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Significance

Hair cells in vertebrates are 
specialized sensory cells with a 
central role in hearing, balance, 
and flow sensing. The process by 
which hair cells transduce 
mechanical stimuli has been the 
subject of intense study, 
frequently with the implicit 
assumption that hair cells in 
different sensory systems and 
across species employ a similar 
transduction mechanism. Here, it 
is shown that the hair cells of the 
zebrafish lateral line system use 
a substantially different 
mechanism driven by the efflux 
of anions rather than the influx 
of cations. These results establish 
a new perspective for examining 
the physiology and evolution of 
hair cells and other sensory cells.
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Hair cells are the principal sensory receptors of the vertebrate auditory system, where 
they transduce sounds through mechanically gated ion channels that permit cations to 
flow from the surrounding endolymph into the cells. The lateral line of zebrafish has 
served as a key model system for understanding hair cell physiology and development, 
often with the belief that these hair cells employ a similar transduction mechanism. In 
this study, we demonstrate that these hair cells are exposed to an unregulated external 
environment with cation concentrations that are too low to support transduction. Our 
results indicate that hair cell excitation is instead mediated by a substantially different 
mechanism involving the outward flow of anions. Further investigation of hair cell 
transduction in a diversity of sensory systems and species will likely yield deep insights 
into the physiology of these unique cells.

sensory transduction | hair cells | auditory | vestibular | chloride

Vertebrate hair cells are ciliated mechanoreceptive sensory cells responsible for the exquisite 
sensitivity of the auditory and vestibular systems. In the auditory system, these cells are 
immersed in endolymph with a relatively high K+ concentration and positive potential, 
which establishes a strong electrochemical gradient favoring K+ influx into the cells (1–3). 
Sound propagating through the cochlea generates shearing forces on the apical stereocilia 
bundle of hair cells. Deflection of the stereocilia opens mechanically gated cation channels 
[i.e., TMC1/2; (4–6)], which permits K+ influx into the hair cells [mechanoelectrical 
transduction (MET) current] and drives membrane depolarization (7, 8). The high K+ 
concentration of the endolymph is key to this pathway and is produced by active secretion 
of K+ into the endolymph by strial marginal cells via a process that includes K+ channels 
and Na+/K+ ATPase (9–11).

The hair cells of the inner ear are thought to have evolved from anatomically similar 
cells found in the lateral line of fishes and amphibians (reviewed by ref. 12). The lateral 
line system detects the movement of water around the body and is critical for survival, as 
it mediates behaviors such as predator avoidance, prey capture, and navigation (13–16). 
Unlike the hair cells of the inner ear, the lateral line hair cells lie on the surface of the body 
and are typically surrounded by a potentially unstable external environment rather than 
a regulated, K+- rich endolymph. Work in amphibians in the 1970s indicated that the 
gelatinous cupula that partially encapsulates the lateral line hair cells maintains an ionic 
microenvironment comparable to the inner ear endolymph, which establishes the ionic 
gradient necessary for cation influx–mediated mechanotransduction (17, 18). It has often 
been assumed that a similar mechanism is responsible for mechanotransduction in other 
aquatic organisms, including freshwater fishes.

Although the lateral line of freshwater zebrafish is a powerful model system for 
understanding hair cell physiology (19–21), this foundational hypothesis has 
remained largely untested. Here, we show that the ionic microenvironment in the 
cupula of the superficial neuromasts of zebrafish larvae is indistinguishable from the 
surrounding freshwater. Electrochemical calculations indicate that the freshwater 
inhabited by zebrafish does not provide ionic gradients sufficient to support the 
putative cation- mediated mechanotransduction mechanism. Instead, our results sug
gest an alternative process driven by anion efflux. For cells in contact with ion- poor 
extracellular saline, typical negative resting membrane potentials and intracellular 
Cl− concentrations are sufficient to generate anion efflux capable of inducing robust 
membrane depolarization. Although studies of sensory physiology often focus on 
cation- mediated transduction process, anion efflux has been observed to contribute 
to signal amplification in vertebrate chemosensory receptors, which often directly 
interface with an unregulated external environment (22–26). It has also been argued 
that anion efflux may confer favorable properties, including reduced sensitivity to 
large variations in extracellular ionic composition (27, 28).
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Results

The Cupula Does Not Provide a Cation- Rich Microenvironment 
for Lateral Line Hair Cells. We first examined whether the cupula of 
the superficial neuromasts contained an elevated K+ concentration 
capable of supporting mechanotransduction. Animals were bathed 
in a freshwater medium (E3 saline) with a K+ selective fluorescent 
indicator (IPG- 4). Using confocal microscopy, we found that 
fluorescence in the cupula was nearly indistinguishable from 
that of the surrounding water, suggesting that the cupula does 
not maintain elevated K+ concentrations (Fig.  1 A and B). To 
quantify the K+ concentration within the cupula, the indicator 
was saturated by adding K+ to the surrounding medium, and the 
recorded fluorescence values were fit to a model that incorporates 
both the binding affinity of the indicator and potential differences 
in indicator concentration between the cupula and medium. 
Consistent with our qualitative observations, the calculated K+ 
concentration of the cupula was not significantly different from 
that of the surrounding medium (P = 0.26, N = 11; Fig. 1C). 
Analogous experiments were then performed examining each of the 
major cations present in freshwater saline and again no significant 
differences were found between the cupula and the surrounding 
water (Na+: P = 0.88, N = 8; Ca2+: P = 0.45, N = 9; H+: P = 0.30,  
N = 8; Fig. 1D). We also examined the Cl− concentration within 
the cupula, since it is the likely counterion for any cation, and 
found that it was also not significantly different from the freshwater 
medium (P = 0.43, N = 6, Fig. 1D). These results indicate that 
the cupula does not support an ionic microenvironment, and the 
apical surfaces of the lateral line hair cells are directly exposed to 
an ion- poor freshwater saline that is markedly different from the 
endolymph of the inner ear (2, 3, 29–31).

To systematically explore the consequences of the hair cells 
being exposed to an ion- poor environment, we calculated the 
membrane reversal potential for a MET channel in different extra
cellular solutions, assuming relative permeabilities similar to other 
hair cells (SI Appendix, Membrane Reversal Potentials). We found 
that in a freshwater medium (E3 saline), MET conductance would 
be expected to produce K+ efflux and hyperpolarization rather 
than depolarization, which suggests that K+ current is not the 
primary driver of transduction (Fig. 1E). MET conductance is 
only predicted to induce membrane depolarization sufficient to 
open the voltage- gated Ca2+ channels on the basolateral membrane 
[CaV1.3, (32)] in water with cation concentrations much greater 
than those in the natural habitat of zebrafish [Fig. 1E, (29–31)]. 
Although the chemical gradient favors Ca2+ influx into the hair 
cell, this influx is unable to overcome the hyperpolarizing effect 
generated by K+ efflux given the estimated relative permeabilities 
of the MET channels. Ca2+ currents would therefore only be suf
ficiently depolarizing if the MET channels displayed Ca2+ selec
tivity far in excess of that reported in other systems (4). We next 
calculated the reversal potential for a hypothetical Cl− channel 
and found that Cl− conductance would be expected to readily 
drive Cl− efflux from the hair cells and membrane depolarization 
in a wide range of external environments (Fig. 1E). In total, these 
results argue against K+ influx as a mechanism for lateral line hair 
cell depolarization and suggest that Ca2+ influx or Cl− efflux may 
have more central roles.

The lack of an ionic microenvironment in the cupula would 
profoundly affect the mechanotransduction mechanisms available 
to hair cells. We next conducted a series of experiments and sim
ulations further exploring whether the physical properties of the 
cupula could support such a microenvironment. We first examined 
the diffusion of charged molecules within the cupula by rapidly 
introducing a negatively charged small molecule fluorophore 
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Fig.  1. The ionic microenvironment of the cupula resembles freshwater 
and cannot support cation influx–mediated depolarization. (A) Superficial 
neuromasts of the lateral line system in larval zebrafish. (B) In vivo visualization 
of K+ in the vicinity of a neuromast using the fluorescent probe IPG- 4 (Left: 
brightfield; Right: IPG- 4). (C) Fluorescence of K+ probe in solutions with varying 
K+ concentrations (blue, error bars are ± SEM, curve is fit model), fluorescence 
expected for an environment matching the surrounding freshwater medium 
(E3 saline; horizontal gray line), and measured fluorescence within the cupula 
(red dot, error bars are ± SEM, error bars are small and may be partially 
obscured). The similarity of the cupula fluorescence (red dot) and freshwater 
medium fluorescence (gray line) suggests the K+ concentration in the cupula 
is similar to the surrounding medium. Using these measured values, the 
difference between the K+ concentration in the cupula and the surrounding 
medium was also calculated (ΔK+, mean ± SEM). (D) Results from experiments 
similar to (C) except examining Na+ (probe: ING- 2), Ca2+ (probe: Fluo- 5 N), H+ 
(probe: BCECF), and Cl− (probe: MQAE). In all cases, ion concentrations within 
the cupula matched those of the surrounding medium. (E) Predicted reversal 
potentials for MET channels as a function of cupula cation concentration. 
The estimated opening potential of voltage- gated Ca2+ channels at the basal 
membrane is indicated (−50 mV, horizontal line). The cation concentration 
necessary to reach this potential (black arrow) and the concentration in a 
freshwater medium (blue dot) are also indicated. The predicted reversal 
potential for a hypothetical chloride channel is also shown (right). (F) Images 
showing penetration of a charged fluorophore (6- carboxyfluorescein, 6- CF) 
into neuromast cupula (Left: cupula surface visualized with microspheres, Right: 
6- CF). (G) From the same experiments as (F), time series showing rapid increase 
in fluorescence in both the medium around the cupula and within the cupula 
after introduction of the charged fluorophore. (H) Simulation of a hypothetical 
K+ microenvironment, produced by solving 3D Nernst- Plank equations (Left: 
mesh, right: K+ distribution for K+ current = 60nA). (I) K+ concentration at apical 
surface of hair cells as a function of K+ secretion current [horizontal gray line: 
estimated K+ concentration necessary for depolarization (10.2 mM), vertical 
gray line: corresponding K+ efflux current (56 nA)].D
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(6- carboxyfluorescein; 6- CF) around the cupula and imaging its 
diffusion from the medium into the cupula (Fig. 1F). There were 
no significant differences between the rate at which fluorescence 
increased in the cupula and the surrounding water, suggesting that 
charged molecules rapidly penetrate the cupula [relative time con
stant = 0.88 ± 0.06 (mean ± SEM), P = 0.076, N = 9, Fig. 1G]. 
Computational simulations confirmed that this experimental 
setup had sufficient resolution to detect meaningful differences in 
the diffusive properties of the cupular matrix (SI Appendix, Fig. S1 
A–C). This finding is also consistent with empirical studies of the 
ultrastructure of lateral line cupulae, which identified no mem
brane or other dense surface structure (33, 34).

We next evaluated the ion currents that would be necessary to 
sustain a K+ reservoir in the cupula using computational simula
tions. Since this configuration violates the assumptions of a typical 
neuron electrical equivalent circuit (35), we simulated these 
dynamics by directly solving the full three- dimensional Nernst–
Planck equations using the finite element method (Fig. 1H). Based 
on the above diffusion experiments, we estimated the diffusion 
coefficients for ions moving through the cupular matrix to be 
similar to that of water and assumed a constant rate of K+ secretion 
into the matrix at the base of the neuromast. We found that a K+ 
current of 56 nA would be needed to produce the K+ concentra
tion of 10.2 mM required for depolarizing MET conductance 
(Fig. 1 E and I). Although the ionoregulatory currents of the neu
romast have not been quantified, these K+ current values are several 
orders of magnitude greater than the resting MET current of hair 
cells (36, 37). These results indicate that recently described 
skin- derived ionocytes are unlikely to maintain a K+ microenvi
ronment at the apical surface of the hair cells but may instead 
support regulation of the extracellular environment at the baso
lateral surfaces (38).

Cumulatively, these experiments indicate that the cupula does 
not maintain a cation- rich microenvironment sufficient to support 
hair cell depolarization, challenging a long- standing assumption 
that hair cell transduction is cation driven in the lateral line system 
of zebrafish and other freshwater fishes.

Lateral Line Function Only Requires Micromolar Extracellular 
Calcium. What other mechanisms could mediate hair cell depo
lari zation? We next tested the hypothesis that Ca2+ could con
tribute to hair cell depolarization, given its reversal potential and 
assuming MET channels with unusually high Ca2+ selectivity. 
Hair cells expressing the fluorescent calcium indicator GCaMP6s 
were imaged while mechanically deflecting the cupula with a pie
zoelectric transducer (Fig. 2A). Changes in fluorescence near the 
basal surface of the hair cells were observed, which have been 
attributed to Ca2+ influx through voltage- gated channels on the 
basal membrane (21). Hair cells produced robust responses to 
this stimulus in a freshwater medium (E3 saline, 330 µM Ca2+;  
P < 0.001, df = 27; Fig. 2A). Interestingly, we found that hair cells 
continue to respond in a medium with substantially reduced Ca2+ 
concentrations (20 µM Ca2+; P = 0.04, df = 3; Fig. 2A) and that 
these responses were indistinguishable from those observed in 
freshwater saline (P = 0.13, df = 3). The insensitivity of hair cell 
responses to the extracellular Ca2+ concentration may suggest that 
Ca2+ current is not crucial for mechanotransduction. However, 
responses in 0 µM Ca2+ medium were significantly reduced com
pared to those in freshwater saline (P = 0.02, df = 9; Fig. 2A). 
This indicates that environmental Ca2+ modulates MET currents 
in naturalistic freshwater media, consistent with observations in 
zebrafish and other species (8, 39–43).

To further examine the role of Ca2+ currents in hair cell depolar
ization, we used the Nernst–Planck computational model to 
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Fig. 2. Only micromolar extracellular calcium is required for lateral line function. (A) Response of hair cells to a mechanical stimulus, recorded by imaging 
genetically expressed fluorescent calcium indicator GCaMP6s- CAAX at the basal membrane (Left: typical image, region of interest indicated; Right: responses in 
330 μM, 20 μM, and 0 μM Ca2+, mean ± SEM). Hair cell responses in micromolar Ca2+ medium are comparable to those in a freshwater medium (E3 saline), while 
responses are abolished in a calcium- free medium. (B) Behavioral response of zebrafish larvae to a mechanical stimulus under varying conditions, recorded 
with a unique behavioral assay that employs an oscillatory Couette cell to produce a pure- shear flow stimulus (Left: schematic of behavioral setup with typical 
trajectory in red; Right: probability of response following neomycin- induced hair cell ablation, in 20 μM Ca2+ medium, and in 3× ionic strength medium). Asterisks 
indicate statistically significant differences integrated across stimulus intensities (*P < 0.05, **P < 0.01, ***P < 0.001), open circles represent significant pairwise 
comparisons (P < 0.05), and results are shown as mean ± SEM.D
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estimate the maximum sustainable Ca2+ current in the reduced Ca2+ 
medium (20 µM). We simulated a scenario where the stereocilia 
tips have infinite Ca2+ conductance, and the total Ca2+ current is 
limited by the diffusion of Ca2+ through the surrounding medium 
(SI Appendix, Fig. S1D). Using this approach, the maximum Ca2+ 
current into an isolated hair cell was estimated to be 2.8 pA, which 
is orders of magnitude smaller than a typical MET current (36, 37). 
These results indicate that the reduced Ca2+ medium cannot support 
large Ca2+ currents and provides further evidence that Ca2+ current 
is not critical to mechanotransduction. These findings do not rule 
out that possibility that Ca2+ current contributes to mechanotrans
duction in media with higher Ca2+ concentrations.

We next examined whether these cellular- scale differences were 
reciprocated at the organismal level by recording the effects of low 
Ca2+ environments on the behavior of freely swimming larvae. A 
number of behavioral assays have been successfully employed for 
assessing lateral line function in zebrafish larvae, including assays 
measuring C- start escapes in response to impulsive stimuli and 
assays measuring rheotactic responses (13–15). However, the con
tribution of multiple sensory modalities (e.g., vestibular, acoustic, 
visual) to behavioral responses often presents a challenge when 
developing such assays. Since the superficial lateral line is princi
pally sensitive to shear at the body surface (44), we designed a 
novel behavioral assay that uses an oscillatory Couette cell to pro
duce a shearing flow without accompanying pressure waves 
(SI Appendix, Fig. S2). The position and swimming speed of ani
mals were continuously monitored, and stimuli of varying inten
sities were presented at random intervals. Each stimulus that 
produced a significant change in swimming speed (outside 95% 
CI) was recorded and then the net response probability was cal
culated as a function of stimulus intensity. In order to reduce both 
habituation and activation of collateral sensory modalities, we 
intentionally examined small stimulus intensities that produced 
modest changes in behavior with relatively low response proba
bilities rather than escape responses with high probability.

To evaluate the efficacy of this assay, we confirmed that animals 
responded in an intensity- dependent manner and that neomycin-  
induced hair cell ablation dramatically decreased this response 
(Fig. 2B). Next, we examined how low environmental Ca2+ affects 
lateral line sensitivity and found that animals displayed reduced but 
robust responses even with Ca2+ decreased by >15× (21% decrease 
with 50 µm stimulus, omnibus P < 0.001, N = 30 exp/94 ctrl). These 
results are consistent with our imaging data and data from other 
species (39, 45). Using this same assay, we then examined how lateral 
line sensitivity is altered by increases in the ionic strength of the 
freshwater environment. The responses of animals in a medium with 
a 3× increase in ionic strength were not significantly different from 
those in a freshwater medium (E3 saline, omnibus P > 0.05, N = 30 
exp/94 ctrl). Media with higher ion concentrations were also 
explored, and significant decreases in sensitivity were detected, but 
such ion concentrations far exceed the values observed in the natural 
habitat of zebrafish and these effects may result from osmotic stress 
rather than a specific interaction with the lateral line (SI Appendix, 
Fig. S3). In total, these findings suggest that extracellular Ca2+ mod
ulates the mechanotransduction process but does not provide the 
primary ion current driving hair cell depolarization.

Calcium- Activated Anion Efflux Contributes to Hair Cell Depo
larization. Since the electrochemical gradient between hair cells and 
freshwater strongly favors anion efflux, we next examined whether this 
efflux could be contributing to mechanotransduction. We began by 
leveraging available transcriptome data to generate testable hypotheses. 
We analyzed published transcriptome scRNA- seq data collected from 
zebrafish lateral line neuromasts (46) for cells that expressed a hair 

cell marker (tmc2b), filtered transcripts for genes associated with ion 
channel activity, and then reviewed the resulting list for genes with 
anion efflux activity. This analysis indicated that the lateral line hair 
cells may express the calcium- activated anion channel Anoctamin- 2b 
(ANO2b), also known as TMEM16b (Fig. 3A).

A

C

D

E F

B

Fig. 3. Calcium- activated chloride channels are expressed in lateral line hair 
cells, sufficient to activate hair cells, and necessary for functional responses at 
the cellular and organismal level. (A) Visualization of single- cell transcriptome 
data for lateral line neuromast showing expression of anoctamin- 2b (ano2b) 
in the hair cell cluster [t- SNE plot, data from (47)]. (B) In  situ hybridization 
image showing ano2b expression in a lateral line neuromast (punctate pattern 
consistent with single- molecule RNA- FISH). (C) Response of hair cells to the 
Ano2 agonist Eact, recorded at the basal membrane using a genetically 
expressed fluorescent calcium indicator (Left and Middle: typical images, right: 
measured ΔF/F for introduction and washout, mean ± SEM). (D) Response of 
hair cells to cupula deflection while bathed in standard saline (control; Left), 
an Ano2 antagonist (25 µM T16Ainh; Middle), and after washout (Right; mean ± 
SEM). (E) Effect of the calcium- activated chloride channel (CaCC) inhibitor NFA 
on the behavioral response of zebrafish larvae to a mechanical stimulus. 
Asterisks indicate statistically significant differences integrated across stimulus 
intensities (*P < 0.05, **P < 0.01, ***P < 0.001), open circles represent significant 
pairwise comparisons (P < 0.05), and results are shown as mean ± SEM.  
(F) Similar to (E), except showing the effect of decreasing the electrochemical 
gradient supporting chloride efflux by increasing extracellular chloride.D
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To verify this expression, ano2b transcripts were labeled using 
HCR RNA- FISH. We observed ano2b labeling in lateral line hair 
cells, olfactory epithelium, and the dorsal habenula (Fig. 3B and 
SI Appendix, Fig. S4). The expression of anoctamin in the olfactory 
epithelium is consistent with similar findings in mammalian olfac
tory epithelium (47), and ano2b expression in the dorsal habenula 
of zebrafish has been previously reported (48).

We next examined whether calcium- activated chloride channels 
are capable of inducing depolarization of the lateral line hair cells. 
Using zebrafish larvae that express a fluorescent calcium indicator 
in hair cells [myo6b:GCaMP6s- CAAX; (21)], we recorded hair cell 
responses to the Anoctamin2 agonist Eact (49). This agonist induced 
immediate and robust increases in intracellular calcium at the baso
lateral membrane (P < 0.001, df = 58), which were reversible upon 
washout (Fig. 3C). We then recorded hair cell responses to mechan
ical stimulation in the presence of the Anoctamin2 antagonist 
T16Ainh- A01 (50). We found that this blockade produced signifi
cant reductions (P = 0.026, df = 24) of hair cell responses to mechan
ical stimuli that recovered after a washout (P = 0.017, df = 17; 
Fig. 3D). These responses are consistent with the hypothesis that 
calcium- activated anion channels contribute to mechanotransduc
tion in the lateral line hair cells.

We then sought to determine whether these effects were 
reflected in the responses of an intact, behaving animal. When we 
examined the behavioral response of animals that had been treated 
with the calcium- activated chloride channel blocker niflumic acid 
(NFA) (51), we found that they exhibited a marked decrease in 
behavioral responses relative to untreated animals (48% decrease 
with 50 µm stimulus, omnibus P < 0.001, N = 30 exp/94 ctrl, 
Fig. 3E). Although interpretations of behavioral data must allow 
for the possibility of nonspecific effects, these results are consistent 
with the notion that calcium- activated Cl− conductance supports 
lateral line function. We also examined the sensitivity of animals 
in media in which Cl− concentrations were varied to manipulate 
the strength of the electrochemical gradient supporting anion 
efflux. We found that increasing this electrochemical gradient by 
reducing extracellular Cl− (0.8 mM) produced a small increase in 
the response to stimuli relative to a freshwater medium (5.2 mM), 
although this effect was not significant (omnibus P > 0.05,  
N = 30 exp/94 ctrl, Fig. 3F). Conversely, we found that decreasing 
this gradient by increasing extracellular Cl− (16 mM) reduced the 
response (27% decrease with 50 µm stimulus, omnibus P < 0.01, 
N = 30 exp/94 ctrl, Fig. 3F) relative to a freshwater medium. This 
suppression, but not termination, of lateral line sensitivity is con
sistent with the reversal potential still favoring anion efflux at this 
extracellular Cl− concentration (Fig. 1E). Higher Cl− concentra
tions were examined, and similar results were observed (SI Appendix, 
Fig. S3), although such salines impose a stronger osmotic stress 
that may complicate interpretation. Cumulatively, these results 
provide further support for the role of anion efflux in lateral line 
mechanotransduction.

A Hypothesis for Lateral Line Mechanotransduction. The MET 
channels in hair cells are permeable to both monovalent (K+, Na+) 
and divalent (Ca2+) cations (7, 8). It has long been speculated that 
mechanotransduction in lateral line hair cells was mediated by 
cation influx through the apical membrane, similar to the inner 
ear. Here, we present evidence that the depolarization of lateral 
line hair cells is instead supported by anion efflux rather than 
cation influx. Although further work is required to fully establish 
the complete mechanotransduction pathway, our results suggest 
a new hypothesis: deflection of the hair cell bundle opens MET 
channels allowing influx of trace amounts of Ca2+, which interacts 
with Ca2+- activated Cl− channels, leading to Cl− efflux through the 

apical membrane that induces membrane depolarization (Fig. 4). 
Several lines of evidence support this hypothesis, including 1) the 
electrochemical gradient across the apical membrane is unable to 
support cation influx induced depolarization, 2) hair cells only 
require micromolar extracellular Ca2+ to function, 3) the hair cells 
express Ca2+- activated Cl− channels, 4) activating these channels 
induces hair cell depolarization, and 5) blocking these channels 
reduces the response of animals and individual hair cells to 
mechanosensory stimuli. This hypothesis raises many interesting 
new questions. It is unclear what the relative contributions of 
ano2b and other anion channels are to mechanotransduction or 
how the relative ion permeabilities of zebrafish lateral line MET 
channels affect Ca2+ influx and potential K+ efflux. It is unknown 
how Ca2+ compartmentalization and basal/apical differences in 
Ca2+ concentration influence hair cell function. Future studies 
exploring these questions are likely to yield novel and general 
insights into the physiology of mechanotransduction.

Discussion

Anion efflux–mediated sensory transduction provides several poten
tial advantages for cells exposed to ion- poor environments (28). 
Anion efflux is expected to be robust to fluctuating external condi
tions, since the intracellular environment provides a well- regulated 
source of anions (52) and there is a strong electrochemical gradient 
supporting efflux across a wide range of external conditions. This 
intrinsic robustness could allow animals to maintain sensitivity in 
dynamic environments, without the need for secondary pathways 
for modulation or auxiliary structures that maintain a stable extra
cellular microenvironment. Although transduction mechanisms 
leveraging anion efflux have received much less attention than path
ways utilizing cation influx, signal amplification through anion 
efflux provides an elegant solution to the challenge of fluctuating 
dynamic environments. This mechanism has also been found in 

A B C

Fig.  4. Calcium- activated chloride channels amplify hair cell signaling in 
environments of low ionic strength. (A) Established inner ear pathway: Inner 
ear hair cells are bathed in a K+- rich endolymph. 1. As the stereocilia deflect, 
mechano- electrical transduction (MET) channels open, allowing K+ influx into 
the hair cells. 2. Cation influx initiates membrane depolarization. 3. Voltage- 
gated calcium channels allow Ca2+ influx at the basolateral membrane 
and subsequent vesicle fusion. (B) Putative lateral line pathway: Similar to 
(A), except the cupula encapsulating the lateral line hair cells maintains an 
ionic microenvironment that supports K+ influx. (C) Hypothesized pathway: 
The apical membrane of the lateral line hair cells in zebrafish is exposed to 
external freshwater environments with insufficient cations to directly drive 
depolarization. We hypothesize that depolarization is mediated by anion efflux 
through the following processes: 1. Trace amounts of Ca2+ influx through MET 
channels. 2. Calcium- activated chloride channels open. 3. Cl− efflux initiates 
membrane depolarization. 4. Voltage- gated calcium channels support vesicle 
fusion.
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vertebrate olfactory receptor neurons (22–26). There, odorant 
receptors act via a G- protein- coupled cascade to increase cAMP, 
which induces opening of cyclic nucleotide- gated cation channels. 
This leads to an influx of Ca2+ and subsequent opening of Ca2+- 
activated Cl− channels (Ano2). This striking similarity between 
mechanoreceptive and olfactory systems, two apparently disparate 
sensory modalities, may suggest convergent evolution in systems 
exposed to dynamic extracorporeal environments.

The lateral line appears to have evolved in early vertebrates (12), 
but it is not clear whether these early vertebrates occupied marine 
or freshwater environments, or both at different life stages (53, 54). 
In a marine environment, high Na+ and Cl− concentrations at the 
apical surface would easily support cation influx–mediated depo
larization and make Cl− conductance hyperpolarizing. Here, we 
show that in freshwater environments, transduction would require 
either the establishment of an ionic microenvironment that can 
support cation influx or a mechanism based on anion efflux. As a 
result, migrations between marine and freshwater environments 
would be expected to have dramatic effects on lateral line function, 
and yet these migrations are routine for catadromous, anadromous, 
and euryhaline fishes. Prior studies have found that freshwater 
amphibians generate a K+ microenvironment within the cupula 
(17, 18), while our results suggest that zebrafish larvae employ 
anion efflux. Understanding the evolutionary origins of lateral line 
hair cells and how these systems evolved as fishes and related ani
mals entered new environments would provide important insights 
into hair cell physiology and the evolution of sensory systems.

The vertebrate lateral line system continues to serve as a pow
erful model for dissecting the basic principles of hearing and bal
ance. However, prior studies by our labs and others have typically 

examined lateral line physiology in ion- rich extracellular saline 
that mimics vertebrate blood rather than the ion- poor saline these 
animals naturally inhabit (37, 55). The use of cation- rich saline 
would be expected to introduce an artificial cation influx while 
masking naturally occurring anion efflux. As such, this work high
lights the necessity of studying sensory systems in the context in 
which they evolved in order to decipher their true properties and 
capacities.

Materials and Methods

Detailed methods are provided in the SI Appendix. Briefly, the ionic composi-
tion of the neuromast cupula was measured using ion indicators (IPG- 4, ING- 2, 
Fluo5N, BCECF, and MQAE). The sensitivity and responses to pharmacological 
agents of the hair cells were determined using genetically expressed fluores-
cent calcium indicators (myo6b:GCaMP6s- CAAX). Lastly, effects on the behavioral 
responses of the animals to mechanical stimuli were measured using a unique 
behavioral assay based on a shear- only flow stimulus.

Data, Materials, and Software Availability. All study data are included in 
the article and/or SI Appendix. The code and scripts used for analysis are avail-
able from public repositories (Neuron Image Analysis toolkit: https://bitbucket.
org/jastrother/neuron_image_analysis (56), and Larval Proving Grounds toolkit: 
https://bitbucket.org/jastrother/larval_proving_grounds) (57).
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