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The vestibular system of the inner ear provides information about head motion and spatial orientation relative to gravity to ensure gaze stability, balance, and postural control. Zebrafish, like humans, have five sensory patches per ear that serve as peripheral vestibular organs, with the addition of the lagena and macula neglecta. The zebrafish inner ear can be easily studied due to its accessible location, the transparent tissue of larval fish, and the early development of vestibular behaviors. Thus, zebrafish are an excellent model for studying the development, physiology, and function of the vestibular system. Recent work has made great strides to elucidate vestibular neural circuitry in fish, tracing sensory transmission from receptors in the periphery to central computational circuits driving vestibular reflexes. Here we highlight recent work that illuminates the functional organization of vestibular sensory epithelia, innervating first-order afferent neurons, and second-order neuronal targets in the hindbrain. Using a combination of genetic, anatomical, electrophysiological, and optical techniques, these studies have probed the roles of vestibular sensory signals in fish gaze, postural, and swimming behaviors. We discuss remaining questions in vestibular development and organization that are tractable in the zebrafish model.
Keywords: zebrafish, vestibular, inner ear, statoacoustic ganglion, vestibular reflex
INTRODUCTION
The peripheral vestibular organs sense head acceleration through space and tilt with respect to gravity. Signals carrying information about linear and rotational head motions are integrated into postural, autonomic, and ocular reflexes necessary for maintaining posture, orientation, and a stable visual world. The need to detect motion through space, the features of the inner ear structures that sense motion, and fundamental vestibular neural circuitry that encodes sensory information is conserved across species, from fish to birds to mice to humans. Vestibular dysfunction is common in humans, increases with age, and is a major contributor to falls and resulting morbidity (Agrawal et al., 2009).
Comprehensive dissection of vestibular neural circuitry is difficult due to many different challenges. The inner ear tissues are delicate, complex in their organization, and difficult to access within the confines of the temporal bone in many mature animals. Hair cells, the sensory receptors that convert motion into neural signals, are susceptible to injury and do not regenerate in mammals. Vestibular sensory inputs have high dimensionality; organisms move in three dimensions in linear space in addition to undergoing angular accelerations. These complex inputs are integrated through a multitude of sensory, motor, and cognitive computations, the dissection of which becomes difficult in more physiologically complex animal models (i.e., increased number of limbs, upright postural reflexes, etc.). As such, vestibular physiology and circuits in the periphery, central nuclei, and forebrain integration, as well as contributions to cognitive functions such as memory and spatial awareness, are poorly understood and understudied.
Zebrafish, as a model organism, have unique features that circumvent these challenges. First, zebrafish are transparent as larvae and develop quickly. Zebrafish inner ears develop soon after fertilization; hair cells form at 24 h post fertilization (hpf) and the vestibular and auditory systems are functional at 5 days post fertilization (dpf) (Hussain et al., 2022). This quick developmental timeline allows for direct anatomical, electrophysiological, and optical research into the ear (Bagnall and Schoppik, 2018; Hussain et al., 2022). Second, zebrafish are genetically accessible, which allows for the generation of mutants that label or perturb specific structures in the ear, vestibular nerve, or nuclei that can result in observable vestibular phenotypes. Relatedly, and third, zebrafish have a simple anatomy where the development of swimming and natural balancing behaviors can be observed. Thus, as technologies and tools have progressed, research in vestibular circuitry in zebrafish has advanced significantly in recent years. In this review, we will describe the anatomy and physiology of the zebrafish inner ear and highlight recent published work that illuminates functional vestibular circuits at the level of first- and second-order vestibular neurons.
Inner ear morphology in zebrafish
The zebrafish inner ear contains vestibular end organs that also serve in hearing (Figure 1A). In teleost fishes, as in other vertebrates, the vestibular organs are divided into a gravity receptor system and an angular acceleration receptor system. The gravity receptor system detects linear acceleration, and consists of utricular, saccular, and lagenar sensory epithelia (also known as maculae) (Platt, 1993; Moorman, 2001) (Figure 1A). In teleost fishes, each macula has a corresponding otolith, a calcium carbonate stone that deflects mechanosensitive hair cells in response to movement from inertial forces, and are thus called the otolith organs (Figure 1B). The angular acceleration system consists of three orthogonal semicircular ducts, each with an ampulla containing a sensory epithelium (known as a crista) where hair cells are stimulated via endolymph flow (Platt, 1993; Moorman, 2001) (Figure 1B). Hair cells in the end organs are innervated by first-order vestibular afferent neurons, known as statoacoustic ganglion (SAG) neurons. These bipolar neurons make up the VIII cranial nerve and carry information to various nuclei in the rhombomeres of the hindbrain (Andermann et al., 2002; Whitfield et al., 2002) (Figure 1A). Thus, the main components of the zebrafish vestibular inner ear are comparable to other model animal systems (Platt and Popper, 1981; Moorman, 2001; Bever and Fekete, 2002; Ladich and Schulz-Mirbach, 2016; Jiang et al., 2017).
[image: Figure 1]FIGURE 1 | Schematic of the zebrafish inner ear. (A) Top panel includes side and top-down views that demonstrate relative location of the zebrafish inner ear posterior to the eye. The ear is innervated by the statoacoustic ganglion (SAG), which synapses on vestibular nuclei (VN) in the hindbrain. The bottom panel shows the relative positioning of the utricle (U), saccule (S) and lagena (L) otolith maculae, and the anterior (AC), posterior (PC), and lateral (LC) cristae, as well as the macula neglecta (MN) within the inner ear (Platt, 1993; Schoppik et al., 2017). (B) Diagrams of the sensory epithelia show the position of the striola (S, blue) and extrastriola (ES) zones in the utricle, saccule, and lagena. Top, end organs in the horizontal plane; Bottom end organs in the saggital plane. Arrow heads indicate the general polarity of the hair cells in the epithelia, which change direction along the line of polarity reversal (LPR, dashed black line) in the otolith maculae (Platt, 1993; Liu et al., 2022; Shi et al., 2023). There is no LPR in the cristae or macula neglecta. Inset: A patch of tissue taken from the striola in the utricle along the LPR that includes hair cells that would have opposite polarities (Platt, 1993). Hair cells in the lateral utricle express emx2, which triggers changes in polarities during hair cell development (Jiang et al., 2017). (C) A schematic showing a top-down view of the inner ear and SAG. The utricle, anterior and lateral cristae are innervated by the anterior compartment of the SAG (aSAG): the striolar zone (blue) of the utricle is innervated by SAG neurons whose cell bodies reside in the interior of the aSAG (blue circle) (Liu et al., 2022). The topography of the polarities of the hair cells in the utricle is preserved in the SAG (arrows): e.g., caudally located SAG neurons have caudal directional tuning informed by hair cells with caudal polarities (white arrows) (Tanimoto et al., 2022). The saccule, posterior cristae, and possibly the lagena are innervated by the posterior compartment of the SAG (pSAG); the organization of the pSAG is unknown. It is unknown which compartment innervates the macula neglecta.
The sensory epithelia and afferent neurons of the zebrafish inner ear arise from the otic placode, an ectodermal thickening, which is converted into the mature organs (Torres and Giráldez, 1998; Alsina and Whitfield, 2017). Evidence indicates asymmetrical and asynchronous development of the otolith organs, suggesting independent regulation. The utricle and the saccule are the first sensory epithelia to develop, along with neuroblasts that form the neurons of the SAG (Haddon and Lewis, 1996). The utricle begins to develop hair cells at 27 hpf while hair cells in the saccule develop as late as 34 hpf. One possible cause is the asynchronous regulation of two atonal homologs, atoh1a and atoh1b, that encode for conserved bHLH transcription factors necessary for hair cell development (Millimaki et al., 2007; Sapède and Pujades, 2010). There is evidence indicating that the development of the saccule may also be influenced by Hedgehog (Hh) signaling upstream of atoh1b (Hammond et al., 2003; Sapède and Pujades, 2010), a signaling factor known to regulate cochlear development in mammals (Riccomagno et al., 2002). For an in-depth review on the development of the zebrafish inner ear, see Abbas and Whitfield, 2010.
The development of the zebrafish inner ear is well documented and follows a stereotyped timeline (Haddon and Lewis, 1996; Bang et al., 2001; Bever and Fekete, 2002; Higgs et al., 2003). While the utricle and saccule sensory maculae and associated otoliths are established during the second day of development, sensory epithelia of the cristae begin formation at 3 dpf and the lagena and associated otolith by 15–17 dpf. An additional sensory patch, the macula neglecta, is apparent by 17 dpf at a location between the utricle and saccule. Like the cristae, the macula neglecta has no associated otolith. Structural aspects of the inner ear also continue to mature over the larval and juvenile stages. The dorsal or upper part of the ear (pars superior), consisting of semicircular canals and utricle, is formed first, with the basic configuration apparent by 5 dpf. The ventral or lower part of the ear (pars inferior) develops later, with the saccular pouch beginning to protrude at 5 dpf and laginar pouch at 17 dpf. By the end of the juvenile stage, at 30 dpf, the ear has reached its adult configuration. However, the ear will continue to grow five times its size during adulthood, with a ten-fold increase in hair cell number in each sensory patch (Bang et al., 2001). How functional integrity is maintained during growth is currently unknown.
The semicircular canals are major vestibular sensors in adult animals (Riley and Moorman, 2000; Ladich and Schulz-Mirbach, 2016; Bagnall and Schoppik, 2018). The cristae of the semicircular canals are largely conserved across fishes, making them the most strongly conserved sensory epithelia (Ladich and Schulz-Mirbach, 2016). During head rotations, a gelatinous structure within the ampulla known as the cupula is deformed by endolymph flow during motion, deflecting hair cells in the cristae. However, at larval stages (5–7 dpf), semicircular canals are too small to sense motion (Beck et al., 2004; Lambert et al., 2008). Semicircular canals may not be functional until past 30 dpf when the canals are sufficiently large enough for inertial forces to induce endolymph flow (Bever and Fekete, 2002; Beck et al., 2004). The delay in semicircular development implicates the utricle as the main vestibular organ in larval zebrafish, especially during crucial periods for behavioral development (Riley and Moorman, 2000; Bagnall and Schoppik, 2018).
The utricle shows minimal variation in shape and orientation across fish and other vertebrates (Platt and Popper, 1981; Ladich and Schulz-Mirbach, 2016). In addition to being the first epithelium to develop, it is also vital for larval survival (Riley and Moorman, 2000). Bilateral utricle deficient mutants will die by 16 dpf; preservation of the utricle on one side significantly improves survival rates while bilateral saccular deficient mutants do not experience decreased survival (Riley and Moorman, 2000). In larval and adult zebrafish, the utricle is essential for detecting gravity. When a utricle is disrupted via genetic manipulation or physical ablation, fish fail to detect gravity, leading to a loss of gaze compensation and altered balance (Riley and Moorman, 2000; Kwak et al., 2006; Mo et al., 2010). Mutants swam in circles, roll, or spiral, and could not balance upright. However, there is evidence to suggest that vestibular circuits remain plastic after early development: mutant zebrafish lacking a functional otegelin allele (otog −/− mutants) have delayed utricular otolith development until around 14 dpf, well after initial development of vestibular circuits, but still learn to balance and swim normally relative to gravity (Bagnall and McLean, 2014; Roberts et al., 2017). Given the function of the utricle as the main vestibular organ in larval and adult zebrafish, much research on vestibular function and development has focused on this organ (ex., Favre-Bulle et al., 2017; Liu et al., 2020; Jia and Bagnall., 2022; Liu et al., 2022; Tanimoto et al., 2022).
Although all three maculae are involved in sound detection (Yao et al., 2016; Privat et al., 2019; Favre-Bulle et al., 2020), the saccule has been implicated as the main hearing organ in zebrafish (Schuck and Smith, 2009; Breitzler et al., 2020). At larval stages, the saccule responds primarily to auditory stimuli, possibly due to the large size of its otolith (Inoue et al., 2013; Yao et al., 2016; Lara et al., 2022). Studies done in the goldfish indicate that the saccule has tonotopic organization, where caudal to rostral regions are sensitive to low to high frequencies, respectively (Smith et al., 2011). Given the similarities between goldfish and zebrafish otolith organs (Platt, 1993), an analogous organization is possible in zebrafish. Some studies have shown that noise overexposure of specific tones results in hair cell damage at defined regions of zebrafish saccule, consistent with tonotopic organization (Schuck and Smith, 2009; Breitzler et al., 2020; Han et al., 2022). Many fishes are also thought to use the lagena as part of their auditory system (Ladich and Schulz-Mirbach, 2016), although zebrafish lagenar hair cells do not begin to develop until 15 dpf, well after hearing onset (Bever and Fekete, 2002). In sharks the macula neglecta is thought to respond to sound vibration (Fay et al., 1974), but has not been implicated in teleost fishes. The relative contributions of each zebrafish end organ to both vestibular and auditory senses remain unresolved.
Vestibular hair cells
Hair cells are the mechanoreceptors that capture sound in the cochlea, head movements in the vestibular organs, and water movements in the fish lateral line. These stimuli are detected through deflection of an apical hair bundle. The hair bundle is a brush of actin-based stereocilia aligned in rows of graded heights, with tallest rows adjacent to a primary microtubule-based cilium known as the kinocilium (Figure 1B insert). This asymmetric morphology enables hair cells to respond to mechanical stimuli in a directional manner. When the bundle is deflected in the direction of the kinocilium, extracellular links between rows of stereocilia open mechanosensitive channels at stereocilia tips. Both proper morphology and orientation of hair bundles within sensory organs are critical for organ function. For in-depth reviews of zebrafish hair cells and associated methods, in both inner ear and lateral line, see Abbas and Whitfield, 2010, Nicolson, 2017, Pickett and Raible, 2019 and Hussain et al., 2022.
The orientation of the hair bundles dictates the direction selectivity, or polarity, of the hair cell (Figure 1B). Within the maculae, hair cells near each other tend to have similar direction selectivity relative to those further away (Liu et al., 2022). The general orientation of hair bundles changes across the line of polarity reversal (LPR), where adjacent hair cells have opposite polarity (Figure 1B). When one side of the macula is deflected in its preferred direction, those hair cells are depolarized while hair cells on the opposite side of the LPR are hyperpolarized. In the utricle the LPR lies toward the lateral edge, while in the saccule and lagena it is located medially (Platt, 1993) (Figure 1B). In the utricle and the lagena the direction of hair cell sensitivity faces the LPR, while in the saccule the orientation face away (Figure 1B). Therefore, the lateral edge of the utricle has the same polarity as the medial saccule. In the cristae and macula neglecta, the hair cells have uniform directional orientation and therefore no LPR, but the epithelia are oriented in different directions (Figure 1B). Opposite directional selectivity allows the sensory epithelia to detect stimuli in different directions.
Polarity reversal in hair cells is crucial for the detection of motion in opposite directions within a macula. Differences in polarity has been shown to depend on the expression of the conserved homeobox transcription factor Emx2 in hair cells (Figure 1B inset). Emx2 is found in a subset of hair cells at the lateral edge of the utricle and the medial side of the saccule and is necessary for the differences in polarity in the hair cells in these regions (Jiang et al., 2017; Kindt et al., 2021). Jiang et al., 2017 showed that mutation of zebrafish emx2 resulted in absence of polarity reversal in utricle, saccule, and lateral line. Emx2 mutant fish had utricles with no LPR and all hair cells oriented in one direction, which was also observed in mice and chicks. Ectopic expression of emx2 in all hair cells under a cell-specific promoter also resulted in loss of the LPR but exhibited polarities in the opposite direction compared to loss-of-function mutants. Hair cells subsequently only responded to stimulation in one direction. These mutant larval fish also displayed abnormal swimming behaviors before dying. Thus, differences in polarity reversal are also necessary for normal swimming behaviors and survival. Elegant follow-up studies subsequently demonstrated that the polarization of Emx2 also polarized distribution of a G-protein-coupled receptor, GPR156-Gαi, which triggered reversal in hair cell orientation in zebrafish lateral line and in mouse vestibular and auditory organs (Kindt et al., 2021). Thus, molecular mechanisms that trigger polarity reversal are evolutionarily conserved and necessary for normal vestibular function.
In addition to their directional selectivity, hair cells can also be characterized as either striolar or extrastriolar based on their spatial location within the maculae (Figure 1B). The striolar and extrastriolar regions are anatomically defined landmarks that coincide with differences in hair cell morphology and afferent innervation. In mice, monkeys, and frogs, striolar hair cells are often Type I gourd-shaped hair cells that are innervated by cup-like calyx afferent endings. Extrastriolar hair cells are often Type II hair cells, which are cylindrical in shape and have bouton afferents, although some Type I cells are also found in the periphery (Fernandez and Goldberg, 1976; Baird and Lewis, 1986; Songer and Eatock, 2013). Fish do not have morphologically distinct Type I hair cells as seen in amniotes, although enlarged quasi-calyx afferent endings has been observed in goldfish cristae (Lanford and Popper, 1996). Thus, zebrafish inner ear afferents are often described as Type II-like in their morphology (Liu et al., 2022). However as discussed below, zebrafish hair cells share no clear molecular similarity with either mammalian Type I or Type II hair cells. Additional morphological, genetic, and functional studies are needed to define distinct populations of hair cells in zebrafish maculae.
In zebrafish, striolar hair cells can be characterized by the relative length of the kinocilium to the tallest stereocilia (Platt, 1993). In the adult zebrafish utricle, striolar hair cells have kinocilia and stereocilia lengths approximately 5 μm whereas extrastriolar hair cells have longer kinocilia (6–8 μm) and shorter stereocilia (2-3 μm) (Platt, 1993; Liu et al., 2022). Utricular striolar hair cells straddle the LPR while extrastriolar hair cells populate the rest of the maculae (Liu et al., 2022) (Figure 1B). In rodents, utricular hair cells develop in a spatiotemporal sequence, radiating from the striola out to the periphery (Burns et al., 2012; Jiang et al., 2017; Warchol et al., 2019). Liu et al., 2022 demonstrated that in the zebrafish, too, centrally located striolar hair cells were the most mature, as shown by longer kinocilium, greater number of synaptic ribbons, and myelinated afferents, while peripherally located extrastriolar hair cells were the most immature. The morphological and developmental characteristics of hair cells in the otolith maculae in zebrafish therefore depend on spatial location in the epithelia.
Hair cells in the adult and juvenile inner ear display diverse biophysical properties that contribute to sensory transduction (Haden et al., 2013; Olt et al., 2014). When investigated via whole-cell patch clamp electrophysiology, macular hair cells from juvenile and adult zebrafish display multiple currents that changed in expression over the course of development. In the adult lagena and saccule, striolar hair cells had different biophysical profiles from those in the extrastriola: striolar hair cells were reported to have primarily multiple voltage-gated potassium currents while extrastriolar hair cells expressed calcium-activated potassium currents, hyperpolarization-activated cyclic nucleotide-gated currents, and voltage-gated calcium currents in addition to voltage-gated potassium currents (Olt et al., 2014). The saccular extrastriolar hair cell electrophysiology is purportedly similar to that of mouse Type II vestibular hair cells, but without inward sodium currents (Eatock et al., 1998). The saccular striolar hair cell profile is likened to immature mouse cochlear inner hair cells (Marcotti et al., 2003). Utricular hair cells from both zones were reported to be more homogeneous, similar to saccular extrastriolar hair cells, and like mouse Type II hair cells in their electrophysiology. The biophysical profiles of zebrafish inner ear hair cells have a developmental timeline, are zone dependent, and are comparable to mouse vestibular hair cells.
Zebrafish striolar and extrastriolar hair cells are also functionally different, preferentially responding to different sensory inputs. Using Ca2+ imaging, Tanimoto et al., 2022 demonstrated that striolar hair cells preferentially responded to fast dynamic vestibular input in the form of vibrations while extrastriolar hair cells preferred slow static tilts. In the mouse, striolar Type I hair cells have several biophysical advantages for capturing high frequency stimulation (Songer and Eatock, 2013): electrical adaptation of mechanoelectrical transduction, addition of low-voltage-activated potassium channels to the hair-cell membrane, and non-quantal transmission. Even without these characteristics, striolar zebrafish hair cells still preferentially respond to high frequency stimulation. However, the morphological and biophysical mechanisms that drive differences in hair cell responses are unknown. Zebrafish hair cells in the striola and extrastriola therefore also vary in their functional characteristics.
Zebrafish inner ear hair cells vary in their molecular signatures (Barta et al., 2018; Hoffman et al., 2018; Shi et al., 2023). Using single-cell RNA sequencing, Shi et al., 2023 showed that hair cells from the inner ear have distinct genetic profiles. Using unsupervised clustering, hair cells from the maculae and cristae were distinctly separated, as were striolar and extrastriolar cells. Striolar hair cells expressed cabp2b+, which overlaps with pvalb9, an orthologue of the mammalian striolar marker oncomodulin (Hoffman et al., 2018), while extrastriolar cells expressed capb1b+ in a domain that is exclusive of pvalb9 (Shi et al., 2023). Similarly, central and peripheral zones of cristae were molecularly distinct. Computational tools comparing transcriptional profiles across species revealed shared homology between zebrafish and mouse striolar and extrastriolar hair cells. However, zebrafish hair cells showed no obvious alignment with either mouse Type I or Type II hair cells. These comparisons were constrained by the limited data available for mouse vestibular hair cells, and more definitive analysis will be needed with additional study.
Further support for molecular distinction between hair cells comes from demonstrated differences in paralog genes encoding Tmc proteins that form the basis of the mechanotransduction channel. Several studies have demonstrated different functional requirements for zebrafish tmc1, tmc2a and tmc2b using zebrafish mutants alone and in combination (Chou et al., 2017; Chen et al., 2020; Smith et al., 2020; Zhu et al., 2021). Triple mutants lack both auditory responses as assessed by acoustic behavioral startle and microphonic measurements (Chen et al., 2020; Smith et al., 2020) and vestibular responses assessed by vestibular-induced eye movement (Smith et al., 2020). The function of tmc1 is largely expendable for hearing (Chen et al., 2020; Smith et al., 2020). Mutations in both tmc2a and tmc2b eliminated microphonic responses (Chen et al., 2020; Smith et al., 2020), and eliminated behavioral responses to pure tone stimuli (Smith et al., 2020) but only attenuated acoustic startle in response to vibrational tap stimuli (Chen et al., 2020). Assessment of vestibular function via vestibular-induced eye movement (Smith et al., 2020) indicated tmc1 and tmc2a were expendable, tmc2b mutants had somewhat reduced function, and that tmc1/2b and tmc2a/2b mutants have significantly reduced vestibular function relative to wildtypes or other mutant combinations. Mechanotransduction-dependent dye uptake in wildtype and mutant revealed that hair cells in distinct locations required different combinations of Tmc proteins (Smith et al., 2020; Zhu et al., 2021). In the cristae, two distinct populations of hair cells required either tmc1/2b or tmc2a, corresponding to an apical and basal layer of cells, respectively, with some exceptions in the lateral crista. In the saccule, dye uptake in the regions corresponding to the striola required tmc2a/2b while uptake in the region corresponding to the extrastriola required functional tmc1. Therefore, hair cells in the inner ear have differential expression in key genes that contribute to hair cell mechanotransduction, and ultimately vestibular function.
And finally, zebrafish hair cells regenerate. Zebrafish, like many fish species, have the ability to regrow hair cells in their inner ear following damage (Schuck and Smith, 2009; Liang et al., 2012; Jimenez et al., 2021; Jimenez et al., 2022). Mammalian species lose hair cells to age or injury and experience limited regeneration, resulting in permanent hearing loss and balance deficiencies (Warchol, 2011; Rubel et al., 2013). Fish and birds continuously regenerate hair cells throughout their lifespan (Warchol, 2011; Rubel et al., 2013). Thus, zebrafish hair cells can be used to probe pathways to promote hair cell survival and regeneration in the hopes of therapy development for hearing and balance disorders (Kindt and Sheets, 2018; Sheets et al., 2021).
First-order vestibular neurons
Each hair cell is innervated by first-order vestibular neurons that convey motion and vibration information from the periphery to central nuclei in the hindbrain (Figure 1C). These afferent neurons derive from the anterior and posteromedial part of the otic vesicle from which neuroblasts start to delaminate at 22 hpf and then coalesce to form the SAG by 48 hpf (Haddon and Lewis, 1996; Sapède et al., 2012). Inactivation of Hh signaling has been shown to reduce the number of SAG neurons between 42 hpf and 3 dpf (Sapède and Pujades, 2010), indicating this period of development may be crucial for ganglion development. The ganglion itself is composed of two compartments, the neurons of which may preferentially innervate different sensory epithelia (Figure 1C). The anterior compartment innervates the utricle, the anterior and lateral cristae, and the posterior compartment innervates the saccule and posterior cristae (Figure 1C) (Sapède and Pujades, 2010; Taberner et al., 2017). Interruption of various early-expressing differentiation genes, such as Hh (Sapède and Pujades, 2010) and short stature homeobox domain 2 (shox2) (Laureano et al., 2022), reduced and disorganized the SAG, and in the case of Hh, induced fibers from the compartments to extend to the wrong epithelium. Sapède and Pujades, 2010 traced SAG innervation in zebrafish embryos prior to when the lagena is developed, but given its locations in the pars inferior it is likely that the lagena too is innervated by the posterior SAG compartment. It is unknown which compartment innervates the macula neglecta. The ganglion thus develops soon after the sensory epithelia and has a broad structural organization.
Zebrafish are known to regenerate hair cells continuously throughout their lifespan, but do not necessarily regenerate afferent neurons. Studies have demonstrated that new neurons are developed in the SAG from 48 hpf well into late juvenile stages (28 dpf) (Schwarzer et al., 2020). However, new neurons are few in the adult, indicating that new hair cells regenerated in mature fish are likely innervated by preexisting neurons (Schwarzer et al., 2020). Synapse formation and regeneration has been studied extensively in the lateral line, where hair cells and their synapses are easily accessible on the external surface of the fish (Lush and Piotrowski, 2014; Pujol-Martí et al., 2014; Suli et al., 2016; Hardy et al., 2021; Holmgren et al., 2021). Here, functional hair cell/afferent synapses have been shown to depend on a complex interaction of calcium influx through voltage-gated channels, mitochondria, and synaptic ribbons in the pre- and postsynaptic densities (Sheets et al., 2011; Sheets et al., 2012; Wong et al., 2019). While little is known about afferent ending regeneration in the inner ear, it is possible that findings from the lateral line apply to the inner ear.
SAG afferents innervate the utricle in a spatiotemporal manner. Electron microscopy (EM) reconstruction in 5 dpf fish showed the earliest-born neurons innervate hair cells in the striola, where the most mature of the hair cells are located (Figure 1C) (Liu et al., 2022). As afferents are born, they innervate hair cells outward from the striola but only synapse on a single side of the LPR. The latest-born neurons synapse on the most immature hair cells on the peripheral extrastriola of the utricle (Liu et al., 2022).
Studies also indicate there is spatiotemporal organization within the SAG. EM analysis shows that earliest-born neurons are found on the lateral edge of the ganglion (Liu et al., 2022), closest to the ear. As neurons develop, they are added to form a “shell” around the earlier born neurons (Figure 1C). EM reconstruction of afferent projections suggests neurons close to each other in the SAG may have similar tuning. For example, neurons located in the caudal SAG are likely to synapse on hair cells with caudal head tilt direction selectivity, putatively resulting in caudal directional tuning (Figure 1C). Ca2+ imaging during vestibular stimulation in 5 dpf fish provides evidence to corroborate this hypothesis: neurons in the SAG are activated in a topographical manner in response to tilt stimuli (Tanimoto et al., 2022). Neurons located caudally in the SAG have caudal response vectors and rostrally located neurons have rostral response vectors (Figure 1C). Tanimoto et al., 2022 also showed that SAG neurons respond to largely utricular input in the form of static tilts or vibrations. Neurons responded to either tilts (40%), both tilts and vibration (10%), and or only vibrations (2%). Neurons on the outermost edge of the SAG “shell” tended to not respond at all (48%). Evidence from EM studies suggests these are likely the most immature neurons (Liu et al., 2022), which either may not be functional at this larval stage or may innervate other sensory epithelia. Thus, structural and functional studies have shown spatiotemporal functional organization of neurons within the SAG compartments.
Projections from the SAG to central vestibular targets are parallel but distinct. Studies of the sensory cranial nerves, including the SAG, suggest topographical organization of cranial nerve axonal projections (Zecca et al., 2015; Taberner et al., 2017). SAG neurons develop after trigeminal ganglion neurons but before lateral line ganglion neurons. Axonal projections of these sensory cranial nerves are ordered by their developmental sequence, and SAG neurons project to a ventromedial area of the hindbrain, synapsing next to the trigeminal neurons and lateral line neurons (Zecca et al., 2015). The morphological organization of the SAG seems to be preserved in the hindbrain vestibular nuclei (Zecca et al., 2015). The anterior and posterior compartments of the SAG do not intermingle but project to distinct areas. The neurons in the anterior SAG, which innervate the utricle, project to ventromedially relative to neurons in the posterior SAG, which innervate the saccule (Zecca et al., 2015). In addition to central targets, utricular afferents have been observed to synapse on semicircular canal afferents and other utricular afferents (i.e., axo-axonic contacts), which may have modulatory effects (Jia and Bagnall, 2022). Macular SAG organization is maintained in its synaptic targets, which are not limited to the vestibular nuclei.
Few, if any, intracellular recordings have been made of zebrafish primary vestibular afferents. Electrophysiological recordings of second-order vestibular neurons can be used to infer presynaptic activity attributed to first order vestibular afferents (Liu et al., 2020; Hamling et al., 2021). Recordings of excitatory postsynaptic currents (EPSCs) in vestibulospinal (VS) neurons in the hindbrain suggested that multiple primary afferents synapse onto a single VS neuron as demonstrated by different distributions of EPSC amplitudes, frequencies, and directional tuning (Liu et al., 2020; Hamling et al., 2021). Analysis of inter-event intervals of EPSCs indicated the primary afferent input may be irregular in spike timing (Hamling et al., 2021). Although primary vestibular afferent activity has been inferred from secondary neuron recordings, little is known about the electrophysiological properties of SAG neurons and how they compare to other model organisms.
It is unknown whether SAG afferents in zebrafish have similar spiking properties to vestibular afferents recorded in monkeys, rats, mice, frogs, and toadfish (Fernandez and Goldberg, 1976; Baird and Lewis, 1986; Boyle and Highstein, 1990; Kalluri et al., 2010; Songer and Eatock, 2013). In these other organisms, two classes of afferents are present: striolar-synapsing afferents with phasic firing and irregular spike timing and peripherally synapsing vestibular afferents with tonic firing and regular spike timing. These firing properties arise from a multitude of factors, including number of synaptic contacts (few vs. many, respectively), shape of synaptic endings (calyx vs. bouton), size of dendritic arbors (condensed vs. extensive), and complement of ion channels present in cell membranes. The differences in spike timing regularity are known to represent different sensory encoding strategies best suited for distinct ranges of sensory information (i.e., high vs. low frequencies) (Jamali et al., 2016; Curthoys et al., 2017).
Results from Tanimoto et al., 2022 indicate that striolar hair cells and interiorly located neurons in the SAG (which, according to Tanimoto et al., 2022; Liu et al., 2022, synapse on striolar hair cells) have a strong response preference to high frequency, dynamic stimulation. This functional data in zebrafish aligns with responses seen in striolar Type I hair cells and calyx-ending irregular-spiking afferents in mammals, in which this channel is specialized for encoding and transmitting high frequency sensory information (Songer and Eatock, 2013; Jamali et al., 2016; Curthoys et al., 2017). There are several key differences in the afferents in this channel: in zebrafish, there are no calyx endings and no known differences in number synaptic endings when compared to the extrastriola (Liu et al., 2022), although this has not been investigated in adult fish. Whether there is any difference in the distribution of voltage-gated ion channels that contribute to differences in spike timing (Kalluri et al., 2010) is also unknown. Tanimoto et al., 2022 also showed that extrastriola hair cells and their synapsing afferents prefer static tilts (although not exclusively), which also reminiscent of low frequency-preferring regular-spiking afferents in the periphery seen in mammals. Thus, emerging evidence from Ca2+ imaging and EM analysis indicates that two parallel channels of vestibular sensory encoding may exist in zebrafish as in mammals, but remains to be resolved.
Second-order vestibular neurons
Much of recent work has focused on circuit development and function of second-order vestibular neurons located in central vestibular nuclei (VN) in the hindbrain (Figure 2) (Schoppik et al., 2017; Liu et al., 2020; Hamling et al., 2021; Liu et al., 2022; Jia and Bagnall, 2022; Goldblatt et al., 2023). Zebrafish have various vestibular nuclei in rhombomeres 5 through 7 of the hindbrain, including the lateral (LVN), medial (MVN), superior (SVN), and descending (DVN) vestibular nuclei and the tangential vestibular nucleus (TN) (Suwa et al., 1999; Highstein and Holstein, 2006; Bianco et al., 2012; Schoppik et al., 2017), as well as other inner ear targets like Mauthner cells (MCs) in rhomobomere 4. These neurons receive input from primary vestibular afferents and drive many important vestibular reflexes, including Mauthner escape circuits, vestibulo-ocular reflex (VOR) circuits, and vestibulospinal (VS) postural circuits (Figure 2).
[image: Figure 2]FIGURE 2 | Diagrams of utricular input to vestibular reflexes. (A) The Mauthner escape circuit has input from primarily the striolar (S) zone (blue) of the utricle, including the most mature hair cells from both sides of the line of polarity reversal (LPR) (dashed black line). These hair cells are innervated by neurons located in the interior of the SAG, which synapse onto Mauthner cells (MC) in the hindbrain. The ipsilateral MC projects to the spinal cord and motoneurons, among other targets, and ultimately trigger an escape reflex. Hair cells in the lateral utricle across the LPR (purple) have the opposite tuning from those in the medial utricle, and are innervated by SAG neurons that project to commissural-projecting neurons (CPN) that synapse on contralateral MC. Thus, the contralateral MC has opposite directional tuning from the ipsilateral MC (Medan and Preuss, 2014; Bagnall and Schoppik, 2018; Liu et al., 2022). (B) The vestibulo-ocular reflex (VOR) circuit receives input from the medial utricle, mostly extrastriolar (ES) hair cells innervated by SAG neurons along the outer shell of the ganglion. These synapse into superior (SVN) and medial (MVN) vestibular nuclei and tangential nucleus (TN). SVN, MVN, TN project contralaterally to oculomotor neurons controlling eye muscles, which result in gaze stabilization (Schoppik et al., 2017; Bagnall and Schoppik, 2018; Liu et al., 2022; Goldblatt et al., 2023). (C) The vestibulospinal (VS) circuit also primarily receives input from the medial utricle, and in greatest proportion from ES hair cells and sends projections to MC, TN, and lateral vestibular nuclei (LVN). These VS neurons project to the longitudinal fasciculus or straight down the spinal cord, where motoneurons are activated and posture stabilization initializes (Hamling et al., 2021; Liu et al., 2022; Sugioka et al., 2023).
Mauthner escape circuits drive startle responses and fast escape reflexes based on sensory input from the ear and eye (Sillar, 2009; Medan and Preuss, 2014; Lacoste et al., 2015). MCs are reticulospinal neurons that develop by 8 hpf (Mendelson, 1986) and incite escape behaviors by 1 dpf (Saint-Amant and Drapeau, 1998). They receive direct input from the saccule and utricle and project to locomotor targets (Figure 2A) (Zottoli and Faber, 1979; Szabo et al., 2007; Liu et al., 2022). MCs EM analysis in 5 dpf zebrafish shows that ipsilateral and contralateral MCs receive inputs of opposite direction selectivity from the utricle (Figure 2A) (Liu et al., 2022). MCs ipsilateral to a given utricle receive input from the medial and striolar portion of the macula (Liu et al., 2022). Brainstem neurons that project across the midline (referred to as commissural-projecting neurons, or CPNs) to make contact on the contralateral MC receive input from lateral striola of the utricle, such that each target has opposite tuning (Jia and Bagnall, 2022; Liu et al., 2022) (Figure 2A). This allows for escape reflexes in the direction opposite or away from the detected input. Other subpopulations of CPNs convey both ipsilateral and contralateral tilt from the utricle is across the midline to different contralateral targets (Jia and Bagnall, 2022). Anatomical studies have indicated a direct pathway to MCs from the utricle, which is largely a vestibular organ (Figure 2A) (Szabo et al., 2007; Liu et al., 2022). Although most studies have used acoustic stimuli to incite escape reflexes, Liu et al., 2022 demonstrated that a vestibular stimulus in the form of a translational motion was sufficient to drive escape reflexes, indicating that utricular inputs to MCs are functional. MCs receive input from both ipsilateral and contralateral utricles to that contribute to escape reflex behaviors.
The VOR drives compensatory eye motions in response to head, trunk, or body movements to stabilize gaze (Figure 2B). Early born VOR neurons are observed as early as 30 hpf and continue developing around 48 hpf (Goldblatt et al., 2023). The VOR develops as early as 72 hpf in response to linear translations; angular VOR develops much later, presumably as semicircular canals grow (Beck et al., 2004; Mo et al., 2010; Sun et al., 2018). VOR circuits can originate from neurons in MVN (Schoppik et al., 2017), SVN (Jia and Bagnall, 2022), and TN (Bianco et al., 2012; Goldblatt et al., 2023), which project to oculomotor neurons and generate eye motions that compensate for head movements (Figure 2B). EM reconstruction of VOR neurons in TN and SVN showed inputs from either utricular afferents (Jia and Bagnall, 2022) or semicircular canal afferents (Goldblatt et al., 2023).
VOR neurons in MVN project to ipsilateral oculomotor neurons while VOR neurons in TN project contralaterally (Liu et al., 2022). VOR neurons receiving inputs from the ipsilateral utricle have direction selectivity in either the rostral or caudal directions: each directional subpopulation projects to distinct motor neuron targets which presumably generate eye movements in opposite directions (Jia and Bagnall, 2022). These VOR neurons also display preferential responses to different tilt stimuli: early-born VOR neurons preferentially respond to tilt-up stimuli, while later-born neurons prefer tilt-down (Goldblatt et al., 2023). Indeed, VOR neurons activated via channelrhodopsin drove net downward eye rolls, demonstrating a functional bias to upward (contra-gravity) tilts and thus a strong utricular input in larval fish (Schoppik et al., 2017). Ablation of vestibular neurons in this circuit reduced compensatory VOR following both up and down tilts and hindered swim bladder inflation (Schoppik et al., 2017). VOR neurons take input from both utricular and semicircular canal afferents and drive eye motions with a strong preference for downward motions (Figure 2B).
The VS circuit drives postural and balance reflexes during locomotion (Figure 2C). VS neurons are born between 18 hpf and 32 hpf, well before swimming behaviors initiate at 3 dpf (Hamling et al., 2021). VS neurons located in LVS, MVS, MC, and TN project along the longitudinal fasciculus to motoneurons in the spinal cord (Suwa et al., 1999; Hamling et al., 2021; Sugioka et al., 2023) (Figure 2C). Whole-cell physiological recordings of VS neurons from larval fish revealed complex electrophysiological properties. Hamling et al., 2021 showed that VS neurons had low to no firing at rest, suggesting absence of strong synaptic input at rest, high spiking threshold, and high input resistance. VS neurons fired in response to translational motions during recordings, and displayed directional tuning (Liu et al., 2020; Hamling et al., 2021). Tuning responses of VS neurons are often a summation of multiple synaptic inputs. For example, the majority of afferents converging on VS neurons are similarly directionally tuned, leading to a single preferred direction (Liu et al., 2020; Liu et al., 2022). A minority of VS neurons have complex spatiotemporal tuning likely due to convergence of differently tuned afferents (Liu et al., 2020). Evidence also suggests both electrical and chemical first-order afferent synapses are found on VS neurons (Liu et al., 2020). Recordings after inner ear lesions demonstrated bilateral utricle input to individual VS neurons: high-amplitude EPSCs decreased after ipsilateral lesion while low-amplitude EPSCs decreased after contralateral lesions. VS neuron firing was also reduced in otolith deficient mutants and lesioned fish (Hamling et al., 2021). VS neurons are located across many vestibular nuclei, have both utricular and semicircular input, and have complex electrophysiological properties.
Within the brainstem, development of second-order central vestibular neurons has a spatiotemporal pattern of progression. Liu et al., 2022 found via EM reconstruction that in a larval zebrafish utricle, early born hair cells preferentially signal via early born afferents to early born brain stem populations. The most mature hair cells in the striola of the utricle sent most of their input to MCs, whereas VOR and VS circuits receive input from primarily extrastriolar hair cells (Figure 2A). Optical retrograde labeling of axonal projections identified afferents from the semicircular canals were confined on the later-born VOR neurons in TN (Goldblatt et al., 2023) (Figure 2B). Postural and balance reflexes in the VS circuit follow later as swimming behaviors develop (Figure 2C). The developmental sequence of vestibular sensory epithelia and their input to nuclei has interesting implications for the development of vestibular behaviors: fast escape reflexes develop first with input from the central utricle (Lacoste et al., 2015; Liu et al., 2022), and are later followed by fine balance and postural control.
Vestibular behaviors and whole brain imaging
Zebrafish posture and balance has been proven to be disrupted by genetic or physiological interventions in the ear and the hindbrain. There are many well documented zebrafish genetic mutations with clear vestibular phenotypes (see Whitfield et al., 1996; Nicolson et al., 1998; Nicolson, 2005; Sheets et al., 2021). Vestibular-deficient fish swim in a spiral, spin, flip upside down, or tip headfirst (Bagnall and Schoppik, 2018). Zebrafish larvae learn to swim in bouts by 4 dpf (Drapeau et al., 2002), and, as they grow, they learn to counterbalance instability with swim motions. Kinematic studies of developing swim behaviors show how swimming coordination changes as larval fish grow: as fish develop, fin and body movements synergize to allow better postural control (Ehrlich and Schoppik, 2019). Fish missing their utricular otolith (otog−/− mutants) do not display swimming coordination and cannot keep themselves upright (Bagnall and McLean, 2014; Ehrlich and Schoppik, 2019); although, vestibular input is not necessary for the correct formation of spinal circuits (Roberts et al., 2017). Ablation of neurons in vestibular nuclei also altered swimming behaviors, prevented inflation of swim bladders, and eliminated the corrective movements needed for balance (Schoppik et al., 2017; Hamling et al., 2021). For an in depth look at the development of zebrafish vestibular behaviors and their circuits, see Ehrlich and Schoppik, 2018 and Bagnall and Schoppik, 2018.
Recent studies have reported whole brain calcium imaging responses of vestibular stimulation in larval zebrafish (Favre-Bulle et al., 2017; Favre-Bulle et al., 2018; Migault et al., 2018 Tanimoto et al., 2022; Hamling et al., 2023; Sugioka et al., 2023). Development of new methods to pair imaging with translation and rolling motions have allowed these groups to assess vestibular input to multisensory process and reflexive behaviors. Migault et al., 2018 found vestibular responses throughout the brain in response to sinusoidal rolls in both directions, including the telencephalon, habenula, thalamus, tectum, tegmentum, cerebellum, and medulla. Areas in the hindbrain rhombomeres, possibly VN, and the cerebellum often only responded to motion in one direction (Migault et al., 2018). Although fish were anaesthetized during imaging, it is possible this activity is representative of vestibular processing during behavior. Indeed, Migault et al., 2018 showed that some brain activity was linearly correlated with the posture and velocity of the fish. Favre-Bulle et al., 2017 used optical trapping of otoliths to induce vestibular behaviors from fictive stimuli in larval fish and observed compensatory tail and eye movements from the perceived acceleration and roll. Using this method of stimulation, they reported activity in the VN and premotor activity in the nucleus of the medial longitudinal fascicle (i.e., reticulospinal neurons) (Favre-Bulle et al., 2018). Sugioka et al., 2023 showed that when zebrafish righted their posture after being rolled, neurons in TN and medial longitudinal fasciculus were recruited during the VS reflex. These studies demonstrate that it is possible to characterize complex and multimodal vestibulomotor processing across multiple neural areas involved in posture and balance.
SUMMARY AND FUTURE DIRECTIONS
Recent work has made great strides in explaining sensory processing in peripheral and central vestibular circuits. EM reconstruction of the utricle, ganglion, and hindbrain synaptic targets has illustrated the spatiotemporal organization of the developing vestibular system. Striolar and extrastriolar hair cells preferentially respond to vibrations or static tilts and seem to synapse onto different vestibular afferent neuron populations. Afferents, which innervate a single side of the LPR, are also topographically organized in their ganglion and develop in a spatiotemporal manner. Vestibular nuclei may preferentially receive their input from different epithelia zones: escape circuits receive inputs from early developing striolar hair cells while VS and VOR circuits receive input from later developing extrastriolar hair cells and cristae hair cells. Advances in recording technology that allows for calcium imaging during vestibular stimulation has showed whole brain activity during motion, and activation of VOR and VS circuits during vestibular reflexes.
However, understanding of neuronal development and synaptic architecture remains incomplete. How and why are striolar and extrastriolar hair cells in zebrafish preferentially responsive to different stimuli? What kind of signaling prevents afferent neurons from synapsing on both sides of the LPR? What are the constitutive properties of different vestibular afferents that allow them to be better suited to for different kinds of sensory information? How does information propagate from hair cells through vestibular nuclei in the brainstem to forebrain areas? How is directional tuning distributed across brain areas, and are directional asymmetries in vestibular nuclei inherited? How are these circuits assembled during development?
Finally, most, if not all, of vestibular research in zebrafish has been largely restricted to larval and juvenile fish. Some vestibular mutants with strong phenotype deficits (e.g., circling) do not survive past 8 pdf (Riley and Moorman, 2000). The inner ear becomes less accessible as bone hardens and tissues become opaque with age. But research indicates that the vestibular system continues to develop and change as the fish grows in adulthood (Ehrlich and Schoppik, 2019; Schwarzer et al., 2020). Investigation of adult vestibular hair cells, afferents, and circuits, in addition to the current neurobiological research in larval and juvenile fish, will complete our understanding of mature vestibular function.
AUTHOR CONTRIBUTIONS
SB-L wrote the manuscript. SB-L and DR edited the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.
FUNDING
This work was supported by NIH R21 DC019948 and R01 DC005987 to DR.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abbas, L., and Whitfield, T. T. (2010). “4 – the zebrafish inner ear,” in Fish physiology ed . Editors S. F. Perry, M. Ekker, A. P. Farrell, and C. J. Brauner ( Academic Press), 123–171.
 Agrawal, Y., Carey, J. P., Della Santina, C. C., Schubert, M. C., and Minor, L. B. (2009). Disorders of balance and vestibular function in US adults: Data from the national health and nutrition examination survey, 2001-2004. Arch. Intern Med. 169, 938–944. doi:10.1001/archinternmed.2009.66
 Alsina, B., and Whitfield, T. T. (2017). Sculpting the labyrinth: Morphogenesis of the developing inner ear. Semin. Cell Dev. Biol. 65, 47–59. doi:10.1016/j.semcdb.2016.09.015
 Andermann, P., Ungos, J., and Raible, D. W. (2002). Neurogenin1 defines zebrafish cranial sensory ganglia precursors. Dev. Biol. 251, 45–58. doi:10.1006/dbio.2002.0820
 Bagnall, M. W., and McLean, D. L. (2014). Modular organization of axial microcircuits in zebrafish. Science 343, 197–200. doi:10.1126/science.1245629
 Bagnall, M. W., and Schoppik, D. (2018). Development of vestibular behaviors in zebrafish. Curr. Opin. Neurobiol. 53, 83–89. doi:10.1016/j.conb.2018.06.004
 Baird, R. A., and Lewis, E. R. (1986). Correspondences between afferent innervation patterns and response dynamics in the bullfrog utricle and lagena. Brain Res. 369, 48–64. doi:10.1016/0006-8993(86)90512-3
 Bang, P. I., Sewell, W. F., and Malicki, J. J. (2001). Morphology and cell type heterogeneities of the inner ear epithelia in adult and juvenile zebrafish (Danio rerio). J. Comp. Neurol. 438, 173–190. doi:10.1002/cne.1308
 Barta, C. L., Liu, H., Chen, L., Giffen, K. P., Li, Y., Kramer, K. L., et al. (2018). RNA-seq transcriptomic analysis of adult zebrafish inner ear hair cells. Sci. Data 5, 180005. doi:10.1038/sdata.2018.5
 Beck, J. C., Gilland, E., Tank, D. W., and Baker, R. (2004). Quantifying the ontogeny of optokinetic and vestibuloocular behaviors in zebrafish, medaka, and goldfish. J. Neurophysiology 92, 3546–3561. doi:10.1152/jn.00311.2004
 Bever, M. M., and Fekete, D. M. (2002). Atlas of the developing inner ear in zebrafish. Dev. Dyn. 223, 536–543. doi:10.1002/dvdy.10062
 Bianco, I. H., Ma, L-H., Schoppik, D., Robson, D. N., Orger, M. B., Beck, J. C., et al. (2012). The tangential nucleus controls a gravito-inertial vestibulo-ocular reflex. Curr. Biol. 22, 1285–1295. doi:10.1016/j.cub.2012.05.026
 Boyle, R., and Highstein, S. M. (1990). Resting discharge and response dynamics of horizontal semicircular canal afferents of the toadfish, Opsanus tau. J. Neurosci. 10, 1557–1569. doi:10.1523/JNEUROSCI.10-05-01557.1990
 Breitzler, L., Lau, I. H., Fonseca, P. J., and Vasconcelos, R. O. (2020). Noise-induced hearing loss in zebrafish: Investigating structural and functional inner ear damage and recovery. Hear. Res. 391, 107952. doi:10.1016/j.heares.2020.107952
 Burns, J. C., On, D., Baker, W., Collado, M. S., and Corwin, J. T. (2012). Over half the hair cells in the mouse utricle first appear after birth, with significant numbers originating from early postnatal mitotic production in peripheral and striolar growth zones. JARO 13, 609–627. doi:10.1007/s10162-012-0337-0
 Chen, Z., Zhu, S., Kindig, K., Wang, S., Chou, S-W., Davis, R. W., et al. (2020). Tmc proteins are essential for zebrafish hearing where Tmc1 is not obligatory. Hum. Mol. Genet. 29, 2004–2021. doi:10.1093/hmg/ddaa045
 Chou, S. W., Chen, Z., Zhu, S., Davis, R. W., Hu, J., Liu, L., et al. (2017). A molecular basis for water motion detection by the mechanosensory lateral line of zebrafish. Nat. Commun. 8, 2234. doi:10.1038/s41467-017-01604-2
 Curthoys, I. S., MacDougall, H. G., Vidal, P-P., and de Waele, C. (2017). Sustained and transient vestibular systems: A physiological basis for interpreting vestibular function. Front. Neurology 8, 117. doi:10.3389/fneur.2017.00117
 Drapeau, P., Saint-Amant, L., Buss, R. R., Chong, M., McDearmid, J. R., and Brustein, E. (2002). Development of the locomotor network in zebrafish. Prog. Neurobiol. 68, 85–111. doi:10.1016/s0301-0082(02)00075-8
 Eatock, R. A., Rüsch, A., Lysakowski, A., and Saeki, M. (1998). Hair cells in mammalian utricles. Otolaryngol. Head. Neck Surg. 119, 172–181. doi:10.1016/S0194-5998(98)70052-X
 Ehrlich, D. E., and Schoppik, D. (2019). A primal role for the vestibular sense in the development of coordinated locomotion. eLife 8, e45839. doi:10.7554/eLife.45839
 Ehrlich, D. E., and Schoppik, D. (2018). Balance sense: Response motifs that pervade the brain. Curr. Biol. 28, R1339–R1342. doi:10.1016/j.cub.2018.10.032
 Favre-Bulle, I. A., Stilgoe, A. B., Rubinsztein-Dunlop, H., and Scott, E. K. (2017). Optical trapping of otoliths drives vestibular behaviours in larval zebrafish. Nat. Commun. 8, 630. doi:10.1038/s41467-017-00713-2
 Favre-Bulle, I. A., Taylor, M. A., Marquez-Legorreta, E., Vanwalleghem, G., Poulsen, R. E., Rubinsztein-Dunlop, H., et al. (2020). Sound generation in zebrafish with Bio-Opto-Acoustics. Nat. Commun. 11, 6120. doi:10.1038/s41467-020-19982-5
 Favre-Bulle, I. A., Vanwalleghem, G., Taylor, M. A., Rubinsztein-Dunlop, H., and Scott, E. K. (2018). Cellular-resolution imaging of vestibular processing across the larval zebrafish brain. Curr. Biol. 28, 3711–3722. e3. doi:10.1016/j.cub.2018.09.060
 Fay, R. R., Kendall, J. I., Popper, A. N., and Tester, A. L. (1974). Vibration detection by the macula neglecta of sharks. Comp. Biochem. Physiol. A Comp. Physiol. 47, 1235–1240. doi:10.1016/0300-9629(74)90097-8
 Fernandez, C., and Goldberg, J. M. (1976). Physiology of peripheral neurons innervating otolith organs of the squirrel monkey. I. Response to static tilts and to long-duration centrifugal force. J. Neurophysiology 39, 970–984. doi:10.1152/jn.1976.39.5.970
 Goldblatt, D., Huang, S., Greaney, M. R., Hamling, K. R., Voleti, V., Perez-Campos, C., et al. (2023). Neuronal birthdate reveals topography in a vestibular brainstem circuit for gaze stabilization. Curr. Biol. , 2023. doi:10.1016/j.cub.2023.02.048
 Haddon, C., and Lewis, J. (1996). Early ear development in the embryo of the Zebrafish, Danio rerio. J. Comp. Neurology 365, 113–128. doi:10.1002/(SICI)1096-9861(19960129)365:1<113::AID-CNE9>3.0.CO;2-6
 Haden, M., Einarsson, R., and Yazejian, B. (2013). Patch clamp recordings of hair cells isolated from zebrafish auditory and vestibular end organs. Neuroscience 248, 79–87. doi:10.1016/j.neuroscience.2013.05.062
 Hamling, K. R., Harmon, K., Greaney, M., Dobler, Z., Kimura, Y., Higashijima, S., et al. (2021). Synaptic encoding of vestibular sensation regulates movement timing and coordination. 2021. 07.05.451142.bioRxiv. 
 Hamling, K. R., Zhu, Y., Auer, F., and Schoppik, D. (2023). Tilt in place microscopy: A simple, low-cost solution to image neural responses to body rotations. J. Neurosci. 43, 936–948. doi:10.1523/JNEUROSCI.1736-22.2022
 Hammond, K. L., Loynes, H. E., Folarin, A. A., Smith, J., and Whitfield, T. T. (2003). Hedgehog signalling is required for correct anteroposterior patterning of the zebrafish otic vesicle. Development 130, 1403–1417. doi:10.1242/dev.00360
 Han, E., Lee, D. H., Park, S., Rah, Y. C., Park, H. C., Choi, J. W., et al. (2022). Noise-induced hearing loss in zebrafish model: Characterization of tonotopy and sex-based differences. Hear Res. 418, 108485. doi:10.1016/j.heares.2022.108485
 Hardy, K., Amariutei, A. E., De Faveri, F., Hendry, A., Marcotti, W., and Ceriani, F. (2021). Functional development and regeneration of hair cells in the zebrafish lateral line. J. Physiol. 599, 3913–3936. doi:10.1113/JP281522
 Higgs, D. M., Rollo, A. K., Souza, M. J., and Popper, A. N. (2003). Development of form and function in peripheral auditory structures of the zebrafish (Danio rerio). J. Acoust. Soc. Am. 113, 1145–1154. doi:10.1121/1.1536185
 Highstein, S. M., and Holstein, G. R. (2006). “The Anatomy of the vestibular nuclei,” in Progress in brain research ed . Editor J. A. Büttner-Ennever ( Elsevier), 157–203.
 Hoffman, L. F., Choy, K. R., Sultemeier, D. R., and Simmons, D. D. (2018). Oncomodulin expression reveals new insights into the cellular organization of the murine utricle striola. J. Assoc. Res. Otolaryngol. 19, 33–51. doi:10.1007/s10162-017-0652-6
 Holmgren, M., Ravicz, M. E., Hancock, K. E., Strelkova, O., Kallogjeri, D., Indzhykulian, A. A., et al. (2021). Mechanical overstimulation causes acute injury and synapse loss followed by fast recovery in lateral-line neuromasts of larval zebrafish. Elife 10, e69264. doi:10.7554/eLife.69264
 Hussain, S., Aponte-Rivera, R., Barghout, R. M., Trapani, J. G., and Kindt, K. S. (2022). “Vivo analysis of hair cell sensory organs in zebrafish: From morphology to function,” in Developmental, physiological, and functional neurobiology of the inner ear ed . Editor A. K. Groves ( Springer US), 175–220.
 Inoue, M., Tanimoto, M., and Oda, Y. (2013). The role of ear stone size in hair cell acoustic sensory transduction. Sci. Rep. 3, 2114. doi:10.1038/srep02114
 Jamali, M., Chacron, M. J., and Cullen, K. E. (2016). Self-motion evokes precise spike timing in the primate vestibular system. Nat. Commun. 7, 13229. doi:10.1038/ncomms13229
 Jia, Y., and Bagnall, M. W. (2022). Monosynaptic targets of utricular afferents in the larval zebrafish. Front. Neurol. 13, 937054. doi:10.3389/fneur.2022.937054
 Jiang, T., Kindt, K., and Wu, D. K. (2017). Transcription factor Emx2 controls stereociliary bundle orientation of sensory hair cells. eLife 6, e23661. doi:10.7554/eLife.23661
 Jimenez, E., Slevin, C. C., Colón-Cruz, L., and Burgess, S. M. (2021). Vestibular and auditory hair cell regeneration following targeted ablation of hair cells with diphtheria toxin in zebrafish. Front. Cell Neurosci. 15, 721950. doi:10.3389/fncel.2021.721950
 Jimenez, E., Slevin, C. C., Song, W., Chen, Z., Frederickson, S. C., Gildea, D., et al. (2022). A regulatory network of Sox and Six transcription factors initiate a cell fate transformation during hearing regeneration in adult zebrafish. Cell Genomics 2, 100170. doi:10.1016/j.xgen.2022.100170
 Kalluri, R., Xue, J., and Eatock, R. A. (2010). Ion channels set spike timing regularity of mammalian vestibular afferent neurons. J. Neurophysiology 104, 2034–2051. doi:10.1152/jn.00396.2010
 Kindt, K. S., Akturk, A., Jarysta, A., Day, M., Beirl, A., Flonard, M., et al. (2021). EMX2-GPR156-Gαi reverses hair cell orientation in mechanosensory epithelia. Nat. Commun. 12, 2861. doi:10.1038/s41467-021-22997-1
 Kindt, K. S., and Sheets, L. (2018). Transmission disrupted: Modeling auditory synaptopathy in zebrafish. Front. Cell Dev. Biol. 6, 114. doi:10.3389/fcell.2018.00114
 Kwak, S. J., Vemaraju, S., Moorman, S. J., Zeddies, D., Popper, A. N., and Riley, B. B. (2006). Zebrafish pax5 regulates development of the utricular macula and vestibular function. Dev. Dyn. 235, 3026–3038. doi:10.1002/dvdy.20961
 Lacoste, A. M. B., Schoppik, D., Robson, D. N., Haesemeyer, M., Portugues, R., Li, J. M., et al. (2015). A convergent and essential interneuron pathway for mauthner-cell-mediated escapes. Curr. Biol. 25, 1526–1534. doi:10.1016/j.cub.2015.04.025
 Ladich, F., and Schulz-Mirbach, T. (2016). Diversity in fish auditory systems: One of the riddles of sensory Biology. Front. Ecol. Evol. 4. doi:10.3389/fevo.2016.00028
 Lambert, F. M., Beck, J. C., Baker, R., and Straka, H. (2008). Semicircular canal size determines the developmental onset of angular vestibuloocular reflexes in larval Xenopus. J. Neurosci. 28, 8086–8095. doi:10.1523/JNEUROSCI.1288-08.2008
 Lanford, P. J., and Popper, A. N. (1996). Novel afferent terminal structure in the crista ampullaris of the goldfish, Carassius auratus. J. Comp. Neurology 366, 572–579. doi:10.1002/(SICI)1096-9861(19960318)366:4<572::AID-CNE2>3.0.CO;2-1
 Lara, R. A., Breitzler, L., Lau, I. H., Gordillo-Martinez, F., Chen, F., Fonseca, P. J., et al. (2022). Noise-induced hearing loss correlates with inner ear hair cell decrease in larval zebrafish. J. Exp. Biol. 225, jeb243743. doi:10.1242/jeb.243743
 Laureano, A. S., Flaherty, K., Hinman, A-M., Jadali, A., Nakamura, T., Higashijima, S., et al. (2022). Shox2 is required for vestibular statoacoustic neuron development. Biol. Open 11, bio059599. doi:10.1242/bio.059599
 Liang, J., Wang, D., Renaud, G., Wolfsberg, T. G., Wilson, A. F., and Burgess, S. M. (2012). The stat3/socs3a pathway is a key regulator of hair cell regeneration in zebrafish. [corrected]. J. Neurosci. 32, 10662–10673. doi:10.1523/JNEUROSCI.5785-10.2012
 Liu, Z., Hildebrand, D. G. C., Morgan, J. L., Jia, Y., Slimmon, N., and Bagnall, M. W. (2022). Organization of the gravity-sensing system in zebrafish. Nat. Commun. 13, 5060. doi:10.1038/s41467-022-32824-w
 Liu, Z., Kimura, Y., Higashijima, S., Hildebrand, D. G. C., Morgan, J. L., and Bagnall, M. W. (2020). Central vestibular tuning arises from patterned convergence of otolith afferents. Neuron 108, 748–762.e4. doi:10.1016/j.neuron.2020.08.019
 Lush, M. E., and Piotrowski, T. (2014). Sensory hair cell regeneration in the zebrafish lateral line. Dev. Dyn. 243, 1187–1202. doi:10.1002/dvdy.24167
 Marcotti, W., Johnson, S. L., Holley, M. C., and Kros, C. J. (2003). Developmental changes in the expression of potassium currents of embryonic, neonatal and mature mouse inner hair cells. Jphysiol 548, 383–400. doi:10.1113/jphysiol.2002.034801
 Medan, V., and Preuss, T. (2014). The Mauthner-cell circuit of fish as a model system for startle plasticity. J. Physiology-Paris 108, 129–140. doi:10.1016/j.jphysparis.2014.07.006
 Mendelson, B. (1986). Development of reticulospinal neurons of the zebrafish. I. Time of origin. J. Comp. Neurology 251, 160–171. doi:10.1002/cne.902510203
 Migault, G., van der Plas, T. L., Trentesaux, H., Panier, T., Candelier, R., Proville, R., et al. (2018). Whole-brain calcium imaging during physiological vestibular stimulation in larval zebrafish. Curr. Biol. 28, 3723–3735.e6. doi:10.1016/j.cub.2018.10.017
 Millimaki, B. B., Sweet, E. M., Dhason, M. S., and Riley, B. B. (2007). Zebrafish atoh1 genes: Classic proneural activity in the inner ear and regulation by fgf and notch. Development 134, 295–305. doi:10.1242/dev.02734
 Mo, W., Chen, F., Nechiporuk, A., and Nicolson, T. (2010). Quantification of vestibular-induced eye movements in zebrafish larvae. BMC Neurosci. 11, 110. doi:10.1186/1471-2202-11-110
 Moorman, S. J. (2001). Development of sensory systems in zebrafish (Danio rerio). ILAR J. 42, 292–298. doi:10.1093/ilar.42.4.292
 Nicolson, T., Rüsch, A., Friedrich, R. W., Granato, M., Ruppersberg, J. P., and Nüsslein-Volhard, C. (1998). Genetic analysis of vertebrate sensory hair cell mechanosensation: The zebrafish circler mutants. Neuron 20, 271–283. doi:10.1016/s0896-6273(00)80455-9
 Nicolson, T. (2017). The genetics of hair-cell function in zebrafish. J. Neurogenet. 31, 102–112. doi:10.1080/01677063.2017.1342246
 Nicolson, T. (2005). The genetics of hearing and balance in zebrafish. Annu. Rev. Genet. 39, 9–22. doi:10.1146/annurev.genet.39.073003.105049
 Olt, J., Johnson, S. L., and Marcotti, W. (2014). In vivo and in vitro biophysical properties of hair cells from the lateral line and inner ear of developing and adult zebrafish. J. Physiology 592 (10), 2041–2058. doi:10.1113/jphysiol.2013.265108
 Pickett, S. B., and Raible, D. W. (2019). Water waves to sound waves: Using zebrafish to explore hair cell Biology. JARO 20, 1–19. –19. doi:10.1007/s10162-018-00711-1
 Platt, C., and Popper, A. N. (1981). “Fine structure and function of the ear,” in Hearing and sound communication in fishes ed . Editors W. N. Tavolga, A. N. Popper, and R. R. Fay (New York, NY: Springer), 3–38.
 Platt, C. (1993). Zebrafish inner ear sensory surfaces are similar to those in goldfish. Hear. Res. 65, 133–140. doi:10.1016/0378-5955(93)90208-i
 Privat, M., Romano, S. A., Pietri, T., Jouary, A., Boulanger-Weill, J., Elbaz, N., et al. (2019). Sensorimotor transformations in the zebrafish auditory system. Curr. Biol. 29, 4010–4023. e4. doi:10.1016/j.cub.2019.10.020
 Pujol-Martí, J., Faucherre, A., Aziz-Bose, R., Asgharsharghi, A., Colombelli, J., Trapani, J. G., et al. (2014). Converging axons collectively initiate and maintain synaptic selectivity in a constantly remodeling sensory organ. Curr. Biol. 24, 2968–2974. doi:10.1016/j.cub.2014.11.012
 Riccomagno, M. M., Martinu, L., Mulheisen, M., Wu, D. K., and Epstein, D. J. (2002). Specification of the mammalian cochlea is dependent on Sonic hedgehog. Genes Dev. 16, 2365–2378. doi:10.1101/gad.1013302
 Riley, B. B., and Moorman, S. J. (2000). Development of utricular otoliths, but not saccular otoliths, is necessary for vestibular function and survival in zebrafish. J. Neurobiol. 43, 329–337. doi:10.1002/1097-4695(20000615)43:4<329::aid-neu2>3.0.co;2-h
 Roberts, R., Elsner, J., and Bagnall, M. W. (2017). Delayed otolith development does not impair vestibular circuit formation in zebrafish. JARO 18, 415–425. doi:10.1007/s10162-017-0617-9
 Rubel, E. W., Furrer, S. A., and Stone, J. S. (2013). A brief history of hair cell regeneration research and speculations on the future. Hear. Res. 297, 42–51. doi:10.1016/j.heares.2012.12.014
 Saint-Amant, L., and Drapeau, P. (1998). Time course of the development of motor behaviors in the zebrafish embryo. J. Neurobiol. 37, 622–632. doi:10.1002/(sici)1097-4695(199812)37:4<622::aid-neu10>3.0.co;2-s
 Sapède, D., Dyballa, S., and Pujades, C. (2012). Cell lineage analysis reveals three different progenitor pools for neurosensory elements in the otic vesicle. J. Neurosci. 32, 16424–16434. doi:10.1523/JNEUROSCI.3686-12.2012
 Sapède, D., and Pujades, C. (2010). Hedgehog signaling governs the development of otic sensory epithelium and its associated innervation in zebrafish. J. Neurosci. 30, 3612–3623. doi:10.1523/JNEUROSCI.5109-09.2010
 Schoppik, D., Bianco, I. H., Prober, D. A., Douglass, A. D., Robson, D. N., Li, J. M. B., et al. (2017). Gaze-stabilizing central vestibular neurons project asymmetrically to extraocular motoneuron pools. J. Neurosci. 37, 11353–11365. doi:10.1523/JNEUROSCI.1711-17.2017
 Schuck, J. B., and Smith, M. E. (2009). Cell proliferation follows acoustically-induced hair cell bundle loss in the zebrafish saccule. Hear. Res. 253, 67–76. doi:10.1016/j.heares.2009.03.008
 Schwarzer, S., Asokan, N., Bludau, O., Chae, J., Kuscha, V., Kaslin, J., et al. (2020). Neurogenesis in the inner ear: The zebrafish statoacoustic ganglion provides new neurons from a neurod/nestin-positive progenitor pool well into adulthood. Development 147, dev176750. doi:10.1242/dev.176750
 Sheets, L., Holmgren, M., and Kindt, K. S. (2021). How zebrafish can drive the future of genetic-based hearing and balance research. JARO 22, 215–235. doi:10.1007/s10162-021-00798-z
 Sheets, L., Kindt, K. S., and Nicolson, T. (2012). Presynaptic CaV1.3 channels regulate synaptic ribbon size and are required for synaptic maintenance in sensory hair cells. J. Neurosci. 32, 17273–17286. doi:10.1523/JNEUROSCI.3005-12.2012
 Sheets, L., Trapani, J. G., Mo, W., Obholzer, N., and Nicolson, T. (2011). Ribeye is required for presynaptic CaV1.3a channel localization and afferent innervation of sensory hair cells. Development 138, 1309–1319. doi:10.1242/dev.059451
 Shi, T., Beaulieu, M. O., Saunders, L. M., Fabian, P., Trapnell, C., Segil, N., et al. (2023). Single-cell transcriptomic profiling of the zebrafish inner ear reveals molecularly distinct hair cell and supporting cell subtypes. Elife 12, e82978. doi:10.7554/eLife.82978
 Sillar, K. T. (2009). Mauthner cells. Curr. Biol. 19, R353–R355. doi:10.1016/j.cub.2009.02.025
 Smith, E. T., Pacentine, I., Shipman, A., Hill, M., and Nicolson, T. (2020). Disruption of tmc1/2a/2b genes in zebrafish reveals subunit requirements in subtypes of inner ear hair cells. J. Neurosci. 40, 4457–4468. doi:10.1523/JNEUROSCI.0163-20.2020
 Smith, M. E., Schuck, J. B., Gilley, R. R., and Rogers, B. D. (2011). Structural and functional effects of acoustic exposure in goldfish: Evidence for tonotopy in the teleost saccule. BMC Neurosci. 12, 19. doi:10.1186/1471-2202-12-19
 Songer, J. E., and Eatock, R. A. (2013). Tuning and timing in mammalian type I hair cells and calyceal synapses. J. Neurosci. 33, 3706–3724. doi:10.1523/JNEUROSCI.4067-12.2013
 Sugioka, T., Tanimoto, M., and Higashijima, S. (2023). Biomechanics and neural circuits for vestibular-induced fine postural control in larval zebrafish. Nat. Commun. 14, 1217.
 Suli, A., Pujol, R., Cunningham, D. E., Hailey, D. W., Prendergast, A., Rubel, E. W., et al. (2016). Innervation regulates synaptic ribbons in lateral line mechanosensory hair cells. J. Cell Sci. 129, 2250–2260.
 Sun, P., Zhang, Y., Zhao, F., Wu, J-P., Pun, S. H., Peng, C., et al. (2018). An assay for systematically quantifying the vestibulo-ocular reflex to assess vestibular function in zebrafish larvae. Front. Cell. Neurosci. 12, 257. doi:10.3389/fncel.2018.00257
 Suwa, H., Gilland, E., and Baker, R. (1999). Otolith ocular reflex function of the tangential nucleus in teleost fish. Ann. N. Y. Acad. Sci. 871 (1–14), 1–14. doi:10.1111/j.1749-6632.1999.tb09171.x
 Szabo, T. M., McCormick, C. A., and Faber, D. S. (2007). Otolith endorgan input to the Mauthner neuron in the goldfish. J. Comp. Neurology 505, 511–525. doi:10.1002/cne.21499
 Taberner, L., Bañón, A., and Alsina, B. (2018). Anatomical map of the cranial vasculature and sensory ganglia. Journal of Anatomy 232, 431–439.
 Tanimoto, M., Watakabe, I., and Higashijima, S. (2022). Tiltable objective microscope visualizes selectivity for head motion direction and dynamics in zebrafish vestibular system. Nat. Commun. 13, 7622. doi:10.1038/s41467-022-35190-9
 Torres, M., and Giráldez, F. (1998). The development of the vertebrate inner ear. Mech. Dev. 71 (5–21), 5–21. doi:10.1016/s0925-4773(97)00155-x
 Warchol, M. E. (2011). Sensory regeneration in the vertebrate inner ear: differences at the levels of cells and species. Hear. Res . 273, 72–79.
 Warchol, M. E., Massoodnia, R., Pujol, R., Cox, B. C., and Stone, J. S. (2019). Development of hair cell phenotype and calyx nerve terminals in the neonatal mouse utricle. J. Comp. Neurology 527, 1913–1928. doi:10.1002/cne.24658
 Whitfield, T. T., Granato, M., van Eeden, F. J., Schach, U., Brand, M., Furutani-Seiki, M., et al. (1996). Mutations affecting development of the zebrafish inner ear and lateral line. Development 123, 241–254. doi:10.1242/dev.123.1.241
 Whitfield, T. T., Riley, B. B., Chiang, M-Y., and Phillips, B. (2002). Development of the zebrafish inner ear. Dev. Dyn. 223, 427–458. doi:10.1002/dvdy.10073
 Wong, H. C., Zhang, Q., Beirl, A. J., Petralia, R. S., Wang, Y. X., and Kindt, K. (2019). Synaptic mitochondria regulate hair-cell synapse size and function. Elife 8, e48914. doi:10.7554/eLife.48914
 Yao, Q., DeSmidt, A. A., Tekin, M., Liu, X., and Lu, Z. (2016). Hearing assessment in zebrafish during the first week postfertilization. Zebrafish 13, 79–86. doi:10.1089/zeb.2015.1166
 Zecca, A., Dyballa, S., Voltes, A., Bradley, R., and Pujades, C. (2015). The order and place of neuronal differentiation establish the topography of sensory projections and the entry points within the hindbrain. J. Neurosci. 35, 7475–7486. doi:10.1523/JNEUROSCI.3743-14.2015
 Zhu, S., Chen, Z., Wang, H., and McDermott, B. M. (2021). Tmc reliance is biased by the hair cell subtype and position within the ear. Front. Cell Dev. Biol. 8, 570486. doi:10.3389/fcell.2020.570486
 Zottoli, S. J., and Faber, D. S. (1979). Properties and distribution of anterior VIIIth nerve excitatory inputs to the goldfish Mauthner cell. Brain Res. 174 (2), 319–323. doi:10.1016/0006-8993(79)90854-0
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Baeza-Loya and Raible. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Vestibular physiology and function in zebrafish		Introduction		Inner ear morphology in zebrafish

		Vestibular hair cells

		First-order vestibular neurons

		Second-order vestibular neurons

		Vestibular behaviors and whole brain imaging





		Summary and future directions

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-11-1172933-g001.gif
@%‘ T+ et
o Ac R Cl [ asaG
\$ 43
& o i

= .

LYY

o]
[&=4]

+





OPS/images/fcell-11-1172933-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





