007). F0 founders were outcrossed to produce stable F1 transgenics. At a 

minimum, progeny from F2 transgenics were used in this study. 

Mutant and social isolation experiments for in situ hybridization, qPCR, and transgenic lines 

 Zebrafish larvae were sorted for lhfpl5bvo35, pcdh15ath263b, tomttk256c homozygotes at 2 dpf 

with FM1-43 dye labelling for social isolation experiments. cacna1datc323d homozygotes were 

identified behaviorally by the “circler” phenotype at 4 dpf (Nicolson et al. 1998), as they cannot 

be identified by differential FM1-43 dye labeling and were not used in isolation experiments. 

Tg(pth2:EGFP) and Tg(pth2:TagRFP) transgenics were identified by their GFP or mCherry lens 

markers, respectively. Tg(slc6a3:EGFP) transgenics were identified by GFP expression in the 

brain. Identified larvae were divided into social groups of thirty, while another thirty larvae were 

placed in isolation, except for cacna1datc323d larvae which were only raised socially. Both social 

and isolated larvae were housed in 6-well tissue culture plates containing 5 ml of E3 embryo media. 

For the social condition, all 30 larvae were placed in one well with 5 ml of embryo media. For the 

isolated condition, one larva was placed per well with 5 ml of embryo media. Strips of paper were 

placed between each well to prevent visual access between wells. Larvae intended for mRNA in 

situ hybridization (ISH) were grown in E3 with 200 µM N-Phenylthiourea (PTU) (Alfa Aesar) to 

prevent pigment formation. Each group was incubated at 28.5ºC with a 14L:10D photoperiod from 

2 to 4 dpf. At 4 dpf, larvae were either fixed for in situ hybridization, processed for qPCR, or 

imaged to visualize the transgene. 

Repeated neomycin treatments 
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The repeated neomycin treatments were performed essentially as previously described 

(Venuto and Erickson 2021).  At 24 hpf, WT embryos were divided into groups of 30 and grown 

continuously in the dark at 28.5ºC in media supplemented with 200 µM PTU to prevent pigment 

formation. Larvae were manually dechorionated at 2 dpf. Starting at 9:00 AM, 3 dpf larvae were 

exposed to either 0 or 50 µM neomycin sulfate hydrate (Alfa Aesar) for 30 minutes at 28.5ºC every 

12 hours for a total of three treatments. At noon on 4 dpf, treated and untreated groups of larvae 

were anesthetized with 0.016% MS-222 and fixed in 4% PFA for mRNA ISH. The experiments 

were repeated three times, each with two technical replicates for the control and treatment groups. 

Three hours after treatment 1, ablation of lateral line hair cells was assessed by incubating 3 dpf 

larvae in 130 µM DASPEI (2-[4-(dimethylamino)styryl]-1-ethylpyridinium iodide) for 10 

minutes. Following three washes with E3, larvae were anesthetized with 0.016% MS-222, 

positioned laterally on a depression slide in 1.2% low melting point agarose, and imaged with a 

Basler Ace 5.1 MP color camera on a Zeiss SV-11 microscope using an X-Cite 120Q illuminator 

and wideband GFP filter. 

mRNA in situ hybridization 

The pth2 in situ probe sequence was amplified using the Invitrogen SuperScript IV One-

Step RT-PCR kit (ThermoFisher) using the following forward and reverse primers: F: 

CATTGCATGGACGATTTACG; R: TGCCATGTCATTCAAAATCC.  The RT-PCR product was 

purified by gel extraction and propagated in the pCR4-TOPO vector. The pCR4-pth2 plasmid was 

linearized with NotI and the antisense DIG-labeled ISH probe was synthesized using the T3 RNA 

polymerase promoter. Probe synthesis and in situ hybridization were performed essentially as 

described (Erickson, French, and Waskiewicz 2010). Larvae were imaged at 20X magnification 

using either an Olympus BH-2 microscope outfitted with a Jenoptik Gryphax Arktur camera or a 
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Nikon Eclipse 50i microscope with a Basler Ace 5.1 MP color camera. ISH cell counts were 

conducted in a non-blinded manner by manually focusing through a mounted larvae prior to 

capturing a static image.  

RNA isolation and real time quantitative PCR (qPCR)  

For RNA isolation, ten larval heads were used per biological replicate. Samples were 

collected on ice, placed in 1.7 mL RNase-free microcentrifuge tubes containing 200 μl RNAzol 

(Molecular Research Center, Inc., OH. Catalog: RN 190) and homogenized immediately. This was 

repeated for a total of three biological replicates. Total RNA was extracted from homogenized 

solutions according to the manufacturer’s protocol. For each sample, cDNAs was synthesized 

using 1 μg total RNA and a high-capacity cDNA Reverse Transcription kit (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA, Catalog# 4368814) following the manufacturer’s 

instructions. 

The levels of pth2 transcripts were determined by quantitative real-time PCR (qPCR) using 

SYBR green dye (Invitrogen) and a CFX Connect real-time thermal cycler (Bio-Rad Laboratories, 

Hercules, California, USA). The qPCR reaction was conducted with initial denaturation at 95 °C 

for 2 min, followed by 30 cycles of 30 s denaturation at 95 °C, 30 s annealing at 57 °C, and 30 s 

extension at 72 °C using the specific primers (Forward: CCACGCAACACACAGTCAAG, 

Reverse: GCAAGTTACTTTGCAGAGGTC) and GoTaq G2 DNA polymerase (Promega, 

Madison, Wisconsin, USA). Each PCR mixture (15 μl) consisted of 7.795 μl DNase free water, 

3 μl 5X GoTaq buffer, 1.5 μl 25 mM MgCl2, 0.3 μl 10 mM dNTP mix, 0.15 ml 10μM forward or 

reverse primer, 2 μl cDNA, 0.03 μl 100X SYBR green dye (final concentration 0.2X), and 0.075 

μl Taq. Two technical replicates per biological replicate were averaged together for analysis. 

Absolute values (copies/μg total RNA) were determined using Ct values of samples and a standard 
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curve generated from serial known concentrations of plasmid containing the target region of pth2. 

Relative expression was found by calculating the fold change compared to the mean value of the 

isolated, wild type condition. The efficiency of the PCR and authentic PCR products was further 

confirmed by analyses of melting curve and gel electrophoresis.  

Transgenic imaging and quantification 

Live zebrafish larvae were anesthetized with 0.016% MS-222 in E3 and mounted dorsally 

on a depression slide in 1.2% low melting point agarose in E3. EGFP was imaged using a Zeiss 

LSM800 laser-scanning confocal with a 40x water objective and Zeiss Zen software. To quantify 

results, cell counts were performed using Fiji/ImageJ image processing software (Schindelin et al. 

2012). Cells were counted in a non-blinded manner by manually going through the z-stacks. The 

cell count process was repeated twice at a minimum to ensure accuracy. Images shown are 

maximum intensity projections of z-stacks. For the fluorescent intensity experiment, the intensity 

of each cell was collected from a sum slices z-projection in Fiji/ImageJ and the integrated density 

values were used for analysis. Depth encoded 2D and 3D projections were created in Fiji/ImageJ 

using the Z-stack Depth Color Code 0.0.2 plugin. Figures were assembled in Adobe Photoshop 

and equally adjusted for brightness and contrast among corresponding treatment groups. 

Statistical tests 

All graphs and statistical tests were done using R (R Core Team 2021). For in situ 

hybridization cell counts, a one-tailed Welch’s t-test was used (two biological replicates, n = 7-9 

larvae per condition per replicate). For the qPCR experiment comparing the various hair cell 

mutants raised socially (Figure 13), a one-way ANOVA was conducted (three biological replicates, 

n = 10 per condition per replicate). For the same experiment comparing wild type versus mutant 

larvae raised socially, a one-tailed Welch’s t-test was used to compare within mutant lines. For the 
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qPCR experiment comparing genotypes and social status (Figure 14), a two-way ANOVA was 

conducted (three biological replicates, n = 10 per condition per replicate). For the transgenic cell 

counts, a one-tailed Welch’s t-test was used (three biological replicates, n = 5 per condition per 

replicate), except for the 1 dpf versus 2 dpf and GFP versus RFP cell counts where we used two-

tailed Welch’s t-test to test significance. A p-value of less than 0.05 was considered significant. 

The more stringent one-tailed t-tests were used due to only having an expectation for a decrease 

in pth2 expression following isolation or loss of lateral line sensory information. Sample sizes 

were determined by the number of fish used in the experiment and no samples were excluded from 

the analysis. Pre-determined criteria to exclude samples included if the fish was not touch-

responsive or displayed obvious developmental abnormalities. 

Results 

Decreased pth2 expression in lateral line-deficient larval zebrafish. 

 pth2 expression in the thalamus decreases when fish are raised in isolation but increases 

following a brief period of social interaction with conspecifics. However, when the 

mechanosensory lateral line is ablated in isolated fish prior to social exposure, pth2 expression 

levels remain low (Anneser et al. 2020). This implicates the lateral line sensory system in 

recognizing conspecifics to stimulate pth2 expression. To further evaluate the role of the lateral 

line in social recognition, we raised lateral line-deficient mutants (lhfpl5b-/-) and their siblings in 

separate social groups and detected pth2 expression by mRNA in situ hybridization (ISH) at 4 days 

post-fertilization (dpf). Socially-raised lateral line mutants exhibit a decrease in pth2 expression 

(M = 9.7, SD = 4.3) compared to wild type (WT) siblings (M = 29.9, SD = 1.7) (Figure 12B, C), 

in terms of a qualitative decrease in the intensity of staining as well as a significant decrease in the 

number of detectable pth2-positive cells (Figure 12D; One-tailed Welch’s t-test, t = 18.25, P = 
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1.04x10-15, Cohen d = 6.18). We also ablated lateral line hair cells in socially-raised WT larvae 

using repeated neomycin treatments between 3 – 4 dpf (Venuto and Erickson 2021) (Figure 12E, 

Supplemental Figure 3). Even though these larvae had social experience prior to losing lateral line 

input, neomycin-treated larvae exhibit a significant decrease in the number of pth2-positive cells 

compared to untreated controls (Figure 12F; One-tailed Welch’s t-test, t = 6.44, P = 1.21x10-7, 

Cohen d = 3.22). These results confirm that a loss of lateral line function, whether genetically or 

chemically-induced, impairs the ability of pth2 cells to respond to social context.  

Figure 12: Decreased pth2 expression in lateral line-deficient zebrafish larvae. (A) Location of 

pth2-expressing cells in the thalamic region of a larval zebrafish. (B-C) Representative images of 

mRNA in situ hybridizations (ISH) showing pth2-positive cells in socially-reared wild type and 

lateral line mutant (lhfpl5bvo35) larvae at 4 dpf. (D) Boxplots of pth2-positive cell counts from ISH 

images of lhfpl5b larvae at 4 dpf (WT = 14, MUT = 18 larvae from two replicates). (E) 

Representative mRNA ISH images from socially-reared control (Neo. ctrl) and neomycin-treated 

(Neo. trt.) larvae at 4 dpf showing reduced pth2 expression following repeated chemical ablation 

of the lateral line hair cells. (F) Boxplots of pth2-positive cell counts from control and neomycin-

treated larvae at 4 dpf (Control = 20, Treated = 20 larvae pooled from two replicates). Scale bar in 
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B is 50 µm and applies to all images. A one-tailed Welch’s t-test was used to assess significance, 

**** = p < 0.0001.  

 

Lack of evidence for modulation of pth2 expression by mechanosensory inputs from inner ear hair 

cells.  

 Low levels of pth2 expression remain in socially-raised lateral line mutants (Figure 12B, 

C). To determine if mechanosensory input from the inner ear was responsible for this remaining 

pth2 expression, we used three different types of mutations that disable hair cells of both the lateral 

line and inner ear to compare to the lateral line mutant (lhfpl5b-/-) and wild type zebrafish. Two of 

these mutations (pcdh15a-/- and tomt-/-) render the mechano-electrical transduction channel 

nonfunctional in all hair cells, similar to how the lhfpl5b mutation specifically disables lateral line 

hair cells (Erickson et al. 2017, 2020; Maeda et al. 2017). The third mutant disables the voltage-

gated calcium channel in all hair cells (cacna1da-/-), thereby blocking stimulus-dependent 

glutamate release (Sidi et al. 2004; Sheets, Kindt, and Nicolson 2012). Again, we measured pth2 

expression via mRNA ISH (Figure 13B-F) as well as quantitative PCR (qPCR) at 4 dpf (Figure 

13G). Consistent with our ISH results from Figure 12, each class of hair cell mutant exhibits a 

significant decrease in pth2 expression compared to their wild type siblings when raised socially 

(Supplemental Figure 4; One-tailed Welch’s t-test; lhfpl5b: t = 5.929, P = 0.011, Cohen d = 4.84; 

tomt: t = 3.857, P = 0.0305, Cohen d = 3.15; cacna1da: t = 5.154, P = 0.0044, Cohen d = 4.21). 

However, the pan-hair cell mutants (tomt, cacna1da) did not differ in pth2 expression levels 

compared to the lateral line-only mutant (lhfpl5b) (Figure 13G; One-way ANOVA; Mutant: F = 

2.425, P = 0.169; Wild Type: F = 0.791, P = 0.496). Because pan-hair cell mutants and lateral line-

only mutants are indistinguishable in terms of pth2 expression levels, we conclude that inner ear 
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mechanosensory hair cells do not significantly contribute to the regulation of pth2 expression in 

this context.  

Figure 13: Lack of evidence for modulation of pth2 expression by mechanosensory inputs from 

inner ear hair cells. (A) Location of pth2-expressing cells in the thalamic region of a larval 

zebrafish. (B-F) Representative images of mRNA in situ hybridizations (ISH) showing pth2-

positive cells in socially-reared B) wild type (n = 14), C) lhfpl5bvo35 (n = 18), D) tomttk256c(n = 13), 

E) pcdh15ath263b (n = 13), and F) cacna1datc323d (n = 18) larvae at 4 dpf. Scale bar = 50 µm, applies 

to all images. G: Boxplots of qPCR results showing pth2 expression in socially-reared mutants and 

siblings at 4 dpf. Ten larval heads were pooled per condition to make one biological replicate, and 

three biological replicates were used to generate the data. Two technical replicates of the qPCR 
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experiment were conducted per biological replicate and averaged. One-way ANOVA to assess 

significance, ns = not significant. 

 

Social isolation further reduces pth2 expression in sensory hair cell mutants. 

 Chemosensory and visual perception of conspecifics does not significantly rescue pth2 

expression in larval zebrafish raised in isolation (Anneser et al. 2020). However, since disabling 

both the lateral line and the inner ear does not completely eliminate pth2 expression, other non-

hair cell-based sensory systems may contribute to the modulation of pth2 by social context. To test 

this, we compared pth2 expression in social and isolated lhfpl5b and tomt mutants by both mRNA 

ISH (Figure 14A-C) and qPCR at 4 dpf (Figure 14D). If pth2 responds to conspecific signals solely 

via the lateral line, we expect to see equivalently low expression in mutants raised in social and 

isolated environments. However, we find this not to be the case. Social environment has a 

significant effect on pth2 expression, as isolated lhfpl5b and tomt mutants express less pth2 than 

social mutant siblings (Two-way ANOVA; lhfpl5b: F = 16.42, P = 0.007; tomt: F = 65.53, P = 

0.00019). Genotype does not have a significant effect on pth2 levels when larvae are raised in 

isolation, as isolated mutants and isolated wild types are statistically indistinguishable (Two-way 

ANOVA; lhfpl5b: F = 2.65, P = 0.154; tomt: F = 0.873, P = 0.386). Because social isolation further 

reduces pth2 expression in lateral line mutants, we conclude that pth2 likely responds to 

multisensory input during social experience.  
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Figure 14: Social isolation further reduces pth2 expression in sensory hair cell mutants. (A-C) 

mRNA in situ hybridization showing representative examples of pth2-positive cells in 4 dpf A) 

socially-reared lhfpl5bvo35 mutants (n = 48), B) isolated wild type larvae (n = 50), and C) isolated 

lhfpl5bvo35 mutants (n = 40). Scale bar = 50 µm, applies to all images. D: Boxplots of qPCR results 

comparing pth2 expression in socially-reared lhfpl5bvo35 and tomttk256c mutants relative to isolated 

mutant and wild type siblings at 4 dpf. Ten larval heads were pooled per condition to make one 

biological replicate, and three biological replicates were used to generate the data. Two technical 

replicates of the qPCR experiment were conducted per biological replicate and averaged. Two-

way ANOVA to assess significance, *** = p < 0.001, * = p < 0.05, ns = not significant. 

 

Morphology of pth2-expressing cells using fluorescent reporters.  

 Fluorescent reporters provide information about the morphology and function of cells, 

along with the ability to quantify gene expression in living organisms (Choe et al. 2021; Soboleski, 

Oaks, and Halford 2005). Therefore, we created stable lines of transgenic zebrafish expressing 
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GFP or RFP under control of the presumptive pth2 promoter (Figure 15). Imaging of socially-

reared, transgenic larvae reveals the two bilateral cell clusters with complex projection patterns 

(Figure 15A, B). The anterior ipsilateral projections partially converge into a dense neuropil in the 

forebrain, while other fibers project ventrally and posteriorly toward the midbrain. We also find 

ventral projections that cross the midline between the two cell clusters. The projection patterns of 

the neurites and number of cells are similar for both the GFP and RFP transgenes (Supplemental 

Figure 5; GFP: M = 38.5, SD = 2.8; RFP: M = 37.1, SD = 2.6; Two-tailed Welch’s t-test; t = 1.422, 

P = 0.166, Cohen d = 0.519). Combining counts from both clusters, there is an overall average of 

40.3 cells per individual (SD = 2.27). The cells within each cluster exhibit a range in fluorescent 

intensity, and over half the cells fall within the two lowest intensity bins (Figure 15C, D; M = 27.9, 

SD = 3.42). 
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Figure 15: Morphology of pth2-expressing cells using fluorescent reporters. A: Depth-encoded 

representation of the Tg(pth2:TagRFP)unb3 transgenic line at 5 dpf. The anterior-posterior (A-P) 

axis and dorsal-ventral (D-V) depth color scale are indicated at the bottom. Image depth is 152 

µm. B: Black and white version of the image in A. From the top: the dashed box indicates the 

anterior neuropil, the starred bracket highlights the ventral neurites that cross the midline, and the 

bilateral open arrows point to posterior neurites. Scale bar in B is 50 µm, applies to both images. 

C: Bar graph showing binned fluorescent intensity of GFP-positive cells (n = 20 larvae from 2 

different clutches at 4 dpf). D: Zoomed-in image of one cell cluster exhibiting the full range of cell 

fluorescent intensity, labelled according to bins outlined in the associated bar graph. Image depth 

is 32 µm. Scale bar is 10 µm. 

 

The pth2 transgenes respond to social context and lateral line input.  

Next, we tested if the pth2 transgenes respond to social context and lateral line input like 

endogenous pth2 (Figure 16). Consistent with our mRNA ISH and qPCR results, isolated 

Tg(pth2:TagRFP)unb3 larvae exhibit a significant decrease in the average number of TagRFP-

positive, pth2 cells (false-colored green) (M=28.3, SD = 2.8) relative to socially-reared siblings 

(M = 37.3, SD = 2.6) at 4 dpf (Figure 16A-C: One-tailed Welch’s t-test; t = 8.949, P = 5.42x10-10, 

Cohen d = 3.27). Similarly, social Tg(pth2:EGFP)unb2; lhfpl5bvo35/vo35 larvae have fewer 

fluorescent cells on average (M = 34.2, SD = 2.8) than their social, WT siblings (M = 43.2, SD = 

3.9) (Figure 16D-F; One-tailed Welch’s t-test; t = 6.421, P = 1.55x10-6, Cohen d = 2.62). To gauge 

whether isolation specifically diminishes expression from the pth2-driven transgenes, we 

compared the effect of social isolation on transgene expression in Tg(pth2:TagRFP)unb3; 

Tg(slc6a3:EGFP)ot80 double transgenic larvae. The slc6a3:EGFP transgene expresses GFP under 

control of the dopamine transporter (DAT) promoter in several discrete regions of the zebrafish 

brain (Xi et al. 2011), including a population of dopaminergic cells in the pretectum lying just 

dorsal to the pth2-expressing cells. If social context specifically modulates expression from the 
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pth2:TagRFP transgene, we expect that isolation will have no effect on the number of neighboring 

dopaminergic cells. Indeed, the number of GFP-positive, dopaminergic cells (false-colored 

magenta) in the pretectum do not change in response to social context (Figure 16A-C; WT Soc: M 

= 44.0, SD = 4.3; WT Iso: M = 45.1, SD = 4.7; One-tailed Welch’s t-test, t = -0.654, P = 0.741, 

Cohen d = 0.239). These experiments demonstrate that the pth2 transgenes specifically respond to 

both social context and lateral line input. However, we note that the effects of isolation and lateral 

line-deficiency on the pth2 transgenes are not as pronounced as their effects on endogenous pth2 

mRNA expression (Figures 12 and 13). To test whether this discrepancy is due to the high stability 

of green and red fluorescent proteins (Verkhusha et al. 2003; Sacchetti et al. 2001), we compared 

the number of GFP-positive cells at 4 dpf when we begin isolation at 1 dpf vs. 2 dpf (Supplemental 

Figure 6). We find that increasing the duration of isolation does not significantly change the 

number of GFP-positive cells (1 dpf Iso: 29.8, SD = 2.6; 2 dpf Iso: M = 29.3, SD = 3.4; Two-tailed 

Welch’s t-test; t = -0.371, P = 0.716, Cohen d = 0.166). This indicates that the discrepancy between 

transgenic and endogenous pth2 expression is not due to insufficient isolation time.  
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Figure 16: The pth2 transgenes respond to social context and lateral line input. (A-B) 

Representative images of Tg(pth2:TagRFP)unb3 (false-colored green) and Tg(slc6a3:EGFP)ot80 

(false-colored magenta) transgenes in socially-reared and isolated larvae at 4 dpf. Merges of the 

two channels show the close proximity of the pth2 and slc6a3-positive cell clusters. (C) Boxplots 

of pth2 and slc6a3 cell counts (n = 15 per condition). (D-E) Representative images of 

Tg(pth2:EGFP)unb2 transgene expression in socially-reared wild type and lateral line mutant 

(lhfpl5bvo35) larvae at 4 dpf. (F) Boxplots of GFP-positive cell counts in wild type (WT) and lhfpl5b 

mutant (MUT) siblings (n = 12 per condition). Scale bar is 50 µm. For both experiments, a one-

tailed Welch’s t-test was used to assess significance, **** = p < 0.0001, ns = not significant. 

 

Discussion 

Previous work revealed that larval zebrafish use lateral line information to sense the 

presence of conspecifics, leading to upregulation of the social hormone Pth2. Here, we show that 

pth2 levels are chronically depressed in socially-raised larvae born without lateral line function. 

However, social isolation further reduces pth2 levels in lateral line mutants, suggesting that other 

socially-derived sensory information can modulate pth2 expression.   

The mechanosensory lateral line mediates pth2 expression. 

Anneser et al. (2020) implicated hydrodynamic stimuli from conspecifics as a key social 

cue that upregulates production of the neuropeptide Pth2. Isolated larvae with chemically ablated 

lateral lines fail to upregulate pth2 when returned to a social environment. In the present study, we 

use mutant zebrafish with a congenital loss of lateral line function to confirm that hydrodynamic 

information modulates pth2 expression. Furthermore, we find that repeated chemical ablation of 

the lateral line also impairs the ability of social larvae to express pth2, even when exposed to 

conspecifics prior to loss of lateral line function. Our approach complements that of Anneser et al. 

(2020) by providing genetic evidence that pth2 is modulated by lateral line sensory information 
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(Figure 12). We conclude that, in terms of Pth2 production, zebrafish born without a lateral line 

experience a form of isolation even when raised in a social context.  

Auditory and vestibular stimuli do not modulate pth2 expression in larval zebrafish.  

 Inner ear hair cells are functionally and structurally similar to lateral line hair cells, and 

fish use auditory and vestibular sensory information in a variety of behaviors (Privat et al. 2019; 

Bagnall and Schoppik 2018; Kohashi, Nakata, and Oda 2012; Nicolson et al. 1998). Given that 

some pth2 expression remains in lateral line mutants, we examined whether sensory information 

from the inner ear contributes to social modulation of pth2. Using zebrafish with mutations that 

disable both inner ear and the lateral line hair cells, we find that there is no additional loss of pth2 

expression compared to the lateral line-only mutant (Figure 13). In addition, we asked if different 

types of mutations to hair cells impact pth2 expression. Three of the mutant lines used in this study, 

lhfpl5b, tomt and pcdh15a, render the mechanotransduction (MET) channel non-functional 

(Erickson et al. 2017, 2020; Maeda et al. 2017), and one mutant line, cacna1da / cav1.3a, affects 

the voltage-gated calcium channel (Sheets et al. 2012; Sidi et al. 2004). All mutant alleles are 

recognized as nulls since mutant hair cells show little to no residual mechanosensory activity, as 

demonstrated by the lack of evoked spikes in the posterior lateral line ganglion, the absence of 

microphonic potentials and mechanotransduction currents, or the absence of MET channel-

dependent FM dye labeling of hair cells (Nicolson et al. 1998; Erickson et al. 2017; Erickson et al. 

2020; Sidi et al. 2004). While the MET channel and calcium channel are both necessary 

components for proper hair cell signal transduction, there are key differences between the types of 

mutations. For mutants affecting the MET channel, potassium and calcium ions are unable to enter 

the cell in response to stimuli, but the potential for spontaneous calcium influx and 

neurotransmitter release remains (Trapani and Nicolson 2011). Whereas for the calcium channel 
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mutation, ions enter through the MET channel but there is no evoked or spontaneous 

neurotransmitter release. Regardless, all mutations that disrupt hair cell function result in the same 

decrease of pth2 expression in socially raised fish compared to their wild type siblings (Figure 13). 

Therefore, we conclude that regulation of pth2 by social context is primarily via the 

mechanosensory lateral line in larval zebrafish and that auditory and vestibular information likely 

does not contribute. 

Additional socially-derived sensory cues modulate pth2 expression. 

 Anneser et al. (2020) demonstrated that neither chemical nor visual cues from conspecifics 

significantly restored pth2 expression in isolated larvae. In our study, we found that isolation 

further reduced pth2 expression in lateral line mutants to the same level as isolated wild types 

(Figure 14). This indicates that additional sensory modalities contribute to the regulation of pth2 

expression. Recent studies have identified thalamic neurons in the zebrafish that respond to 

biological motion and shown that these neurons are molecularly defined by the partially 

overlapping expression of pth2 and cortistatin (cort / sst7) (Sherman, Kawakami, and Baier 2021; 

Kappel et al. 2022). It will be informative to test whether photo- or chemosensory systems can 

modulate pth2 expression under sensitized circumstances in which hydrosensory information is 

compromised. Additionally, it is possible that tactile stimuli are contributing to pth2 regulation in 

zebrafish, consistent with the effects of social touch in rodents. Future work is necessary to test 

this theory.  

Visualizing pth2 expression in vivo. 

 We used pth2 promoter-driven fluorescent transgenes to visualize pth2-expressing cells 

and their projections. Consistent with the Anneser et al. (2020) whole-mount immunostains, we 

see Pth2-positive cells located in bilateral clusters in the thalamus that feature lateral neurites, 
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anterior ipsilateral projections terminating as a loosely organized neuropil in the telencephalon, as 

well as posterior ipsilateral projections. The transgene reveals additional fibers that project 

ventrally from the cell bodies and cross the midline, potentially contacting the contralateral pth2-

expressing cluster (Figure 15). Investigating the morphology of these cells will help us understand 

the cellular targets of Pth2 signaling and how activity of the two clusters is coordinated. We note 

an excess of putative pth2-expressing cells in the transgenics compared to our ISH experiments 

and the immunostain counts of Anneser et al. (2020). This discrepancy could be due, in part, to the 

increased sensitivity of using confocal microscopy to detect pth2-expressing cells in a live 

transgenic animal as opposed to imaging fixed tissue stained for mRNA or protein. Consistent with 

this idea, we find that the majority of GFP-positive cells in socially-reared Tg(pth2:EGFP) larvae 

exhibit low fluorescence intensity (Figure 15C, D). If these dim transgenic cells represent neurons 

that express pth2 at a level below the detection limit of mRNA ISH or immunostain, this may 

account for the excess cell counts in our transgenics.  

We also tested the pth2:EGFP and pth2:TagRFP transgenic lines as a proxy for pth2 

expression in vivo and found that both lateral line mutants and isolated wild type larvae exhibit 

fewer fluorescent cells than socially raised siblings (Figure 16). In contrast, the number of 

dopaminergic cells located dorsally to the pth2 clusters exhibit no change to social context. 

Dopamine has been implicated in social interactions (Saif et al. 2013; Haehnel-Taguchi et al. 2018; 

Shams et al. 2018), so we used the nearby clusters of GFP-labeled dopaminergic cells in the 

slc6a3:EGFP transgenic line to test the specificity of the response of the pth2 transgene to social 

context. Our results indicate that the social modulation of pth2 is specific and distinct from the 

dopaminergic system in this brain region of larval zebrafish.  
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While our results with the pth2 transgenes agree with our in situ hybridization and qPCR 

results (Figures 12-14), we note that the effects of isolation and lateral line deficiency on transgene 

expression are not as prominent as when assaying for endogenous pth2 mRNA and protein. As 

mentioned above, the enhanced detectability of genetically-encoded reporters in live larvae may 

account for some of the residual fluorescence that remains following social isolation of 

transgenics. It could also be that the post-transcriptional and / or post-translational stability of the 

fluorescent transgenes differ from endogenous pth2 mRNA and protein stability. We tested whether 

the long half-life of GFP accounts for the persistence of GFP-positive cells in isolated 

Tg(pth2:EGFP) larvae but found that extending the duration of isolation from 48 to 72 hours did 

not significantly affect the number of fluorescent cells (Supplemental Figure 6). Lastly, it is 

possible that additional regulatory elements in the pth2 promoter or 3’ UTR, along with the use of 

a destabilized fluorescent protein, are required to mimic the endogenous regulation of pth2. Future 

work will strive to distinguish between these possibilities and to optimize the transgene for more 

accurate reporting of pth2 dynamics in vivo. 

Overall, our results confirm that pth2 expression is modulated by the mechanosensory 

lateral line (Figure 12). We also show that the lateral line is the only hair-cell based sensory organ 

regulating pth2 expression (Figure 13). However, due to expression levels being slightly higher in 

social lateral line mutants compared to the same mutants or wild type larvae raised in isolation, we 

conclude that there must be unidentified sensory system(s) that contribute to the modulation of 

pth2 (Figure 14).  Finally, we created transgenic lines to visualize the morphology of pth2+ cells 

in vivo (Figure 15), and report that the transgenes respond to social context (Figure 16). These 

transgenic lines can be used in future studies to elucidate the role of pth2 in zebrafish. Taken 
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together, this work suggests that zebrafish without a functioning lateral line experience a form of 

isolation, even in a social context. 



CHAPTER 4: A SENSATION FOR INFLATION: INITIAL SWIM BLADDER INFLATION IN 

LARVAL ZEBRAFISH IS MEDIATED BY THE MECHANOSENSORY LATERAL LINE 

 

Published:  

Alexandra Venuto, Stacey Thibodeau-Beganny, Josef G. Trapani, Timothy Erickson; A 

sensation for inflation: initial swim bladder inflation in larval zebrafish is mediated by the 

mechanosensory lateral line. J Exp Biol 2023; jeb.245635. https://doi.org/10.1242/jeb.245635. 

 

Abstract 

Larval zebrafish achieve neutral buoyancy by swimming up to the surface and taking in air 

through their mouths to inflate their swim bladders. We define this behavior as ‘surfacing’. Little 

is known about the sensory basis for this underappreciated behavior of larval fish. A strong 

candidate is the mechanosensory lateral line, a hair cell-based sensory system that detects 

hydrodynamic information from sources like water currents, predators, prey, and surface waves. 

However, a role for the lateral line in mediating initial inflation of the swim bladder has not been 

reported. 

To explore the connection between the lateral line and surfacing, we utilized a genetic 

mutant (lhfpl5b-/-) that renders the zebrafish lateral line insensitive to mechanical stimuli. We 

observe that approximately half of these lateral line mutants over-inflate their swim bladders 

during initial inflation and become positively buoyant. Thus, we hypothesize that larval zebrafish 

use their lateral line to moderate interactions with the air-water interface during surfacing to 

regulate swim bladder inflation. To test the hypothesis that lateral line defects are responsible for 

swim bladder over-inflation, we show exogenous air is required for the hyperinflation phenotype 
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and transgenic rescue of hair cell function restores normal inflation. We also find that chemical 

ablation of anterior lateral line hair cells in wild type larvae causes hyperinflation. Furthermore, 

we show that manipulation of lateral line sensory information results in abnormal inflation. Finally, 

we report spatial and temporal differences in the surfacing behavior between wild type and lateral 

line mutant larvae. In summary, we propose a novel sensory basis for achieving neutral buoyancy 

where larval zebrafish use their lateral line to sense the air-water interface and regulate initial swim 

bladder inflation. 

Introduction 

The swim bladder of teleost fish provides for neutral buoyancy in the water column, 

thereby minimizing the energy expenditure associated with locomotion (Alexander 1966). Larval 

teleosts initiate swim bladder inflation by swimming up to the surface to ingest air using a set of 

behaviors we refer to as “surfacing” (Lindsey, Smith, and Croll 2010; Evans and Damant 1928; 

Ledebur and Wunder 1937). Although surfacing poses a significant risk of predation, larval fish 

are highly motivated to reach the surface to intake air. For example, pre-inflated lake trout larvae 

will swim hundreds of feet at a constant rate in attempts to access the surface (Tait 1960). Surfacing 

is a complex task that requires a combination of newly developed physical features, sensory 

systems, and motor skills (Kitajima et al. 1994; Chatain 1989; Bailey and Doroshov 1995; 

Doroshev, Cornacchia, and Hogan 1981; Kimmel et al. 1995) – (i) Larvae must discriminate up 

from down and (ii) be able to move directionally towards the surface; (iii) they must appropriately 

sense the air-water interface, and (iv) be able to intake air through the mouth upon arrival at the 

surface. Ingested air is then moved by peristalsis into the swim bladder through the pneumatic duct 

that connects the gut and swim bladder (Rieger and Summerfelt 1998; Tait 1960; Doroshev, 
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Cornacchia, and Hogan 1981). Together, surfacing represents perhaps the most complex behavior 

that larvae perform prior to achieving neutral buoyancy (Fero, Yokogawa, and Burgess 2011). 

Little is known about the sensory cues that instruct the surfacing behavior. Perturbations to 

the vestibular system typically result in hypoinflation (Schoppik et al. 2017; Nicolson et al. 1998). 

The inability to detect gravity by the utricular otolith is specifically responsible for the phenotype, 

presumably because larvae are unable to orient their movements upwards towards the surface 

(Riley and Moorman 2000). Photosensory cues may also play a role in directional orientation and 

surface detection. However, which photosensory systems are involved has not been defined and 

the effects of altering lighting conditions varies between species (Trotter, Battaglene, and 

Pankhurst 2003; Villamizar, García-Alcazar, and Sánchez-Vázquez 2009; Stuart and Drawbridge 

2012). Even less is known about how larval fish detect the air-water interface itself. Fish and some 

amphibians possess an additional hair cell-based sensory system - the mechanosensory lateral line 

- that contributes to detection of near-field hydrodynamic information originating from water 

currents, predators and prey, conspecifics, abiotic objects, and surface waves (Anneser et al. 2020; 

Bleckmann 2006; Butler and Maruska 2016a; Carrillo and McHenry 2016; Mogdans 2019; 

Montgomery et al. 1997; Stewart et al. 2013; Venuto et al. 2022). Specific to surface detection, 

surface-feeding fish use their lateral line to detect surface waves created by their prey (Bleckmann 

and Schwartz 1982). Furthermore, Japanese flying fish are predicted to use their ventrally-located 

lateral line to sense transitions through the air-water interface (Gibbs 2004; Tsukamoto and 

Yoshino 1957). While the lateral line is a strong candidate to aid in surfacing behaviors that lead 

to initial swim bladder inflation in larval fish, its specific role in this important behavior has not 

been explored.  
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A CRISPR-Cas9 knockout of LHFPL tetraspan subfamily member 5b (lhfpl5b) is the first 

genetic zebrafish mutant where the lateral line is non-functional from birth but hearing and balance 

are normal (Erickson et al. 2020).  These mutants provide an opportunity to uncover novel roles 

for the lateral line. Unexpectedly, homozygous mutant larvae present with a hyperinflation 

phenotype characterized by over-filled swim bladders and positive buoyancy, a very rare finding 

among swim bladder defects (McCune and Carlson 2004; Abbas and Whitfield 2009). Using 

several genetic and chemical techniques to manipulate lateral line function, we show that lateral 

line sensory information is used by larval zebrafish to appropriately fill their swim bladders, likely 

by detecting surface tension at the air-water interface using mechanosensory neuromasts located 

on their heads. Overall, our study uncovers a novel role for the mechanosensory lateral line 

mediating initial inflation of the swim bladder.  

Materials and Methods 

Animal husbandry and ethics statement 

Adult zebrafish (Danio rerio) were maintained and bred using standard procedures 

(Westerfield 2000). All experiments used larvae at 2-6 days post-fertilization (dpf), which are of 

indeterminate sex at this stage. Except where otherwise stated, animals were placed in clear, plastic 

tubs (dimensions: 15 cm x 10 cm x 4 cm, E3 volume: 460 mL) at 2 dpf and maintained at 28.5°C 

on a 14:10 light/dark cycle at 500-700 lux in E3 embryo media (5 mM NaCl, 0.17 mM KCl, 0.33 

mM CaCl2, 0.33 mM MgCl2, buffered with NaHCO3). Unhatched embryos were manually 

dechorionated before placing larvae in experimental conditions at 2 dpf. It is worth noting that 

there was no obvious difference in wild type versus lhfpl5b mutant hatching rate, though this was 

not explicitly studied. Animal research complied with guidelines stipulated by the Institutional 
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Animal Care and Use Committees at East Carolina University (protocol D372) and Amherst 

College (assurance number 3925-1 with the Office of Laboratory Animal Welfare).  

Mutant and transgenic fish lines  

 The zebrafish mutant allele lhfpl5bvo35 and transgenic lines Tg(myo6b:EGFP-lhfpl5a)vo23  

and Tg(myo6b:EGFP-PA)vo68 were used in this  study (Erickson et al. 2017, 2020). For all 

experiments, lhfpl5bvo35 homozygotes were identified from their hetero- and homozygous wild 

type siblings by lack of FM 1-43 (ThermoFisher) labeling of the lateral line hair cells.  

To create a fish line that expresses the Channelrhodopsin-2 (ChR2) optogenetic protein 

solely in the hair cells of the lateral line, approximately 2 kb of DNA upstream of the start codon 

of the lhfpl5b gene was cloned into the p5E plasmid of the recombination-based multisite Gateway 

cloning system (ThermoFisher). A Tol2 transposon backbone was then used to create the injectable 

expression plasmid lhfpl5b2028:ChR2-EYFP-PA. This plasmid was then co-injected with 

transposase mRNA into single-cell embryos (Kwan, et al., 2007) to create the 

Tg(lhfpl5b2028:ChR2-EYFP-PA) zebrafish line. 

Buoyancy tests 

 To ascertain the buoyancy status of larval fish, larvae were anesthetized with MS-222 

(Western Chemical Inc., Ferndale, WA) and placed at the vertical midway point of a 50 mL conical 

tube containing E3 media. At the expiration of a 30-second timer, the end position of the fish was 

recorded and the fish was removed from the tube for imaging under the microscope. If the fish 

reached the top or bottom of the tube before 30 seconds, then the time it took to reach that location 

was recorded. The total height of the water column was 8.9 cm, and the fish was placed half-way 

at 4.45 cm. The rate of buoyancy was determined by dividing the centimeters travelled by the 

seconds it took to travel that distance (cm/s). Over-inflated fish were categorized by larvae floating 
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to the top of the tube in 30 seconds, while under-inflated fish sunk to the bottom of the tube. 

Neutrally boutant or regular-inflated larvae remained near the middle of the water column. This 

test was conducted during the imaging portion at the end of each experiment, with the exception 

of the oil-water interface experiment where buoyancy could not be accurately determined due to 

the greater density of oil compared to air. 

Imaging and swim bladder measurements 

 Swim bladders were imaged using a SteREO Discovery.V8 microscope (Zeiss) equipped 

with a Gryphax Arktur camera (Jenoptik). Lateral and dorsal images of the swim bladder were 

taken for each fish. Swim bladder measurements were conducted using the measurement tool in 

Adobe Photoshop where measurements were calibrated according to the image of the stage 

micrometer taken when imaging experiments. The major axis and minor axis of the lateral view of 

the swim bladder was measured as well as the minor axis of the dorsal view. All measurements 

were taken from numbered images so that the measurer was blinded to the genotype/condition. 

These meaurements were halved and used in the equation for the volume of an ellipsoid: 𝑉 =

4/3𝜋𝑎𝑏𝑐 to find the volume of the swim bladder (Lindsey, Smith, and Croll 2010). 

Manipulation of photosensory cues during surfacing 

 At 0 dpf, zebrafish embryos were collected and immediately placed in plastic tubs filled 

with E3 (detailed above) in an unlit incubator. Larvae were not brought into light until 6 dpf, at 

which point lateral line mutants and wild type siblings were identified by FM 1-43 labeling. After 

sorting, larvae were analyzed for buoyancy. The experiment was repeated three times using 20-21 

larvae (combined mutant and wild type) per trial. 
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Blocking access to the air-water interface 

 Mutant larvae and wild type siblings were sorted at 2 dpf into glass cylinders (diameter: 

9.5 cm, E3 volume: 425 mL) equipped with fitted, wire mesh filter plungers (Bodum Inc., USA). 

Conditions were as follows: wild type with open access to the surface, wild type with blocked 

access to the surface, mutant with open access to the surface, and mutant with blocked access to 

the surface. All containers were filled half-way with E3 and in the experimental condition 

(“blocked access”), the filter was pressed down below the surface for both wild type and mutant 

larvae. The control condition used the same amount of E3 but the filter remained above the surface 

so that larvae could access the exogenous air. Conditions remained constant until 6 dpf when larvae 

were imaged and analyzed for swim bladder inflation. The experiment was repeated three times 

using 15-25 larvae per condition.  

Analysis of surfacing behavior 

 Wild type and lhfpl5bvo35 larvae were were sorted at 2 dpf and blocked from having access 

to the surface until 9 AM on 4 dpf when individuals were immediately placed into clear rectangular 

containers (dimensions: 3 cm x 3 cm x 3 cm, E3 volume: 20 mL) for video recording. Recordings 

lasted 12 hours, from 9 AM to 9 PM on 4 dpf. At the end of filming, larvae were imaged and 

analyzed for buoyancy and swim bladder volume, as described. All surfacing videos were 

numbered for blind analysis. Surfacing analysis was conducted by manual observation of each 

individual larvae from the videos (30 frames per second) and manually counting visits made to the 

surface (counted as reaching the meniscus), the timeframe of the video at which the surfacing event 

occurred, and the duration of time spent at the surface per surfacing event. Recording was repeated 

six times with both mutant wild type larvae present in each recording. Larvae that did not inflate 
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their swim bladders by the end of filming (5 total larvae, 1 wild type and 4 mutants) were excluded 

from this analysis due to lack of surfacing events.  

Lateral line hair cell ablations 

 For all experiments, wild type and lhfpl5b mutant larvae were treated with ototoxin with 

untreated siblings acting as controls (n = 7-15 larvae per condition per trial, 4 trials) For single 

treatments, surface accessed was blocked as described above for untreated and treated larvae until 

9 AM on 4 dpf when treatment occurred. Single 30 minute treatments with neomycin sulfate (EMD 

Millipore Corp., USA) were done with a 100 µm solution in E3 while repeated neomycin 

treatments (Venuto and Erickson, 2021) were done as previously described with a concentration 

of 50 µM. For full ablation with copper sulfate (CuSO4; Ward’s Science, Rochester, NY), the 

treatment concentration was 10 uM with a 30 minute exposure. For experiments where head and 

trunk neuromasts were selectively ablated with CuSO4, anesthetized larvae were moved to a 

rectangular plate (4.5 cm x 3 cm x 1 cm) coated with Sylgard (Electron Microscopy Sciences, 

Hatfield, PA). After removing excess water, a thin layer of petroleum jelly (Vaseline, Unilever 

USA) was placed horizontally at the back of the head. Next, 30 uM CuSO4 or E3 was pipetted 

onto the appropriate region depending on the experimental condition. Immediately following the 

13 minute treatment, larvae were placed in fresh E3 in clear tubs detailed above for 24 hours until 

9 AM on 5 dpf when larvae were imaged and analyzed for swim bladder inflation. For all 

experiments, larvae were imaged and analyzed for swim bladder inflation at 9 AM on 5 dpf. Each 

experiment was repeated three times using 10-24 larvae per condition.  

Transgenic rescue of lateral line mutant 

 Larval zebrafish from crosses of lhfpl5b+/- and Tg(myo6b:EGFP-lhfpl5a)vo23Tg; 

lhfpl5b+/- were sorted at 2 dpf for transgene expression. At 6 dpf, larvae were numbered, imaged 
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for swim bladder inflation and genotyped for the lhfpl5bvo35 allele as previously described 

(Erickson et al., 2020). The experiment was repeated twice using 26-48 larvae per condition.  

Optogenetic activation of lateral line hair cells with Channelrhodopsin-2 (ChR2) 

After blocking access to the surface until 4 dpf, we exposed wild type and lateral line 

mutants, with or without the lhfpl5b2028:ChR2-EYFP-PA transgene, to LED blue light (470 nm) 

with an intensity of 730 lux over their holding tanks against a dark background. Light flashed for 

25 milliseconds at one second intervals. Control larvae were kept in the same background, without 

blue light exposure. Conditions were held constant until 6 dpf when larvae were sorted for 

genotype, imaged and analyzed for swim bladder inflation. The experiment was repeated three 

times using 15-25 larvae per condition. 

Oil-water interface experiments 

Mutant larvae and wild type siblings were sorted at 2 dpf into clear cylindrical containers 

(diameter: 5 cm , volume: 60 mL) with embryo media only or embryo media with a 2 mm thick 

surface layer of lab grade mineral oil (Ward’s Science, Rochester, NY). Oil on the surface 

decreases surface tension (Johansen 1924) and has been previously used in experiments involving 

the zebrafish swim bladder (Ehrlich and Schoppik 2017). Conditions remained constant until 6 dpf 

when larvae were imaged and analyzed for swim bladder volume. Because oil-filled larvae are 

negatively buoyant, we did not perform buoyancy tests and classified larvae as over-filled based 

on swim bladder volume alone. The experiment was repeated three times using 15-25 larvae per 

condition. 

Graphs and statistical tests 

 All graphs and statistical tests were done using R (R Core Team 2021). One-way ANOVAs 

were used to compare the conditions as a whole (genotype independent variable plus environment 
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independent variable) with Tukey post-hoc test. Chi-squared tests were used to analyze proportion 

data for over and under-inflation. For the over-inflation comparisons, the two categories used in 

the comparison between conditions/genotypes were (i) over-inflation and (ii) all other inflation 

(regular and under), meaning that totals per category/genotype accounted for 100% of the 

population. Similarly, for the under-inflation comparisons, the two categories used in the 

comparison between conditions/genotypes were (i) under-inflation and (ii) all other inflation 

(regular and over). P-values less than 0.05 were considered significant.  

Results 

Lateral line mutants exhibit a swim bladder hyperinflation phenotype 

The lateral line has not been previously implicated in initial inflation of the larval swim 

bladder. As such, it was unexpected to observe that lateral line mutants (lhfpl5b-/-) exhibit 

hyperinflated swim bladders by 5-6 dpf (Figure 17A). Based on our swim bladder volume and 

buoyancy measurements, we categorized each larva in the mutant (n = 31) and wild type (n = 33) 

populations as over-, regular-, or under-inflated (Figure 17B). On average, 53.7% (SD = 6.4%, n 

= 41) of lateral line mutants over-inflated their swim bladders and 7.3% (SD = 7.1%, n = 41) under-

inflated. For wild type larvae (including lhfpl5bvo35 heterozygotes), 0.0% (SD = 0.0%, n = 41) over-

inflated and 4.9% (SD = 3.7%, n = 41) under-inflated their swim bladders during initial inflation 

on average (Figure 17C). The proportion of over-inflation was significantly different between 

mutant and wild type larvae (chi-square statistic: 70.45, p < 0.00001), while the proportion of 

under-inflation was not (chi-square statistic: 0.3546, p = 0.552). Average swim bladder volume of 

mutant fish was larger (M = 0.012 mm3, SD = 0.002 mm3) than wild type siblings (M = 0.0058 

mm3, SD = 0.00043 mm3, t(80) = 17.4, p < 0.0001) (Figure 17D). The proportions of neutrally and 

positively buoyant larvae did not change when raised in total darkness (Supplemental Figure 7). 
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This unexpected hyperinflation phenotype in lhfpl5bvo35 homozygotes led us to investigate if the 

lateral line is contributing important sensory information during the surfacing behavior. 

Figure 17. Hyperinflation of the swim bladder in lateral line mutants (lhfpl5b-/-). A) Representative 

examples of over-, regular, and under-inflated swim bladders (arrows) in larval zebrafish at 6 dpf 

(top: lhfpl5b-/-, others are wild type). B) Correlation between buoyancy and swim bladder volume. 

Line of best fit applied through the combination of mutant and wild type data (linear model, R-

squared = 0.8574). C) Percentage of larvae that exhibit over-, regular, and under-inflation of the 

swim bladder, as defined by positive, neutral, and negative buoyancy. Legend from panel D applies 

to both panel C and D. A Chi-Squared Test was used to determine significance. D) Swim bladder 

volume (mm3) in wild type and lhfpl5b mutant larvae at 6 dpf. A Welch’s t-test was used to 

determine significance. *** = p < 0.001, **** = p < 0.0001. Scale bars = 0.2 mm. 

 

Access to the air-water interface is required for the hyperinflation phenotype of lateral line mutants 

 For most teleosts, initial swim bladder inflation requires an intake of exogenous air, 

typically from the water’s surface. To test if the hyperinflation phenotype of lateral line mutants 

requires access to surface air, we physically blocked access to the surface from 2-6 dpf (Figure 

18A). As expected for wild type larvae, blocking access to the surface led to significantly more 

underinflated larvae (Figure 18B) and a significant decrease in the average swim bladder volume 

(Blocked: M = 0.0037 mm3, SD = 0.001 mm3, n = 49; Open: M = 0.0066 mm3, SD = 0.0009 mm3, 

n = 63) (One-way ANOVA with Tukey post-test, p = 0.002) (Figure 18C). For lhfpl5b mutant 



75 

siblings, blocking access to the surface completely prevented the hyperinflation phenotype, with 

0% (SD = 0.0%, n = 43) of blocked lhfpl5b mutants exhibiting positive buoyancy, which is 

significantly less than mutants with access to the surface (chi-square statistic: 70.45, p < 0.00001; 

Figure 18B). Likewise, the average swim bladder volume of blocked mutants (M = 0.0033 mm3, 

SD = 0.0015 mm3) was significantly smaller than mutants with open access (M = 0.014 mm3, SD 

= 0.0027 mm3, n = 58) (One-way ANOVA with Tukey post-test, p < 0.00001). Blocked mutant and 

wild type siblings had statistically similar swim bladder volumes (One-way ANOVA with Tukey 

post-test, p = 0.972). From these data, we concluded that the lhfpl5b mutant hyperinflation 

phenotype requires intake of exogenous air and is not caused by abnormal gas exchange from 

surrounding media nor excess internal gas production. 

 

Figure 18: Blocking access to the surface eliminates the hyperinflation phenotype in lateral line 

mutants (lhfpl5b-/-). A) Diagram of experimental set up with a filter blocking access to the surface. 

B) Percentage of larvae that exhibit over-, regular, and under-inflation of the swim bladder at 6 

dpf. A Chi-Squared Test was used to determine significance. C) Swim bladder volume (mm3) of 

larvae at 6 dpf. A One-Way ANOVA was used to determine significance. **** = p < 0.0001, ** = 

p < 0.01, ns = not significant.  
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Transgenic rescue of lateral line mutants restores normal inflation 

 We next examined if lateral line defects are responsible for the hyper-inflation phenotype 

of lhfpl5b mutants by restoring lateral line function in mutant larvae. We used the 

Tg(myo6b:EGFP-lhfpl5a)vo23 transgene, which uses a hair cell specific promoter (myo6b) to 

drive a GFP-tagged lhfpl5a gene (Erickson et al. 2017). It has been shown that this lhfpl5a 

transgene rescues lateral line hair cell function in lhfpl5b-/- (or lateral line) mutant fish (Erickson 

et al., 2020). Using this rescue method, we observed no cases of hyperinflation in transgenic 

mutants (0%, SD = 0.0%, n = 17), which was significantly different from non-transgenic mutants 

(chi-square statistic: 82.12, p < 0.00001; Figure 19A). The average volume of the transgenic 

mutant swim bladder (M = 0.0057 mm3, SD = 0.00001 mm3) was significantly smaller than non-

transgenic, lhfpl5b mutant siblings (M = 0.0109 mm3, SD = 0.0031 mm3, n = 18) (One-way 

ANOVA with Tukey post-test, p = 0.000003), but statistically similar to that of wild type 

transgenics (M = 0.0057 mm3, SD = 0.0005 mm3, n = 57) (One-way ANOVA with Tukey post-test, 

p = 0.979, Figure 19B). Because the restoration of lhfpl5 function specifically in hair cells 

mitigates hyperinflation in lhfpl5b mutants, we concluded that the phenotype is due to defects in 

sensory hair cell function and not caused by an unrecognized role for lhfpl5b in another sensory 

organ or the swim bladder itself. 
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Figure 19: Rescue of lateral line mutants (lhfpl5b-/-) with the Tg(myo6b:EGFP-lhfpl5a)vo23 

transgene. A) Percentage of larvae that exhibit swim bladder under, regular, and over-inflation at 

6 dpf. A Chi-Squared Test was used to determine significance. B) Swim bladder volume (mm3) of 

larvae at 6 dpf. A One-Way ANOVA was used to determine significance. **** = p < 0.0001, ns = 

not significant.  

 

Selective ablation of head neuromasts produces a hyperinflation phenotype in wild type larvae 

 To further test if lateral line defects are responsible for the hyper-inflation phenotype seen 

in lhfpl5b mutants, we ablated lateral line hair cells in wild type larvae using either neomycin 

sulfate (neo) or copper sulfate (CuSO4) (Supplemental Figure 8 and Figure 20). Administering 

either single or repeated neomycin treatments during the initial swim bladder inflation period of 3 

- 4 dpf resulted in a significant increase in the proportion of positively buoyant larvae (single neo 

chi-square statistic: 9.95, p = 0.0016, n = 58; repeated neo chi-square statistic: 34.88, p < 0.0001, 

n = 47; Supplemental Figure 8A), but a non-significant increase in the average swim bladder 

volume (One-way ANOVA with Tukey post-test, single neo p = 1.0, repeated neo p = 0.578; 

Supplemental Figure 8B). By comparison, a single CuSO4 treatment resulted in a hyperinflation 
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phenotype that was statistically indistinguishable from lateral line mutants. An average of 59.6% 

(SD = 7.7%, n = 72) of CuSO4-treated wild types over inflate their swim bladders, which was 

significantly different from wild type controls (chi-square statistic: 39.69, p < 0.0001, n = 44; 

Supplemental Figure 8A). The average swim bladder volume of the CuSO4-treated wild type 

larvae (M = 0.0126 mm3, SD = 0.0027 mm3) was statistically similar to the average swim bladder 

volume of untreated lateral line mutants (M = 0.0139 mm3, SD = 0.0007 mm3, n = 45) (One-way 

ANOVA with Tukey post-test, p = 0.813) (Supplemental Figure 8B). 

 Since the anterior lateral line is likely to be the only part of the sensory organ to interact 

with the air-water interface during surfacing, we predicted that disruption of the head neuromasts 

will result in hyperinflation and that trunk neuromasts will not play a role (Figure 20, Supplemental 

Figure 9). Selective ablation of the anterior region with CuSO4 resulted in an average of 35.9% 

(SD = 10.1%, n = 38) hyperinflated larvae, which was significantly different from unablated 

controls (chi-square statistic: 39.69, p < 0.0001; Figure 20B). Wild type larvae with head-specific 

ablations exhibited a significant increase in average swim bladder volume (M = 0.016 mm3, SD = 

0.0013 mm3) compared to untreated wild type siblings (M = 0.0012 mm3, SD = 0.0013 mm3, n = 

36) (One-way ANOVA with Tukey post-test, p = 0.0365) and statistically comparable swim 

bladder volumes to that of full CuSO4-treated larvae (M = 0.016 mm3, SD = 0.0029 mm3, n = 38) 

(One-way ANOVA with Tukey post-test, p = 0.987) (Figure 20C). Conversely, tail-specific CuSO4 

treatments did not cause hyperinflation in wild type fish and resulted in statistically similar swim 

bladder volumes to untreated siblings (M = 0.012 mm3, SD = 0.0031 mm3, n = 34) (One-way 

ANOVA with Tukey post-test, p = 0.835) (Figure 20C). The lhfpl5b mutant hyperinflation 

phenotype was not affected by either neomycin or CuSO4 treatments (Supplemental Figure 8). 
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Taken together, we concluded that the anterior region of the lateral line system is critical to surface 

detection during initial swim bladder inflation. 

 

Figure 20: Head-specific ablations of the lateral line recapitulates the lhfpl5b mutant 

hyperinflation phenotype. A) Diagram of experiment. B) Percentage of larvae that exhibit swim 

bladder under, regular, and over-inflation at 5 dpf. A Chi-Squared Test was used to determine 

significance.  C) Swim bladder volume (mm3) of larvae at 5 dpf. A One-Way ANOVA was used to 

determine significance. * = p < 0.05, , **** = p < 0.0001,  ns = not significant. Images of live 

larvae following treatment in Supplemental Figure 9. 

 

Decreasing surface tension results in over-filling of the swim bladder 

 Surface tension is a characteristic that makes the air-water interface distinct from the rest 

of the water column. We predicted that larval fish sense this stimulus with their anterior lateral line 

neuromasts and that by decreasing the interfacial tension, we would observe abnormal swim 

bladder inflation in wild type larvae while lateral line mutants would be unaffected. The interfacial 

tension between oil and water is approximately half that of air and water (Johansen 1924). We 

layered oil onto the surface of the embryo media and allowed larvae to perform surfacing behaviors 

between 2-6 dpf (Figure 21). Using this experimental design, we found that the average swim 

bladder volume of wild types exposed to an oil-water interface (M = 0.016 mm3, SD = 0.0029 
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mm3, n = 32) was significantly greater than the control group with access to an air-water interface 

(M = 0.007 mm3, SD = 0.001 mm3, n = 28) (One-way ANOVA with Tukey post-test, p < 0.0001). 

Furthermore, oil-exposed wild types had statistically similar swim bladder volumes to that of 

lhfpl5b mutants (M = 0.014 mm3, SD = 0.0038 mm3, n = 24) (One-way ANOVA with Tukey post-

test, p = 0.886) (Figure 21C). Lateral line mutants overfilled their swim bladders to statistically 

similar proportions when presented with either an air-water or oil-water interface (M = 0.01 mm3, 

SD = 0.0026 mm3, n = 28) (One-way ANOVA with Tukey post-test, p = 0.133). We concluded that 

surface tension is one of the surface characteristics the lateral line is capable of detecting during 

initial swim bladder inflation. 

 

Figure 21: Decreasing interfacial surface tension with mineral oil results in over-filling of the 

swim bladder. A) Diagram of experiment with 2 mm layer of oil on surface. B) Images of swim 

bladder phenotypes resulting from surface oil and surface air exposure in wild type larvae at 6 dpf. 

C) Swim bladder volume (mm3) at 6 dpf. A One-Way ANOVA was used to determine significance. 

* = p < 0.05, ns = not significant. Scale bars = 0.1 mm.  
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Optogenetic activation of lateral line hair cells prevents hyperinflation in lateral line mutant 

larvae 

 If hydrodynamic information is informing the surfacing behaviors of larval fish, then 

stimulus-independent manipulations of lateral line activity should alter their ability to correctly 

inflate their swim bladders. To test this, we created the Tg(lhfpl5b2028:ChR2-EYFP-PA) 

transgenic line that expresses the blue light activated channel, Channelrhodopsin-2, specifically in 

lateral line hair cells (See Methods, Supplemental Figure 10). We predicted that optogenetic 

stimulation of lhfpl5b mutants, whose lateral lines are insensitive to physical stimuli, would reduce 

the frequency of the hyperinflation phenotype. Consistent with these predictions, under blue-light 

stimulation, lateral line mutants with the lhfpl5b:ChR2 transgene did not exhibit positive buoyancy 

and had a significant decrease in average swim bladder volume (M = 0.0046 mm3, SD = 0.0034 

mm3) compared to unstimulated transgenic mutants (M = 0.012 mm3, SD = 0.0031 mm3) (One-

way ANOVA with Tukey post-test, p = 0.00127) (Figure 22B). Transgenic wild types under blue 

light exhibited a non-significant decrease in swim bladder volume (M = 0.0052 mm3, SD = 0.004 

mm3) compared to unstimulated transgenic siblings (M = 0.0079 mm3, SD = 0.002 mm3) (One-

way ANOVA with Tukey post-test, p = 0.458). To demonstrate that blue light stimulation was 

reducing swim bladder volumes via activation of lateral line hair cells, we treated wild type 

lhfpl5b:ChR2 larvae with CuSO4. As expected, we observed hyperinflation following CuSO4 

treatment in stimulated wild type lhfpl5b:ChR2 larvae, with an average swim bladder volume (WT: 

M = 0.012 mm3, SD = 0.0037 mm3) that was statistically similar to experimental non-transgenic 

lhfpl5b mutants (M = 0.011 mm3, SD = 0.0024 mm3) (One-way ANOVA with Tukey post-test, p = 

0.998) (Supplemental Figure 10B).  CuSO4 treatments in lhfpl5b mutants did not kill hair cells 
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due to the non-functional MET channel, but rather acted as a control for potential behavioral side 

effects of the CuSO4 treatments. Overall, optogenetic activation of mechanically-insensitive 

lateral line organs in lhfpl5b mutants prevented the hyperinflation phenotype. Together, these data 

support the hypothesis that the lateral line provides crucial sensory information during initial swim 

bladder inflation in larval zebrafish. 

 

Figure 22: Optogenetic activation of lateral line hair cells with Channelrhodopsin-2 (ChR2) in 

wild type and lhfpl5b mutant larval zebrafish. A) Diagram of experiment with blue light stimuli 

delivered for 25 milliseconds at 1 second intervals. Treatments were started at 4 dpf and swim 

bladder volume was assessed at 6 dpf. B) Swim bladder volume (mm3) of larvae at 6 dpf, n = 16-

21 per condition. One-Way ANOVA was used to determine significance. ** = p < 0.001, ns = not 

significant.  

 

Lateral line mutants exhibit abnormal surfacing behaviors 

Our results suggested that larval fish are using their head neuromasts to sense the interfacial 

tension between air and water at the surface. Even in wild type zebrafish, the interaction with the 

surface during initial swim bladder inflation is not well characterized. To study this behavior in 

more detail, we quantified the number of unique visits to the surface and the amount of time per 
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visit spent within the meniscus region from videos of wild type (n = 7) and mutant (n = 14) larvae 

at 4 dpf. These counts excluded larvae (n = 5 total: 1 wild type and 4 mutant) that under-inflated 

due to lack of surfacing events. lhfpl5b mutants that over-inflate their swim bladders made more 

visits (M = 87.3, SD = 17.4) to the surface compared to both wild type (M = 42.0, SD = 16.3) and 

mutant siblings that end up inflating to normal proportions (M = 31.9, SD = 19.2) (One-way 

ANOVA with Tukey post-test, p = 0.0004) (Figure 23A). Mutants destined for hyperinflation also 

spent more time (M = 139.0 s, SD = 31.6 s) at the surface than normally-inflated wild type (M = 

51.9 s, SD = 24.7 s) and mutant siblings (M = 42.3 s, SD = 29.5 s) (One-way ANOVA with Tukey 

post-test, p = 0.00006) (Figure 23B). Since excess surfacing could be due to some mutants 

initiating the behavior earlier, we also documented the time of the first surfacing event and found 

no significant difference between neutrally buoyant and over-inflated larvae (Figure 23C). We 

concluded there is a correlation between how larvae interact with the surface during the initial 

swim bladder inflation period and their resulting swim bladder volume and buoyancy status.   

Figure 23: Quantification of the surfacing behaviors of wild type and lhfpl5b mutant zebrafish 

larvae during initial swim bladder inflation. A) Total number of individual visits taken by larval 
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fish to the air-water interface on 4 dpf for 12 hours (9 AM – 9 PM). B) Total amount of time larval 

fish spend at the surface for all visits combined on 4 dpf. C) Time to first surface visit after access 

was allowed. A One-Way ANOVA was used to determine significance. *** = p < 0.001, ns = not 

significant. 

 

Discussion 

The intake of exogenous air from the surface is a common feature for initial swim bladder 

inflation in many species of fish (Goolish and Okutake 1999;  Ledebur and Wunder 1937; Jones 

and Marshall 1953; Furukawa et al. 2022; Korsøen et al. 2012). However, few studies have 

considered what sensory information is required to achieve neutral buoyancy. In this study, we 

describe a new role for the mechanosensory lateral line in mediating initial inflation of the swim 

bladder in zebrafish (Figure 24). Our data support a model in which larval zebrafish use their head 

neuromasts to detect the air-water interface in support of their transition to neutral buoyancy. 

Figure 24. Summary of the surfacing behavior of wild type and lateral line-deficient zebrafish 

larvae. A) Wild type larvae use their lateral line hair cells (in green) to mediate interactions with 
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the air-water interface during surfacing. As a result of accurate surface detection, larvae take in an 

appropriate volume of air for swim bladder (SB) inflation and achieve neutral buoyancy. B) Larvae 

with a genetic loss of lateral line function (hair cells in white) misinterpret the air-water interface, 

leading to increased interactions with the surface. Consequently, lateral line mutants (lhfpl5b-/-) 

take in an excess volume of air, resulting in hyperinflation of the swim bladder for approximately 

half of mutant larvae. Selective chemical ablations of the head neuromasts produce similar results, 

implicating the anterior lateral line as the primary sensory organ for interactions with the air-water 

interface during the surfacing behavior. 

 

Lateral line defects in lhfpl5b mutants are responsible for hyperinflation phenotypes 

 lhfpl5b mutant zebrafish are the first genetic model for the specific loss of lateral line 

function in any organism (Erickson et al. 2020). These “lateral line mutants” exhibit an uncommon 

swim bladder hyperinflation phenotype that prompted us to investigate this novel connection 

between lateral line sensation and initial inflation of the swim bladder (Figure 17). Previous studies 

have demonstrated that restricting access to surface air during the initial inflation period prevents 

swim bladder inflation in larval zebrafish (Goolish and Okutake 1999; Lindsey 2011). In addition, 

one study showed that some solute carrier family 12 member 2 (slc12a2 / nkcc1) mutant zebrafish 

over-fill their swim bladders and that blocking access to the surface prevents this phenotype 

(Abbas and Whitfield 2009). This gene is implicated in endolymph production in the inner ear, but 

further studies are required to determine the cause of over-inflation in slc12a2 mutants. Likewise, 

we find that blocking access to the air-water interface eliminates over-inflation in lateral line 

mutants and greatly decreases average swim bladder volumes of both mutant and wild type larvae 

(Figure 18). Our method of blocking access to the air-water interface resulted in a small proportion 

of larvae (both wild type and mutant) inflating their swim bladder to normal proportions, though 

hyperinflation was never observed. Inflation was likely achieved by larvae accessing air bubbles 
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that remain in the water after submerging the filter (Goolish and Okutake 1999). Overall, the 

hyperinflation phenotype in lateral line mutants requires an intake of exogenous air, pointing to a 

sensory defect in lhfpl5b mutants rather than a physiological one.  

 In support of this sensory-deficit hypothesis, we show the hyperinflation phenotype is 

prevented by either transgenic rescue of lhfpl5 function specifically in hair cells or optogenetic 

stimulation of mechanically-insensitive lateral line hair cells in lhfpl5b mutants (Figures 19 and 

22). Furthermore, chemical ablation of lateral line hair cells in wild type larvae prior to initial 

inflation can phenocopy the lhfpl5b mutant. A single treatment with CuSO4 caused similar swim 

bladder over-inflation proportions to lateral line mutants (Supplemental Figure 8). Repeated 

neomycin treatments over 3-4 dpf caused the next highest percentage of swim bladder over-

inflation and a single neomycin treatment only resulted in a few cases of wild type over-inflation. 

These results agree with previous work showing rapid hair cell regeneration following neomycin 

treatment and comparatively slower recovery (approximately 24 hours for full recovery) after 

CuSO4 exposure (Hernández et al. 2006; Mackenzie and Raible 2012; Murakami et al. 2003; 

Santos et al. 2006; Venuto and Erickson 2021). Thus, via multiple genetic and chemical 

approaches, our data show that lateral line hair cell activity can modulate swim bladder inflation 

in larval zebrafish. 

Ototoxins have been extensively used to study lateral line-mediated behaviors in free-

swimming larvae and adult fish (Baker and Montgomery 1999; Bleckmann 2006; Coffin and 

Ramcharitar 2016; Montgomery et al. 1997; Pavlov and Tyuryukov 1993). However, we are not 

aware of any behavioral studies where the lateral line was disrupted prior to larvae achieving 

neutral buoyancy, likely explaining why this connection between the lateral line and initial swim 

bladder inflation has not been noted in current literature. Interestingly, an 1896 study predicted a 
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relationship between the lateral line and swim bladder inflation, since disruption of the lateral line 

in adult goldfish resulted in “swelling of the swim bladder” and positive buoyancy (Richard 1896). 

However, it is not clear if the phenotypic similarities between these adult goldfish and our 

experimental larval zebrafish share the same underlying causes. Regarding roles for the lateral line 

in early life behaviors, a close parallel to our findings is the report that unhatched red-eyed 

treefrogs use their lateral line organ to mediate mechanosensory-cued hatching (Jung, Serrano-

Rojas, and Warkentin 2020). In this case, the frog lateral line can sense vibrational stimuli, such 

as that produced by predators, and promote escape hatching behaviors even before the onset of 

vestibular function. Similarly, our data suggest that the lateral line is modulating early locomotor 

activities in zebrafish prior to the development of fully formed vestibular or rheotactic responses 

(Mo et al. 2010; Olive et al. 2016; Bagnall and Schoppik 2018). As such, the involvement of lateral 

line in the surfacing behavior may represent the earliest behavioral role for the lateral line yet 

described. 

Head neuromasts are required for normal swim bladder inflation, likely by sensing surface tension 

 We expanded on the full-body lateral line ablation experiments with specific ablations of 

either the head or truck neuromasts with CuSO4. Previous studies have shown that head 

neuromasts are involved with detection of surface features and prey capture (Bleckmann 1988; 

Carrillo and McHenry 2016; Müller and Schwartz 1982; Schwartz and Hasler 1966). Indeed, 

ablation of the head neuromasts in wild type larvae yielded similar swim bladder hyperinflation 

levels to larvae that experienced full body treatments. While this specific experiment did not 

include lhfpl5b mutants, we find that head-treated larvae generally recapitulated the hyperinflation 

phenotype of lhfpl5b mutants. Ablation of the tail neuromasts had no effect on either swim bladder 

volume or buoyancy (Figure 20). These findings suggest that the head neuromasts interact with 
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the air-water interface during surfacing and that the posterior lateral line is dispensible for 

achieving neutral buoyancy. As such, our findings also provide additional support for the anterior 

lateral line as a central mediator of surface-related behaviors in fish.  

 The interfacial tension between air and water represents a unique hydrodynamic stimulus 

that may be detected by the lateral line. The tension between oil and water is half that of air and 

water (Johansen 1924). Thus, by adding a layer of oil to the surface, we predicted that surface 

detection would become increasingly difficult and result in over-filling of the swim bladder. We 

find that, when given access to an oil-water interface, wild type larvae over-fill their swim bladders 

with oil to a statistically similar volume as lateral line mutants who overinflate with air (Figure 

22). We interpret this result as support for the hypothesis that the lateral line senses interfacial 

tension between air and water as larvae interact with the surface during initial swim bladder 

inflation. This interpretation is further supported by the observation that lhfpl5b mutants (who are 

already insensitive to interfacial tension) exhibit similar swim bladder volumes when exposed to 

either oil or air. However, a possible complementary interpretation for these data is that larvae who 

fill their swim bladders with oil may be deprived of the normal feedback on buoyancy levels as 

they intake from the surface. Since oil is denser than air, oil-filled larvae are negatively buoyant. 

In this scenario, larvae may continue to visit the surface for air intake in an attempt to achieve 

neutral buoyancy. However, future studies are required to examine if such a feedback mechanism 

exists in larval zebrafish.    

Swim bladder over-inflation is correlated with excess time spent at the air-water interface 

 Since our data suggest that the air-water interface is providing a distinct stimulus to the 

lateral line, we investigated whether surface interactions differed between hyperinflated lhfpl5b 

mutants and their wild type counterparts. As predicted, over-inflated mutants took more visits and 
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spent more time at the surface than neutrally-buoyant mutant and wild type siblings (Figure 23). 

Excess breaching of the surface occurred despite over-inflated and neutrally buoyant larvae 

exhibiting similar timing for their first surfacing attempts. While it is unclear whether larvae ingest 

air during the entirety of the duration spent above the air-water interface, it is known that surface 

breaches are observed during initial inflation (Lindsey, Smith, and Croll 2010; Rieger and 

Summerfelt 1998; Goolish and Okutake 1999). Therefore, the increase in surface visits likely leads 

to an increase in air deposition to the swim bladder in lateral line mutants.    

Multisensory integration during the surfacing behavior 

Interestingly, approximately half of all lateral line mutants inflate their swim bladders to 

normal proportions and continue to develop into viable adults. To account for this fact, we 

hypothesize that additional somatosensory, photosensory, or mechanosensory systems may 

compensate for the loss of lateral line sensation and help mutant larvae achieve neutral buoyancy 

(Suchocki and Sepulveda-Villet 2019; Trotter, Battaglene, and Pankhurst 2003; Riley and 

Moorman 2000). The lateral line is involved several multi-sensory behaviors, including flow 

orientation (Liao 2006; Bak-Coleman et al. 2013; Coombs, Bak-Coleman, and Montgomery 2020), 

prey capture (Nelson, MacIver, and Coombs 2002; Carrillo and McHenry 2016; New 2002), and 

predator avoidance (Free et al. 2019; Jung et al. 2020; Stewart et al. 2013), and we predict that 

surfacing can be added to this list.  

The photosensory and mechanosensory systems exhibit distinct organizational patterns for 

primary input to the central nervous system — even the anterior and posterior lateral line ganglia 

primary projections are somatotopically organized in zebrafish larvae (McCormick 1989; Mirjany 

and Faber 2011; Hale et al. 2016; Alexandre, Ghysen, and Ghysen 1999; Fame, Brajon, and 

Ghysen 2006; Liao and Haehnel 2012). The Mauthner neurons integrate multisensory input at the 
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level of the hindbrain, but the surfacing behavior is unlikely to use this circuit. For higher order 

processing however, information from the lateral line, vestibular, and photosensory systems are 

integrated in various brain regions. The thalamus is one such sensory integration center in zebrafish 

(Mueller 2012). Socially-relevant mechanosensory and photosensory information is represented 

in a thalamic region marked by the expression of parathyroid hormone 2 (pth2) and somatostatin 

7 (sst7) (Kappel et al. 2022; Venuto et al. 2022; Anneser et al. 2020). Vestibular information is also 

represented in the thalamus (Migault et al. 2018; Favre-Bulle et al. 2018), though it is not clear if 

the exact same region is involved. Photosensory, lateral line, and vestibular/auditory information 

is also integrated in the tectum (Favre-Bulle et al. 2018; Migault et al. 2018; Isa et al. 2021; Filosa 

et al. 2016). In fact, neurons in the periventricular layer (PVL) of the tectum, which is similar to 

the superior colliculus in mammals, respond to visual, auditory, and lateral line inputs (Perrault, 

Stein, and Rowland 2011; King et al. 1996; Ingle 1973; Thompson et al. 2016). However, it is 

hypothesized that most of these modalities are processed in parallel at younger stages of 

development (Thompson et al. 2016). It is worth noting that these sensory systems are in 

developing stages during surfacing behaviors.  

Photosensory cues did not alter the buoyancy status of either wild type or lhfpl5b mutant 

larvae (Supplemental Figure 6), suggesting that, at most, photosensory systems play a subtle 

modulatory role in the surfacing behavior of larval zebrafish. The vestibular system is likely 

required to coordinate the vertical orientation and climbing portions of surfacing (Ehrlich and 

Schoppik 2019; 2017; Bagnall and Schoppik 2018). Meanwhile, our data support the idea that the 

lateral line is responsible for the surface detection and breaching aspects of surfacing. However, 

given that both the vestibular and lateral line systems are providing spatial information in during 

the surfacing behavior, there may be crosstalk between them. For example, the vestibular system 
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must quickly adapt to a dynamic increase in buoyancy over the course of multiple breaching 

events, so feedback from the lateral line during surface interactions may help fine tune the 

vestibular sense. However, the link between these systems have not been well-investigated during 

deliberate behaviors like surfacing (Liu et al. 2021; Chagnaud et al. 2017). So, while sensory 

integration exists in zebrafish and seems necessary for larvae to achieve neutral buoyancy, the 

integration dynamics are unclear during the initial swim bladder inflation timeframe and require 

future investigation. 



CHAPTER 5: SURFACING IN LARVAL ZEBRAFISH IS A MULTISENSORY BEHAVIOR 

INVOLVING PHOTOSENSORY AND CHEMOSENSORY CUES IN ADDITION TO 

MECHANOSENSATION 

 

Abstract 

 Initial swim bladder inflation is a critical achievement for teleost fish, and it requires a 

complex set of behavioral tasks to reach neutral buoyancy. Larval fish must detect both 

directionality and the air-water interface at only 3-4 days post fertilization. Despite this challenging 

feat being necessary for fish survival, the sensory cues informing the surfacing behavior remain 

understudied. Past studies have determined the vestibular system to aid larvae in determining 

direction and vertical swimming. Additionally, the lateral line was recently implicated in surface 

detection for filling of the swim bladder. However, photosensory roles in surfacing remain a 

mystery in many fish species, including larval zebrafish. Finally, tactile and chemosensory cues 

require investigation for their potential involvement in initial swim bladder inflation. 

 In this study, we investigate the role of various photosensory systems in initial swim 

bladder inflation using larval zebrafish lacking visual and pineal photosensory input. We find no 

evidence for visual photosensation in surfacing behaviors, and instead find evidence for the 

influence of non-ocular photosensation in surfacing. We also find that, in specific sociogenetic 

contexts, chemosensory cues from conspecifics may play a role in initial swim bladder inflation. 

Overall, our data highlight novel sensory influences on the multisensory behavior of surfacing in 

larval zebrafish.  
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Introduction 

 Initial swim bladder inflation is a critical process that larval fish undergo to achieve neutral 

buoyancy (Alexander 1966; Evans and Damant 1928; Lindsey, Smith, and Croll 2010; Ledebur 

and Wunder 1937). This process involves a behavior called “surfacing” wherein larval fish must 

determine which way is up and swim upwards, similar to the behavior required for larval feeding 

(Doroshev, Cornacchia, and Hogan 1981; Kitajima et al. 1994; Friedmann and Shutty 1999). Then, 

larvae must detect the surface and intake exogenous air from the surface to inflate their swim 

bladder (Venuto et al. 2023; Lindsey, Smith, and Croll 2010; Rieger and Summerfelt 1998). In the 

wild, larvae are required to perform this complex behavior in dynamic environmental conditions, 

including changes in lighting, water turbidity and flow, and other animals in their surroundings. 

Despite the number of obstacles that these young larvae encounter during surfacing, they are highly 

motivated to perform the surfacing behavior and inflate their swim bladder (Tait 1960). If initial 

swim bladder inflation is unsuccessful, the result is disease, deformities, and ultimately death 

(Doroshev, Cornacchia, and Hogan 1981; Czesny, Graeb, and Dettmers 2005; Kitajima et al. 1994; 

Prestinicola, Boglione, and Cataudella 2014).  

 The surfacing behavior is an extremely complex behavior for which larvae must utilize a 

combination of sensory cues. For example, vestibular information provided by the inner ear is 

hypothesized to aid in directionality and vertical swimming (Riley and Moorman 2000; Schoppik 

et al. 2017; Nicolson et al. 1998). Additionally, we recently uncovered that the lateral line is utilized 

during the surface detection aspect of surfacing (Venuto et al. 2023). Approximately half of larvae 

with a non-functional lateral line exhibit swim bladder over-inflation, which is a rare phenomenon 

(Abbas and Whitfield, 2009; McCune and Carlson, 2004; Venuto et al. 2023).Given that this 

phenotype only affects a portion of the lateral line-deficient population, it is reasonable to assume 
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that other sensory systems are contributing to the surfacing behavior for successful swim bladder 

inflation. 

Photosensory systems are leading candidates for aiding in surfacing. The effect of 

photoperiod on swim bladder inflation has been studied in many species to assist in fish farming 

efforts. Many studies in fish species such as Australian Bass and Pacific Bluefin Tuna have shown 

that environments with constant light are associated with a decrease in swim bladder inflation rates 

and constant darkness with an increase in swim bladder inflation proportions (Battaglene and 

Talbot, 1990; Kurata et al. 2017). This is due to larvae primarily inflating during dark hours (Trotter 

et al. 2003), which can be helpful for energy conservation and predator avoidance (Battaglene et 

al. 1994). However, some species like California Yellowtail are unaffected by photoperiod (Stuart 

and Drawbridge 2012), and only the common chub has exhibited an increase swim bladder 

inflation in full light conditions (Brüning et al. 2011). These studies have not been conducted in 

larval zebrafish, which offer useful genetic tools to understand the role of photosensation on initial 

swim bladder inflation.  

Fish possess several populations of photoreceptive cells: ocular, pineal, deep brain, and 

spinal. Ocular photoreceptors in teleost fish include rod photoreceptors and four types of cone 

photoreceptors (Gestri, Link, and Neuhauss 2012). Retinal ganglion cells connect signals from the 

retina to the brain (Kay et al. 2001; Burrill and Easter 1994). Zebrafish develop visual acuity by 

3-4 dpf, though visual acuity at this stage is unlikely to be matured enough to influence behavior 

(Easter and Nicola 1996; Haug et al. 2010). Non-ocular photoreceptors are potentially functional 

in zebrafish by 1 dpf and can inform light-driven behaviors (Meissl and Yanez 1994; Fernandes et 

al. 2012; Friedmann et al. 2015; Kokel et al. 2010; Vuilleumier et al. 2006). Pineal photoreceptors 

are similar to cone photoreceptors in the retina, and pineal photoreception is generally responsible 
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for locomotive behaviors based on circadian rhythm in teleost fish (Ben-Moshe Livne et al. 2016; 

Dekens et al. 2022; Mueller and Neuhauss 2012; Ekström and Meissl 1997). Additionally, deep 

brain photoreception can drive light-activated behaviors through various opsins and photosensitive 

cells (Fernandes et al., 2012, 2013). For example, larval zebrafish perform a dive response and 

brief period of hyperactivity upon loss of illumination that is dependent on deep brain 

photoreception (Fernandes et al. 2012). However, the various forms of photoreception and their 

potential influences on the surfacing behavior of larval zebrafish have not been investigated and 

may have an enhanced role in the absence of lateral line cues.   

In addition to photosensory cues, it is likely that somatosensory cues contribute to the 

surfacing behavior. These cues may include environmental stimuli from substrates or the air-water 

interface. However, tactile cues are difficult to examine in larval zebrafish due to lack of molecular 

tools that solely affect somatosensation and not locomotion (Ribera and Nüsslein-Volhard 1998). 

A seemingly unlikely candidate to aid in surfacing is chemosensation. However, fish have been 

shown to rely on chemosensory cues to detect their social environment (Santacà, Dadda, and 

Bisazza 2021; Gerlach and Wullimann 2021). Additionally, some larval fish species use olfactory 

cues for migration and various chemostimulants have been shown to affect behavior in larval 

zebrafish (Zielinski et al. 2005; Johnson et al. 2019; Lindsay and Vogt 2004). Overall, the sensory 

cues necessary for initial swim bladder inflation require further investigation to better understand 

the critical surfacing behavior.   

Given the partial hyperinflation phenotype exhibited by lateral line mutants, we 

hypothesize that other sensory systems mediate surfacing behaviors.  In this study, we investigate 

surfacing as a multisensory behavior by using buoyancy measurements and swim bladder volume 

as experimental endpoints. We test how photosensory cues may influence initial swim bladder 
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inflation using zebrafish lacking ocular and/or pineal-based photoreception as well as 

environmental photoperiod manipulations. We also evaluate how social isolation affects initial 

swim bladder inflation. Finally, we investigate role of conspecific-derived chemosensory cues 

during surfacing in the absence of visual and lateral line sensation. Overall, we add to the current 

understanding of sensory cues involved in initial swim bladder inflation in larval zebrafish. 

Materials and Methods 

Animal husbandry and ethics statement 

Adult zebrafish (Danio rerio) were maintained and bred using standard procedures 

(Westerfield 2000). All experiments used larvae at 2-6 days post-fertilization (dpf), which are of 

indeterminate sex at this stage. Except where otherwise stated, animals were placed in clear, plastic 

tubs (dimensions: 15 cm x 10 cm x 4 cm, E3 volume: 460 mL) at 2 dpf and maintained at 28.5°C 

on a 14:10 light/dark cycle at 500-700 lux in E3 embryo media (5 mM NaCl, 0.17 mM KCl, 0.33 

mM CaCl2, 0.33 mM MgCl2, buffered with NaHCO3). Animal research complied with guidelines 

stipulated by the Institutional Animal Care and Use Committee at East Carolina University 

(protocol D372). 

Mutant and transgenic fish lines  

 The zebrafish mutant alleles lhfpl5bvo35 (causes non-functional lateral line) and atoh7th241 

(causes blindness) as well as transgenic lines Tg(atoh7:gap43-RFP)cu2 and Tg(aanat2:CFP-

NTR)ct822 were used in this  study (Kay et al. 2001; Erickson et al., 2020; Gandhi et al., 2015). For 

all experiments, lhfpl5bvo35/vo35 homozygotes were identified from their hetero- and homozygous 

wild type siblings by lack of FM 1-43 (Thermo Fisher) labeling of the lateral line hair cells. 

Tg(atoh7:gap43-RFP);atoh7th241/th241 larvae were identified by a lack of RFP-positive retinal 

ganglion cell axons in the tectum. Tg(aanat2:CFP-NTR)ct822 were identified by CFP-positive cells 
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in the pineal. Unless otherwise stated, the wild type condition in all experiments is a mix of 

homozygous and heterozygous siblings.  

Swim bladder inflation measurements 

At the end of each experiment on 6 dpf, we ascertained the buoyancy status and swim 

bladder volume of all larvae in the experiment. First, larvae were anesthetized with MS-222 

(Western Chemical Inc., Ferndale, WA) and placed at the vertical midway point of a 50 mL conical 

tube containing E3 media. At the expiration of a 30-second timer, the end position of the fish was 

recorded as previously described (Venuto et al. 2023). Over-inflated fish were categorized as larvae 

floating to the top of the tube in 30 seconds, while under-inflated larvae sunk to the bottom. 

Neutrally buoyant (regular-inflated) larvae remained near the middle of the water column. After 

buoyancy measurements, the fish was removed from the tube for imaging under the microscope.  

 Swim bladders were imaged using a SteREO Discovery.V8 microscope (Zeiss) equipped 

with a Gryphax Arktur camera (Jenoptik). Lateral and dorsal images of the swim bladder were 

taken for each fish. Swim bladder measurements were conducted using the measurement tool in 

Adobe Photoshop where measurements were calibrated according to the image of the stage 

micrometer taken when imaging experiments. The major axis and minor axis of the lateral view of 

the swim bladder was measured as well as the minor axis of the dorsal view. All measurements 

were taken from numbered images so that the measurer was blinded to the genotype/condition. 

These measurements were halved and used in the equation for the volume of an ellipsoid: 𝑉 =

4/3𝜋𝑎𝑏𝑐 to find the volume of the swim bladder (Lindsey, Smith, and Croll 2010). 

Manipulation of photoperiod 

 Since lighting conditions have been shown to impact initial swim bladder inflation in some 

fish species, we investigated how full light versus full dark conditions affected swim bladder 
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inflation in wild type, blind, and lateral line-less zebrafish larvae. At 0 dpf, wild type, atoh7 mutant, 

lhfpl5b mutant, and atoh7; lhfpl5b double mutant zebrafish embryos were collected and 

immediately placed in plastic tubs filled with E3 (detailed above) in an unlit incubator (28.5°C) 

for full darkness, an incubator with overhead light without a timer for full light, and an incubator 

with overhead light connected to a timer that switched the light off and on every 12 hours. For 

both full light and full dark conditions, the experiment was run simultaneously with the control 

12:12 L/D experiment in a separate incubator. Incubators were of similar light intensity and 

dimensions. Larvae were not brought out of their respective incubators until 6 dpf, at which point 

lateral line mutants and wild type siblings were identified as detailed above. After sorting, larvae 

were analyzed for buoyancy and swim bladder volume. The experiment was repeated three times 

using 15-30 larvae (combined from all genotypes) per trial per treatment condition. 

Pineal ablations 

Pineal photoreceptors offer one form of non-ocular light detection, and we wanted to test 

the effect of loss of pineal photoreception on initial swim bladder inflation. For pineal ablations, 

wild type and lhfpl5b mutant larvae from the Tg(aanat2:CFP-NTR); lhfpl5bvo35 line were split into 

two groups after sorting for transgene presence but remained in a heterogenic mix of wild type and 

lhfpl5b mutant larvae for both the control and experimental group. The experimental groups were 

treated with 15 mM metronidazole (Sigma-Aldrich, St. Louis, MO) at 60 hours post-fertilization 

(hpf) for 20 hours (until 80 hpf), then rinsed and placed in fresh embryo media for 24 hours (until 

104 hpf) (Gandhi et al. 2015). A second round of treatment was done for another 20 hours (104 

hpf-124 hpf) and then larvae were rinsed and placed in fresh embryo media until the end of the 

experiment. On 6 dpf, lateral line mutants and wild type siblings were identified as detailed above. 

After sorting, larvae were analyzed for buoyancy and swim bladder volume. Untreated controls 
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were placed in fresh embryo media with every media change that occurred in treated larvae. The 

experiment was repeated three times using 17-20 larvae (combined mutant and wild type) per trial 

per treatment condition. For pineal images, live zebrafish larvae were anesthetized with 0.016% 

MS-222 in E3 embryo media and mounted dorsally on a depression slide in 1.2% low melting 

point agarose in E3. CFP was imaged using a Zeiss LSM800 laser-scanning confocal with a 40x 

water objective and Zeiss Zen software. 

Social isolation 

Social isolation can affect larval behavior, so we tested the effect of social versus isolated 

conditions on initial swim bladder inflation in wild type, blind, and lateral line-less zebrafish 

larvae. At 2 dpf, presorted groups of wild type, atoh7 mutant, lhfpl5b mutant, and atoh7;lhfpl5b 

double mutant larvae were each divided into two groups and placed in either isolated or social 

conditions. Both social and isolated larvae were housed in six-well tissue culture plates containing 

5 ml of E3 embryo media with paper strips placed between the wells (Venuto et al. 2022). For the 

social condition, all larvae were placed in one well with 5 ml of embryo media. For the isolated 

condition, one larva was placed per well with 5 ml of embryo media. The experiment lasted until 

6 dpf when larvae were imaged for swim bladder measurements The experiment was repeated 

three times using 15-30 larvae (combined from all genotypes) per trial per treatment condition. For 

social isolation in darkness to environmentally replicate the double mutant, conditions were similar 

except only wild type and lhfpl5b mutants were used and they were divided into social or isolated 

conditions at 24 hpf. Both social and isolated groups were placed in an unlit incubator until 6 dpf 

when larvae were imaged for swim bladder measurements. The experiment was repeated three 

times using 16-26 larvae (combined mutant and wild type) per trial per treatment condition. 

Lateral line hair cell ablations 
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 To environmentally replicate social isolation of the double mutant, wild type and atoh7 

mutant larvae were separated into isolated and social groups wherein half of the larvae in each 

group underwent treatment for lateral line ablations. Isolated and social larvae were placed in 

conditions as described above for the social isolation experiment. For lateral line ablations, larvae 

were treated with 10 µM copper sulfate (CuSO4; Ward’s Science, Rochester, NY) for 30 minutes 

at 80 hpf. After 30 minutes, larvae were rinsed and placed in fresh embryo media for 24 hours until 

104 hpf when another 30-minute treatment with 10 µM CuSO4 occurred. Larvae were rinsed and 

placed in fresh embryo media until the end of the experiment when imaging took place on 6 dpf. 

Untreated controls were placed in fresh embryo media at each treatment timepoint. The experiment 

was repeated three times using 6-10 larvae (combined mutant and wild type) per trial per condition. 

Water motion experiments 

 We hypothesized that water flow may influence initial swim bladder inflation, so we 

subjected larvae to two different types of water motion (overhead fan and shaker environments). 

For both the fan and shaker experiments, wild type and lhfpl5b mutant larvae were randomly split 

into two groups at 2 dpf and placed into tubs containing E3 medium (described above). For the 

shaker experiment, the experimental group was placed on an orbital shaker set to constant rotation 

at 40 rpm while the control group was placed next to the shaker in the same incubator. For the fan 

experiment, the experimental group and was placed on a benchtop 4.5 feet below a Honeywell 

TurboForce Air Circulator Fan that was rotated 90° (facing parallel to the benchtop) to have the 

fan blow down onto tub surface. The fan was placed on the high-speed setting and was attached to 

a shelf above the benchtop. The second group of larvae were placed in a second tub, which was 

the control, and the control tub was placed on a second benchtop away from the fan. The 

experiment was conducted in a temperature controlled room with a 14:10 L/D cycle. For both the 
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shaker and fan experiments, larvae were sorted for the lhfpl5b mutation and assessed for buoyancy 

and swim bladder volume at 6 dpf. Both experiments were repeated three times using 14-30 larvae 

(combined mutant and wild type) per trial per condition. 

Segregating by genotype 

 Other social conditions included a mix of mutant and wild type fish, but in this experiment 

we tested whether segregating by genotype had any effect on initial swim bladder inflation. At 2 

dpf, wild type, atoh7 mutant, lhfpl5b mutant, and atoh7; lhfpl5b double mutant larvae were sorted 

based on lateral line and visual function as detailed above. Half of the larvae in each genotype 

were raised socially but separated from other genotypes in six-well tissue culture plates containing 

5 ml of E3 embryo media with paper strips placed between the wells (n = 3-8 per 5 mL well per 

trial). The other half were mixed with siblings from other genotypes and re-screened at 6 dpf when 

larvae were imaged for swim bladder measurements (n = 20-35 combined from all genotypes per 

5 mL well per trial). The experiment was repeated three times. 

Water exchanges (chemosensory cues experiment) 

 To evaluate if chemosensory cues influenced initial swim bladder inflation, we 

experimented with water conditioning. At 2 dpf, wild type, atoh7 mutant, lhfpl5b mutant, and 

atoh7; lhfpl5b double mutant larvae were sorted based on lateral line and visual phenotypes as 

described above. Larvae from each phenotype were split into experimental and control groups, but 

all larvae remained socially raised and segregated by genotype. Larvae in the experimental 

condition were subjected to water exchanges where embryo media from homozygous wild type 

larvae (30 larvae in 5 mL of E3 in one six-well plate) that were 24 hours older was removed from 

the wild type larvae and put into the experimental segregated larval groups. When larvae were 3 

dpf, water exchanges began in the morning and happened every 24 hours until 6 dpf when larvae 
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were imaged for swim bladder measurements. Control segregated larvae did not have water 

exchanges. This experiment was repeated four times with 3-7 larvae per genotype, condition, and 

trial. Water from experimental and control groups were measured for pH, ammonia, nitrate, and 

nitrite levels. pH ranged between 7.2 and 7.4, ammonia levels were at 1 ppm, and nitrite and nitrate 

levels were at 0 ppm for all conditions, indicating comparable water quality parameters between 

experimental and control groups. 

Graphs and statistical tests 

 All graphs and statistical tests were done using R (R Core Team 2021). Two-way ANOVAs 

were used with Tukey post-hoc test, with the exception of the first two experiments (Figures 25 

and 26) where only genotypes were compared so a one-way ANOVA was used with Tukey post-

hoc test. Chi-squared tests were used to analyze proportion data for over and under-inflation. For 

the over-inflation comparisons, the two categories used in the comparison between 

conditions/genotypes were (i) over-inflation and (ii) all other inflation (regular and under), 

meaning that totals per category/genotype accounted for 100% of the population. Similarly, for the 

under-inflation comparisons, the two categories used in the comparison between 

conditions/genotypes were (i) under-inflation and (ii) all other inflation (regular and over). P-

values less than 0.05 were considered significant.  

Results 

Ocular blindness does not affect initial swim bladder inflation in larval zebrafish 

Several studies have investigated the role of photoperiod on initial swim bladder inflation 

in various species of fish (Stuart and Drawbridge 2012; Trotter et al. 2003; Villamizar et al. 2009). 

However, there have been no studies in larval zebrafish exploring the various photosensory cues 

that may mediate surfacing. In our first experiment, we investigated swim bladder inflation in a 
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vision-specific mutant (atoh7th241) with either intact or genetically-disabled lateral line sensory 

function (lateral line mutant lhfpl5bvo35) (Figure 25). atoh7-/- zebrafish larvae are blind due to the 

absence of retinal ganglion cells, though cone photoreceptors remain (Kay et al. 2001; Neuhauss 

et al. 1999). Like wild type larvae, blind (atoh7-/-) larvae did not exhibit a hyperinflation phenotype 

(positive buoyancy -  blind mutants: 0.0%, SD = 0.0%, n = 26; wild type: 0.0%, SD = 0.0%, n = 

33; chi-square statistic: 0.0, p = 1.0; swim bladder volume - blind: M = 0.0059 mm3, SD = 0.0007 

mm3; wild type: M = 0.0073 mm3, SD = 0.0013 mm3; One-way ANOVA with Tukey post-test, p = 

0.735). When raised together in a 12:12 L/D photoperiod, atoh7-/- / lhfpl5b-/- double mutants 

exhibited statistically similar proportions of positive buoyancy to lhfpl5b-/--only larvae (double 

mutants: 58.3%, SD = 17.6%, n = 14; lateral line mutants: 68.6%, SD = 3.5%, n = 30; chi-square 

statistic: 2.61, p = 0.11), as well as similarly enlarged swim bladder volumes (double mutants: M 

= 0.012 mm3, SD = 0.0036 mm3; lateral line mutants: M = 0.013 mm3, SD = 0.0035 mm3; One-

way ANOVA with Tukey post-test, p = 0.727). From this experiment, we conclude that, with or 

without lateral line function, visual photosensation does not play a significant role in zebrafish 

initial swim bladder inflation when larvae of mixed genotypes are reared socially under a 12:12 

L/D photoperiod.   
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Figure 25. Blindness has no effect on initial swim bladder inflation in larval zebrafish. A) 

Representative examples swim bladder inflation in wild type, blind (atoh7-/-), lateral line mutants 

(lhfpl5b-/-), and double mutant (atoh7-/-; lhfpl5b-/-) larvae at 6 dpf. B) Percentage of larvae that 

exhibit over-, regular, and under-inflation of the swim bladder, as defined by positive, neutral, and 

negative buoyancy. A Chi-Squared Test was used to determine significance. C) Swim bladder 

volume (mm3) in wild type and mutant larvae at 6 dpf. A one-way ANOVA was used to determine 

significance. ns = not significant, **** = p < 0.0001. Scale bar in top panel of A = 0.2 mm and is 

applicable to all images.  

 

Darkness increases hyperinflation in blind and lateral line-less double mutants 

Since some fish species exhibit swim bladder inflation changes with different 

photoperiods, we also wanted to test if swim bladder inflation in larval zebrafish was susceptible 

to lighting changes. Since our previous study showed that raising lateral line mutants in total 

darkness did not affect swim bladder inflation (Venuto et al. 2023), we predicted that lighting 

conditions would similarly have no effect on blind and lateral line-deficient double mutants. To 

test this, we measured swim bladder inflation in blind and lateral line-deficient double mutants 

raised socially with their siblings in full light (24:0L/D) and full dark (0:24 L/D) conditions (Figure 

26). Eliminating photoperiod did not affect swim bladder inflation in wild type, lateral line 

mutants, or blind mutants individually. However, when raised in total darkness (0:24L/D), blind-

lateral line double mutants exhibited a significant increase in the proportions of overinflated larvae 

compared to lateral line-only mutants (double mutants: 69.4%, SD = 4.8%, n = 10; lateral line-

only mutants: 53.2%, SD = 12.2%, n = 14; chi-square statistic: 5.38, p = 0.02). There was a non-

significant increase in average swim bladder volume of double mutants compared to lateral line 

mutants in total darkness (0:24 L/D) (double mutants: M = 0.015 mm3, SD = 0.0018 mm3; lateral 

line mutants: M = 0.011 mm3, SD = 0.0027 mm3; One-way ANOVA with Tukey post-test, p = 
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0.098). Conversely, under full light conditions (24:0 L/D), double mutants exhibited a significant 

decrease in proportions of swim bladder hyperinflation compared to lateral line-only mutants 

(double mutants: 36.1%, SD = 12.7%, n = 12; lateral line mutants: 56.7%, SD = 5.8%, n = 17; chi-

square statistic: 8.86, p = 0.0029). Additionally, double mutants raised in full light (24:0 L/D) 

exhibited significantly smaller swim bladder volumes than lateral line mutants (double mutants: 

M = 0.0098 mm3, SD = 0.0021 mm3; lateral line mutants: M = 0.015 mm3, SD = 0.0052 mm3; One-

way ANOVA with Tukey post-test, p = 0.0394). These data indicate a novel role for non-ocular 

photosensation wherein light dissuades initial swim bladder inflation when both lateral line and 

visual sensory information are unavailable to larval zebrafish.  
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Figure 26: Alterations to the photoperiod affect swim bladder inflation in atoh7-/-; lhfpl5b-/- double 

mutants. A) Percentage of wild type, blind (atoh7-/-), lateral line mutants (lhfpl5b-/-), and double 

mutant (atoh7-/-; lhfpl5b-/-) larvae that exhibit swim bladder under, regular, and over-inflation at 6 

dpf in full darkness (0:24 L/D). A Chi-Squared Test was used to determine significance. B) Swim 

bladder volume (mm3) of larvae at 6 dpf in full darkness (0:24 L/D).  A One-Way ANOVA was 

used to determine significance. C) Percentage of larvae that exhibit swim bladder under, regular, 

and over-inflation at 6 dpf in full light (24:0 L/D). A Chi-Squared Test was used to determine 

significance. D) Swim bladder volume (mm3) of larvae at 6 dpf in full light (24:0 L/D).  A One-

Way ANOVA was used to determine significance. ** = p < 0.01, * = p < 0.05, ns = not significant.  

 

 

Ablation of the pineal gland has no effect on swim bladder inflation 

Pineal, deep brain, and spinal photoreception have all been shown to modulate the behavior 

of larval zebrafish (Friedmann et al. 2015; Fernandes et al. 2012; Ben-Moshe Livne et al. 2016). 

To determine if photosensors in the pineal gland were responsible for the shifts in swim bladder 

hyperinflation exhibited by double mutants when photoperiod was eliminated (Figure 26), we used 

the Tg(aanat2:CFP-NTR) zebrafish line (Gandhi et al. 2015) to ablate pineal photoreceptors with 

metronidazole in lhfpl5bvo35 zebrafish (Figure 27). Metronidazole treatment of Tg(aanat2:CFP-

NTR); lhfpl5b-/- zebrafish at 2-4 dpf produced no significant change in swim bladder over-inflation 

proportions compared to untreated siblings (untreated: 54.2%, SD = 9.1%, n = 26; treated: 61.5%, 

SD = 7.9%, n = 31; chi-square statistic: 1.003, p = 0.317). Similarly, there was no significant 

change in average swim bladder volume between untreated and treated mutant populations 

(untreated: M = 0.012 mm3, SD = 0.0011 mm3; treated: M = 0.013 mm3, SD = 0.0007 mm3; Two-

way ANOVA with Tukey post-test, p = 0.998). These findings indicate that pineal photoreception 

is not used in surfacing behaviors when larvae are capable of visual sensation.  
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Figure 27: Ablation of pineal photoreceptors does not affect initial swim bladder inflation in lateral 

line (lhfpl5b-/-) mutant zebrafish larvae. A) Representative images of CFP-positive pineal cells in 

untreated (top) and metronidazole-treated (bottom) Tg(aanat2:CFP-NTR) larvae at 4 dpf. Scale 

bar = 10 µM and is applicable to both images. B) Percentage of wild type (lhfpl5b+/?) and lateral 

line mutant (lhfpl5b-/-) larvae that exhibit swim bladder under, regular, and over-inflation at 6 dpf 

in treated and untreated conditions. A Chi-Squared Test was used to determine significance. C) 

Swim bladder volume (mm3) of larvae at 6 dpf. A Two-Way ANOVA was used to determine 

significance. ns = not significant.  

 

Social isolation decreases hyperinflation proportions in atoh7-/-; lhfpl5b-/- double mutants 

In addition to photosensation, tactile and chemosensory cues have not been investigated 

for their involvement in initial swim bladder inflation in larval zebrafish. In our laboratory setting, 

tactile cues involve stimuli from touching the sides and bottom of the arena as well as contact with 

conspecifics. Chemosensory cues involve chemicals in the water that may affect behavior via 

chemoreceptors like taste and olfactory receptors. We eliminated tactile and chemosensory cues 

from conspecifics by raising wild type, atoh7-/-, lhfpl5b-/-, and atoh7-/-; lhfpl5b-/- zebrafish in 

isolation from 2-6 dpf (Figure 28). Since video experiments from our previous study involved 
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physical isolation, we did not anticipate for social isolation to have a significant effect on swim 

bladder inflation (Venuto et al. 2023). Indeed, swim bladder volumes and buoyancy proportions 

among wild type and single mutant atoh7-/- and lhfpl5b-/- larvae were unaffected by social isolation. 

However, we found a significant decrease in the proportion of hyperinflated double mutants 

(atoh7-/-; lhfpl5b-/-) when raised in isolation compared to double mutants raised socially under 

heterogenic conditions (Figure 28B; social: 44.4%, SD = 9.6%, n = 10; isolated: 6.7%, SD = 6.7%, 

n = 12; chi-square statistic: 36.03, p < 0.00001). There was a nonsignificant decrease in swim 

bladder volume (Figure 28C; social: M = 0.009 mm3, SD = 0.0047 mm3; isolated: M = 0.0067 

mm3, SD = 0.0022 mm3; Two-way ANOVA with Tukey post-test, p = 0.721). These data suggest 

that social cues encourage surfacing behaviors when larvae are deprived of both ocular visual and 

lateral line input, warranting further investigation.  

 
Figure 28: Social isolation decreases hyperinflation proportions in atoh7-/-; lhfpl5b-/- double 

mutants. A) Diagram of experiment including a social, heterogenic condition and an isolated 

condition. Green neuromasts along the body of the larval fish indicate a functional lateral line and 

purple eyes on the larval fish indicate functional visual photoreception. B) Percentage of larvae 

that exhibit swim bladder under, regular, and over-inflation at 6 dpf. A Chi-Squared Test was used 

to determine significance. C) Swim bladder volume (mm3) of larvae at 6 dpf. A Two-Way ANOVA 

was used to determine significance. *** = p < 0.001, ns = not significant.  
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Hyperinflation is reduced in blind, isolated zebrafish with chemically ablated lateral lines 

We  attempted to recreate the isolated double mutant phenotype by chemically ablating the 

lateral line in blind larvae with copper sulfate (Figure 29). We predict that chemical ablations of 

the lateral line in blind and isolated larvae will produce a decrease in hyperinflation, similar to the 

proportions exhibited by double mutants raised in isolation. Indeed, we find a decrease in the 

proportion of over-inflated blind larvae with chemically ablated lateral lines when raised in 

isolation compared to those raised socially (social: 47.8%, SD = 13.5%, n = 12; isolated: 30.0%, 

SD = 8.7%, n = 13; chi-square statistic: 6.81, p = 0.0091). However, the differences in average 

swim bladder volumes are insignificant (social: M = 0.012 mm3, SD = 0.0028 mm3; isolated: M = 

0.010 mm3, SD = 0.0039 mm3; Two-way ANOVA with Tukey post-test, p = 0.743). This reduction 

in hyperinflation among isolated blind larvae with chemically ablated lateral line hair cells is 

similar to what is exhibited by double mutants raised in isolation. 
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Figure 29: Ablation of the lateral line in blind (atoh7-/-) mutants raised in isolation decreases 

proportions of hyperinflation. A) Diagram of experiment. Green neuromasts along the body of the 

larval fish indicate a functional lateral line and purple eyes on the larval fish indicate functional 

visual photoreception. Orange media color represents copper sulfate treatments. B) Percentage of 

larvae that exhibit swim bladder under, regular, and over-inflation at 6 dpf. A Chi-Squared Test 

was used to determine significance. C) Swim bladder volume (mm3) of larvae at 6 dpf. A Two-

Way ANOVA was used to determine significance. ** = p < 0.01, ns = not significant.  

 

Dark and isolated conditions cause hyperinflation in wild type larvae, but do not affect lhfpl5b 

mutants 

We also attempted to recreate the decreased hyperinflation phenotype in isolated atoh7; 

lhfpl5b double mutants by raising isolated lateral line mutants in full darkness to eliminate visual 

cues independently of the atoh7 mutation (Figure 30). We expected isolated lateral line mutants 

raised in darkness to also exhibit the decrease in proportions of swim bladder over-inflation. From 

this experiment, we found no significant difference in the proportions of hyperinflation between 

lateral line mutants raised socially or in isolation in total darkness (social: 66.1%, SD = 4.3%, n = 

32; isolated: 65.7%, SD = 4.6%, n = 33; chi-square statistic: 0.0221, p = 0.88) or in swim bladder 

volumes (social: M = 0.016 mm3, SD = 0.0021 mm3; isolated: M = 0.018 mm3, SD = 0.0008 mm3; 

Two-way ANOVA with Tukey post-test, p = 0.767). It is worth noting that we observed cases of 

swim bladder over-inflation in isolated wild type fish raised in darkness in the 5 mL wells, and the 

proportions of hyperinflation in isolated wild type larvae were significantly greater than social 

wild type larvae (social: 0.0%, SD = 0.0%, n = 31; isolated: 12%, SD = 12%, n = 30; chi-square 

statistic: 9.95, p = 0.0016). However, there was no significant difference in swim bladder volume 
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(social: M = 0.0071 mm3, SD = 0.0008 mm3; isolated: M = 0.0072 mm3, SD = 0.0018 mm3; Two-

way ANOVA with Tukey post-test, p = 1.0).  

 

Figure 30: Raising lateral line (lhfpl5b-/-) mutants in darkness in isolation does not affect initial 

swim bladder inflation. A) Diagram of experiment. Green neuromasts along the body of the larval 

fish indicate a functional lateral line and purple eyes on the larval fish indicate functional visual 

photoreception. Dark blue color represents being raised in total darkness. B) Percentage of larvae 

that exhibit swim bladder under, regular, and over-inflation at 6 dpf. A Chi-Squared Test was used 

to determine significance. C) Swim bladder volume (mm3) of larvae at 6 dpf. A Two-Way ANOVA 

was used to determine significance. ** = p < 0.01, ns = not significant.  

 

A recent preprint found similar results in wild type larvae raised in darkness and isolation 

and hypothesized that water motion (even slight perturbations from conspecifics) can affect initial 

swim bladder inflation in larval zebrafish (Lin et al. 2023). We further tested this theory by 

subjecting larvae to a shaker condition (rotates tub for continuous movement throughout the water 

column) and overhead fan (effect similar to surface waves) to create different forms of water 

motion (Supplemental Figures 11 and 12). Based on the study investigating the effect of water 
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flow on swim bladder inflation, we predicted that both types of water motion would decrease swim 

bladder over-inflation in wild type and lateral line mutant zebrafish. Overall, proportions of 

hyperinflation and swim bladder volume in lateral line mutants were significantly decreased in 

both the shaker and fan conditions compared to stagnant water conditions (Supplemental Figure 

12). Wild type larvae were not significantly affected by the shaker or fan, leaving the effect of 

water motion on wild type swim bladder inflation unclear from our experiments.  

Segregation by genotype yields similar swim bladder proportions to isolated conditions 

The first set of experiments in Figure 25 involved double mutant larvae raised socially with 

the larvae of other genotypes (wild type, lateral line-less, and blind). The heterogenic social 

conditions resulted in double mutants exhibiting similar hyperinflation proportions to lateral line 

mutants (~50%). In this experiment, we investigated if segregating larvae by genotype at 2 dpf 

(before initial swim bladder inflation) would yield similar hyperinflation results as isolated double 

mutants (~7%) (Figure 31). If social isolation decreased hyperinflation rates due to cues from wild 

type larvae, then isogenic sorting of double mutants should yield similar hyperinflation rates to 

double mutants raised in isolation. Indeed, double mutants raised socially as an isogenic group 

exhibited a significant decrease in the proportion exhibiting the over-inflation phenotype (isogenic: 

6.7%, SD = 6.7%, n = 16; heterogenic: 57.9%, SD = 8.3%, n = 12; chi-square statistic: 59.28, p < 

0.00001) and swim bladder volume (isogenic: M = 0.0068 mm3, SD = 0.0045 mm3; heterogenic: 

M = 0.016 mm3, SD = 0.0031 mm3; Two-way ANOVA with Tukey post-test, p = 0.000103). Wild 

type, lateral line-less, and blind larvae were unaffected by the segregation. These results indicate 

that isolation itself is not responsible for changes to initial swim bladder inflation, and instead 

potentially implicate chemosensory cues from wild type conspecifics.  
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Figure 31: Isogenic rearing of atoh7-/-; lhfpl5b-/- double mutants decreases the hyperinflation 

phenotype. A) Diagram of experiment. Green neuromasts along the body of the larval fish indicate 

a functional lateral line and purple eyes on the larval fish indicate functional visual photoreception. 

B) Percentage of larvae that exhibit swim bladder under, regular, and over-inflation at 6 dpf. A 

Chi-Squared Test was used to determine significance. C) Swim bladder volume (mm3) of larvae at 

6 dpf. A Two-Way ANOVA was used to determine significance. ** = p < 0.01, **** = p < 0.0001, 

ns = not significant.   

 

Chemosensory cues from wild type larvae encourage swim bladder inflation in atoh7-/-; lhfpl5b-/- 

double mutants 

To assess the role of chemosensory cues on initial swim bladder inflation more directly, we 

devised an experiment where we exchanged water from wild type larvae into the group of 

segregated double mutants (Figure 32). This experimental design exposes segregated double 

mutants to water-borne chemicals produced by wild type larvae without the wild type larvae being 

physically present. We hypothesized that segregated double mutants exposed to the wild type 

water-borne chemicals would exhibit greater cases of hyperinflation (similar to double mutants 

raised in heterogenic social conditions) than double mutants left unexposed. From this experiment, 

we found that segregated double mutants that experienced the water change (experimental 
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condition) exhibited a significant increase in the proportion of over-inflation (54.2%, SD = 16%, 

n = 16) compared to segregated double mutants that were not exposed to water from wild type 

larvae (control condition) (10.4%, SD = 10.4%, n = 16; chi-square statistic: 44.49, p < 0.00001). 

Additionally, the experimental double mutants exhibited a significant increase in swim bladder 

volume (M = 0.0145 mm3, SD = 0.0021 mm3) compared to control double mutants (M = 0.0087 

mm3, SD = 0.00098 mm3; Two-way ANOVA with Tukey post-test, p = 0.0245). No other genotypes 

were affected by water exchange, or lack thereof. This indicates a role for chemosensory cues 

derived from wild type conspecifics in initial swim bladder inflation when lateral line and visual 

sensory cues are unavailable in larval zebrafish.  

 

Figure 32: Chemosensory cues from wild type larvae restores the hyperinflation phenotype to 

isogenically-reared atoh7-/-; lhfpl5b-/- double mutants. A) Diagram of experiment. Green 

neuromasts along the body of the larval fish indicate a functional lateral line and purple eyes on 

the larval fish indicate functional visual photoreception. Light blue media indicates water 
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exchange. B) Percentage of larvae that exhibit swim bladder under, regular, and over-inflation at 

6 dpf. Experimental groups (“Exp”) experienced water exchanges from wild type larvae, while 

control groups (“Con”) did not. A Chi-Squared Test was used to determine significance. C) Swim 

bladder volume (mm3) of larvae at 6 dpf. A Two-Way ANOVA was used to determine significance. 

* = p < 0.05, **** = p < 0.0001, ns = not significant.  

 

Discussion 

 In this study, we hypothesized that sensory systems like ocular photosensation could help 

lateral line mutants recognize the surface and help modulate initial swim bladder inflation since 

approximately only half of lateral line mutants display the hyperinflation phenotype. From our 

experiments to test this hypothesis, we find that loss of vision does not affect initial swim bladder 

inflation in larval zebrafish (Figure 25). However, non-ocular photoreception subtly affects initial 

swim bladder inflation when lateral line and visual systems are non-functional (Figure 26). We see 

that full darkness increases proportions of swim bladder hyperinflation in double mutants, whereas 

full light decreases proportions of hyperinflation.  

Additionally, we tested if sensory cues from conspecifics affected initial swim bladder 

inflation by subjecting larvae to various social conditions. We find evidence to suggest that 

chemosensation is used during surfacing behaviors when larvae are deprived of visual and lateral 

line sensation (atoh7-/-; lhfpl5b-/- double mutants; Figures 28-32). When double mutants are raised 

separately from wild type larvae, hyperinflation is decreased, but when double mutants are exposed 

to the water that wild type larvae were raised in, hyperinflation levels are similar to intermixed 

larvae. Overall, we offer novel findings on photosensory and chemosensory cues utilized during 

surfacing in larval zebrafish for initial swim bladder inflation (Table 4). 
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Manipulation Level of 
hyperinflation 

Figure Notes 

Genetically blind None 25 N/A 
Genetic lateral line mutant + +  25 ~50% Hyperinflation 
Genetic blind and lateral line 
double mutant 

+ +  25 ~50% Hyperinflation, similar 
to lateral line mutant 

0:24 L/D photoperiod in double 
mutants 

+ + + 26 Increases hyperinflation rates 
in double mutants 

24:0 L/D photoperiod in double 
mutants 

+ 26 Decreases hyperinflation rates 
in double mutants 

Pineal photoreceptor ablation in 
lateral line mutant 

+ + 27 ~50% Hyperinflation, similar 
to untreated lateral line mutant 

Social isolation of double mutants +  28 Decreases hyperinflation rates 
in double mutants 

Lateral line ablation in genetically 
blind and isolated 

+ 29 Slight decrease in 
hyperinflation rates  

Genetic lateral line mutant in 0:24 
L/D photoperiod and isolated 

+ + 30 Wild type larvae exhibit mild 
cases of hyperinflation 

Shaker-generated waves in lateral 
line mutant 

+  S1 Decreases hyperinflation rates 
in lateral line mutants 

Fan-generated waves in lateral line 
mutant 

+  S2 Decreases hyperinflation rates 
in lateral line mutants 

Isogenic raising of double mutants +  31 Similar effect to isolation, 
decreases hyperinflation 

Water exchange from wild type to 
double mutants 

+ + 32 Restored ~50% hyperinflation 
in double mutants 

 
Table 4. Summary table of experimental effects on swim bladder inflation. The number of plus 

signs (+) indicates the level of swim bladder hyperinflation relative to an ideal 100% neutrally 

buoyant wild type population. Each “+” indicates about a quarter of the population exhibiting 

hyperinflated swim bladders.  

 

Non-ocular photosensation is responsible for light detection and modulation of surfacing 

 When larval zebrafish are without a functional lateral line, approximately half of the 

population routinely exhibits swim bladder hyperinflation due to improper surface detection during 

the surfacing behavior (Venuto et al. 2023). It is reasonable to assume that visual cues (or other 

sensory cues) may help larvae identify the surface and compensate for loss of lateral line sensation, 
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especially since visual and lateral line systems exhibit overlap in other multisensory behaviors, 

like rheotaxis (Suli et al. 2012; Montgomery et al. 1997). They also share downstream sensory 

integration regions in the thalamus and tectum (Mueller 2012; Thompson et al. 2016; 

Vanwalleghem et al. 2020).   

If visual cues were utilized during the surfacing behavior, we may expect to see cases of 

swim bladder hyperinflation in blind larvae, and increased proportions of hyperinflation in double 

mutants deprived of lateral line and visual sensation. However, we instead saw blind (atoh7-/-) 

larvae inflate to similar proportions as wild type siblings, and atoh7-/-; lhfpl5b-/- double mutants 

inflate to similar proportions of lateral line (lhfpl5b-/-) mutants (Figure 25). This indicates that 

ocular photosensation is not required for normal initial swim bladder inflation. However, we 

observe increases in hyperinflation when we remove additional photosensory cues (pineal and 

deep brain) by raising atoh7-/-; lhfpl5b-/- double mutants in darkness (Figure 26). The opposite 

phenotype is exhibited by double mutants raised in full light. However, photoperiod manipulations 

have no effect on swim bladder inflation when larvae lack either lateral line or ocular sensory input 

alone.  These results likely indicate that photoperiod is only used for surfacing in absence of both 

lateral line and visual sensation.  

It is unclear why lateral line mutants raised in darkness do not exhibit a comparable 

increase in hyperinflation like double mutants in darkness, considering the dark condition 

eliminates visual sensation. These larvae were exposed to a normal photoperiod (14:10 L/D) for 

their first 24 hours of life, and visual photoreception does not develop until 2-3 dpf (Bollmann 

2019; Natalia Villamizar et al. 2014). However, a study demonstrated that spinal opsins activated 

by light during the first 24 hours can suppress spontaneous locomotor behavior and neural activity 

(Friedmann et al. 2015). Therefore, the experiment could be improved upon by raising larvae in 
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darkness from 0 dpf. Additionally, there could be a difference in how genetic versus environmental 

sensory deprivation affects surfacing behaviors. For example, genetically blocking pineal function 

in larval zebrafish and subjecting them to full darkness (0:24L/D) was shown to decrease circadian 

rhythm-entrained location preference and locomotor activity compared to larvae in darkness that 

did not experience genetic blocking of pineal function (Ben-Moshe Livne et al. 2016). 

Photoperiod-driven behaviors in larval zebrafish can be driven by pineal or deep brain 

photoreception in addition to ocular photosensation (Meissl and Yanez 1994; Fernandes et al. 

2012). However, ablation of pineal photoreceptors in lateral line mutants produced no significant 

change in swim bladder inflation compared to lateral line mutants with intact pineal function 

(Figure 27). These findings suggest two non-mutually exclusive possibilities for how larvae use 

photosensation during initial swim bladder inflation: 1) the absence or presence of light is only 

recognized for surfacing purposes in larvae deprived of both lateral line and visual cues, or 2) deep 

brain photoreception is responsible for the shifts in swim bladder hyperinflation exhibited by 

double mutants raised in either full light or full dark conditions. To distinguish between these two 

possibilities, either ablation of pineal photoreceptors in double mutants and/or ablation of deep 

brain photoreceptors in lateral line mutants will be necessary.  

Social isolation can deter initial swim bladder inflation 

We also examined whether sensory cues from conspecifics affected initial swim bladder 

inflation by raising larvae in isolation (Figure 28). atoh7-/-; lhfpl5b-/- double mutants exhibited a 

decrease in hyperinflation when raised in isolation, though lateral line mutants, blind mutants, and 

wild type larvae were unaffected. Therefore, it appears that social isolation only affects surfacing 

in larvae lacking both vision and lateral line sensation. We were able to recreate a similar 

phenotype by chemically ablating the lateral line in blind larvae raised in isolation (Figure 30). 
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However, there were more cases of hyperinflation exhibited by ablated blind larvae than when 

double mutants were raised in isolation. This is likely due to the transient and incomplete loss of 

lateral line function in CuSO4-treated larvae, which reflects findings of other studies using 

chemical ablation of the lateral line (Mackenzie and Raible 2012; Hernández et al. 2006; Santos 

et al. 2006).  

Our attempt to recreate the double mutant phenotype by raising isolated lateral line mutants 

in darkness did not change the proportion of hyperinflated larvae (Figure 29). Again, this could be 

due to differences between congenital vs. environmental loss of vision, or the additional reduction 

of non-ocular photoreception that affected the surfacing behavior.  Interestingly, isolated wild type 

larvae raised in darkness exhibited a few cases of hyperinflation. While the cases are mild in 

comparison to lateral line and double mutants, over-inflation is a rare phenomenon in wild type 

fish. By isolating wild type larvae and raising them in darkness and in still water, we rid larvae of 

all water perturbations. A recent preprint offers the hypothesis that decreased water flow correlates 

with an increase in swim bladder volume in larval zebrafish (Lin et al. 2023). These results align 

with this hypothesis, though further studies are necessary to determine if and how water motion 

affects initial swim bladder inflation. 

Chemosensory cues from wild type larvae can encourage initial swim bladder inflation 

With atoh7-/-; lhfpl5b-/- double mutant larvae already being deprived of lateral line and 

visual information, chemosensory and tactile cues from conspecifics remain as potential sources 

of sensory information for use by larvae during surfacing. A recent study showed that mutant 

zebrafish can behave differently when they are raised with isogenic siblings compared to being 

raised with heterozygous and homozygous wild type siblings (Ribeiro et al. 2020). Therefore, to 

determine if chemosensory cues from siblings were responsible for encouraging surfacing, we 
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segregated larvae based on genotype at 2 dpf (Figure 31). Thus, larvae were raised socially, but 

only with conspecifics of identical genetic background, except for “wild type” larvae where there 

was a combination of homozygous wild-type and heterozygous mutant larvae. From this 

experiment, we saw minimal cases of hyperinflation in segregated double mutants, similar to 

proportions exhibited by isolated double mutants. This evidence suggests chemosensory cues from 

wild type larvae are influencing surfacing behaviors in double mutants, and possibly that double 

mutants fail to synthesize or release this chemical cue.  

We specifically tested chemosensory cues by allowing segregated double mutants to inflate 

their swim bladders in water conditioned by wild type larvae (Figure 32). In isogenically-reared 

double mutants subjected to the water exchange, we restore swim bladder over-inflation 

proportions similar to that of lateral line mutants and double mutants that were raised socially with 

siblings of all genetic background. While this result was unexpected, it is not unheard of for larval 

zebrafish to use chemosensory cues to drive behavior, and chemosensory cues specifically affect 

migratory behavior in lamprey larvae (Zielinski et al. 2005; Johnson et al. 2019; Lindsay and Vogt 

2004). A study in larval zebrafish showed evidence for larvae olfactory imprinting only at 6 

dpf(Gerlach et al. 2008), which is after initial swim bladder inflation. However, our experiment 

used water from wild type larvae that were not siblings of the double mutants, so kin distinction is 

irrelevant in this scenario.  

It is interesting that we only see the influence of chemosensation on initial swim bladder 

inflation when larvae lack both lateral line and visual sensory input. Therefore, it seems that atoh7-

/-; lhfpl5b-/- double mutants fail to produce a water-borne chemosensory cue that promotes 

surfacing, but they are still able to respond to this cue when it is supplied by wild type conspecifics. 

A recent preprint showed that lateral line hair cells integrate mechanical and chemical cues for 
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navigation in larval zebrafish (Desban et al. 2022). Since lateral line mutants still retain hair cells, 

it is possible that chemosensation is working directly through lateral line hair cells for surfacing. 

We know that the lateral line is responsible for modulating the social hormone parathyroid 

hormone 2 (pth2) in larval zebrafish (Anneser et al. 2020; Venuto et al. 2022), and it is possible 

that there is sensory integration with visual stimuli in the thalamus that causes downstream effects 

on hormone release (Kappel et al. 2022).  

A variety of chemical stimulants have been linked to zebrafish behavior and locomotion. 

In the study that investigated chemoreceptors in the lateral line, they found that larval zebrafish 

exposed to serotonin (released in the water by injured larvae) increases swimming speeds (Desban 

et al. 2022).  Amino acids have also been shown to increase swimming activity in early larval 

zebrafish (Lindsay & Vogt 2004). Therefore, the chemosensory effect on swim bladder inflation 

exhibited by blind and lateral line double mutants could instead be a general effect on locomotion 

since surfacing involves vertical swimming. To rule this out, it is important to compare locomotive 

behavior of double mutants to wild type larvae, such as time spent actively swimming.  

Surfacing as a multi-sensory behavior integrating vestibular, lateral line, photosensory, and 

chemosensory information 

Overall, this study suggests that chemosensation and non-ocular photosensation can inform 

surfacing behaviors. Since both forms of sensation only exerted significant influence on swim 

bladder inflation in the absence of both visual and lateral line sensory cues, it is unlikely that either 

play extensive roles in initial swim bladder inflation in larval zebrafish. However, in their natural 

environment where obstacles and challenges are more variable, the chemosensory and non-ocular 

photosensory cues could become useful to inform surfacing behaviors. Perhaps these cues are 

subtle modulators of the behavior and can be used as compensatory systems for surfacing 
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behaviors if other sensory systems are unavailable. Alternatively, other fish species may have 

greater use for non-ocular photosensation and chemosensation for initial swim bladder inflation 

due to differences in their habitat, and zebrafish retain the ability to use these systems in unique or 

particularly challenging environmental circumstances. Evolutionary sensory compensation 

dependent on the species’ environment has been studied in fish like Mexican cave fish, where 

multisensory behaviors rely more heavily on the lateral line sensory system due to the absence of 

visual photosensation (Lloyd et al. 2018; Baker and Montgomery 1999).  

Overall, surfacing for initial swim bladder inflation is a complex behavior requiring 

multiple sensory systems. The vestibular system plays a primary role in the vertical climb to the 

surface (Bagnall and Schoppik 2018; Ehrlich and Schoppik 2017; Riley and Moorman 2000; 

Ehrlich and Schoppik 2019). We hypothesize from our results that non-ocular photosensation and 

chemosensation can be added to the list of cues that modulate the upward swimming for initial 

swim bladder inflation. For surface detection, our results do not support the hypothesis that the 

visual system is involved, and instead suggest that the lateral line may be primarily responsible for 

behaviors at the air-water interface (Venuto et al. 2023). The lateral line, photosensory, 

vestibular/auditory, and chemosensory systems all exhibit neural integration in the tectum (Favre-

Bulle et al. 2018; Filosa et al. 2016; Isa et al. 2021; Migault et al. 2018; Jundi et al. 2023; Butler 

and Maruska 2016a). Therefore, while the surfacing behavior can be broken down into multiple 

components, it is perceivable that these sensory systems are working together to paint a picture of 

the larvae’s environment via sensory integration in the tectum to enable surfacing and successful 

swim bladder inflation.



CHAPTER 6: DISCUSSION 

In this dissertation, I investigated multisensory behaviors in early larval zebrafish. To aid 

in this process, I first established a repeated treatment protocol to continuously ablate the rapidly 

proliferating lateral line with neomycin sulfate at 2-5 dpf. Using this technique along with the 

lateral line mutant (lhfpl5b-/-), I confirmed that zebrafish larvae use hydrodynamic information 

from conspecifics to modulate expression of the pro-social hormone pth2, but also found evidence 

that pth2 expression is influenced by additional sensory systems. Finally, I explored the sensory 

basis of initial swim bladder inflation in larval zebrafish. I determined that the lateral line is 

responsible for surface detection during surfacing behaviors to moderate air intake to the swim 

bladder. Finally, I found that non-ocular photosensory cues as well as chemosensory cues play a 

role in initial swim bladder inflation when larval zebrafish are without lateral line and visual cues. 

Overall, this dissertation offers novel findings on the sensory basis for early life behaviors of larval 

zebrafish.  

Repeated ototoxin treatments 

 In Chapter Two of this dissertation, I used repeated neomycin sulfate treatments to 

chemically ablate the lateral line. Neomycin-mediated hair cell ablation has been used in larval 

zebrafish on many occasions. However, only one study used repeated treatments to continuously 

ablate the lateral line over an extended period (Carrillo and McHenry 2016). Additionally, there is 

limited understanding of how the lateral line influences behavior before 5 dpf likely due to the 

lateral line’s rapid cellular expansion between 2-5 dpf in larval zebrafish (Ghysen and Dambly-

Chaudière 2007; Raible and Kruse 2000; Murakami et al. 2003). Despite knowing that cells are 

quickly proliferating at this stage, it was unclear whether repeated neomycin treatments could keep 



124 

up with the rate of proliferation. Also, if repeated treatments were able to continuously disable the 

lateral line, it was unknown if there would be any toxic side effects exhibited by the larvae.  

I tested the hypothesis that repeated neomycin sulfate treatments could inhibit lateral line 

function for multiple days in larval zebrafish. I found that 50 µM neomycin sulfate delivered every 

12 hours was sufficient to continuously ablate lateral line hair cells while avoiding unintended 

toxicity. While higher concentrations or more frequent treatments increased hair cell death, the 

larval deaths associated with these treatments indicated toxic side effects. In my studies 

investigating the effect of a nonfunctional lateral line on pth2 expression, repeated neomycin 

treatments generated a similar decrease in pth2 expression as observed in lateral line mutants. This 

indicates that although cell death was not complete under this treatment regimen, it was enough to 

phenocopy the social cognition of lateral line mutants in terms of pth2 expression. Subsequently, 

when investigating the role of the lateral line in initial swim bladder inflation, I used the same 

treatment timeline to induce swim bladder over-inflation in wild type larvae (a phenotype I 

previously only saw in lateral line mutants). Once again, I was able to phenocopy the lateral line 

mutant using repeated neomycin sulfate treatments, indicating that repeated treatments are 

effective to disable lateral line function and affect behavior in larval zebrafish prior to swim 

bladder inflation. 

Neomycin sulfate is only one form of ototoxin, and it has been shown that even different 

aminoglycosides can produce different effects on hair cell death, regeneration rates, and behavior 

(Han et al. 2020; Mackenzie and Raible 2012; Owens et al. 2009; Newton et al. 2023). It would 

be interesting to repeat this study using other ototoxins like gentamycin or copper sulfate. Other 

studies indicated that the regeneration time following copper sulfate treatments in larval zebrafish 

extends longer than neomycin sulfate treatments (Mackenzie and Raible 2012; Hernández et al., 
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2006). Using this information for my swim bladder experiments, I used 10 µM copper sulfate 

treatments on the morning of 4 dpf after blocking larval zebrafish access to the surface. I found 

that this single copper sulfate treatment at 4 dpf resulted in nearly identical rates of swim bladder 

over-inflation as lateral line mutants. From this study, a single neomycin treatment caused the 

smallest proportion of hyperinflation cases, and a single copper sulfate treatment caused the largest 

proportion of hyperinflation cases, with repeated neomycin treatments roughly in-between. 

Consequently, it appeared that increased treatment intensity resulted in decreased lateral line 

function and caused increased swim bladder hyperinflation. However, treatment efficacy 

determined by hair cell counts would need to be evaluated to confirm this theory. It is likely that a 

similar phenomenon would occur in pth2 expression, where less intense treatments yield greater 

expression than more severe treatments. 

Lateral line-less fish experience a form of isolation 

 In Chapter Three of this dissertation, I test the hypothesis that a nonfunctional lateral line 

decreases expression of the social hormone pth2. In this study, I found that fish with a congenital 

loss of lateral line function express reduced levels of the prosocial hormone pth2. However, 

isolation further reduced pth2 levels in lateral line mutants, suggesting that other sensory systems 

can facilitate pth2 expression in social environments. A recent study reported no effect of 

chemosensory or visual cues on pth2 expression in larval zebrafish with intact lateral line function 

(Anneser et al. 2020). However, in the absence of lateral line sensory cues, other sensory systems 

like vision could gain compensatory influence on pth2 expression based on social context. It is 

perhaps most likely that somatosensory cues from conspecifics are the cause for the residual pth2 

expression that remains in social lateral line mutants compared to isolated larvae. To test this, touch 
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insensitive zebrafish larvae, such as macho mutants, could be used to see if there is any decrease 

in pth2 expression (Ribera and Nüsslein-Volhard 1998).  

In rodents, PTH2 (termed “TIP39”) promotes parental care (Coutellier et al. 2011; Arpad 

Dobolyi, Cservenák, and Young 2018) as well as fear, anxiety, and pain processing (Coutellier and 

Usdin 2011; Dimitrov et al. 2013; Fegley et al., 2008). Specifically, TIP39 mutant mice exhibited 

were more active in displaying defensive burying following provocation compared to wild type 

mice, indicative of increased anxiety (Fegley et al., 2008). Similarly, a recent study found that pth2 

mutant zebrafish exhibit increased startle responses, which is also indicative of heightened anxiety 

(Anneser et al. 2022). As an extension of the startle response test in pth2 mutant zebrafish, prepulse 

inhibition (PPI) tests could be performed. PPI uses a weak stimulus before a stronger startle 

stimulus that suppresses the startle response, and it is an important measure of sensorimotor gating 

mechanisms (Burgess and Granato 2007). 

There is also evidence to suggest that PTH2 (TIP39) activates the oxytocin system for 

maternal care in female rats (Cservenak et al. 2017; Arpad Dobolyi, Cservenák, and Young 2018). 

In zebrafish, the oxytocin system is affected by social isolation (Gemmer et al. 2022; Wee et al. 

2022). A recent study showed that chemosensory cues were most effective in modulating an 

oxytocinergic pathway (OXT), though visual cues also affected the circuit (Wee et al. 2022). 

Additionally, oxytocin receptor knockout zebrafish exhibit decreased shoaling abilities (Gemmer 

et al. 2022). Neither study tested the involvement of the lateral line. Since social cues are often 

multisensory in nature, it is plausible that the lateral line can also modulate oxytocinergic signaling. 

The concept of the lateral line modulating oxytocinergic signaling is especially interesting given 

that a recent preprint showed potential overlap between chemosensory and lateral line systems, 

wherein the lateral line hair cells integrate both stimuli (Desban et al. 2022).  
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Beyond increased startle responses, pth2 mutant zebrafish also exhibit decreased social 

preference and looser shoaling formations compared to wild type zebrafish (Anneser et al. 2022). 

With shoaling being a multisensory behavior that relies heavily on lateral line sensory information, 

it could be interesting to test shoaling capabilities in lhfpl5b-/-; pth2-/- adult zebrafish. I 

hypothesize that zebrafish with the combination of lateral line and pth2 mutations would exhibit 

similar shoaling behaviors to lateral line only mutants. If shoaling is worse in the lateral line/pth2 

mutants than zebrafish with only the lateral line mutation, it could indicate that the small amount 

of pth2 expression remaining in lateral line mutants is sufficient to influence behavior. It could 

also indicate that pth2 may have its own role in social feedback for shoaling purposes separate 

from the lateral line, which would be a novel finding on hormonal input for the shoaling behavior. 

The lateral line’s role in initial swim bladder inflation 

 In Chapter Four of this dissertation, I provide evidence for a novel role for the lateral line 

in initial swim bladder inflation, which is an early behavior critical to fish survival. Along with 

vestibular function, the lateral line is only the second sensory system to be explicitly required for 

surfacing in larval zebrafish. In this study, I found that the lateral line is likely detecting the air-

water interface to mediate air intake to the swim bladder. This finding extends our understanding 

of how fish use the lateral line organ during interactions with the air-water interface. In one of the 

experiments, I use video recordings to show that, prior to over-inflating, lateral line mutants spend 

more time and take more visits to the surface than neutrally buoyant wild type and mutant siblings. 

However, it would be more informative to have high speed video recordings of air intake events. 

This way, it would be possible to measure the number of gulps to correlate it with swim bladder 

size. There may be a threshold amount of air taken in that once passed, the fish becomes positively 

buoyant with no route of return to neutral buoyancy. A more detailed analysis of behaviors at the 
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air-water interface may lend support to the hypothesis that lateral line mutants exhibit specific 

changes in surface interactions during initial swim bladder inflation. 

 This chapter points to surface detection as the lateral line’s responsibility in initial swim 

bladder inflation. However, it remains unclear precisely how the lateral line is detecting the 

surface, and if other sensory systems contribute to surface detection. A proposed future experiment 

to further elucidate the lateral line’s involvement in surface detection would involve the 

lhfpl5b2028:ChR2-EYFP-PA transgenic zebrafish line in combination with the lhfpl5b mutation. 

For example, by using a blue light laser beam strong enough to narrowly illuminate just under the 

surface of the water from the side of the tank, then channelrhodopsin activation in the lateral line 

would only occur near the surface. If lateral line activation specifically at the surface was enough 

to prevent hyperinflation, that would better indicate the lateral line’s role in surface detection 

during initial swim bladder inflation.  

To ensure that head neuromasts are necessary for surface detection, the same experiment 

activating the lateral line via channelrhodopsin could be repeated after ablating head neuromasts 

with copper sulfate. If hyperinflation remained in activated tail neuromasts only, then it would 

demonstrate that head neuromasts are specifically required for the behavior. This would likely 

indicate that the anterior lateral line exhibits a unique sensory processing pathway compared to the 

posterior lateral line during initial swim bladder inflation. Furthermore, select ablation of 

individual head neuromasts in wild type larvae prior to surfacing could clarify which neuromasts 

are necessary for detection of surface breaching during initial inflation. This would be done by 

identifying which subsets of neuromasts when ablated cause swim bladder hyperinflation. For this, 

it would be ideal to have an optogenetic line in hair cells which would allow for highly specific 

ablation of individual lateral line neuromasts. 
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The multisensory surfacing behavior  

 The most important question remaining from Chapter Four is why only half of the lateral 

line mutant population hyperinflates. It is possible that lhfpl5b could play an unrecognized role in 

other tissues beyond the lateral line, perhaps accounting for the mutant hyperinflation phenotype. 

However, I was able to recreate the mutant hyperinflation phenotype by chemically ablating the 

lateral line of wild type larvae. Additionally, I showed that driving expression of lhfpl5a (the inner 

ear ohnolog of lhfpl5b) with an established hair cell promoter that is independent of lhfpl5 (myo6b) 

to restore hair cell function in lateral line mutants rescues the hyperinflation phenotype. If the loss 

of lhfpl5b in other tissues was responsible for the hyperinflation phenotype, then restoring only 

hair cell function would not have rescued swim bladder inflation in mutant larvae. Taken together, 

these results suggest that lhfpl5b does not affect other tissues in a way that causes the hyperinflation 

phenotype to only affect half of the mutant population.  

In Chapter Five, I test the hypothesis that other sensory systems aid in initial swim bladder 

inflation. Since initial swim bladder inflation occurs at just 3-4 dpf, it does not leave much time 

for sensory compensation to occur. However, surfacing is a multisensory behavior involving at 

least vestibular and lateral line sensation, so there may be overlap in additional sensory cues 

utilized for the behavior. In Chapter Five, I conducted the first study on the role photosensory 

information during initial swim bladder inflation in zebrafish, and the first to combine it with loss 

of lateral line sensation.  

Contrary to my hypothesis, I found that ocular photosensory cues do not contribute to 

surfacing behaviors for initial swim bladder inflation in larval zebrafish. However, non-ocular cues 

shifted hyperinflation proportions in blind and lateral line-less zebrafish larvae. The slight increase 

in hyperinflation in the blind/lateral line double mutants raised in darkness, combined with the 
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slight decrease in hyperinflation in double mutants raised in full light are similar to other studies 

conducted in various fish species where inflation rates are higher in photoperiods with increased 

darkness. While zebrafish generally exhibit positive phototaxis, this can change depending on the 

behavior (Chen and Engert 2014; Mueller and Neuhauss 2010). Therefore, increased swim bladder 

inflation in darkness is a relatively unsurprising finding, especially considering that many larval 

fish species exhibit various swim-up behaviors in the dark for predator avoidance and energy 

conservation (Battaglene et al. 1994).  

 Distinct from non-ocular phototaxis during swim-up, visual cues could help larvae identify 

the air-water interface. The lack of a role for visual cues in larval zebrafish emphasizes the 

importance of the lateral line in initial swim bladder inflation for its probable role in surface 

detection. Additionally, visual acuity in 3-4 dpf zebrafish is immature and may not offer useful 

insight to larval fish surroundings (Easter and Nicola 1996; Haug et al. 2010). However, other fish 

species might have more rapid visual development, or a delayed need for swim bladder inflation, 

that allows for use of ocular photosensation during surfacing. Furthermore, other fish species that 

spawn in regions with varying levels of water flow might have greater use for the visual system 

than zebrafish. Rheotaxis is a multisensory behavior largely dependent on lateral line and visual 

sensation, and studies have suggested that water currents impact initial swim bladder inflation 

(Clayton and Summerfelt, 2010; Lin et al., 2023). I found evidence of an influence of water motion 

on initial swim bladder inflation since surface waves deterred hyperinflation in lateral line mutants. 

Further supporting this theory, isolated wild type larvae in darkness devoid of water perturbations 

(socially isolated) exhibited mild cases of swim bladder hyperinflation. 

 However, the lack of an obvious role for visual acuity in larval zebrafish surfacing leaves 

unanswered questions about the hyperinflation phenotype only affecting roughly half of the lateral 



131 

line mutant population. Somatosensory (touch) cues may contribute to surface detection. There are 

three different sources of contact for larval zebrafish in our experimental arenas while surfacing: 

the tank walls, the air, and the water. From the video recordings in Chapter Four, some larvae 

approach the air-water interface near corners or sides of the tank, while others approach it near the 

center of the arena. There did not seem to be a preference for lateral line mutants to breach the 

surface near tank walls or vice versa for wild type larvae, though it was not quantified. The 

increased surface tension at a tank corner could potentially intensify the tactile stimulus of the air-

water interface compared to those surfacing in the middle of the arena. Perhaps surfacing near a 

corner when the larva is reaching a neutral buoyancy threshold keeps some lateral line mutants in 

the neutrally buoyant category instead of reaching swim bladder over-inflation. Video recordings 

to track the number of surface visits near corners/edges versus mid-arena surfacing could be 

correlated to final swim bladder volume of lateral line mutants to test this theory. 

 An alternate hypothesis is that tactile cues are not involved in surface detection and that 

the lateral line is the sole sensory informant of air-water interface breaching. If this is the case, the 

hyperinflation phenotype only affecting half of the population could be due to a failure in 

interceptive feedback. Once again, if neutral buoyancy has a threshold and swim bladder over-

inflation is the result of air intake passing that threshold, then lateral line mutants could be playing 

a guessing game at how much air they are taking in form the surface. The ones that “succeed” and 

become neutrally buoyant may happen to take a break from air intake and swim around enough 

for their vestibular system to catch up and inform them of their own specific gravity status (Bagnall 

and Schoppik 2018; Schoppik et al. 2017). According to this theory, the ones that hyperinflate may 

not realize they have taken in too much air until it is too late. By analyzing video recordings of 

lateral line mutants, I found that, for larvae that ended up hyperinflating, there would be a point 
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during a surfacing trip where body position relative to the surface would become more parallel 

instead of diagonal. After this, the larval fish would struggle to swim down past a few millimeters 

below the surface, indicating positive buoyancy.  

 The concept that vestibular feedback is used during initial swim bladder inflation could 

explain the incomplete penetrance of the swim bladder phenotype in lateral line mutants especially 

because the vestibular system plays a considerable role in surfacing (Riley and Moorman 2000). 

The vestibular system is involved with vertical swimming and gravity detection (Bagnall and 

Schoppik 2018; Ehrlich and Schoppik 2019; Liu et al. 2022). Therefore, feedback from the 

vestibular system upon changing specific gravity from swim bladder inflation could inform the 

fish that neutral buoyancy has been achieved and there is no longer a need for air intake. However, 

if that feedback does not occur before the neutral buoyancy threshold has been passed, the 

vestibular system can no longer assist in achieving neutral buoyancy. Unfortunately, there is no 

obvious way to test this theory since disruption of the vestibular system results in decreased 

surfacing attempts and swim bladder non-inflation.  

Interoception is the ability to sense information about one’s internal organs (Ceunen, 

Vlaeyen, and Van Diest 2016). As humans, we can understand when our lungs are expanding 

because of neurons with stretch activated sensors in the lungs (Kubin et al. 2006; Berntson and 

Khalsa 2021). Lungs are the terrestrial homolog of the swim bladder (Fänge 1983; Longo, Riccio, 

and McCune 2013). Little is known about the interoceptive capacity of fish and their swim bladder, 

though it is though that there are stretch receptors within the organ, similar to lungs .(Finney et al. 

2006; Qutob 1963). It would make sense for fish to have a built-in feedback system from stretch 

receptors surrounding the swim bladder organ to regulate buoyancy. Some fish species can force 

out air from their swim bladder via a mechanism similar to burping (Shrimpton, Randall, and Fidler 
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2011; Smith and Croll 2011). However, there is no evidence to suggest that larval zebrafish can 

expel substantial excess air to regulate swim bladder volume.  

The potential role for chemosensation in initial swim bladder inflation 

Perhaps the most interesting finding from Chapter Five is the potential role for 

chemosensory cues in initial swim bladder inflation in larval zebrafish. Larvae genetically 

deprived of visual and lateral line sensory cues exhibit a significant decrease in hyperinflation 

proportions when raised separately from wild type larvae. The hyperinflation phenotype is fully 

restored when atoh7-/-; lhfpl5b-/- double mutants are raised with wild type siblings, and partially 

restored when segregated atoh7-/-; lhfpl5b-/- double mutants are allowed to inflate their swim 

bladders in water conditioned by non-sibling wild type larvae. It is important to note that kin 

detection is likely not involved with this form of chemosensation, since kin detection is not thought 

to occur in larval zebrafish until after initial swim bladder inflation (Hinz et al. 2013; Gerlach et 

al. 2008). 

The potential involvement of chemosensory cues in initial swim bladder inflation was 

completely unexpected. However, between the vertical swimming aspect and surface detection 

aspect of the surfacing behavior, it is most likely that chemosensory cues play a role in vertical 

swimming towards the surface. While chemosensory cues have not been identified to play a role 

in directional swimming behaviors in larval zebrafish, chemosensory cues have been linked to 

migration in larval lamprey (Zielinski et al. 2005; Johnson et al. 2019). Furthermore, zebrafish are 

behaviorally susceptible to changes to chemosensory cues based on genetic background (Ribeiro 

et al. 2020).  
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Types of chemosensory cues potentially involved in initial swim bladder inflation 

 Zebrafish have demonstrated behavioral changes in response to chemostimulants by 4 dpf, 

which overlaps with surfacing behaviors (Lindsay and Vogt 2004). In this study, they found that 4 

dpf zebrafish exposed to a mixture of 12 amino acids increased their swimming activity and 

swimming speed compared to zebrafish that did not encounter the amino acid mixture. It is possible 

that zebrafish larvae produce amino acids that influence vertical swimming during the surfacing 

behavior. This would imply that blind and lateral line double mutants are unable to produce the 

same amino acid mixture as wild type and lateral line only mutants or blind only mutants.  

Returning to the preprint showing that lateral line hair cells are capable of chemoreceptive 

abilities (Desban et al. 2022), it is possible, given the lateral line’s role in surfacing, that 

chemosensory cues during initial swim bladder inflation are being processed through lateral line 

hair cells. A variety of chemoreceptors were found in lateral line hair cells and can detect a diverse 

set of chemical cues including serotonin, hormones, and amino acids (Desban et al. 2022).They 

also found that serotonin released from injured larvae in the environment of a larval zebrafish 

activates lateral line-mediated swimming bouts (Desban et al. 2022). Despite loss of MET channel 

function, lateral line mutants still have hair cells in all neuromasts, albeit a reduced number. 

Therefore, it may be possible that lateral line mutants retain an ability to receive chemosensory 

information even though lateral line mechanosensation is impossible.  

Ototoxic ablation of the lateral line should remove the capacity for the lateral line to process 

chemosensory information. Interestingly, ototoxic ablations to the lateral line in blind, isolated 

larvae resulted in a decrease in hyperinflation proportions, but not to the same extent as blind and 

lateral line double mutants raised in isolation. This could indicate partial involvement of lateral 

line chemoreceptors in the chemosensory basis for initial swim bladder inflation. However, it is 
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unlikely that lateral line-mediated chemosensation is fully responsible for the swim bladder 

phenotype in blind and lateral line double mutants. 

As previously mentioned, larval zebrafish behaviorally responded to serotonin released by 

injured larvae in the lateral line chemoreceptor study (Desban et al. 2022). Injured fish release 

alarm cues that can alter larval zebrafish behavior (Lucon-Xiccato et al. 2020; Quadros et al. 2019). 

One study showed that larval zebrafish exhibit a decrease in activity upon exposure to alarm cues 

(Quadros et al. 2019). Considering that larvae remain unharmed during surfacing behaviors, it is 

unlikely that alarm cues accounted for the changes in swim bladder inflation in blind and lateral 

line double mutants. However, alarm cues contain a mixture of substances (Chivers et al. 2016), 

like serotonin, so it is possible that one or more of the substances involved in alarm cues was 

released and recognized by larval zebrafish in my swim bladder studies.  

Serotonergic neuroepithelial cells are also found along the skin of zebrafish and are 

sensitive to oxygen (Coccimiglio and Jonz 2012). Perhaps surface breaching and access to air 

activates these oxygen receptor cells during initial swim bladder inflation in larval zebrafish. The 

trigger of these oxygen receptor cells could cause a release of serotonin and potentially moderate 

surfacing behaviors. Since serotonin was influential in lateral line chemoreception as well as 

oxygen-sensitive neuroepithelial cells, it may be worthwhile to investigate the effect of serotonin 

on initial swim bladder inflation by adding serotonin to the water of surfacing larval zebrafish. 

Oxytocin is another neuropeptide that is heavily associated with social behaviors and 

chemosensory cues in zebrafish (Landin et al. 2020; Zimmermann et al. 2016). Oxytocin signaling 

has been identified as a stress indicator in adult zebrafish (Chuang et al. 2021). In larval zebrafish, 

a shift in behavior occurs in oxytocin receptor mutant zebrafish when they are raised isogenically 

versus heterogenically (Ribeiro et al. 2020). Additionally, social isolation affects appetite and 
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social avoidance in larval zebrafish, as kin-derived cues modulate an oxytocinergic circuit (Wee et 

al. 2022). Therefore, it is possible that the chemical cue from wild type conspecifics influencing 

initial swim bladder inflation in blind and lateral line double mutants involves oxytocin.  

Alternatively, it is possible that the mystery chemical produced does not play a role in 

initial swim bladder inflation, and instead affects overall locomotor activity that happens to impact 

surfacing behaviors. Furthermore, it is possible that there are several chemicals that have similar 

stimulatory effects on locomotion, which could come from sources other than conspecifics. In the 

wild, a chemical from conspecifics is likely to be more dispersed than it is in a lab setting, and it 

would be mixed with chemosensory cues from other fish species or vegetation. However, if the 

mystery chemical cue has a general effect on locomotion, then a variety of sources could be 

influencing the surfacing behavior. Regardless of its potential involvement in initial swim bladder 

inflation, it is interesting that loss of visual and lateral line cues alters the release of chemical cues 

in larval zebrafish. This potentially indicates a pathway wherein visual and lateral line sensation 

work together to generate chemical cues. What is clear from this study is that further investigation 

is necessary into the locomotor behaviors of blind and lateral line double mutants, as well as the 

effect of photosensory and hydrosensory deprivation on sensitivity to chemical cues. 

Sensory integration in the zebrafish brain 

When we look to the zebrafish brain for potential regions of overlap for multisensory 

behaviors like surfacing, there are a few key sensory integration centers. Visual and olfactory 

information can be integrated in the retina by the olfacto-retinal centrifugal pathway (ORC) that 

goes from the terminalis nerve in the olfactory bulb to the retina (Wang et al. 2011; Li 2019). In 

this pathway, olfactory stimulation increases visual sensitivity in some behavioral contexts 

(Maaswinkel and Li 2003; Li and Dowling 2000). If the chemosensory cues from wild type larvae 
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worked through a similar pathway enhancing vision, I would not expect double mutants lacking 

vision and lateral line sensation to be affected, since there is no visual system to enhance. Instead, 

I would have expected to see a shift in lateral line only mutants in response to olfactory cues since 

vision was available to use for possible surface detection. Therefore, it is unlikely that olfactory 

sensory integration in the surfacing behavior in larval zebrafish is working through the ORC 

pathway. 

As for higher processing centers in the zebrafish brain, the thalamus receives input from 

the visual, lateral line, and vestibular systems (Anneser et al. 2020, Kappel et al. 2022; Favre-Bulle 

et al. 2018; Migault et al. 2018). However, there is currently no evidence for chemosensory 

integration in the zebrafish thalamus. Most chemosensory information involves the olfactory bulb 

and/or the hypothalamus (Kermen et al. 2013; Gerlach and Wullimann 2021). However, the tectum 

is a brain region with known sensory integration from photosensory, mechanosensory, and 

chemosensory systems (Favre-Bulle et al. 2018; Filosa et al. 2016; Isa et al. 2021; Migault et al. 

2018; Thompson et al. 2016). The tectum is a large brain region found in the larval zebrafish 

midbrain. It is mainly known for driving visually-guided behaviors in fish (Ingle 1973). However, 

the swim-up and surface detection aspects of initial swim bladder inflation combined with 

vestibular, lateral line, photosensory and chemosensory modulation make the tectum a main 

candidate for involvement in surfacing behaviors despite the behavior lacking obvious 

involvement of visual sensation. Since the lateral line and vestibular systems seem to be the 

primary sensory cues necessary for initial swim bladder inflation, it is possible that much of the 

relevant sensory processing occurs in regions like the thalamus despite not having chemosensory 

inputs. Extensive further studies are necessary to elucidate central processing regions for sensory 

integration during the surfacing behavior in larval zebrafish. 
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I studied both pth2 expression and initial swim bladder inflation in the context of congenital 

sensory deprivation. Congenital sensory deprivation can have long-term effects on neural circuits 

as well as evolutionary changes that span generations (Chapman et al. 2010; Grubb and Thompson 

2004; Pittman et al. 2013). For example, blind cavefish have developed greater reliance on the 

lateral line during prey capture than seeing cavefish (Lloyd et al. 2018). While many of the findings 

from congenital mutants were supported by additional experiments using environmental or 

chemical sensory deprivation, it is possible that lateral line-less fish would adapt and experience 

sensory compensation over time. Therefore, juvenile and adult lateral line mutants may rely more 

heavily on visual cues during multisensory behaviors like rheotaxis. We also do not understand 

how lack of a functional lateral line or visual system from birth might change the development of 

neural circuits.  

Significance to the field and beyond  

 Chapter Two broadens our understanding of early lateral line proliferation and regeneration 

and offers a useful repeated ototoxic treatment tool to continuously disable the lateral line at young 

larval stages. Chapter Three elucidates a role for the lateral line in social detection and 

neuromodulation while providing a tool to track pth2 dynamics in vivo. Chapter Four provides 

fundamental sensory context for the critical surfacing behavior to achieve neutral buoyancy. It also 

indicates a novel role for the lateral line in surface detection during initial swim bladder inflation. 

Finally, Chapter Five offers insight into the multisensory context of the surfacing behavior, 

surprisingly implicating non-ocular photosensory and chemosensory cues for roles in initial swim 

bladder inflation.  

 Ototoxins include a vast array of chemicals, including heavy metals and aminoglycosides. 

Some of these ototoxins could be prevalent in runoff to streams, rivers, and oceans and negatively 
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impact lateral line function (Young et al. 2018). My studies show that even partial disablement of 

the lateral line can significantly impact behavior and even fish survival, since swim bladder 

hyperinflation leads to death. Therefore, it is important that we monitor the use of metals and 

collection of waste to limit potential impact on fish sensory capabilities.  

Initial swim bladder inflation is also a major issue in the aquaculture industry (Woolley and 

Qin 2010). Most of the studies surrounding initial swim bladder inflation are conducted to improve 

fish farming of specific species. Beyond understanding that certain metals or chemicals used in 

fish farming facilities could negatively impact lateral line function, it is also helpful to have better 

insight into the behavior to provide adequate resources and enable successful surfacing. For 

example, one of my experiments used oil to decrease the surface tension of the air-water interface, 

which caused hyperinflation in wild type larvae. Surface oils are very prevalent in fish farming 

conditions, and the awareness that excess oils could cause hyperinflation issues can help people in 

the industry to avoid the issue by clearing excess oil on the surface in advance of initial swim 

bladder inflation  (Friedmann and Shutty 1999; Honryo et al. 2016; Kurata et al. 2012).  

The potential roles for non-ocular photosensory and chemosensory cues displayed in larval 

zebrafish during initial swim bladder inflation may be of greater importance in other fish species. 

We see that fish can adapt their reliance on different types of sensory cues depending on their 

environment. It is possible that chemosensory and non-ocular photosensory cues are an 

evolutionarily conserved feature for sensory use in surfacing behaviors. Beyond zebrafish, other 

species might have robust needs chemosensory and photosensory systems as well as visual/lateral 

line integration for rheotactic capacity for larvae to achieve neutral buoyancy. Using zebrafish as 

a model organism to better understand the sensory basis and neural underpinning of the surfacing 

behavior is useful to our general understanding of initial swim bladder inflation. Overall, I provide 
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necessary framework for further understanding of the surfacing behavior for initial swim bladder 

inflation. Yet, surfacing remains an understudied phenomenon in many species, and this critical 

and complex behavior should continue to be investigated by researchers in fields that include 

neurobiology, behavioral ecology, and fisheries.
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APPENDIX A: ANIMAL USE PROTOCOL APPROVAL LETTER 
 



APPENDIX B: SUPPLEMENTAL FIGURE 1 
 

 
Supplemental Figure 1: Representative confocal images of O2 neuromasts at imaging 
timepoints I1-I4 in the 0 and 50 µM neomycin treatment groups. The Tg(myo6b:EGFP-
pA)vo68Tg line is green and FM 4-64 is magenta in the merge of the two channels in the third 
column. Scale bar = 5 µm for all images. 



 
APPENDIX C: SUPPLEMENTAL FIGURE 2 

 

 
Supplemental Figure 2: Box plot of total hair cell counts (GFP-positive) from individual 
neuromasts L1, MI1, and O2 at each imaging timepoint in the 12-hour treatment timeline. 



APPENDIX D: SUPPLEMENTAL FIGURE 3 
 

 
Supplemental Figure 3: Vital dye staining of lateral line neuromasts in control and neomycin-

treated larvae. Representative 3 dpf larvae from control (A) and neomycin-treated (B) groups 

stained with DASPEI three hours following a 30-minute treatment with either 0 µM or 50 µM 

neomycin. Note the near absence of punctate neuromast staining in B, indicating successful 

ablation of the lateral line hair cells. Scale bar = 200 µm. 



APPENDIX E: SUPPLEMENTAL FIGURE 4 
 

 
Supplemental Figure 4: Boxplots of qPCR results showing pth2 expression in socially-raised hair 

cell mutants and wild type siblings at 4 dpf.  Ten larval heads were pooled per condition to make 

one biological replicate, and three biological replicates were used to generate the data. Two 

technical replicates of the qPCR experiment were conducted per biological replicate and averaged. 

A one-tailed Welch’s t-test was used to assess significance, * = p < 0.05, ** = p < 0.01. 



APPENDIX F: SUPPLEMENTAL FIGURE 5 
 

 
Supplemental Figure 5: Tg(pth2:EGFP)unb2 and Tg(pth2:TagRFP)unb3 transgenes exhibit 

similar morphology and number of cells. (A-B) Representative images of socially-reared 4 dpf 

larva possessing either the A) Tg(pth2:EGFP)unb2 transgene (green) or B) Tg(pth2:TagRFP)unb3 

transgene (magenta). (C) Boxplot of GFP and RFP cell counts (n = 15 larvae per condition). Scale 

bar is 50 µm. A two-tailed Welch’s t-test was used to assess significance, ns = not significant. 



APPENDIX G: SUPPLEMENTAL FIGURE 6 
 

 
Supplemental Figure 6: Increasing the isolation period from 48 to 72 hours does not affect the 

number of GFP-positive cells in pth2:GFP transgenics. (A-B) Representative images of 4 dpf 

Tg(pth2:EGFP)unb2 larva raised in isolation for A) 48 hours or B) 72 hours. (C) Boxplots of GFP-

positive cell counts for Tg(pth2:EGFP) larvae raised in isolation for 48 or 72 hours (n = 10 per 

condition). Scale bar is 50 µm. A two-tailed Welch’s t-test was used to assess significance, ns = 

not significant. 



APPENDIX H: SUPPLEMENTAL FIGURE 7 
 

 
Supplemental Figure 7: Buoyancy proportions of larvae raised in total darkness. Percentage of 

larvae that exhibit swim bladder under, regular, and over-inflation raised in either a 14:10 

light/dark cycle (L/D) or total darkness (D/D). A Chi-Squared Test was used to assess 

significance. Both Wild Type L/D and Wild Type D/D over-inflation proportions: M = 0.0%, SD 

= 0.0%, n = 32.  lhfpl5b-/- L/D over-inflation proportion: M = 57.5%, SD = 6.6%, n = 30. lhfpl5b-

/- D/D over-inflation proportion: M = 52.4%, SD = 4.1%, n = 30. 



APPENDIX I: SUPPLEMENTAL FIGURE 8 
 

 

Supplemental Figure 8: Ototoxic ablations of the lateral line. A) Percentage of larvae that exhibit 

swim bladder under, regular, and over-inflation. A Chi-Squared Test was used to assess 

significance. B) Swim bladder volume (mm3) in 5 dpf larvae. A One-Way ANOVA was used to 

determine significance. **** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, ns = no significance. 



APPENDIX J: SUPPLEMENTAL FIGURE 9 

 

 
Supplemental Figure 9: Anterior and posterior-specific lateral line ablations with CuSO4. A) 

Representative images of live Tg(myo6b:EGFP-pA)vo68 transgenics at 4 dpf, two hours after 

CuSO4 treatment. This transgene labels hair cells of the lateral line and inner ear (indicated by 

white brackets on the Control image), and treatment only affects lateral line hair cells so inner ear 

expression remains post-treatment. Scale bars = 0.2 mm. B) Representative images from untreated 

Control and CuSO4-treated L1 neuromasts. Scale bars = 5 uM. 



 

APPENDIX K: SUPPLEMENTAL FIGURE 10 

 
Supplemental Figure 10: Channelrhodopsin-2 (ChR2) expression in Tg(lhfpl5b2028:ChR2-

EYFP-pA) transgenics. A) Images of ChR2-YFP in hair cells in a 2 dpf neuromast, utricle, and 

crista where fluorescence expression is only seen in the neuromasts of the lateral line. First panel 

is YFP only (false-colored green) and second panel is merge of YFP and DIC. Scale bars = 10 uM. 

B) Swim bladder volume (mm3) of 6 dpf larvae from experimental condition (blue light overhead). 

A One-Way ANOVA was used to determine significance. ** = p < 0.00724, ns = no significance. 

C) Percentages and box plots of experiment in Figure 22 to show inflation categories. D) 

Percentages and box plots of experiment in Supplemental Figure 10B to show inflation categories.



APPENDIX L: SUPPLEMENTAL FIGURE 11 

 

Supplemental Figure 11: Rocking waters decreases swim bladder hyperinflation in lateral line 

mutants (lhfpl5b-/-). A) Percentage of larvae that exhibit swim bladder under, regular, and over-

inflation in wild type and lateral line mutants in shaking or stagnant water conditions. A Chi-

Squared Test was used to determine significance. B) Swim bladder volume (mm3) of larvae at 6 

dpf in wild type and lateral line mutants in shaking or stagnant water conditions. A Two-Way 

ANOVA was used to determine significance. ** = p < 0.01, ns = not significant. 



APPENDIX M: SUPPLEMENTAL FIGURE 12 

 

Supplemental Figure 12: Surface waves decrease swim bladder hyperinflation in lateral line 

mutants (lhfpl5b-/-). A) Percentage of larvae that exhibit swim bladder under, regular, and over-

inflation in wild type and lateral line mutants in fanned or stagnant water conditions. A Chi-

Squared Test was used to determine significance. B) Swim bladder volume (mm3) of larvae at 6 

dpf in wild type and lateral line mutants in fanned or stagnant water conditions. A Two-Way 

ANOVA was used to determine significance. **** = p < 0.0001, ns = not significant.  



 


