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Abstract
Voltage-gated Ca’* channels (VGCCs) are considered to play a key role in auditory

perception and information processing within the murine inner ear and brainstem.
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In the past, Ca, 1.3 L-type VGCCs gathered most attention as their ablation causes
congenital deafness. However, isolated patch-clamp investigation and localization
studies repetitively suggested that Ca,2.3 R-type VGCCs are also expressed in the
cochlea and further components of the ascending auditory tract, pointing to a po-
tential functional role of Ca,2.3 in hearing physiology. Thus, we performed audi-

3+/+

tory profiling of Ca,2. controls, heterozygous Cav2.3+/_ mice and Ca,2.3 null

mutants (Cav2.3_/_) using brainstem-evoked response audiometry. Interestingly,
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1 | INTRODUCTION

Voltage-gated Ca’* channels (VGCCs) are of central rel-
evance in mediating Ca’* influx into living cells. Based on
electrophysiological and pharmacological properties, VGCCs
are segregated into high voltage-activated (HVA) Ca,1.1-1.4
L-type, HVA Ca,2.1-2.3 Non-L-type and low voltage-acti-
vated (LVA) Ca,3.1-3.3 T-type Ca®* channels (Catterall,
Perez-Reyes, Snutch, & Striessnig, 2005; Soong et al., 1993;
Williams et al., 1994). Some Ca, channels were reported to
be expressed and to have physiological relevance within the
inner ear, for example, inner and outer hair cells (IHCs and
OHCs, respectively), and the brainstem, for example, the spi-
ral ganglion (SGN), the cochlear nucleus, the trapezoid body,
the superior olivary complex (SOC) and further ascending
structures (Joiner & Lee, 2015; Pangrsic, Singer, & Koschak,
2018). Two important VGCC entities are Ca,1.3 L-type
and Ca,2.3 R-type Ca’* channels, both of which expressed
in the inner ear and auditory tract (Fell et al., 2016; Layton,
Robertson, Everett, Mulders, & Yates, 2005; Pangrsic et al.,
2018; Picher et al., 2017; Waka, Knipper, & Engel, 2003).
Ca,2.3 knockout mice exhibit a complex phenotype, for exam-
ple, altered pancreatic beta cell function and glucose tolerance
(Pereverzev et al., 2002; Yang & Berggren, 2005), cardiac ar-
rhythmia and altered autonomic function (Galetin et al., 2013;
Lu et al., 2004; Weiergraber et al., 2005), reduced seizure
susceptibility (Kuzmiski, Barr, Zamponi, & MacVicar, 2005;
Tai, Kuzmiski, & MacVicar, 2006; Weiergraber, Henry, et
al., 2006a; Weiergraber, Henry, Radhakrishnan, Hescheler,
& Schneider, 2007; Weiergraber, Kamp, Radhakrishnan,
Hescheler, & Schneider, 2006b; Weiergraber, Stephani, &
Kohling, 2010), dysregulation in hippocampal theta gene-
sis (Muller et al., 2012) and impaired presynaptic long-term
potentiation (LTP) (Dietrich et al., 2003), distorted circadian

click-evoked auditory brainstem responses (ABRs) revealed increased hearing
thresholds in Cav2.3+/ ~ mice from both genders, whereas no alterations were ob-
served in Ca,2.3™"~ mice. Similar observations were made for tone burst-related
ABRs in both genders. However, Ca,2.3 ablation seemed to prevent mutant mice
from total hearing loss particularly in the higher frequency range (36-42 kHz).
Amplitude growth function analysis revealed, i.a., significant reduction in ABR
wave Wy and Wy amplitude in mutant animals. In addition, alterations in W-Wyy,
interwave interval were observed in female Cav2.3+/ ~ mice whereas absolute laten-
cies remained unchanged. In summary, our results demonstrate that Ca,2.3 VGCCs

are mandatory for physiological auditory information processing in the ascending

auditory brainstem response, calcium channel, hair cells, hearing loss, R-type

rhythmicity and sleep (Siwek et al., 2014), altered myelino-
genesis (Chen, Ren, Bing, & Hillman, 2000) and modified
neuropathic pain perception (Matthews, Bee, Stephens, &
Dickenson, 2007; Yokoyama et al., 2004). Notably, heterozy-
gous Cav2.3+/ ~ mice were hardly included in previous studies
and no auditory analysis has been carried out so far.

Importantly, Ca,2.3 VGCCs serve as key elements in reg-
ulating neuronal firing modes within the CNS. These include
the tonic, intermediate and burst firing modes that regulate
facultative neuronal oscillatory properties in specific neuro-
nal populations (Bloodgood & Sabatini, 2007, 2009; Higley
& Sabatini, 2008, 2012).

Within the VGCC family, complex alterations in auditory
processing were first reported for Ca,1.3 mutant mice. In
2000, Platzer et al. reported that ablation of the HVA Ca,1.3
L-type VGCC causes deafness and degeneration of IHCs and
OHCs in mice (Platzer et al., 2000). Later, hearing deficits
were also detected in heterozygous Ca, 1 3"~ mice, manifested
by an increase in threshold of low-frequency sounds (Dou et
al., 2004). Interestingly, the balance performance in Cavl.S_/_
mice was comparable to their wild-type littermates (Dou et al.,
2004) pointing to a differential functional expression of this
Ca’* channel in the cochlea and vestibular system. Notably,
Ca,1.3 VGCC accounted for about 90% of Ca®" influx into
IHCs and studies in Ca, 1 37"~ mice suggested that the remain-
ing current could be Ca,1.4 dependent (Brandt, Striessnig,
& Moser, 2003; Engel, Michna, Platzer, & Striessnig, 2002;
Michna et al., 2003). Secondary compensatory mechanisms
in mutant mice may contribute to this observation as well.
Using both genetic disruption of cacnald and acute pharma-
cological block of Ca, 1.3 VGCCs, Sheets, Kindt and Nicolson
(2012) further demonstrated that Ca*" influx via Ca,1.3 Ca**
channels fine-tunes synaptic ribbon size during hair-cell mat-
uration and that Ca,1.3 is essential for maintenance of the
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active zone of HCs. As expected, Cavl.3_/ ~ IHCs exhibited
only marginal exocytosis, lacked early Ca2+—dependent ac-
tion potentials and exhibited a complex developmental fail-
ure (Brandt et al., 2003). Similar to the IHCs, VGCCs also
seem to be mandatory for the maturation of OHCs as the latter
degenerate in Cavl.3_/ ~ mice shortly after the time point of
normal physiological onset of hearing (Glueckert et al., 2003;
Michna et al., 2003). Whereas Ca, 1.3 L-type Ca®" channels
have been in the focus of interest, the low resting potentials of
OHCs and their slight depolarization upon sound stimuli sug-
gest that LVA Ca”" channels may also contribute to intracellu-
lar Ca** regulation (Inagaki, Ugawa, Yamamura, Murakami,
& Shimada, 2008). L-type Ca’* channels are likely to play
a role in phasic neurotransmitter release (Dou et al., 2004),
and the function of other VGCC entities may be obscured by
their baseline activity and minimal contribution to Ca’* in-
flux in hair cells (HCs) (Moser & Beutner, 2000; Spassova,
Eisen, Saunders, & Parsons, 2001). Indeed, Dou et al. (2004)
early suggested that other VGCCs contribute to the remaining
dihydropyridine (DHP)-insensitive Ca** current in HCs (Su,
Jiang, Gu, & Yang, 1995; Platzer et al., 2000; Martini et al.,
2000; Rodriguez-Contreras & Yamoah, 2001).

Ca,2.3 VGCCs could serve as one of these candidates.
From P2 to P10, Ca,2.3 VGCCs seem to be expressed in the
outer rather than the inner spiral bundle efferent endings and
in medial efferent fibres. Astonishingly, Ca,2.3 expression
vanished around P14 but was observed later at P19 in the
basal poles of the OHC membranes again (Waka et al., 2003).
In addition, electrophysiological studies, in situ hybridization
and RT-PCR also point to a functional expression of Ca,2.3
in the ascending auditory tract (Parajuli et al., 2012; Soong
et al., 1993; Williams et al., 1994). Functionally, Ca,2.3 and
Ca,1.3 VGCCs share essential physiological properties.
Ca,1.3 was reported to be mid voltage-activated (MVA)
to LVA instead of being a classical HVA Ca®" channel
(Koschak et al., 2001; Michna et al., 2003). The same holds
true for Ca,2.3, as demonstrated by recent studies showing
that Ca,2.3 Ca®* channels can exhibit MVA to LVA proper-
ties depending on the presence or absence of divalent heavy
metal ions in the brain (Shcheglovitov et al., 2012).

Additionally, low micromolar concentrations of DHPs
cannot be used to reliably discriminate between L-type from
Non-L-type HVA channels and Ca,2.3 can clearly under-
lie a low DHP-sensitive Ca®" current component (Lu et al.,
2004; Stephens, Page, Burley, Berrow, & Dolphin, 1997;
Weiergraber, Kamp, et al., 2006b). Considering that Ca, 1.3 and
Ca,2.3 VGCCs are coexpressed in many regions, it becomes
obvious that both channels might functionally contribute to
a low- to mid voltage-activated and low DHP-sensitive Ca’*
current component in the auditory tract (Perez-Reyes, 2003;
Shcheglovitov et al., 2012; Weiergraber, Kamp, et al., 2006b).

Based on these findings, we performed auditory profil-
ing of Cav2.3+/_ and Cav2.3_/_ mice using brainstem-evoked
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response audiometry. Our results demonstrate complex alter-
ations in click and tone burst-related hearing thresholds and
amplitude growth function in Ca,,2.3+/ ~and C&v2.3_/_ mice
with a potential gene dose-dependent effect. This is the first
report of altered auditory information processing in Ca,2.3
mutant animals.

2 | METHODS

2.1 |

Cav2.3+/ ~ embryos (kindly provided by Richard J. Miller;
Department of Neurobiology Pharmacology, and Physiology;
The University of Chicago; Chicago) were re-derived with
C57BL/6] mice and maintained with random intra-strain
mating obtaining all genotypes (Wilson et al., 2000). The
mutant line was originally generated by the use of homolo-
gous recombination in which the S4-S6 region of domain
IT was replaced with a neomycin/URA3 selection cassette.
Removal of the pore-lining and its neighbouring transmem-
brane regions resulted in a null allele of Cacnale with no
detectable Ca,2.3 transcript in Northern blot analysis and no
detectable Ca,2.3 protein in Western blot analysis in Ca,2.3
knockouts (Wilson et al., 2000). The resultant Cav2.3_/ ~ mice
represent a constitutive knockout.

The study included in total 58 mice, 18 Ca,2.3%* mice
(9 @, mean body weight: 254 ¢ + 0.6 g and 9 &, mean
body weight: 32.7 g + 1.8 g), 19 CaV2.3+/_ mice (10 @,
mean body weight: 254 g + 1.4 g and 9 &, mean body
weight: 31.6 g + 1.1 g) and 21 Ca,2.3™"~ mice (11 Q, mean
body weight: 27.0 g + 0.4 g and 10 &, mean body weight:
31.1 g + 0.9 g). ABR recordings were performed with mice
aged 140-142 days (~20 weeks).

All mice were housed in groups of 2-5 in clear Makrolon
cages type II with ad libitum access to drinking water and
standard food pellets. Using ventilated cabinets (Model
9AVI125PYN, Tecniplast, Germany; UniProtect, Zoonlab,
Germany) as a noise-protected environment, mice were
maintained at a temperature of 21 + 2°C, 50%-60% relative
humidity, and on a conventional 12-hr light/dark cycle with a
light onset at 5:00 a.m. Prior to experimentation, the animals
were strictly adapted to this circadian pattern for 14 days
(Lundt, Seidel, et al., 2019; Lundt, Soos, et al., 2019).

All animal experimentation was carried out according to
the guidelines of the German Council on Animal Care, and
all protocols were approved by the local institutional and na-
tional committee on animal care (LANUV). The authors fur-
ther certify that all animal experimentation was carried out
in accordance with the National Institute of Health Guide for
the Care and Use of Laboratory Animals (NIH Publications
No. 80-23) revised 1996 or the UK Animals (Scientific
Procedures) Act 1986 and associated guidelines, or the
European Communities Council Directive of 24 November

Experimental animals
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1986 (86/609/ EEC) and of 22 September 2010 (2010/63/
EU) (Lundt, Seidel, et al., 2019; Lundt, Soos, et al., 2019).
Specific effort was made to minimize the number of animals
used and their suffering (3R strategy).

2.2 | Genotyping

Ca,2.3 mutant mice were genotyped by PCR based on the
protocol of the KAPA Mouse genotyping kit (Sigma-Aldrich,
Germany). The following primers were used: WT forward
5'-GGC TGC TCT CCC AGT ATA CT-3"; WT reverse/KO
reverse 5'-CAG GAA GCA TCA CTG CTT AG-3"; KO for-
ward 5'-ATT GCA GTG AGC CAA GAT TGT GCC-3".PCR

(@)

800 bp —
600 bp —

(b) Ca,2.3 lI-Ill loop
1.2 3 4

-

Ca,2.3-a; > - -

B-Actn > oe oo **

© Ca,2.3 C-Terminus

1. 2 3 45 6 789 10

CaV2.3-O(.1 é i

B-Actin > T ey - e

5 6 7 8 9 10

<— 230 kDa

was carried out using the C1000 thermal cycler (Bio-Rad)
with an initial denaturation (95°C—1 min) followed by 35 cy-
cles (each cycle containing the following steps: denaturation
95°C-15 s, annealing 59°C-15 s, extension 72°C—1 min) and
final extension (72°C-10 min). Subsequently, PCR products
were separated via agarose gel electrophoresis and detected
by ChemiDoc Touch (Bio-Rad) (Figure 1a).

23 |

For microsome preparation, mice were decapitated, and
the extirpated brains were placed on ice. The cortex of one
Ca,2.3%"*, Ca,2.3"" and Ca,2.37"~ mouse was dissected and

Western blot

700 bp

< 600 bp

FIGURE 1
blot analysis of Ca,2.3 mutant mice. (a)
Ca,2.3™*, Ca,2.3"" and Ca,2.37~ mice
were generated from cryopreserved

Genotyping and Western

heterozygous embryos (Wilson et al.,
2000). Offspring chromosomal DNA was
extracted from tail biopsies for subsequent
genotyping. Amplification in Ca, 2.3+
resulted in a ~700-bp fragment and a ~600-
bp fragment in Ca,2.3-deficient (Ca,2.37")
mice. In heterozygous Cav2.3+/ ~ mice, both
fragments were detected. (b) Microsomes
(50 pg each) from Ca,2.3*"* (lanes 2 and
' 3), Ca,2.3"~ (lanes 5 and 6) and Ca,2.37~
(lanes 8 and 9) mice were analysed using
a Ca,2.3-specific antibody directed against

< 42 kDa the II-11I-loop of the underlying pore-

3** controls and

forming a,-subunit. Ca,2.
heterozygous Cav2.3+/ ~ mice display a band
of the predicted size (230 kDa). B-Actin
(42 kDa) was used as a positive control.
Lanes 1, 4, 7 and 10 indicate the protein
ladder. (c) Microsomes (75 pg each) from
Ca,2.3"* (lanes 2 and 3), Ca,2.3™~ (lanes
5 and 6) and Cav2.3’/’ (lanes 8 and 9)
<— 230 kDa mice were analysed using a Ca,2.3-specific
antibody directed against the C-terminus
of the underlying pore-forming o;-subunit.
Ca,2.3""* controls and heterozygous
Ca,2.3""~ mice display a band of the
predicted size (230 kDa). f-Actin (42 kDa)
was used as a positive control. Lanes 1, 4, 7

<— 42 kDa

and 10 indicate the protein ladder
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snap-frozen in liquid nitrogen. Subsequently, 1 ml of lysis
buffer containing 5 mM Tris-HCI, 2 mM EDTA and protein-
ase inhibitors (cOmplete Protease Inhibitor Cocktail Tablet)
(pH 7.4; all components obtained from Sigma-Aldrich) was
added to the frozen tissue followed by homogenization using
a rotor—stator homogenizer (TissueRuptor, Qiagen) for 20 s.
Cortical samples were then centrifuged for 15 min at 500 X g
at 4°C (Centrifuge 5417R; Eppendorf), and the supernatant
was kept on ice. Homogenization and centrifugation of the
remaining pellet were repeated with another 0.5 ml of lysis
buffer, and both supernatants from each animal were finally
merged. Subsequently, the merged supernatants were cen-
trifuged at 100,000 x g for 40 min at 4°C (Ultracentrifuge
Optima L-80XP, Beckman Coulter) and the resulting pellet
was solubilized in 250 pl resuspension buffer (containing
75 mM Tris, 12.5 mM MgCl,, 5 mM EDTA and protease
inhibitors (cOmplete Protease Inhibitor Cocktail Tablet) (all
components obtained from Sigma-Aldrich). Protein concen-
tration was determined using NanoDrop (NanoDrop 1,000
Spectrophotometer; Thermo Fisher), and appropriate micro-
somal aliquots were stored at —20°C.

For SDS-PAGE and Western blotting, 50 and 75 pg probes
of cortical microsomes from each genotype were mixed with
pre-heated 2 X Lidmmli buffer (Bio-Rad) and loaded to a pre-
cast gel (7.5% Mini-PROTEAN TGX Precast Protein Gel,
Bio-Rad). SDS-PAGE was carried out in a Mini-PROTEAN
Tetra Cell (Bio-Rad) filled with TGS buffer (25 mM Tris,
192 mM glycine, 0,1% SDS, pH 8.3, Bio-Rad). Prior to blot-
ting, the PVDF membrane was activated for 5 min in pure
methanol (Sigma-Aldrich). The blotting sandwich made up
of sponges, filter papers, membrane and SDS gel was as-
sembled and inserted into a Mini Trans-Blot Cell (Bio-Rad).
The individual components were pre-wetted, and the buffer
tank was filled with TG buffer w/o methanol (25 mM Tris,
192 mM glycine, pH 8.3, Bio-Rad). A cooling unit was used
to prevent the system from over-heating. Microsomal pro-
teins were blotted for 1 hr at 100 V followed by overnight
blotting at 30 V at 4°C to allow the transfer of high molecu-
lar weight proteins. Following transfer, the PVDF membrane
air-dried for 4 hr to enhance protein fixation and was sub-
sequently blocked for 2 hr in TBS-T (Bio-Rad), containing
5% milk powder and 5% goat serum. The membrane was
stained with Ponceau S to check for proper protein transfer.
In addition, the SDS gel was analysed for remaining proteins
by Coomassie Blue staining. After rinsing with TBS-T, the
PVDF membrane was separated into two parts (below and
above 70kDa) and incubated with the 1st antibody overnight,
at 4°C. The upper PVDF membrane, containing proteins
larger than 70 kDa, was either incubated with a polyclonal
Ca,2.3 C-Term antibody (host: rabbit, mouse reactivity, di-
luted 1:1,000 in TBS-T; No. ABIN350140, antibodies-on-
line.com, Germany) or with a polyclonal Ca,2.3 II-III loop
antibody (host: rabbit, mouse reactivity, corresponding to
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amino acid residues 892-907 of rat Ca,2.3, diluted 1:200 in
TBS-T; No. PA5-77300, Thermo Fisher). The lower PVDF
membrane, containing proteins <70 kDa, was incubated with
the control monoclonal antibody -actin (No. ab179467, di-
luted 1:5,000 in TBS-T, Abcam). Prior and post incubation
with the secondary HRP-conjugated antibody (goat-anti
rabbit HRP; 1:5,000; Abcam) for 1 hr at RT, the membrane
slips were washed 3 times for 10 min in TBS-T using an or-
bital shaker (SI500, Stuart). Membranes were incubated for
1 min using Super Signal West Pico Plus Chemiluminescent
Substrate (Thermo Fisher), and blot exposure was carried out
using ChemiDoc Touch (Bio-Rad).

24 |

Prior to ABR recordings, animals were anesthetized by in-
traperitoneal (i.p.) injection of ketamine (100 mg/kg body
weight, Ketanest® S, 25 mg/ml, Pfizer) and xylazine (10 mg/
kg body weight, Rompun® 2%, Bayer Health Care) and
placed inside a sound-attenuating cubicle (ENV-018V, Med
Association Inc.) lined with an acoustic foam (Figure Sla).
Additional technical/experimental details of this ABR ap-
proach such as electrical shielding, temperature support for
anesthetized animals and protection from corneal desicca-
tion were described in detail previously (Lundt, Seidel, et al.,
2019; Lundt, Soos, et al., 2019).

For recording of monaural bioelectrical auditory potentials,
subdermal stainless steel electrodes (27GA 12 mm, Rochester
Electro-Medical) were inserted at the vertex, axial the pinnae
(positive (+) electrode) and ventrolateral of the right pinna
(negative (—) electrode) (Figure Slc). The ground electrode
was positioned at the hip of the animal (Lundt, Seidel, et al.,
2019; Lundt, Soos, et al., 2019). For details on impedance
measurement of the electrodes, verification of proper electrode
placement/ conductivity, loudspeaker positioning under free
field conditions, and programming of stimulus protocols for
click and tone bursts including the software used, see Lundt,
Seidel, et al. (2019), Lundt, Soos, et al. (2019) (Figure S1b).

ABR data were sampled at 24.4 kHz, and signals were
bandpass filtered (high pass 300 Hz, low pass 5 kHz) using
a 6-pole Butterworth filter. The individual ABR data acqui-
sition time was 25 ms consisting of a 5-ms baseline period
prior to the individual acoustic stimulus onset (pre-ABR
baseline) and exceeding the 10-ms ABR section by another
10-ms baseline (post-ABR baseline, Figure S2a) (Lundt,
Seidel, et al., 2019; Lundt, Soos, et al., 2019). Click stimuli
were used to determine click thresholds, ABR wave I-IV am-
plitudes and wave I-1V latencies. Tone burst stimuli were uti-
lized to identify frequency-specific hearing thresholds in the
individual mouse lines in the frequency range of 1-42 kHz in
6 kHz steps. For averaging, the acoustic stimuli were applied
300 times at a rate of 20 Hz. ABR threshold recordings were
carried out in the increasing SPL mode, that is in 5 dB steps

ABR recording procedure
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for clicks and 10 dB steps for tone bursts, ranging from 0 to
90 dB. For further details concerning calibration of the ABR
setup and online confirmation of spectral characteristics of
sound stimuli using fast Fourier transformation (FFT), please
refer to Lundt, Seidel, et al. (2019), Lundt, Soos, et al. (2019).

2.5 | ABR analysis

251 |

In this study, we used an automated threshold detection based
on previous publications (Alvarado, Fuentes-Santamaria,
Gabaldon-Ull, Blanco, & Juiz, 2014; Bogaerts, Clements,
Sullivan, & Oleskevich, 2009; Probst et al., 2013). Software
"R" (The R Foundation, version 3.2.1, R Core Team 2015) was
combined with the additional packages “reshape2” (version
1.4.1), “ggplot2” (version 1.0.1), “data.table” (version 1.9.4),
“gdata” (version 2.13.3), “pastecs” (version 1.3.18), “waves-
lim” (version 1.7.5) and “MassSpecWavelet” (version 1.30.0;
Du, Kibbe, & Lin, 2006) for data processing and analysis.
Wavelet analysis was carried out using “MassSpecWavelet”
package (Du et al., 2006; Lundt, Seidel, et al., 2019).

General aspects and software

2.5.2 | Analysis of hearing thresholds

To characterize the click and tone burst-derived thresholds
of ABR recordings, three distinct time windows (TWs) were
defined to calculate the signal-to-noise ratio (SNR): TW,
(0-5 ms), TW, (5-15 ms) and TW; (15-25 ms). For the cal-
culation of noise standard deviation of the baseline, ABR
trace resetting and definition of ABR hearing thresholds, see
Lundt, Seidel, et al. (2019), Lundt, Soos, et al. (2019) and
Figure S2a.

2.5.3 | ABR wave amplitude and wave
latency analysis

For determination of positive (p) waves (peaks, see inter-
cept points of red-grey lines with ABR trace) and negative
(n) waves (pits, see intercept points of blue-orange lines with
ABR trace, Figure S2b), a wavelet-based approach was car-
ried out utilizing the "Mexican hat" wavelet which uses a
default wavelet by the continuous wavelet transform (CWT)-
based pattern-matching algorithm (Du et al., 2006) related to
the following equation (Daubechies, 1992):

1 -b
C(a,b)= L SO, ,(Ddt, w, , (1) = ﬁw < t7> i

a€RY—{0},beR,

where s(?) is the signal, a is the scale, b is the translation, y(z) is
the mother wavelet, y, ,(?) is the scaled and translated wavelet
and C is the 2D matrix of wavelet coefficients.

A detailed description of this automated tool for ABR
analysis is given in Lundt, Seidel, et al. (2019), Lundt,
Soos, et al. (2019). It allows for amplitude growth func-
tion analysis and latency comparison of all waves (Wi
v), identifying maximum amplitudes (Figure S2b, green
crosses) and mean latencies (Figure S2b, red-grey lines)
of each of the four p-peaks within the time frame of the
related n-peaks. Note that all results based on the self-pro-
grammed automatic wavelet tool were visually checked
afterwards. In rare cases, individual ABR runs were ex-
cluded from statistics due to, for example, noise contam-
ination (Lundt, Seidel, et al., 2019; Lundt, Soos, et al.,
2019).

2.6 | Real-time PCR of Ca,2.3 mutant
mouse cochlea

qPCR was carried out in male and female Ca,2.3"*,
CaV2.3+/_ and Cav2.3_/_ mice to identify potential altera-
tions in cochlear transcript levels of other VGCCs (i.e.
HVA L-type Ca,1.2 and Ca,1.3, LVA T-type Ca,3.1,
Ca,3.2 and Ca,3.3) that were previously reported to
be expressed within the cochlea and the auditory tract.
For each genotype, the following subgroup was used
for analysis: Ca,2.37": @, n = 8, 21.23 + 0.16 weeks;
@, n =8, 21.54 + 0.32 weeks; CaV2.3i: 3, n = 8,
20.71 + 0.14 weeks; @, n = 8, 22.25 + 0.61 weeks;
Ca2.377: 3, n =8, 2098 + 0.25 weeks; 9, n = 6,
21.91 + 0.50 weeks. Notably, experimental animals for
cochlear qPCR analysis were not used in ABR experi-
ments before. Both cochleae of each individual animal
were dissected in an RNase-free environment (RNAlater
stabilization reagent, Qiagen) and snap-frozen in liquid
nitrogen. Total RNA from both mouse cochleae was ex-
tracted using Direct-zol RNA Micro Kit (Zymo Research,
Freiburg i.Br.) followed by an additional step of DNase
digest (Turbo DNA-free Kit, AmbionTM, Thermo Fisher
Scientific). Quality and quantity of total RNA were
evaluated using the NanoDrop standard procedures
(NanoDrop1000, Thermo Fisher Scientific). cDNA syn-
thesis was carried out using a two-step RT-PCR approach
using both random hexamer and anchored-oligo(dt);g
primers with 250 ng of total cochlea RNA from each ani-
mal for the final 50 pl first-strand cDNA mix (Transcriptor
First-Strand cDNA synthesis Kit, Roche). cDNA (2 pl)
served as template for qPCR (see below), and signal
detection was based on SYBR Green I Master (Roche).
qPCR experiments were performed using a LightCycler
480 System (Roche) with the following protocol (per
cycle) being applied for all primer pairs (Table 1): 95°C
(10 min, pre-incubation step); 95°C (10 s, denaturation
step); 60°C (20 s, annealing step); and 72°C (30 s, exten-
sion step). In total, 40 cycles were performed.
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TABLE 1 Characteristics of primer pairs used for qPCR. Real-time PCR for various HVA L-type (Ca, 1.2, Ca,1.3) and LVA T-type Ca>*

channels (Ca,3.1, Ca,3.2, Ca,3.3) was performed using gene-specific primer pairs. Primer pairs were generated by OriGene Technologies” or

adapted from Weiergriber et al., 2005°

Gene Protein Forward sequence (5'-3")

Cacnalc? Ca,1.2 o CGTTCTCATCCTGCTCAACACC

Cacnald? Ca,1.3 o CTACCGTTGCACAGATGAAGCC
Cacnalg® Ca3.1q GACCATGTGGTCCTCGTCATCA
Cacnalh® Ca,3.2 o GCACAAAGTGCTGGAGCCCTAT
Cacnali® Ca3.3 o GTCTTCACCAAGATGGACGACC
Hprtb HPRT GCTGGTGAAAAGGACCTCT

Reverse sequence (5'-3")
GAGCTTCAGGATCATCTCCACTG
TCACGGACCACAGGACTGTCAA
TTTCAGCCAGGAAGACTGCCGT
GTGTGCGATGACTTTCTGGCAG
ACTTCGCACCAGTCAGGCTTGT
CACAGGACTAGAACACCTGC

All cochlea samples were tested in triplicates, and two
negative controls in duplicates (no template; no RT) were
added to the qPCR 96-well-plate (Roche). Furthermore, co-
chlea cDNA derived from C57BL/6J mice served as positive
control and calibrator cDNA (again in triplicates in every
plate) to avoid inter-run variations and guarantee statistical
comparability among the plates. Amplification specificity
was verified by melting curve analysis (LightCycler 480
System Software, Roche). Deionized, nuclease-free water
(no cDNA) and total RNA samples (without RT) were used
as controls and HPRT served as internal reference gene. The
LightCycler 480 System software (Roche) was used to cal-
culate the Ct-values (cycle threshold) (Lundt, Seidel, et al.,
2019; Lundt, Soos, et al., 2019).

Considering the individual primer efficiency, analysis and
qPCR statistics were carried out using qBase + qgPCR analysis
software (Biogazelle) which is based on a delta-Cq quantifi-
cation model with PCR efficiency correction, reference gene
normalization and inter-run calibration (Hellemans, Mortier,
Paepe, Speleman, & Vandesompele, 2007). The results were
depicted as CNRQ (Calibrated Normalized Relative Quantity)
and statistically analysed using the Mann—Whitney test (Lundt,
Seidel, et al., 2019; Lundt, Soos, et al., 2019).

2.7 | Statistical analysis

All results in this study are presented as group means + SEM
using GraphPad Prism 6 software (V6.07 GraphPad Software,
Inc.). Both genders were analysed separately. Statistical differ-
ences were compared with an ordinary one-way ANOVA for
click-evoked hearing thresholds analysis (Figure 4) and differ-
ences in Wy interwave intervals (IWI, Figure 7) by Tukey's
multiple comparisons test. Two-way repeated-measure ANOVA
followed by Tukey's adjustment for multiple comparisons was
performed to evaluate differences in tone burst-evoked hearing
thresholds (Figure 5a,b) and to calculate amplitude growth func-
tion differences (Figure 6). To test statistical significances, we
used a-level = 0.05 and p-values defined as *p < .05; **p < .01;
#Ep < .001; ##*¥*p < .0001. Note that asterisks indicate sig-
nificant differences between controls and mutant (Cav2.3+/_ or

Cav2.3_/_) mice, whereas “*”” icons represent significant differ-

ences between heterozygous and knockout animals.

3 | RESULTS

3.1 | Developmental aspects in Ca,2.3
mutant mice

Western blot analysis was used to confirm deletion of the
Ca,2.3 protein in Ca,2.3-deficient mice compared with
wild-type animals (Figure 1b,c). Cortex preparations from
both CaVZ.SJ'/Jr and Cav2.3+/ ~ mice displayed a clear band at
230 kDa, the predicted size for the Ca,2.3 «; subunit (Figure
1b,c). In cortical probes from Cav2.3_/ ~ mice, a corresponding
band was not observed, indicating the absence of the Ca,2.3 o
subunit in these animals (Figure 1b,c). Ca,2.3-deficient mice
(Figure 1) were reported to exhibit complex physiological al-
terations (Chen et al., 2000; Dietrich et al., 2003; Kuzmiski et
al., 2005; Matthews et al., 2007; Muller et al., 2012; Siwek et
al., 2014; Tai et al., 2006; Weiergraber, Henry, et al., 2006a;
Weiergraber et al., 2007, 2005, 2010; Weiergraber, Kamp, et
al., 2006b; Yang & Berggren, 2005; Yokoyama et al., 2004).
Given these phenotypic characteristics of Ca,2.3 null mu-
tants, we first investigated potential developmental altera-
tions in body weight in female and male controls (2, n = 9;
3,n=9),Ca2.3" mice (9, n=10; 3, n=9) and Ca,2.37~
(@, n=11; &, n = 10) animals aged 140 — 142 days. In fe-
males, no significant change in body weight was observed for
Cav2.3+/_ or Cav2.3_/_ mice compared with controls at the age
of 20 weeks (Ca,2.37",25.4 + 0.5 g; Ca 237,254 + 13 g;
Cav2.3_/_, 27.0 + 0.4 g; Figure S3a). The same held true
for male controls (Ca,2.3™", 32.7 + 1.7 g), heterozygous
(Cav2.3+/ ~,31.6 + 1.1 g) and homozygous Ca,2.3 null mutants
(CaV2.3_/_, 31.1 + 0.8 g, Figure S3a). Long-term monitoring
revealed reduced body weight in female Cav2.3+/ -
pared with controls between 25 and 35 weeks of age (Figure
S3b) which did not hold true for male Ca,2.3 heterozygous
mutants between 25 and 35 weeks of age (Figure S3c). Note,
that ANOVA testing for the total range (5-50 weeks of age)
revealed no significant differences.

mice com-
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analysis of hearing thresholds, amplitude growth functions
and latencies in controls, Cav2.3+/ ~and Cav2.3_/ ~ mice.
Special attention was payed to gender-specific differences,
as gender is of major influence in auditory profiling in both
men (Murphy & Gates, 1997;Pearson et al., 1995) and mice
(Henry, 2004; Ison, Allen, & O'Neill, 2007). ABRs to free

3.2 | Click- and tone-evoked ABRs in
control, Ca,2.3"~ and Ca,2.3™~ mice

To get a closer insight into the functional involvement of
Ca,2.3 VGCCs in auditory information processing, we per-
formed click- and tone burst-evoked ABR recordings and

(a) 4 (b) v © e

0dB

5 0B e e e A e e

110 AB e e e e e
B P A
20 0B v e e
e A AN NN N e s e N A
30 B ~ormeet A\ M N e

40 dB-MIV\AA,WV
N LY\

50 dBM'v\\/\/\/\Mw
MW/\ANM\.
60 dBVIW\/\N\/\,\/\ANMA
A —
70 dBW\N\M\/\W

90 dBW\\/\J\/\/\W‘W
2V
5ms
(d) +/+

0 B A/ v s e e A AN e S e N e N
5 AB At A A e A A A A
10 AB A et e s e o AN s

AN A N AN A AR e e I NN,
20 dB A A A AN M N A A A A AN AN A A

e N\ [N\ A At e
30dB WWWWW

e WA
4045 WMJ\N\/\NWW
WWJW\/\,\,WM

90 dB
Y

5ms

0dB
5dB

10 IB At A e A e e N A At NN g P

AN AN AN SN p NN A n S NN o N N NN P NN VARt
20 B~ s e A A el N N el
e AN At AN NP AN~ A e P 0
30 AB e A e A A e e e eSO
A s s A S pint

40dBWWJ\/\\/\N/x,WMW
MJV\,\/WW\/\/W

o | —
e A

N Y
SOdB/'\—/*\/\/’\/‘/V\/_Wf

2uv

5ms

(e) +/—

0 AB M e s A A Ay AAAA AN AN A A WA A AN A A A
5 0B A A re A e s M AN~ AN e SN o S
10 dB  w/ A n AN A A A A AN AP AN A~
At A PN pAA fI NN AN AN SISO AN r
20 AB MMt S A A A A A st WA N AN AAN A AN pon Nl
A A A e P A oo AN oo
30 AB aor M o Maay sy e  ASANNAN A A AN N A Jbn T N
AN A A AN e AP Ay NNt e AP NAAS I st IS pn.

40 dB A A N N N A A AN A A AN AN AN,

WMWMW

50 dB M/\/\'\/\/\w-r’\vw“%
M/V\f\/\/\mwwﬂw

0B meV\,\/\/WW
- A—

80 dB W’\J\—u\/\/w‘wm’\(

QOdBMW
. 11pv

5ms

0dB WU R
5dB
A A YA AN A A AN AN A AN A N
20 QB et A A A e St Al
M e P AN AN A~ AP AN VA ran

30 B v A A A AN A A AP A AAAAAANN AN AR At N

L T WUV W BRI A P

40dBMWWMW
50dB—/-w——\M\/\/\,\/~\—/——wwm

70dBW\fv/\/\,‘/M
PSRN | VY | VAN
80 dBv-N—\M\,\AWW

90 dB
11 Vv
s

() —/-

0 dB e e A e A Nt NN
5 dB e N M M N e N T e TN
10 dB et AN MMt e e
A e A et N N A A o et
20 dB -~ s N S e N A
T N A T ™ S o PN s S i
30 dB 7 S A T N N e e N A A NN
N AN N e e N e A

40 9B N\ NN
’\/\,J\/\/\/\/\/\/\\/Wm

008~ I\ A s
A

90 dB

5ms

FIGURE 2 Representative ABRs to click stimuli in female and male Ca,2.3 mutant mice. ABRs obtained from female Ca,2.3**(a),
Ca,2.3%~ (b) and Ca,2.37" (c) mice as well as male Ca,2.37¥(d), Ca,2.3"'~ (e) and Ca,2.3™'~ (f) animals upon click stimulation (increasing SPL

from 0 to 90 dB with 5 dB SPL steps). Each stimulus entity is presented 300 times at 20 Hz for averaging. The red line indicates the onset of the

acoustic stimulus. Note that ABR hearing threshold is increased in female Cav2.3+/’ mice (see also Figure 4a) and that wave amplitudes are reduced
in mutant mice, particularly in Cav2.3’/ ~ (see adapted scaling in C, also Figure 6). In males, the ABR hearing threshold is increased in Ca,2.

3=

mice compared with controls (see also Figure 4b) [Colour figure can be viewed at wileyonlinelibrary.com]

85U8017 SUOWWOD 8AIEaID (edl|dde 8Ly Aq peusenob ae Sa(ple YO ‘8sN JO Sa|nJ 10} ARiq1T8UIIUO AB]IM UO (SUONIPLOD-PLR-SULBYW0D A8 | 1M Afe.ql1|Bul [UO//Sdny) SUORIPUOD Pue swie | 8L 8eS *[£202/50/52] Uo Ariqiauliuo A8 |1 ‘Bepoune Jnd winiuez ssyosined Aq T6SYT UR/TTTT 0T/I0pA0D A8 1M Aselq | pul|uo//Sciy Wwo.j pepeo|umod ‘. ‘0202 ‘895609 T



LUNDT ET AL.

field click (0.1 ms) and pure tone burst (1-42 kHz in 6 kHz
steps, 4.5 ms in total with a 1.5-ms ramp time) acoustic stimuli
were recorded with subdermal steel electrodes (for electrode
positioning, see Materials and Methods). Note that vertex
positive deflections are plotted as upward deflections as de-
picted in representative click-evoked recordings for female
Ca,2.3%"* (Figure 2a), Ca,2.3"" (Figure 2b) and Ca,22.3™~
mice (Figure 2c). Representative ABR recordings in females
suggest increased click-evoked ABR thresholds in CaV2.3+/ -
mice and alterations in amplitude growth function (for details,
see below). Similarly, representative ABR recordings in males
suggested increased click-evoked ABR threshold and altered
amplitudes in Cav2.3+/ ~ mice (Figure 2e) compared with
Ca,2.3*"* controls (Figure 2d) and Ca, 2.3 null mutants (Figure
2f, for details, see below). Representative tone burst-evoked
ABRs for females are depicted in Figure 3a—c and for males
in Figure 3d—f. Notably, the representative ABR recordings
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suggest frequency-specific hearing threshold alterations in
both Ca,2.3""~ (Figure 3b,e) and Ca,2.3™"~ mice (Figure 3c,f).

3.3 | Click-related hearing thresholds in
control, Ca,2.3""~ and Ca,2.3™"~ mice

To evaluate the effect of the Ca,2.3 allelic loss on general
hearing performance, we recorded click-evoked ABRs for
different SPLs (0-90 dB) in all three genotypes at an age of
140-142 days (~20 weeks). Ordinary one-way ANOVA and
a Tukey multiple comparisons test revealed a significant in-
crease (F,7 = 3.508, p = .04) in click-evoked hearing thresh-
olds for Cav2.3+/_ female mice (38.50 + 1.50 dB SPL, n =10)
compared with control females (31.67 +2.36 dB SPL, n =9,
Figure 4a). Similarly, male Cav2.3+/_ mice (38.89 + 1.62 dB
SPL, n = 9) revealed a significant difference (F,,5 = 4.317,
p =.02) compared with control males (30.56 +2.27 dB SPL,
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FIGURE 3 ABRs to tone burst stimuli in female and male Ca,2.3 mutant mice. Representative ABRs from female Ca,2.3™* (a), Ca,2.3%'~ (b) and

Cav2.3’/ ~ (c) mice as well as male CaV2.3+/ *(d), Cav2.3+/’ (e) and Cav2.3’/’ (f) animals following tone bursts of 1-42 kHz (6 kHz steps) with an SPL.

of 80 dB. Each stimulus entity is presented 300 times at 20 Hz for averaging. The red line indicates the onset of the acoustic stimulus. Note that ABR

wave amplitudes are reduced in female Cav2.3+/ ~ mice at higher frequencies > 30 kHz [Colour figure can be viewed at wileyonlinelibrary.com]
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n = 9, Figure 4b). No significant differences were found
for Cav2.3_/_ mice (@, 36.82 + 1.69 dB SPL, n = 11; &,
36.50 + 2.11 dB SPL, n = 10). Note that no gender-specific
alterations in hearing thresholds were observed between the
individual genotypes (Cav2.3+/+, CaV2.3+/ ~and Cav2.3_/_) at
the age of 20 weeks.

3.4 | Tone burst-related hearing thresholds
in control, Cav2.3+/ ~and Cav2.3_/ ~ mice

To determine potential alterations in ABR threshold levels
evoked by different tone burst frequencies (1-42 kHz, Figure
5a,b), we performed repeated two-way ANOVA followed by
a Tukey multiple comparisons test. Significant interaction
was obtained regarding genotypes and stimulus frequencies
(Q: Fiy130 = 3.478, p = .0001; 3: F14 161 = 2.725, p = .001),
whereas there was no significant effect of the genotype on
threshold levels. Multiple comparison revealed several sig-
nificant alterations for individual stimulus frequencies with
heterozygous Cav2.3+/ ~ mice exhibiting increased ABR
thresholds compared with controls, particularly in the range
of 6-18 kHz (Figure 5a,b). The percentage of mice with a
detectable hearing threshold for the individual frequencies is
displayed in Figure 5c,d. The binary response variable "hear-
ing" (yes/no) was analysed with a generalized linear mixed
effects model using a logit link (generalized logistic regres-
sion), accounting for fixed effects "frequency"” (continuous),
"group" (Cav2.3+/+, Cav2.3+/_, Cav2.3_/_) and "sex" (male
and female) and a random effect "animal." There was no
significant gender effect (OR = 1.19; p = .6). In addition,
no group-specific differences were detected for Cav2.3_/ -
Versus Cav2.3+/_ (OR = 2.18; 95% confidence interval 0.77,
6.13; p = .140) and Ca,2.3""~ versus Ca,2.3"* (OR = 2.05;
95% confidence interval 0.77, 5.45; p = .148). A signifi-
cant difference was observed for Cav2.3_/ ~ versus Cav2.3+/+
(OR =4.47; 95% confidence interval 1.59, 12.54; p = .0045).
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FIGURE 4

3.5 | Click-evoked ABR amplitude growth
function analysis

In response to moderate to high-intense clicks, there may
occur up to six ABR peaks (W - Wy, in mice which are as-
sumed to be related to the following neuroanatomical struc-
tures: Wiy, auditory nerve (distal portion, within the inner
ear); Wy, cochlear nucleus (proximal portion of the auditory
nerve, brainstem termination); Wy, superior olivary com-
plex (SOC); Wy, lateral lemniscus (LL); Wy, termination
of the lateral lemniscus (LL) within the inferior colliculus
(IC) on the contralateral side; Wy, thalamus (medial genicu-
late body) (Kallstrand, Lewander, Baghdassarian, & Nielzen,
2014; Knipper, Dijk, Nunes, Ruttiger, & Zimmermann,
2013). Notably, the exact association of ABR-related waves
II-1V and potential underlying neuroanatomical structures of
the ascending auditory pathway is to some extend still a mat-
ter of debate.

In 19% of all click-evoked ABR recordings, automated
wavelet analysis detected six distinct positive waves. Five
distinct positive waves were observed within 45% of all click-
evoked ABR recordings and a minimum of four distinct pos-
itive waves in 36% of all recordings within the first 10 ms at
an SPL of 55 dB. Based on these findings, we focussed our
final analysis on Wy_y.

Waves [-1V were determined based on their latencies, for
example Wy appeared 1.70 + 0.16 ms and 1.58 + 0.14 ms
after the acoustic stimulus in female and male con-
trols, respectively; Wy, after 2.51 + 0.16 ms in females
and 2.39 + 0.17 ms in males; Wy after 3.27 + 0.16 ms
in females and 3.16 + 0.15 ms in males; and Wy after
4.49 + 0.20 ms in females and 4.29 + 0.22 ms in males at
an SPL of 55 dB in Cav2.3+/Jr mice aged 140-142 days (see
also Figure 7).

ABR amplitude growth function was analysed for
Wiy, and results are depicted in Figure 6. Maximum wave

(b) Males
60
L]
i L L]
g 40 A EEEE oo
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k] Yy vy .
_g L]
7]
2 20
=
[ A
0 ++ +/— -

Increased ABR click-evoked hearing thresholds in female and male Cav2.3+/ ~ mice. Click-evoked hearing thresholds of female

(a) and male (b) Ca,2.3"* (9, n=9; 3, n=9), Ca,2.3"7 (9, n=10; 3, n=9) and Ca,2.37~ (9, n = 11; &, n = 10) mice aged 140 — 142 days.
Hearing thresholds were obtained as described from raw ABR traces (see representative ABR recordings for females and males in Figure 2). One-

way ANOVA followed by Tukey multiple comparisons test revealed significant increase in hearing threshold for Cav2.3+/’ female (F, ,; = 3.508,

p =.04) and male (F, 55 = 4.317; p = .02) mice compared with Cav2.3+/ * female and male animals. Data are presented as scatter plots including

mean + SEM
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FIGURE 5 Tone burst-evoked ABR hearing thresholds in female and male Ca,2.3~'~ mice. Tone burst (1-42 kHz, 6 kHz steps) evoked
ABR-based thresholds for Ca,2.3"" (9, n=9: 8. n=9, A), Ca,2.3"" (9, n=10; 3, n =9, W) and Ca,2.3™" mice (¢, n=11; 3, n = 10,
Q) aged 140 — 142 days (a, b). Hearing thresholds were obtained as described from raw ABR traces (see representative ABR recordings in

Figure 3). Significant interaction was found between genotype and stimulus frequency (two-way RM ANOVA; @, F4 159 = 3.478, p = .0001;

8. Fi4161 = 2.725, p = .001). Multiple comparison testing revealed several significances for female (a) and male mice (b) for different stimulus

frequencies. (c, d) Percentage of mice with a detectable hearing threshold for each frequency. Data were analysed using a generalized logistic

regression. No gender effect was detected (OR = 1.19; p = .6). A significant group difference was observed for Cav2.3_/ ~ versus Ca,2.

JH+

(OR = 4.47; 95% confidence interval 1.59, 12.54; p = .0045). Data are depicted as mean + SEM. Asterisks (*) indicate significant differences
between mutant mice (Ca,2.3"~, Ca,2.377) and Ca,2.3""* control animals, and "+" icon symbolizes significant differences between Ca,2.3"~ and

CaV2.3_/_ mice [Colour figure can be viewed at wileyonlinelibrary.com]

amplitudes were plotted against SPL levels tested to unravel
potential alterations in wave amplitude growth function over
stimulus intensity. Due to the nonexistence or rare appear-
ance of deflections (waves) for low SPL (0-25 dB), wavelet
analysis detected no or only limited confirmed accordance of
waves in this SPL range. For higher SPL (30-90 dB), wavelet
analysis identified mostly all waves (Wy_py) in all experimen-
tal animals.

For Wy, regular two-way RM ANOVA revealed significant
effects of the genotype for male mice (F, 5 = 4.236, p < .026)
and significant interaction between genotype and SPL (Q,

Foyz04 = 2417, p = .0003; 3, Fyy300 = 3.564, p < .0001).
Tukey multiple comparisons test revealed significant lower
amplitudes for Cav2.3+/_ female mice (SPL 45, 50, 80, 90 dB)
compared with Cav2.3+/ * control females and significantly
lower amplitude values for SPL 80-90 dB in CaV2.3+/_ com-
pared with Cav2.3_/_ female mice (Figure 6a). Male Cav2.3+/_
W, amplitudes turned out to be significantly lower compared
with Ca,2.37"~ amplitude levels between SPL 50 and 80 dB
and Cav2.3_/ ~ male mice displayed a significantly higher am-
plitude for 60 dB SPL compared with Ca,2.3™" controls using
Tukey multiple comparisons test (Figure 6b).
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FIGURE 6 Click-evoked ABR amplitude growth function analysis of Waves I-IV for female (left) and male (right) Ca,2.3 mutant mice.
Wave I-1V amplitude (uV) plotted against increasing SPL (dB) for click-evoked ABR wave analysis for Cav2.3+/+ (2,n=9; 3, n=29;black line
representing the approximated control curve including the 95% confidence interval in grey), Cav2.3+/_ (,n=10;3,n=9, ) and Cav2.3_/_ mice

(@,n=11;3,n=10, O) aged 140-142 days. Cav2.3+/_ female and male mice exhibit significant delayed increase in amplitude growth as well as

lower maximum amplitudes across the increasing SPL compared with Cav2.3+/+ mice (a, d, e, f). Significant differences in amplitude growth and

maximum amplitude were also found between Ca,2.3"~ and Ca,2.37'~ female and male mice (a, b, h). Ca,2.3™~ animals displayed significantly

higher amplitudes compared with Cav2.3+/+ (b, g) but also significantly lower amplitude (d, e, f). Data are presented as mean + SEM. Asterisks

(*) indicate significant differences between mutant mice (Ca,2.3%'~, Ca,2.37") and Ca,2.3™* control animals, and "+" icons indicate significant

alterations between Cav2.3+/_ and Cav2.3_/_ mice [Colour figure can be viewed at wileyonlinelibrary.com]

No significant differences in Wy; amplitude growth func-
tion were observed in female Ca,2.3 mutant mice (Figure
6¢). However, two-way RM ANOVA detected a significant
genotype effect (F,,5 = 4.662, p = .02) on the amplitude
growth function for Wy; in male mice (Figure 6d). Tukey mul-
tiple comparisons test revealed significant lower amplitude
levels for both Ca 2.3~ and Cav2.3_/_ male mice for SPL
75-80 dB and a lower amplitude level of CaV2.3+/_ male mice
for 90 dB SPL (Figure 6d).

Amplitude growth function for Wy was significantly
affected by genotype (Q, F,,; = 8479, p = .001; &,
Fy,5 = 5.931, p = .008) as well as the interaction of the
genotype and the stimulation SPL [dB] (Q, Fyy 34 = 5.255,
p < .0001; &, Fry300 = 2.578, p = .0001) as determined by
two-way RM ANOVA (Figure 6e,f). Cav2.3+/ ~and Cav2.3_/ -
female and male mice display significantly lower amplitude
growth and overall amplitude levels compared with Ca,2.3%*
mice in the range of 45-90 dB SPL as revealed by Tukey
multiple comparisons test (Figure 6e,f).

Wiy two-way RM ANOVA analysis elicited a significant
effect of the genotype on Ca,2.3 male mice (F, 5 = 3.720,
p = .04, Figure 6h) and significant interaction of the genotype
and stimulus SPL on Ca,2.3 female mice (Fy 34 = 4.151,
p < .0001, Figure 6g). Significant effects of the SPL on am-
plitude growth function of Ca,2.3 mutant mice (both @ and 3,
p < .0001) were observed for all waves (W_yy) by two-way
RM ANOVA (Figure 6a-h). Tukey multiple comparisons
test for Wy amplitude shows significantly higher amplitudes
between 65 and 75 dB SPL for Ca,2.37"~ and Ca,2.3"~ fe-
male mice compared with Ca\,2.3+/+ female mice (Figure
6g). Significantly different amplitude values were detected
between Cav2.3+/_ and Cav2.3_/_ male mice between 45 and
65 dB SPL as well as 90 dB SPL using Tukey multiple com-
parisons test (Figure 6h).

3.6 | Click-evoked ABR waveform
latency analysis

In order to investigate the role of Ca,2.3 Ca** channels
on the temporal aspects of auditory information process-
ing within the inner ear and brainstem, we analysed click-
evoked wave latencies by measuring the processing time
of each ABR wave (W-Wyy). We also analysed the Wy

interwave interval (IWI) which reflects the conduction time
from cranial nerve VIII (as due to W) to the lateral lemnis-
cus (Wyy) (Burkard, Eggermont, & Manuel, 2007). Latency
analysis was carried out at 55 dB SPL as resultant ABRs
provided best fit using the automated complex “Mexican
hat”-based wavelet approach.

Importantly, no alterations in absolute Wy latencies
could be detected for both male and female Cav2.3+/_ and
Cav2.3_/ ~ mice. Cav2.3_/_ female mice, however, displayed
a significant increase in Wy, IWI (F,,; = 3.938, p = .03)
as revealed by unpaired one-way ANOVA with a Tukey
multiple comparisons test (Q: Cav2.3+/+, 2.792 + 0.045 ms,
n =9; Ca23"", 2846 + 0.031 ms, n = 10; Ca,2.37",
2.973 +0.059 ms, n = 11, Figure 71). No significant changes
were obtained for Ca,2.37"~ male and Ca,2.3"~ female or
male mice (3: Ca,2.3%"*,2.706 + 0.042 ms, n = 9; Ca,2.37",
2.820 + 0.041 ms, n = 9; Ca,2.37", 2.743 + 0.030, n = 10;
Figure 7i,)).

In addition, latency analysis was carried out for specific
sensation levels, that is 10 and 20 dB above the individual
hearing threshold of the experimental animals (data not
shown). No statistical alterations were observed under these
settings.

3.7 | Cochlear VGCC transcript levels in
Ca,2.3 mutant mice

Various VGCCs are expressed in the murine cochlea and
ascending auditory pathway including the HVA Ca,1.2
and Ca,1.3 L-type channels, and the LVA T-type channels
Ca,3.1-3.3. qPCR was carried out to reveal potential com-
pensatory changes in these channel entities upon mono-
allelic or complete Ca,2.3 gene inactivation. Analysis in
males revealed no transcriptional changes in these VGCCs
in the cochlea of Cav2.3+/_ and Cav2.3_/_ mice that could
be directly attributed to the observed alterations in click-
and tone burst-related hearing thresholds, Wy amplitude
growth function and Wy, latencies (Figure 8, see also
fold changes and statistics in Table S1). In females how-
ever, a significant alteration in Ca,3.1 transcripts between
Ca,2.3"" and Ca,2.3™" mice was detected (HT/KO fold
change: —1.572, p = .03, Figure 9c, Table S1). In addition,
gender differences were observed in Cav2.3_/_ mice for
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FIGURE 7 Click-evoked ABR latency and interwave interval Wy 1y, analysis for female and male Ca,2.3™*, Ca,2.3"~ and Ca,2.37"~ mice.
Latencies (ms) for each ABR wave (I-1V) at 55 dB SPL are depicted for all three genotypes for both genders (Cav2.3+/ t@Qn=93,n=09;

A), Cav2.3+/_ (grey bars, @, n=10; 3, n=9; ). Cav2.3_/_ mice (@, n = 11; &, n = 10; O); females, a, c, e, g, i; males, b, d, f, h, j). Statistical
analysis revealed no differences in absolute Wy - Wiy, latencies in mutant mice in both females and males (a-h). (i,j) Interwave interval (IWI) Wy_jy

was analysed at an SPL of 55 dB with mice aged 140-142 days. (i) A significant increase in IWI Wy, was observed for Cav2.3_/ ~ female mice

compared with Ca\,Z.?ﬁ'/+ female mice using unpaired one-way ANOVA (F, ,; = 3.938, p = .03) followed by a Tukey multiple comparisons test

(p =.03). (j) No differences in IWI W were detected in Ca,2.3 male mutant mice. Data are depicted as scatter plots including mean + SEM

Ca,3.1 (FC 9/8 1.779, p = .02) and Ca,3.2 (FC ¢/3 2.370,
n = 0.043) (Table S2).

4 | DISCUSSION

4.1 | Functional implications of Ca,2.3
VGCCs in the inner ear and ascending
auditory tract

Our results provide novel insight into the role of Ca,2.3
VGCCs in auditory information processing. Interestingly,
increased click-evoked hearing thresholds were detected
in heterozygous Cav2.3+/_ mice but not in Cav2.3_/_ ani-
mals. Similarly, tone burst-evoked hearing thresholds were

increased in CaV2.3+/ ~ mice in the lower frequency range

(8-16 kHz) with no prominent changes in Ca,2.3-deficient
animals. Notably, the percentage of hearing animals was
increased in both Cav2.3+/_ and Cav2.3_/ ~ mice for tone
burst testing in the higher frequency range 36—42 kHz. In
addition, complex changes in amplitude growth function
were observed in Ca,2.3 mutant animals. Increased hear-
ing thresholds and reduced W; amplitude in Cav2.3+/_ mice
might point to a functional expression of Ca,2.3 VGCCs
in the inner ear, whereas amplitude alterations in Wy
might originate from the superior olivary complex. As la-
tency analysis of identical sensation levels (10 and 20 dB
above the individual hearing thresholds) did not reveal
mouse line-specific differences, alterations, particularly in
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FIGURE 8 Cochlear VGCC
transcripts in male Ca,2.3 mutant mice. 0.1 0.1
RNA was isolated from the cochlea of e+ +- - e+ +- —-
male Ca,2.3™" (n = 8), Ca,2.3"" (n=38) .
and Cav2.3’/ ~ mice (n = 8) and utilized in © Cay3.3 transcripts
a qPCR approach to check for alterations °
in other VGCC (Ca,1.2, Ca,1.3, Ca,3.1,
Ca,3.2, Ca,3.3) transcript levels. Transcript 1
levels were normalized to the calibrator. g A a4 .' - .%
L]
No significant changes were observed % —a— —m— oo
for the VGCCs tested. CNRQ, calibrated A bl R
A
normalized relative quantity. Results 0.1 4 -
are depicted as scatter plots including
mean + SEM Al +- —-
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(a) Ca, 1.2 transcripts (b) Ca,1.3 transcripts FIGURE 9 Cochlear VGCC
° transcripts in female Ca,2.3 mutant mice.
Aa " RNA was isolated from the cochlea of
[ ] u 0e® u _jE +/+ _ +/— _
14 AA il %r 14 —% _% oo female Ca,2.3"" (n = 8), Ca,2.3""" (n=28)
o | ox TTT o* o Ry it and Ca,2.3”'" mice (n = 6) and utilized in
% DZ: a qPCR approach to check for alterations
© © in other VGCC (Ca,1.2, Ca,1.3, Ca 3.1,
Ca 3.2, Ca,3.3) transcript levels. Transcript
levels were normalized to the calibrator.
0.1 0.1 R
A v - A e - A significant change was observed for
Ca,3.1 VGCCs between heterozygous and
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Cav2.3+/_ mice, might be related to functional implications
of R-type Ca** channels in the inner ear.

4.2 | Paradoxic genotype—phenotype
correlation in Cav2.3+/ ~and Cav2.3_/ ~ mice

In our study, we did not observe a typical gene dose-depend-
ent auditory phenotype in CaV2.3+/ ~ and Cav2.3_/_ mice.
There is often a strong bias in statistics on genotype—phe-
notype correlation in genetically modified mice due to var-
iable depth of scientific investigation, potential publication
restrictions of negative results, etc. (Barbaric, Miller, &
Dear, 2007). In about 10%—15% of knockouts generated so
far, no overt phenotype could be detected and mutant mice
do not seem to exhibit pathophysiological alterations, al-
though one might have expected a severe phenotype based
on the reported function of the gene and its expression pat-
tern (Barbaric et al., 2007). In terms of auditory profile,
Cav2.3_/_ mice seem to exhibit strong phenotypic and ge-
netic robustness which could be due to compensatory al-
terations in transcriptional profiles affecting ion channel
physiology, signal transduction cascades, and neuronal

+/— —/—

degeneration and apoptosis, and which might counteract
the deletion of the cacnale target gene. The mechanisms
of such robustness could be dichotomous, that is, by ac-
tivation of alternative pathways for auditory processing
(genetic buffering), or by functional complementation, in
which genes are redundant in function to a variable extent
(Gu et al., 2003). A lack of a prominent knockout pheno-
type, as observed in the Cav2.3_/ ~ auditory profile, could
be related to paralogous genetic redundancy (Barbaric et
al., 2007) in a complete or partial fashion (Thomas, 1993).
Are there other VGCCs that could at least partially mimic
the role of Ca,2.3 Ca®* channels in the auditory tract?

43 | LVA Ca®' channels in the auditory
tract—functional integration of Ca,1.3,
Ca,2.3 and Ca,3 VGCCs

Localization studies of Ca,2.3 VGCCs in the inner ear and
auditory tract are still fragmentary and partially inconsistent
and do not entirely correlate with electrophysiological studies
(Bloodgood & Sabatini, 2007; Yokoyama et al., 1995; Zaman
et al., 2011). Ca,2.3 channels were reported to be expressed
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in the Organ of Corti (Waka et al., 2003), spiral ganglion
neurons (SGNs) (Peng et al., 2004), the cochlear nucleus (Bal
& Oertel, 2007; Kim & Trussell, 2007; Parajuli et al., 2012),
the pontine nuclei, inferior olive, lateral superior olive and
the nucleus of the solitary tract (Parajuli et al., 2012; Soong
etal., 1993; Williams et al., 1994). Besides Ca,2.3, numerous
electrophysiological studies already suggested an important
role of low- to mid voltage-activated Ca’* currents in these
structures, including Ca,1.3 L-type and Ca,3 T-type VGCCs:
Analysis of Cavl.3_/_ mice revealed cardiac arrhythmia and
deafness (Platzer et al., 2000), secretory and developmental
deficits in IHCs and OHCs and alterations in the functional
interference with an armamentarium of other voltage- and
ligand-gated ion channels, for example, Ca’*-activated K*
channels (BK, SK), acetylcholine receptors (AChR), Ca, 1.2
L-type, Ca,2.1 P/Q and Ca,2.2 N-type VGCCs (Beutner,
Voets, Neher, & Moser, 2001; Frank, Khimich, Neef, &
Moser, 2009; Glueckert et al., 2003; Goutman & Glowatzki,
2007; Johnson & Marcotti, 2008; Johnson, Marcotti, &
Kros, 2005; Kim, Li, & von Gersdorff, 2013; Marcotti,
Johnson, Holley, & Kros, 2003; Michna et al., 2003; Moser
& Beutner, 2000; Nemzou, Bulankina, Khimich, Giese, &
Moser, 2006; Zorrilla de San, Pyott, Ballestero, & Katz,
2010). Electrophysiologically, Ca,1.3 VGCCs were proven
to exhibit low- to mid-voltage-activated kinetics in hair cells
(Inagaki & Lee, 2013; Zampini et al., 2010). In addition, clas-
sical LVA T-type Ca’* channels, such as Ca,3.1 and Ca,3.2,
were reported to play an important role in auditory informa-
tion processing as well (Inagaki et al., 2008; Lei et al., 2011;
Lundt, Seidel, et al., 2019; Nie et al., 2008; Shen et al., 2007).

Ca,2.3 VGCCs have exceptional -electrophysiological
characteristics (Soong et al., 1993; Weiergraber, Kamp, et al.,
2006b; Williams et al., 1994) and have attracted specific atten-
tion due to their functional involvement in neurotransmitter re-
lease (Gasparini, Kasyanov, Pietrobon, Voronin, & Cherubini,
2001; Wu, Westenbroek, Borst, Catterall, & Sakmann, 1999)
and synaptic plasticity (Yasuda, Sabatini, & Svoboda, 2003).
Thus, the functional implications of Ca,2.3 VGCC in the audi-
tory system are complex. In cellular electrophysiology, Ca,2.3
Ca”" channels can serve as sophisticated tuning elements, act-
ing as low- to mid voltage-activated ion channels capable of
triggering or regulating complex cellular firing patterns. The
latter includes transition of tonic firing to oscillatory burst like
activity and vice versa or modulation of neuronal afterhyper-
polarization (Shcheglovitov et al., 2012; Weiergraber, Kamp,
et al., 2006b). Both simple and complex action potential
(spike) patterns and afterhyperpolarizations in auditory struc-
tures require Ca,3 T-type and Ca,2.3 R-type Ca®* channels
in addition to BK and SK channels (Kim & Trussell, 2007).
For example, the firing rate of principal neurons in the LSO
is a linear function of differences in interaural sound inten-
sity. It has been hypothesized that this linear response results
from the functional integration of excitatory ipsilateral and
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inhibitory contralateral inputs. In the LSO, Ca,3.2 and Ca,2.3
VGCCs were detected and reported to be highly sensitive
to Ni** (Kang et al., 2006) and both might contribute to the
complex firing pattern of LSO cells (Jurkovicova-Tarabova et
al., 2012). Importantly, Ca,2.3 seems to partially compensate
Ca,1.3 ablation in LSO neurons (Jurkovicova-Tarabova et al.,
2012). Ca, 1.3 VGCCs, which are known to be of central im-
portance in IHCs, display fundamental electrophysiological
properties similar to those of typical Ca,3 LVA channels, such
as rapid activation kinetics (Inagaki & Lee, 2013; Koschak et
al., 2001; Xu & Lipscombe, 2001; Zampini et al., 2013, 2010).
The latter are relevant for the temporal characteristics of sound
coding and the ability to accurately trigger auditory nerve fir-
ing to reflect sound frequency in terms of phase locking. In
immature IHCs, Ca, 1.3 VGCCs activate at relatively negative
potentials (~—70 mV) which is a basic electrophysiological
property of LVA channels as well (Koschak et al., 2001; Xu
& Lipscombe, 2001; Zampini et al., 2010). Therefore, given
a resting membrane potential (RMP) of ~—60 mV in these
cells (Marcotti et al., 2003), Ca,1.3 and Ca,2.3 Ca’* channels
may support tonic neurotransmitter release at rest and effec-
tively link increased sound pressure levels with higher rates
of transmitter release. Mechanistically, Ca,2.3 might contrib-
ute to these processes by involvement in the complex spa-
tiotemporal interdependence of intracellular Ca’* levels and
Ca’*-activated K* currents in HCs in membranaceus nano-
domains (Bloodgood & Sabatini, 2007, 2009; Joiner & Lee,
2015; Zaman et al., 2011). In the SGN, inhibition of Ca’* cur-
rents resulted in attenuated spontaneous activity and different
subtypes of Ca’* currents activated resting outward conduc-
tances. Consequently, blockage of these Ca’* currents caused
depolarization of the RMP (Lv et al., 2012; Peng et al., 2004).
Similarly, in glycinergic interneurons (Cartwheel cells) of the
dorsal cochlear nucleus, early complex spike firing patterns
were based on Ca,2.3 R-type Ca”* channels together with BK
and SK channels (Kim & Trussell, 2007).

Recent expression studies and electrophysiological anal-
ysis carried out by Chen et al. (2011) elicited that VGCCs
are relevant for neuronal responsiveness in both the high-
and low-frequency ranges. This tonotopic specialization is
characterized by neurons with rapid kinetic features coding
for high-frequency auditory signals and other neurons with
slower kinetic features coding for low-frequency auditory
signals. Developmental variations in activation and inacti-
vation kinetics along the tonotopic axis enable VGCCs to
shape the firing pattern and modulate the unique functional
specialization of auditory neurons (Chen et al., 2011).
Several VGCCs are expressed in the inner ear and audi-
tory tract. However, Ca,2.3 exhibits the most heterogenous
and extraordinary functional expression compared to all
other VGCCs (Chen et al., 2011). Besides expression in
SGNs, Ca,2.3 VGCCs were also detected in satellite cells,
putative myelinating Schwann cells and compact myelin
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(Chen et al., 2011) and the density of Ca,2.3 expression
was highly variable in these structures. Thus, functional in-
tegration of Ca,2.3 Ca®* channels regarding the tonotopic
specialization and action potential propagation is most
complex and potentially much more sophisticated than
for any other VGCC reported so far. Importantly, Ca,3.1
VGCCs exhibited a similar expression compared to Ca,2.3
channels (Chen et al., 2011). This is of high relevance as
our qPCR results suggest reduced Ca,3.1 transcript levels
in heterozygous Cav2.3+/_ mice, whereas Ca,3.1 levels in
Cav2.3_/ ~ female animals remain normal. This points to a
potential compensatory mechanism in knockout mice that
is not effective in Cav2.3+/ ~ animals.

Finally, our observations of unaltered click-evoked hear-
ing thresholds and increased percentage of hearing animals in
Ca,2.3-deficient mice could also indicate an overlapping ef-
fect of Ca,2.3 ablation on both functional auditory information
processing on the one hand and neurodegenerative processes
on the other hand. Ca,2.3 VGCCs are involved in excitotoxic-
ity and neurodegeneration, and Ca,2.3-mediated Ca’* influx
can trigger neuronal cell death under specific circumstances
(Suzuki et al., 2004; Weiergraber et al., 2007). While ablation
of Ca,2.3 might thus be critical for proper HC function and
synaptic processing in the auditory tract, its ablation might
be preservative or neuro-/otoprotective in terms of age-related
degeneration of HCs and further structures of the auditory
tract and underlines the Janus-like behaviour of Ca,2.3.

44 |

Future qualitative and quantitative immunohistochemical
studies on cochlear hair cells and SGN could prove a poten-
tial otoprotective effect of Ca,2.3 ablation in the auditory tract.
Assuming that both neuroprotective effects and age-related
hearing loss are negligible at early age, ABR studies in young
mutant mice might help to further disentangle the complex
functional properties of Ca,2.3 in the auditory tract. Finally,
cellular electrophysiology will be necessary to characterize
the exact cellular mechanistic role of Ca,2.3 VGCCs in the
physiology and pathophysiology of the inner ear and periph-
eral auditory tract. Given the complex findings presented here,
Ca,2.3 VGCCs might serve as an important candidate for
pharmaceutical interference in the auditory tract in the future.

Perspectives
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