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Spontaneous calcium transients are present during early minatal development in the
mouse retina and cochlea, and play an important role in matation of the sensory
organs and neural circuits in the central nervous system (C3). It is not known whether
similar calcium transients occur during postnatal developent in the vestibular sensory
organs. Here we demonstrate spontaneous intracellular calum transients in sensory
hair cells (HCs) and supporting cells (SCs) in the murine itwlar macula during the rst

two postnatal weeks. Calcium transients were monitored usig a genetically encoded
calcium indicator, GCaMP5G (G5), at 100 ms-frame? in excised utricle sensory epithelia,
including HCs, SCs, and neurons. The reporter line expressk G5 and tdTomato

(tdT) in a Gad2-Cre dependent manner within a subset of utridar HCs, SCs and

neurons. Kinetics of the G5 reporter limited temporal resation to calcium events lasting
longer than 200 ms. Spontaneous calcium transients lasting-2 s were observed in the
expressing population of HCs at birth and slower spontaneositransients lasting 10-30 s
appeared in SCs by P3. Beginning at P5, calcium transients add be modulated by

application of the efferent neurotransmitter acetylchaie (ACh). In mature mice, calcium
transients in the utricular macula occurred spontaneousjyhad a duration 1-2s, and

could be modulated by the exogenous application of acetylchline (ACh) or muscarine.
Long-lasting calcium transients evoked by ACh in mature m&were blocked by atropine,

consistent with previous reports describing the role of musarinic receptors expressed
in calyx bearing afferents in efferent control of vestibul@ensation. Large spontaneous
and ACh evoked transients were reversibly blocked by the irgitol trisphosphate receptor
(IP3R) antagonist aminoethoxydiphenyl borate (2-APB). Resaltlemonstrate long-lasting
calcium transients are present in the utricular macula durg the rst postnatal week, and

that responses to ACh mature over this same time period.
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Holman et al. Developing Utricle Calcium Transients

SIGNIFICANCE STATEMENT Like vestibular ganglion neurons, cochlear spiral ganglion
neurons in mice exhibit spontaneous action potentials at birth
Here, we demonstrate the presence of spontaneous calo8fiital ganglion activity occurs before the onset of hearimgl, a
transients in sensory hair cells and supporting cells of tReimportant to establish tonotopy in the CNS and functional
developing mouse utricle, prior to the onset of sensirgy lin@earing (Lippe, 1994; Kotak and Sanes, 1995; Kros et al., 1998;
gravito-inertial acceleration. Based on these obsemsatioGlowatzki and Fuchs, 2000; Beutner and Moser, 2001; Tritsch
spontaneous calcium activity in the utricle during devepiis et al., 2007; Sendin et al., 2)14n early postnatal mouse
hypothesized to play a role in maturation of vestibulau@sc development, spontaneous ring in spiral ganglion neurons
similar to the role of spontaneous calcium activity in oeessory s driven by calcium action potentials in auditory inner hair
organs including the retina and cochlea. We further demaestrasells (IHCs) (ippe, 1994; Beutner and Moser, 2001; Glowatzki
that calcium transients can be modulated by the neurotrét®m and Fuchs, 2002: Marcotti et al., 2003; Tritsch et al., 2010:
acetylcholine by postnatal day 5, thus demonstrating aamisth  johnson et al., 2011; Jones and Jones,)2&air cell activity
hypothesized to close the loop between the sensory orgfe angs spontaneous, but modulated by purinergic signaling from
central nervous system during maturation of vestibuldnpays.  supporting cells in Kolliker's organ and by cholinergic signgl
from olivocochlear e erent neuronsZhao et al., 2005; Roux
et al., 2011; Zhu and Zhao, 2012; Johnson et al.,)2@18cking
INTRODUCTION this activity disrupts the ne synaptic organization at al/éds
in the auditory pathway Klashisaki and Rubel, 1989; Sanes and
During development, immature vestibular sensory epitheliéSiverls, 1991; Kotak and Sanes, 1995; Rubel and Fritzsc, 200
include hair cells (HCs), supporting cells (SCs), andCaoetal., 2008; Seal et al., 2008the auditory system, calcium
undi erentiated precursor cells. In mice, this active currents and intracellular signaling established develapalty
developmental period continues during the rst two postnatalare essential substrates of this crucial proc€ssabbert, 1997;
weeks Dechesne, 1986; Desmadryl et al., 1986; Burns et al., 20kK20s et al., 1998; Glowatzki and Fuchs, 2000; Marcotti et al.
Gaoetal., 2006Unigue a erent synaptic contacts distinguishing 2003; Katz et al., 20p4Like cochlear IHCs, cells in immature
type | vs. type Il hair cellsL{ysakowski et al., 2011; Warchol vestibular epithelia express the machinery required to gerer
et al., 201pare established during this period. Immature a erent spontaneous calcium-dependent activityigrcotti et al., 2003;
nerve endings either extend to form calyx nerve terminald.evic et al., 2007 but it is not known if spontaneous activity
enveloping the basolateral surfaces of ask-shaped type | hairccurs in vestibular HCs or neighboring SCs during postnatal
cells or extend to form bouton terminals on cylindricallpapped development, or if calcium transients might play a role in
type Il hair cells. Evidence suggests that postnatal di esgith ~ maturation of vestibular sensitivity or neural circuits.
of supporting cells adds signi cant numbers of hair cells teth  Here, we present direct evidence that spontaneous
utricular macula during this period, primarily type IM{archol, intracellular calcium transients [¢&]; are present in vestibular
2007; Kim et al., 2011; Burns and Stone, 2017; Warchol et aHCs, SCs, and neuronal terminals in the rst postnatal week
2019. Gross morphological development of synapses and haof the developing mouse utricle. The genetically encoded
cells precedes mature physiological function as demonstrateeporter GCaMP5G was used to monitor calcium activity,
by the appearance of hair bundles before mechanoelectricahd hence results re ect events detectable by this calcium
transduction (MET), and the appearance of aerent calycesndicator. Spontaneous calcium transients were presentrdt bi
surrounding type | hair cells before mature ionic currenf&igch  in HCs, followed by spontaneous calcium transients in SCs and
et al., 1998; Geleoc and Holt, 200Fhe maturation of action subsequently neuronal terminals. We further demonstrate tha
potential discharge rate, regularity of discharge intekepi [CaC]; transients in the utricular macula could be modulated by
intervals, and sensitivity to physiological stimulatiofléavs a the e erent neurotransmitter ACh, as soon as postnatal day 3.
similar time course as hair cells and synapses reaching matur
properties near postnatal day 1C\rthoys, 1983; Desmadryl MATERIALS AND METHODS
and Sans, 1990During this period, spontaneous bursts of action
potentials occur in vestibular ganglion neurons in the alrgen Animals and Strains
of gravito-inertial stimulation, thereby providing inputsot All animal experiments were approved by the Institutional
vestibular pathways in the central nervous system (CNS)hét t Animal Care and Use Committee (IACUC) and conducted at
same time, e erent synaptic contacts on HCs and a erent nervethe University of Utah in accordance with NIH guidelines. In
are maturing in the vestibular sensory epithelium providing athe present work we used the wild-type strain C57BL/6J and
route for the CNS to modulate excitability and action potatdgi two transgenic mouse lines: a dual Cre-dependent reporter
(Favre and Sans, 1977, 1978; Desmadryl and Sans, 1990; Roul2a-based GCaMP5G-IRES-tdTomato, referred to as PC::G5-
and Scarfone, 1996; Lysakowski, 1999; Kharkovets et @0; 20tdT (Gee et al., 20)4and a Gad2-IRES-Cre knock-in mouse
Demémes et al., 2001; Hurley et al., 2006; Sienknecht20a), driver line referred to as Gad2::Crd8aniguchi et al., 2001
How spontaneous vestibular a erent nerve activity is geregtat Both breeding pairs were obtained from The Jackson Laboyator
if it is modulated during postnatal development by e erent [Polr2d™L(CAG GCaMP5g, tdTomato)Tvid  htn://jaxmice.jax.org/
action, and what role it might play in establishing functidna strain/024477; Gad®2(®)Zh  http://jaxmice.jax.org/strain/
vestibular physiology are as yet unknown. 010802]. First generation heterozygous o spring were used
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in these studies and hereafter referred to as Gad2-G5-tdbf 10—15mm were collected on electrostatically charged slides
Pups were genotyped using real time PCR (probes: “Polr2a-ISuperfrost" Plus Slides, Fisher). Slides were kept &0 C
“GCamp3-1 Tg", and “tdRFP”; Transnetyx, Inc., Cordova, TN). until processed for immunohistochemistry. Regions of tissues
were optically examined and areas of interest were circledgusin
Histological Preparation and Fixed Tissue a hydrophobic pen (2377821, Sigma) and allowed to dry. Tissues
Imaging were rehydrated in 0.1M PBS for 20 min and permeabilized in
Mice of either sex at early postnatal ages (P1-P15) ar@1% Triton-X (PBS) for 20 min at RT. Permeabilization bu er
adult controls (P73-P533) were used in this study. Fowvas carefully removed and primary antisera (as described in the
immunohistological preparations, membranous labyrinthgeve Whole mount preparation section above) were added in fresh
harvested and immersion xed in 4% paraformaldehydeP€rmeabilization bu er and incubated for 2h at 3. Slides were

overnight at 4C. Whole mount utricle neuroepithelia were rinsed in 0.1M PBS three times for 10 min with gentle rocking.
micro dissected, including the removal of otoconia, usimg  Secondary antisera dilutions were added to tissues andbated

forceps in 0.1 M phosphate-bu ered saline (PBS) (Dumont #sfor 1h at RT and subsequently rinsed in PBS as described

#55; Leica, M165 FC). for primary antisera. Finally mounting media was added and
coverslips placed over tissues and allowed to dry at RT ouernig
Whole Mount Preparation Images were obtained on Olympus FV1000 using a 60X oil

Membranous labyrinths were incubated transiently threegtiim ~ immersion confocal microscope, images were post processed in
0.1M PBS to remove residual aldehydes, followed by incuppatifFluoRender, and formatted for publication in Adobe lllustrato

in a blocking/permeabilization buer [10% normal serum ) ] ) ]

speci ¢ to the antisera (i.e., donkey or goat), 1% BSA, 0.5%ive Tissue Imaging and ACh Stimulation

Triton X-100 in 0.1M PBS] for 1-2h on a nutating rocker Membranous labyrinths were micro-dissected from Gad2-G5-
platform at room temperature (RT). Tissues were subsequentigT temporal bones (P1-P15; and adults up to age P533), in cold
incubated overnight at 4 with a combination of the following glycerol-modi ed Ringer's (in mM: 26 NaHC§) 11 glucose, 250
primary antisera: anti-Atohl (SAB2100177, Sigma); antk80 glycerol, 2.5 KCl, 1.2 NaiPOy, 1.2 MgC} and 2.4 CaG| pH
(sc-365823, Santa Cruz); anti-Myosin-Vlla (25-6790, Rrste 7.4) (Rabbitt et al., 2016 The utricle, horizontal and anterior
Biosciences). A monoclonal mouse anti-Tubuli8 antibody cristae were further dissected to expose the apical surfaces of
conjugated with AlexaFludt 647 was used at a dilution of 1:500 sensory neuroepithelia (m et al., 201). Tissues were transferred
and included during primary antisera incubation (BioLegendto an imaging chamber (Warner Instruments; RC-22C) and
cat# 801209). Tissues were subsequently rinsed three tim@@ntinuously perfused with bu er (5.8 KCI, 144 NaCl, 0.9 MgClI
for 15min in 0.1M PBS, then placed in fresh blocking bu er 1.3 CaC}, 0.7 NakPO;, 5.6 glucose, 10 HEPES, 300 mOsm,
and incubated for another 1h at RT with secondary antiser@H 7.4) at 21C (Sadeghi et al., 20).4The recording chamber
conjugated to either AlexaFlu8r[donkey anti-rabbit |IgG H&L Wwas placed under an upright swept eld confocal microscope
405 nm (ab175651), DyLight [405 nm (cat# 35550), or 488 nm (Bruker; Prairie SFC), and imaged with a water immersion 60x
(cat# 35552)], Thermo Scienti ¢, Inc.]. After incubatiomgth ~ objective (Olympus, LUMPLFNB0XW). Confocal images were
secondary antisera, tissues were gently rinsed three tmeBS, collected using a 3Bm slit aperture in linear galvanometer
placed onto glass bottom dishes (MatTek) submerged in PBS fotode, and a 512 512 detector (Photometrics, Rolera MGi
confocal imaging (Olympus, FV1000). Z-stacks were acquire@lus EMCCD) providing in-plane single pixel size of 0.27
using a 5X air (N.A. 0.1), 40X water (N.A. 0.8), or 60X wate’XN 0.27mm. For G5 detection and tdT expression imaging, 488
1.0) objective with a digital zoom up to 3, and aspect ratio2i 6 and 561 nm lasers, respectively, were interleaved for éxcita

X 620 pixels. and a blocking lter (Semrock, R405/488/561/635-25) was used
for detection. For G5 uorescence calcium imaging, exaiat
Cryostat Sectioned Preparation was limited to 488nm and the detection Ilter was replaced

Intact bony labyrinths from P15 mice were harvested, andvith a band pass Iter (Semrock 525/50-25) to block any
immersion xed in 4% paraformaldehyde overnight at@Gl residual tdT emission at the 488 nm excitation wavelength.
Fixed intact labyrinths were placed in 5% EDTA in 0.1M PBSA pressure driven perfusion system con gured with a micro-
at RT and checked daily for decalci cation and softening (upmanifold (ALA Scienti ¢ Instruments, VC3-4PP, u ow-4) was
to 5 days). Once the bony labyrinths were pliable they werased to continuously perfuse the tissue with control media,
removed from EDTA, rinsed in fresh 0.1M PBS, and placedr 100 mM-1mM ACh, 100mM muscarine, 50nM of the

in a solution of 30% sucrose in 0.1M PBS to cryo-protectnembrane permeable D-myo-inisitol trisphosphate receptor
tissue. When tissues were no longer buoyant in the sucrogéP3R) antagonist 2-aminoethoxydiphenyl diphenylborinate (2-
solution they were placed in a 1:1 solution of 30% sucros&PB, Sigma), or BM muscarinic cholinergic receptor antagonist
OCT for in ltration for 1 h. Each labyrinth was placed in a atropine (ATR). A computer controlled micro-manifold system
mold containing OCT and oriented so that the oval window waswas used to rapidly switch between media, ACh, 2-APB or ATR.
facing up and basilar membrane was perpendicular to the bottorfihe SFC confocal, stage position (Scienti ca), and perfusion
surface of the mold. Molds were frozen on dry ice and wrapped isystem (ALA, VM4) were controlled and monitored at 10 kHz
para Im to prevent evaporation until sectioning (Leica CM3050s by custom software (WaveMetrics, Igor) via AD hardware
Prof Altschuler's laboratory, University of Michigan). Seos (Heka, ITC-18), IEEE-488 instrumentation interface (Naual
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Instruments, GPIB-USB; Sony/Tektronix, AFG-320) and deri

interface (USB). A Saccule
Striola ROI

Utricle
Striola ROI

Experimental Design and Statistical

Analysis
G5 uorescence was imaged at each “z” focal depth in a time
sequence with images collected before, during, and aften ea
ACh pu . Unless otherwise noted, image sequences consisted of
600-1,000 frames collected at 10 frames per second. The pu
of each drug was delivered 10s after initiating the sequence
for a duration of 500 ms, unless otherwise noted. The image
acquisition time sequence and ACh stimulus was repeated for
each z focal depth (x,y,z) to generate 4D XYZT image stacks.
Each xy image was smoothed in (x,y) space with a 3 pixel
Gaussian Iter (WaveMetrics, Igor Pro). To correct motion
artifact, time-sequences at each focal plane were regigpeier

to analysis for full image rotation and translatio {évenaz
et al., 1998 G5 uorescence modulation was determined pixel-
by-pixel usingl F/Fmnin, wherel FDF(t)—Fmin, and Fnin was the
minimum uorescence intensity pixel-by-pixel over the ermtir
time sequence of images. Image processing and pseudo-calor
images were generated in Igor Pro (WaveMetrics). Statlstic
signi cance of dierences in the mean between groups wa
determined using Studentistest withp D 0.05. All population
data were presented as a mean standard error of the i .
mean (SEM). A S

& S
e endeH8)

12 o)

RESULTS

Characterization of the Gad2-G5-tdT

Transgenic Mouse Vestibular System
At the earliest age examined in this study, postnatal day }, (P1 Lateral Canal Crista
a unique population of developing HCs and SCs express the Cental Zone
transgene tdTomato (tdT)Higure 1). These tdT expressing cells
map to the extrastriolar regions of the otolithic organs ith a
rst generation heterozygous animals. A maximum intensity,
projection (MIP) from confocal images taken through seventy
microns of the utricle and saccule ifin per slice) shows tdT
expressing cells primarily in the extrastriolar region of thecle
and saccule in Gad2-G5-tdT mice at PRigure 1A; Olympus

FV100, 40XW obj). Immunolabeling was performed with the SC Utricle 100 pm
marker, SOX2, and the developmental HC di erentiation marker Strola 102308154
ATOH1, to further identify the tdT expressing cell types at R1 i Utricle J—
the utricle Figure 1B). One of the distinguishing morphological Striola

features of HCs and SCs during early postnatal developmental
stages are their mosaics, which coincide with the DeltacNot
signaling Figures 1B,3. Immunolabeling with SOX2 antibody
revealed a mosaic pattern with six SCs surrounding a single HC
(white arrows) by age P1 in the utriclBigure 1B, green). During

this early postnatal age, the tdT expressing cells immuntddbe
with ATOH1 (Figure 1B, blue), but not SOX2, suggesting that
at P1 these cells constitute a more sensory hair cell fumctig
(F|gure 18 blue)' By postnatal day 15 (P15)’ T expressing FIGURE 1 | (A) Expression of the reporter tdT (red) was found primarily in a

Ce_”S F|gure 1G _red) remained pr(_adomlnantly senspry HCs subset of extrastriolar cells in the utricle and saccule ahe earliest time point
(Figure 1C myosin Vlla blue). SCs immunolabeled with SOX2 (Continued)

also showed tdT uorescence, but at a low level relative taHC
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FIGURE 1 | examined, postnatal day 1 (P1). Images are maximum intensity
projections (MIPs) from 7@m z-stacks through excised tissues. The striola in
both the utricle and saccule are outlined with dotted lines(B) Cells expressing
tdT (red) at P1 immunolabeled with an antibody against ATOH(blue) and
were identi ed as immature hair cells (HCs), while supportmcells (SCs)
immunolabeled with an antibody against SOX2 (green{C) By age P15, tdT
(red) expressing cells immunolabeled with myosin Vlla (blu&)ith a few tdT
negative hair cells immunolabeled with the SOX2 antibody (gen).(D,E) Cells
expressing tdT (red) had a ask-shaped morphology (arrows)rad maintained
their extrastriolar location within the utricle in adult®X; P78) and geriatric ages
(E: P533).

Fo, blue) are outlined in the orthogonal cross-sectigigure 2A

i,ii) with solid white outlines Figure 2F. 1-3) to de ne regions
of interest (ROIs) for uorescence modulation analysis. Two
additional modulating HCs are outlined with white dashed
outlines in one optical focal plang~igure 2A; 4-5), but not
rendered white in the 3D stacks.

[C&C]; transients were tracked in time by computiddg=/Fy
pixel-by-pixel within outlined ROIs for each frame (1000 frasne
at 100 ms framel). Figure 2B shows the maximun F/F the
over an example 100s imaging sequence in this tissue. Of 35
HCs exhibiting resting G5 uorescence iRigure 2 (Fg blue),
an average of 5.4 (1.46) cells per 138 138mm? focal plane
exhibited spontaneous [G8]; transients { F/Fy >0.5) within

(Figure 1Q. The extrastriolar HCs and SCs expressing tdT byach 100 s image acquisition sequence. In the present regmrt, w
the end of the rst two postnatal weeks persisted throughout,se the term pontaneoisn reference to events in the baseline

adulthood. This extrastriolar tdT cell population is illusteat in
alow magni cation (SFC, 10X air obj) image of live tissueised

from an adult mouseKigure 1D, P78) Figure 1D). At the oldest

control condition, distinct from stimulus evoked modulati
relative to the baseline condition. It is important to ackriedge
that baseline spontaneous events observed in excised tissue

age examined in the present study, postnatal day 533 (P533apend on history and condition of the preparation, which di er

tdT expressing cells maintained their extrastriolar locatin

from physiological conditions the cell may experiengesivo.

the utricle. A representative image xed whole mount utricle gpontaneous [G%]; transients in utricular HCs excised from
is shown from 116mn confocal z-stack MIP where an ROl is p1 mice were not synchronized with each other, and occurred

centered on the utricle striola (white outlinBigure 1EOlympus

in di erent cells at di erent times (seeSupplement Video ).

FV1000, 40XW obj). Cells with prevalent tdT expression havgss 1 F/k, transients were largest in magnitude near the plasma
hair bundles, although not all hair bundles are visible in themembrane, leading to a ring of increasddF/Fy near the
surface preparation shown. Two main cell morphologies amonghemprane when imaged in cross sectidfigure 28 1,2,4,5
th_ese tdT expressing ce_IIs were obse_rved in mature tiss!lﬂa; C%xamples). Although only 16% of 166 P1 HCs examined with
with a long neck and hair bundles typical of type extrastridlar ,ominent tdT expression exhibited spontaneous transients wi
HCs (arrows; 7 cells in ROI showRigure 1E right panel); and 1 r/r > 0.5, 87% percent exhibited spontaneous transients at

a small number of cells lacking the characteristic long nétks

P1 withl F/Fly > 0.2 in at least one image during the sequence,

small subset of cells was not positively identi ed in the prése jyicating relatively rapid but small [G&]; uctuations were
study, and could be atypical shaped type | HCs, type Il HCS, Ofiely present in the majority of utricular HCs expressing G5 a

other cell types.

Spontaneous Calcium Transients in Hair
Cells at Birth

birth. [C&?C]; transients lasting only one frame were likely due to
events shorter than the 100 ms exposure time and too fast to be
resolved by the kinetics of the G5 uorescent signal used & th
present studyRodor et al., 2015 Temporal events with a half

Spontaneous G8L F/Ry transients ([C&°]; transients) were width < 1s (10 frames)were not analyzed in the present report.

observed in tdT expressing HCs at A1) 166 cells analyzed; ~ Spontaneous calcium transients are showrfFigure 2C for

k D 3 P1 mice; seSupplement Video ). G5 transients were the 5 specic HCs highlighted inFigures 2A,B Waveforms
imaged in excised utricles, with the confocal focal planegimg ~ provide the peakl F/Fy within each outlined cell. Transients
transversely through the epitheliumFigures 2A-D. The at birth consisted of small calcium increases, which we
minimum G5 uorescence over all images in the time sequenceefer to as short “S” transients with characteristic wavef®
was used to de ne the pixel-by-pixeestingG5 uorescence, (Figures 2C-F 1S, 2S, 5S), large events with complex temporal
shown within one imaging plane (F Figure 2A; blue). After waveforms Figure 2C 1L, 2L, 3L), and multiple medium
recording time sequences of G5 uorescence modulationsize events falling between the two extremes. Other time
tdT was imaged with 60 confocal planes to reconstrucsequences in this same tissue, and sequences from utricles
reporter-expressing cells ifrigure 3D. Cells expressing tdT excised from other P1 mice, also revealed 0-7 HCs with large
in Figure 2A were identied as immature HCs based uponand small spontaneous [€d]; transients within each 138

their morphology and immunolabeling Figure 1). HCs are 138 mm? image plane. Additional spontaneous transients are
rendered as orthographic projection&igure 2A i, ii) viewed shown in Figure 2E arranged front to back by maximum
perpendicular to the G5 confocal slice. HCs with high restirtg G 1 F/Fy, with cells from panel C shown in the same colors.
uorescence Figure 2A, blue) also had abundant tdT expressionSpontaneous HC [C&]; transients rising above the background
(Figure 2A, red & white), indicating that resting G5 uorescence uorescence uctuation occurred with an average rate of3%0

in HCs primarily re ects expression of the reporter rather thans * ( 0.026) in P1 mice. Small events had a rise time to
high resting [C&%]; in these cells. Three example HCs (1-peak of 0.659s (0.062), a half width of 1.26s (.075),

3) exhibiting the largest spontaneous B€4 transients in this and a decay time of 3.80s 0.297). Large transients “L”
tissue are rendered white to highlight their morphology andemerged from the background with a steep slope, consistent
location (Figure 2A: i,ii). These same three HCBigure 2A: G5  with the rise of S events, and had multiple peaks and jagged
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FIGURE 2 | Spontaneous [Ca?c], transients in utricular HCs at P1(A) Resting G5 uorescence in HCs (g, blue) in a plan view optical slice, and orthographic
projections through the thickness of the epithelium showig expression of tdT (red & white) in HCs. Nominal Z-focus of éhplan view is indicated with dashed lines.
Three highlighted HCs exhibitindl F/Fq transients are pseudo-colored white (1-3). ROIs surroundin5 cells are shown (white curves, 1-5)(B) Spontaneous [Ca?c]i
transients (peak G51 F/Fy over 100s, green) in tdT expressing HCs, sampled at ten frangeper second. SCs lacking resting G5 uorescence did not exhikt
detectable spontaneous transients at P1. The largest [C¥ ]; transients in HCs were located near the plasma membrane (e.g4*). (C) 1 F/Fy transients were complex
in temporal waveform, as if consisting of the superpositionf (D) small “S” events and large “L” calcium transients(E) Spontaneous 1 F/Fy transients in HCs arranged

by increasing magnitude, with colors corresponding to cedl in (A—C). (F) Application of ACh did not increase the rate or size of F/Fy transients (arranged by
increasing of1 F/Fg). Time near ACh application was blocked by optical interfence from the wash. SeeSupplement Video 1 .
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FIGURE 3 | Spontaneous [C&ZC]; transients in SCs at P3.(A) Single focal
plane optically cutting through supporting cells (SCs) antiair cells (HCs) at 3
(Continued)

FIGURE 3 | depths in the tissue (1: apical region, 2: central region, Jelow
HCs). Resting, G5 uorescence (I blue) and G51 F/F transients (green) are
superimposed. (B) Cartoon depicting 3 optical slices through SC{B1-B3)
and two through HCs (B1,B2). The apical region of SCs and HCYB1), the
middle region of SCs and HCs(B2), and the base of SCs(B3). Large
spontaneous 1 F/Fy [Cazc]i transients were present in SCs, most easily
identi ed by their hexagonal pattering around the apical neks of HCs (A,B1).
Solid white outlines show HC ROIs with large resting uorescere, and dotted
white lines show ROIs with largel F/Fy transients. (C) Example spontaneous
1 F/Fy transients sampled at 10 frames per second unaligned in time

(D—F) Spontaneous 1 F/F, transients aligned in time and sorted by duration,
magnitude, and waveform.1 F/Fy transient waveforms show the average
within 5mm ROIs centered on individual cells(D) Group 1 short [Cazc]i
transients with duration< 10's. Traces on the right show population averages
(black) and range (gray)(E) Group 2 transients with durations>10s.

(F) Mixed transients with some events showing an in ection poinjust after the
peak 1 F/Fy (arrow).(G) Population statistics over alll F/Fy transients from P3
aged mice showing the rise time, half width, and decay time bgroup. See
Supplement Videos 2 —4. *p D 0.05.

waveforms consistent with the hypothesis that large events
might have resulted from the summation of multiple small S
events occurring at di erent times within each HC. If large
transients indeed occurred due to a superposition or burst of
S eventsKigures 2E,F 3G), the rate of spontaneous Q events
would be predicted to have occurred at an average rate of 2.19
s 1 ( 2.74; range 0-4.6). [€%]; transients recorded in P1
HCs appeared to be “spontaneous”, and did not synchronize
with each other in time. We were also unable to detect
synchronization or modulation of HC [C¥]; transients at P1 by
ACh. This is illustrated by comparison of spontaneous transient
(Figures 2E,F independent experiments) to transients in after
a 500ms pu application of 106M ACh (Figure 2R in the
same tissue, where the time averdgE/Fy was not changed
by ACh. Data during ACh application was blocked due to
image distortion caused by the uid motion. Although, preu®
reports suggest METs can be functional as early as embryonic
development Géléoc and Holt, 2003 we did not detect uid

jet evoked G5 uorescence modulation at P1, suggesting HC
MET currents in this preparation were either not functional
or insu cient to evoke [C&C]; transients detectable by the G5
indicator at P1.

Spontaneous Calcium Transients at P3

At postnatal day P3, spontaneous €} transients observed in
HCs were largely superseded by a period of spontaneoS[Ca
activity in cells with low resting G5 uorescence consisting
primarily of SCs (se8upplement Videos 23). Figure 3Ashows

a single confocal slice cutting through HCs, SCs, and immature
a erent calyces (AC). Using the same color formatragure 2,

the minimum uorescence over the 100s time sequence of
images was used to de ne the resting uorescerkigires 3A,B

min Fo; blue), and the change in uorescenceR/Fy, green) was
used to track changes in [€4];, with Figures 3A,Bshowing the
superposition of the two. The confocal optical slice was tilted
relative to the epithelium in this tissue, cutting througheth
apical necks of hair cells in zone Eigures 3A,BJ, basolateral
region in zone 2 Figures 3A,B2, and below hair cells in
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zone 3 Figures 3A,B3. Over 160 cells exhibited detectable G50.016 s ( 0.0035). Sincel F/Ry transients at the apical
uorescence in each 138 138 mm? image and, of these, 97 surface were clearly identied as SCs, the lack of correiatio
( 19.6) cells per focal plane exhibited G5 spontaneous calciumith focal depth suggest$ F/Fy transients might have been
transients (874 events per experiment). SCs were easily &t&nt dominated by SCs at all focal depths through the epithelium in
in apical regions of live tissue based on their hexagonal apatiP3 aged mice (seBupplement Video 3. However, there were
patterning around HCs Kigure 3B also sedrigure 1). Solid numerous exceptions at P3, based primarily on morphology,
white lines inFigure 3B1show HC ROIs with high resting G5 where spontaneous [€a]; transients likely occurred in other
uorescence (blue) while dotted white lines show SC ROIs witfcell types including HCs, ACs, or other terminals at the base of
relatively low resting G5 uorescence, but hi@l/F transients  HCs (seeSupplement Videos 3).
(green). Type | HCs were identi ed based on their relativalyth We applied 50nVl 2-APB to block spontaneous [€%l;
G5resting uorescence (blue) and tdT expression (Eigyre 1),  transients in SCs of P3-5 aged micekd) 3 mice). Example G5
as well as their characteristic morphology. Althou@h~/Fy  Fo and 1 F/Fy are provided inFigure 4in the control condition
transients were observed near the plasma membrane of sor®: resting kb, gray and B:1 F/Fp, green), blocked condition
HCs, these events did not extend into HC somata. The spati§C: 1 F/Fy, red), and after wash (D1 F/Fy, blue). G51 F/FRy
resolution was insu cient in the present imaging paradigm to transients were reduced more than 5 fold after application of
determine if these localized events were in HCs or adjacelig,c the IPR antagonist 2-APB. G3 F/Fy images were merged
Spontaneous G5 F/F transients were present at all focal depths (Figure 4B to reveal speci ¢ cells that lost spontaneous {€ja
including below HCs. Although spontaneous G5 transienthimt modulation after application of 2-APB. A vast majority of SCs
apical zone (A1,B1) were clearly localized in SCs at P3, 3@ cohad a complete cessation &fF/Fy transients in the presence
not be positively distinguished from other key cell types &gk  of the antagonist as evidenced by the near absence of overlap
focal planes, leaving open the possibility that some spontaieobetween the red and green uorescent channdigyre 4
transients might also be present in a erent neurons or calyceeverlapD yellow). Although washout was incomplete, a subset of
(ACs) at P3 as well. SCs clearly recovered spontane@us/Fy transients Figure 4E

In utricles excised from P3 mice, spontaneous transientg werecoverblue-green, e.g., insets i & ii). SCs are arranged in
not synchronized with each other and occurred in di erent canonical patterns of 6 around the necks of HCs, corresponding
cells at dierent times Figure 3C Supplement Videos 2 3).  to the locations of S@ F/Fy transients Figure 4E i). A subset
Transients were divided into 2 groups for statistical analysiof cells continued to show low-intensity spontaneoli/Fy
based on kinetics of the GbF/Fy temporal waveforms. Group transients in the presence of M 2-APB (Figures 4C,E red).
1 transients were distinguished by their relatively shantation  Although the precise identity of these cells is uncertain duwe t
(<10s) relative to Group 2. A third set of ROIs (3) hadtheir developmental age and the likelihood that they are abtiv
mixed [C&?]; transients characterized by an in ection point undergoing di erentiation, modulatingl F/Fy domains often
(Figure 3 arrow), and possibly arising from uorescence localized with tdT positive HCs at their base (efigure 4Ei
events from1 F/Fy reporting a combination of two events & ii R), suggesting potential origins in other cell types, possibl
with di erent waveforms occurring within the same ROl or HCs or developing ACs at this age. On average, the fefga
from distinct calcium kinetics Taheri et al., 2017 Example transients that remained in the presence ofrb0 2-APB were
events are shown ifrigures 3D-F(left), aligned in time and relatively small and slow compared with pre-treatment cohtro
arranged in increasing F/Fp magnitude. Population averages conditions. Specic examples are shown kigure 4F with
are shown on the right, and population statistics are sumneatiz average transients for all cells in the control condition qared
in Figure 3G Short duration Group 1 transientsFigure 3Q)  with 2-APB treated cells ifrigure 4G Averages in the control
had an average rise time of 1.96s, half width of 4.31s, decagndition are shown for [C&]; transients lasting: 10 s (Group
of 6.00s and peal F/Fy of 0.44 (data not shown). Long 1) and for transients lasting than 10s (Group 2). Population
duration Group 2 transients had an average rise time of 2.76 statistics comparing responses in the control condition nghe
half width of 11. 7s, decay of 25.3s and pdak/Fy of 0.40 presence of 2-APB are provided kigure 4H. Group 1 events
(Figure 3G. Mixed (3) transients had an average rise timein the control condition for mice tested with 2-APB~igure 4,
of 2.98s, half width of 18.8s, decay of 27.Fggre 3G; P3-P5) were slightly faster than Group 1 events atRgre 3),
and peakl F/Fy of 0.42 consistent with a superposition of but this study did not determine if this was due dierences
events from groups 1 and 2 (data not shown). Transientén maturation or some other unidenti ed factor. Compared to
in each group occurred with similal. F//; magnitude and Group 1 events in the control condition, [€2]; transients in
could not be distinguished from each other based bR/Fy the presence of 2-APB had a reduced pédk/iy (0.44 0.21
magnitude alone. Occurrence of long transients (56%) maylestvs. 0.11 0.023), increased decay time (5.99.45 vs. 26.26
outnumbered short transients (44%). There was no detectab®84 s), with no statistically signi cant di erence in risérte.
correlation between any group and focal depth in tissue at PEompared to Group 2 events in the control condition, R
(B1-B3 depths). Group 1 events were more likely to reoccuransients in the presence of 2-APB had a reduced peak-diy
during the imaging, sequence leading to a second peak in timgd.41 0.24 vs. 0.11 0.023), a reduced rise time (3.140.43
domain tracesKigure 3C, ). The average rate of spontaneousvs. 1.56 0.26s), with no signi cant di erence in half width
short events (Group 1) occurring within a single cell wasor decay time. These results demonstrate that 2-APB intesfer
0.044 s! ( 0.043) and long events within a single cell waswith spontaneous [C%]; transients, signi cantly reducing the
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magnitude of all events and reducing the number and kinetic
of short duration [C&®]; transients in multiple developing cell
types. Antagonist action of 2-APB on4R is su cient to explain
these results through disruption of CICR. However, the presen
experiments did not completely rule out other hypothetical
[Ca2C]i mechanisms, which is the focus of future studies.

At postnatal day P51 F/Ry [Ca?C]; transients were similar
to those observed in P3 mic€&igure 3), but signi cantly fewer
in number, occurring in only 4.7 (1.8) cells per 138 138
mm? focal plane.Figure 5 provides example data recorded
at a single focal planeF{gures 5A-), and with population
statistics across animals (F-kt D 75 cells;k D 3 mice).
Using the same approach as earlier ages, spontaneods][Ca
1 F/R transients at P5 were grouped based on duration,
with cells havingl F/Fy duration <10s placed in Group 1
and others placed in Group 2F{gures 5E—-H. Similar to P3
aged mice, these two groups at P5 had similef/Fy peak
magnitudes (Group 1 0.19 0.04 vs. Group 2 0.20 0.03;
Figure 5, but statistically signi cant di erences in kinetics
(Figures 5G—H. Compared to events in Group 1 transients
in Group 2 had a slower rise time (1.32 0.17 vs. 3.56

0.49 s;Figure 5G), increased half width (4.59 0.68 vs.
17.7 1.75s; data not shown), and longer decay times (8.8

2.22 vs. 19.9 1.79s;Figure 5H). Smallerl F/FRy events
approaching the kinetics of G5 resolution occurred in some
cells from both groups (C1, D2, arrows). Although the smal
events sometimes appeared before the largéqaransients,
most large transients were not preceded by detectable sm
events suggesting the small f€% transients are not likely
to be required precursors. Both types of f€§ transients
occurred spontaneously in the control condition, at random
times in the imaging sequence. This is illustratedrigure 5E
where individual traces recorded in one focal plane sidwy
transients from individual cells. Domains exhibiting spaneous
transients in utricles from P5 mice were often complex in
morphology and contacted the basolateral membranes of HCs
similar to domains showing spontaneous transients near tseb
of HCs at earlier ages.

—

Development of ACh Evoked [Ca  2C];

Transients

Although ACh application did not evoke G5 detectable {€a
(1 F/Ry) transients in utricles from P1-P3 aged mice, we
hypothesized that ACh would begin to evoke G5 detectabl
[Ca®C]; transients as calyces developed due to the presen
of muscarinic AChRsHolt et al., 201Y). In utricular maculae
excised from P5 aged mice, pu application of @0 ACh
indeed synchronized the timing df F/Fy transients.Figure 5
compares spontaneous F/Fy [Ca®C]; transients Figure 5B

to ACh synchronized transientd={gure 5I) in the same cells
for repeated application of ACh. Traces were collected i
time sequences, repeated following a 5s delay at 4 sequen
focal planes. Cells became refractory immediately following
calcium transient, requiring a period of time to recover lrefo
a subsequent transient could be evoked by ACh or occurre
spontaneously. This is consistent with similar calcium sients
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FIGURE 4 | in the control condition. (C) 1 F/Fg modulation (red) after bath
application of 50mM 2-APB. (D) Spontaneous 1 F/Fy modulation (blue) after
washout of 2-APB. (E) Merge (B—D) showing modulation in the control
condition (green), in the presence of 2-APB (red), and aftevashout (blue). The
red channel was ampli ed to allow visualization of small F/Fq in the presence
of 2-APB. 50mM 2-APB reversibly blocked spontaneous activity in SCs. Ckl
that continued to respond in the presence of 2-APB were locad near the
base of HCs at P3.(F) Example transients in the presence of 2-APB, and

(G) average waveforms in the control condition and in the presese of 2-APB.
(H) Population statistics summarizing the action of 2-APB on t& exponential
rise time, half width, and decay time ofl F/Fj transients. Spontaneous
transients in the control condition are shown as fast event§Group 1) and slow
events (Group 2) as irFigure 3. All events in the presence of 2-APB were
slow and indistinguishable on the basis of kinetics.

Intracellular calcium transients were also observed using G5
in utricles excised from adult mic&igure 7). [C&C]; transients
recorded from a mature P533 aged mouse shows persistence of
spontaneousl F/Fy transients in control conditions recorded
in 18 distinct cells in this tissue at a sampling rate of 100
ms-frame 1. The average of these traces is shown as the solid
black curve above the waterfall, and example cells are shown
in inset images 1-31(F/Fy.: green, & blue). Based strictly
on morphology and contacts on HCs (blue) these modulating
domains are likely to include calyceal endings near the bése
HCs (1-2) and bouton terminals (3). The 18 cells in this tissue
exhibited spontaneous transients at a rate of 0.37(s 0.033).
When the same cells were exposed to M AChH for 1s the

rate of transients increased to 0.83 ¢ 0.091), Figures 7B-D).
observed in astrocytesigheri et al., 2007 and is likely due ACh also evoked a slow increase in f€h evidenced by the
to the long time course of CICR dynamics and signaling. Thelow increase ofl F/Fy not present in the control condition
refractory time during repeated stimuli accounts for thelac (Figure 7B: large gray arrows, black trace). In some cells ACh
of “spontaneous” activity prior to ACh application ifigure 5|  extended the spatial extent of the intracellular f€R transient
(ACh stimuli were repeated in 45s intervals). Synchron@ably  relative to spontaneous events in the same cell in the control
ACh is illustrated in the form of average response histogramesondition (Figure 7: A-3 vs. B-3), possibly due to the activation
(Figure 5) where spontaneous transients occurred at randonof CICR these cells. Population statistics in this aged watricl
times relative to the onset of the imaging sequence (dottegl)g con rms that ACh evokes a signi cant increase in the rate astf
but became synchronized by application of ACh resulting in aransients in addition to a slow increase in [€€3; (Figure 70,
peak probability of & F/Fy transient occurring at latency of 9.7 s but there was no detectable in uence on kinetics of the fast
( 7.1) after the ACh pu Figure 5J black). [C&?C]; transients as measured by the rise time, half width, or

ACh evoked transients became more pronounced in P10t F/F relative to controlsFEigure 7D).

14 mice. Figure 6 shows resting G5 uorescence (A, blue),
superimposed on peak GA F/Fy) (C, green) recorded over
an 80s imaging sequence (100 ms frafeFor quanti cation,
1 F/Ry [C&C]; transients were recorded in rAm diameter
ROIs in cells with complex morphological shap&sg(re 6A:  Intracellular calcium transients during the rst week of poatal
“a’ closed arrowsFigures 6B,C 1-red, 2-green, 3-blue) and development in mouse utricular macula are summarized
in simple morphological shapesigure 6A: “s” open arrows, schematically inFigure 8 Spontaneous whole-cell [€F;
Figure 6B black). Spontaneous transients exhibited similatransients were present in HCs with tdT expression at birth
kinetics in all ROIs and, on average, had a rise time 1.28(&igure 7B also seeSupplementVideo} and were largely
( 0.045), decay time of 1.98s @.083), and half width 1.59s reduced in HCs at P3Higure 7C Supplement Video 2. In
( 0.075) Figures 6B,H. A pu application of 200mM ACh for  mature mice from this transgenic cross, HCs with strong tdT
1s evoked distinctly longer lastifgF/Fy transients in a subset expression are primarily extrastriolar type 1, which are known
of ROIs (Figure 6A: “a". Figures 6C,D 1-red, 2-green, 3-blue) to be contacted by calyx endings of dimorphic a erent neurons
which, on average, had a rise time 2.80445), decay time of (Eatock et al., 1998; Goldberg, 2)1l the tdT expression is
3.97s ( 1.60), and half width 3.37 s 0.44). Population kinetics maintained through postnatal development, HCs expressing tdT
of 1 F/Rp [Ca%C]; transients in ATR insensitive cells (“s”) vs. at P1 would be expected to have extrastriolar type | fate. Becau
ATR-sensitive cells are summarized Figures 6H,l. The long of this, spontaneous HC transients reported here at P1 would
lasting ACh-evoked transients were blocked by the mus@arin be expected to drive action potentials in dimorphic a erents
ACh receptor (mMAChR) antagonist ATR (M, Figures 6E,,  prior to the onset of mature vestibular function. Vestibular
with residual small transients persisting in some ACh séresit a erent neurons have irregularly spaced inter-spike-intesvai
ROIs Figure 6F, 1-3). Cells responding to ACh with long lasting P1 Desmadryl et al., 1936consistent with the ring pattern
calcium transients had morphological shapes consistent witexpected in neurons that contact type | HCRi(sch et al.,
calyceal aerent endings contacting type | hair cells. This i5998; Goldberg, 20),2and consistent with spontaneous [
illustrated by comparing the morphology of tubulin labeledtransients observed in putative type | HCs examined here at
a erent endings (cyan) contacting tdT hair cells (red) frofmet P21 (Figures 1 2). Present results support the hypothesis that
same P14 tissue after xatiorFigure 6G maximum intensity extrastriolar type | hair cells generate spontaneous calcium
projection from a 62rmim z-stack). Present data suggest AChactivity at P1, whichis likely to drive spontaneous actionguuial
activation of MAChRs on calyceal endings triggers largeang | modulation in immature a erents with dimorphic fate. Since the
lasting CICR by P14Higure 6) that likely plays an important G5 reporter was preferentially expressed in these speci ¢ HCs,
role in responses of mature calyces to ACh and e erent activati present results cannot address possible spontaneous adtivity
(Holtetal., 201Y. other hair cell types or partner a erent neurons. Based on the

DISCUSSION
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FIGURE 5 | Synchronization of [C&C]; transients by 100mM ACh at P5. (A,B) Resting G5 uorescence (blue) and spontaneous [CE ] transients based on the
maximum G5 1 F/F (green) over a 100s time sequence imaged at 10 frames per send. (C,D) Two example instants in time showing spontaneous transiestin
example cells (1-2)(E) Time sequence of spontaneousl F/Fq transients in individual cells(F—H) Population statistics at P5 showing the size, rise time, andecay
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FIGURE 6 | Spontaneous and ACh evoked [C&C]; transients at P14.(A) Resting G5 uorescence (blue) and peak GBL F/Fy (green) showing superposition of
spontaneous (“s” and ACh evoked events (“a”)(B) Spontaneous transients in 23 example rm diameter ROIs, with transients in 3 ACh sensitive ROIs higftited
(Continued)
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FIGURE 6 | (1,2,3), at higher magni cation of in(C). (D) ACh evoked transients were observed in a subset of cells (e.g1,2,3), with morphology consistent with calyx
terminals contacting hair cells(E) G5 1 F/Fy was blocked by 5mM ATR in a subset of cells (closed arrows) but persisted in o#r cells (open arrows)(F) ATR blocked
long-lasting responses in ACh sensitive cells but not in o#ir cells. (G) Confocal image of P14 xed tissue showing the morphology of td positive hair cells (red) and
synaptic contacts (anti-Tubulin) in an imaging slice sirail to (A), suggesting ATR-sensitive cells are calyx endinggH) ACh evoked transients could be distinguished
from spontaneous transients by their kinetics, with ACh eved events rising more slowly and lasting longefl) ACh evoked transients were largely blocked by ATR,
while short-duration transients were not. y D 0.05.

developmental time course in humans, this same process mighorrelations between transients occurring in SCs were abus
be expected to occur at 10-15 weeks gestation €t al., 2014; related it would require signaling between distant SCs. One
Lim and Brichta, 2016 hypothesis is that utricular SC calcium transients could be
Whole-cell spontaneous [€2]; transients in HCs became modulated by e erent neural activity acting primarily on HCs
rare by P3, demonstrating a change in operation of these HCand a erent terminals Holt et al., 2015, 20)7and subsequently
(Figure 7Q. The activity of utricular ganglion neurons also signaling SCs. Synaptic inputs from e erent neurons are active
changes by P3, with some neurons beginning to discharge wiih the cochlea during this developmental period and are likely
regularly spaced inter-spike intervals, supplementing neuroneritical for maturation of synaptic function, tonotopy and
discharging with irregularly spaced intervaldDegsmadryl hearing Katz et al., 2004; Johnson et al., 201Bxtension of
et al., 1985 The appearance of units with regular dischargehis concept to the utricle is supported by the present data
statistics suggests HCs with type Il fate are likely relepsinshowing that exogenous application of the e erent transmitter
neurotransmitter at P3 in addition to HCs with type | ACh synchronized SC calcium transients beginning in aged P3
fate, although not examined directly in the present studyP5 mice Figure 5. The dendritic elds of vestibular e erent
Spontaneous action potentials in vestibular ganglion nearonneurons in the utricle are morphologically complex, making
reported previously combined with the near absence of wholesynaptic contacts with HCs and a erent terminals across broad
cell1 F/R transients in HCs reported here in P3 mice, suggesteegions. Hence, activation of a single e erent neuron could
spontaneous neurotransmitter release from HCs at P3 does npbtentially synchronize SC activity and HCs across diveyagal
require large whole cell [C§]; transients, but instead likely locations in the epithelium. This mechanism hypotheticalysh
relies on smaller localized [€4]; transients similar to mature potential to close the loop between a erent inputs to the CNS
HCs, unlikely to be detectable by the present G5 indicator. and e erent feedback to the sensory organ—closed loop feé&dbac
The pattern of spontaneous [€d]; activity changed that might be a general developmental principle organizing the
dramatically by P3 when ubiquitous F/Fy [Ca®C]; transients  auditory and vestibular systems from the sensory organs ¢o th
appeared in utricular SCd-{gures 3 4; Supplement Videos 2 CNS and back again.
3). SC [C&C]; transients occurred in scattered patterns across Mice aged P8 and olderF{gure 7D) continued to show
the epithelium Eigure 3 Supplement Video 3 and did not “spontaneous’l F/F [C&C]; transients in SCs. Spontaneous
exhibit detectable intercellular calcium wave propagatiofCa?“]; activity suggests SCs in adult utricles exhibit whole cell
from one cell to adjacent cells as might be expected frortransients as part of their mature physiological function, g
gap-junction communication. This appears to di er from the serving roles similar to astrocytes in the CN3(i et al., 1992;
developing cochlea, where spontaneous calcium activity iAgulhon et al., 2008; Bazargani and Attwell, 2016; Shigetomi
Kollikers organ is propagated between adjacent cells anty likeet al., 2015 Adult vestibular organs express both nicotinic
coordinates local purinergic signaling to inner HCs durireyly  nAChRs and muscarinic mAChRs that together underlie both
postnatal developmenf(itsch et al., 2010; Zhu and Zhao, 2012;inhibitory and excitatory responses to activation of the ent
Dayaratne et al., 2014, 2019ntracellular calcium transients vestibular nucleus or to the application of ACKS((th et al.,
in utricular SCs were likely BPdependent Figure 4), but we 1994, 1998; Elgoyhen et al., 2001; Holt et al., 2003, 201[& Boy
did not observe [C¥]; propagation that would be expected if et al., 2009; Goldberg, 2012; Lee et al., 2017; Parks etlal), 20
connexin-dependent intercellular signaling between ssffaic nAChRs are calcium permeable and their activation leads to
SCs was present at levels similar to the cochkgatiamello  short local calcium increases, while mAChRs are metabotropic
et al., 2005; Zhang et al., 200Although sequence variants in and can evoke long lasting responses. The G5 indicator used
connexingenes are responsible for the most common forms oin the present study is has kinetics likely unable to track
hereditary deafnessCohen-Salmon et al., 2002, 2004; Chandocalized [C&®]; events associated with NAChR activation, but
etal., 2003; Teubner et al., 2003; Leibovici et al., 2008;a0al., is well suited to examine long lasting G protein coupledﬂ@a
2019, vestibular function is not as profoundly impaired with transients associated with mAChR activation. Some of thetmo
these genetic mutationg ¢dt et al., 2005; Eppsteiner and Smith, striking [C&C]; transients observed in the present report were
2017. Results of the present study suggest this relatdrenexin  ACh evoked, with increases in [€d); largely blocked by 56M
insensitivity in vestibular organs compared to the cochleald = 2-APB and/or ATR Figures § 7; Supplement Video §J. ACh
be due to di erences in the role of intercellular calcium siing  sensitive cells in mature utricles contacted type | hair cells
during development. and had morphologies consistent with calyx a erent endings.
Intracellular calcium transients occurred in dierent SCsThe long-lasting ACh-evoked [G2]; transients in mature
at sequential times, however these cells were rarely adjaceutricles in the present report had durations similar to mAChR
to each other [Figure 3 and Supplement Video$. If temporal dependent electrophysiological responses reported previgusly
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FIGURE 7 | Spontaneous and ACh evoked [C&C]; transients in utricular maculae from mature mice(A) Spontaneous G51 F/Fy recorded at 100ms-frame 1 in the
control condition. Waterfall plot shows transients withirBmm diameter ROIs. Solid curve above the waterfall shows the avage over all ROIs. A1-2: examples of ROIs
(Continued)
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FIGURE 7 | within cells of calyceal morphology near the base of HCs, ané3: example with bouton morphology.(B) Same ROIs modulating in response to 1s puff
application of 100mM ACh. ACh increased the rate of transient events and evoked slow rise in [Ce?c]i (large gray arrows). B1-3: same ROIs agA), but with
transients evoked by ACh. B3: ACh extended the spatial exterof the transient relative to spontaneous events. Solid cwe above the waterfall shows the average
over all ROIs(C,D) Population statistics demonstrating that ACh evoked a sigircant increase in the rate of fast transients as well as a slowncrease in [C&C]i. No
change was detectable in kinetics, duration, or magnitude bfast transients in the ACh condition relative to controls®p D 0.05.

FIGURE 8 | Summary of spontaneous and ACh evoked [C%C]i transients with age.(A) Cartoon depicting a supporting cell (SC), extrastriolar pe | tdT positive hair
cell (HC), calyx endingC), immature proto-calyx ending (PC), and small ACh activatedomains (R) near the base of HCs. Focal planes are denotedii-(B) Intense
spontaneous 1 F/Fy transients in immature HCs at P1(C) Intense spontaneousl F/Fy transients in SCs and additional transients in HCs and PCs @3-5. ACh
synchronized of transients at P5(D) Sparse spontaneous transients in SCs, intense ACh evokedansients in some HCs, and additional transients in Cs and RaiP8
and older mice. (E) Spontaneous transients in SCs and intense ACh-evoked trarents C endings.

calyx bearing a erentsHolt et al., 201Y, suggesting a potential using its transcriptional machinery to drive expression oé th
role for CICR in modulating KCNQ channels during activation genetically encoded calcium indicator G5 enabled exarntnat
of the e erent system in calyces. of [C&C]; transients in early postnatal developmental stages in
The fact that the Gad2-IRES-Cre used in the present studghe present study.
drove expression preferentially in a distinct subset of type The [C&C]; transients in the present report are limited by the
I hair cells could have important implications, but was notspeed and dynamic range of the G5 transgenic reporter.
addressed in the present study. Although there is evidence @he dissociation constantKy, of G5 is approximately
glutamate decarboxylase isoform GAD67 expression in uéatib  460nM, similar to Fluo-4 (350nM) and useful for [&F;
SCs (avazzani et al., 20)4the pattern of tdT-G5 expression imaging in SCs, HCs, and neurons but not always ideal
observed in the present study suggests embryonic transamigtti  (Oliver et al., 2003; Akerboom et al., 2012; Spinelli and
regulation of Gad2 in a subset of type | hair cells. Previousillespie, 2012 Cell dependent di erences in resting [€4;
studies indicate that GAD65 has multiple transcription startin uence optimum Ky, and di erences in level of expression
sites Ekak and Michelsen, 199%nd that GABA might act contribute to gain, both in uencing the quantitative relahship
as a morphogen during developmenb\ens and Kriegstein, between 1 F/Fy and changes in [C&];. Because of this,
2002. It is therefore dicult to draw direct conclusions of G5 1F/Fy in the present study reports the spatial extent
the Gad2 related transcriptome from the complex expressioand kinetics of [C&°]; modulation without addressing
pattern in the present transgenic mouse. Nevertheless, tlguantitative magnitude. The sampling rate used in experiments
pattern observed at birth and into adulthood suggests the roldescribed here was 100ms per frame, nearly equivalent
of Gad2 in extrastriolar type | HCs likely diers signi cantly to the rise time and faster than the decay time of the
from type Il HCs and from striolar type | HCs. While the G5 indicator (\kerboom et al.,, 2012; Chen et al.,, 2n13
primary vesicular transmitter in HCs is glutamate, the expies  Although present results demonstrate postnatal maturation
pattern provides further evidence that the GAD65-dependentdf spontaneous calcium transients and development of ACh
molecular machinery responsible for synthesizing GABA isensitivity, expanding these studies with additional teghas
present Usami et al., 2001; Moser et al., 2006; Meza, 2008n vivo will be important to fully elucidate [C¥]; activity
Furthermore, there is evidence that GABA may be utilized aduring development.
a secondary intercellular transmitter in a subset of veséb Its important to emphasize that spontaneous activity
HCs in toad sh (Holstein et al., 2004 but evidence of similar comprised of coordinated [G&]; transients is essential to
mechanisms have not been reported in mammals to datehe developing vestibular nervous system, shown previously t
Although present results are suggestive, examination ofdlee  extend through the CNS as well as in the developing retina
of GADGE5 in vestibular organs remains an important subjectand cochlea\(vong et al., 1995; O'Donovan, 1999; Brandt et al.,
for future research. Irrespective of the involvement of Gad22003; Tritsch et al., 2007; Ackman et al., 201Data in the
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present report demonstrate spontaneous activity is present itheir assistance. We also thank the animal husbandry ayersi
mouse utricular sensory HCs and that these cells are likelyy Lauren Lentsch and Mary Dickerson.

undergoing di erentiation at birth, before the onset of magu
vestibular function. Spontaneous activity in HCs subside®®,

SUPPLEMENTARY MATERIAL

while spontaneous activity in SCs develops during the rst two
weeks and is maintained into old age. Present results furthefThe Supplementary Material for this article can be found

demonstrate the development of long-lasting, ATR sensitiveonline at:

https://lwww.frontiersin.org/articles/10.388hcel.

ACh-evoked transients during this same time period putatively2019.00186/full#supplementary-material
associated with maturation of mAChR-dependent VeStibUIaéupplement Video 1| Supplement toFigure 2 in the parent paper. Time

action on calyx-bearing a erent responses.
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