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L-type calcium channels 
in the auditory system

Introduction

Hearing relies on correct mechano-elec-
trical transduction in the inner ear as 
well as precise neuronal signal transmis-
sion and processing along the auditory 
pathway. The mammalian auditory or-
gan in the inner ear, the organ of Cor-
ti (. Fig. 1a), contains two types of hair 
cells, inner hair cells (IHC) and outer hair 
cells (OHC). Whereas OHC locally am-
plify the effects of low acoustic stimu-
li thanks to their unique electromotili-
ty, IHC are the sensory cells proper. They 
translate sound-induced changes in their 
membrane potentials into glutamate re-
lease (. Fig. 1b) causing afferent audi-
tory nerve fibers to be excited (. Fig. 1a, 
b), and transmitting neuronal informa-
tion from the inner ear to the central au-
ditory pathway. Unlike other anatomical-
ly less complex sensory systems, the au-
ditory system is characterized by a large 
number of processing and relay centers in 
the brain stem. This may most likely be 
due to the fact that the auditory system 
does not spatially reproduce the outside 
world in the organ of Corti, but rather cal-
culates acoustic space via the central ner-
vous system, by computing interaural in-
tensity and time differences in the brain 
stem. The major part of the auditory brain 
stem is therefore made up of sound local-
ization circuits.

Due to the tremendous importance of 
hearing for humans, recent research has 
increasingly focused on the molecular de-
terminants of auditory development and 
function. Key contributions to this field of 

research have been derived from studies 
with genetically modified mice. Accord-
ing to these studies, two L-type Ca2+ chan-
nel isoforms, Cav1.3 and Cav1.2, play roles 
in the peripheral as well as the central au-
ditory system, roles that are as important 
as they are unexpectedly diverse. Below, 
we will outline the roles of these two iso-
forms in hearing. Cav1.1 and Cav1.4, the 
two other L-type isoforms, are expressed 
in the skeletal muscles and the retina, re-
spectively, and have not been found to be 
functional in the auditory system. They 
will therefore be disregarded in this paper.

The multifunctional 
Cav1.3 L-type Ca2+ channel 
in the inner ear

The transformation of receptor poten-
tials into graded transmitter release at the 
synaptic pole of an IHC requires voltage-
activated Ca2+ channels that open (and 
close) rapidly and even in response to mi-
nor voltage changes, without noticeable 
tiring. Whereas the presynaptic Cav2.1 
and Cav2.2 Ca2+ channels are found in 
neurons, in IHC, the Cav1.3 L-type Ca2+ 
channel triggers Ca2+ influx [5, 24] (see 
. Infobox 1). The Cav1.3 channel acti-
vates at voltages as low as −65 mV, exhib-
iting only little voltage and Ca2+-depen-
dent inactivation. Unlike the Cav2.1 and 
Cav2.2 channels that activate only when 
more pronounced potential changes oc-
cur, the Cav1.3 channel is better suited to 
transform even minor voltage changes in-
to transmitter release. Low Cav1.3 channel 
inactivation enables stimulus-triggered, 

continuous influx of Ca2+ ions without fa-
tigue; their rapid activation kinetics guar-
antees rapid signal transmission.

Cav1.3 is essential for auditory 
pathway cytoarchitecture

The fact that Cav1.3 has an essential pre-
synaptic function in neurotransmission of 
the IHC in the inner ear came as a surprise 
since Cav1.3—like Cav1.2—was known to 
mediate Ca2+ influx into the soma and 
dendrites of neurons. Therefore, the ques-
tion of whether Cav1.3 is also expressed, 
and plays an important role, in the audi-
tory pathway seemed fascinating. Previ-
ous experiments in organotypic slice cul-
tures of auditory brain stem had provided 
evidence that L-type Ca2+ channels have 
an essential function in survival of audi-
tory brain stem neurons. Auditory brain 
stem slice cultures only survived when K+ 
concentration in the extracellular medi-
um was elevated (25 mM KCl), which in-
duced slight depolarization [23]. The pos-
itive effect of KCl was revoked by addition 
of L-type Ca2+ channel blockers, demon-
strating the vital role of L-type channels. 
The individual roles of Cav1.3 and Cav1.2 
in this context as well as their functions in 
vivo remained unclear in this initial study. 
One of the major difficulties was the lack 
of selective drugs distinguishing between 
Cav1.3 and Cav1.2 isoforms. Any L-type-
Ca2+ channels are targeted by dihydropyr-
idines, a class of molecules that includes 
the frequently used nifedipine and isra-
dipine. Specific antagonists or agonists 
of each isoform have as yet to be identi-
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fied, making it difficult to attribute spe-
cific functions to individual Ca2+ channel 
isoforms.

In cases such as these, genetically mod-
ified mouse strains are an important tool. 
The CAVNET (MRTN-CT-2006-035367) 
joint European research project gave us 
access to several mouse strains with differ-
ent mutations in the two Ca2+ channel iso-
form genes. Apart from the above-men-
tioned constitutive Cacna1d−/− mice, there 
is another mouse strain in which point 
mutation at the dihydropyridine binding 
site prevents Cav1.2 modulation by dihy-
dropyridine [29]. This type of mouse is re-
ferred to as Cav1.2 DHP-insensitive. By de-

termining Ca2+ currents in the two mouse 
strains as well as wild-type mice, Cav1.2 
and Cav1.3 contribution may be identi-
fied based on mathematical subtraction. 
The studies were performed using acute 
brain slices and taking lateral superior ol-
ive (LSO) neurons as an example, as they 
play an important part in sound localiza-
tion (. Fig. 2a). Results show that Cav1.3 
channels contribute 30% of total Ca2+ in-
flux into neurons both 1 week before hear-
ing onset and around the time of hearing 
onset [17]. The idea therefore suggested it-
self to analyze the developmental signifi-
cance of Ca2+ influx. Immunohistochem-
ical analysis of the synaptic vesicle marker 

protein VGlut1 in young adult Cacna1d−/− 
mice pointed to aberrant structures of au-
ditory nuclei. The LSO, for instance, lost 
its kidney bean-shaped form (. Fig. 2b). 
Volume measurements of single auditory 
nuclei in young adult mice revealed dras-
tic reductions ranging between 25 and 
59% when the Cav1.3 isoform was absent 
(. Fig. 2c) [12]. This was mainly due to 
a reduced neuron count, which, in some 
nuclei, was lower by up to 35%. It was in-
teresting to note that the reduction in vol-
ume was largely limited to the auditory 
system; other cerebral areas with a low-
er share or no share of auditory neurons 
(neocortex, tectum, cerebellum) were not 
modified. Hence, Cav1.3 seems to be im-
portant for the development of the audi-
tory pathway in particular [12].

Unlike the drastic anatomic effects just 
mentioned, other parameters such as neu-
ron morphology, resting membrane po-
tential, as well as action potential ampli-
tude and duration remained virtually un-
changed in the surviving neurons. A sig-
nificant difference was, however, found in 
the firing behavior of LSO neurons. While 
the majority in wild-type mice fired one 
single action potential after current injec-
tion, the majority of LSO neurons in Cac-
na1d−/− mice fired several times (. Fig. 
2d) [12]. As neuronal firing behavior is 
very much dependent on voltage-depen-
dent K+ currents, we studied LSO neurons 
for altered function of K+ channels. Elec-
trophysiological and pharmacological ex-
periments revealed changes in Kv1 class 
low-voltage-activated K+ channels. Im-
munohistological studies eventually pro-
vided evidence of reduced Kv1.2 expres-
sion in auditory brain stem neurons in 
the absence of Cav1.3 [12].

Refinement of auditory 
circuits requires Cav1.3

Structured representation of object prop-
erties is a basic principle of sensory sys-
tems. In the process, stimulus parameters 
are assessed by the sensory organ for struc-
tured reproduction in the subsequent cen-
ters. The basic organizing principle of the 
auditory system is based on the spectral 
frequency composition of the acoustic sig-
nal. Neighboring sensory hair cells in the 
cochlea are excited by similar frequencies. 

Infobox 1:  Systematics of voltage-activated calcium channels

Voltage-activated Ca2+ channels consist of a pore-forming α1 subunit and accessory β, α2δ, and 
γ subunits. A total of ten different genes encode the α1 subunit, and, depending on the isoform 
expressed, Cav1, Cav2, or Cav3 channels will form. The members of the Cav1 family (Cav1.1, Cav1.2, 
Cav1.3, Cav1.4) represent the L-type Ca2+ channels, primarily expressed in muscle cells, endocrine 
cells, and the brain. The Cav1.2 and Cav1.3 isoforms, chiefly located in the soma and dendrites, are 
found in the brain. By contrast, presynaptic Ca2+ channels, mediating Ca2+ influx for transmitter 
release in neurons, are generally part of the Cav2 family. In this context, one should mention the 
Cav2.1 and Cav2.2 isoforms conducting P/Q-type and N-type currents, respectively. They are acti-
vated by action potentials. The channels from the Cav1 and Cav2 families are commonly referred to 
as high-voltage-activated Ca2+ channels (or HVA Ca2+ channels) since they are, as a rule, only acti-
vated by depolarization with a threshold of at least −45 mV. One should note, however, that Cav1.3 
and Cav1.4 channels open starting from −65 mV. The Cav3 family includes Ca2+ channels that open 
at even lower thresholds (low-voltage-activated, or LVA, Ca2+ channels). These LVA Ca2+ channels 
primarily have pacemaker function and are not found at synapses.

Mice with ablation of Cacna1d, the gene that encodes Cav1.3, are deaf [24], and humans with a 
mutation in Cav1.3, which inhibits channel opening, suffer from congenital deafness [1]. Both the 
Cacna1d−/− mice and humans with Cacna1d mutations exhibit accompanying bradycardia, which 
indicates Cav1.3 participation in sinoatrial nodal rhythm generation. This genetic disease is therefore 
known as the SANDD syndrome (sinoatrial node dysfunction and deafness syndrome) [1].

Cav1.3 channels of mature IHCs cluster around the specialized ribbon synapses (. Fig. 1b). How-
ever, Cav1.3 channels not only mediate Ca2+ influx at IHC synapses, they also have further essential 
functions during inner ear development, as was revealed by studies with mice. As an altricial spe-
cies, mice are born blind and deaf and only start hearing around the 12th postnatal day (P12). In 
the period between birth (P0) and P12, Cav1.3 currents in IHC are gradually upregulated to reach 
a transient maximum that equals approx. 300% of the current in IHC of hearing mice (. Fig. 1c), 
[3, 16]. Between P0 and the onset of hearing, the Cav1.3 currents have three functions: (1) They are 
essential for the generation of Ca2+-based action potentials, i.e., for spontaneous activity of IHCs 
(. Fig. 1c); (2) in their role as presynaptic channels, they guarantee that spontaneous IHC activity 
is conducted to the central auditory pathway; (3) they control expression of genes of the mature 
IHC [5, 15], e.g., expression of the Ca2+ and voltage-activated K+ channel (BK channel) gene. Massive 
expression of BK channels around day P12 turns off the spontaneous activity phase, permitting the 
generation of sound-induced graded receptor potentials (. Fig. 1c, [21]). Previously, i.e., during 
the spontaneous activity phase, IHC are subject to efferent innervation by cholinergic neurons 
of the olivary complex (MOC neurons) [28]. Via the unusual combination of postsynaptic α9/α10 
acetylcholine receptors and the SK2 K+ channel, acetylcholine, the neurotransmitter of cholinergic 
neurons, triggers inhibitory postsynaptic potentials, thus interrupting IHC activity [10]. This inter-
play between spontaneous IHC activity and medial olivocochlear efferent inhibition is essential for 
auditory pathway maturation before the onset of sensory experience [6]. In Cav1.3-deficient mice, 
expression of α9/α10 acetylcholine receptors and SK2 channels, whose occurrence in immature 
IHC is only of short duration, is not turned off. One may therefore assume that absence of Cav1.3-
mediated currents in IHC not only inhibits transmitter release and IHC development, but also affects 
auditory pathway maturation.
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IHC located at the cochlear base are sen-
sitive to high-frequency signals, whereas 
those located at the apex are sensitive to 
low-frequency signals. This cochleotopic 
or tonotopic organizing principle is also 
encountered in the auditory pathway with 
neighboring neurons processing neigh-
boring frequencies. During early cerebral 
development, tonotopic connections are 
cursorily set up, to be refined in a second 
developmental step that depends on neu-
ronal activity.

Several refinement processes in other 
sensory systems are well researched; how-
ever, this only applies to excitatory neuro-
nal circuits, whereas studies on inhibito-
ry connections are rare [18]. This is due 
to the fact that most inhibitory circuits 
originate from widely dispersed interneu-
rons, which are difficult to study. The au-
ditory brain stem is an important excep-
tion insofar as it exhibits an instance of 
inhibitory projection between two nu-
clei, the medial nucleus of the trapezoid 
body (MNTB) and the above-mentioned 
LSO, that are readily accessible in exper-
iments. At an early developmental stage, 
single LSO neurons receive weak synaptic 
connections from more than ten MNTB 
neurons. During refinement, numerous 
synaptic connections are cut, with a sin-
gle LSO neuron losing 75% of its initial 
inputs. This process is accompanied by a 
12-fold increase in the synaptic conduc-
tance generated by the remaining inputs 
(pruning and strengthening) [20]. Surpris-
ingly, this refinement occurs only a few 
days after birth, a time when the neonates 
are still deaf.

One might assume that refinement in 
the auditory pathway proceeds without 
acoustic input, in an activity-independent 
manner, and is only genetically deter-
mined. This is, however, not the case as, in 
infant mice that are still deaf, the cochlea 
is spontaneously active (cf. “The multi-
functional Cav1.3 L-type Ca2+ channel in 
the inner ear”), with this activity result-
ing in neurotransmitter release in the au-
ditory brain stem. It has been shown that 
the synapses that have inhibitory prop-
erties after hearing onset have excitato-
ry qualities between MNTB neurons and 
LSO neurons during refinement. This is 
due to the fact that the K-Cl cotransport-
er KCC2, which is responsible for Cl− in-

flux through GABA and glycine receptors, 
is not yet active [2]. The electrical gradi-
ent drives Cl− outward, causing the GA-
BA or glycine neurotransmitters to trig-
ger depolarization. Concomitantly, these 
synapses release glutamate during the first 
postnatal days [9]. Postsynaptic depolar-
ization may cause Ca2+ influx via Cav

2+ 
channels. Ca2+ may act as an essential sig-
nal molecule in the process of refinement. 
To verify this hypothesis, and at the same 
time test if Cav1.3 plays a critical role in 
the process, we studied the process of re-
finement in the MNTB–LSO connection 
in Cacna1d−/− mice. As expected, refine-
ment did not occur [13]. At present, we are 
still unable to rule out that the absence of 
refinement may, at least in part, be due to 
a lack of spontaneous activity in the au-
ditory pathway. Preliminary results sug-
gest that, in LSO neurons, Cav1.3-medi-
ated local Ca2+ influx represents a signal 
that is essential for the refinement of syn-
aptic connections.

Loss of Cav1.3 results in altered 
processing of acoustic signals

Loss of peripheral neuronal activity in sen-
sory systems may cause severe anatomical 
and functional changes in the processing 
centers of the central nervous system [19]. 
Initially, it was unclear to what extent the 
numerous central auditory changes are at-
tributable to local loss of Cav1.3, i.e., in au-
ditory nuclei, or a lack of activity in the 
auditory nerve due to missing excitation 
transmission from cochlear IHC. Answer-
ing this question has significant biomed-
ical implications. Cochlear implants can 
partially compensate for peripheral hear-
ing loss, not, however, for central ner-
vous system deficiencies. If mutations in 
so-called deafness genes affect not only 
the inner ear but also the auditory path-
way, this may be the reason why some pa-
tients do not derive any benefit from co-
chlear implants [32]. To characterize lo-
cal Cav1.3 function in the auditory path-
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Abstract
The voltage-activated L-type calcium chan-
nels Cav1.2 and Cav1.3 mediate Ca2+ influx 
into neurons at the soma or at dendrites, 
whereas they are not observed at the pre-
synapse. Surprisingly, in the inner ear, Cav1.3 
is indispensable for signal transmission from 
the presynaptic cochlear inner hair cells to 
the postsynaptic auditory nerve fibers. Due 
to Cav1.3 channel clustering at ribbons, i.e., 
specific presynaptic structures of the hair 
cells, they promote Ca2+ influx, which triggers 
calcium-dependent fusion of synaptic vesi-
cles with the plasma membrane. Mutations 
in Cacna1d, a gene that encodes Cav1.3, re-
sult in deafness because release of the neu-
rotransmitter glutamate at the synapses is 
abolished. Moreover, studies of the auditory 
pathway have revealed that Cav1.3 plays an 
important part in the central auditory system 
as well. Absence of the channel results in se-
vere changes in auditory pathway cytoarchi-
tecture and in abnormal electrophysiological 
performance of auditory neurons. Further-
more, developmental refinement of tonotop-
ic inhibitory projections in sound localization 
circuits is disrupted. These aberrations are as-
sociated with abnormal sound processing 
in the auditory pathway. This goes to show 

that the Cav1.3 channel is essential for in-
ner ear functioning as well as auditory path-
way development and performance. Cac-
na1d therefore represents a prototypal deaf-
ness-associated gene, in which mutations re-
sult in both peripheral and central audito-
ry deficiencies. This, in turn, has implications 
for auditory rehabilitation using cochlear im-
plants that address only peripheral dysfunc-
tions. Exploratory research into the closely re-
lated Cav1.2 isoform points to an important 
role of this channel in acoustic trauma. Cav1.2 
is mainly expressed in the auditory nerve, but 
apparently not essential for normal audito-
ry function. Loss of function of the channel, 
however, does influence the effects of trau-
matic noise exposure. Loss of this channel in-
duced by noise trauma results in reduced au-
ditory threshold increase—as compared with 
the control group. This phenomenon points 
to the fact that Cav1.2-mediated Ca2+ influx 
is involved in noise trauma-induced damage. 
Deeper insight into this function might result 
in new therapeutic approaches.

Keywords
L-type calcium channel · Ribbon synapse · 
Inner ear · Auditory brain stem · Cell death
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way, we used the Cre-loxP system to gen-
erate site-specific excision of the channel 
isoform in the auditory brain stem. To this 
end, we made use of a smart conditional 
Cacna1d-eGFP(flex) allele. In this mouse 
strain, loxP-mediated deletion of an es-

sential part of the Cacna1d gene causes 
the enhanced green fluorescent protein 
(eGFP) gene to be expressed [26]. By us-
ing an Egr2:: Cre driver line, we were able 
to perform targeted ablation of the gene in 
large areas of the auditory brain stem at an 

early embryonic stage, while the inner ear 
and auditory cortex remained unaffected.

Subsequent examination of these mice 
(Cacna1dEgr2) revealed, as in Cacna1d−/− 
mice, a dramatic volume reduction of au-
ditory nuclei due to the loss of numerous 
neurons (. Fig. 2c, [26]). It was interest-
ing to note that the inner ear of these re-
gion-specific knockout mice remained 
fully intact, which enabled us to measure 
so-called auditory brain stem responses. 
To this end, anesthetized mice were ex-
posed to sound, while excitation along 
the auditory pathway was recorded using 
electrodes attached to the cranium, as is 
done in an electroencephalogram, with 
single peaks corresponding to the activi-
ty of specific regions of the auditory path-
way (. Fig. 2e). This analysis demon-
strated that brain stem potentials in Cac-
na1dEgr2 mice are drastically modified (. 
Fig. 2f). In particular, potentials generat-
ed by the cochlear nuclei and the supe-
rior olivary complex, the first two struc-
tures along the central auditory pathway, 
showed significantly increased amplitudes 
in Cacna1dEgr2 mice [26]. Hence, also lo-
cally, Cav1.3 plays an essential role for au-
ditory pathway development and func-
tion. These findings have biomedical im-
plications as there are deaf patients carry-
ing mutated Cacna1d genes (cf. “The mul-
tifunctional Cav1.3 L-type Ca2+ channel in 
the inner ear”). If the results gained from 
mice also apply to humans—which we do 
not doubt—cochlear implants would be of 
limited use in restoring hearing in these 
patients as they are highly likely to exhib-
it tremendous anatomical and function-
al deficiencies in the auditory brain stem. 
Interestingly, a review of the literature re-
vealed retrocochlear function of other 
peripheral deafness genes in the audito-
ry pathway as well [32]. Detailed analysis 
of functional central auditory deficien-
cies in mutations of these genes will pro-
vide more reliable predictions of potential 
benefit from cochlear implantation, indi-
cating if central nervous system implants 
should be used in such cases.

Cav1.2 and hearing damage

Intense noise causes irreversible dam-
age to the cochlea, and, due to the loss of 
OHCs, threshold elevation (. Fig. 1a). By 

Fig. 1 8 Cav1.3 and Cav1.2 channels in the cochlea. a Schematic illustration of the mature organ of 
Corti: cross section with three rows of outer (OHC) and one row of inner hair cells (IHC) and the tectori-
al membrane located above. Each IHC is innervated by several (10–20) type I afferent fibers (AF type I), 
whereas OHC are convergently innervated by a small number of type II afferents. The auditory nerve 
consists of the axons of the primary auditory spiral ganglion neurons (SGN). The SGN somata con-
tain Cav1.2 channels. Efferents of the lateral olivocochlear bundle (EF-LOC) innervate type I afferents, 
whereas efferents of the medial olivocochlear bundle (EF-MOC) make direct contact with OHCs. b IHC 
with basolateral presynaptic specializations (ribbons) and adjacent presynaptic Cav1.3 channels. Each 
type I afferent connects to an active zone, i.e., to a ribbon with synaptic vesicles. c Course of develop-
ment of murine Cav1.3 currents, P0 = day of birth. Cav1.3 amplitude peaks at day 6 and is downregu-
lated to reach a steady, lower value at day 15. (According to [16]). Between P0 and P12, IHC generate 
spontaneous Ca2+ action potentials (bottom left), whereas, from P12, they produce graded receptor 
potentials rather than action potentials, even if current injection strength varies (bottom right)
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contrast, moderate noise does not imme-
diately result in measurable hearing loss, 
although, over time, growing loss of pre-
synaptic IHC ribbons or loss of auditory 
nerve fibers connecting to them (. Fig. 
1a) are manifest [14, 22, 25]. Both phe-
nomena exacerbate with age, and are asso-
ciated, for instance, with impaired speech 
intelligibility. Studies of the inner ear re-
vealed expression of Cav1.2 in the audito-

ry nerve and inhibitory efferents project-
ing to the OHCs [11, 31].

In the central nervous system, Cav1.2-
mediated Ca2+ influx may, among oth-
er processes, be implicated in the expres-
sion of brain-derived neurotrophic fac-
tor (BNDF). Recently, BDNF was shown 
to have a protective as well as damaging 
effect on the somatosensory system [4] 
and the peripheral auditory system [33]. 

As systemic deletion of Cav1.2 causes em-
bryonic death in mice [27], the role of 
Cav1.2 for the auditory system was exam-
ined using conditional mouse models. To 
this end, mice in which Cav1.2 was deleted, 
using Cre-LoxP either in the cochlea or in 
auditory centers implicated in efferent 
feedback from the brain stem, were com-
pared. After acoustic trauma, Cacna1cE-

gr2 mice with specific deletion in audito-
ry brain stem nuclei exhibited the same 
amount of threshold elevation as controls. 
In Cacna1cPax2 mice with specific deletion 
of the Cav1.2 channel isoform in the co-
chlea, however, we observed less threshold 
elevation than in the corresponding con-
trols, revealing that this channel in cochle-
ar neurons is instrumental in the damag-
ing effect caused by noise-induced trau-
ma. This evidence points to the fact that, 
by analogy with the somatosensory sys-
tem, for which a function in pain percep-
tion through BDNF upregulation is being 
discussed [7, 8, 30], BDNF also mediates 
damage in the cochlea during noise-in-
duced trauma.

Conclusions and 
recommendations

All previous analyses have revealed an 
essential role of Cav1.3 for the inner ear 
and the central auditory pathway. Cac-
na1d therefore represents a prototyp-
al deafness gene, mutations of which af-
fect the inner ear as well as the audito-
ry pathway. It remains unclear which sig-
naling cascades are used by Cav1.3 to 
contribute to the survival of auditory nu-
clei, and whether the channel is locally 
required for the refinement of inhibito-
ry neurons. Moreover, Cav1.2 also seems 
to play a vital role in the auditory system. 
It would therefore be interesting to fur-
ther research its role to find out to what 
extent the functions of these two closely 
similar isoforms overlap or differ.
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Fig. 2 8 Cav1.3 and Cav1.2 channels in the auditory brain stem. a Schematic illustration of a lateral su-
perior olive (LSO) neuron, expressing Cav1.3 and Cav1.2 channels in the soma and dendrites. b Immu-
nohistochemical analysis of VGlut1 demonstrates an abnormal LSO in Cacna1dErg2 mice. The white 
neuron indicates the position of the neuron shown in a. c Drastic volume reduction of auditory nu-
clei in constitutive Cacna1d−/− mice or conditional Cacna1dErg2 mice. d Altered firing properties of LSO 
neurons in Cacna1dErg2 mice. Solid bars represent neurons with multiple firing pattern. Open bars rep-
resent neurons with single firing pattern. On the right are examples of neurons with single or multi-
ple AP firing pattern. e Contribution of auditory structures to the waves of the auditory brain stem re-
sponse. f Altered auditory brain stem responses in Cacna1dErg2 mice. Data from wild types are shown 
in black, from constitutive or conditional mice in red. LSO lateral superior olive, MNTB medial nucleus 
of the trapezoid body, CNC cochlear nuclear complex, SOC superior olivary complex, LL lateral lemnis-
cus, IC inferior colliculus
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