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Abstract 

Sensory thresholds enable animals to regulate their behavioral responses to envi-

ronmental threats. Despite the importance of sensory thresholds for animal behavior 

and human health, we do not yet have a full appreciation of the underlying  

molecular-genetic and circuit mechanisms. The larval zebrafish acoustic startle 

response provides a powerful system to identify molecular mechanisms underlying 

establishment of sensory thresholds and plasticity of thresholds through mecha-

nisms like habituation. Using this system, we identify Cadherin-16 as a previously 

undescribed regulator of sensory gating. We demonstrate that Cadherin-16 regu-

lates sensory thresholds via an endocrine organ, the corpuscle of Stannius (CS), 

which is essential in zebrafish for regulating Ca2+ homeostasis. We further show 

that Cadherin-16 regulates whole-body calcium and ultimately behavior through the 

hormone Stanniocalcin 1l (Stc1l), and the IGF-regulatory metalloprotease, Papp-aa. 

Finally, we demonstrate the importance of the CS through ablation experiments that 

reveal its role in promoting normal acoustic sensory gating. Together, our results 

uncover a previously undescribed brain non-autonomous pathway for the regula-

tion of behavior and underscore Ca2+ homeostasis as a critical process underlying 

sensory gating in vivo.

Introduction

Animals use sensory cues to evade threats in the environment. The acoustic startle 
response provides a crucial defensive mechanism, observed in species throughout 
the animal kingdom [1,2]. Although it is critical that animals be able to mount escape 
responses to threatening stimuli, they must also be able to distinguish between 
threatening and non-threatening stimuli. Sensory gating is a neural process that 
enables animals to make this distinction. Stimuli that do not meet a minimum stimulus 
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intensity threshold do not elicit a response [3–5], and are ignored. Suprathreshold 
stimuli, conversely, are sufficient to elicit a behavioral response. In the case of the 
acoustic startle response in larval zebrafish, sensory thresholds are established 
during development and differ between animals, representing a form of behavioral 
individuality [6]. Moreover, thresholds established during development can be tran-
siently modified through plasticity mechanisms like habituation [7,8]. In humans, a 
variety of neurological disorders, including schizophrenia, autism spectrum disorder, 
and migraine, are associated with differences in the ability to properly threshold or 
habituate to sensory stimuli [9,10]. Therefore, understanding the biological processes 
that regulate sensory thresholds may shed light on molecular mechanisms underlying 
disease.

Previous work has identified multiple molecular pathways that regulate sen-
sory gating in larval zebrafish [3,4,11–15]. Many of these molecular regulators are 
expressed in or affect the activity of cells comprising the acoustic startle circuit, 
including the IGF-regulatory metalloprotease pappaa [11], the voltage-gated K+ 
channel subunit kcna1a [14], the palmitoyltransferase hip14 [14], the cytoskele-
tal regulator cyfip2 [3], and the Ca2+-sensing receptor casr [12,16]. Prior work has 
also probed key neurotransmitter signaling pathways that regulate acoustic startle 
response gating [7,8,17]. While this work has placed molecular mechanisms of 
behavior in the context of circuit function, most of the identified mechanisms func-
tion autonomously in the brain. How brain non-autonomous regulators of internal 
state, including whole-body homeostatic states might contribute is thus far largely 
unexplored.

In this study, we identify a novel brain non-autonomous mechanism key for pro-
moting sensory gating. We find that Cadherin-16 (encoded by cdh16) functions in the 
pronephros-derived corpuscles of Stannius (CS) to regulate Ca2+ homeostasis and 
ultimately sensory thresholds in larval zebrafish. This system provides an ideal model 
for understanding how Ca2+ homeostasis regulates sensory thresholds. In particular, 
we find that Cdh16 regulates the expression of stanniocalcin 1, like (stc1l), a gene 
encoding the hormone Stanniocalcin 1l (Stc1l). Genes expressing Stanniocalcin 
hormones are present in vertebrates ranging from fish to humans where they regu-
late mineral homeostasis [18–20]. In mammals, Stc1 is expressed in multiple tissues 
including the kidney, while in the zebrafish, Stc1l is expressed by endocrine glands 
flanking the kidney called the corpuscles of Stannius [21,22]. Stc1l then functions to 
limit the proliferation and function of epithelial cells called ionocytes [23]. In particular, 
Stc1l limits the proliferation of a specific class of ionocytes, termed Na+/H+-ATPase-
rich (NaR) cells, specialized to promote Ca2+ uptake from the environment [24]. 
Stc1l does this through the suppression of a metalloprotease, Papp-aa, expressed 
by NaR ionocytes [23]. Consequently, zebrafish pappaa loss-of-function mutants 
show reduced bone calcification [25]. PAPP-A is similarly crucial for Ca2+ homeosta-
sis in mammals. Homozygous loss-of-function mutations in PAPPA2 in humans are 
associated with growth deficits and reduced bone mineralization [26]. Interestingly, 
Papp-aa has also been identified as a key regulator of acoustic and visual behaviors 
in zebrafish [11].
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Here we find that this pappaa-associated Ca2+-regulatory pathway functions in the context of sensory gating. Through 
genetic epistasis, we find that Cdh16 functions through Stc1l and ultimately Papp-aa to regulate whole-body Ca2+, which in 
turn broadly regulates behavioral thresholds, with opposite impacts on visually and acoustically evoked startle responses. 
Therefore, our results highlight a link between Papp-aa and Cdh16 function and underscore a crucial role for Ca2+ homeo-
stasis in the regulation of sensory gating and behavior. Interestingly, human patient data also support a crucial role for 
Ca2+ homeostasis in the regulation of sensory gating: hypocalcemia in human patients is associated with seizures and 
psychotic symptoms, including auditory hallucinations [27,28].

Results

Cadherin-16 regulates acoustic startle response thresholds and habituation learning

At 5 days post-fertilization (dpf), larval zebrafish respond to high-intensity acoustic stimuli via a short-latency acoustic 
startle response, or short-latency C-bend (SLC) [2,29]. At this stage, zebrafish are also capable of distinguishing between 
high-intensity stimuli and low-intensity stimuli. They respond to high-intensity stimuli with fast responses and are able to 
ignore lower intensity stimuli or respond with long-latency C-bends [3,11,29]. Sensorimotor gating mechanisms, including 
the developmental establishment of acoustic startle response thresholds, enable animals to make distinctions between 
threatening and non-threatening acoustic stimuli [3]. Moreover, thresholds established during development can be tran-
siently modified in 5 dpf larvae through plasticity mechanisms like habituation [7,8,11].

Through a forward genetic screen, a large collection of molecular regulators of sensorimotor gating were identified, 
including genes regulating (1) initial establishment of acoustic startle response thresholds, (2) plasticity of thresholds 
through habituation, and (3) the decision to perform a short-latency versus a long-latency C-bend [3,11–15]. irresistiblep173 
mutants were identified based on their inability to modulate response frequency through habituation and their hypersen-
sitivity to low-level acoustic stimuli [11]. Specifically, a “sub-threshold” stimulus designed to elicit SLC responses only 
5%–20% of the time elicited SLC responses more than 30% of the time in irresistible mutants. To understand further how 
acoustic startle thresholds are affected, we exposed irresistible mutants to a series of acoustic stimuli, ranging in intensity 
from 0.54g to 51.1g as previously described (see “Materials and methods”) [3,4]. irresistible mutants exhibit an increased 
sensitivity to acoustic stimuli, responding at higher rates than their siblings across multiple stimulus intensities, indicating 
deficits in sensory gating (Fig 1A). Next, we measured habituation by presenting animals with 40 high-intensity (51.1g) 
stimuli, each separated by a 3-s inter-stimulus interval (ISI). We found that irresistible mutants continue to respond at a 
high rate throughout the habituation assay, indicating deficits in the ability to dynamically tune acoustic startle response 
thresholds (Fig 1B and 1C).

Despite the dramatic impacts on their ability to threshold acoustic stimuli, irresistible mutants are adult-viable and 
fertile. To examine whether irresistible specifically regulates acoustic sensory gating, or has broader effects, we tested 
visual startle response rates (O-bend responses to whole-field loss of illumination or dark flash) [30] (Fig 1D), habitua-
tion to dark flash stimuli [7,31,32] (Fig 1E), light flash responses [30] (Fig 1F), visuomotor responses [33] (Fig 1G–1I), 
and ability to respond to thermal stimuli [34] (Fig 1J). We found no significant differences between irresistible mutants 
and their siblings, consistent with a specific deficit in developmental and acute regulation of acoustic thresholds in 
mutant larvae.

To map the genetic locus responsible for the irresistible phenotype, we conducted whole-genome sequencing fol-
lowed by homozygosity mapping as previously described [11]. This uncovered a premature stop codon (Y657*) in the 
cdh16 gene, encoding the calcium-dependent cell-adhesion protein, Cadherin-16. Like other members of the 7D family 
of cadherins, Cadherin-16 has 7 extracellular cadherin domains, a transmembrane domain (TM), and a short intracellular 
domain [35,36]. Y657* results in a termination codon after the sixth Cadherin domain, prior to the TM domain (Fig 2A). 
To determine whether the premature stop codon in the cdh16 locus is causal for the acoustic hypersensitivity and habit-
uation phenotypes, we used CRISPR-Cas9 genome editing to generate an independent loss-of-function allele, co79, in 
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Fig 1.  Irresistible mutations suppress habituation and cause hypersensitivity to acoustic stimuli. (A) irresistible mutants (n = 13) display 
heightened sensitivity to acoustic stimuli as compared to heterozygous and wild type (WT) siblings (n = 52). Error bars show SEM. Differences in startle 
sensitivity were calculated using a two-way ANOVA with a Šídák’s multiple comparisons test (**p < 0.01, ****p < 0.0001). (B) irresistible mutants (n = 14) 
fail to habituate to repeated acoustic stimuli when compared to siblings (n = 58), error bars show SEM. (C) irresistible mutants (n = 14) have lower 
habituation (****p < 0.0001, Mann–Whitney test) in relation to their siblings (n = 56). Error bars show SD. (D) irresistible mutants (n = 33) and siblings 
(n = 80) have no difference (p = 0.8615, Mann–Whitney test) in their response to dark flash stimuli. Error bars show SD. (E) irresistible mutants (n = 33) 
and siblings (n = 80) display no differences in habituation to dark flash stimuli (p = 0.0686, Mann–Whitney test). Error bars show SD. (F) irresistible 
mutants (n = 32) have no differences (p = 0.2983, unpaired t test) in light flash reactivity as compared to their siblings (n = 37). Error bars show SD. (G) 
irresistible mutants (n = 20) display normal visual motor (VMR) behaviors relative to their siblings (n = 52). (H) irresistible mutants (n = 20) and sib-
lings (n = 52) display no difference (p = 0.2471, Mann–Whitney test) in their responses to whole field illumination in VMR assay. (I) irresistible mutants 
(n = 20) and siblings (n = 52) do not show significantly different responses to whole field loss-of-illumination in VMR assay (p = 0.7223, Mann–Whitney 
test). Error bars show SD. (J) irresistible mutants (n = 54) and siblings (n = 42) have no significant differences in their movement at baseline tempera-
ture (p = 0.0877, two-way ANOVA with Šídák’s multiple comparisons test) and both respond to high temperature with increased locomotion (difference 
between mutants and siblings: p = 0.1231, two-way ANOVA with Šídák’s multiple comparisons test). The data underlying this figure can be found in S1 
Data.

https://doi.org/10.1371/journal.pbio.3003164.g001

https://doi.org/10.1371/journal.pbio.3003164.g001
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cdh16 in wild type animals. co79 results in a 10 bp deletion in exon 2, resulting in a frameshift and premature stop codon 
(F38del[SPSCQISL*]FSX8) (Fig 2A). Like p173, animals homozygous for the co79 mutant allele are hypersensitive to 
acoustic stimuli and fail to habituate (Fig 2B–2D). Conversely, habituation and startle sensitivity assays demonstrated 
that animals heterozygous for either co79 or p173 are indistinguishable from their wild type siblings on these measures 
(Fig 2E–2G). Finally, through complementation testing, we determined that larvae carrying a combination of both mutant 
alleles (cdh16p173/co79) fail to habituate and exhibit hypersensitivity to low-intensity acoustic stimuli (Fig 2E–2G). Together, 
these data demonstrate that Cadherin-16 regulates the establishment and dynamic tuning of acoustic startle thresholds 
through habituation.

Fig 2.  Irresistiblep173 is an allele of the Cadherin-encoding gene cdh16. (A) Conceptual translation of cdh16 and the predicted consequences of 
the irresistiblep173, and cdh16co79 mutations. (B) cdh16co79 mutants (n = 39) have decreased thresholds to low intensity acoustic stimuli as compared to 
their siblings (n = 33) (*p = 0.0319, ****p < 0.0001, two-way ANOVA with Šídák’s multiple comparisons test). (C) cdh16co79 mutants (n = 39) continue 
responding to repeated acoustic stimuli while their siblings (n = 33) habituate. (D) cdh16co79 mutants (n = 39) have significantly impaired habituation 
(****p < 0.0001, Mann–Whitney test) compared to siblings (n = 32). (E) cdh16p173/cdh16co79 transheterozygotes (n = 22) have increased sensitivity to 
acoustic stimuli when compared to cdh16p173 heterozygotes (n = 17), cdh16co79 heterozygotes (n = 14), and wild types (n = 16). A two-way ANOVA with 
Tukey’s multiple comparisons test was used to calculate the difference in SLC% between all groups. Differences between cdh16p173/co79 versus WT (+/+) 
are represented with p values on the plot: ***p = 0.0005, for the difference between WT and transheterozygotes, *p < 0.03, **p = 0.0086. (F) cdh16p173/c-
dh16co79 transheterozygotes (n = 19) fail to habituate to high intensity acoustic stimuli while wild type (n = 17), cdh16co79 heterozygotes (n = 10), and 
cdh16p173 heterozygotes (n = 26) habituate normally. (G) cdh16p173/cdh16co79 transheterozygotes (n = 19) have significantly lower habituation percentages 
p < 0.0001 compared to wild types (n = 17), cdh16co79 heterozygotes (n = 10), and cdh16p173 heterozygotes (n = 25). Differences in habituation between 
groups were calculated using a two-way ANOVA with Tukey’s multiple comparisons test. Error bars in B, C, E, and F indicate SEM. Error bars in D and G 
indicate SD. The data underlying this figure can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.3003164.g002

https://doi.org/10.1371/journal.pbio.3003164.g002
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Cadherin-16 expression is sufficient after the development of the acoustic startle circuit to restore acoustic 
startle thresholds and habituation

The neuronal circuits required for the performance of the acoustic startle response are in place by 4 dpf. By this stage, 
animals reliably perform acoustic startle responses to high-intensity stimuli and exhibit robust habituation learning [2,37]. 
Cadherin proteins regulate many developmental processes throughout the body, including the assembly of neuronal 
circuits [38]. Therefore, we wondered whether cdh16 is required for the assembly of the acoustic startle circuit, or whether 
it might be required for the maintenance, function, or maturation of the acoustic startle circuit. To test this, we generated 
a transgene expressing cdh16 under the control of the hsp70 heat-shock activated promoter. We found that ubiquitous, 
heat-shock induced expression of cdh16 at 3 and 4 dpf rescued acoustic startle thresholds and habituation at 5 dpf, 
consistent with a role for Cdh16 during development. The same manipulation had no significant effect in sibling animals 
overexpressing cdh16 (Fig 3A and 3B). However, expression of cdh16 at 2 and 3 dpf did not restore normal behavior 
measured at 5 dpf, suggesting that maintenance of Cadherin-16 expression at the time of behavior testing is required for 
the regulation of sensory-evoked behaviors (Fig 3C and 3D). Moreover, we determined that heat-shock induced expres-
sion of cdh16 at 5 and 6 dpf rescued acoustic startle thresholds and habituation measured six hours after heat shock 
on day 6, consistent with a role for Cdh16 in the regulation of sensory processing after the establishment of the acoustic 
startle circuit (Fig 3E and 3F). To broadly examine how cdh16 might impact neuronal development, we performed whole-
brain morphometric analyses in cdh16 mutants versus siblings across 294 molecularly-defined brain regions [39,40]. This 
unbiased approach for assessing brain development revealed no substantial changes in size across these regions (Figs 
3G, S1). Although this approach is designed to detect substantial changes in region-by-region volume, and likely would 
not resolve finer changes, these findings are consistent with our heat-shock rescue data and underscore a role for Cdh16 
in regulating nervous system function rather than early nervous system development.

cdh16 is expressed in the corpuscles of Stannius

In mammals, cdh16 is primarily expressed in the kidney and the thyroid [41,42]. In zebrafish, while cdh16 expression 
in the brain has been documented at 10 days post-fertilization [43], others have found that at earlier stages cdh16 is 
primarily expressed in the developing pronephros or embryonic kidney [44]. Around 2 days post-fertilization, cdh16 
expression becomes largely restricted to an endocrine organ called the corpuscle of Stannius (CS), which is extruded 
from the pronephros and secretes Stc1l, a Ca2+-regulatory hormone [44]. Given our finding that cdh16 is required for 
sensory gating after 2 dpf, we wondered whether cdh16 expression might persist in the CS beyond this early devel-
opmental time point. To address this question, we used in situ hybridization chain reaction (HCR), examining cdh16 
expression in whole-mount embryos and larvae from 24 h post-fertilization (hpf) through 144 hpf (Fig 4A–4G). At 5 dpf, 
we observed strong cdh16 expression in the CS. Consistent with earlier reports of cdh16 expression [44], we also 
observed weak signal in other tissues, including in the head (Fig 4A). To distinguish between true cdh16 expression 
and non-specific probe binding, we generated a large deletion in the cdh16 locus, cdh16co120. We then designed an 
HCR probe set, in which all probes bind to target sequences contained within the large deletion (S2A Fig). Finally, we 
repeated our HCR experiment in cdh16co120 mutant animals. In mutant larvae carrying the large deletion, we found that 
signal in the CS was lost, indicating that this signal reports true cdh16 expression. Conversely, weak signal observed in 
other tissues, including the head, was maintained, consistent with this signal arising due to non-specific probe binding 
(S2B Fig). These findings are consistent with Daniocell data that indicate larval expression of cdh16 in the CS, but 
not in neural or glial cell types [45,46]. Indeed, at all time points, we found that cdh16 was strongly expressed either 
in the pronephros (24 hpf, Fig 4B) or the CS (48–144 hpf) (Fig 4C–4G), and we have no evidence to support cdh16 
expression in the brain at 5 dpf. Based on these data, we predicted that Cdh16 is required outside the brain to regulate 
acoustic startle thresholds.
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Fig 3.  Ubiquitous expression of cdh16 after circuit development restores habituation and acoustic sensitivity. (A) hsp70p:cdh16-p2a-mKate 
expression was induced at 72 and 96 hpf (hours post-fertilization) via heat-shock. Behavior testing and analysis performed at 120 hpf. Induction of cdh16 
expression in cdh16p173 mutants (n = 38) results in significantly lower startle sensitivity compared to cdh16p173 mutants that are heat-shocked but do not 
carry the transgene (n = 25). ****p < 0.0001. (B) Heat-shock as in A has no effect on habituation (p = 0.7204) of siblings (n = 41 with the transgene 
versus n = 26 without). In contrast, heat-shock induction of cdh16 expression significantly restores habituation (p < 0.0001) in cdh16p173 mutants carrying 
the transgene (n = 38) in comparison to transgene negative mutants (n = 29). (C) hsp70p:cdh16-p2a-mKate expression was induced at 48 and 72 hpf 
via heat-shock. Behavior testing and analysis performed at 120 hpf. Acoustic startle sensitivity is not significantly restored in cdh16p173 mutants carrying 
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Fig 4.  cdh16 is expressed in the corpuscles of Stannius (CS) during embryonic and larval development. (A–G) Whole-mount in situ hybridization 
chain reaction (HCR) using probes against sequences contained within the cdh16co120 large deletion (A), or full cdh16 probe set (B–G). Maximum projec-
tions of confocal stacks show the whole larval zebrafish (A), pronephros (B), and corpuscles (C–G). (A) At 120 hpf, cdh16 is expressed in the corpuscles 
of Stannius (red box). Background signal is observed elsewhere, including in the eyes and head. (B) cdh16 puncta are enriched in distal pronephros 
where the CS will be extruded. (C–F) cdh16 signal is present in the CS and kidney from 48 hpf to 120 hpf. (G) By 144 hpf cdh16 signal is present in the 
CS but is no longer detectable in the kidney. Shown are representative images, n = 5 larvae were imaged for whole-body and per time point.

https://doi.org/10.1371/journal.pbio.3003164.g004

the heat-shock transgene (n = 19) when compared to mutants with no transgene (n = 13). These data are consistent with a requirement for maintenance 
of cdh16 expression during behavior (p > 0.7 for all stimulus intensities). (D) Heat-shock as in C has no effect on habituation (p = 0.1073) in siblings 
expressing the transgene (n = 15) in relation to siblings not expressing the transgene (n = 21). Similarly, the difference in acoustic startle habituation in 
transgene-expressing mutants (n = 19) and mutants not expressing the transgene (n = 13) is not significant (p = 0.9199). (E) hsp70p:cdh16-p2a-mKate 
expression was induced at 120 and 144 hpf (after the acoustic startle circuit is functional) via heat-shock. Behavior testing and analysis performed 
at 150 hpf. Hypersensitivity is rescued in cdh16p173 mutants (n = 27) carrying the transgene as compared to mutants lacking the transgene (n = 20). 
(*p = 0.0380, ****p < 0.0001). (F) Heat-shock as in E has no effect on acoustic startle habituation (p = 0.6607) in siblings carrying the transgene (n = 21) 
compared to siblings lacking the transgene (n = 28). Conversely, cdh16 expression restores habituation to acoustic stimuli (p < 0.0001) in mutants carry-
ing the transgene (n = 31) as compared to mutants without the transgene (n = 23). For A, C, and E, error bars indicate SEM. For B, D, and F, error bars 
indicate SD. (G) Representative whole-brain stacks for WT (n = 16) (left) and cdh16p173 mutants (n = 13) (right), showing a lack of brain volume changes 
at 6 dpf. The data underlying this figure can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.3003164.g003

https://doi.org/10.1371/journal.pbio.3003164.g004
https://doi.org/10.1371/journal.pbio.3003164.g003
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Cadherin-16 promotes the function of PAPP-AA through the regulation of the hormone Stanniocalcin 1l

Morpholino knockdown of cdh16 in embryonic zebrafish leads to a dramatic increase in the expression of stc1l [44]. In zebrafish 
and mammals, Stc1 inhibits the metalloprotease PAPP-AA [23,25,47,48], which is a known regulator of acoustic startle sensitivity 
and habituation in larval zebrafish [11]. pappaa mutants largely phenocopy cdh16 with one exception: pappaa mutants are not 
responsive to dark-flash, or whole-field loss of illumination [11,49]. We hypothesized that excessive stc1l expression in cdh16 
mutants inhibits pappaa, precluding appropriate acoustic startle thresholding and plasticity of thresholds through habituation. To 
test our hypothesis, we set out to confirm that cdh16 mutants, like cdh16 morphants, show increased expression of stc1l. Using 
RT-qPCR, we found that as in cdh16 morphants, stc1l expression was strongly increased in cdh16 loss-of-function mutants (Fig 
5A). Next, we wondered whether loss of cdh16 might lead to a change in stc1l expression in the brain. To test this, we dissected 
5 dpf larval zebrafish, separating the trunk and the head, and performed RT-qPCR in each tissue independently in mutants and 
siblings. We found that while stc1l was strongly upregulated in the trunk (which contains the CS) (Fig 5B), there was no change 
in the head (Fig 5C), consistent with a CS-specific role of Cdh16 in regulating stc1l expression. Finally, we wondered how Cdh16 
might suppress stc1l expression. Recent work shows that mutations in sox10 increase the number of stc1l-positive cells in the 
CS, consistent with a possible role in regulating the proliferation or survival of CS cells [50]. To test whether a similar mechanism 
might underly the role of Cdh16 in suppressing stc1l expression, we performed HCR for stc1l in cdh16p173 mutant and sibling 
animals (Fig 5D and 5E), quantifying the stc1l signal per CS as well as the number of cells comprising each CS. Consistent with 
our RT-qPCR data, we found that stc1l signal per CS was increased in cdh16 mutants relative to their siblings (Fig 5F). More-
over, consistent with a role for Cdh16 in regulating the proliferation or survival of CS cells, we found that the total number of cells 
comprising each CS was increased in cdh16 mutant animals relative to their siblings (Fig 5G). Next, we quantified stc1l signal 
per cell and found that this was also increased in cdh16 mutants (Fig 5H), consistent with a role for Cdh16 in regulating both 
stc1l expression and proliferation or survival of stc1l-expressing cells. Finally, we wondered whether loss of cdh16 might affect 
the development of the Mauthner cell, a reticulospinal neuron that receives acoustic inputs from the eighth nerve, and sends 
outputs to motor neurons along the spinal cord, driving the SLC behaviors that are hypersensitive in cdh16 mutant animals. We 
measured Mauthner soma length (S3A Fig), lateral dendrite length (S3B Fig), and total Mauthner length from the tip of the lateral 
dendrite to the axon initial segment (S3C Fig). None of these three measures were significantly different between mutant and WT 
animals (S3D and S3E Fig). Together, these data indicate that Cdh16 functions in the CS to suppress stc1l expression in part by 
suppressing proliferation or maintenance of cells comprising this endocrine organ.

Based on these findings, we predicted that since hypersensitive cdh16 mutants overexpress stc1l, stc1l loss-of-function 
would lead to hyposensitivity to acoustic stimuli. To test this, we performed F

0
 CRISPR mutagenesis experiments, injecting 

wild type embryos at the 1-cell stage with Cas9 together with either 3 control guides [51] or together with 3 guides that we 
designed against stc1l. We found that loss of function in stc1l leads to severe pericardial edema, which becomes apparent 
by 5 dpf as previously described [23]. Therefore, we tested behavior in larvae injected with stc1l guides (stc1l crispants) at 
4 dpf, before severe pericardial edema develops. At 4 dpf, wild type zebrafish larvae are less responsive to acoustic stim-
uli, but as predicted, we found that stc1l crispants were even less responsive to acoustic stimuli than their control guide 
injected siblings (Fig 6A). Next, to test our hypothesis that the cdh16 mutant phenotype arises due to overexpression of 
Stc1l, we injected a construct expressing V5-stc1l under the control of a heat-shock promoter to transiently overexpress 
Stc1l in wild type embryos. We then heat-shocked the injected embryos (as well as embryos injected with a construct 
containing the heat-shock promoter alone) at 4 dpf and tested their behavior the next day at 5 dpf. Consistent with our 
hypothesis that hypersensitivity is a result of overexpressed Stc1l, animals transiently overexpressing Stc1l were hyper-
sensitive to acoustic stimuli relative to control-injected siblings (Fig 6B).

Next, we set out to test whether stc1l overexpression in cdh16 mutants is the cause of the hypersensitivity pheno-
type. For this, we performed the same CRISPR-Cas9 F

0
 mutagenesis in cdh16 mutants and siblings. Consistent with our 

model, stc1l loss-of-function in cdh16 mutants resulted in hypo-responsiveness to acoustic stimuli (Fig 6C).
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Previous work shows that Stc1l limits Ca2+ uptake by inhibiting Papp-aa [23]. Therefore, we predicted that pappaa 
loss-of-function would suppress the hyposensitive phenotype observed in stc1l crispants, and that loss-of-function of 
both genes would resemble single mutants for pappaa. Indeed, we found that pappaa mutants injected with stc1l guides 
were hypersensitive, showing no difference relative to control-guide injected pappaa mutants (Fig 6D). If the function of 
cdh16 is to release pappaa from inhibition by inhibiting stc1l, then animals carrying loss-of-function mutations in both 
cdh16 and pappaa should be no more hypersensitive to acoustic stimuli than single mutants for either gene. Indeed, our 
crispant experiments are consistent with this model, as pappaa mutants injected with guides against cdh16 were no more 
hypersensitive than pappaa mutants injected with control guides (Fig 6E). Finally, we set out to understand whether loss 
of cdh16 affects expression of pappaa. Stc can both down-regulate the expression of pappaa [23] and separately can 
inhibit its enzymatic function [47,48]. To address this question, we conducted RT-qPCR experiments to assess whole-body 
pappaa expression in cdh16p173 mutants relative to WT. We found that pappaa RNA expression levels were not changed 
in our cdh16 mutants relative to WT (Fig 6F). Together, our data support a model in which Cdh16 suppresses stc1l and 
promotes pappaa function rather than directly regulating its expression, though future experiments are needed to carefully 
assess the enzymatic function of pappaa in cdh16 mutant animals.

The corpuscles of Stannius and Ca2+ homeostasis are crucial regulators of acoustic sensory thresholds

Thus far, our data are consistent with a model in which Cdh16 and Papp-aa regulate Ca2+ homeostasis to promote 
acoustic startle thresholds and habituation. Importantly, in addition to its expression in Ca2+-regulatory ionocytes, pappaa 

Fig 5.  Cadherin-16 suppresses stc1l expression in the CS. (A–C) RT-qPCR analysis of stc1l expression in cdh16p173 mutants. (A) Expression of 
stc1l is significantly increased in cdh16 mutants compared to WT. n = 3 biological replicates per condition, n = 7 larvae per biological replicate, *p = 0.03 
unpaired t test. Error bars represent SD. (B–C) The increase in stc1l expression in cdh16 mutants is observed specifically in trunk tissue, which includes 
the distal pronephros and CS (B) n = 3 biological replicates per condition, n = 10 larvae per biological replicate, **p = 0.003, unpaired t test, and not the 
head (C) n = 3 biological replicates per condition, n = 10 larvae per biological replicate, ns indicates p = 0.16, unpaired t test. Error bars represent SD. 
(D-H) stc1l in situ HCR in the CS of cdh16p173 mutants. (D–E) Comparison of the corpuscles of Stannius (CS) between cdh16 mutants (bottom) and WT 
siblings (top). (F–H) cdh16 mutants (n = 15) have increased stc1l expression per CS (****p < 0.0001 unpaired t test) (F), increased stc1l-positive cells 
per CS (***p = 0.0002 unpaired t test) (G), and increased stc1l expression per CS cell (***p = 0.0006), compared to WT (n = 15) (H). Error bars repre-
sent SD. The data underlying this figure can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.3003164.g005

https://doi.org/10.1371/journal.pbio.3003164.g005
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is expressed in cells surrounding neuromasts, as well as in the retina and brain, including in the acoustic startle circuit 
[11,25,49,52,53]. However, it is not yet known whether pappaa expression in the brain or potentially in the ionocytes reg-
ulates sensory thresholds. First, to test whether cdh16 mutants are hypocalcemic, we performed a colorimetric assay for 
whole-body Ca2+ content. Consistent with a model in which loss of cdh16 leads to excessive stc1l, which downregulates 
pappaa and ionocyte proliferation and function to ultimately impair Ca2+ uptake, we found that cdh16 mutants are hypo-
calcemic relative to their siblings (Fig 7A). Next, we wondered whether cdh16 mutants might be hypocalcemic as a result 
of impaired ionocyte proliferation. To assess this, we used HCR probes against trpv6 to label NaR ionocytes in the ventral 

Fig 6.  Cadherin-16 promotes startle thresholds by limiting Stanniocalcin 1l expression and promoting Papp-aa function. (A) stc1l crispants 
(n = 18) have a decreased response to acoustic stimuli compared to control guide-injected larvae (n = 18) *p = 0.0475, two-way ANOVA with Šídák’s 
multiple comparisons test. Error bars represent SEM. (B) Heat-shock overexpression of V5-tagged stc1l at 4 dpf causes increased sensitivity to acoustic 
stimuli at 5 dpf (n = 54) compared to overexpression of empty heat-shock vector (n = 53) (****p < 0.0001, two-way ANOVA with Šídák’s multiple compari-
sons test). Error bars represent SEM. (C) Genetic epistasis to examine the relationship between stc1l and cdh16 in the context of acoustic startle thresh-
olds. stc1l mutations suppress the cdh16 mutant phenotype. cdh16 mutants injected with stc1l guides (n = 10) are not more responsive than siblings 
injected with stc1l guides alone (n = 44) p > 0.9 for all stimulus intensities, two-way ANOVA with Tukey’s multiple comparisons test. Error bars represent 
SEM. (D) pappaa mutations suppress the stc1l crispant phenotype. stc1l guide-injected pappaa mutant larvae (n = 14) are no more hyposensitive than 
control guide injected pappaa mutants (n = 12) p > 0.9827 for all stimulus intensities, two-way ANOVA with Tukey’s multiple comparisons test. Error bars 
represent SEM. (E) Loss-of-function mutations in cdh16 and pappaa do not cause additive hypersensitivity phenotypes. pappaa mutants injected with 
cdh16 guides (n = 8) are no more hypersensitive than control guide injected pappaa mutants (n = 18), p > 0.8 at all intensities except for 1.3g, where 
p = 0.0389, and control-guide injected are more sensitive than cdh16 guide-injected pappaa mutants, two-way ANOVA with Tukey’s multiple compari-
sons test. (F) RT-qPCR analysis of pappaa mRNA levels. pappaa expression is not altered in cdh16p173 mutants as compared to their WT siblings (n = 3 
biological replicates per condition, n = 7 larvae per biological replicate, p = 0.87, unpaired t test). Error bars represent SD. The data underlying this figure 
can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.3003164.g006

https://doi.org/10.1371/journal.pbio.3003164.g006
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epithelium. Using the trpv6 signal to count individual ionocytes in mutants versus siblings, we found that mutant animals 
had a subtle, but significant reduction in NaR ionocyte number (Fig 7B–7D). These data are consistent with loss of cdh16 
resulting in overexpression of stc1l, hyper-suppression of Papp-aa function, and ultimately resulting in reduced ionocyte 
proliferation, reduced Ca2+ uptake, and impaired gating. Supporting the idea that reduced Ca2+ might cause hypersensitiv-
ity to acoustic stimuli, prior work has demonstrated that zebrafish raised in high-Ca2+ media are hyposensitive to acoustic 
stimuli [54]. To test whether low Ca2+ media would result in acoustic hypersensitivity, we exposed larvae to low-Ca2+ media 
(0.001 mM) for 4 h. We found that this short-term treatment resulted in acoustic hypersensitivity (Fig 7E) and animals 
exposed to this treatment trended towards a failure to habituate (Fig 7F). We note that short-term exposure to 0.02 mM 
Ca2+ surprisingly caused the opposite phenotype: animals were hyposensitive and trended toward improved habituation. 
Finally, to test how short-term exposure to media with altered Ca2+ concentration affects whole-body Ca2+, we again used 
our colorimetric assay (S4A Fig). We found that while high Ca2+ (10 mM) significantly elevated whole-body Ca2+, exposure 
to low Ca2+ trended toward a lower level of whole-body Ca2+, but was not significant (p = 0.093).

We additionally examined visually evoked behaviors (S4B–S4D Fig). Like pappaa mutants, animals exposed to low 
Ca2+ media (0.001 mM) show reduced responsiveness to dark-flash stimuli, consistent with low Ca2+ in pappaa mutants as 
an important driver of both phenotypes. These data highlight that low Ca2+ and loss of pappaa both cause reduced escape 
responses to whole-field loss of illumination and increased responsiveness to acoustic stimuli.

Finally, our data suggest that cdh16 regulates sensory thresholds through its function in the CS. To test this, we used 
a 532 nm pulse laser to ablate the CS in wild type animals expressing her6:mCherry [55], a transgene that labels the CS 
at 3–4 dpf. Based on the overexpression of stc1l in the CS of cdh16 mutants, and the suppression of hypersensitivity in 
cdh16p173; stc1l crispants, we predicted that ablation of the CS would result in hyposensitivity similar to that observed in 
stc1l crispant animals. Importantly, CS-ablated animals largely did not display pericardial edema at 5 dpf (S4E and S4F 
Fig). Those with pericardial edema were excluded from analysis. Consistent with a function for cdh16 in the CS, we found 
that compared to their sham-ablated counterparts, CS-abated wild type animals were hyposensitive to acoustic stimuli 
(Figs 7G and S4G–S4J).

Discussion

Taken together, our results highlight the corpuscles of Stannius as brain non-autonomous endocrine regulators of sensory 
thresholds. Moreover, our results identify Cadherin-16 as an important regulator of endocrine function and highlight Ca2+ 
homeostasis as critical for sensory gating in vivo. Based on our data, we favor a model in which without cdh16, cells of 
the CS over-proliferate, producing excess Stc1l. Over-expressed Stc1l then hyper-suppresses Papp-aa function at least in 
part at the level of NaR ionocytes, where Papp-aa would ordinarily support their proliferation. In cdh16 mutants, however, 
ionocytes proliferate less, and insufficient Ca2+ is taken up from the environment. The ultimate consequence is that zebraf-
ish larvae are hypocalcemic, leading to hypersensitivity to acoustic stimuli and in the case of pappaa loss-of-function, 
insufficient responding to whole-field loss of illumination (dark flash response) (Fig 8A and 8B).

We find that Cdh16 regulates Stc1l in two different ways. First, we find that in cdh16 mutants, there are more stc1l+ 
cells comprising each CS, suggesting that Cdh16 plays a role in regulating cell proliferation or survival. Nonetheless, we 
additionally find that stc1l expression per CS cell is higher in cdh16 mutants, consistent with a model in which Cdh16 both 
suppresses cell proliferation and separately suppresses stc1l expression within those cells. The molecular mechanisms 
underlying these roles for Cadherin-16 are not yet known. Cadherin-16 is an atypical cadherin within the 7-domain fam-
ily of cadherins and characterized by a short intracellular domain lacking binding sites for catenins. Therefore, although 
Cadherin-16 can function as an adhesion protein [35], the intracellular mechanisms underlying Cadherin-16 regulation of 
cell proliferation or survival and stc1l expression are not yet known. These questions are relevant to our understanding of 
sensory gating and the development of the CS, but also for cancer biology, as cdh16 is downregulated in thyroid carcino-
mas [56] and limits thyroid carcinoma cell proliferation [57].
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We find that Cdh16 and Stc1l function to regulate Papp-aa. Papp-aa fully suppresses the stc1l loss-of-function pheno-
type, and loss of both pappaa and cdh16 does not result in additive behavioral deficits. Papp-aa is expressed in ionocytes, 
cells surrounding the lateral line neuromasts, and in the retina [49,52,53]. We now present data to support that it regulates 
behavior in part via regulating the proliferation of NaR ionocytes in the skin. Specifically, we show that these cells are 
reduced in number in cdh16 mutant animals, providing a systems-level mechanism to explain how loss of cdh16 leads 
to lower Ca2+. Nonetheless, we do not yet know whether pappaa might also regulate the invasion of ionocyte precursors 

Fig 7.  The corpuscles of Stannius (CS) and Ca2+ homeostasis are important regulators of behavioral thresholds. (A) cdh16 mutants have 
decreased whole-body Ca2+ compared to WT (n = 3 biological replicates per condition, **p = 0.0048, unpaired t test). Error bars represent SD. (B–C) 
Epithelial ionocytes involved in Ca2+ uptake (NaR cells) visualized via whole mount in situ HCR for trpv6 in WT (B) and cdh16p173 mutants (C). (D) cdh16 
mutants (n = 11) have fewer ionocytes compared to WT (n = 15) *p = 0.0278, unpaired t test. Error bars represent SD. (E–F) Acute (four hour) exposure 
to media with altered Ca2+ concentration alters sensory thresholds and habituation to acoustic stimuli. (E) Larvae exposed to the lowest concentration 
of Ca2+ (0.001 mM Ca2+) four hours before behavior testing have increased sensitivity to acoustic stimuli (n = 18) compared to larvae exposed to normal 
levels of Ca2+ (0.33 mM) (n = 17); ****p < 0.0001, *p = 0.02. Larvae exposed to an intermediate-low level of Ca2+ (0.02 mM, n = 17) conversely, have 
reduced responses to acoustic stimuli relative to normal Ca2+ (0.33 mM) (n = 17) ***p = 0.0004, ****p < 0.0001, two-way ANOVA with Dunnett’s multiple 
comparison’s test. Error bars represent SEM. (F) Larvae in the lowest concentration of Ca2+ trended towards a failure to habituate to acoustic stimuli 
(n = 18) relative to larvae exposed to normal levels of Ca2+ (0.33 mM, n = 17) p = 0.0653, Kruskal–Wallis test with Dunn’s multiple comparisons test. 
Error bars represent SD. (G) Laser-ablation of the Ca2+-regulatory corpuscles of Stannius (CS) causes decreased sensitivity to acoustic stimuli (n = 20), 
compared to sham ablated siblings (n = 20) *p = 0.012, ****p < 0.0001, two-way ANOVA with Šídák’s multiple comparisons test. Error bars indicate SEM. 
The data underlying this figure can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.3003164.g007

https://doi.org/10.1371/journal.pbio.3003164.g007
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into neuromasts and subsequent differentiation of the recently described neuromast-resident ionocytes [58,59]. No matter 
where this key pathway functions, these data provide a parallel with human patient data indicating that hypocalcemia is 
associated with disruptions in auditory gating [27,28,60].

Interestingly, this pathway retains function throughout larval development. We found that cdh16 regulates acoustic 
thresholds and habituation after the development of the acoustic startle circuit and after the CS is established. Restoration 
of cdh16 expression at 5 and 6 dpf reverts behavioral deficits such that responding is normal later on day 6. Similarly, 
pappaa function is sufficient later in development. Restoration of PI3K signaling downstream of pappaa at 5 dpf restores 
habituation [11]. Low-Ca2+ exposure also causes hypersensitivity independent of early development: acoustic hypersen-
sitivity is apparent after only 4 h in low Ca2+ media in 5 dpf fish. Similarly, in patients with hypocalcemia, psychotic symp-
toms are locked to periods of Ca2+ dysregulation, and normalization of Ca2+ levels can normalize symptoms [27,28]. These 
data extend previous findings that developmental exposure to Cadmium (an inhibitor of Ca2+ channel function) impacts 
sensory thresholds [61], indicating that even acute disruptions in Ca2+ homeostasis can impact behavior.

Fig 8.  Proposed model. (A) In wild type animals, Cdh16 suppresses stc1l expression in the corpuscles of Stannius. This limits the ability of Stc1l 
to suppress the function of Papp-aa, allowing for some proliferation and function of ionocytes. As a result, Ca2+ is taken up from the environment and 
normal acoustic startle thresholds are maintained. (B) In cdh16 mutant animals, suppression of stc1l expression is relieved and stc1l is overexpressed. 
This results in hyper-inhibition of Papp-aa. As a result, Ca2+ uptake is severely limited, animals are hypocalcemic, and acoustic response thresholds are 
lowered.

https://doi.org/10.1371/journal.pbio.3003164.g008

https://doi.org/10.1371/journal.pbio.3003164.g008
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We do not yet know precisely how hypocalcemia impacts activity within the neuronal circuits responsible for gating 
sensory stimuli [62]. In hippocampal slices, low Ca2+ exposure results in an increase in spontaneous neuronal activity [63]. 
This effect may be partially explained by a somewhat depolarized resting membrane potential mediated by depolarizing 
currents through sodium leak channels (NALCN) under conditions of hypocalcemia [64]. In this model, Ca2+ is detected by 
the calcium sensing receptor CaSR, which suppresses current through NALCN [64]. Under conditions of low Ca2+, NALCN 
currents are dis-inhibited and neurons are somewhat depolarized. Signaling through CaSR separately regulates firing 
frequency through regulation of calcium-activated potassium channels [65].

Interestingly, loss-of-function mutations in the Calcium sensing receptor, casr, were also uncovered in the forward 
genetic screen for regulators of acoustic startle response gating [12]. Like Cdh16, CaSR regulates whole-body Ca2+ lev-
els, but in humans, patients with inactivating mutations in casr are hypercalcemic [66] (in contrast to cdh16 mutants, which 
we showed are hypocalcemic). Mirroring their opposing impacts on Ca2+ homeostasis, CaSR and Cdh16 have somewhat 
opposing impacts on behavior. While cdh16 mutants are hypersensitive to acoustic stimuli and perform more short-latency 
startles, casr mutants perform fewer short-latency startles, instead responding to acoustic stimuli by primarily performing a 
distinct behavior, the long-latency C-bend, which wild type zebrafish larvae ordinarily perform in response to lower- 
intensity stimuli [12]. However, the role of CaSR is likely more complex. In addition to regulating serum Ca2+, CaSR func-
tions in neurons to regulate acoustic startle response gating [16]. Restoration of CaSR function in casr mutant animals in 
a small population of hindbrain neurons that project in the vicinity of the Mauthner cell restores normal startle responsive-
ness [16]. Presumably, these rescued animals remain hypercalcemic, but rescue of CaSR signaling within this particular 
population is sufficient to normalize behavior. How and if the Cdh16, Stc1l, Papp-aa pathway interacts with CaSR signal-
ing in the brain is not yet known, though we note that Papp-aa is expressed in multiple neuronal populations within the 
acoustic startle circuit [11,25] and could interact with CaSR there.

Additional support for a link between the pappaa and casr pathways is provided by our recent work finding similar 
whole-brain activity patterns and drug response profiles for animals carrying loss-of-function mutations in pappaa and 
ap2s1 [17], which genetically interacts with casr [12]. Like pappaa and cdh16, ap2s1 mutants are hypersensitive and fail 
to habituate to acoustic stimuli [11,67], and mutations in ap2s1 significantly suppress the CaSR phenotype [12]. In light of 
our new data connecting pappaa to cdh16 and Ca2+ homeostasis, and ap2s1’s genetic interaction with the Ca2+-regulatory 
CaSR, we now propose that the commonalities between the ap2s1 and pappaa whole-brain activity patterns may reflect 
common dysregulation of Ca2+.

cdh16 and pappaa mutants, as well as wild type animals exposed to low Ca2+, show acoustic sensory gating deficits. 
Conversely, only low Ca2+-exposed fish and pappaa mutants exhibit deficits in the visually evoked O-bend response. Inter-
estingly, in addition to its expression in ionocytes and neuromast supporting cells, pappaa is expressed in the retina, where 
mutants show disrupted development of synapses between photoreceptor cones and OFF bipolar cells [49]. pappaa mutants 
also have a thinner outer plexiform layer (the layer where cones make synaptic contacts with bipolar cells) [49]. Notably, in 
mice and zebrafish, mutations in cacna1fa, which encodes a Ca2+ channel essential for maintaining resting Ca2+ currents in 
photoreceptors, are also associated with visual defects and thinning of the outer plexiform later. Mutations in pde6c, which 
regulates Ca2+ channels in cones, are similarly associated with both visual defects and defects in the outer plexiform layer 
[68–70]. Finally, acute exposures of dissected mouse retinae to Ca2+ chelators results in disassembly of presynaptic termi-
nals in photoreceptors [71], and acute inhibition of Ca2+ channels results in synaptic deficits in the zebrafish retina [68]. These 
data, together with our finding that low Ca2+ and loss of pappaa have the same effects on the response to dark flash, lead us 
to propose that disruptions in Ca2+ homeostasis may be responsible for the pappaa visual and acoustic phenotypes.

Limitations

Although we demonstrate a genetic relationship between cdh16, stc1l, and pappaa, we do not determine a mechanism 
through which Cdh16 and Stc1l affect Papp-aa. Prior work has shown that loss of stc1l results in increased pappaa 
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expression [23]. Although we would have predicted that cdh16 mutants, which overexpress stc1l, would therefore have 
decreased pappaa expression, we find that pappaa expression at the whole-animal level is not affected via RT-qPCR. 
This leaves open the possibility that Cdh16 and Stc1l regulate Papp-aa by regulating its enzymatic activity. Indeed, in vitro 
experiments demonstrate that Stc suppresses Papp-aa enzymatic activity [47,48]. A second possibility is that Cdh16 and 
Stc1l influence pappaa expression in a regionally-restricted manner not detected by our RT-qPCR experiments. Future 
work could begin to disentangle these mechanisms by assessing pappaa expression using in situ hybridization to visual-
ize region-specific changes in cdh16 mutants, for example in the retina versus in the ionocytes.

Although we find no evidence that cdh16 is expressed in the brain, we did not test cell-type specific rescue for cdh16 
within the CS in this study. It therefore remains possible that cdh16 could function outside of the CS. Nonetheless, our 
findings that cdh16 is expressed in the CS throughout embryonic and larval development, that it suppresses stc1l expres-
sion, including by regulating CS size, that overexpression of stc1l alone recapitulates the cdh16 mutant phenotype, and 
that CS ablations cause hyposensitivity, strongly support a model in which cdh16 functions in the CS to regulate acoustic 
startle thresholds in larval zebrafish.

We observe some complexity in the relationship between environmental Ca2+ and sensitivity to acoustic stimuli and 
in the relationship between environmental Ca2+ and whole-body Ca2+. First, while our lowest Ca2+ concentration causes 
hypersensitivity, 0.02 mM surprisingly causes hyposensitivity. We speculate that this unexpected result may reflect 
engagement of compensatory mechanisms that drive animals toward hyposensitivity. However, why such compensatory 
mechanisms are not engaged in 0.001 mM Ca2+ is not clear. We note that wild type zebrafish larvae show a remarkable 
ability to cope with low environmental Ca2+ in terms of maintaining bone-mineralization [50]. However, the specific mech-
anism underlying the complexity in the behavioral response to lowered Ca2+ remains unexplained. Secondly, while expo-
sure to high environmental Ca2+ caused a significant increase in whole-body Ca2+ as measured by our colorimetric assay, 
low Ca2+ trended toward but did not cause a significant decrease. We speculate that the subtle effect of reducing environ-
mental Ca2+ may reflect a limitation of our assay: perhaps it largely measures Ca2+ reserves in bone, which is present by 
5 dpf, and which might outweigh fluctuations in serum Ca2+.

Taken together, our studies support a model in which Cdh16 suppresses Stc1l both by suppressing the expression of 
stc1l and proliferation or survival of Stc1l-expressing cells in the CS. Cdh16 continues to play this role throughout larval 
development rather than during the specification or assembly of the CS. In cdh16 mutants, overexpressed Stc1l func-
tions to suppress Papp-aa and ionocyte proliferation, and ultimately promotes hypocalcemia and hyper-responsiveness 
to acoustic stimuli. This work highlights a previously unappreciated role for Ca2+ homeostasis in the regulation of acoustic 
response thresholding and identifies a new brain non-autonomous pathway for the regulation of behavior.

Materials and methods

Ethics statement

All procedures were approved by the University of Colorado Anschutz Medical Campus School of Medicine Institutional 
Animal Care and Use Committee (IACUC). Protocol #1,127. The CU Anschutz IACUC follows the US Public Health Ser-
vice’s Policy on Humane Care and Use of Laboratory Animals and Guide for the Care and Use of Laboratory Animals.

Experimental model and subject details

Zebrafish larvae were obtained from pairwise or group crosses of adult zebrafish carrying mutations or transgenes of 
interest on the TLF (WT) background. Larvae were raised at 28.5 °C in E3 media and sorted for normal development.

The p173 allele of cdh16 and the p170 allele of pappaa were recovered from a forward genetic screen [11]. Mutants 
were genotyped using proprietary allele specific primer sequences (LGC genomics) and the KASP assay method, which 
utilizes FRET to distinguish between alleles. For genotyping of p173 in the context of Tg[hsp70:cdh16-p2a-mkate], CAPS 
primers 107 and 108 were used in combination with MseI (see Table 1).
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co79 and co120 mutant alleles were generated using CRISPR-Cas9 mutagenesis. To create these alleles, wild type 
embryos were injected with either sgRNA 622 (co79) or sgRNAs 622 and 867 (co120) (Tables 1 and 2). sgRNAs were 
designed using ChopChop [72], purchased from IDT, and reconstituted to 200 μM using the IDT-provided duplex buffer. 
sgRNAs were combined with tracrRNA, also purchased from IDT, to form a 50 μM duplex by heating at 95 °C in a ther-
mocycler for 5 min, followed by cooling to RT for 10 min. Injection mixes were prepared by mixing 1 μL of 50 μM duplex 
together with 1 μL Cas9 protein (5 mg/mL) obtained from PNA Bio and 1 μL phenol red. cdh16co79 mutations were geno-
typed by PCR with primers 657 and 658 (Table 1). cdh16co120 mutations were genotyped via PCR with primers 931, 932, 
and 658 (Table 1).

Transgenic animals carrying Tg[hsp70:cdh16-p2a-mkate] (co113) were generated by cloning the cdh16 cDNA from 
total zebrafish RNA at 5 dpf into pME-cdh16-p2a-mKate. Gateway cloning was used to recombine pME-cdh16-p2a-mKate 
into a pDest vector containing the hsp70 promoter and I-SceI restriction sites, generating hsp70-cdh16-p2a-mKate. I-SceI 
transgenesis was performed as previously described [73] by injecting I-SceI and the hsp70-cdh16-p2a-mKate plasmid 
into 1-cell stage TLF embryos. G

0
 injected larvae were raised, outcrossed, and heat-shocked at 37 °C in a thermocycler 

for 45 min to identify carriers. Larvae expressing the transgene were identified by screening for mKate using a fluorescent 
stereomicroscope (Leica M205FCA). For behavior experiments, animals were pre-screened for fluorescence and geno-
typed post-hoc using primers 107 and 108 (Table 1).

Transgenic animals carrying Tg[hsp70-V5-stc1l] were generated by cloning V5-stc1l (obtained as a custom gene 
block from IDT) (Table 3) to generate pME-V5-stc1l through HiFi DNA Assembly. Gateway cloning was then used, as 
described above, to recombine pME-V5-stc1l into the pDest vector containing the hsp70 promoter and I-SceI restriction 
sites, to generate hsp70-V5-stc1l. I-SceI transgenesis was performed as described above; we injected either hsp70 
vector alone or hsp70-V5-stc1l. G

0
 embryos were raised to 4 dpf and heat-shocked at 37 °C in a thermocycler for 

45 min. Behavior was then tested at 5 dpf. Presence of hsp70-V5-stc1l was confirmed after behavior testing using clon-
ing primer 1,033 (5′-CTTGTTCTTTTTGCAGgccaccATGCTCCTGAAAAGCGGATTTC-3′) and genotyping primer 706 
(5′-CAGCAGAGGGTTTGGGATAG-3′), (annealing temperature: 56 °C, extension time: 30 s, product size: 118 bp). All 
G

0
 larvae injected with the hsp70-v5-stc1l construct genotyped positive; all that were injected with the control plasmid 

genotyped negative.

Table 1.  Genotyping.

Allele Primer # Primer sequence Annealing 
temp (°C)

Extension time 
(s)

Restriction 
enzyme

Expected ampl-
icon size (bp)

cdh16co79 657 CACTTGGTTTATTGCACT-
GAGCg

58 30 NcoI-HF Wild type: 36, 77 
and 118;
Mutants: 77 and 
154

658 ccttgcagaaggaactcacCTTG

cdh16p173 in Tg[hsp70:cdh16-p2a-
mkate]co113 background

107 GTAACTCCTCTCTGTCCGCC 54 30 MseI Wild type: 278;
Mutants: 195 
and 83

108 gctattgctcaacaggtggaa

cdh16co120 931 GCTTTCTGAGAGTGCT-
CATCTT

57 30 N/A Wild type: 95; 
Heterozygotes: 
95, 129;
Mutants: 129

932 CTGCCGTGATGGTGAGT-
GTG

658 ccttgcagaaggaactcacCTTG

pappaap170 562 Proprietary allele-specific  
primers, LGC Genomics

N/A

cdh16p173 665 Proprietary allele-specific  
primers, LGC Genomics

N/A

https://doi.org/10.1371/journal.pbio.3003164.t001

https://doi.org/10.1371/journal.pbio.3003164.t001
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Transgenic animals carrying the gal4 driver Tg[gffDMC130a] were provided by the lab of Dr. Koichi Kawakami [74]. 
Transgenic animals carrying Tg[UAS:Gap43-citrine] were provided by the lab of Dr. Jonathan Raper [75]. Animals carrying 
Tg[her6:mCherry] [55] were provided by the lab of Dr. James Nichols and outcrossed to TLF for ablation experiments.

To generate conceptual translations of each allele, SMART domain-prediction software was used [76]. SMART identi-
fied Cadherin repeats 1–6 based on the full-length protein sequence. Cadherin repeat 7 was not originally identified, how-
ever SMART identified a seventh cadherin repeat when the final portion of the extracellular domain was searched alone.

Behavior testing

Before testing their response to acoustic and visual stimuli, larvae were acclimated to the behavior room inside an incuba-
tor kept at 28 °C for 30 min. To measure acoustic startle thresholds, six increasingly intense acoustic stimuli were admin-
istered 5 times each, 40 s apart, after which acoustic startle response habituation was measured by providing 40 stimuli 
with a 3-s inter-stimulus interval (ISI). Visual motor responses (VMR) were measured by first dark-acclimating larval 
zebrafish inside the behavior arena. Next, the lights were turned on for a 7-min period to assess initial visual motor reac-
tivity in response to light. Then, the lights were turned off for 7 min to assess the initial visual motor response to darkness. 
Light flash reactivity was examined by first dark-acclimating larval zebrafish inside the behavior arena. Next, larvae were 
exposed to 10 pulses of light with a one second duration, 30 s apart. To assess dark flash reactivity, 6 dpf larvae were 
acclimated to the light inside the behavior arena. Following this, the lights were extinguished 5 times in pulses lasting 1 s 

Table 2.  Analyzing CRISPR efficiency.

Crispant Guide 
#

Target sequence Primer 
#

Primer sequence Annealing 
temp (°C)

Extension 
time (s)

Expected ampl-
icon size (bp)

stc1l_5' 942 CCGTGCTCGTCTCGGTTGTG 951 GTAAAGTTGCAGACATGCTCCTG 59 30 228

952 gccacagtgcttaccactgag

stc1l_middle 943 AGCATCAAGTGCATGGCCAA 953 GGAGTGGAAGTTTGGCCAATG 59 30 129

954 GGTCTGGAACACTTTGGAGGTG

stc1l_3′ 944 CTCAGTCCCAGAAGGCTCGG 955 CCACACTCTTCCAGCTGCTTC 59 30 155

956 GGCGAACAGGTGAGTCTGG

stc1l_5′ > middle 942 CCGTGCTCGTCTCGGTTGTG 951 GTAAAGTTGCAGACATGCTCCTG 59 30 123
(mutant only)943 AGCATCAAGTGCATGGCCAA 954 GGTCTGGAACACTTTGGAGGTG

stc1l_middle > 3′ 943 AGCATCAAGTGCATGGCCAA 953 GGAGTGGAAGTTTGGCCAATG 59 30 194
(mutant only)944 CTCAGTCCCAGAAGGCTCGG 956 GGCGAACAGGTGAGTCTGG

stc1l_5′ > 3′ 942 CCGTGCTCGTCTCGGTTGTG 951 GTAAAGTTGCAGACATGCTCCTG 59 30 188
(mutant only)944 CTCAGTCCCAGAAGGCTCGG 956 GGCGAACAGGTGAGTCTGG

cdh16_5′ 622 ACTATGATGGTATTTTCCCA 657 CACTTGGTTTATTGCACTGAGCg 58 30 231

658 ccttgcagaaggaactcacCTTG

cdh16_middle 623 CTGGCTGAGGACTCGTCGGT 869 GCTGCCGATAATGACGATCCG 59 30 147

870 AGTTCCCTCCATGCTGTCTG

cdh16_3′ 867 TTTCGTGTGGACCGGGACTC 659 gtttctgcagTACGGCCCATTC 59 30 129

646 ATTCAAGCCTGTAGTCCACCTG

cdh16_5′ > middle 622 ACTATGATGGTATTTTCCCA 657 CACTTGGTTTATTGCACTGAGCg 59 30 237
(mutant only)623 CTGGCTGAGGACTCGTCGGT 870 AGTTCCCTCCATGCTGTCTG

cdh16_middle > 3′ 623 CTGGCTGAGGACTCGTCGGT 869 GCTGCCGATAATGACGATCCG 59 30 191
(mutant only)867 TTTCGTGTGGACCGGGACTC 646 ATTCAAGCCTGTAGTCCACCTG

cdh16_5′ > 3′ 622 ACTATGATGGTATTTTCCCA 657 CACTTGGTTTATTGCACTGAGCg 59 30 281
(mutant only)867 TTTCGTGTGGACCGGGACTC 646 ATTCAAGCCTGTAGTCCACCTG

https://doi.org/10.1371/journal.pbio.3003164.t002

https://doi.org/10.1371/journal.pbio.3003164.t002
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with a 1-min ISI. To assess dark-flash habituation 60 additional dark flash stimuli were administered with a 10-s ISI. During 
these final stimuli, the camera recorded behavior during every other stimulus. For the above-described behavior assays, 
larvae were loaded onto a custom-made acrylic 6 × 6 well-plate attached to a mini-shaker (Brüler and Kjær, Model 4,810), 
which was used to deliver the acoustic stimuli. A cover was placed over the rig for assays of visually evoked behaviors.

Behavior was recorded with a high-speed camera (FASTCAM Mini UX50 Type 160K-M-32G) placed above the plate 
and an LED light pointed at the behavior arena was used for light stimuli. Acoustic stimuli were calibrated using an accel-
erometer (PCB Piezotronics, Y355B03) and stimulus intensities are reported in g or acceleration due to gravity. To analyze 
behavior, video files were background-subtracted and then analyzed using FLOTE, Batchan [29], and Microsoft Excel. 
Statistical analyses and graphing were performed using Graphpad Prism.

Larvae were tested for thermal behavior using a 96-well (square wells) plate loaded into a DanioVision observation 
chamber running EthoVision XT 11.5 software (observation chamber and software, Noldus, Leesburg, VA). The tempera-
ture in the observation chamber was set using a temperature control unit. Larvae were acclimated to the baseline tem-
perature of 28.5 °C for 30 min, after which their total distance moved was recorded for 2 min. The temperature was then 
raised to 33.5 °C, and fish were recorded again for 2 min. All behavioral assays were performed at 5 dpf, except for our 
dark flash assay, which was performed at 6 dpf.

Heat-shock induced cdh16 rescue and stc1l overexpression

To induce expression of hsp70-cdh16-p2a-mKate, zebrafish embryos or larvae were placed in a 96-well plate at a den-
sity of no more than 5 larvae per well. The plate was heated to 37 °C for 45 min using a thermocycler. Larvae were then 
recovered to petri dishes for at least 5 h before behavior testing. Similarly, to overexpress stc1l via hsp70-V5-stc1l, 4 dpf 
larvae were placed into a 96-well plate at a density of no more than 5 larvae per well. The plate was heated to 37 °C for 
45 min using a thermocycler. The larvae were then recovered to petri dishes for 24 h before testing at 5 dpf.

Crispant (F0) mutagenesis and behavior analysis

sgRNAs targeting cdh16 (622, 623, 867) and stc1l (942, 943, 944) were designed using ChopChop [72]. Scrambled sgR-
NAs (759, 760, and 761) were used as controls and were designed by IDT as previously described [51]. The sgRNAs were 

Table 3.  Cloning primers.

Primer/
gBlock 
Name

Primer/
gBlock 
#

Primer/gBlock sequence

773_
cdh16_IF_
vector

773 CTTGTTCTTTTTGCAGGATgccaccATGGAATATGTGAGCACTTGGT

776_
cdh16_IF_
p2A

776 ACTGAAGTTCGTGGCCAGAGACACATTGAGCGGCACC

981_stc1L_
v5_gBlock

981 CTTGTTCTTTTTGCAGATGCTCCTGAAAAGCGGATTTCTTTTGCTGGTGGTTTTGGCTGCTTGTGCATTTTGCACAACTCAG-
GAATCCACAGGCAAGCCTATCCCAAACCCTCTGCTGGGCCTGGACTCCACAAGACAACCGAGACGAGCACGGTTCTCATC-
CAACACCCCTTCTGATGTTGCCCGCTGTCTGAATGGCGCTCTGCAAGTGGGTTGTGCGACCTTCGCATGTCTGGAAAACTC-
CACCTGCGACACCGACGGCATGCACGAGATCTGCAACGTCTTCCTCCACACAGCTGCTGTTTTTAACACAGAGGGTA-
AAACATTTGTGAAAGAGAGCATCAAGTGCATGGCCAACGGCATCACCTCCAAAGTGTTCCAGACCATTAAGCGCTGCTC-
CACCTTCCAGAAGATGATCGCTGAAGTGCAGGAGGAGTGTTATAAGAAGCTGGACCTCTGTGAAGTGGCCCGATCAAACCCT-
GAGGCCATTGGAGACGTGGTGCAGGTGCCCAACACTTTCCCCAACAGGTATTACAGCACACTTCTGCAGAGTTTAATGGAGT-
GCGAGGAGGACACAGTGGAGGTGGTTCGAGCTGGTCTGGTGTCCAGACTGGGACCGGATATGGCCACACTCTTCCAGCT-
GCTTCAAAACAAACCCTGCTCATCCGAACCCGCAGCCGCCGAGCCTTCTGGGACTGAGAGTCAAACCGGCTTCCGCTG-
GCCCCCAATGTTCAAGATCCAGCCAAACATGTACAACAGAGACCAGACTCACCTGTTCGCCAGAAAACGCTCCATCGTGG-
GAAGTCCTTAACAAGGCCTCTCGAGC

https://doi.org/10.1371/journal.pbio.3003164.t003

https://doi.org/10.1371/journal.pbio.3003164.t003
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purchased from IDT and reconstituted to 200 μM stocks using the IDT-provided duplex buffer. sgRNAs were then combined 
individually with tracrRNA, also purchased from IDT, to form a 61 μM duplex by heating at 95 °C in a thermocycler for 5 min, 
followed by cooling to RT for 10 min. Injection mixes were prepared by mixing 1 μL of duplex together with 1 μL Cas9 nuclease 
V3 (10 μg/μL; IDT Cat #1,081,059). 1nl of injection mix was injected in the yolk at the single cell stage, before the cell inflates.

The mutation rate in crispants was assessed by PCR using primers flanking the sgRNA target sequences to detect 
indels and large deletions. Following behavioral analysis, we genotyped larvae injected with gene-specific sgRNAs and 
larvae injected with control sgRNAs to confirm guide efficiency (see Tables 2 and 4).

Hybridization chain reaction (HCR) FISH staining

HCR probes, hairpins, and buffers were purchased from Molecular Instruments. Staining for experiments utilizing cdh16, 
cdh16 (deletion set), stc1l, and trpv6 HCR probes was performed using the manufacturer’s protocol: “HCR RNA-FISH protocol 
for whole-mount zebrafish embryos and larvae (Danio rerio)” with the following modifications: we did not apply PTU to inhibit 
melanogenesis, except in the case of trpv6 HCR to quantify NaR cells, we used 30 larvae per Eppendorf tube, and we used 
8 μl of 1 μM cdh16 and cdh16 (deletion set) probe solutions, all other probes were used at 4 μl of 1 μM probe set solution 
in 500 μL of Probe Hybridization Buffer. For CS imaging, animals were mounted laterally in 1.5% low-melt agarose in PBS 
and imaged using a 63× objective on a 3i Marianas Spinning Disk Confocal Microscope. For ionocyte imaging, animals were 
mounted with their ventral side facing the objective. For whole-fish images, 8 individual 20× images were acquired to capture 
the entire larva using the 8 × 1 montage function in SlideBook and then stitched using the legacy montage function.

Calcium manipulations

To create Ca2+-supplemented media, we first created a stock solution of 60× E3 embryo media without Ca2+: 300 mM 
NaCl, 10.2 mM KCl, and 19.8 mM MgSO

4
·7H

2
O. A separate stock solution of 60× CaCl

2
·2H

2
O (Sigma CAS#:10035-04-

8) was also made. Ca2+ concentrations of 10 mM Ca2+, 0.33 mM (Normal), 0.02 mM, and 0.001 mM were generated by 
mixing 60× E3 and 60× CaCl

2
 in the appropriate ratios. At 5 dpf, larvae were rinsed three times out of E3 media containing 

normal Ca2+ (0.33 mM Ca2+), and into one of the four different Ca2+-supplemented media concentrations four hours before 
performing behavior and then tested in those same Ca2+ concentrations.

Corpuscle ablations

Tg[her6:mCherry] embryos were screened for mCherry expression at 3 dpf using a fluorescent stereomicroscope. Four dpf 
mCherry-positive larvae were live-mounted laterally in 1.5% low-melt agarose (Lonza Cat# 50,101) in E3 embryo media on 

Table 4.  CRISPR guide cutting efficiency.

Mutagenesis Fig 6A (stc1l 
to WT) rates

Fig 6C (stc1l 
to cdh16) rates

Fig 6D (stc1l to 
pappaa) rates

Fig 6E (cdh16 to 
pappaa) rates

Overall rate 90.91% 100% 100% 100%

Insertion/deletion (Indel) rate 90.91% 100% 100% 100%

Large deletion rate 81.82% 81.82% 100% 100%

5′ guide rate 90.91% 100% 100% 90.91%

Mid guide rate 90.91% 90.91% 100% 100%

3′ guide rate 0% 0% 0% 100%

5′-mid rate 63.64% 81.82% 81.82% 63.64%

Mid-3′ rate 27.27% 9.09% 54.55% 63.64%

5′-3′ rate 18.18% 45.45% 54.55% 54.55%

https://doi.org/10.1371/journal.pbio.3003164.t004

https://doi.org/10.1371/journal.pbio.3003164.t004
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a 3.5 cm glass-bottom dish. The CS were identified and then ablated using 532 nm pulse laser attached to a 3i Marianas 
spinning disk confocal microscope with a 63× objective. To ensure complete ablation, an average of 3 laser pulses were 
administered per corpuscle (laser pulses were delivered until the CS was eliminated). For sham ablations, a target region 
posterior to the kidney and yolk extension was located and ablated, after which the CS were re-located and confirmed to be 
undamaged. Ablated and sham-ablated larvae were then unmounted and placed in a 6 cm petri dish with fresh E3 to recover 
for approximately 21 h, after which they were behavior tested at 5 dpf for acoustic startle thresholds and habituation.

WGS and molecular cloning of cdh16

Molecular cloning of the cdh16 allele was performed as previously described [11,14]. Pools of 50 behaviorally identi-
fied p173 mutant larvae were collected and used to prepare genomic DNA (gDNA) libraries. gDNA was sequenced with 
100-bp paired-end reads on the Illumina HiSeq 2000 platform, and homozygosity analysis was done using 463,379 SNP 
markers identified by sequencing gDNA from ENU-mutagenized TLF and WIK males as described previously [11].

Calcium content assays

Whole-body Ca2+ was quantified using a colorimetric assay kit (Abcam ab102505). For the first experiment measuring 
Ca2+ in cdh16p173, 2 dpf larvae were live tail-clipped and genotyped for the cdh16p173 allele. At 4 dpf, 10–15 larvae were 
pooled in each of 6 Eppendorf tubes: three WT biological replicates and three mutant biological replicates. For the second 
experiment, Ca2+ was measured following acute (four hour) exposure of wild type larvae to four Ca2+ concentrations at 
5 dpf (10 mM, 0.33 mM, 0.02 mM, 0.001 mM). Then 10–15 larvae were pooled in 12 Eppendorf tubes: three WT biological 
replicates for each of the four Ca2+ concentrations. The assays were then performed as previously described [50].

RT-qPCR

Larvae were dissected to remove the distal tip of the tail for genotyping. To generate cDNA from heads and trunks, larvae were 
dissected to isolate the head from the trunk at the base of the hindbrain. Tissue to be used for RT-qPCR was placed into RNAlater 
(Sigma Cat# R0901-100ML) and stored at 4 °C. Following genotyping, whole larvae (Figs 5A and 6F), trunks (Fig 5B), or heads (Fig 
5C) were pooled by genotype and total RNA was extracted using Trizol/Chloroform followed by the RNeasy Plus Mini Kit (Qiagen 
Cat# 74,143). cDNA pools were generated using SuperScript II Reverse Transcriptase (Invitrogen Cat# 11,904−018). qPCR was 
performed with LUNA qPCR MasterMix (NEB Cat# M3003) on a QuantStudio 3 Real-Time PCR System (Fisher Cat# A28566) 
using qPCR primers (Table 5) designed for each target gene. Expression levels of target genes were normalized to gapdh.

Analysis of stc1l in the corpuscles of Stannius

To measure stc1l fluorescence intensity, images acquired at 63× magnification of the stc1l-labeled CS were converted to 
OME-TIFFs. TIFFs were sum projected over their entire z-stack using FIJI. Regions of interest were then drawn freehand 
around the borders of each corpuscle, or around the border of the entire structure when the two corpuscles overlapped in 
Z. Fluorescence intensity was then measured and divided by the number of corpuscles (2 CS were observed in every ani-
mal except one mutant that had 3 CS). To count the total number of stc1l+ cells in the CS, z-stacks of the CS were visu-
ally inspected using Slidebook imaging software and marking each cell using the freehand ROI tool to assign it a number. 
This number was divided by the number of corpuscles, to quantify the number of stc1l+ cells per CS. Finally, the intensity 
per CS was divided by the number of stc1l+ cells per CS, to quantify the relative intensity of stc1l signal per CS cell.

Epithelial ionocyte (NaR cell) quantification

Two z-stacks encompassing trpv6 expression in NAR cells along the jaw and the skin overlying the swim bladder were 
acquired at 20× magnification for each larva. To quantify the number of NaR cells, we stitched swim bladder and jaw 



PLOS Biology | https://doi.org/10.1371/journal.pbio.3003164  May 2, 2025 22 / 28

images using FIJI. A maximum projection was then made from the combined z-stack and the despeckle function was used 
to reduce noise. An image threshold was applied with 6,725 as the minimum value and 65,535 as the maximum value. 
The watershed function was then used to further delineate the cell borders from one another. When necessary, an ROI 
was drawn to exclude any autofluorescence in the eyes, and the included region was analyzed for the total number of 
particles, taken to be the total number of NaR cells in this region.

Mauthner morphology quantification

To assess Mauthner morphology, WT and cdh16p173 mutant larvae heterozygous for each of Tg[Gap43:Citrine] and 
Tg[Gffdmc130a] were fixed overnight in sweet fix (4% paraformaldehyde, 4% sucrose, 1× PBS). After 3 washes in PBT, 
tails were clipped, lysed, and KASP genotyped for the cdh16p173 allele. Brains were then dissected from wild type and 
cdh16 mutant larvae, mounted dorsal side down in Vectashield, and assigned random numbers by an independent inves-
tigator to ensure blinding during imaging and analysis. Z-stacks of Mauthner neurons were acquired using a 3i Marianas 
spinning disk confocal microscope with a 63× objective. Maximum intensity projections of the soma and lateral dendrites 
were generated in FIJI and measurements were performed using the straight-line tool. Mauthner neuron morphology was 
quantified as follows: Whole Mauthner length was measured from the axon initial segment to the distal-most tip of the lat-
eral dendrite. Soma length was measured from the axon initial segment to the first narrowing at the soma-lateral dendrite 
boundary. Lateral dendrite length was measured from this point to the distal-most tip of the distal-most lateral dendrite 
branch. Two Mauthner neurons were measured and displayed per fish, except in cases where only one Mauthner neu-
ron was labeled (for WT, n = 13 showed labeling in both Mauthners, n = 3 had only one labeled; for cdh16 mutant, n = 9 
showed labeling in both Mauthners, n = 1 had only one labeled).

Quantification and statistical analysis

Statistical tests were performed in Graphpad PRISM 9 and 10. To determine normality for each data set, the D’Agostino 
and Pearson test was performed. In normally distributed data, an unpaired t test, one-way ANOVA, or two-way ANOVA 
was performed as needed. To account for multiple comparisons in two-way ANOVAs, the Šidák’s multiple comparisons 
test was performed when comparing means across one variable while the Tukey’s multiple comparisons test was used to 
compare means between all experimental groups. In datasets that are not normally distributed, a Mann–Whitney test was 
executed to compare two groups and a Kruskal–Wallis test was used to compare between greater than two groups.

Whole brain morphometric imaging and analysis

Six dpf larvae (n = 60) from a cdh16p173 heterozygote incross were acclimated to the behavior testing room for 30 min. 
Following acclimation, the larvae were placed in a cell strainer within a 6 cm petri dish containing E3 for 30 min. Finally, 
spontaneous behavior was recorded for 16 min before the cell strainer was removed and placed into a 6 well dish contain-
ing 4% paraformaldehyde in PBT (PBS-Triton 0.25%) for 45 s to flash-fix the larvae. The cell strainer was then transferred 

Table 5.  qPCR primers.

Target gene Primer # Sequence

gapdh 809 TGCTGGTATTGCTCTCAACG

gapdh 810 AACAGCAAAGGGGTCACATC

pappaa 805 AGACCAGCTGAGACTCAAGCC

pappaa 806 CATCCACGATCACTAGAGGCG

stc1l 985 CCAGCTGCTTCAAAACAAACC [23]

stc1l 986 ATGGAGCGTTTTCTGGCGA [23]

https://doi.org/10.1371/journal.pbio.3003164.t005

https://doi.org/10.1371/journal.pbio.3003164.t005
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to a solution of 4% paraformaldehyde in PBS, incubating at 4 °C overnight. Larvae were moved from the cell strainer to a 
1.5 mL tube and washed with PBT for three, 5-min washes. To increase the ratio of mutants to WT larvae included in the 
imaging experiment, tail clips were collected from each sample, lysed, and KASP genotyped for the cdh16p173 mutation. 
Wild type and mutant larvae were pooled at a 1:1 ratio into a 1.5 mL tube containing PBT and stained according to a pre-
viously developed immunohistochemistry protocol for MAP-mapping [40] with procedural alterations [17]. Finally, samples 
were mounted onto a glass-bottom dish using 1.5% low-melt agarose made with PBS. Each larva was positioned with 
the dorsal portion of its brain facing the glass bottom of the dish. Whole-brain z-stacks were collected for each sample 
using an LSM780 microscope with a 20× objective and 2 × 1 tile scanning. Larvae were unmounted from the agarose and 
gDNA was prepared for KASP genotyping. Morphometric analysis of cdh16p173 mutants was then performed as previously 
described [39,40]. Differences in whole brain morphology were examined by assessing the significant delta medians of 
mutants over WT.

Supporting information

S1 Fig.  Whole-brain morphometric analysis reveals minimal changes to region-by-region brain volume. (A) Sum-
mary of whole-brain morphometric data for 6 dpf cdh16p173 mutants (n = 13) as compared to siblings (n = 16). Region-by-
region differences in volume are indicated in yellow (regions that are larger in mutants) or cyan (regions that are smaller in 
mutants). Image is a summed stack of the significant delta medians of mutants over wild types. Note there are no colored 
pixels within the brain, indicating no significant differences between mutants and siblings across the annotated brain 
regions.
(TIF)

S2 Fig.  Cadherin-16 is expressed in the CS. (A) Schematic of the large (approximately 49 kB) deletion allele that we 
generated in the cdh16 locus (cdh16co120). (B) in situ HCR image of cdh16co120 mutant larva using only probes that bind 
within the large deletion. The corpuscles of Stannius are not labeled. All other expression, including weak labeling in the 
head, can be considered background (representative image in Fig 4A). Shown is a representative image of cdh16co120; 
n = 4 larvae imaged.
(TIF)

S3 Fig.  Cadherin-16 does not regulate Mauthner cell morphology. (A–E) Analysis of the Mauthner neurons respon-
sible for the acoustic startle (SLC) response. (A–C) cdh16p173 mutants (n = 19) and wild type siblings (n = 29) have no 
differences between Mauthner soma length (A) p = 0.3169, lateral dendrite length (B) p = 0.4054, or total length (C) 
p = 0.9248, unpaired t test. Error bars represent SD. (D–E) No morphological differences are detected between the Mau-
thner cells of cdh16p173 mutant (bottom image) and WT larvae (top image). The data underlying this figure can be found in 
S1 Data.
(TIF)

S4 Fig.  Ca2+ homeostasis and the corpuscles of Stannius regulate sensory gating. (A–D) E3 media with 
differing Ca2+ concentrations were applied to WT larvae at 5 dpf. Whole-body Ca2+ was measured 4 h later (A) or 
behavioral assays were performed 4 h later (B–D). (A) Exposure to high (10 mM) Ca2+ caused a slight but signifi-
cant increase in whole-body Ca2+ levels, compared to normal 0.33 mM Ca2+ (*p = 0.024). Exposure to media con-
taining low Ca2+ (0.02 and 0.001 mM) did not significantly affect whole-body Ca2+ levels (n = 3 biological replicates 
per condition, p = 0.8297, p = 0.093; one-way ANOVA with Dunnett’s multiple comparisons test). Error bars repre-
sent SD. (B) As is observed in pappaa mutant larvae, animals in 0.001 mM Ca2+ (n = 17) show decreased respond-
ing to dark flashes relative to siblings in 0.33 mM Ca2+ (n = 18) ****p < 0.0001, Kruskal–Wallis test with Dunn’s 
multiple comparisons test. Error bars represent SD. (C) Animals in the lowest (0.001 mM) Ca2+ concentration 

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003164.s001
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003164.s002
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003164.s003
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003164.s004
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(n = 18) were more responsive to the lights-on stimulus in the visual motor assay as compared to their siblings in a 
normal 0.33 mM Ca2+ concentration (n = 18), p = 0.0033, Kruskal–Wallis test with Dunn’s test for multiple compar-
isons. Error bars represent SD. (D) Animals in 0.001 mM Ca2+ (n = 18) displayed more robust responses to a light 
flash than their siblings in 0.33 mM Ca2+ (n = 18) ***p = 0.0009, Kruskal–Wallis test with Dunn’s test for multiple 
comparisons. Error bars represent SD. (E–F) Images of 5 dpf WT larvae 24 h after either CS ablation (left) or sham 
ablation (right). Larvae with ablated corpuscles do not have visible pericardial edema. (G–J) stc1l HCR to visualize 
the CS after sham ablation (G, I) or CS ablation (H, J). Only a few stc1l-positive cells are present in the CS region 
4 h after CS ablation (H), and stc1l expression is strongly reduced. By 24 h post-CS ablation, the structure has 
partially regenerated (J). Imaged n = 10 CS-ablated 4 h post-ablation, n = 5 sham-ablated 4 h post-ablation, n = 10 
CS-ablated 24 h post-ablation, n = 5 sham-ablated 24 h post-ablation. The data underlying this figure can be found 
in S1 Data.
(TIF)

S1 Data.  Source data. 
(XLSX)
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