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Excessive activation of ionotropic
glutamate receptors induces
apoptotic hair-cell death
s independent of afferent and
e efferent innervation

Lavinia Sheets?

Accumulation of excess glutamate plays a central role in eliciting the pathological events that follow
intensely loud noise exposures and ischemia-reperfusion injury. Glutamate excitotoxicity has been
characterized in cochlear nerve terminals, but much less is known about whether excess glutamate
signaling also contributes to pathological changes in sensory hair cells. | therefore examined whether
glutamate excitotoxicity damages hair cells in zebrafish larvae exposed to drugs that mimic excitotoxic
trauma. Exposure to ionotropic glutamate receptor (iGIuR) agonists, kainic acid (KA) or N-methyl-
D-aspartate (NMDA), contributed to significant, progressive hair cell loss in zebrafish lateral-line
organs. To examine whether hair-cell loss was a secondary effect of excitotoxic damage to innervating
neurons, | exposed neurogla morphants—fish whose hair-cell organs are devoid of afferent and
efferent innervation—to KA or NMDA. Significant, dose-dependent hair-cell loss occurred in neurogla
morphants exposed to either agonist, and the loss was comparable to wild-type siblings. A survey

of iGIuR gene expression revealed AMPA-, Kainate-, and NMDA-type subunits are expressed in
zebrafish hair cells. Finally, hair cells exposed to KA or NMDA appear to undergo apoptotic cell death.
Cumulatively, these data reveal that excess glutamate signaling through iGluRs induces hair-cell death
independent of damage to postsynaptic terminals.

Intense acoustic trauma or ischemic injury leads to accumulation of the excitatory neurotransmitter glutamate
in the cochlea'™. There is evidence that excess glutamate acts as a primary trigger for subsequent pathologies in
noise-exposed cochleae, the most well-characterized effect being consequent swelling of postsynaptic afferent
nerve terminals resulting from overactivation of AMPA-type GluRs>-®%. By contrast, whether excess glutamate
signaling damages hair cells—the sensory receptors of the auditory system—has not yet been fully examined.
Presynaptic iGluRs that regulate neurotransmitter release have been observed in many areas of the central nerv-
ous system’, and several studies suggest that all three types of iGluR subunits—AMPA, Kainate, and NMDA—are
expressed and presynaptically-localized in cochlear hair cells'®'*. Yet whether excessive activation of iGluRs con-
tributes to hair-cell damage has not been directly studied in a mammalian model system because it is difficult to
discern whether hair-cell death in iGluR-agonist exposed cochleae is the result of damage to the hair cells them-
selves or collateral damage from injured postsynaptic nerve terminals'>.

Zebrafish afford a useful model system to address whether glutamate toxicity damages sensory hair cells.
Zebrafish hair cells are homologous to mammalian hair cells'®?, yet are optically accessible in whole larvae
within the lateral line organ—a sensory organ used to detect the movement of water that contains clusters of
superficially localized hair cells called neuromasts (NMs). Additionally, zebrafish hair cells are amenable to phar-
macological manipulation, allowing for drug application and subsequent examination of hair-cell morphology
and function. This is particularly advantageous for investigating hair-cell toxicity, as delivering drugs into the
cochlea is challenging and can in and of itself damage sensory hair cells..
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I therefore determined whether glutamate excitotoxicity directly damages hair cells by examining lateral-line
NMs of 5 to 6-day-old zebrafish larvae exposed to drugs that mimic glutamate-induced excitotoxic trauma.
Exposure to the iGluR agonists kainic acid (KA) or N-methyl-D-aspartate (NMDA) contributed to significant,
progressive hair-cell loss is both wild-type larvae and in neurogeninla morphants—fish that have morphologi-
cally mature hair cells devoid of afferent and efferent innervation. Analysis of iGluR expression in isolated hair
cells populations subsequently revealed that, similar to what has been previously reported in mammalian sys-
tems, AMPA-, Kainate and NMDA-type receptor subunits are expressed in zebrafish hair cells. KA and NMDA
mediated hair-cell death is characterized by the formation of apoptotic bodies and activation of caspase-3.
Cumulatively, these data indicate that excessive signaling through iGluRs induces apoptotic hair-cell death, and
suggests cell death may be instigated through iGluRs on the hair cells themselves.

Results

KA exposure leads to swelling and bursting of postsynaptic afferent terminals.  There is an abun-
dance of evidence that cochlear nerve fibers are damaged by exposure to iGluR agonists: previous studies have
reported excitotoxic damage to cochlear nerve fibers akin to that brought about by noise overexposure in coch-
leae briefly treated with the agonist a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)®?2 or the
more potent excitotoxic agonist KA*-%. To confirm whether zebrafish lateral-line afferent neurons are similarly
sensitive to AMPA/KA GIuR agonist-induced excitotoxic trauma, I exposed, to KA, live 6-day-old transgenic
zebrafish larvae expressing GFP in their afferent neurons? and mcherry at the hair-cell presynaptic ribbons while
recording changes in their afferent terminal morphology using confocal time-lapse imaging. I observed profound
swelling of lateral-line afferent terminals (Fig. 1A; white arrowheads) analogous to that observed in KA exposed
mammalian cochleae?*?’. In addition, I applied the iGluR agonist NMDA to these transgenic larvae and did not
observe swelling of afferent terminals (Fig. 1B), which is also consistent with what had been previously observed
in drug-perfused mammalian cochlea’. These observations support that iGluR agonists act on lateral-line afferent
neurons in a similar manner as auditory dendrites.

KA or NMDA exposure initiates NM hair-cell loss.  Subsequently, I examined lateral-line NM hair-cell
morphology in 5 to 6-day-old larvae that were exposed to AMPA, KA, or NMDA, then either immediately fixed
or rinsed and allowed to recover either 2 hours or overnight prior to fixation. Unexpectedly, exposure to these
high (300 uM) levels of either KA or NMDA contributed to significant, progressive hair cell loss (Fig. 1C-F)
i.e. exposure to either KA or NMDA lead to noticeable hair-cell loss (Fig. 1E) that became more significant two
hours after drug exposure (Fig. 1F). This result was surprising—the presence of functional iGluRs in sensory hair
cells has been inferred by previous studies but not definitively established, so iGluR overactivation has not been
considered as a cause of hair-cell death. Considering that KA exposure leads to swelling and bursting of afferent
synaptic contacts (Fig. 1A), I also examined whether exposure to KA or NMDA lead to hair-cell synapse loss, but
did not find any significant difference in the number of presynaptic ribbons per remaining NM hair cell in KA
or NMDA exposed larvae (Fig. 1H). Cumulatively, these data show that activation of AMPA/Kainate or NMDA
type receptors in zebrafish lateral line organs contributes to similar neural pathological changes as that observed
in mammalian cochlea, and support that overactivation of iGluRs, possibly on the hair cells themselves, also con-
tributes to noise-induced hair-cell damage and death.

neurogeninl morphant NM hair cells appear morphologically mature and have functional
mechanotransduction. To exclude the possibility that damage to hair cells from exposure to KA or NMDA
was an indirect result of overstimulating lateral-line nerve fibers, I examined neurogeninl (ngnl) morphants: lar-
vae whose hair-cell organs are devoid of afferent and efferent innervation (Fig. 2B). Zebrafish lacking ngn1 are
similar to mouse ngnl mutants in that their hair-cell organs lack innervation®. Ngn1-lacking zebrafish survive
past the onset of lateral-line hair-cell function® due to nutrition provided by the yolk sack.

Prior to exposing the larvae to drugs, I examined whether, in 5-day-old ngnl morphants, NM hair cells had the
morphological characteristics of functionally mature hair cells. Immunolabled ngn1 morphant hair cells showed
several known hallmarks of morphological maturity: they had basally-localized presynaptic ribbons that localized
with the synaptic-vesicle marker Vglut3 (Fig. 2D) as well as clusters of L-type calcium channels Cav1.3*! local-
ized at the synaptic-ribbon (Fig. 2E). I also examined functional maturity by briefly exposing ngnl morphants to
the vital dye FM1-43 at a concentration that has been previously shown to preferentially label relatively mature
lateral-line NM hair cells with mechanotransduction activity®?. Brief exposure to low concentrations of FM1-43
is a robust assay for functional hair-cell mechanotransduction that has been verified in both mammalian and
zebrafish systems®*-%. I observed that ngnl morphant NM hair cells take up FM1-43 (Fig. 2G), supporting that
ngnlmorphant zebrafish hair cells are morphologically and, at least in part, functionally mature despite lacking
afferent and efferent innervation. It should be noted that hair-cell innervation is important for synaptic-ribbon
maintenance in zebrafish® and afferent innervation plays a significant and variable role in long-term hair-cell
maintenance and viability in mice¥. Nevertheless, previous studies have shown that short term hair-cell survival
is possible in the absence of innervation®, indicating ngnl morphants as a useful tool in determining whether
iGluR agonist exposure damages hair cells in the absence of innervation.

KA or NMDA exposed ngn1 morphants show NM hair-cell loss that is comparable to wild-type
and dose dependent. Consequently, I exposed 5-day-old ngnl morphants and their WT siblings to KA
or NMDA for 1h., then allowed them to recover for 2 h. prior to fixation. Significant hair-cell loss occurred in
ngnl morphants exposed to 300 LM KA or NMDA (Fig. 3D-H), and the loss was comparable to that observed in
wild-type siblings (Fig. 3A-C,G). The actions of KA and NMDA are likely specific, as hair-cell loss in ngnl mor-
phants occurred in a dose-dependent manner (Fig. 4A,B). Additionally, KA-induced hair-cell loss was blocked
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Figure 1. Exposure to KA or NMDA initiates hair-cell loss, but not synaptic-ribbon loss. (A,B) Live-
imaging of KA (A) or NMDA (B) exposure: Representative frames from a movie taken over 2 hours with one
frame per 3.5 minutes. Each frame is a maximum intensity projection (z-stack top-down image) of posterior
lateral-line (LL) NM3 in a 6 dpf transgenic larva expressing Ribeye a-tagRFP in hair cells and GFP in afferent
nerve fibers. Arrowheads in (A) indicate afferent-terminal swellings; asterisks indicate bursting afferent
terminals. (C,D) Representative maximum intensity top-down (x-y) projections of imunolabeled Vglut3 (red)
labeling the basolateral-end of hair cells and Ribeye b (green) labeling synaptic ribbons in NM3 of 6 dpflarvae.
Larvae were exposed to DMSO carrier alone (Control) or iGluR agonists for 1 hour, then either immediately
fixed ((C); No rec.) or rinsed and allowed to recover for 2 hours ((D); 2 h. rec.). Hair-cell death was confirmed
by absence of DAPI-labeled nuclei. Scale bars: 3 um (E-H) The number of intact hair cells per NM (E-G) or
number of synaptic ribbons per hair cell (H) in 6 dpf (E,F,H) or 7 dpf (G) larvae exposed to DMSO alone or
300 pM iGluR agonist. Each circle represents NM3 in an individual larva. There was no significant loss of hair
cells in NMs following exposure to AMPA at any time-point or the more excitotoxic AMPA/Kainate receptor
agonist KA immediately following exposure (E). However, there were significantly fewer hair cells per NM

in KA and NMDA-treated larvae compared to control 2 hours after drug exposure (F; ***p < 0.0001 defined
by Dunnett’s multiple comparisons test) and after 20-22 h. recovery post-exposure (G, **p < 0.01 defined by
unpaired t test). There was no significant difference in the number of synaptic ribbons per hair cell 2 h. after
drug exposure (H), defined by Dunnett’s multiple comparisons test).

when morphants were co-exposed to the competitive AMPA/kainate receptor antagonist CNQX (Fig. 4A) and
NMDA-induced hair-cell loss was partially blocked by NMDA receptor antagonist D-AP5 (Fig. 4C). The actions
of KA and NMDA appeared to be synergistic; a non-lethal concentration of 30 pM KA combined with a minimally
lethal concentration of 30 pM NMDA lead to significantly more hair-cell death than 30 uM NMDA alone (Fig. 4D;
Control=11+£0.4,30pM KA =1040.6, 30 pM NMDA =8 £ 0.3; 30 uM KA + 30 puM NMDA =5 +0.4). To ana-
lyze the synergistic effect of KA and NMDA combined, I calculated the coefficient of drug interaction (CDI; see
Methods)*. The CDI of KA + NMDA (30 4M) was 0.7; CDI < 1 indicates synergism. Cumulatively, these data
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Figure 2. Characterization of ngn11 morphant NM hair cells. (A,B) Representative max intensity top-down
(x-y) and side-view (x-z) projections of imunolabeled Parvalbumin (red) labeling hair cells, acetylated-Tubulin
(green) labeling neurons and the apical-region of hair cells, and DAPI labeling nuclei in posterior LL NM2 of
WT (A) or ngnl MO (B) 5 dpf zebrafish larvae. Note the absence of immunolabeled green neurites beneath
hair cells in the ngnl morphant NM (x-z) image. Scale bar: 3 um (C,D) Representative immunoabeled (x-y)
and (x-z) cross-sections of a WT (A) or ngnl MO(A) anterior NM. Both synaptic ribbons (Ribeye; red) and
synaptic vesicles (Vglut3; white) localize to the basolateral end of ngn1 MO hair cells, despite the lack of afferent
innervation (HNK-1; green). Scale bar: 3 um (E) Max-intensity(x-y) projection of imunolabeled synaptic
ribbons (red) and the presynaptic calcium channel Cay1.3a (green) in NM3 of a 5 dpf ngnl morphant larva.
Insets show colocalization of Ribeye and Cay1.3, which is a hallmark of hair-cell maturation. Scale bars: 3 um,

1 pm (insets) (F,G) Representative lateral views of 5dpf WT (F) or ngnI morphant (G) larvae briefly exposed
FM1-43. Insets show higher magnification top-down views of the NMs indicated by the white dashed squares.
Labeling with FM1-43 indicates functional mechanotransduction machinery in ngnl morphant hair cells.

suggest that excessive glutamate signaling mediates damage to sensory hair cells independent of damage to post-
synaptic terminals, and implies the presence of functional iGluRs on hair cells.

Zebrafish hair cells express AMPA-, KA-, and NMDA-type receptor subunits. Data from previous
studies suggest that mammalian hair cells express AMPA-1%!1, Kainate-'2, and NMDA-type'*4® GluR subunits.
To examine whether zebrafish hair cells express iGluR subunits, I performed gene expression analysis on hair
cells isolated from 5-day-old stable transgenic larvae. Fluorescence-activated cell sorting (FACS) of lysed lar-
val populations was used to separate mcherry containing hair cells and GFP containing neurons from other
non-fluorescent cell types (Fig. 5A). To perform a survey of iGluR expression, cDNA templates were created
from the sorted cells via RT-PCR, then used to generate small amplicons (~150-300bp) of GluR transcripts of
the AMPA, Kainate, and NMDA receptor classes as well as cell-type specific control genes. Using this strategy, I
identified several iGIuR subunits in zebrafish hair cells: AMPA-receptor subunit gria4b, Kainate-receptor subu-
nits grikla and grik4, and NMDA-receptor subunits grinla and grin2ba (Fig. 5B).

In addition, I detected immunolabeling of three identified iGluR subunits at hair-cell ribbon synapses. The
commercial antibody used to detect zebrafish Grikla was generated using a 49aa region of the C-terminus of
human Grik2, which has 92% sequence conservation with zebrafish Grikla aa 652-701 (ClustalW Method). I
observed Grikla (Fig. 5C), Grik4 (Fig. 5D), and Grinla (Fig. 5E) immunolabeled puncta localized to hair-cell
ribbon synapses. To determine the labeling distribution of iGluRs relative to both pre- and post-synaptic com-
ponents, I compared iGluR labeling intensity plotted in relation to distance (profile plots) with that of synaptic
ribbons and the afferent postsynaptic densities (PSDs). Figure 5(C-E) shows high-power images of representative
ribbon synapses and their corresponding profile plots. Kainate-receptor subunits Grikla (Fig. 5C) and Grik 4
(Fig. 5D) labeling showed multiple peak intensities that overlapped with both Ribeye and PSD peak intensities,
suggesting these iGluR subunits localize to both pre- and postsynaptic regions. By contrast, NMDA-receptor
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Figure 3. KA or NMDA exposure initiates hair-cell loss in ngn11 morphants comparable to WT siblings.
(A-F) Representative max intensity top-down (x-y) and side-view (x-z) projections of imunolabeled
Parvalbumin (red), acetylated Tubulin (green), and DAPI (blue) in posterior LL NM7 of 5dpf WT (A-C) or
ngnl MO (D-F) larvae. Larvae were exposed to DMSO carrier alone (Control) or iGluR agonists for 1 hour,
then rinsed and allowed to recover for 2 hours. Exposure to 300 .M KA (B,E) or 300 uM NMDA (C,F) leads to
hair-cell loss in both WT and morphants. White arrowheads indicate pyknotic nuclei. Scale bar: 3 pm (G,H)
The number of intact hair cells per NM in 5 dpflarvae exposed to DMSO alone, 300 uM KA, or 300 .M NMDA.
Each circle represents NM2 or NM7 in an individual larva. There were significantly fewer HCs per NM in KA
and NMDA-treated larvae compared to control 2 h. after exposure in both WT siblings (G) and ngn1 (H) MO
larvae (*p < 0.05; **p < 0.001; ****p < 0.0001 defined by Dunnett’s multiple comparisons test).

subunit Grinl showed a single peak intensity that overlapped with Ribeye labeling the presynapse (Fig. 5E). To
determine whether GluR subunit labeling persisted in the absence of the postsynapse, I examined iGluR sub-
units labeling in ngnl morphant fish, and observed Grikla, Grik 4, and Grinla labeling localized with Ribeye
(Fig. 5F-H). These results indicate iGluR subunits are expressed in zebrafish hair cells, and suggest that KA and
NMDA damage to hair cells may be mediated by hair cell autoreceptors.

KA or NMDA-induced hair-cell death is not accompanied by intracellular calcium ([Ca2+],) dys-
regulation. One mechanism of excitotoxic cell death is dysregulation of [Ca2+]; homeostasis followed by
the loss of mitochondrial membrane potential*'. To examine whether [Ca2+]; dysregulation occurs in hair cells
exposed to KA or NMDA, I exposed ngnl morphant larvae stably expressing the genetically encoded calcium
indicator GCaMP3 in hair cells*? to either KA or NMDA while recording changes in GCaMP3 fluorescence inten-
sity using confocal time-lapse imaging. To verify I could visualize [Ca2+]; dysregulation in ngnl morphant hair
cells, I exposed them to 50 LM gentamycin, which has been previously shown in this transgenic line to induce a
marked increase in cytosolic [Ca2+]; prior to hair-cell death*?. Likewise, I also observed sharp peaks in GCaMP3
fluorescence relative to baseline in gentamycin exposed hair cells prior to their death and extrusion from the
NM (Fig. 6A,B). By contrast, I observed very little change in GCaMP?3 fluorescence relative to baseline in dying
hair cells exposed to either KA (Fig. 6C,D) or NMDA (Fig. 6E,F); dying hair cells exhibited small increases in
GCaMP3 fluorescence prior to cell death (Fig. D (Cell 3); Fig. F (Cell 2)), but they were ~9 fold smaller than the
calcium peaks observed in dying gentamycin-treated hair cells (Fig. 6B).
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Figure 4. KA and NMDA induce hair-cell loss in a dose-dependent manner and have a synergistic effect

in ngnl morphants. (A,B) Dose-dependent hair-cell loss in neurogl MO larvae exposed to KA (A) or NMDA
(B). Each dot represents the mean hair cell loss per NM in 5-10 individual larvae; the bars represent the s.e.m.
Co-exposure with the AMPA/KA receptor antagonist CNQX (300 uM) blocks KA-induced hair-cell loss (A).
(C) NMDA-exposed NM hair cells are partially protected from NMDA mediated death when pre-exposed to
the competitive NMDA receptor antagonist D-AP5. Each circle represents NM2 or NM7 in an individual larva.
(**p <0.01; ***p < 0.0001 defined by Dunnett’s multiple comparisons test). (D) The effect of combined KA and
NMDA exposure on NM hair-cell death was greater than the sum of the effects of each drug alone. There were
significantly fewer HCs per NM in larvae treated with a sub-lethal concentration of KA (A) and NMDA than
NMDA alone. (**p < 0.01; ***p < 0.0001 defined by Dunnett’s multiple comparisons test).

The majority (>90%) of total Ca®* current in hair cells is carried by the L-type calcium channel Cay1.318314344,
To further examine whether [Ca2+]; dysregulation contributes to iGluR mediated hair-cell death, I inhibited
extracellular calcium influx with the L-type calcium channel blocker isradipine at a concentration (10 uM) that
has been previously shown to reduce calcium responses in zebrafish NM hair cells**. Consequently, I observed
a dramatic reduction in GCaMP3 fluorescence in NM hair cells co-exposed to isradipine (Fig. G,H). Notably,
blocking extracellular calcium influx did not provide a protective effect; the NM co-exposed to NMDA and
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Figure 5. AMPA-, Kainate-, and NMDA-receptor subunits are expressed in zebrafish hair cells.

(A) Fluorescence-activated cell sorting: fluorescent scatter was used to separate cell populations according to
the fluorescent intensity of mcherry (hair cells) or GFP (neurons and hearts). (B) Gene expression analysis

of isolated mcherry-expressing hair cells relative to the GFP-expressing mixed cell population. Gel images

were cropped and inverted for display. The presence of myo6b expression was used as a positive control for

hair cells and the absence of syphya expression was used as a negative control to ensure the sorted hair cell
population was free of neurons. J-actin (far-right lane) was used as a loading control. Unedited gel images can
be found in Supplementary Info. (C-E) Representative max-intensity images of immunolabeled wild-type
hair-cell synapses: GluR subunits (cyan), synaptic ribbons labeled with Ribeye (magenta), and PSDs labeled
with MAGUK (yellow). The antibody used to detect Grikla was generated using a conserved region of the
C-terminus of human Grik?2 that has 92% percentage sequence conservation with zebrafish Grikla (ClustalW).
To the right of each image are corresponding profile plots showing fluorescent signal intensity (y-axis) in
relation to distance (x-axis; pm). The white arrow in each merged image indicates the position and direction

of the sampling line used to measure each corresponding profile plot. Note that immunolabel for and Kainate-
receptor subunits Grikla (C) and Grik4 (D) show multiple peak intensities that overlap with both Ribeye and
MAGUEK, while the NMDA-receptor subunit Griala (E) shows a single peak intensity that mostly overlaps with
Ribeye. (F-H) Representative max-intensity images of immunolabeled ngn1MO hair-cell synapses. To the right
of each image are corresponding profile plots. Note the immunolabel for Grikla (F), Grik4 (G), and Grinl (H)
is present in the absence of postsynaptic densities and overlaps with synaptic ribbons. Scale bars: 1 pm.

isradipine lost hair cells (Fig.G; white dashed outline), which was never observed in NM hair cells exposed to
isradipine alone**. Cumulatively, these data support that KA and NMDA do not bring about hair-cell death
through dysregulation of [Ca2+]; homeostasis and mitochondrial collapse.

KA or NMDA exposed ngnlmorphant NM undergo apoptotic cell death. Hair cells exposed to
acoustic trauma have been shown to undergo apoptotic cell death, necrotic cell death, or a combination of the
two*. To determine whether hair-cell death in iGluR-agonist exposed hair cells appears characteristically apop-
totic or necrotic, I examined changes in hair-cell morphology in ngnl morphant larvae to either KA or NMDA.
Exposure to either KA (Fig. 6C; Supplemental Fig. 1A) or NMDA (Fig. 6E; Supplemental Fig. 1B) led to the
formation of blebs and what appeared to be apoptotic bodies accompanied by hair-cell extrusion from the NMs.
I subsequently examined whether caspase-3—a downstream effector of apoptotic cell death—was activated in
hair cells exposed to high concentrations (300 uM) of KA or NMDA, and found the majority of NMs contained
a subset of hair cells with activated caspase-3 immediately following drug exposure (Fig. 7A-D). Additionally, I
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Figure 6. Cytoplasmic Ca?* dynamics in hair cells treated with gentamycin vs. KA or NMDA.

(A,C,E,G) Heat-mapped, time-lapse imaging of ngnI morphant NMs with hair cells stably expressing GCaMP3.
Z-stack images were taken every 30 seconds for 30-50 minutes total. 50 LM gentamycin (A), 600 uM KA (C) or
300puM NMDA (E,G) was applied 5 minutes into imaging; 10 uM isradipine (G) was applied prior to imaging
and remained for the duration. Circles indicate the regions of interest (ROIs) where fluorescence changes in
GCaMP3 were measured. Numbers correspond to cells measured for fluorescence intensity traces. Dashed
outlines in (H) indicate hair cells; note the reduction in hair-cell number during NMDA exposure. (B,D,F,H)
Transformed (AF/baseline) fluorescence intensity data. Three cells from each NM are depicted; the red and
orange traces correspond to dying hair cells. Cells were chosen to highlight the difference in calcium transients
in dying cells exposed to genatmycin (B) vs. iGIuR agonists (D,F). Note the reduction in intracellular calcium in
(H) does not provide protection from hair-cell death.

examined supporting cell morphology and caspase-3 labeling in the transgenic fish line Supporting-Cell Marker
1 (scm1:GFP), which expresses GFP in all the supporting cells of the lateral line*”. NM supporting cells appeared
intact and their gross morphology comparable to unexposed control immediately following iGluR agonist expo-
sure (Fig. 7E-G). Activated caspase-3 labeling corresponded with hair-cell labeling (Fig. 7EG), suggesting that
activation of downstream cell death pathways in hair cells is not indirectly mediated by supporting-cell damage or
death. These data reveal that ngnImorphant NM hair cells exposed to KA or NMDA undergo caspase 3-mediated
cell death that appears apoptotic.

Discussion

It has been well established that glutamate excitotoxicity resulting from ischemia or acoustic trauma contributes
to cochlear nerve-terminal damage. My observations in the zebrafish lateral-line support the idea that glutamate
excitotoxicity also contributes to hair-cell damage and death. The significant findings of this study are i) overac-
tivation of AMPA/Kainate or NMDA-type GluRs leads to hair cell loss, ii) hair-cell loss is independent of afferent
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Figure 7. KA and NMDA exposed NMs contain hair cells with activated Caspase-3. (A-C): Representative
max intensity top-down (x-y) images of NM7 in 5 dpf ngnI morphant larvae exposed to DMSO alone (A),

300 M KA (B), or 300 .M NMDA (C), then immediately processed for histology. NMs exposed to iGluR
agonists stained positively for activated Caspase-3, indicating the cells were undergoing apoptotic cell death.
Scale bar: 3um (D) Floating bar graph showing the percentage of NM in individual larval posterior lateral line
that stained positive for activated Caspase-3. Each bar represents the min. and max. values in 11-15 larvae;
the lines represent the mean values. (****p < 0.0001 defined by Dunnett’s multiple comparisons test).

(E-G) Representative max intensity images of NMs in transgenic 5 dpf larvae expressing GFP in lateral-line
supporting cells (scm1:GFP) exposed to DMSO alone (E), 300 uM KA (F), or 300 .M NMDA (G), then then
immediately processed for histology. Supporting cells (magenta) appear intact in drug-exposed larvae, and
activated caspase-3 immunolabel (cyan) corresponds with the hair-cell marker HCS-1 (yellow). Scale bar: 3 um.

and efferent innervation, iii) zebrafish NM hair cells express AMPA/Kainate and NMDA-type GluR subunits and,
iv) overactivation of iGluRs contributes to apoptotic hair-cell death.

These observations in the zebrafish lateral line may give insight into the mechanisms of cochlear ischemic
injury, which can result from loud noise exposure’. Previous studies support that transient cochlear ischemia pro-
motes hair-cell loss?, particularly the loss of inner hair cells**-!. It has been proposed that delayed inner-hair cell
death following cochlear ischemia is due to excessive glutamate accumulation®’; glutamate levels in the perilymph
increase considerably following ischemic injury®?, perfusion of the AMPA/Kainate receptor antagonist DNQX
protects against inner hair cell loss following transient cochlear ischemia'’, and treatment of cochlear explants
with NMDA receptor blockers protects against hypoxia-induced hair-cell loss*®. Additionally, inner hair cells have
been shown to undergo apoptotic cell death following transient cochlear ischemia®, which corresponds to what
I observed in iGluR agonist treated zebrafish lateral line. Speculatively, these previous reports combined with the
results of this study suggest a model whereby cochlear ischemia and subsequent excess glutamate accumulation
may result in over-activation of both AMPA/Kainate- and NMDA-type receptors initiating apoptotic hair-cell
death.

The presence of iGluRs in hair cells suggests that activation of autoreceptors on the hair cells themselves ini-
tiates intracellular signaling cascades that lead to hair-cell apoptosis. The classical pathway by which glutamate
toxicity initiates cell death is by excessive calcium influx leading to mitochondrial dysfunction and the generation
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of free radicals®**>. Notably, I observed very little change in [Ca2+]; in dying hair cells exposed to KA (Fig. 6C,D)
or NMDA (Fig. 6E,F) and no protective effect from blocking extracellular calcium influx through Cay1.3 channels
(Fig. 6G,H), indicating that dysregulation of intracellular calcium is not what drives hair-cell death following
excess iGluR activation. There is substantial evidence that specific iGluRs are coupled to the activation of distinct
signaling pathways, and it is the triggering of these pathways though excess activation of the receptor rather than
an overall elevation in intracellular calcium levels that leads to the activation of programmed cell death®*->°. This
is further supported by my observations that KA and NMDA have a synergistic effect on hair-cell loss (Fig. 4D),
indicating that KA and NMDA initiate hair-cell death through distinct pathways. Additional studies will be
needed to verify that hair-cell localized iGluRs conduct calcium current, and to identify the specific downstream
signaling pathways they trigger when overactivated.

What might be the physiological role of presynaptic iGluRs in sensory hair cells? Based on previous observa-
tions in the central nervous system, presynaptic iGluRs may modulate hair-cell synaptic transmission in response
to activity. Presynaptic iGluRs examined in the brain have been shown to generally facilitate synaptic transmis-
sion’. For example, kainate autoreceptors localized to hippocampal mossy fiber presynaptic active zones facilitate
subsequent release of glutamate when activated®, and Grin2B containing NMDA autoreceptors in the entorhinal
cortex tonically facilitate glutamate release during development®!. On the other hand, presynaptic iGluRs have
also been shown to depress evoked transmitter release®?; activation of kainate receptors in dorsal root ganglion
neurons suppresses their glutamate release®. It will be interesting to determine in future studies whether presyn-
aptic iGluRs modulate glutamate release from sensory hair cells and, if so, in what way do they affect synaptic
transmission.

In conclusion, sensory hair cells are vulnerable to glutamate excitotoxicity and may be damaged via excess
activation of presynaptic iGluRs. The results of this study reveal a potential mechanism of hair-cell death from
excitotoxic cochlear injury. Excess glutamate accumulation and excitotoxicity are not unique to ears; glutamate
excitotoxicity is responsible for the activation of diverse cell-death pathways in hypoxic-ischemic brain injury as
well as a number of neurodegenerative diseases®. Determining the mechanisms of excitotoxic pre- and postsyn-
aptic damage in hair-cell organs may provide a better understanding of excitotoxic pathways underlying a variety
of neuropathological conditions.

Methods
Ethics Statement. This study was performed with the approval of the Massachusetts Eye and Ear Animal
Care Committee and in accordance with NIH guidelines for use of zebrafish.

Fish Strains and Husbandry. Both larval and adult zebrafish were maintained in 14-hour light, 10 hour
dark cycle. Adult fish were fed twice daily with GEMMA Micro 300 (Skretting). Embryos for experiments were
obtained through paired-mating of Tiibingen wild-type fish or the following transgenic lines neurod: GFP%,
-6myosin6b:ribeyea-mcherry®s, -6myosin6b:gcamp3*, and scm1:GFP*” and were maintained in E3 embryo media
(5mM NaCl, 0.17 KCl, 0.33 mM CaCl2 and 0.33 mM MgSO4) at 29°C.

Statistical analysis. Statistical analysis was performed using Prism 5 (GraphPad Software Inc). The
Kolmogorov-Smirnov test was used to test and confirm the normality of data distributions. Statistical significance
between multiple conditions was determined by one-way ANOVA and the appropriate post-hoc test; statistical
significance between two conditions was determined by unpaired Students ¢ tests.

Primary Antibodies. The following commercial antibodies were used in this study: MAGUK (K28/86; 1:500;
NeuroMab, UC Davis), acetylated Tubulin (1:1000; Sigma-Aldrich), Parvalbumin (1:2000; Thermo Scientific),
HNK-1 (Zn12; 1:500; DSHB, University of lowa), Otoferlin (HCS-1; 1:500; DSHB, University of Iowa), cleaved
Caspase-3 (1:400; Cell Signaling Technology), Gria 4 (1:400; Chemicon); Grik 2 (1:400; Fitzgerald Industries
International), Grik 4 (1:400; Genway Biotech Inc.), Grin 1 (1:1000; Synaptic Systems). In addition, the following
affinity-purified antibodies generated against Danio rerio®®®” were also used in this study: Ribeye b (mouse IgG2a;
1:2000), Vglut3 (rabbit polyclonal; 1:1000), and Cay1.3a (rabbit polyclonal; 1:1000).

Whole-Mount Immunohistochemistry and Fluorescence Imaging. 5-6 day old larvae were larvae
were quickly sedated on ice, then transferred to fixative (4% paraformaldehyde/4% sucrose/0.15 mM CaCl, in
phosphate buffer) for either 1 hour (Gria and Grik immunolabel) or 6 hours at 4°C. Larvae immunolabeled with
antibodies for Gria or Grik subunits were permeabilzed in 1% Tween in phosphate buffered saline (PBS) 5hours
at 4°C, then blocked in PBS buffer containing 1% bovine serum albumin (BSA), 0.5% Fish Skin Gelatin, 2%
goat serum, and 0.1% dimethyl sulfoxide (DMSO). All other larvae were permeabilized with ice cold acetone for
5 minutes, then blocked with PBS buffer containing 2% goat serum, 1% BSA, and 1% DMSO. All immunos were
incubated with primary antibodies diluted in blocking buffers overnight followed by diluted secondary antibodies
coupled to Alexa 488, Alexa 647 (Molecular Probes, Invitrogen), or DyLight 549 (Jackson ImmunoResearch), and
labeled with DAPI (Molecular Probes, Invitrogen). Z-stack images of NMs (spaced by 0.3 pm over 10-12 pm)
were acquired with a Leica SP8 confocal microscope using a 63X/1.3 N.A. glycerol immersion objective lens. For
each experiment, the microscope parameters were adjusted using the brightest control specimen. Digital images
were processed using Image]J software and Amira 3D software (FEI).

Morpholino injection. neurogenin I morphant larvae have previously been shown to have the same loss
of cranial ganglia as neurogeninl mutants. MOs against the start codon of ngnl (5'-CCATATCGGAGTATAC
GATCTCCAT-3') were obtained from GeneTools (Philomath, OR) and used as previously described®®. Approximately
1-2nl of 0.84mM ngnl MO diluted in RNAse-free double distilled water with 3% phenol red was pressure injected
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into 1-cell stage wild-type and Tg(neurod:GFP) outcross embryos. Loss of lateral-line ganglia was confirmed by vis-
ualizing the absence of either GFP-labeled neurites in neurod:GFP transgenics or acetylated tubulin immunolabel.

Pharmacological manipulation of larvae.  All of the drugs used in this study were acquired from Abcam.
5-6 days post fertilization (dpf) larvae were exposed to drugs diluted in E3 with 0.1% DMSO for 50 minutes at
29°C for histology or at room temperature (20-22 °C) during live imaging. E3 with 0.1% DMSO were used as
controls. Following drug exposure, larvae were either immediately fixed for immunohistochemistry or allowed
to recover for 2 hours or overnight at 29 °C. To determine if there was an additive or synergistic effect between
KA and NMDA, the coefficient of drug interaction was calculated per® using the following equation: CDI= AB/
(A x B) whereby AB is the ratio of the combined drug group to the control group, and A or B is the ratio of the
single drug group to the control group. CDI < 1 indicates synergism, CDI = 1 indicates additivity, and CDI > 1
indicates antagonism. For 30 uM KA + 30 uM NMDA: ((5/11)/((10/11)*(8/11))) = 0.45/0.66 = 0.68 (~0.7).

FM1-43 Labeling. Free-swimming 5 dpf larvae were immersed in E3 medium containing 3uM FM 1-43
(n-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)-styryl) pyridinium dibromide; Molecular Probes,
Invitrogen)) for 30s, followed by three rinses in E3 (as described in ref. 32). Larvae were then anesthetized with
0.2 mg/ml of tricaine methanesulfonate (Sigma-Aldrich), placed in a depression slide, and imaged with a Nikon
E800 Microscope using 10x/0.45 NA and 40x/0.95 NA dry objective lenses.

Live-imaging of afferent neurons. 5-6dpf larvae were anesthetized with 0.2 mg/ml of tricaine, then
soaked in 1 mg/ml a-bungarotoxin (Alamone labs) for 2 minutes and rinsed in E3. They were kept in E3 prior to
imaging until they no longer swam or responded to touch (~20 min.). Larvae were mounted lateral-side on a thin
layer of 1-2% low-melt agarose in a 35 mm x 10 mm untreated culture dish to keep them immobilized (Corning)
and covered in E3 media. Z-stack images (spaced by 0.6 pum over 5-10 um) were acquired with a Leica SP2 confo-
cal microscope using a 60x/0.9N.A. water immersion lens.

Calciumimaging. 5dpfngnl MO larvae were anesthetized and maintained in 0.2 mg/ml of tricaine or soaked
for 5seconds in 0.6 mg/mL pancuronium bromide (Sigma-Aldrich) and maintained in E3 solution, They were
immobilized for imaging in a quick release open bath chamber with a brain-slice harp (Warner Instruments).
Methods for imaging and analyzing myo6b:gcamp3 larvae were based on those previously described using this
transgenic line*2. Images were taken with a Leica SP8 equipped with a HyD hybrid detector at 1400 Hz/6 fps. A
488 Argon laser was used for GCaMP excitation; the laser power was adjusted such that pixel intensities were set
at <25% saturation. Baseline readings were taken at 30 sec intervals for 5 min. For drug application, 1/4™ of the E3
bath solution was removed and carefully replaced with 4X concentrated drug solution. Additional readings were
taken every 30 sec for 50 minutes during drug application. 4-D stacks were converted into maximum intensity
projections in Image]J. Lateral movements (X-Y) of the NMs were corrected using the StackReg Image] plugin
(as described in ref. 69). Following image registration, temporal changes in fluorescence signal were measured
within 6 um diameter ROIs encompassing the basolateral end of selected hair cells. GCaMP fluorescence intensity
was calculated relative to the mean baseline intensity of each ROI prior to drug exposure.

Flow Cytometry Sorting of Hair Cells. Double transgenic 5 dpflarvae (-6myosin6b:ribeyea-mcherry + neu-
rod:GFP) were anesthetized with 0.2 mg/ml of tricaine, then transferred to preheated 37 °C TrypLE (1X;
ThermoFisher). Cells were dissociated at 37 °C for 20 minutes with occasional trituration using a glass Pasteur
pipette. The cells were spun down in a refrigerated microfuge at low speed (2000 RPM, 3 min.), then resuspended
in sorting buffer (1x PBS, 2% Fetal Bovine Serum, 4mM EDTA, 20 pl/mL DNAse (New England Biolabs), 10 uM
Rho/ROCK Pathway Inhibitor (Stem Cell Technologies)). Cell were strained through 35 pum nylon mesh (Falcon/
Corning) and sorted at low pressure using a BD FACSAria ITu cell sorter; mCherry- and GFP-postivie cells were
detected using 488 nm and 532 nm lasers, respectively. Cells were separated into mCherry-positive, GFP-positive,
double-positive, and negative — expressing cell populations, and collected in tubes containing lysis buffer (RNeasy
Micro Kit; Qiagen) for subsequent RT-PCR.

RT-PCR. Total RNA was extracted from isolated cells using the RNeasy Micro Kit (Qiagen). Reverse tran-
scription (RT)-PCR was performed the using RNA to cDNA EcoDry™ Premix Double Primed (Takara).
Primers used for each transcript are as follows — Controls: myo6b, 5'-GGCAAAGCTAGTGGGTGTCT-3’
and 5-CAGCGCCAGCAAAATGTCTT-3';sytla, 5'-ACTGCCATCATGGGCTATCG-3' and 5-ATCCGTCAGCC
CTGTTTCTG-3'; 3-actin, 5-AGATGACACAGATCATGTTCGAGACCT-3' and 5-GTTGGCATACAGGTCCTT
ACGGATGTC-3 ; AMPA receptor subunits’: griala, 5-CAGCGCAAACCCTGCGACA-3' and 5-CATGGCC
AGACCCAGACC-3/; grialb, 5'- TTGAGAGTGCAGAGGATTTGGC-3’ and 5'- CGCCTTCGTCTGTT
GTCTTCA-3/; gria2a, 5'- TCGAAAGTGCTGAAGAACTGG-3' and 5’- CGCTCTTCATGTACTGCCACA-3/;
gria2b, 5'- GAGGACTTGGCAAAGCAAACAG-3" and 5'- CCACATCTTGTCGAAAAGTGCA-3'; gria3a,
5’- ATGGCACCTGGATGACAATGA-3’ and 5'- ACCTCCAACAATACGGCCTGA-3'; gria3b, 5'- TGGCAACTG
GATGAGACTGATG-3' and 5'- CCACTATTCTGCCCGATAAGGA-3/; griada, 5'-GACTTCACACCCAGGTCT
CTGTCT-3' and 5'- CCACATTTTTTCATACACCGCG-3'; gria4b, 5'- CCATCGAAAGTGCTGAGGATCT-3' and
5"-ATTTTCTGACCCGTGCGACTC-3’; Kainate receptor subunits: grikla, 5'-
GTGCTGTTTGTGATTGCCAG-3' and 5'- AGATCCTTGACGCATTAGAGC-3'; and 5'- TCAGCACAAAATCT
TACCTGAAA-3'and 5- GGGAAACAGCTCCACGTAAA-3/; grik1b, 5'- CAGCCTGAAAGAGGACGGTT-3' and
5'- GTCGGTCACGAGTTTGACCT-3'; and 5'- CATCCCGAGGAAAGAGACAA-3" and 5'- CAGTTCCATCG
GCTCAAGAT-3; grik2", 5'- AGCTGATCTTGCAGTGGCGC-3 and 5'- GGCCGTGTAGGAGGAGATGATG-3'
; grik4, 5'- CTTACAGCCCTCTGCTTTCG-3’ and 5'- CTGAGCGATAGGGAGTCTGC-3; grik5, 5'- AGGGCTG
TGACATTAACCCG-3’ and 5'- TGCTCGTTCCCCTCAAACTC-3 and 5'- AGACGCTCTCGTTTGGACAT
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-3’ and 5'- TCAGACAACACAACCCCAGA -3'; NMDA receptor subunits: grinla, 5'- ATTGTGAACA
TCGGGGCTGT-3’ and 5'-TGAATCGCGTTGGCTTTGTG-3'; grinlb, 5'- TGTGGTTC
TCCTGGGGTGTA-3' and 5-CTCTGCTTCACTGTGGCGTA-3’, grin2aa, 5'- GGTGAGAGGAGGACT
GTTGC-3' and 5'-TCATTCACCAGCAGGGTCAC-3/, grin2ab, 5'- CTGGAGTGGTGGATGCTCTG-3’
and 5'- TGGCAATGCCGTATCCTGTT-3'; grin2ba’, 5'- AGAGGGAAGAGTTAGGCGGGATC-3’ and
5/- TGCTCTGTGTCCTGCTCGGGACC-3'; grin2bb’*, 5'- GCAGGATGGGTGGGTTTGGAGG-3' and
5/- ACTGCTCAAACATCTGGGCGTAGG-3'; grin2ca’, 5'- AACCACATACCTCACATGCAGCGTTC-3/
and 5'- AGACTGGATACAGGAAGCATGCCATC-3’; grin3a, 5'- CGTGGCAGAAACACAACATC-3/
and 5'- TCAGGCAGGATTCCTTCAGT-3'; grin3b, 5'- TCGTGTTACTGTGTGTCGGG-3’ and
5/- TTCTGCTCTTTGGCCTCTCG-3'.

References
1. Nuttall, A. L. Sound-Induced Cochlear Ischemia/Hypoxia as a Mechanism of Hearing Loss. Noise Health 2, 17-32 (1999).
2. Hakuba, N., Gyo, K., Yanagihara, N., Mitani, A. & Kataoka, K. Efflux of glutamate into the perilymph of the cochlea following
transient ischemia in the gerbil. Neurosci Lett 230, 69-71 (1997).
3. Grewer, C. et al. Glutamate forward and reverse transport: from molecular mechanism to transporter-mediated release after
ischemia. IUBMB Life 60, 609-619, doi: 10.1002/iub.98 (2008).
4. Tabuchi, K. et al. Ischemia-reperfusion injury of the cochlea: pharmacological strategies for cochlear protection and implications of
glutamate and reactive oxygen species. Curr Neuropharmacol 8, 128-134, doi: 10.2174/157015910791233123 (2010).
5. Puel, J. L., Pujol, R, Tribillac, E, Ladrech, S. & Eybalin, M. Excitatory amino acid antagonists protect cochlear auditory neurons from
excitotoxicity. ] Comp Neurol 341, 241-256, doi: 10.1002/cne.903410209 (1994).
6. Zheng, X. Y., Henderson, D., Hu, B. H. & McFadden, S. L. Recovery of structure and function of inner ear afferent synapses following
kainic acid excitotoxicity. Hear Res 105, 65-76 (1997).
7. Sun, H., Hashino, E., Ding, D. L. & Salvi, R. J. Reversible and irreversible damage to cochlear afferent neurons by kainic acid
excitotoxicity. ] Comp Neurol 430, 172-181 (2001).
8. Chen, Z., Peppi, M., Kujawa, S. G. & Sewell, W. F. Regulated expression of surface AMPA receptors reduces excitotoxicity in auditory
neurons. ] Neurophysiol 102, 1152-1159, doi: 10.1152/jn.00288.2009 (2009).
9. Pinheiro, P. S. & Mulle, C. Presynaptic glutamate receptors: physiological functions and mechanisms of action. Nat Rev Neurosci 9,
423-436, doi: 10.1038/nrn2379 (2008).
10. Matsubara, A., Laake, J. H., Davanger, S., Usami, S. & Ottersen, O. P. Organization of AMPA receptor subunits at a glutamate
synapse: a quantitative immunogold analysis of hair cell synapses in the rat organ of Corti. ] Neurosci 16, 4457-4467 (1996).
11. Hakuba, N. et al. AMPA/kainate-type glutamate receptor antagonist reduces progressive inner hair cell loss after transient cochlear
ischemia. Brain Res 979, 194-202 (2003).
12. Fujikawa, T. et al. Localization of kainate receptors in inner and outer hair cell synapses. Hear Res 314, 20-32, doi: 10.1016/].
heares.2014.05.001 (2014).
13. Reng, D., Hack, I., Muller, M. & Smolders, ]. W. AMPA-type glutamate receptor subunits are expressed in the avian cochlear hair
cells and ganglion cells. Neuroreport 10, 2137-2141 (1999).
14. Ruel, J. et al. Salicylate enables cochlear arachidonic-acid-sensitive NMDA receptor responses. ] Neurosci 28, 7313-7323, doi:
10.1523/JNEUROSCI.5335-07.2008 (2008).
15. Hyodo, J. et al. Glutamate agonist causes irreversible degeneration of inner hair cells. Neuroreport 20, 1255-1259, doi: 10.1097/
WNR.0b013e32833017ce (2009).
16. Nicolson, T. The genetics of hearing and balance in zebrafish. Annu Rev Genet 39, 9-22, doi: 10.1146/annurev.genet.39.073003.
105049 (2005).
17. Ernest, S. et al. Mariner is defective in myosin VIIA: a zebrafish model for human hereditary deafness. Hum Mol Genet 9, 2189-2196
(2000).
18. Sidi, S., Busch-Nentwich, E., Friedrich, R., Schoenberger, U. & Nicolson, T. gemini encodes a zebrafish L-type calcium channel that
localizes at sensory hair cell ribbon synapses. ] Neurosci 24, 4213-4223, doi: 10.1523/J]NEUROSCI.0223-04.2004 (2004).
19. Baig, S. M. et al. Loss of Ca(v)1.3 (CACNA1D) function in a human channelopathy with bradycardia and congenital deafness. Nat
Neurosci 14, 77-84, doi: 10.1038/nn.2694 (2011).
20. Coffin, A. B., Kelley, M. W,, Manley, G. A. & Popper, A. N. In Evolution of the Auditory System (eds Manley, G. A., Fay, R. R. &
Popper, A. N.) (Springer-Verlag, 2004).
21. Liu, H. H,, J. & Li, K. S. Current strategies for drug delivery to the inner ear. Acta Pharmaceutica Sinica B 3, 86-96 (2013).
22. Puel, J. L. Chemical synaptic transmission in the cochlea. Prog Neurobiol 47, 449-476 (1995).
23. Zheng, X. Y, Salvi, R. J., McFadden, S. L., Ding, D. L. & Henderson, D. Recovery of kainic acid excitotoxicity in chinchilla cochlea.
Ann N'Y Acad Sci 884, 255-269 (1999).
24. Simmons, D. D, Song, C. & Giboney, P. Kainic acid stimulates uptake of divalent cations in postnatal cochlear neurons. Neuroreport
5,1433-1437 (1994).
25. Wang, Q. & Green, S. H. Functional role of neurotrophin-3 in synapse regeneration by spiral ganglion neurons on inner hair cells
after excitotoxic trauma in vitro. ] Neurosci 31, 7938-7949, doi: 10.1523/J]NEUROSCI.1434-10.2011 (2011).
26. Obholzer, N. et al. Vesicular glutamate transporter 3 is required for synaptic transmission in zebrafish hair cells. ] Neurosci 28,
2110-2118, doi: 10.1523/JNEUROSCI.5230-07.2008 (2008).
27. Pujol, R., Lenoir, M., Robertson, D., Eybalin, M. & Johnstone, B. M. Kainic acid selectively alters auditory dendrites connected with
cochlear inner hair cells. Hear Res 18, 145-151 (1985).
28. Andermann, P, Ungos, J. & Raible, D. W. Neurogeninl defines zebrafish cranial sensory ganglia precursors. Dev Biol 251, 45-58
(2002).
29. Ma, Q.,, Anderson, D. J. & Fritzsch, B. Neurogenin 1 null mutant ears develop fewer, morphologically normal hair cells in smaller
sensory epithelia devoid of innervation. ] Assoc Res Otolaryngol 1, 129-143 (2000).
30. Trapani, J. G. & Nicolson, T. Physiological recordings from zebrafish lateral-line hair cells and afferent neurons. Methods Cell Biol
100, 219-231, doi: 10.1016/B978-0-12-384892-5.00008-6 (2010).
31. Zampini, V. et al. Elementary properties of CaV1.3 Ca(2+) channels expressed in mouse cochlear inner hair cells. ] Physiol 588,
187-199, doi: 10.1113/jphysiol.2009.181917 (2010).
32. Santos, F, MacDonald, G., Rubel, E. W. & Raible, D. W. Lateral line hair cell maturation is a determinant of aminoglycoside
susceptibility in zebrafish (Danio rerio). Hear Res 213, 25-33, doi: 10.1016/j.heares.2005.12.009 (2006).
33. Seiler, C. & Nicolson, T. Defective calmodulin-dependent rapid apical endocytosis in zebrafish sensory hair cell mutants. ] Neurobiol
41, 424-434 (1999).
34. Gale, J. E., Marcotti, W., Kennedy, H. J., Kros, C. J. & Richardson, G. P. FM1-43 dye behaves as a permeant blocker of the hair-cell
mechanotransducer channel. ] Neurosci 21, 7013-7025 (2001).

SCIENTIFICREPORTS | 7:41102 | DOI: 10.1038/srep41102 12



www.nature.com/scientificreports/

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Meyers, J. R. et al. Lighting up the senses: FM1-43 loading of sensory cells through nonselective ion channels. ] Neurosci 23,
4054-4065 (2003).

Suli, A. et al. Innervation regulates synaptic ribbons in lateral line mechanosensory hair cells. J Cell Sci 129, 2250-2260, doi: 10.1242/
jcs.182592 (2016).

Kersigo, J. & Fritzsch, B. Inner ear hair cells deteriorate in mice engineered to have no or diminished innervation. Front Aging
Neurosci 7, 33, doi: 10.3389/fnagi.2015.00033 (2015).

Fritzsch, B., Barbacid, M. & Silos-Santiago, I. Nerve dependency of developing and mature sensory receptor cells. Ann N'Y Acad Sci
855, 14-27 (1998).

Xu, S. P. et al. Synergistic effect of combining paeonol and cisplatin on apoptotic induction of human hepatoma cell lines. Acta
Pharmacol Sin 28, 869-878, doi: 10.1111/j.1745-7254.2007.00564.x (2007).

Schefter, D. L, Shen, J., Corey, D. P. & Chen, Z. Y. Gene Expression by Mouse Inner Ear Hair Cells during Development. ] Neurosci
35, 6366-6380, doi: 10.1523/JNEUROSCI.5126-14.2015 (2015).

Abramov, A. Y. & Duchen, M. R. Mechanisms underlying the loss of mitochondrial membrane potential in glutamate excitotoxicity.
Biochim Biophys Acta 1777, 953-964, doi: 10.1016/j.bbabio.2008.04.017 (2008).

Esterberg, R., Hailey, D. W,, Coffin, A. B., Raible, D. W. & Rubel, E. W. Disruption of intracellular calcium regulation is integral to
aminoglycoside-induced hair cell death. ] Neurosci 33, 7513-7525, doi: 10.1523/J]NEUROSCI.4559-12.2013 (2013).

Platzer, . et al. Congenital deafness and sinoatrial node dysfunction in mice lacking class D L-type Ca2+- channels. Cell 102, 89-97
(2000).

Michna, M. et al. Cav1.3 (alphalD) Ca2+ currents in neonatal outer hair cells of mice. J Physiol 553, 747-758, doi: 10.1113/
jphysiol.2003.053256 (2003).

Sheets, L., Kindt, K. S. & Nicolson, T. Presynaptic CaV1.3 channels regulate synaptic ribbon size and are required for synaptic
maintenance in sensory hair cells. ] Neurosci 32, 1727317286, doi: 10.1523/J]NEUROSCI.3005-12.2012 (2012).

Dinh, C. T,, Goncalves, S., Bas, E., Van De Water, T. R. & Zine, A. Molecular regulation of auditory hair cell death and approaches to
protect sensory receptor cells and/or stimulate repair following acoustic trauma. Front Cell Neurosci 9, 96, doi: 10.3389/
fncel.2015.00096 (2015).

Behra, M. et al. Phoenix is required for mechanosensory hair cell regeneration in the zebrafish lateral line. PLoS Genet 5, €1000455,
doi: 10.1371/journal.pgen.1000455 (2009).

Mazurek, B., Winter, E., Fuchs, J., Haupt, H. & Gross, J. Susceptibility of the hair cells of the newborn rat cochlea to hypoxia and
ischemia. Hear Res 182, 2-8 (2003).

Amarjargal, N. et al. Differential vulnerability of outer and inner hair cells during and after oxygen-glucose deprivation in
organotypic cultures of newborn rats. Physiol Res 58, 895-902 (2009).

Taniguchi, M. et al. Apoptotic hair cell death after transient cochlear ischemia in gerbils. Neuroreport 13, 2459-2462, doi:
10.1097/01.wnr.0000048006.96487.cb (2002).

Koga, K. et al. Transient cochlear ischemia causes delayed cell death in the organ of Corti: an experimental study in gerbils. ] Comp
Neurol 456, 105-111, doi: 10.1002/cne.10479 (2003).

Hakuba, N. et al. Hearing loss and glutamate efflux in the perilymph following transient hindbrain ischemia in gerbils. ] Comp
Neurol 418, 217-226 (2000).

Konig, O. et al. Protective effect of magnesium and MK 801 on hypoxia-induced hair cell loss in new-born rat cochlea. Magnes Res
16, 98-105 (2003).

Ankarcrona, M. et al. Glutamate-induced neuronal death: a succession of necrosis or apoptosis depending on mitochondrial
function. Neuron 15, 961-973 (1995).

Schulz, J. B. et al. Involvement of free radicals in excitotoxicity in vivo. ] Neurochem 64, 2239-2247 (1995).

Arundine, M. & Tymianski, M. Molecular mechanisms of calcium-dependent neurodegeneration in excitotoxicity. Cell Calcium 34,
325-337 (2003).

Santos, A. E. et al. Excitotoxicity mediated by Ca2+ -permeable GluR4-containing AMPA receptors involves the AP-1 transcription
factor. Cell Death Differ 13, 652-660, doi: 10.1038/sj.cdd.4401785 (2006).

Zhou, Q. & Sheng, M. NMDA receptors in nervous system diseases. Neuropharmacology 74, 69-75, doi: 10.1016/j.
neuropharm.2013.03.030 (2013).

Weilinger, N. L. et al. Metabotropic NMDA receptor signaling couples Src family Kinases to pannexin-1 during excitotoxicity. Nat
Neurosci 19, 432-442, doi: 10.1038/nn.4236 (2016).

Pinheiro, P. S. et al. GIuR7 is an essential subunit of presynaptic kainate autoreceptors at hippocampal mossy fiber synapses. Proc
Natl Acad Sci USA 104, 12181-12186, doi: 10.1073/pnas.0608891104 (2007).

Yang, J., Woodhall, G. L. & Jones, R. S. Tonic facilitation of glutamate release by presynaptic NR2B-containing NMDA receptors is
increased in the entorhinal cortex of chronically epileptic rats. ] Neurosci 26, 406-410, doi: 10.1523/J]NEUROSCI.4413-05.2006
(2006).

Engelman, H. S. & MacDermott, A. B. Presynaptic ionotropic receptors and control of transmitter release. Nat Rev Neurosci 5,
135-145, doi: 10.1038/nrn1297 (2004).

Kerchner, G. A., Wilding, T. ], Li, P,, Zhuo, M. & Huettner, J. E. Presynaptic kainate receptors regulate spinal sensory transmission.
J Neurosci 21, 59-66 (2001).

Prentice, H., Modi, J. P. & Wu, J. Y. Mechanisms of Neuronal Protection against Excitotoxicity, Endoplasmic Reticulum Stress, and
Mitochondrial Dysfunction in Stroke and Neurodegenerative Diseases. Oxid Med Cell Longev 2015, 964518, doi:
10.1155/2015/964518 (2015).

Obholzer, N. et al. Rapid positional cloning of zebrafish mutations by linkage and homozygosity mapping using whole-genome
sequencing. Development 139, 4280-4290, doi: 10.1242/dev.083931 (2012).

Sheets, L., Hagen, M. W. & Nicolson, T. Characterization of Ribeye subunits in zebrafish hair cells reveals that exogenous Ribeye
B-domain and CtBP1 localize to the basal ends of synaptic ribbons. PLoS One 9, €107256, doi: 10.1371/journal.pone.0107256 (2014).
Sheets, L., Trapani, J. G., Mo, W., Obholzer, N. & Nicolson, T. Ribeye is required for presynaptic Ca(V)1.3a channel localization and
afferent innervation of sensory hair cells. Development 138, 1309-1319, doi: 10.1242/dev.059451 (2011).

McGraw, H. E, Nechiporuk, A. & Raible, D. W. Zebrafish dorsal root ganglia neural precursor cells adopt a glial fate in the absence
of neurogeninl. ] Neurosci 28, 12558-12569, doi: 10.1523/J]NEUROSCI.2079-08.2008 (2008).

Zhang, Q. X., He, X. J., Wong, H. C. & Kindt, K. S. Functional calcium imaging in zebrafish lateral-line hair cells. Methods Cell Biol
133, 229-252, doi: 10.1016/bs.mcb.2015.12.002 (2016).

Lin, W. H., Wu, C. H,, Chen, Y. C. & Chow, W. Y. Embryonic expression of zebrafish AMPA receptor genes: zygotic gria2alpha
expression initiates at the midblastula transition. Brain Res 1110, 46-54, doi: 10.1016/j.brainres.2006.06.054 (2006).

Chen, Y. C. et al. A real-time PCR method for the quantitative analysis of RNA editing at specific sites. Anal Biochem 375, 46-52,
doi: 10.1016/j.ab.2007.12.037 (2008).

Menezes, E P, Kist, L. W,, Bogo, M. R., Bonan, C. D. & Da Silva, R. S. Evaluation of age-dependent response to NMDA receptor
antagonism in zebrafish. Zebrafish 12, 137-143, doi: 10.1089/z¢b.2014.1018 (2015).

SCIENTIFICREPORTS | 7:41102 | DOI: 10.1038/srep41102 13



www.nature.com/scientificreports/

Acknowledgements

I am grateful to Bill Sewell for his support of this project and critical reading of the manuscript. I also thank
Maris Handley and the HSCI-CRM Flow Cytometry Core Facility at MGH. This study was supported by National
Institutes of Health Grant ROIDC012838 (William Sewell) and the Amelia Peabody Charitable Fund (LS).

Author Contributions
L.S. designed and performed the experiments, prepared the figures, and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The author declares no competing financial interests.

How to cite this article: Sheets, L. Excessive activation of ionotropic glutamate receptors induces apoptotic hair-
cell death independent of afferent and efferent innervation. Sci. Rep. 7, 41102; doi: 10.1038/srep41102 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

MM o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:41102 | DOI: 10.1038/srep41102 14


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Excessive activation of ionotropic glutamate receptors induces apoptotic hair-cell death independent of afferent and effere ...
	Results

	KA exposure leads to swelling and bursting of postsynaptic afferent terminals. 
	KA or NMDA exposure initiates NM hair-cell loss. 
	neurogenin1 morphant NM hair cells appear morphologically mature and have functional mechanotransduction. 
	KA or NMDA exposed ngn1 morphants show NM hair-cell loss that is comparable to wild-type and dose dependent. 
	Zebrafish hair cells express AMPA-, KA-, and NMDA-type receptor subunits. 
	KA or NMDA-induced hair-cell death is not accompanied by intracellular calcium ([Ca2+]I) dysregulation. 
	KA or NMDA exposed ngn1morphant NM undergo apoptotic cell death. 

	Discussion

	Methods

	Ethics Statement. 
	Fish Strains and Husbandry. 
	Statistical analysis. 
	Primary Antibodies. 
	Whole-Mount Immunohistochemistry and Fluorescence Imaging. 
	Morpholino injection. 
	Pharmacological manipulation of larvae. 
	FM1-43 Labeling. 
	Live-imaging of afferent neurons. 
	Calcium imaging. 
	Flow Cytometry Sorting of Hair Cells. 
	RT-PCR. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Exposure to KA or NMDA initiates hair-cell loss, but not synaptic-ribbon loss.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Characterization of ngn11 morphant NM hair cells.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ KA or NMDA exposure initiates hair-cell loss in ngn11 morphants comparable to WT siblings.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ KA and NMDA induce hair-cell loss in a dose-dependent manner and have a synergistic effect in ngn1 morphants.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ AMPA-, Kainate-, and NMDA-receptor subunits are expressed in zebrafish hair cells.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Cytoplasmic Ca2+ dynamics in hair cells treated with gentamycin vs.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ KA and NMDA exposed NMs contain hair cells with activated Caspase-3.



 
    
       
          application/pdf
          
             
                Excessive activation of ionotropic glutamate receptors induces apoptotic hair-cell death independent of afferent and efferent innervation
            
         
          
             
                srep ,  (2017). doi:10.1038/srep41102
            
         
          
             
                Lavinia Sheets
            
         
          doi:10.1038/srep41102
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep41102
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep41102
            
         
      
       
          
          
          
             
                doi:10.1038/srep41102
            
         
          
             
                srep ,  (2017). doi:10.1038/srep41102
            
         
          
          
      
       
       
          True
      
   




