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1. General Introduction

1.1 Sound and the Mammalian Ear

Sound, in physical terms, refers to a periodic, elastic compression and rarefaction of the
transmitting medium, for example air. Sound hence propagates in the form of longitudinal
waves (but spherically from the source) and can be described by waveform, amplitude, phase,
and frequency. Over the vast range of naturally occurring sound pressure levels, these pres-
sure changes are sensed by the auditory system. Different mammalian species differ in their
hearing range, i.e. the range of frequencies that elicit a behavioral or physiological response in
a given subject/animal. Whereas humans have a hearing range of approximately 20-20,000 Hz
(with considerable inter-individual and age-related differences; Brugge and Howard 2002),
the hearing range of mice covers frequencies from around 1,000 to about 100,000 Hz (Ash-
more 2008). These differences have important implications for the way certain information
about frequency and localization of sound is encoded and subsequently processed by the
nervous system of the respective animal. The mammalian ear consists of three parts, the outer,
the middle, and the inner ear, which will be topic of the following paragraphs. Unless stated
otherwise, the following sections describe the morphology and general function of the human
ear, while most of the physiological background necessarily recapitulates experiments per-
formed in rodents or cats, and partly also other vertebrates. For a comprehensive description

of the entire auditory system see Moller (2006).

1.1.1 The Outer Ear

The outer or external ear comprises the pinna (auricle) and the external ear canal (external
auditory meatus; Fig. 1). One task of the pinna is to gather sound and to focus it into the ex-
ternal ear canal, somewhat similar to the function a satellite dish. Moreover, the outer ear
plays a role in physical protection of the ear, in sound-localization, and in frequency-selective
amplification by means of a passive resonance mechanism (in the range of = 1.5-7 kHz;

Brugge and Howard 2002).

1.1.2 The Middle Ear

The tympanic membrane (or eardrum) is located at the end of the external ear canal. It vi-
brates in response to sound and anatomically separates the outer and the middle ear. The mid-
dle ear, moreover, comprises the air-filled middle-ear cavity and the three auditory ossicles:

malleus (hammer), incus (anvil), and stapes (stirrup) (Fig. 1). The basic function of the middle
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ear is impedance matching, as for sound transduction air-borne vibrations have to be con-
verted to vibrations in a fluid-filled space (inner ear). Without this adjustment, the largest
fraction of acoustical energy would be reflected at the oval window. The impedance matching
is accomplished by two mechanisms: first, the leverage created by the three auditory ossicles
and, second, the difference in area between the tympanic membrane and the oval window to
which the footplate of the stapes is attached to. The latter mechanism results in a pressure
difference that is proportional to the ratio of the two areas (approximately 20-fold; Brugge
and Howard 2002). Furthermore, the middle-air-cavity is connected to the pharynx via the
Eustachian tube; this connection allows the air pressure on both sides of the tympanic mem-
brane to be equilibrated in order to protect the ear from potential damage upon changes of
external air pressure. Last, the middle ear contains two muscles that allow for some degree of
regulation of the mechanical transmission within the middle ear — by stiffening/loosening of

the ossicular chain or by altering the tension of the tympanic membrane.

ymp Base of stapes
membrane in oval window

membrane

External auditory
meatus

Figure 1 | The human ear. Schematic representation of the main components of the outer, middle,
and inner ear. The upper right panel shows a cutout of the auditory ossicles in the middle ear, and their
position relative to the eardrum and the inner ear. The lower right panel outlines the three main divi-
sions of the ear (taken from: Purves et al. 2004).

1.2 The Inner Ear

The inner ear harbors the sensory organs of both the auditory (hearing) and the vestibular

sense (balance). Whereas the auditory organ is located in the cochlea, the vestibular epithelia
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— utricle, saccule, and the ampullae in the semicircular canals — are found in the vestibular
labyrinth, which is, however, continuous with the cochlea. Next to their similar location, and
developmental origin, the two different sensory organs, in hair cells, also use the same type of

receptor cells (see below).

The main function of the cochlea is the encoding of the spectral and temporal information in
the sound impinging on the eardrum. To this end, the sound is divided up into its distinct
spectral components and the time-dependent intensities of those components are encoded into
spike rates in the auditory nerve, which is also organized by sound frequency. The cochlea is
a small, coiled structure surrounded by bone (Figs. 1, 2). In humans, it has slightly more than
2.5 turns (Meller 2006), but this number differs from species to species. It has two regions at
its basal end from which the bone is absent: (i) the oval window and (ii) the round window.
Onto the oval window, the stapes is attached, whereas the round window is solely covered by

an elastic diaphragm.
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Figure 2 | The cochlea and the organ of Corti. The cochlea viewed face-on at its position within the
ear (upper left) and in cross section (subsequent panels), showing the positions of the oval and the
round window, the originating auditory nerve, and, at increasing detail, the location and fine-structure
of the organ of Corti, the sensory epithelium (schematic taken from: Purves et al. 2004).

Within the cochlea — along its midline and for almost its entire length — runs the cochlear par-

tition. It consists of two membranes (Reissner’s membrane and basilar membrane) and thus
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separates three fluid-filled compartments from each other. The scala vestibuli (Fig. 2, upper
right panel) contacts the oval window and — along the cochlear partition — is bordered by
Reissner’s membrane. At the helicotrema, the very apical part of the cochlea, it is continuous
with the scala tympani. The scala tympani (Fig. 2, upper right panel) is bordered by the basilar
membrane and is in contact with the round window. Although there are slight differences in
the ionic composition between these two fluids (see Table 1), they generally are very similar
to the extracellular media found in other tissues, namely having high concentrations of so-
dium ([Na'].) and chloride ions ([Cl7]e). The third fluid-filled compartment, the scala media
(cochlear duct), runs within the cochlear partition (Fig. 2, upper right panel) and harbors the
organ of Corti and the tectorial membrane (Fig. 2). The tectorial membrane is composed of
extracellular matrix material and plays an important role in sound transduction (Legan et al.
2000). The scala media is delimited dorsally by Reissner’s membrane and ventrally by the
basilar membrane. The basilar membrane varies in width and stiffness along the length of the
cochlea: While it is narrow (= 150 um) and rigid at the base (close to oval and round win-
dow), it is wider (=450 um) and more limp towards the apex of the cochlea (Megller 2006).
On top of the basilar membrane resides the organ of Corti — the sensory epithelium (see be-

low).

Table 1 | Inner ear fluid composition. Table modified from (Wangemann and Schacht 1996). Values
report activities for Ca®>" and pH but concentrations for all other components and represent averages
from data obtained in guinea pigs and rodents.

Component Cochlear Perilymph (sca- | Perilymph (sca- | Cerebrospinal
endolymph la vestibuli) la tympani) fluid
Na' (mM) 1.3 141 148 149
K" (mM) 157 6.0 4.2 3.1
Ca” (mM) 0.023 0.6 1.3 1.2
ClI' (mM) 132 121 119 129
HCO’ (mM) 31 18 21 19
Glucose (mM) 0.6 3.8 3.6 4.8
Urea (mM) 4.9 5.2 5.0 5.2
Protein (mg / 100 ml) 38 242 178 24
pH 7.4 7.3 7.3 7.3

The scala media is unusual with respect to its high potassium ion ([K'].) and low sodium ion
([Na'].) concentration (Table 1). The high K" concentration is a result of active ion transport
processes carried out by several different cell types in the stria vascularis, a multi-layered epi-
thelium situated at the lateral wall of the cochlear duct (Wangemann and Schacht 1996). The

endolymph in the scala media has a potential of approximately + 80 mV relative to the peri-
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lymph-filled compartments; this potential is called the endocochlear potential and, again, de-
pends on the ion transport activity of the stria vascularis (Nin et al. 2008). The energy for the
sound transduction process is stored in the resulting large electric gradient between the endo-
lymphatic space (= + 80 mV, endocochlear potential) and the membrane potential of hair cells

(=—45mV).

The energy of the sound wave is transmitted into the fluid-filled compartments of the cochlea
by the auditory ossicles of the middle ear and causes vibrations of the basilar membrane and
the overlying sensory hair cells. Due to the virtually incompressible nature of fluids, the main
effect of an oval window movement is a deflection of the elastic cochlear partition alongside
the propagating sound wave within the cochlea; both the sound wave and its accompanying
deflection hence travel from the cochlea’s base to its apex. In consequence, the traveling wave
also causes pressure changes in the scala tympani. At the basal end of the scaly tympani, the
flexible round window membrane (which vibrates at opposite phase to the oval window
membrane) allows for significant fluid movement within the cochlea and thus for an efficient
transfer of acoustical energy across the fluid compartments of the cochlea. As a result of the
non-uniform mechanical properties of the basilar membrane along the cochlea (see above), its
resonance frequency also varies from base to apex. Hence, a given part of the basilar mem-
brane will oscillate strongest for a distinct sound frequency and the acoustic energy trans-
ferred between the different fluid compartments will be largest around this location (for this
frequency band). On top of this passive motion of the basilar membrane, the outer hair cells
interact actively as a positive feedback regulator with the deflection of the basilar membrane
(but see: Reichenbach and Hudspeth 2010). It is due to the resonance gradient of the basilar
membrane that it is said to be tonotopically organized. Physical separation of sound energy in
its spectral components is thus achieved by the passive resonance gradient, provided by the
basilar membrane, and its amplification by outer hair cells. The tonotopic organization is

picked up by the very focal innervation of auditory nerve fibers (ANFs; see below).

1.2.1 The Organ of Corti

The epithelium that subsequently converts the intensities within the physically decomposed
frequency bands into electrical signals — the organ of Corti — consists of several different cell
types. Among them are two classes of hair cells: inner hair cells (IHCs), the principal sensory
cells, and outer hair cells (OHCs), which constitute the substrate of the active process of
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sound amplification in the cochlea (‘cochlear amplifier’, see below; for review: Fettiplace and
Hackney 2006). Additionally, there are several types of supporting cells, amongst them: bor-
der cells, pillar cells, phalyngeal cells, Hensen’s cells, Claudius’s cells, and Deiter’s cells.
They are mainly thought to play a role in ion homeostasis and mechanical support and stabili-

zation, without being directly involved in the process of sound transduction.

While IHCs and OHCs differ from each other in a variety of morphological and physiological
properties (Fettiplace and Hackney 2006), their basic mode of excitation is very similar. Each
hair cell, polarized cells of epithelial origin, carries a so called hair bundle at its apical pole.
The hair bundle is formed by a regular array of about 50-150 small membrane protrusions
termed stereocilia. The, microvilli-related, stereocilia have a core of actin filaments and are
inter-connected by different extracellular linkers of mostly proteinaceous nature (Miiller
2008). Depending on the type of hair cell, the hair bundles are in functional and/or direct con-
tact with the tectorial membrane: by now, it is generally agreed that at least the longest of the
three rows of OHC stereocilia is attached to the tectorial membrane (Slepecky 1996). Upon
vibration of the basilar membrane, the relative movement of the organ of Corti with respect to
the tectorial membrane causes a shearing motion of the hair bundle and consequently the def-
lection of its stereocilia. Extracellular links between individual stereocilia, hydrodynamic
coupling, or mechanical constraints imposed by the stereocilias’ insertion at the apical hair
cell surface may explain the observation that the hair bundle moves as an entity (Kozlov et al.
2007). The stereocilia harbor the mechanically gated mechanoelectrical transducer (MET)
channels, which convert the mechanical stimuli into electrical signals in hair cells. The MET
channel is a large conductance cation channel of unknown molecular identity (Fettiplace
2009). In rats, it has recently been shown that MET channels are present only in the two smal-
lest rows of stereocilia (Beurg et al. 2009). Moreover, this study suggests that there are on
average only two MET channels per stereocilium. Shearing of the hair bundle towards the
largest stereocilia increases the open probability (pepen) 0f the MET channels, whereas deflec-
tion in the opposite direction decreases their popen. This coupling of MET channel gating to the
movement of stereocilia is thought to be accomplished by tip links, a certain type of extracel-
lular, proteinaceous linker that physically connect the channel ‘gate’ with its neighboring,
larger stereocilium (Kazmierczak et al. 2007, Miiller 2008). As stereocilia are surrounded by
endolymph, the transduction current through MET channels is largely carried by K" ions and

to a smaller degree by Ca”" ions (table 1; Lumpkin et al. 1997).
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Although their hair bundles operate in a similar fashion, OHCs and IHCs serve fundamentally
different roles in cochlear function. The cylindrical-shaped OHCs constitute the cellular basis
of the cochlear amplifier (Hudspeth 2008, Ashmore 2008). By this electromechanical positive
feedback mechanism, which seems to involve both active motility of the OHC hair bundle as
well as electromotility of OHCs (Reichenbach & Hudspeth, 2010, Ashmore et al., 2010), the
electrical change in OHCs generates a movement of the cell’s bundle that increases the ampli-
tude of its deflection (‘reverse transduction’). This non-linearity locally boosts mechanotrans-
duction in neighboring IHCs, whose stereocilia are probably deflected by radial flux, and thus
increases cochlear sensitivity (by approximately 50 dB) and sharpens cochlear frequency-

tuning, especially at its base (Robles and Ruggero 2001).

The organ of Corti is innervated by three types of nerve fibers: (i) afferent auditory nerve fi-
bers, (ii) efferent auditory fibers (running in the olivocochlear bundle), and (iii) autonomic
nerve fibers (Eybalin 1993). Together with the vestibular nerve that innervates the vestibular

labyrinth, the auditory nerve forms the VIII™ cranial nerve (vestibulo-cochlear nerve).

(B) f.’.'q;_'_@} Efferent nerve
fibers and endings

j} Afferent nerve
fibers and endings

Figure 3 | Innervation pattern of hair cells by auditory nerve fibers (taken from: Meller 2006).
IHC/iH: inner hair cell, OHC/oH: outer hair cell, SG: spiral ganglion, HA: habenulae openings.

Auditory nerve fibers (ANFs) are bipolar cells. In humans, the auditory nerve consists of ap-
proximately 30,000 fibers (Mgller 2006). The cell bodies of ANFs are located in the spiral
ganglion, situated in the modiolar region of the cochlea (Fig. 2, upper right panel, Fig. 3). The
peripheral portion of the ANF terminates on hair cells, whereas the central portion projects to
the cochlear nucleus in the lower brainstem, the first relay nucleus in the ascending auditory
system. The afferent ANFs can be further subdivided into two — non-overlapping — groups.

The vast majority of ANFs (90-95%) is myelinated and contacts [HCs (Fig. 3). They are
12



called type I spiral ganglion neurons giving rise to inner radial fibers in the cochlea. There is a
strong degree of divergence between IHCs (= 3,500 per cochlea; Meller, 2006) and ANFs
(= 30,000 per nerve; see above). In most mammalian species studied so far, the vast majority
of type I fibers have a single unbranched peripheral process that contacts one IHC by means
of a single synaptic contact (Slepecky 1996). However, based on post-mortem studies, a much
more common branching of the peripheral process of type I ANFs, with a single ANF inner-
vating up to 3 neighboring IHCs, was reported for humans (Nadol 1983). In both setups of
innervation, nonetheless, a given ANF receives its input from an extremely defined region in
the cochlea, and, thus, a narrow band of frequencies. In consequence, the frequency selectivi-
ty of a given ANF is to a large degree determined by the location of the innervated IHC(s)
along the tonotopic axis (‘place code'; Liberman 1982a). The innervation density seems to
vary along the cochlea, for example up to three-fold in cat, with a peak between the apical and
the basal region of the cochlea, in the region of the highest auditory sensitivity (Liberman et

al. 1990, Francis et al. 2004; see also: chapter 3, Fig. 1).

Outer hair cells, in contrast, are innervated by unmyelinated type II ANFs (spiral fibers) that
constitute the remainder of nerve fibers running within the auditory nerve (about 5%). Their
innervation pattern is very different from the one of type I fibers (Fig. 3): one type II fiber
branches extensively (sometimes extending several 100 um along the rows of OHCs) and
innervates many different OHCs. A strong base-to-apex increase in type II ANF innervation
of OHC:s has been reported in cats (Liberman et al. 1990). Recently, postsynaptic patch-clamp
recordings were made from type II fibers in rats (Weisz et al. 2009). Although type II fibers
receive input from a large number of OHCs, the observed postsynaptic activity was far less
frequent and generally smaller in amplitude as compared to similar postsynaptic recordings
from type I fibers that receive their input from a single IHC active zone (Glowatzki and Fuchs
2002). Though it is speculated that type II fibers may mediate responses to loud, painful

sounds or play a role in cochlear development, their exact role remains unclear.

Similar to the afferent system, IHCs and OHCs are also differentially innervated by descend-
ing, olivocochlear fibers. The following findings are based on experiments performed in cats
and rodents (Liberman et al. 1990, Maison et al. 2003). OHCs are directly innervated by mye-
linated fibers mainly originating from the medial portion of the contralateral superior olivary
complex (MSO). These fibers are thus termed the medial olivocochlear bundle (MOC). The

MOC primarily uses acetylcholine (ACh) as neurotransmitter. IHCs, in contrast, are only tran-
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siently innervated by cholinergic efferents during development. Both IHCs and OHCs are
hyperpolarized by the respective cholinergic efferents, via activation of small conductance
calcium-activated K* channels (SK channels) that in turn is triggered by Ca®" influx through
nicotinic ACh receptors containing a9al0-subunits (Glowatzki and Fuchs 2000, Oliver et al.
2000, Elgoyhen et al. 2001). Later in development, the more numerous, unmyelinated fibers
of the lateral olivocochlear bundle (LOC) that mainly descend from the ipsilateral lateral su-
perior olive (LSO) innervate the peripheral processes of type I ANFs beneath IHCs. LOC fi-
bers are cytochemically more diverse, with evidence for ACh, y-amino-butyric acid (GABA),
dopamine (DA), and peptide neurotransmitters (Eybalin 1993). For afferent type I ANF fibers,
there seems to be no tonotopic gradient in regard to their innervation by efferent LOC fibers
(Liberman et al. 1990). The target of the MOC, the OHCs, suggests a function in the regula-
tion of the gain of the cochlear amplifier, although there may be other, non-mechanical effects
of MOC fiber activation. Notably, MOC activation reduces the spontaneous activity of type I
ANFs. In contrast, less is known about the functions of the LOC, although it has been sug-
gested to be involved in matching the sensitivities of the two ears, a prerequisite for accurate
sound localization, (Darrow et al. 2006) and in preventing damage to the cochlea caused by
intense acoustical stimulation (Darrow et al. 2007). It has also been suggested that cholinergic
LOC fibers cause a slow increase in ANF response, whereas dopaminergic LOC fiber activa-
tion would lead to a suppression of firing rate in ANFs (Ruel et al. 2001, Groff and Liberman
2003). In contrast to the tonotopic gradient of OHC afferent innervation (see above), efferent
innervation density of OHCs by MOC fibers decreases from base to apex (Liberman et al.

1990).

The third system, the adrenergic sympathetic input to the cochlea is studied less well (Eybalin
1993). The sympathetic fibers seem to contact cochlear blood vessels, but also the peripheral
process of type I ANF axons in the region of the habenula perforata, where myelinization
stops (Arnold 1974). While some function in control of cochlear blood flow seems likely, no

data is available on the function of the ANF-contacting population (Eybalin 1993).

1.2.2 Inner Hair Cells

The pear-shaped inner hair cells are the principal sensory cells of the auditory modality. They
are secondary sensory cells. The hair bundle of an IHC is formed by about 60 stereocilia that

are arranged in 3 rows (Fig. 4). The basal pole of IHCs contains the neurotransmitter release
14



machinery at several distinct presynaptic sites; the number of these sites varies between 10 to
30 and depends on cochlear position (Slepecky 1996). Like cones and rods in the retina, [HCs
do not fire Na'-mediated action potentials. Instead the release of glutamate (Seal et al. 2008)
at the presynaptic active zones is modulated by graded membrane potential changes (Gout-
man and Glowatzki 2007, Glowatzki et al. 2008) through a signal cascade involving Ca*" in-
flux through voltage-gated Ca®" channels, which is shaped trough buffering by proteinaceous

Ca’" chelators, and subsequent Ca®" binding to the vesicular Ca*" sensor of exocytosis.

Stereocilia

Cell apex
(cuticular plate)

Delayed rectifier
Nucleus

Synaptic ribbon

Ca,1.3
€ Lateral
Type | efferent
afferent 1 fiber
fiber

Figure 4 | Schematic representation of a mature IHC. The cartoon depicts the hair bundle at the
apical pole of the IHC as well as the voltage-gated conductances present after the onset of hearing (3
types of K™ conductances (BK, delayed rectifier, and KCNQ4), and L-type Ca’" channels of the
Cay1.3 type). It also shows an exemplary synaptic contact of the IHC onto a type I auditory nerve fiber
and the innervation of the postsynaptic dendrite by an efferent fiber from the lateral olivocochlear
bundle (LOC). See text for further details.

Voltage-gated Ca** Channels

Depolarization increases the popen 0f voltage-gated Ca’" channels (VGCCs) that cluster at pre-
synaptic active zones (Roberts et al. 1990, Issa and Hudspeth 1994, Stanley 1997, Brandt et
al. 2005). IHCs display dihydropyridine (DHP)-sensitive Ca”" currents that have fast activa-
tion kinetics, activate at comparably negative potentials (between —60 and —50 mV), and ex-
hibit very little inactivation (e.g. Cui et al. 2007), rendering them suitable to support sustained
exocytosis. More than 90% of the VGCCs in IHCs are of the Cay1.3 type (a;D; Platzer et al.
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2000, Brandt et al. 2003), while the remaining current is probably carried by a different type
of L-type (Cayl.4), as well as R-type (Cay2.3) channels (Brandt et al. 2003), although the
molecular identity of the latter two has not yet been confirmed. Consequently, mice lacking
the Cay1.3 a;-subunit are congenitally deaf (Platzer et al. 2000), due to failure of IHC exocy-
tosis (Brandt et al. 2003). Functional VGCCs are supra-molecular complexes in which the
pore-forming a;-subunit is associated with auxiliary -, y-, and a,8-subunits (Catterall 2000).
These subunits can differentially regulate both the gating and the membrane targeting of
VGCCs. In IHCs, for instance, the B, subunit is required for efficient surface expression of
Cavy1.3 channels and normal hearing (Neef et al. 2009). Fluctuation analysis on Ca*" currents
indicates that mature apical IHCs in mice contain on average about 1,700 VGCCs (Brandt et
al. 2005). A similar number was found in frog saccular hair cells (Roberts et al. 1990); how-
ever, there may be transiently more Ca>" channels expressed in immature IHCs (Beutner and
Moser 2001, Brandt et al. 2003, Johnson et al. 2005, Zampini et al. 2010). Assuming an extra-
synaptic density of 1 channel per square micron, the average number of Cay1.3 channels per
active zone was thus estimated to be = 80 in mature apical IHCs (Brandt et al. 2005; see also

chapter 3).

Ca** Influx, Ca** Buffering, and Ca’" Homeostasis

Even in the absence of sound, ‘spontaneous’ activity can be recorded from type I ANFs
(Kiang et al. 1965). There is good evidence that this spontaneous activity is triggered by
transmitter release from IHCs and is dependent on VGCC activity (Robertson and Paki 2002).
Thus, a fraction of synaptic VGCCs seems to be open in I[HCs ‘at rest’. Parallel to this ‘rest-
ing’ Ca*" influx at synapses, Ca>" ions may continuously enter IHCs through open MET
channels (Lumpkin and Hudspeth 1995). In order to avoid accumulation of Ca®" ions and
cross-talk between the different functional compartments of an IHC, Ca”" has to be constantly
removed from the cytosol. In mouse IHCs, this task seems to be chiefly accomplished by
plasma membrane ATP-driven Ca®" pumps (Kennedy 2002). Additionally, thapsigargin-
sensitive intracellular stores as well as mitochondria supposedly contribute to intracellular
Ca”" ([Ca*"];) homeostasis, at least in immature IHCs (Kennedy 2002). While these mechan-
isms regulate background cytosolic [Ca®'];, they may not be fast and/or their respective effec-
tors not localized close enough to synaptic Ca®" influx sites to rapidly terminate spatially re-
stricted, large [Ca®"]; increases, as mediated by synaptic Ca>" channel clusters (Roberts 1994).
This, however, is likely demanded by the temporal characteristics of auditory stimuli (Palmer
and Russell 1986). IHCs are therefore equipped with mobile proteinaceous Ca”" buffers, par-
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valbumin-a, calretinin and calbindin (Hackney et al. 2005). Their concentrations as well as
their Ca*" association and dissociation kinetics play a major role in determining both the am-
plitude and the spatial spread of the presynaptic Ca®" signals that govern neurotransmitter

release (Neher and Augustine 1992, Roberts 1993, Edmonds et al. 2000).

Together, the clustering of VGCCs at active zones and the diffusion-limiting actions of buff-
ers establish domains of locally elevated [Ca®'];. For any (particularly low-affinity) effector of
[Ca®'];, like the vesicular Ca** sensor for fusion, their spatial relation to these domains is of
considerable functional significance. If, for instance, the Ca®" sensor is located very close to a
Ca®" channel (= 20 nm), it will be readily exposed to large [Ca®']; excursions of several tens
to hundreds of uM once the channel opens (Roberts 1994). This region in the very vicinity of
the channel mouth is often referred to as ‘nanodomain’ (Neher 1998). Experimentally, it can
be characterized by the fact that only very ‘fast’ buffers (high association rate, koy; e.g. 1,2-
bis(2-aminophenoxy)ethane-N,N,N9,N9-tetraacetate (BAPTA); Naraghi 1997) are effective in
capturing Ca>" ions before they reach the Ca®" sensor — and hence in inhibiting its function.
One immediate implication for a vesicular Ca’" sensor with ‘nanodomain’ location is the abil-
ity to act rapidly upon channel opening, reflected in exocytic delays in the range of hundreds

of microseconds (Yamada and Zucker 1992).

If the Ca*" sensor, in contrast, is placed farther away from the channel (= 100-200 nm), it will
experience smaller [Ca”"]; elevations, a longer time to peak [Ca®'];, and an increased suscepti-
bility towards buffering, also by ‘slow’ buffers (lower association rate, kqy,; €.g. ethylene gly-
col-bis-(2-aminoethyl)-N,N,N',N'-tetraacetic acid (EGTA); Naraghi 1997). This regime of the
[Ca®"]; profile around the Ca®" sensor is termed ‘microdomain’ (Neher 1998, Augustine et al.
2003). If, however, several channels in a cluster open more or less simultaneously, ‘their’
individual [Ca®"]; clouds may overlap and the summed signal at the distant site of the Ca*"
sensor may be large in amplitude. At the same time, the delay to reach a given [Ca®"]; will be
shorter. Thus, rapid exocytosis is also achievable with a microdomain control of transmitter
release — as it is the case at the calyx of Held synapse (Borst and Sakmann 1996). Nonethe-
less, activation of the Ca”" sensor will still be sensitive to the action of ‘slow’ buffers, as the
distance between the channel mouth and the sensor is not small enough to be readily bridged
by the diffusion-limited Ca*" signal without being intercepted by the buffer. Another func-
tional difference between these two described, somewhat limit case scenarios relates to their

. . . + . . .
response upon an increasing recruitment of open Ca>” channels — i.e. a change in Popen- While
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a linear increase in the response is predicted for a nanodomain location of a (low-affinity)
Ca®" sensor (apparent or Ca>" channel cooperativity; Matveev et al. 2009), a supra-linear in-
crease is expected for a microdomain placement of the sensor (reflecting its intrinsic or Ca*"
current cooperativity; Matveev et al. 2009). This is because — in the latter case — a certain
number of Ca®" channels has to open to reach the threshold [Ca®']; for a response in the first
place, but as this threshold is approached more or less globally within the microdomain, it will

affect many Ca”" sensor molecules within a rather narrow range of further [Ca2+]i increases.

There is good evidence that vesicle release at the hair cell ribbon synapse is under nanodo-
main control (Brandt et al. 2005, Keen and Hudspeth 2006, Goutman and Glowatzki 2007;
but see: Roberts 1994, Tucker and Fettiplace 1995; for review: Moser et al. 2006).

Experimentally, Ca®" influx through clusters of Ca’" channels can be visualized by Ca*” imag-
ing techniques (see below). Ca*" indicators have been used to investigate the associated loca-
lized high-[Ca”*"];-domains. These so called hot spots were first observed in axonal growth
cones (Silver et al. 1990) but have been later found in various other preparations, amongst
them hair cells of lower vertebrates (Issa and Hudspeth 1994, Tucker and Fettiplace 1995,
Issa and Hudspeth 1996), and retinal bipolar cells (Zenisek et al. 2003). Interestingly, a study
in immature mouse IHCs reported the absence of distinct hot spots, but rather a uniform ele-
vation of [Ca®']; throughout the basal portion of the cells (Kennedy and Meech 2002), besides
Ca”" channel clustering in mature IHCs (Brandt et al. 2005). This discrepancy triggered inter-
est in the question whether localized Ca®" influx domains would be observed in mature IHCs

— or whether the diffuse Ca®* signals are independent of developmental stage (chapters 2, 3).

However, while providing valuable information about localization, amplitude, kinetics, and
regulation of local Ca*" influx, current light microscopy techniques do not have the necessary
resolution to directly reveal the presence or absence of nanodomains within the Ca®" micro-

domains present at presynaptic active zones.

Molecular Components of Transmitter Release

To release their neurotransmitter content into the synaptic cleft, synaptic vesicles (SVs) have
to be in close physical proximity to the presynaptic plasma membrane (Siidhof 2004). Addi-
tionally to this requirement for docking, SVs have to assemble their vesicular release machi-
nery in complementation with plasma membrane proteins to become fusion competent, or

primed (molecular priming; Neher and Sakaba 2008). Eventually, fusion only happens if the
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[Ca®"]; in vicinity of the (low-affinity) vesicular Ca** sensor is high enough, i.e. in the range
of tens of uM (Beutner et al. 2001). As such high [Ca®"] concentrations usually only exist in
the close vicinity of Ca*" channels (Roberts 1994), physiologically, fusion competence re-
quires sufficient proximity of a SV to a Ca>" source (positional priming; Neher and Sakaba
2008). Although significant progress has been achieved over the last 10-15 years in elucidat-
ing the molecular nature of some of the key players involved in the SV cycle at conventional
synapses (Stidhof 2004), increasing evidence accumulates that the afferent IHC synapse is
devoid of several of these molecules identified at synapses of the central nervous system. For
instance, [HC synapses seem to lack complexins (Strenzke et al. 2009) as well as the synapto-
tagmins I and II (Safieddine and Wenthold 1999; but see: Johnson et al. 2010). Instead, IHC
synapses appear to at least partly utilize a different set of proteins, e.g. the large multi-C2-
domain protein otoferlin (Roux et al. 2006), and the unconventional vesicular glutamate
transporter 3 (Seal et al. 2008, Ruel et al. 2008), possibly due to the different functional re-

quirements imposed onto the synaptic machinery.

Synaptic Transfer Function, Multivesicular Release, and Vesicle Recycling

One such distinctive property of the afferent IHC synapse is the predominance of multivesicu-
lar release (MVR; Glowatzki and Fuchs 2002). MVR, however, is also observed at other rib-
bon-type synapses (Singer et al. 2004) and non-ribbon-type synapses (He et al. 2009). Interes-
tingly, in IHCs, depolarization seems to have an effect on the frequency of excitatory postsy-
naptic currents (EPSCs), but not on their amplitude (Glowatzki and Fuchs 2002). This obser-
vation, however, may not be generally applicable to all types of hair cells across different spe-
cies (e.g. Li et al. 2009). Until now, it is not resolved how MVR is mechanistically imple-
mented, although exocytosis of pre-fused SVs (compound fusion), synchronized fusion of
single SVs, or serial homotypic SV fusion (cumulative fusion) are among the potential me-
chanisms under discussion (Neef et al. 2007). Neither has the functional significance of MVR
been elucidated yet. The postsynaptic boutons of type 1 ANFs are small (< 1 um) and have a
high input resistance (GQ-range; Glowatzki and Fuchs 2002). It is thus expected that already
small currents would lead to excitatory postsynaptic potentials (EPSPs) of substantial ampli-
tude. Indeed, sharp electrode recordings from peripheral type I ANF processes revealed that
nearly all EPSPs were of sufficient size to trigger an action potential (AP), at least in a subset
of ANFs (high-spontaneous rate ANFs; see below) and the ones that failed likely did so be-
cause of ANF refractoriness (Siegel 1992). Although it thus seems that even small EPSPs can
trigger APs, MVR may help to explain the observed low rate of postsynaptic failures. Besides,
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MVR may decrease temporal jitter in AP generation, as large EPSPs reach the threshold for
AP initiation earlier (Trussell 2002). Additionally, the observation of variations in the degree
of synchronized MVR between type I ANFs (Singer et al. 2009) could possibly explain ob-
served differences in ANF discharge rates (Kiang et al. 1965; see below). The continuous
fusion of SVs with the plasma membrane in IHCs, however, imposes a strong need for both
sufficient re-supply of SVs as well as removal of the inserted membrane. [HC synapses, like
photoreceptor synapses, harbor an electron-dense osmiophilic structure at their presynaptic
active zone, called the synaptic ribbon or synaptic body (Lenzi and von Gersdorff 2001,
Schmitz 2009). IHC synapses typically have a single synaptic ribbon at their active zones
(Khimich et al. 2005). In electron micrographs, these ribbons appear usually surrounded by a
halo of SVs, tethered to the ribbon by thin, short (= 20 nm) linkers (Lenzi et al. 1999). The
exact function(s) of the synaptic ribbon has (have) largely remained elusive. Proposed roles
include the facilitation of compound fusion (Matthews and Sterling 2008), a function in effi-
cient vesicle re-supply (Lenzi and von Gersdorff 2001), or a role in the stabilization of a large
pool of release-ready SVs (Khimich et al. 2005). In order to explain the rapid re-supply of
IHC active zones with SVs during and after stimulation it has also been suggested that large
cytoplasmic compartments in the apical compartment of [HCs generate SVs that subsequently
travel to the active zones in the basal portion of IHCs where they sustain exocytosis (Griesin-
ger et al. 2005). Finally, endocytosis was reported to take place in the vicinity, but outside of
the presynaptic active zone (Lenzi et al. 1999), as well as at the apical pole of IHCs (Griesin-
ger et al. 2005). However, IHCs seem to also employ at least two different modes of endocy-
tosis, a slow, [Ca®]-independent mode and a second, faster mode which is stimulated by

[Ca®']; (Beutner et al. 2001).

Further Ionic Conductances of IHCs

In addition to mechanotransducer channels and synaptic VGGCs, IHCs exhibit a set of other
voltage-gated conductances to meet the functional demands placed upon them (Fig. 4). In this
respect it is noteworthy that during development, IHCs undergo substantial changes in ion
channel composition, innervation pattern, and synaptic transmission (Beutner and Moser
2001, Housley et al. 2006). After the onset of hearing at around post-natal day (P)12 in mice
(Ehret 1985), THCs express three types of voltage-gated K channels (Housley et al. 2006).
The first class, Large-conductance Ca*-activated K~ (BK) channels, are thought to carry a
fast activating K™ current (Ix) that prevents initiation of Ca’"-mediated APs (Kros et al.
1998), which are observed in pre-mature IHCs (Beutner and Moser 2001, Marcotti et al. 2003,
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Tritsch et al. 2007). Due to their large conductance, opening of BK channels reduces the
IHC’s input resistance, which leads to a dramatic reduction of the membrane time constant, an
adaptation crucial to the function of IHCs as high-frequency signal transducers (Kros et al.
1998). Interestingly and in contrast to lower vertebrates, BK channels seem to be largely de-
coupled from VGCCs in mammalian [HCs (Kros and Crawford 1990, Thurm et al. 2005).
Therefore, BK activation can actually precede the opening of VGCCs during very rapid depo-
larizations. The second K" conductance is mediated by a slowly activating, 4-aminopyridine-
sensitive delayed rectifier current (Ixs) (Kros and Crawford 1990). It is also implicated in
shaping the receptor potential of IHCs, and to a small degree, their resting potential. Addi-
tionally, adult IHCs also express KCNQ4 channels (Oliver et al. 2003). The corresponding
inwardly rectifying conductance (Ix ») has a negative activation range, is open around the rest-
ing membrane potential of isolated IHCs (—70 mV), and has been hypothesized to hence in-
fluence the resting membrane potential (Oliver et al. 2003), although in vivo IHCs may be
more depolarized at rest (Dallos 1985). Immature IHCs (< P12) transiently as well express
voltage-gated Na" channels and (voltage-insensitive) small-conductance Ca*"-activated K

channels (Housley et al. 2006; see above).

Hair Cell Function along the Tonotopic Axis

The fact that hair cells along the tonotopic axis of the cochlea (see above) respond to a large
range of different sound frequencies raises the question whether they show functional specia-
lizations in dependence on cochlear location. Studies on hair cells in hearing end-organs of
non-mammalian vertebrates have indeed reported several differences in various important
parameters of hair cell physiology, such as mechanotransduction (Ricci 2002, Ricci et al.
2003), Ca®" buffering (Ricci et al. 2000, Hackney et al. 2003), Ca>" influx (Martinez-Dunst et
al. 1997, Ricci et al. 2000, Schnee and Ricci 2003), and exocytosis (Schnee et al. 2005, Ru-
therford and Roberts 2006) as a function of position along the tonotopic map. However, the
low characteristic frequencies of the hair cells in most of these studies limit their validity in
providing clues about potential adaptations to frequencies larger than 1 kHz. Moreover, hair
cells in many lower vertebrates rely substantially on electrical tuning mechanisms, intrinsic to
their membrane, to gain frequency selectivity (Fettiplace and Fuchs 1999). In contrast, fre-
quency selectivity in the mammalian cochlea is determined by the micromechanics of the
cochlear partition and the electromechanical feedback of the cochlear amplifier (see above).
Consequently, intrinsic differences in IHC function along the mammalian cochlea do not have
to be invoked to explain the narrow frequency tuning seen in ANF recordings from the coch-
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lea (Liberman 1982a). Nonetheless, variations of fundamental biophysical properties of IHCs
have been observed also in the mammalian cochlea, including differences in Ca®" buffering
(Hackney et al. 2005), and synaptic exocytosis (Johnson et al. 2008). However, many ques-
tions about a potential specialization of IHC function towards the most sound-sensitive, mid-
cochlear regions were not addressed in these studies — and hence remain unclear. Additional-
ly, data on differences in presynaptic function of IHCs within a given cochlear location are
also lacking. We thus set out to investigate these aspects of cochlear function in the mouse

cochlea, by using Ca®" imaging and whole-cell patch-clamp techniques (see chapter 3).

1.2.3 Auditory Nerve Fibers

Sound is encoded by the interplay of IHCs and spiral ganglion neurons. While the spiral gan-
glion neurons are driven by transmitter release from IHCs, their axons — forming the auditory
nerve — send the sensory information in form of spike trains from the peripheral auditory to

the central nervous system.

Postsynaptic Receptors

Postsynaptically, glutamate depolarizes ANF type I terminals via activation of a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Glowatzki and Fuchs 2002).
Recent data suggests that the AMPA receptors are organized into a ring-like structure in the
afferent terminal (chapter 3), maybe to increase efficiency of glutamate detection. Lately, it
has also been proposed that type I ANF terminals additionally express N-methyl-D-aspartate
(NMDA) receptors, the latter not being involved in fast, ‘regular’ afferent synaptic transmis-
sion but only contributing to glutamate induced postsynaptic responses in the presence of ele-

vated levels of the NMDA receptor regulator arachidonic acid (Ruel et al. 2008).

Glutamate Clearance

ANFs support instantaneous firing rates of up to 1 kHz as well as adapted rates of several
hundred Hz (Liberman 1978, Taberner and Liberman 2005). They also exhibit phase-locking
— i.e. the preferential occurrence of APs during a certain phase of the stimulus — up to sound
frequencies of several kHz (Palmer and Russell 1986, Taberner and Liberman 2005). The
underlying high-frequency synaptic transmission requires both rapid build-up and termination
of signals in order to avoid smearing of subsequent responses. This principle applies to presy-

naptic ([Ca®']; signals, see above) as well as postsynaptic stages (e.g. AMPA receptor occu-
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pancy). Tightly connected to the latter is the removal of neurotransmitter from the synaptic
cleft. Rapid diffusion from the narrow cleft followed by dilution in the extracellular space and
uptake by glutamate transporters into neighboring supporting cells seems to avoid accumula-
tion of glutamate within the cleft. This arrangement would circumvent potential problems
with glutamate transporter saturation due to their high-affinity to glutamate and low efficiency
in transport (Glowatzki et al. 2006). Consistently, no glutamate transporters were found in
IHCs or postsynaptic boutons of type I ANFs. Interestingly, glutamate excitotoxicity seems to

play an important role in noise-induced hearing loss (Ruel et al. 2000).

Response Characteristics of Auditory Nerve Fibers

The following section will deal with the response characteristics of type I ANFs, as very little
data is available on type II ANFs (see above). Consistent with the fact that type I ANFs re-
ceive input from a single IHC, they exhibit sharp frequency-tuning. This means that a very
narrow band of frequencies is able to elicit an increase in firing rate above spontaneous rate at
considerably lower stimulus intensities than the remaining frequency bands (Liberman 1982a,
Taberner and Liberman 2005). The frequency with the highest sensitivity is called characteris-
tic frequency (CF). ANFs are usually characterized by their response to tone bursts or short
bursts of broad-band noise. For this purpose, the stimulus is repeatedly presented to the
(usually anaesthetized) animal, while the spiking activity in the ANF is recorded. From the
entity of recorded responses, a post-stimulus time histogram (PSTH) is assembled, in which
the number (or rate) of spikes is plotted as a function of time. Thus, the PSTH reflects the
probabilities of spike occurrence at the respective time point. The basic shape of the PSTH is
similar for all ANFs across different animals: There is an initial high rate of firing (up to
1 kHz instantaneous firing rate; ‘peak rate’), followed by an (usually bi-) exponential decay of
the response to a steady-state (‘adapted’) rate (in most cases between 200 and 300 spikes per
second; Liberman 1978, Taberner and Liberman 2005; see also Fig. AS (appendix)). After the
cessation of the stimulus, the firing rate drops below the spontaneous rate (SR; the fiber’s
firing rate in silence), and recovers exponentially to SR within approximately 50 to

100 milliseconds.

Although all ANFs exhibit this basic spiking pattern, they show pronounced differences in
their fundamental response characteristics, for instance their threshold of activation, their dy-
namic range (DR), and their SR (Liberman 1978, Taberner and Liberman 2005). The dynamic

range of a fiber describes the range of sound intensities over which a change in (average) fir-
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ing rate is measurable. The corresponding rate-level functions of most fibers seem to be de-
scribed well by a sigmoidal function. DR is often defined in terms of the 10-90% range, i.e.
the stimulus levels over which the fiber shows between 10 and 90% of its maximum response.
While there is no clear relationship between SR and characteristic frequency (CF) of a given
fiber, there is a negative correlation between SR on the one hand, and both DR and threshold
on the other hand. Thus, high-SR ANFs usually show low thresholds and narrow DRs, i.e.
they represent the most sensitive fibers which also saturate ‘quickly’ with rising sound inten-
sities (Taberner and Liberman 2005). Their abundance seems to differ between species. While
high-SR fibers constitute about 60 % of the measured ANFs in cat (Liberman 1978), their
relative contribution to the ANF fiber population appears smaller in mouse (Taberner and
Liberman 2005). It is hypothesized that the auditory system collectively uses the information
contained in these different ‘loudness’ channels to encode the wide range of sound intensities
(about 120 dB) that it is able to discriminate. It should be noted, however, that sound intensity
coding is a very complex process that is far from being understood in all detail (Viemeister
1988, Colburn et al. 2003). While it was suggested that sufficient information for robust in-
tensity coding over a wide dynamic range is present in the average ANF firing rates within a
narrow frequency region, the stochastic nature of ANF firing impose limitations that decrease
the performance of the auditory system (Colburn et al. 2003). In this respect it is interesting to
note that recently observations of fast stimulus-dependent modulations of the input-output
functions of auditory neurons have been described (Dean et al. 2005, Wen et al. 2009). While
these modulations were much more pronounced at higher levels in the auditory system (infe-
rior colliculus; Dean et al. 2005), they were also reported at the stage of ANFs (Wen et al.
2009).

It is believed that one IHC is presynaptic to ANFs of different axonal firing characteristics
(Liberman 1982b). This connectivity scheme would allow a single IHC to encode a wide
range of sound intensities by utilizing an array of channels with different sensitivities (see
above; chapters 2 and 3). It is an intriguing feature of this arrangement that the electrotonical-
ly compact IHC seemingly sends different aspects of information through a voltage sensitive
pathway (chapter 2). However, the actual mechanisms behind the heterogeneity in ANF firing
properties have not been identified, although several candidates are being considered. The

following paragraphs outline the most prominent schemes.
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Postsynaptic Candidate Mechanisms

First, the postsynaptic ANFs could simply differ in the number and/or properties of AMPA
receptors. While, according to this model, a given amount of transmitter would depolarize the
high-AMPA-content ANF above threshold, the same amount of glutamate would fail to elicit
a depolarization in the low-AMPA-content ANF. However, the expected outcome would be a
scaling of spike-rates (both evoked and spontaneous) towards the asymptotic rates set by ANF
refractoriness. This is not consistent with the observation that ANFs with different SRs have
comparable adapted peak rates over a very broad range of SRs (Liberman 1978). Interesting-
ly, ANFs of different SRs diverge in their morphology. While high-SR ANFs show thick (0.8-
1.2 pm diameter) and mitochondrion-rich peripheral processes, low-SR ANFs have thinner
(0.8-0.3 um diameter) and mitochondrion-poor processes (Liberman 1982b). Although a larg-
er diameter and the resulting decrease in internal resistance increases the electrotonic spread
of membrane potential perturbations, it is not clear, however, whether these differences ac-
tually cause the various ANF firing behaviors or if they rather reflect adaptations to the resul-
tant different energetic needs. Additionally, differences in ANF firing behavior could also
emanate from variations in active membrane properties. For instance, pronounced cell-to-cell
heterogeneity — independent of CF (as found for some conductances, e¢.g. Adamson et al.
2002) — has been reported for the activation parameters of hyperpolarization-activated catio-
nic (I;) current in ANFs (Mo and Davis 1997). Based on immuno-histochemical findings,
inter-cell variability has also been reported for voltage-gated K* conductances in guinea pig

ANFs (Bakondi et al. 2008).

Efferent Candidate Mechanisms

The efferent innervation of the peripheral type I ANF processes by the lateral olivo-cochlear
bundle (LOC; see above), represents another potential candidate for the differential regulation
of type I ANF firing. For instance, efferent synapses were found to be especially numerous on
the thin peripheral processes of ANFs, which are supposed to present the morphological cor-
relate of low-SR/high-threshold fibers (see above; Liberman 1980, Merchan-Perez and Li-
berman 1996). It thus could be hypothesized that a tonic inhibition of ANFs yields fibers with
low SR and high thresholds. Indeed, evidence for a dopamine-mediated tonic inhibition of
LOC fibers has been reported (Ruel et al. 2001). However, lesioning of the LOC did not alter
the fundamental relation between SR and threshold (Liberman 1990), arguing against tonic
inhibition being the mechanism behind SR differences. The observation that both an increase

as well as a decrease in ANF firing rate can be elicited via the LOC pathway (Groff and Li-
25



berman 2003), may be explained by the parallel existence of different transmitter systems in
the LOC pathway (see above) and their further diversification by peptidergic co-transmitters
(Eybalin 1993).

Presynaptic Candidate Mechanisms

Besides postsynaptic or efferent mechanisms, presynaptic specializations have also been dis-
cussed to explain the wide auditory nerve fiber firing characteristics,. As in most mammals
each presynaptic active zone provides the exclusive sensory input to its postsynaptic ANF, the
presynapse is indeed in a key position to determine the ANF firing behavior (Nadol 1988).
Early evidence for a presynaptic mechanism came from electron-microscopy based observa-
tions that auditory nerve fibers of different properties receive input from presynaptic active
zones with different morphologies (Merchan-Perez and Liberman 1996). This study showed,
based on a small sample, that — at least in cats — low-spontaneous rate fibers are postsynaptic
to active zones that tend to be larger and have larger synaptic ribbons with more synaptic ve-
sicles. However, the restricted quantity of observations in that study leaves some degree of
uncertainty regarding how generalizable these observations are. Moreover, it is currently un-
clear to which degree they apply to other mammals, and whether they are of physiological
relevance in these animals (Francis et al. 2004). Another hypothesis regards the function of
presynaptic Ca”" channels. Supported by computer simulations, it has been suggested that
differences in the presynaptic Ca’" conductance between active zones could differentially
control the ANF responses (Sumner et al. 2002). However, no direct observations of such
differences had been reported. Furthermore, it has also been hypothesized that inter-synaptic
differences in the degrees of multivesicular release could yield a broad spectrum of different
EPSP (excitatory postsynaptic potentials) amplitude distributions and thus differentially regu-

late action potential generation in the respective postsynaptic ANF (Singer et al. 2009).

Due to the fact that a presynaptic mechanism would be located upstream of a potential post-
synaptic or efferent ANF modulation, it would very likely not be affected by these other sites
(Slepecky 1996) and allow to conclude about its relevance with the least degree of ambiguity.
This and the key role of Ca®" in the regulation of neurotransmitter release prompted us to
compare presynaptic Ca** signals between single active zones of inner hair cells (chapters 2,
3). The recent observation of stimulus-dependent adaptations in ANF firing sensitivity (Wen
et al. 2009; see above) further underlines the imperative of a better understanding of sound

intensity encoding within the cochlea, especially at the level of IHC synapses.
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1.3 Confocal Ca’* Imaging

Live-cell imaging provides the capability of selectively investigating cellular functions at sub-
cellular resolution. Particularly suited for this purpose is the use of imaging techniques with
optical sectioning capabilities such as one-photon confocal or multi-photon microscopy, as
they allow the rejection or avoid the emission of light from planes above and below a location
of potential interest, thereby greatly increasing the contrast of the signal (changes) under
study. Given the availability of an adequate optical reporter one can track specific cellular
processes at distinct locations with high temporal resolution and potentially at low levels of
invasiveness. Ca>" represents a second messenger that received wide interest in imaging stud-
ies — due to its manifold functions in most cell types as well as the availability of suitable re-
porters. Calcium indicators, in most cases, are fluorescent molecules that alter their photo-
physical properties upon binding of Ca”" ions. Following the absorption of light of appropri-
ate wavelength, they are excited and subsequently can relax from the excited singlet state (S;)
to the non-excited ground state (Sy) under the emission of fluorescent light. The exact energy
difference between these two states determines the wavelength of the emitted fluorescent
light. Calcium indicators can be subdivided in different groups according to the specific al-
terations they undergo upon Ca’" chelation (Takahashi et al. 1999). One prominent group of
indicators primarily exhibits a change in their excitation or emission peaks (ratiometric dyes,
e.g. Fura-2). A second, large group of indicators reports changes in [Ca®"] as a change in fluo-
rescence intensity, without a significant shift in their excitation or emission spectra (non-

ratiometric or single-wavelength dyes, e.g. Fluo-5N).

In a conventional one-photon laser scanning confocal microscope (CLSM), one or several
fluorophores are excited by a focused laser beam that is projected onto the specimen through
the objective lens of the microscope. A fraction of the emitted photons is captured by the
same lens, and travels the optical path also taken by the excitation light, to the primary (or
excitation) dichroic device. The dichroic device separates the emission from the excitation
light path. The emitted photons that remain after the ‘costly’ passage through the microscope
are then usually detected by a sensitive point detector (such as a photomultiplier tube (PMT)
or a photodiode) that is located behind a small aperture. This pinhole prevents light that origi-
nated from sections above and below the focal plane from reaching the detector. Thereby,
confocal microscopy allows optical sectioning of specimens, permits visualisation of localized
signals without their degradation by fluorescence from neighbouring planes, and generally

improves image contrast by rejection of this out-of-focus light from the detector. While the
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construction of 1- or 2-dimensional images requires scanning of the focused laser beam across
the sample (and thus limits temporal resolution of spatially resolved ‘standard’ confocal mi-
croscopy), the readout of fluorescence from a single location (with a static laser beam) offers

very high temporal resolution, however at the cost of spatial dimensionality.

Immanent to the confocal design is the rejection of photons. While the largest fraction of the
rejected photons will not originate from the focal plane if the pinhole is opened to = 1 Airy
unit (i.e. the size of the innermost ring of a point-source-derived diffraction pattern (Airy
disk) at the secondary image plane, where the pinhole is located), some photons from the fo-
cal plane will be missed (the remaining photons from the outer rings of the Airy disk). For
that reason, confocal microscopy may reject not only unwanted, but also relevant signal, al-
beit at low amounts. Another potential problem, imposed by the use of laser light sources and
high numerical aperture objectives, are effects of photobleaching and phototoxicity. In order
to minimize the damage imposed onto the cell as well as onto the indicator, appropriate illu-

mination settings have to be chosen.

1.4 Aim of the Work and Overview

We used fast confocal Ca*" imaging in conjunction with whole-cell patch clamp recordings to
address the 4 main points of this work, including a (i) general description of presynaptic Ca*"
signals at mature mouse IHC ribbon synapses, (ii) a characterization of their heterogeneity —
in light of a potential role in sound intensity coding, (iii) a description of tonotopic differences
in both whole-cell and synaptic Ca*" influx in IHCs, and (iv) a characterization of the depend-
ence of presynaptic Ca*" signal heterogeneity on both tonotopic and intracellular location. The
experimental work was backed and supplemented by a Ca®" reaction-diffusion-imaging
model, partly based on publicly available software (Matveev et al. 2002). A general descrip-
tion of presynaptic Ca’" microdomain signals, alongside with an investigation of their main
determinants is presented in chapter 2. The same chapter also deals with the finding of
marked Ca®" microdomain heterogeneity in both amplitude and voltage-dependence, and pre-
sents results supporting the idea of Ca*” channel number as a mechanism behind the observed
Ca”" microdomain amplitude variability. Chapter 3 contains a detailed biophysical characteri-
zation of whole-cell Ca*" influx in IHCs at two different positions along the cochlea, showing
that the number of Ca®" channels is higher, and consequently Ca®* current amplitude larger, in

a mid-cochlear as compared to the apical region of the cochlea. This increase in Ca*" channel
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number co-varies with synapse number and cochlear sensitivity. Chapter 3 moreover de-
scribes highly similar (average) presynaptic Ca>" signals at the two cochlear locations, but
reports pronounced amplitude heterogeneity within both cochlear regions. Additionally, it
provides evidence for a loose segregation of functionally different synapses around the pe-
rimeter of mouse IHCs. Potential experimental artefacts are carefully addressed throughout
both chapters, as well as in the appendix, both by experimental and theoretical means. Chapter
4, eventually, summarizes the work, outlines consistency between experiments and with the

literature, and addresses remaining open questions and alternative hypotheses.
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2. Mechanisms Contributing to Synaptic Ca** Signals and Their
Heterogeneity in Hair Cells.
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Sound coding at hair cell ribbon synapses is tightly regulated by
Ca2*. Here, we used patch-clamp, fast confocal Ca2+ imaging and
modeling to characterize synaptic Ca2* signaling in cochlear inner
hair cells (IHCs) of hearing mice. Submicrometer fluorescence
hotspots built up and collapsed at the base of IHCs within a few
milliseconds of stimulus onset and cessation. They most likely
represented Ca2* microdomains arising from synaptic Ca2* influx
through Cay1.3 channels. Synaptic Ca2+ microdomains varied sub-
stantially in amplitude and voltage dependence even within single
IHCs. Testing putative mechanisms for the heterogeneity of Ca2+
signaling, we found the amplitude variability unchanged when
blocking mitochondrial Ca2+ uptake or Ca2*-induced Ca?* release,
buffering cytosolic Ca2* by millimolar concentrations of EGTA, or
elevating the Ca2* channel open probability by the dihydropyri-
dine agonist BayK8644. However, we observed substantial vari-
ability also for the fluorescence of immunolabeled Cay1.3 Ca2*
channel clusters. Moreover, the Ca?* microdomain amplitude cor-
related positively with the size of the corresponding synaptic
ribbon. Ribbon size, previously suggested to scale with the number
of synaptic Ca2* channels, was approximated by using fluorescent
peptide labeling. We propose that IHCs adjust the number and the
gating of Cay1.3 channels at their active zones to diversify their
transmitter release rates.

calcium microdomain | coding | imaging | ribbon synapse | modeling

air cells transform mechanical stimuli into glutamate re-

lease at their ribbon-type synapses (reviewed in refs. 1 and
2). This involves a tight regulation of synaptic vesicle exocytosis
by Ca?* channels (3-7), which are of Cay1.3 type (8). The Ca?*
channels cluster at the multiple active zones of hair cells (5,
9-14). Imaging of Ca?" indicator fluorescence has revealed
localized microdomains of elevated [Ca?*] in lower vertebrate
hair cells (10-12, 14), whereas a spatially less confined rise of
submembrane [Ca?*] involving Ca?*-induced Ca’" release
(CICR) has been reported for immature mouse inner hair cells
(IHGs) (15).

Our understanding of sound encoding in the mammalian
cochlea is partly limited by a lack of quantitative information on
synaptic Ca?" signaling in the IHCs of hearing animals. For
example, it is believed that differences between the synapses of
an individual THC account for the variability of spontaneous and
evoked rates, sound threshold, and dynamic range among spiral
ganglion neurons (SGNs) of similar characteristic frequency
(16). Presynaptic and postsynaptic mechanisms have been sug-
gested to cause this heterogeneity of SGN dynamics. Differential
efferent control of SGN activity (17) seems conceptually obvi-
ous. There are also indications for differences in structure (18)
and function (19) among active zones of an IHC; however, little
is known about the underlying mechanism. Here, we used
time-resolved confocal imaging of the fluorescence of low-affinity
Ca?* indicators together with pharmacological manipulations and
modeling to characterize synaptic Ca>" microdomains in IHCs of
hearing mice.

www.pnas.org/cgi/doi/10.1073/pnas.0813213106

Results

Fast and Localized Ca2* Signals Mediated by Ca2* Influx at IHC Active
Zones. Voltage activation of Ca" influx caused the appearance
of submicrometer fluorescence hotspots in the basolateral com-
partment of IHCs ([Ca?*]. = 5 mM; Fig. 14) that had been filled
with the low-affinity Ca?* indicator Fluo-5N (400 uM, K4 = 95
uM; M. Alp and W. M. Roberts, personal communication) and
the slow Ca?" chelator EGTA (2 mM, K4 = 180 nM at pH 7.2)
(20). These conditions (“standard conditions) favored detec-
tion of localized Ca?* signals by augmenting Ca?" influx (ele-
vated [Ca®"].) and limiting intracellular Ca’?* spread (EGTA,
e.g., ref. 14). The low affinity of Fluo-5N led us to primarily
display fluorescence changes (F — F or AF) without background
normalization (avoiding an increase in noise due to division by
low Fy). In contrast to reports regarding other ribbon synapses
(10), we did not observe obvious spot-like Ca?" indicator
fluorescence at rest, arguing against a notable association of the
indicator with ribbons. The Ca?* indicator fluorescence hotspots
(spanning hundreds of nanometers) are further on referred to as
Ca?>* microdomains to distinguish them from Ca?* nanodo-
mains, which are implied for Ca?* signals that operate within a
few tens of nanometers of the source and have escaped visual-
ization because of the limited spatial resolution of conventional
light microscopes (21).

The Ca?* microdomains colocalized with synaptic active
zones, shown by marking the synaptic ribbons with a rhodamine-
conjugated CtBP2/RIBEYE-binding peptide (Fig. 1B) (22). We
did not observe CtBP2/RIBEYE-marked spots without Ca?*
microdomains. We searched for Ca?* microdomains in stacks of
confocal sections from the base to the apex of the THC that were
acquired during repetitive depolarization. The number of Ca?*
microdomains (8 = 2 per IHC, n = 4 IHCs) was consistent with
typical observations of labeled ribbons (e.g., Figs. 1B Left and
5B). Neither Ca?* microdomains nor ribbons were observed
apical to the nucleus. Ca?* microdomains could not be elicited
in the absence of extracellular Ca?* (Fig. 1C, representative for
n = 3 IHCs).

The spatiotemporal properties and voltage dependence of
synaptic Ca?* microdomains were studied at high temporal
resolution by using “spot detection” (23) and line scanning. For
spot detection, we positioned the laser beam on the brightest
pixel in a Ca?>" microdomain of the previously acquired xy-scan
(white spot in the center of the Ca?* microdomain of Fig. 24)
and recorded the fluorescence at an effective rate of ~2 kHz
(Methods). Note that we visually chose the best focal plane,
routinely performed spot detection at 7 locations in a line
(standard method; white spots in Fig. 24, enabling isochronal
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Fig. 1. CaZ* microdomains mediated by Ca2* influx at ribbon synapses in
IHCs. Confocal images of Fluo-5N-filled IHCs were acquired in 3 repetitions of
6 images at ~10 Hz: 2 images each before, during, and after stimulation by
200-ms depolarizations to —7 mV. Images averaged over runs and time frame
(e.g., before stimulation) are shown. (A) Representative series of images under
standard conditions showing 6 Fluo-5N fluorescence hotspots (Ca2* microdo-
mains) during the stimulus. The images were baseline subtracted (subtracting
the average of the 2images before depolarization; AF). On display are the image
during stimulation and those preceding or following the stimulus. (B) Ca2*
microdomains (Center) evolved at ribbon synapses marked by rhodamine-
conjugated CtBP2/RIBEYE-binding peptide (40 uM; Left, acquired before stimu-
lation). Overlay (Right) depicts colocalization of Ca2* microdomains and synaptic
ribbons (both fluorescence channels acquired simultaneously). Note the exten-
sion of Ca2* microdomains beyond ribbons. For 2-dye imaging, acquisition was
repeated 6 instead of 3 times. (C) Ca2* microdomains were abolished by omission
of extracellular Ca2* (Center, bath perfusion of nominally Ca2*-free solution and
addition of 1 mM EGTA and 5 mM MgCl,) and reappeared after readdition of
5 mM [Ca2*]e to the IHC (imaging as in A). (Scale bars: 2 um.)

analysis: Fig. 2C) and chose the position with the largest AF for
further analysis.

Fig. 2 B-D illustrates the rapid build-up and collapse of
Fluo-5N fluorescence upon stimulus onset and cessation. We
note that the presented kinetics of AF underestimate the true
speed of the [Ca?*] change because of the limiting binding
kinetics of the Ca?" indicator as well as spatial averaging in the
process of detection [supporting information (SI) Fig. S1d and
SI Text] (23). The kinetics were quantified by single- or double-
exponential fitting (Fig. 2B and Table S1). Moving the excitation
detection volume outside the center of a given Ca?* microdo-
main revealed a reduction of AF and progressive slowing of onset
and offset kinetics (Fig. 2 B and C). Note the pronounced
amplitude variability of AF (Fig. 2D). The distribution of max-
imal AF values [AFmax, peak fluorescence identified after boxcar
(2-ms box) smoothing] had a coefficient of variation (CV) of 0.74
(45 Ca®* microdomains in 17 THCs). Similar variance was
observed in the background-normalized data (AF/F,, CV = 0.65;
Fig. S2a) and for the AFn.x distribution estimated by fitting
Gaussian functions to time-averaged line scans (CV = 0.75, 35
Ca?* microdomains in 17 THCs). We observed a trend toward
smaller variance with more precise colocalization of beam
position and Ca?* microdomain center (SI Text), probably
reflecting the contribution of measurement variance. Therefore,
we consider the most accurate approach (3D spot displacement)
to yield the most reliable estimate of AFy,.x variability (CV =

4484 | www.pnas.org/cgi/doi/10.1073/pnas.0813213106
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Fig.2. Spatiotemporal properties and voltage dependence of Ca2* microdo-
mains. (A) Confocal image of a Ca2* microdomain illustrating read-out sites
for spot detection (white spots) and line scans (orthogonal dashed lines).
(Scale bar: 2 um.) (B) Representative spot detection experiment: the laser spot
was first placed on the brightest pixel in the xy confocal image (A, center white
spot). Top of the graph shows voltage protocol, middle shows Ca2* current,
and bottom shows AF at the center spot (black) and an outlying position (260
nm off center, gray). Ca2* current (Ic;) and AF represent averages obtained
from 5 subsequent runs (interval: 2.25 s). Lines represent exponential fits to
the AFrise and decay. (C) Isochronal analysis: the laser spot was subsequently
displaced bilaterally from the center, and the fluorescence was recorded as
described in B. AF traces were assembled in a pseudo-3D plot as a function of
time and space. (D) Mean (black) and SD (gray) of 45 Ca2* microdomains (in 17
IHCs) recorded as described in B; note the large amplitude variability. For each
Ca?* microdomain, only the maximum intensity recording was considered. (E)
Mean and SD of AF (gray) as a function of depolarizing potential (Vp),
obtained from spot-detection experiments at the center of the Ca2* microdo-
main (n = 32 Ca2* microdomains in 17 IHCs); AF was averaged over the last 15
ms of a 20-ms stimulus. AF (mean: gray) and Ic, (mean: black) show a similar
voltage dependence (thin lines: corresponding SDs). (F) Representative line
scans (x and y, corresponding to the x and y scan lines in A). Red bar indicates
time of depolarization to —7 mV. (Scale bar: 2 um.)

0.54). However, when using this more extensive search, one
trades more accuracy in beam position for more rundown of
Ca?" influx and risk of photodamage. Hence, we did not
generally apply 3D spot displacement, but used the standard
method for most experiments (unless stated otherwise).
Variability of AFy,.x Was only slightly smaller within individual
IHCs (Fig. S2 b-d and SI Text), indicating that intracellular
variability dominates the variance of the entire population of
Ca?* microdomains. Thus, we interpret the population estimates
to indicate intracellular variability throughout. Based on our in
Situ Fmax/Fmin 1atio (=50) and noting the limitations inherent to
[Ca?"] quantification using nonratiometric indicators, we esti-
mated the average [Ca?*] within the Ca?>" microdomain to be ~3
uM at the end of a 20-ms depolarization (standard conditions).
The voltage dependence of AF qualitatively mimicked that of the
simultaneously acquired Ca?* current, further indicating that AF
reflects synaptic Ca?" influx (Fig. 2E). The spatial distribution
of the Ca?* signals was quantified by 2 orthogonal line scans (Fig.
2F, lines indicated in Fig. 24). Following the Ca?" microdo-

Frank et al.



%
yd
=y

yd

—— Control
\— Ryanodine

-60 W
<
10 a.u. | g5
o
4
-o- Control O-prins ,
-o- Ryanodir& 20 ms Time
AF
C D —— Control
-2 —— FCCP
§
= AF |100 a.u.
<
T
[T

150 ms

Fig. 3. Blocking CICR or mitochondrial Ca?*uptake. (A) Comparable mean
(line) and SD (shaded area) of AF vs. membrane voltage (Vp,) for cells loaded
with either 100 uM ryanodine (12 microdomains in 9 IHCs) or vehicle (16
microdomains in 13 IHCs) via the patch pipette (KCl-based solution with 0.5
mM EGTA; see Methods). AF was obtained by spot detection as described in
Fig. 2E. For each microdomain, the voltage protocol was repeated 3 times. Vi,
was offline-corrected for the voltage drop over residual series resistance,
which was very relevant here because of the remaining potassium current. (B)
Similar onset and decay kinetics with (gray, 15 microdomains in 10 IHCs) and
without (black, 19 microdomains in 14 IHCs) ryanodine. Average (line) and SD
(shaded area) of normalized AF traces (spot detection following depolariza-
tion to ““nominally’”” —15.3 mV; only recordings with a voltage error <4 mV
were considered). (C) Mean and SD of the FWHM of the Ca2* microdomain
along both perpendicular scan lines (fitting of a Gaussian function to the
average of all lines acquired during depolarization). No difference was found
between the 2 groups. X (control): 11 Ca?* microdomains in 10 IHCs, Y
(control): 7 Ca?* microdomains in 7 IHCs, X (ryanodine): 11 Ca?* microdomains
in 8 IHCs, and Y (ryanodine): 8 Ca2* microdomains in 6 IHCs). (D) Mean and SD
of AF traces recorded by spot detection in response to 150-ms depolarizations
to —7 mV (0.5 mM EGTA and 375 uM Fluo-4FF in the pipette; 10 mM [Ca2*].
and 5 uM BayK8644 in the bath) in control experiments (n = 11 Ca2* microdo-
mainsin 7 IHCs), and in intracellular presence of FCCP (10 uM) and oligomycin
(2.5 mg/mL), blocking mitochondrial Ca2* uptake (n = 23 Ca2* microdomains
in 10 IHCs).

main build-up during the first 1-2 ms, there was little spatial
spread during the course of the depolarization under standard
conditions.

Exploring the Mechanisms Underlying the Ca2+ Microdomain Heter-
ogeneity. What differentiates the Ca>* signals between synapses
of a given THC? Possible mechanisms include disparities in Ca?*
release from intracellular stores (e.g., CICR), Ca* buffering,
and/or Ca’* sequestration. Moreover, and most importantly,
there could be differences in any of the 3 determinants of Ca?*
influx: number of channels, open probability, and single-channel
current.

CICR mediated by ryanodine receptors could amplify a Ca>*
influx-mediated [Ca®*] rise to various degrees. We tested for a
potential contribution of CICR to presynaptic Ca?" signals by
comparing the spatiotemporal properties and the voltage de-
pendence of the Ca?* microdomains elicited by 20-ms depolar-
izations in the presence or absence of a ryanodine receptor
antagonist (100 uM ryanodine in the pipette, Fig. 3 A-C; 20 or
40 puM ryanodine in the bath, Fig. S3). To favor the detection of
a small CICR contribution, we entailed weaker cytosolic Ca?*
buffering (0.5 mM EGTA). None of these conditions caused a
significant change in AF (Fig. 34 and Table S1), the rise and

Frank et al.

decay kinetics (Fig. 3B), spatial distribution (Fig. 3C), the voltage
of half-maximal AF activation, or the variability of AFy,.x (Tables
S1 and S2). These results are consistent with observing compa-
rable amplitudes and amplitude scatter, regardless of whether
K* or Cs* [which blocks CICR (15)] was used as the main
intracellular cation. In summary, we conclude that CICR does
not contribute significantly to synaptic Ca* signaling in mature
IHCs and cannot explain the observed synaptic heterogeneity.

Synaptic Ca?* removal may differ across IHC active zones.
Ca?* may be cleared temporarily by mitochondria (24) or bind
to immobile cytosolic Ca®* binding sites (25, 26). For sensitive
detection of Ca?* changes due to mitochondrial Ca?* uptake, we
used a Ca?* indicator with higher affinity (Fluo-4FF, 375 uM,
K4 = 10 uM; M. Alp and W. M. Roberts, personal communi-
cation) and weak cytosolic Ca?* buffering (0.5 mM EGTA).
Under these conditions, blocking mitochondrial Ca?* uptake by
intracellular carbonyl cyanide 4-(trifluoromethoxy)phenylhy-
drazone (FCCP, 10 uM, coapplied with oligomycin, 2.5 mg/mL)
did not alter the Ca?* microdomains, except for making the slow
component of the fluorescence rise slightly faster (Fig. 3D and
Table S1). Moreover, the CVs of the Ca?* microdomain ampli-
tudes were in the same range (1.06 vs. 0.91 for control and FCCP,
respectively), arguing against a prominent contribution of vari-
able mitochondrial Ca’* uptake to heterogeneity of synaptic
Ca?* signals.

Addition of EGTA (0.5, 2, and 10 mM) to the pipette solution
was used to study the effects of mobile Ca?* buffers on the
spatiotemporal properties of Ca?" microdomains and their
heterogeneity in 5 mM [Ca?*].. For comparison, we performed
experiments under close to physiological conditions (“native”
Ca?* buffering, perforated-patch configuration, physiological
[Ca?*].: 1.3 mM). For dye loading, the perforated-patch record-
ings were preceded by a brief whole-cell episode (15-30 s, 2 mM
[Fluo-5N]pipette), avoiding major loss of cellular Ca?*-buffering
proteins (SI Text).

Spots were identified in each condition, but were of smaller
amplitude and spatially more confined with higher Ca?* buff-
ering capacity (Fig. 4 A-C and E). The rise and decay kinetics as
well as the spatial distribution of Ca?* microdomains observed
in perforated-patch experiments were most similar to those
found with 0.5 mM EGTA. To quantitatively characterize active-
zone Ca?* dynamics in the well-defined whole-cell experiments,
we compared the experimental data to predictions of a model of
Ca?* influx, diffusion, and binding by using CalC software (27)
and simulating Ca?* indicator fluorescence detection (for de-
tails, see Fig. S1, SI Text, and Table S3). Mobile endogenous
Ca?* binding sites, which are progressively “washed out™ into the
pipette in the whole-cell configuration, were disregarded, as
were mitochondrial Ca2* uptake and CICR. AF was predicted by
transforming the spatiotemporal distribution of Ca?*-bound
Fluo-5N by our in situ Fmax/Fmin ratio (=50), as described (28),
and convolution with the point spread function of the optical
setup. The model predicted the mean properties of the fluores-
cent hotspots under the different conditions reasonably well
(Fig. 4 C-E).

Experiments and model consistently showed biexponential
rise and decay kinetics in weak exogenous buffering conditions,
whereas the slow components were strongly diminished by
increasing EGTA (Fig. 4D and Table S1). In addition, high
EGTA accelerated the fast Ca?* decay (Fig. 4D and Table S1).
The widths of the Ca?* microdomains in different EGTA
concentrations were well predicted by the model (Fig. 4E). The
width of the Ca?* microdomains increased throughout the
depolarization (20 ms) for lower concentrations, but it rapidly
reached steady state with EGTA 2 mM or greater (Fig. S4). The
choice of the Ca?*-buffering condition did not appreciably affect
the experimentally observed synaptic heterogeneity for any of
the quantified parameters (Fig. 4B and Table S1). Finding
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Fig. 4. Effects of Ca2* buffering on IHC Ca2* microdomains. (A) Represen-
tative confocal AFimages of IHCs (recorded as introduced in Fig. 1 A) with close
to native endogenous Ca2* buffering (perforated-patch, top row, represent-
ing 37 Ca?* microdomains in 14 IHCs) or various amounts of exogenously
added EGTA: 0.5 mM (second row, representing 24 Ca2* microdomains in 15
IHCs), 2 mM (third row, representing 45 Ca2* microdomains in 17 IHCs), or
10 mM (bottom row, representing 22 Ca2* microdomains in 7 IHCs). (Scale bar:
2 um.) (B) Distributions of AFyax obtained for the buffering conditions in
spot-detection experiments after box-car smoothing (2-ms box). (C) Experi-
mental mean (black line) and SD (gray area) of AF/F, traces as well as model
prediction (gray line) for the respective buffering conditions. Model predic-
tions were obtained only for exogenous buffering experiments (see Table S1
and S/ Text) (D) Normalized mean AF/F, traces of all 4 buffering conditions
(markers) emphasizing the kinetic differences, and model predictions (lines)
for exogenous buffering experiments. (E) Mean and SD of FWHM of the CaZ*
microdomain along both scan lines (fitting of a Gaussian function to the
time-averaged line profile). Also shown are the model predictions (red bars).

comparable synaptic heterogeneity with an excess of mobile
Ca?" buffer renders differences in local Ca?>* buffering unlikely
to contribute substantially.

Heterogeneity of Ca?* influx is an attractive candidate mech-
anism, under direct control of the membrane potential. Indeed,
we observed substantial variability in the voltage dependence of
AF across the Ca?* microdomains (Fig. 54), even within a given
THC (dotted lines in Fig. 54), which probably reflected differ-
ences in gating. The variance of the voltage of half-maximal
activation was larger for the Ca’?* microdomains (24 mV?
standard conditions, see Table S1 for other conditions) than for
the Ca?* current in the corresponding THCs (5 mV?). Voltage
errors due to changes in electrode potential were found to be less
than 3 mV, and series resistance-related errors were corrected
offline.

However, substantial AF variability was observed also for
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synaptic Ca2* channel clustersin IHCs. (A) To demonstrate the variable voltage
dependence of AFnax we display the average results (and SD) of fitting a
Boltzmann function to the fractional voltage activation of AF [AF divided by
the driving force (V — V,e\) of the underlying Ca2* current]. Note that at —7
mV, the potential used for comparisonsin Figs.2 Dand F, 3B-D, 4,and 5 D and
E, the activation of AF (mean: gray line, SD: light gray area) and /c, (mean: black
line, SD: dark gray area) is nearly complete. Note the pronounced variability
in the voltage dependence of activation, even within 1 cell (dashed traces:
individual data curves from 3 Ca2* microdomains in an IHC). (B) shows an xy
scan through the basal portion of an IHC loaded with rhodamine-conjugated,
CtBP2/RIBEYE-binding peptide (40 uM; dissolved in intracellular solution).
Note the spots of increased fluorescence intensity, indicative of synaptic
ribbons. (Scale bar: 2 um.) (C) Representative confocal section of an IHC
stained with a Cay1.3 antibody. (Scale bar: 2 um.) (D) Correlation between
CaZ* microdomain AFmax and fluorescence intensity of the corresponding
ribbon (amplitude of 2D Gaussian function, fit to the fluorescently tagged
ribbon in xy scans acquired at rest and before spot detection). The microdo-
main AFmax was obtained at the maximum-intensity location, identified by a
series of 11 axially (along optical axis) displaced measurements (200-nm steps).
Note the positive correlation (P, = 0.47, P < 0.01; n = 48 Fco—Frigeye pairsin 18
IHCs). (E) Distributions of Ca2* microdomain AFmax (amplitude of 1D Gaussian
fit to time-averaged line-scan profile, n = 35), Cay1.3 immunofluorescence
(n = 50), and 210-nm crimson bead fluorescence (n = 52).

saturating stimuli (at —7 mV: Fig. 54; see Figs. 2, 4, and 5 for
illustration). Next, we tested whether the dihydropyridine L-type
channel agonist BayK8644 (29) could reduce the AF heteroge-
neity of the Ca?* microdomains. By uniformly increasing the
open probability of Cavl.3 channels in IHCs (5), we reasoned
that BayK8644 would equalize stimulus-dependent Ca?* influx
between THC active zones. To prevent local Ca?* saturation of
Fluo-5N, we added a high concentration of EGTA (10 mM in the
pipette, shown above to not reduce heterogeneity of AF).
However, despite the maximized open probability, we still found
large variability in AF (CV = 0.87, 16 Ca>* microdomains in 5
IHCs) (Table S1).

The Ca?* channel number per active zone has been suggested
to vary with the size of the synaptic ribbon in hair cells in chick,
frog, and turtle hair cells (30). This was based on a correlation
of the estimates of Ca?* channel number and of total release area
(product of synapse number and ribbon size) per hair cell. Here,
we explored this hypothesis at the single-synapse level and asked
whether differences in channel number could contribute to the
heterogeneity of Ca?*™ microdomain amplitudes. We related the
Ca?* microdomain amplitude (Fluo-5N AF, spot detection,
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20-ms depolarizations to —7 mV) to the fluorescence intensity
of the corresponding peptide-labeled ribbons before depolar-
ization (Fig. 1B and 5B). Ribbon fluorescence intensity (ampli-
tude of 2D Gaussian function fit) rather than FWHM was used
for approximation of ribbon size, because ribbons are too small
to be faithfully measured by confocal microscopy (31). Relating
the fluorescence intensity to ribbon size seems reasonable, as
previous work (22) indicated a quantitative scaling of ribbon
labeling by the fluorescent CtBP2/RIBEYE-binding peptide
with the number of contained RIBEYE molecules. As shown in
Fig. 5D, we did observe a significant correlation between Ca?*
microdomain amplitude and the ribbon fluorescence intensity.
This suggests that larger Ca?>" microdomain amplitudes arose
from bigger active zones, probably containing more Ca?* chan-
nels, and that differences in Ca?" channel number among
synapses can account for part of the variance of their Ca?*
microdomain amplitudes.

The attractive hypothesis of a variable Ca?* channel content
was tested by confocal microscopy of active zones following
Cay1.3 immunolabeling (Fig. 5C). We estimated the fluores-
cence intensity as described above for ribbons. Images were
acquired using a low numerical aperture (0.7) objective lens to
ensure that most of the Cay1.3 immunofluorescent spot was
included in the excitation-detection volume. We reasoned that
active zones with larger Ca?* channel clusters or clusters with
higher Ca?* channel densities would display higher fluores-
cence intensities (assuming a linear labeling reaction). The
measurement revealed considerable variance among the syn-
apses (CV = 0.24; Fig. 5E). We also measured fluorescent
beads using the same microscope and detection settings (di-
ameter 210 nm; Fig. 5E) to get an upper boundary of the
imaging- and analysis-related contributions (CV = 0.11). For
comparison, Fig. SE also displays the fluorescence intensity
distribution of Fluo-5N hotspots.

Discussion

Toward a Quantitative Understanding of the Active-Zone Ca2* Mi-
crodomain in IHCs. Studying IHCs of mice after the onset of
hearing (low-affinity Ca?* indicator, 0.5-10 mM EGTA), we
observed spatially confined Ca?" domains much like those
reported for lower vertebrate hair cells (10-12, 14). Based on our
experiments, localized domains of high Ca?* concentration are
likely to occur at THC synapses with physiological Ca?" influx
and native Ca”* buffering. Several lines of evidence suggest that
the observed Ca?* microdomains arose from Ca’* influx
through synaptic Cay1.3 Ca?" channel clusters at the ribbon
synapses. First, they occurred at sites marked by a ribbon-
labeling, CtBP2/RIBEYE-binding, fluorescent peptide, and
their number was consistent with counts of ribbon synapses (this
study, and ref. 31). This argues against an appreciable fraction of
presynaptically silent synapses as well as against Ca?>" microdo-
mains occurring outside ribbon-type active zones. Second, Ca?*
microdomains were not observed when removing extracellular
Ca?". Third, their amplitude shared the voltage dependence of
the whole-cell Ca?" current. Fourth, inhibition of CICR by
ryanodine or intracellular Cs* did not reduce the amplitude of
the Ca?* microdomains. Finally, the fluorescence changes could
be reasonably well predicted by realistic modeling of active-zone
Ca?* signals, driven solely by Ca?" influx, without invoking
additional Ca?* sources.

Experiments with different EGTA concentrations and mod-
eling were used to explore how mobile Ca?* buffering shapes the
spatiotemporal properties of the Ca>* microdomains. In brief,
the more mobile Ca?* binding sites were present, the faster,
smaller, and spatially more constrained were the observed and
simulated Ca* changes. This can be intuitively understood to
reflect a faster Ca®" capturing and less Ca®>" buffer saturation.
Mobile Ca?" buffering presented the prevailing Ca?>" removal
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mechanism, limiting the active zone’s Ca?* signal of THCs in
space and time during short depolarizations. This agrees well
with conclusions of previous studies on other hair cells (11, 12).

Heterogeneity of Synaptic Ca?* Signals: Mechanisms and Conse-
quences. The voltage dependence varies even among active zones
of an individual IHC, which may relate to the observation of
different stimulus thresholds for styryl dye destaining across
putative ribbon synapses (19). Because the hair cell is isopoten-
tial (9), voltage errors due to series resistance were corrected,
and those due to drifts in electrode potential were minor, we
expect experimental procedures to contribute little to the ob-
served variance of the voltage of half activation (24 mV?), which
was 4 times larger than that of the whole-cell current compared
among the same experiments.

Besides shifts in activation curves, we also found a large AFnax
variability of Ca>" microdomains for strong depolarizations (—7
mV) when Ca?* channel activation saturates and even after max-
imization of channel open probability by BayK8644. Although some
contribution of the measurement to the observed variance of Ca?*
microdomain amplitude is likely, this indicates variability of Ca?*
signaling in addition to that arising from differences in voltage
gating (discussed above). Our data do not support a major contri-
bution of Ca?* signal amplification by CICR, local differences in
Ca?* buffering/sequestration, or the average maximal Ca?* channel
open probability among IHC synapses.

Heterogeneity in the number of Ca?* channels among hair cell
active zones could explain a substantial part of the observed
amplitude variability of Ca>* microdomains at saturating depo-
larizations. Confocal microscopy of immunolabeled Cayl1.3
channel clusters indicates that the number of Ca?" channels
indeed varies among hair cell synapses (CV = 0.24; Fig. 5). This
result was obtained from measurements on fixed tissue, and
therefore not from those synapses that had been functionally
characterized. However, the argument is supported by the
simultaneous imaging of Ca?>" microdomains and their corre-
sponding, fluorescently labeled ribbons. The observed positive
correlation of both fluorescence intensities suggests that larger
Ca’* microdomains arise from active zones with more Ca?*
channels. This hypothesis assumes that (7) the fluorescence of the
peptide-labeled ribbon indicates the number of RIBEYE mol-
ecules (22) and (if) can be used to approximate ribbon size, (iii)
which scales with the spatial extent of the active zone and the
number of Ca?" channels (30). Modeling confirmed that under
our experimental conditions, the contributions of individual
Ca?* channels at the active zone sum roughly linearly to set the
amplitude of the Ca?* microdomain reported by the low-affinity
indicator Fluo-5N and our imaging system (Fig. Sle and SI Text).
Whether the remaining mismatch of amplitude variance between
Ca?* microdomain and Cay1.3 channel immunofluorescence
reflects differences in Ca?* channel regulation among synapses
remains to be addressed in future studies.

In summary, we propose that the IHC adjusts both the number
of Ca?" channels and their gating at its individual synapses. This
could explain the coexistence of synapses within an individual hair
cell that drive different SGN firing rates. Transmitter release from
IHCs seems to be controlled by Ca?>" nanodomains around Ca?*
channels within few tens of nanometers of the docked vesicle (2, 5,
7, 32). In this case, the number of open channels would relate
linearly to the rate of vesicle exocytosis. This concept has been
primarily tested for fusion of the readily releasable pool of vesicles
(5, 7), but probably also applies during longer stimuli (6). Differ-
ences in the number of channels opening for given receptor
potential amplitude would translate into different peak and adapted
firing rates. However, synapses with more Ca?* channels and/or a
more negative voltage range of channel activation would also cause
higher spontaneous firing rates, which in SGNs seem entirely driven
by hair cell transmitter release (33). The question of how these
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properties are differentially regulated in a single IHC remains to be
addressed in future studies.

Methods

Animals. C57BL/6 mice (ages 14-18 days) were used for experiments.

Patch-Clamp and Confocal Ca?* Imaging. IHCs from apical coils of freshly
dissected organs of Corti were patch-clamped as described previously (4). The
pipette solution contained (in mM): 130 cesium glutamate, 13 tetraethylam-
monium (TEA)-Cl, 20 CsOH-Hepes, and 1 MgCl,, and 250 ng/mL amphotericin
B (pH 7.2) for perforated-patch recordings, in addition to (in mM) 2 MgATP, 0.3
NaGTP, and various concentrations of EGTA (standard: 2 mM; cesium gluta-
mate concentration adjusted for 10 mM EGTA), 0.4 mM Fluo-5N or 0.375 mM
Fluo-4FF (penta-K* salts; Invitrogen) (pH 7.0) for standard whole-cell record-
ings, and for CICR experiments (in mM): 155 KCl, 20 KOH-Hepes, 2 MgATP, and
0.3 NaGTP (pH 7.0). The extracellular solution contained (in mM; if deviating,
concentrations used for CICR experiments are given in brackets): 102 [133]
Nacl, 35 [3] TEA-CI, 2.8 [5.8] KCI, 5 CaCl; (1.3 for perforated-patch recordings;
balanced by NacCl), 1 MgCl,, 10 NaOH-Hepes, and 10 p-glucose (pH 7.3).
BayK8644 (5 uM; Tocris) was bath applied. Ryanodine (Calbiochem) was either
dissolved in the pipette solution (100 wM) or continuously bath applied
(20 or 40 uM). FCCP (10 uM; Fluka) and oligomycin (2.5 mg/mL; Sigma) were
intracellularly applied. An EPC-9 amplifier and Patchmaster software (HEKA
Elektronik) were used for measurements. All voltages were corrected for
liquid-junction potentials (17.5 mV for cesium glutamate solution and 5.3 mV
for KCI solution) and voltage drops across series resistance. Currents were
low-pass-filtered at 5 kHz and sampled at 50 kHz. Cells with a membrane
current exceeding —50 pA at our standard holding potential of —87.5 mV
(cesium glutamate; for KCl solution, —75.3 mV) were discarded from analysis.
Ca?* currents were further isolated from background current by using a P/n
protocol. Current-voltage relationships were fitted by using a Boltzmann
function. Interstimulus periods were 2-3 s between sweeps and 1-2 min
between ensembles. The average Ca2?* current rundown at the end of the
experiment was 30% of the maximum current.

Ca2* imaging was performed with a Fluoview 300 confocal scanner
mounted on an upright microscope (BX50WI) equipped with a 0.9 numerical
aperture, 60X water-immersion objective (all from Olympus). A 50-mW,
488-nm laser (Cyan; Newport Spectraphysics) was used for excitation of Fluo-
5N, and a 1.5-mW, 543-nm He-Ne laser was used for excitation of rhodamine-
conjugated, CtBP2/RIBEYE-binding peptide. Ca?* microdomains were identi-
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fied in xy scans during 200-ms depolarizations [0.5% of maximum laser
intensity (488 nm)] and were further characterized by using spot detection
and line scans. During spot detection [0.05% of maximum laser intensity (488
nm)], the output of the photomultiplier tube (PMT) signal (500 kHz) was
temporally averaged to yield an effective sampling rate of 1.85 kHz. Line scans
were acquired at a rate of 0.74 kHz [0.25% of max laser intensity (488 nm)].
Isochronal spot detection measurements and line scans were repeated 5 and
10 times, respectively. For 2-dye imaging, the laser intensities (488 nm) were
doubled. The 543-nm laser was operated at the following intensities: 50% for
xy scans, 25% for line scans, and 10% for spot detection. PMT dark current was
subtracted for all measurements, and PMT settings were identical for all
experiments. In rare cases, we observed an unclear long-term rise in fluores-
cence that was independent of leak current amplitude.

Immunohistochemistry. The freshly dissected apical cochlear turns were fixed
for 25 min in 99% methanol at —20°C. Immunostaining was performed as
described in ref. 31. The following antibodies were used: mouse 1gG1 anti-
CtBP2 (also recognizing the ribbon protein RIBEYE; 1:150; BD Biosciences),
rabbit-anti-Cay1.3 (1:75; Alomone Labs), and secondary AlexaFluor488-
labeled and AlexaFluor568-labeled antibodies (1:200; Molecular Probes). Con-
focal images of Cay1.3-immunolabeled IHCs were acquired by using an SP5
confocal microscope (Leica) with 488-nm (Ar) and 561-nm (DPSS) lasers for
excitation and a 63X oil immersion objective (numerical aperture 0.7).

Model and Data Analysis. Fig. S1, S/ Text, and Table S3 provide a detailed
description of the model using CalC (http://web.njit.edu/~matveev/calc.html).
Data are presented as mean and SD. Igor Pro 6 (Wavemetrics) was used for
analysis.
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SI Text

Detailed Description of the Model. To validate result-based as-
sumptions about Ca?* influx and buffering at the IHC synapse,
we used a diffusion-reaction calculator (CalC; public domain;
ref. 1) to simulate synaptic Ca?* signals for a simplified THC
synapse model.

The model (for parameters, see Table S3) included Ca?* entry
into the cytoplasm from a single source and subsequent diffusion
as well as reaction with defined buffer species. The model was
set up in a 3D geometry (in Cartesian coordinates), with the
unitary simulation volume being a cube with an edge length of
100 nm, chosen to be comparable to the experimentally used
spatial sampling step size of the microscope’s excitation detec-
tion volume (130 nm). The total simulation volume was likewise
cubic, with an edge length of 5.1 um. The boundary plane
harboring the Ca?* source was considered to represent the
plasma membrane and was therefore set to be reflective for all
species. At all other boundaries, the concentration was kept
constant at the resting level of the respective species.

Because we focus on short stimuli (20 ms), we neglect Ca?*
removal mechanisms, like extrusion by ATP-driven Ca®* pumps
or uptake into intracellular Ca* stores (3). We assumed the
presence of 100 Cay1.3 channels at an average synapse. The
FWHM of the Ca?" source was set to 300 nm. Activation and
deactivation kinetics of the Ca?* influx, unitary current, and the
steady-state open probability were set to values established in or
extrapolated from published data. We included EGTA, Fluo-5N,
and ATP (at the concentrations used in the experiments) as
standard buffers. For the Ca2*—-EGTA reaction, we used the
values described in DiGregorio et al. (4), which were determined
at the same pH as our intracellular solution (pH 7.0). The kinetic
parameters for the reaction of Ca?" and Fluo-5N were taken
from unpublished observations, kindly communicated by M. Alp
and W.M. Roberts. We did not attempt to simulate the “close to
physiological” Ca?* microdomains (observed in the perforated-
patch configuration after short preloading with Fluo-5N; see Fig.
5 of the main manuscript) because of cooperativity of Ca?*
binding by calretinin (5) and calbindin (6), a feature not imple-
mented in the CalC software. Furthermore, CalC assumes a 1:1
stoichiometry of the calcium-buffer reaction, complicating an
implementation of Ca?* buffers with multiple Ca?*-binding sites
present in IHCs [e.g., calretinin, calbindin, or parvalbumin-«
(7)]- Note also that for the perforated-patch recordings, only
15-30 s of whole-cell configuration were used for preloading
Fluo-5N. Modeling based on Pusch and Neher (8) indicated
“wash-out” of a maximum of 17% of the lightest Ca?* buffering
protein, parvalbumin-c, apparent molecular mass of 15 kDa (9),
over the longest whole-cell period of 30 s and at the average
series resistance of 9 M().

However, the Ca?" changes initially predicted by the initial
version of the model were faster than the experimental results.
This was also observed by Issa and Hudspeth (10) and attributed
to the limited scan rate (500 Hz). Despite a 4 times faster readout
in the present study (spot detection compared with line scan),
model prediction and result still deviated. This led us to invoke
the presence of immobile Ca?"-binding sites for obtaining a
better match to the experimentally observed kinetics (Fig. 4D
and Fig. Slc) (11). We included two kinds of immobile buffers
with comparably low affinities but different kinetics. Both
immobile buffer species were distributed evenly throughout the
simulation volume. The synaptic Ca* signal was simulated for

Frank et al. www.pnas.org/cgi/content/short/0813213106

41 ms (1 ms prestimulus, 20 ms of stimulus, and 20 ms of
poststimulus time).

The output of the program was the free concentration of the
simulated species (Ca?™ and all buffers) in each unitary simu-
lation volume. We approximated the point-spread function
(PSF) of our microscope by a 3D Gaussian function, with their
widths set to match the experimentally observed FWHM values
of our imaging setup (using 100-nm fluorescent beads; see Table
S3). To simulate a spot-detection experiment, we convolved the
concentration of Ca-Fluo-5N in the entire simulation volume
with the approximated 3D PSF (Fig. Sla) (12). We then took
the resulting concentration of Ca-Fluo-5N ([Ca-Fluo-5N] =
[Fluo-5N]iotai — [Fluo-5N]) in the detection volume as a first
output. For simulation of line scan/isochronal spot-detection
measurements, we shifted the approximated PSF across the
simulation volume and merged the obtained traces to construct
a line scan-like image (Fig. S1b). To quantitatively compare
simulated data with experiments, we converted the concentra-
tion of Ca?*-Fluo5N complex into fluorescence by transforming
[Ca-Fluo5N] into baseline-subtracted, baseline-normalized flu-
orescence [(F — Fy)/Fy), as described in Borst and Abarbanel
(13). We found an in situ Fiax/Fmin ratio of =50 for Fluo-5N (in
our standard cesium glutamate solution). Fp,;, was determined
by dialyzing IHCs with our standard internal solution including
10 mM EGTA. For Fp,. estimates, we used an internal solution
containing 10 mM Ca?* aiming to saturate the indicator.

Optimizing Beam Position Relative to the Ca2+ Microdomain Center.
The majority of spot detection measurements were made at the
center of a Ca?>* microdomain as well as at 3 neighboring pixels
on each side of the center (130-nm spacing between the pixels,
along 1 axis). Subsequent analysis always considered the laser
beam position resulting in the largest AF.

Here, we describe how further efforts for accurately placing
the laser beam into the Ca?* microdomain’s center changed the
amplitude variability among Ca?* microdomains. Substantial
variability was observed also after further adjusting the focus to
the image plane with the largest AF (“Z-Optimization,” CV of
AF ax = 0.65, 11 z-steps: 200 nm, 42 Ca?* microdomains in 13
THCs) and in recordings where the Ca?* microdomain center
was identified by Z-Optimization and bilateral spot displacement
inx andy (“3D spot displacement,” CV of AFy,x = 0.54, 24 Ca?*
microdomains in 8 IHCs).

Variability of Ca2* Microdomain Amplitude Is Similar Within Single
Cells and Across Cells. Because certain experimental conditions
can slightly vary from cell to cell and day to day (i.e., filling with
fluorophore), we sought to check whether those variations
contributed considerably to the variability in Ca?>* microdomain
amplitude. To this end, we compared the variability across the
whole population of Ca?" microdomains (intercellular variabil-
ity) and across the Ca?* microdomains of a single cell (intra-
cellular variability). In the latter analysis, we included cells in
which 3 or more microdomains were studied. To have a repre-
sentative comparison, the intercellular analysis was also per-
formed on this subpopulation. To quantify the variability, we
used 2 measures: (i) the CV for the entire population of Ca?*
microdomain amplitudes and the average CV calculated from
intracellular distributions of Ca?>" microdomain amplitudes (Fig.
b), and (ii) a bootstrap measure of relative amplitudes (AFgpor.1/
AF 01 2) for which spot_1 and spot2 were randomly drawn,
either from the whole population, excluding pairs of microdo-
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mains from the same IHC, or from one of the intracellular
populations (Fig. S2 ¢ and d). When the ratio was smaller than
1, we inverted it.

The results indicate that intracellular variability clearly dom-
inates over variations introduced experimentally between cells
and over time. We conclude that the population measure of Ca?*
microdomain amplitude variability is largely representative for
variability found between active zones in a single cell.

Intracellular Application of 100 uM Ryanodine. As shown in Fig. 3
A-C and Table S1, we did not observe significant changes in AF,
the rise and decay kinetics, spatial distribution, the voltage of
half-maximal AF,ctivation, OT the variability of AF,,,. We found a
slightly reduced steepness of the voltage dependence of AF
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Fig.S1. Reaction-diffusion model of Ca2*. (a) Scheme of implementation of the imaging model. The left image in the row shows the Ca-Fluo5N concentration
profile in the center plane of the simulation volume [dashed line depicts the (reflective) boundary considered to represent the plasma membrane]. The
dimensions of the simulated excitation detection volume (simplified 3D PSF) in the center plane are indicated by the grayscale-colored overlay in the second
image. The result of multiplying this volume with the Ca-Fluo5N concentration profile is shown in the lastimage. The resultant (weighted) average concentration
in the simulation volume serves as input for conversion into fluorescence. (Scale bar: 1 um.) (b) Spatial distribution of fluorescence signals. The intensity of the
simulated fluorescence traces (as well as their kinetics) are decreasing with progressive distance between the center of Ca2* source and the center of the PSF
(line scan-like image assembled by shifting the PSF across the CaZ* source and aligning the resulting fluorescence traces with respect to time). (Scale bar: 1 um.)
(c) Immobile buffers. The addition of immobile buffers yields a better fit of the model (black trace; mobile exogenous buffer concentrations matched to
experiments) to the experimentally observed fluorescence signals (open circles; experimental average of n = 45 Ca2* microdomains in 2 mM [EGTA]; light gray
contours cover experimental SD). For comparison, a simulation without immobile buffers is shown (gray trace). (d) Kinetic relation between [CaZ*] in the
excitation detection volume (black trace) and the resulting fluorescence (gray trace). This example (PSF centered on the CaZ* source, in the plane of the plasma
membrane boundary) illustrates the low-pass filtering of the CaZ* signal by the Fluo-5N-binding kinetics and spatial averaging in the PSF (gray trace, fluorescence
in the excitation detection volume). (e) Close-to-linear relationship between Ca2* influx and detected fluorescence. The 3 traces are results of 3 simulations,
differing only in the amplitude of Ca2* influx (denominated as different number of channels). In this example, a 10-fold larger Ca2* influx (16 pA vs. 2 pA)
produced a ~9.2-fold larger fluorescence increase (PSF centered on Ca2* source).
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Fig.S2. Intercellular and intracellular variability of Ca2* microdomain amplitude. (a) Distribution of normalized (to resting fluorescence) fluorescent changes
(AF/F) in 2 mM EGTA is similar to the distribution of raw fluorescent changes (Fig. 4B), indicating that local variations in Fluo-5N concentration cannot account
for the microdomain variability. (b) Intracellular and intercellular CVs calculated for AFmax in experiments, in which the respective maximum-intensity trace of
aset of laterally displaced recording locations (Left; standard spot detection, see Methods) or the respective maximum-intensity trace of a set of axially displaced
recording locations was analyzed (Right; spot detection, see Methods). Left bars (light gray) show the average of intracellular CVs (intracellular CVs calculated
from AFmax amplitudes of all Ca2* microdomains within this cell, if =3 Ca2* microdomains were studied in this particular cell). Middle bars (black) show the
population CV of all microdomains within one population (across all cells); right bars (dark gray) show population CV of all Ca2* microdomains from cells in which
=3 Ca?* microdomains were studied. (c and d) Bootstrap distribution of ratios AFmax spot1/AFmax spot2 for both approaches of selecting the recording site. The solid
lines represent results of exponential fits (constrained to zero offset).

Frank et al. www.pnas.org/cgi/content/short/0813213106 40f9



40 a.u.

=O— Control
—/— Ryanodine

—O— Control
—/— Ryanodine

AF

AF

SINPAS

Fig. $3. Voltage dependence of Ca2* microdomain amplitude in the presence/absence of extracellular ryanodine. (a) Effect of 40 uM extracellular ryanodine
on Ca2* microdomain amplitude, with 2 mM EGTA in KCl-based intracellular solution (see Methods). Mean and SD of AF are shown as a function of membrane
potential (V). Data were obtained from spot-detection experiments at the center of Ca2* microdomains (AF was averaged over the last 15 ms of a 20-ms stimulus
obtained as described for Fig. 2 E). Overlapping voltage dependence of AF for control (black trace and dark gray area) and ryanodine (gray trace and light gray
area) conditions is shown. (b) Effect of 20 uM extracellular ryanodine on Ca?* microdomain amplitude, with 0.5 mM EGTA in KCl-based intracellular solution
(see Methods). Mean and SD of AF are shown as a function of membrane potential (V). Data were obtained from spot-detection experiments at the center of
Ca?* microdomains (AF was averaged over the last 15 ms of a 20-ms stimulus obtained as described for Fig. 2 E). Overlapping voltage dependence of AF for control
(black trace and dark gray area) and ryanodine (gray trace and light gray area) conditions is shown.
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Fig. S4. Time-resolved effects of Ca2* buffering on spatial spread of Ca2* microdomains. (a) Representative line scans (red bar depicts timing of 150 ms
depolarization to —7 mV) for the indicated EGTA pipette concentrations (Scale bar: 2 um.) (b) Average (+=SEM) FWHM of CaZ* microdomains over time of
depolarization (start of depolarization at 0 ms). For each Ca2* microdomain, we split the line scan image into averages of 4 consecutive lines (single line: 1.36
ms; thus, averaged line corresponding to 5.4 ms) and fit the average lines with a Gaussian function (0.5 EGTA: n = 5; 1 EGTA: n = 7; 2 EGTA: n = 31).
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Table S1. Average values (+SD) for maximum fluorescent amplitude (AFmax), results of exponential fitting to the maximume-intensity
traces from spot-detection measurements, and fits of a Boltzmann function to the fluorescence-voltage relationships

Tslow (onset)s Afast/AsIow, Tfast (decay)s Afast!/ Aslow
Condition AFmax, AU Tast (onset)y MS ms (onset) ms Tslow (decay)y MS (decay) Vi, mV Slope, mV
Endogenous buffer (14 IHCs) 14.1 £9.0 19 =13 15 =11 1.8 £22 15 =12 14 =10 1.7 £1.2 -25.9 =139 78 £438
(37/37) (30/37) (17/37) (10/37) (28/37) (31/37) (22/37) (17/33) (17/33)
CV = 0.64 CV = 0.65 CV =0.76 v =119 CV=0.81 CV =0.72 CV = 0.69 CV = 0.61
0.5 mM EGTA (15 IHCs) 62.1 =387* 1.3 =09 18 =19 1.1 £1.7% 25 £21* 17 = 11* 26 + 1.6 —32.5 +8.1 6.2 £1.0
(24/24) (19/24) (23/24) (18/24) (20/24 (24/24) (20/24) (16/16) (16/16)
CV = 0.62 CV = 0.66 CcV =1.02 V=148 CV=0.84 CV = 0.65 CV = 0.62 CcV =0.17
Simulation (0.5 mM EGTA) 1.1 7 0.9 1.0 6 1.1
2 mM EGTA (17 IHCs) 42.8 =31.5* 1.1 = 0.5* 14 =9 25 +£19*% 1.2 £09* 7 =4 3.9 =221 —30.7 = 4.9 59 =14
(45/45) (44/45) (26/45) (26/45) (44/45) (28/45) (27/45) (28/32) (28/32)
CV =0.74 CV = 0.45 CV=068 CV=0.77 CV=074 CV=0.57 CV = 0.56 CV =0.23
Simulation (2 mM EGTA) 1.0 5 2.9 0.9 4 2.2
10 mM EGTA (7 IHCs) 20.1 =13.2 0.8 =05 8 =5 3.2 =15 0.7 *£0.2 7 =5 86 1.0 —26.5 £6.9 7.2 £29
(22/22) (22/22) (4/22) (4/22) (22/22) (2/22) (2/22) (15/15) (15/15)
CV = 0.66 CV = 0.58 CV=063 CV=046 CV=027 CV=071 CV =0.12 CV =041
Simulation (10 mM EGTA) 0.6 — — 0.6 — —
Ryanodine (10 IHCs) 508 =244 19 =13 18 =11 06 =04 21 =13 41 =62 1.8 = 1.2 —-275 =49 6.7 + 1.0*
(15/15) (11/15) (12/15) (8/15) (13/15) (15/15) (13/15) (12/12) (12/12)
CvV =0.48 CV = 0.68 CV = 0.62 cv =0.7 CV = 0.62 v =15 CV = 0.66 CV =10.15
Control (14 IHCs) 59.2 =288 1.6 0.9 14 =11 05 04 27 =15 31 =28 1.6 =08 —-279 =54 58 = 1.1
(19/19) (13/19) (17/19) (11/19) (18/19) (19/19) (18/19) (16/16) (16/16)
CV =0.49 CV = 0.56 CV =0.79 v =078 CV=0.53 CV = 0.90 CcvV =10.5 CV =10.19
FCCP (10 IHCs) 946 +985 53 +43 97 = 465 0.7 0.7 17.9 £11.1 108 =48 24 *+2.6*
(21/21) (17/21) (21/21) (17/21) (18/21) (21/21) (18/21)
CV =1.04 CV =0.81 CvV =048 CvV =094 CV=0.62 CV =045 cVv =1.10
Control (7 IHCs) 79.7 =107 94 =7 152 =40 23 +£54 220 =10.7 143 =63 05 04
(11/11) (8/11) (9/11) (8/11) (8/11) (9/11) (8/11)
vV =134 Cv =10.74 CV =0.26 Cv =239 Cv=048 CvV =044 CV = 0.69
BayK (5 IHCs) 59.2 £52 3.8 =34 183 =113 18 =27 51 =54 45 *+ 62 41 =3.0
(16/16) (14/16) (16/16) (14/16) (15/16) (15/16) (14/16)
CV = 0.87 CV = 0.90 CV = 0.62 v =15 CV = 1.06 CcV = 1.40 Cv =0.74

If applicable [i.e., normality of (Jarque-Bera test) and equal variances between (F test) the 2 samples], an independent 2-sample t test was used (t, P < 0.05;
§, P <0.01) to compare the 2 samples. In all other cases, a Mann-Whitney-Wilcoxon (U) test was employed (, P < 0.05; *, P < 0.01). For exogenous buffer (EGTA)
experiments, the 0.5 mM was compared to the 2 mM condition, and the 2 mM to the 10 mM condition, respectively. Numbers in parentheses indicate number
of Ca?* microdomains (out of the total number of Ca2* microdomains in this condition) that showed the respective fit component. AU, arbitrary units; CV,
coefficient of variation; Vi3, voltage of half-activation;. Asast/Asiow, amplitude ratio of fast over slow component. Dashes indicate the absence of (sizable) 2nd
(slow) exponential component in results of 10 mM EGTA simulations.
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Table S2. Summary of voltage dependence of Ca2* microdomain amplitude in the presence/absence of extracellular ryanodine

Condition Vi, mV Slope, mV
Ryanodine (40 uM) 2 mM EGTA (10 IHCs) —25.5 =135 73 £4.6
(18/22) (18/22)
CV = 0.62
Control 2 mM EGTA (8 IHCs) —-23.9 =105 58 = 1.5
(10/11) (10/11)
CV =0.26
Ryanodine (20 ©M) 0.5 mM EGTA (9 IHCs) Microdomain-wise —-21.3 £59 6.1 = 1.5
(16/17) (16/17)
CV = 0.25
Cell-wise —-21.6 £4.1 6.7 £ 1.1
(6/9) (6/9)
cV =0.17
Control 0.5 mM EGTA (6 IHCs) Microdomain-wise —23.3 £9.1 57 £1.6
(14/15) (14/15)
CV =0.29
Cell-wise —24.0 + 4.1 56 = 1.2
(5/6) (5/6)
CV =0.22

Average values (+5SD) for fits of a Boltzmann function to the fluorescence-voltage relationships. If applicable, [i.e., normality of (Jarque-Bera test) and equal
variances between (F test) the 2 samples] an independent 2-sample t test was used to compare the 2 samples. In all other cases, a Mann-Whitney-Wilcoxon (U)
test was employed. Numbers in parentheses indicate number of Ca2* microdomains (out of the total number of Ca2* microdomains in this condition) that showed
the respective fit component. CV, coefficient of variation; V., voltage of half-activation.
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Table S3. Parameters used in simulations

Parameter Value Unit Ref.
Free Ca2*
Diffusion coefficient 225 umzs—1 Allbritton et al. (1)
Resting concentration 50 nM T.M., Measured (Fura-2)
EGTA
Diffusion coefficient 140 umzs—1 Novo et al. (2)
Association rate 6 X 106 M-1s1 DiGregorio et al. (3) (at pH 7.0)
Dissociation rate 0.78 s—1 DiGregorio et al. (3) (at pH 7.0)
Kq 0.130 uM DiGregorio et al. (3) (at pH 7.0)
Concentration 2 (0.5, 10) mM Used in experiments
Fluo-5N
Diffusion coefficient 140 umzs—1 Novo et al. (2)
Association rate 2 x 107 M- 151 M. Alp and W. M. Roberts, personal communication
Dissociation rate 1,900 s—1 M. Alp and W. M. Roberts, personal communication
Ky 95 uM M. Alp and W. M. Roberts, personal communication
Concentration 0.4 mM Used in experiments
Immobile buffer (fast)
Association rate 1% 10° M~1s—1 Assumption
Dissociation rate 80,000 s1 Assumption
Ky 80 uM Assumption
Concentration 2 mM Assumption
Immobile buffer (slow)
Association rate 1 X 1086 M~1s1 Assumption
Dissociation rate 100 s—1 Assumption
Ky 100 uM Assumption
Concentration 2 mM Assumption
ATP
Association rate 1.3 X107 M- 151 Baylor and Hollingworth (4)
Dissociation rate 30,000 s—1 Baylor and Hollingworth (4)
Kq 2,200 uM Baylor and Hollingworth (4)
Free concentration 68 uM Calculated (solution: 3 mM Mg?*, 2 mM ATP)
CaZ* influx
Disc-like Ca2* source, width 300 nm Assumption
(FWHM)
Channel number 100 Modified from Brandt et al. (5)
Unitary current at =7 mV 0.2 pA Extrapolated from Church and Stanley (6)
Popen 0.4 Brandt et al. (5)
Ica Tactivation 0.21 ms Nouvian (7)
Ica Tdeactivation 0.10 ms Nouvian (7)
Imaging system
Lateral resolution 0.300 um Measured
Axial resolution 1.25 um Measured
In situ Fmax/Fmin 50 Measured
Simulation
Integration method Adaptive Douglas—Gunn implicit difference scheme
Initial timestep 1 ns
Error accuracy le=3

1. Allbritton NL, Meyer T, Stryer, L (1992) Range of messenger action of calcium ion and inositol 1,4,5-trisphosphate. Science 258:1812-1815.

2. Novo D, DiFranco M, Vergara JL (2003) Comparison between the predictions of diffusion-reaction models and localized Ca2* transients in amphibian skeletal
muscle fibers. Biophys J 85:1080-1097.

3. DiGregorio D, Peskoff A, Vergara J (1999) Measurement of action potential-induced presynaptic calcium domains at a cultured neuromuscular junction.
J Neurosci 19:7846-7859.

4. Baylor SM, Hollingworth S (1998) Model of sarcomeric Ca2™ movements, including ATP Ca2* binding and diffusion, during activation of frog skeletal muscle.
J Gen Physiol 112:297-316.

5. Brandt A, Khimich D, Moser T (2005) Few Cay 1.3 channels regulate the exocytosis of a synaptic vesicle at the hair cell ribbon synapse. J Neurosci 25:11577-11585.

6. Church PJ, Stanley EF (1996) Single I-type calcium channel conductance with physiological levels of calcium in chick ciliary ganglion neurons. J Physiol
496:59-68.

7. Nouvian R (2007) Temperature enhances exocytosis efficiency at the mouse inner hair cell ribbon synapse. J Physiol 584:535-542.
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Tuning of synapse number, structure and function

In the cochlea

Alexander C Meyer"®, Thomas Frank!®, Darina Khimich!®, Gerhard Hoch'!, Dietmar Riedel?,
Nikolai M Chapochnikov!?, Yury M Yarin, Benjamin Harke’, Stefan W Hell®,

Alexander Egner® & Tobias Moser!?

Cochlear inner hair cells (IHCs) transmit acoustic information to spiral ganglion neurons through ribbon synapses. Here we have
used morphological and physiological techniques to ask whether synaptic mechanisms differ along the tonotopic axis and within
IHCs in the mouse cochlea. We show that the number of ribbon synapses per IHC peaks where the cochlea is most sensitive

to sound. Exocytosis, measured as membrane capacitance changes, scaled with synapse number when comparing apical and
midcochlear IHCs. Synapses were distributed in the subnuclear portion of IHCs. High-resolution imaging of IHC synapses
provided insights into presynaptic Ca2* channel clusters and Ca2* signals, synaptic ribbons and postsynaptic glutamate receptor
clusters and revealed subtle differences in their average properties along the tonotopic axis. However, we observed substantial
variability for presynaptic Ca2* signals, even within individual IHCs, providing a candidate presynaptic mechanism for the

divergent dynamics of spiral ganglion neuron spiking.

After processing by the mammalian ear’s exquisite micromechanics
and mechanoelectrical transduction, acoustic information is encoded
at the afferent synapses of IHCs with high temporal precision?.
Presynaptic active zones of IHCs contain a synaptic ribbon, a multi-
protein structure that tethers synaptic vesicles>* and ensures a large
pool of readily releasable vesicles’>™. Stimulus—secretion coupling is
governed by Cayl.3 L-type Ca?* channels®!° that tightly control the
release of glutamate from nearby fusion-competent vesicles>®!! onto
postsynaptic AMPA receptors!>!3 on the unbranched peripheral axon
of the bipolar spiral ganglion neuron (SGN)'. As a result, each SGN
receives input from only one IHC active zone, while each THC drives
several SGNG.

Whether and how the number and properties of afferent synapses
of the cochlea are ‘tuned’ for optimal sound encoding remains an
important question (refs. 15,16, for example). The frequency
selectivity of SGNs is primarily determined by the location of the
innervated IHC on the cochlea’s tonotopic axis, providing a place
code for frequency (refs. 17,18, for example). In addition, studies
of small samples of synapses from distinct cochlear regions have
indicated that the innervation density varies along the length of
the cochlea!®21, Moreover, it has been shown that SGNs covering
a narrow frequency range differ markedly in spontaneous and
evoked firing rates, sound threshold and dynamic range (for
example, refs. 22,23) and that they collectively encode a large
range of sound pressures. It is generally believed, but not yet

directly proven, that each IHC makes contact with such physio-
logically diverse SGNG. If true, the heterogeneity of SGN dynamics
could be caused by pre- and postsynaptic mechanisms”1%2425,
Pioneering work on the cat cochlea suggested that low-
spontaneous-rate SGNs preferentially contact active zones with
large or even multiple synaptic ribbons at the neural side of IHCs
(toward the modiolus), whereas high spontaneous rate SGNs are
driven by small, ‘simple’ synapses at the abneural IHC side (toward
the outer hair cells)?4.

Here we have used patch-clamp, confocal imaging of THC pre-
synaptic Ca’" signals; confocal, 4Pi**?” and stimulated emission
depletion (STED)?® microscopy of immunolabeled synapses; and
electron microscopy to characterize the distribution of afferent
synapses as well as their structure and function at different tono-
topic regions of the cochlea. Having investigated thousands of
synapses in hundreds of IHCs, we provide a continuous representa-
tion of synapse number per IHC along the entire mouse cochlea, and
we show that synapse density parallels the neuronal popula-
tion audiogram. Using STED microscopy, we provide optical,
nanometer-scale measurements of individual clusters of presynaptic
Ca?" channels and postsynaptic AMPA receptors. Whereas
average structural and functional synapse properties varied only
slightly along the cochlea’s tonotopic axis, we found considerable
heterogeneity of presynaptic Ca>" signals among the synapses in
IHCs in a given region.
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Figure 1 The number of afferent synapses per
IHC co-varies with ABR threshold along the
tonotopic axis. (a) Projections of confocal stacks
of immunostained mouse IHC afferent synapses
at different tonotopic locations (red, anti-CtBP2/
RIBEYE; green, anti-GluR2/3; blue, Hoechst
34580 nuclear stain). Percentages indicate the
normalized location of the imaged IHCs in the
cochlea (0%, apical end; 100%, basal end).
Center: montage of the low-magnification view of
fragments of the full explanted organ of Corti.
Red circles, locations of the confocal images.
(b) Synaptic cochleograms and tone-burst ABR
audiograms of NMRI| and C57BL/6 mice
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black line: fit of a quadratic function to the ¢ 1 2 3 ¢ ¢ 6,2 mm 9 2 4 6 8 10M2mm
collective data set of both mouse lines. 0 20 40 60 80  100% 0 20 40 60 80  100%
Apex Position Base Apex Position Base

(c) Synaptic cochleograms (circles): number of

synapses per IHC (more than 10,000 synapses in six ears from four P28 gerbils), plotted against a tonotopic map (taken from ref. 29) and frequency-
dependent compound action potentials (CAP) thresholds (from ref. 29) (red line). Continuous black line: fit of a quadratic function to the data.

RESULTS

Tonotopic synapse density map and subcellular distribution

First, we assessed the number of ribbon synapses per IHC throughout
the entire cochlea (creating a synaptic cochleogram) of mice (Fig. 1a,b;
high-frequency hearing) and gerbils (Fig. 1c and Supplementary Fig. 1
online; low-frequency hearing) by confocal microscopy of immunola-
beled, whole-mount organs of Corti. The microdissected parts of the
organ of Corti were aligned for measuring the distance of a given
synapse to the apex of the cochlea (see Methods; Fig. 1a). We identified
THC ribbon synapses as colocalized spots of presynaptic ribbons (using
antibody to transcription factor CtBP2 sharing homologous domain
with RIBEYE, the main protein component of the synaptic ribbon)
and postsynaptic GluR2/3 (labeling the AMPA receptor clusters)
immunofluorescence in stacks of confocal sections, and divided their

Figure 2 Spatial distribution of afferent synapses a
within IHCs of one tonotopic region. (a) Cartoon

illustrating the analysis and the use of cylindrical

coordinates for descriptions of synapse position. \
(b) Four en face views of six midcochlear IHCs J
and their afferent synapses (red dots), overlaid 4

after normalization of synapse coordinates in the £ \
z axis (from the center of the nucleus to the basal
end) and in the radius, r (according to the width
at nuclear level) of each IHC. Scale bars, 5 um.
(c) Histogram shows synapse number as a
function of axial distance from the center of the
cell’'s nucleus (2) for a total of twenty-three
midcochlear IHCs. (d) Polar scatter plot of 373
synapses mapped in cylindrical coordinates
(radius (r) and angle (0) are displayed). (e) Polar
histogram of synapse density in 36° sectors.

The sum of all 10 sectors equals the average
synapse number of 16.2 per cell. (f) Histogram
of the nearest neighbor distance distribution of
373 synapses.

Neural

Abneural

\“\‘\\1, 7.’}} |
Y !

count by the number of THC nuclei®. The study used hearing mice
(as determined by auditory brainstem responses (ABR)) of two
wild-type laboratory strains (C57BL/6N, postnatal day (P) 30; and
NMRI, P15-P20). We approximated their collective synaptic cochleo-
grams by a quadratic function (Fig. 1b) to describe synapse number
per THC along the tonotopic axis (see Supplementary Table 1 online
for fit coefficients). In gerbils (P28), we counted only synaptic
ribbons because we were not able to stain postsynaptic glutamate
receptor clusters reliably (Fig. 1¢; Supplementary Fig. 1 and Supple-
mentary Table 1). The synaptic cochleograms were then related to
hearing thresholds as estimated by ABR recordings (Fig. 1b; mice
were thereafter used for immunohistochemistry) or compound
action potentials’* (Fig. 1c) using published place-frequency
maps!®?°, For both species, the synaptic cochleograms peaked within

Basal Neural Apical Abneural
5_
" 4 n =373 synapses
2 04 from 23 midcochlear
= IHCs
SE
ES
3
o —104
hel
N
o~ _15 T T T T 1
00 05 10 15 20 25
f Synapse density (um")
% 0.15
c
[
=]
o
2010
g 3
g =
- ©
£ 0.05
(=}
P4
OOO r L T T T 1
Abneural 0 1 2 3 4 5 6

Distance to nearest neighbor (um)

NATURE NEUROSCIENCE VOLUME 12 | NUMBER 4 | APRIL 2009

445



c@y © 2009 Nature America, Inc. All rights reserved.

ARTICLES

@ 700

Figure 3 Ribbon synapse morphology in the
apical cochlea (100-400 um) and mid-cochlea
(1,300-2,100 um) of the mouse (P16-P21).
(a—c) Representative electron micrographs of
midcochlear (a,b) and apical (c) synapses, after
either high-pressure rapid freeze and freeze-
substitution (HPF, a) or aldehyde fixation (chem.,
b and c). Scale bar, 100 nm. (d) Representative
confocal (top) and STED (bottom) images of
40-nm beads (left) and fluorescently labeled

R synaptic ribbons of apical (middle) and
__ 600 P midcochlear (right) IHCs. Scale bar, 2 um.
g £ 5004 (e) Long versus short axes for apical (blue) and
% % 2004 midcochlear (red) ribbons. Grey bar: resolution
o 5 2 s limit of the STED microscope in front (lower
%—, 300 S T boundary) and behind (upper boundary) the
@ 200 2 o sample. (f) Representative confocal (top) and
3 o0 e (1= 144) STED (bottom) images of immunolabeled Cay1.3
e e Midcochlear (n = 136) clusters of an apical and a midcochlear IHC
0 T T T T T 1 imaged 15-20 pum deep in the sample. Scale bar,
0 10%53?0190 ;‘00, 500 600 700 1 um. The double cluster in the midcochlear IHC
g 700 ject axis (nm) 3 was associated with a very large RIBEYE signal
2 e // (not shown). (g) Long versus short axes for apical
£ 600 (blue) and midcochlear Cay1.3 clusters (red).
£ 500 Expected density (Supplementary Fig. 5) overlaid
% 400 - as contour plot. (h—j) Imaging of postsynaptic
2 300 “g’a AMPA receptor clusters (green, GIuR2/3; red,
% _E RIBEYE) contacting apical and midcochlear IHCs.
& 200995 (876.2+ channel clusters (h) Ring-like appearance of clusters oriented en
© 1004 e Apical (n=84) face. Scale bar, 2 um. (i) Fluorescence (fluoresc.)
o . ® Midcochlear (n = 82) profiles from STED en face views of apical (blue)
0 1(IJO 2(')0 3(IJO 4(')0 560 660 7('10 and midcochlear (red) clusters. Profiles were
Obiject short axis (nm) centered at half the distance of the two side-peaks
. — Apical —— Midcochlear for alignment. Gray bars, counts of immunogold
Midcochlear I = = (from ref. 12) 8 particles as a function of distance from synapse
S § center (rat IHC, taken from ref. 12); a.u., arbitrary
z 6 g units. (j) Two leftmost panels: representative
é 4 § deconvolved xy-confocal and STED sections of
é 5 § clusters. Middle panel: same cluster overlaid with
e s confocal image of ribbon. Scale bar, 500 nm. Two
Z < [— —=t0° rightmost panels: more synapses.
-1.0 —0 5 1.0

Distance from center um

Confocal STED . .

the most sensitive region of the cochlea at ~ 17 (mice) or ~ 24 (gerbils)
synapses per IHC and declined toward the cochlear apex and base.
Next, we studied the synapse distribution within apical (distance to
cochlear apex 200 + 100 pm, n = 2 mice; Supplementary Fig. 2 online)
and midcochlear (1,700 £ 400 pum, n = 4 mice; Fig. 2) IHCs. Stacks of
confocal images obtained from organs of Corti immunolabeled for
CtBP2/RIBEYE and calbindin-28k, a Ca**-binding protein marking
the THC cytosol, were aligned according to the tonotopic axis (indi-
cated by the row of IHCs) to identify synaptic ribbons and IHC nuclei
(see Methods). Synapses were assigned to IHCs based on their distance
to the center of the nearest IHC’s nucleus. Data were discarded if
assignments were ambiguous. The position of each synapse was
expressed in cylindrical coordinates (z-axial position, with z = 0 at
the center of the nucleus; radius r and angle 0 as illustrated in Fig. 2a)
after normalizing the distance between the center of the nucleus and the
basal end of each THC to the respective mean value of all analyzed IHCs.
We observed a strong base-to-apex decline in synapse abundance
from the base of the IHC to its apex and a rather uniform distribution

along 0. This is exemplified in views from
all four sides of six overlaid midcochlear
IHCs (Fig. 2b). We further described the
synapse distribution as functions of z-position
(Fig. 2c) and angle 6 (Figs. 2d,e). The
distribution of the three-dimensional nearest
neighbor distance had a mean of ~2 um and did not show obvious
higher-order peaks (Fig. 2f, estimated before normalization of cell
dimensions). The synapse distribution was similar for IHCs in the apex
of the cochlea, except for a tendency of synapses to accumulate in the
apical and basal IHC sectors (Supplementary Fig. 2).

Synapse morphology as a function of tonotopic position
The size of the synaptic ribbon largely determines the vesicle comple-
ment of each synapse (reviewed in ref. 3) and was previously used to
approximate the area of the active zone over which Ca?* channels are
distributed®®3!. The size of postsynaptic AMPA receptor clusters is a
key determinant of synaptic strength (for example, refs. 32,33). Thus,
we explored IHC synapse morphology in apical and midcochlear
regions using high-resolution fluorescence microscopy of immuno-
labeled THC synapses, as well as electron microscopy.

Electron microscopy was performed on ultrathin sections of first
apical turns of cochleae. First, we compared the synaptic ultrastructure
after (i) chemical immersion fixation or (ii) high-pressure rapid freeze
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Table 1 Morphology of ribbons synapses in apical and midcochlear IHCs

ARTICLES

dimensions of point spread function

Apical (mean + s.d.)

Midcochlear (mean + s.d.)

(PSF), ~150 x 150 nm; axial dimension,

Cay1.3 cluster long axis (STED)
Cay1.3 cluster short axis (STED)
Ribbon long axis (STED)

Ribbon long axis (EM)

Ribbon short axis (STED)

Ribbon short axis (EM)

Ribbon cross-section (EM)

Numsy <50 nm from ribbon (EM)
Numgy >50 nm from ribbon (EM)
SV diameter (EM, CF)

SV diameter (EM, HPF)

327 £ 95 nm (n = 84)

228 + 59 nm (n = 84)
379+ 62 nm (n = 144)

228 + 60 nm (n = 29)

299 + 46 nm (n = 144)
118 + 27 nm (n = 29)

21,337 + 8,609 nm? (n = 29)

15.1+3.5(n=27)
5.5+4.2 (n=27)

41.4+£5.7 nm(n=411SVs)

884 + 15 nm (n=16)

320+ 97 nm (n = 82)
208 + 55 nm (n = 82)
357 £ 63 nm (n = 136)
223 £ 59 nm (n=37)
273 +39nm(n=136)
117 + 36 nm (n = 37)
20,495 + 9,795 nm? (n = 37)
12.7 £ 3.7 (n = 34)
0.8+1.0(n=34)
44.6 + 5.6 nm (n =431 SVs) P < 0.001
48.7 + 8.2 nm (n = 156 SVs)

P-value ~500 nm at the position of the synapses in
P 0.40 the tissue for Fig. 3d—g). The resolution of
p~0o; the STED microscope decreases with the
p <0001 depth of penetration into the tissue and
p—o074  was controlled by measuring the PSF with
P <0001 100-nm fluorescent beads in front and
p—o0.86  behind the sample (Fig. 3e,g; Supplemen-
p=028 tary Fig. 4). The short and long axes of
P=0.01 fluorescence spots in the STED sections
P <0.001 were approximated as the full widths at

half maximum (FWHM) of two orthogonal
gaussian functions (Fig. 3e,g). They were

GIuR2/3 cluster (STED) ‘size’ 751 11 nm (n=19) P<0.01  slightly but significantly larger for apical
‘Width’ 180 +0.71 nm 193 £ 0.89 nm P=10.39 ribbons (Table 1 and Supplementary
Ratiomaxmin 25+09 23+0.7 P=0.45  Fig. 4). On average, the mean apparent
Postsynaptic density (EM) 819 + 154 nm (n=29) 888 + 200 nm (n = 30) P=0.74 axes ((short + long)/2) differed by 25 nm

EM, electron microscopy; Numsy, number of synaptic vesicles; SV, synaptic vesicle; CF, chemical fixation; HPF, high pressure freeze;
‘size’ of GIUR2/3 clusters, sum of peak-to-peak distance and average FWHM of the two peaks in a fluorescence profile of the cluster
(Fig. 3i); ‘width’, average of FWHM of the two fluorescence peaks; ratiomaxmin, ratio of peak fluorescence (average over one-half FWHM
around the peak location) and minimal fluorescence (average over one-half FWHM around the minimum location).

and subsequent freeze substitution (Supplementary Fig. 3 and Sup-
plementary Methods online) because the latter method may better
preserve synapse morphology**. We did not observe obvious differ-
ences in the complement of vesicles; the mean vesicle diameter estimate
in the chemically fixed tissue was smaller by less than 10% (Fig. 3a,b;
Table 1). Therefore, we used chemical fixation for further analyses. We
did not detect significant differences in ribbon size and shape (short
and long axes, cross-sectional area), nor in the length of the post-
synaptic density (PSD) between midcochlear (Fig. 3a,b) and apical
(Fig. 3c) THC synapses (Table 1). We quantified the abundance
of synaptic vesicles at the active zone for ribbon-associated (<50 nm
from ribbon) and unassociated (> 50 nm from ribbon) vesicles. There
were slightly more ribbon-associated vesicles and substantially
more unassociated ones in apical synapses compared to midcochlear
ones (Table 1).

Optical microscopy of immunolabeled subcellular structures enables
high throughput analysis, providing a robust basis for statistical
comparison. IHC ribbons, Ca?* channel clusters and aspects of post-
synaptic AMPA receptor clusters (see below) are at or below the
resolution limit of confocal microscopy (~250 nm). Therefore, we
used high-resolution 4Pi microscopy (one-dimensional axial resolu-
tion ~ 100 nm; Supplementary Fig. 4 online) and STED microscopy
(two-dimensional lateral resolution ~50-150 nm, Fig. 3; three-
dimensional spherical resolution ~ 150 nm, Supplementary Movie 1
online) in addition to confocal microscopy to compare those structures
between apical and midcochlear synapses. Note that these measure-
ments report apparent rather than absolute object size because of
immunolabeling and fluorescence imaging, and thereby overestimate
true object size. However, this does not impede the comparison
between synapses of different tonotopic regions or sectors of IHCs.

To study ribbons, we analyzed 4Pi images stacks as described
previously®. The analysis revealed overlapping distributions of apparent
axial diameter of ribbons between apical and midcochlear THCs,
indicating similar ribbon size and shape (Supplementary Fig. 4). We
fitted gaussian functions to the distributions and found that the
means and s.d. values (for apical, 323 + 57 nm, n = 193 ribbons;
for midcochlear, 324 £+ 62 nm, n = 168 ribbons) were indistinguish-
able. Compared to confocal microscopy implemented on the same
microscope, STED vyielded superior resolution (Fig. 3df; lateral

between the two locations. The ratios of
long to short apparent axes were statistically
indistinguishable (apical, 1.27 + 0.16,
n = 144; midcochlear, 1.31 + 0.19, n =
136; P = 0.08) and were consistent with an ellipsoid ribbon structure.

Cay1.3 Ca®* channels cluster at active zones of hair cells'!*>. Using
STED microscopy, we studied size and shape of immunolabeled Cay1.3
clusters in IHCs at the two different tonotopic positions (Fig. 3f,g). The
size of the observed fluorescent spots (two-dimensional FWHM)
ranged between 140 nm and 650 nm; hence, one of the object axes
was typically above the resolution limit of this STED microscope but in
many cases too small for estimation by confocal microscopy. Nearby
Ca’* channel clusters (Fig. 3f, right panel), which are readily resolved
by STED microscopy but not discernable by confocal microscopy,
existed rarely (<10% of all analyzed synapses). The average size and
shape of the synaptic Cayl.3 clusters were similar for apical and
midcochlear THCs (Fig. 3g, Table 1 and Supplementary Fig. 5 online)
(mean apparent axis: apical 278 £ 71 nm, n = 84; midcochlear 264 + 69
nm, n = 82, P = 0.10; axis ratio: apical 1.45 £ 0.30; midcochlear 1.56 +
0.42; P = 0.06). We modeled the two-dimensional projection of
randomly oriented objects (after convolution with the point spread
function of the STED microscope; Supplementary Fig. 5) because the
real three-dimensional shape of the clusters cannot be readily deduced
from the data. We simulated variably sized objects with several
geometric shapes aiming to match the experimentally observed dis-
tributions of short and long axes (see Supplementary Fig. 5). The data
could be reasonably well described by assuming a flat, oblate ellipsoid
with diameter 420 + 130 nm, short axis below the resolution limit
(Fig. 3g). We cannot exclude the existence of subclusters in mice, as
proposed for frog hair cells*>, but, if present, those must be separated by
less than 150 nm.

AMPA receptor clusters, detected as GluR2/3 immunofluorescent
spots, showed a ring-like shape when oriented in parallel with the xy
plane (Fig. 3h—j), indicating a gradient of receptor density in the plane
of the PSD with an off-center maximum. The ring-like fluorescence
pattern was confirmed by high-resolution three-dimensional STED
microscopy (Supplementary Movie 1). We cannot entirely rule out
lower accessibility to antibody labeling of AMPA receptors in the center
of the synapse. However, we consider this highly unlikely, as a similar
gradient of receptor density was found in a previous immunoelectron
microscopy study of rat THC afferent synapses'?, where antigen acces-
sibility should not be a concern owing to postembedding immunogold
labeling of AMPA receptors in ultrathin sections. En face views of AMPA
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-e— Midcochlear (n=11)
50 Apical (n=14)
Apical, scaled

(AC,,) in IHCs from those apical and midco-
chlear regions (Fig. 4a) that had also been
morphologically investigated (Figs. 1-3).
THCs at these two locations had 14.0 + 0.3
(midcochlear) and 9.7 + 0.7 (apical) synapses,
respectively, and, as judged from their resting
membrane capacitance (midcochlear THCs
8.7 £ 1.1 pE n = 11; versus apical IHCs 7.7
+ 0.7 pE n = 14), they differed slightly in size.
| We recorded their Ca** currents and mem-
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rated-patch configuration in response to step
depolarizations to —14 mV (Fig. 4b,c). For
most stimuli, we identified larger exocytic
ACy, for midcochlear THCs. Exocytosis of
midcochlear and apical THCs could be
roughly matched when scaling the responses
of apical IHCs by the ratio of the number of
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Figure 4 Exocytosis scales with the number of afferent synapses per IHC. (a) Distance-to-apex (DTA)
measurement of representative tonotopic regions used for patch-clamp recordings, identified by locally
removed rows of outer hair cells and pillar cells (ellipses). Scale bar, 200 um. (b) Average membrane
capacitance (Cy,) traces (baseline subtracted) and calcium current (/c,) of apical (n = 11; gray) and
midcochlear (n = 14; black) IHCs in response to 10-, 50-, 100- and 200-ms depolarizations. (c) Mean
exocytic ACy, (top) and Ca2* current integrals (bottom) of the same cells as a function of stimulus
duration. Scaled apical (dotted line) is Cy, of apical IHCs multiplied by 1.44 (ratio of the number of
synapses for midcochlear and apical IHCs). (d) Average current-voltage relationships (thick traces with
symbols) of apical (n = 19, thin gray traces) and midcochlear (n = 14, thin black traces) IHCs in
augmenting conditions (10 mM extracellular [Ca2*], 5 uM BayK8644). (e,f) Analysis of Ca?* tail current
fluctuations in augmenting conditions: (e) Pulse protocol and typical examples of current ensemble
variance and mean of an apical and a midcochlear IHC, respectively. (f) Variance-mean relationships of
all apical and midcochlear IHCs (light and dark thin traces, respectively) and grand mean for both cell

populations (thick traces with symbols). Error bars, s.e.m.
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synapses (1.44; Fig. 4c).

Midcochlear THCs tended to show larger
peak Ca?* currents (ratio of peak currents;
under non-augmenting conditions (2 mM
[Ca?*], perforated-patch): 1.1, augmenting
conditions (10 mM extracellular [Ca2*],
5 uM BayK8644, whole-cell): 1.2, Fig. 4d
and Supplementary Table 2 online). The
difference in Ca?* current integrals (Fig. 4c)
did not reach statistical significance, probably
because of the more pronounced Ca* current
inactivation in midcochlear IHCs (Fig. 4b).
Neither were voltage dependence and kinetics
of Ca®" current activation different (Supple-
mentary Fig. 6 online). Assuming an exclu-
sively synaptic localization of Ca?" channels

Mean /g, (nA)

receptor clusters were analyzed by fitting the STED (Fig. 3i) fluorescence
profiles with a sum of two gaussians. As expected, the limited resolution
of confocal microscopy led to an overestimation of the peak width
(confocal ~350 nm; STED ~ 180 nm (lateral resolution < 80 nm for
this microscope)), and thus we based further analysis solely on STED
microscopy. Whereas the width of the peaks was statistically indistin-
guishable between apical and midcochlear clusters, we found slightly
larger peak-to-peak distances (apical 683 + 84 nm, n = 16; midco-
chlear 562 + 85 nm, # = 19) and total sizes for clusters of apical synapses
(Table 1). The outer diameter of the cluster roughly matched the length
of the PSD as measured by electron microscopy (Table 1), indicating
that AMPA receptors populate most of the PSD. On average, the
fluorescence peaks were about twofold brighter than the center, for
both apical and midcochlear AMPA receptor clusters (Table 1).

Tonotopy of IHC presynaptic physiology

Recent studies have used patch-clamp recordings of Ca®" currents and
membrane capacitance changes (AC,,) to study the presynaptic prop-
erties of hair cells of various species (for review, see ref. 3). It remains to
be clarified whether this technique reports exclusively synaptic Ca?*
current and exocytosis in IHCs>*>=7 or also a significant extrasynaptic
fraction of channels and/or vesicles>®!1:383° We also wondered
whether, on top of the number of synapses, their function may
also vary along the cochlea’s tonotopic axis!>16-303137 We first studied
whole-cell Ca>* currents and exocytic membrane capacitance changes

and given the roughly comparable size of
synaptic clusters of Ca?>* channels (Fig. 3),
one would have expected the peak Ca*" currents in midcochlear and
apical IHCs to scale with the number of synapses, as seen for exocytosis.
The observed discrepancy could be due to differences in channel open
probability or single-channel current among THCs at the two positions.
When analyzing fluctuations among repetitively evoked Ca’" tail
currents under augmenting conditions (Fig. 4ef), we found more
Ca?* channels (1.34:1, midcochlear/apical), a slightly higher open
probability and a somewhat smaller single-channel current in the
midcochlear cells (see Supplementary Table 2).

Conclusions from whole-cell recordings on synaptic Ca?* channels
would be confounded by the presence of extrasynaptic Ca** channels.
To directly compare synaptic Ca?" signaling at different tonotopic
places, we used fast confocal imaging of IHCs loaded with Fluo-5N.
Depolarization caused the rapid appearance of spatially restricted
fluorescence hotspots in the basolateral compartment of IHCs
from hearing mice (Fig. 5a) that were mediated by voltage-gated
Ca*" influx and localized with ribbons*’, as previously described in
nonmammalian hair cells***1#2, Once such Ca?" microdomains were
identified in confocal sections, we used spot detection (continuous
read-out of fluorescence from the maximum-intensity location
inside the Ca** microdomain (Fig. 5b,c) and perpendicular line
scans (Fig. 5d,e) to study the kinetics (Fig. 5b), voltage dependence
(Fig. 5c) and FWHM (Fig. 5e) of these synaptic Ca®" signals
during 20-ms depolarizations). On average, these properties were
indistinguishable between apical and midcochlear IHCs (Table 2).
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Apical (n = 25)

@ Midcochlear (n = 25)
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Figure 5 Synaptic Ca2* signals are comparable at
different tonotopic locations. (a) xy scan reveals
hotspots of Fluo-5N fluorescence in the base of a
P14 IHC (loaded with 400 puM Fluo-5N and 2 mM
EGTA; dotted line, IHC border) during membrane
depolarization to -7 mV (red bar, time of
depolarization). Resting fluorescence (Fp) was
subtracted. Scale bar, 2 um; a.u., arbitrary
fluorescence intensity units. (b) Fluorescence time

T T T
60 70
Time (ms)

T 1 . . . .
80 90 courses for Ca* microdomains in apical (gray)

and midcochlear (black) IHCs. Data were obtained

400 600
F-Fy(au)

20 ms

Variability among afferent synapses of individual IHCs

Although Ca?* microdomains were on average similar in populations
from the two tonotopic positions, they varied greatly among individual
synapses, regardless of cell location. When comparing Ca?" signals
measured at the two tonotopic locations, their amplitudes showed the
largest variance, but substantial differences among Ca?* microdomains
were also observed for the FWHM and voltage of half activation
(Supplementary Table 3 online). For spot detection, we carefully
searched for the maximum-intensity location by (i) adjusting focus

Table 2 Properties of synaptic Ca2* signals as a function of tonotopic position

T T T

-20 54 20 4
10
154
20—

7| =o=Midcochlear (n=21)
35 F-F,(au.)

at high temporal resolution at the brightest pixel
of the hotspot (spot detection; see Methods)
(dotted crosshairs in a), on which the laser beam
was parked. Red bar, depolarization to =7 mV.
(c) Ca2* microdomain amplitude as a function of
membrane potential. The average AF amplitude
over the last 15 ms of the respective spot
detection response to 20 ms depolarizations is
plotted. (d) Line scan. Dashed line in left panel,
IHC border. (e) Spatial extent of Ca2*
microdomains. FWHM values were obtained

by fits of gaussian functions to time-averaged
(20 ms) line scans (d). Error bars, s.e.m.

Apical (n=21)

and starting xy-position in repetitive xy-scans,

E followed by (ii) selection of the brightest pixel
— identified during lateral spot displacement
,Z;\\% & along one dimension (from the starting posi-
c,°$ tion). Moreover, we obtained a second esti-

N mate by fitting gaussian functions to the line

scans, and we found the variability compar-
able (Supplementary Table 3). The scatter of fluorescence amplitude
(see Methods) for 65 individual synapses in 20 apical and midcochlear
IHCs responding to 20 ms depolarizations to —7 mV (Fig. 6a) had a
coefficient of variation (CV) of 0.63. Similar variability was also found
for the background-normalized data (AF/F;, CV = 0.61), arguing
against a contribution of variation in dye concentration.

Even synapses of an individual IHC differed up to tenfold in their
fluorescence amplitude (Fig. 6b; maximum/minimum AF on average,
4.5-fold; average CV = 0.57 for seven apical IHCs). The variance
among the fluorescence changes was not
systematic with time (Fig. 6b), arguing

against Ca>" current run-down, indicator

Apical (mean + s.e.m.) Midcochlear (mean + s.e.m.) P-value bleaching, or buffer saturation being size-
Spot detection able contributors. The trial-to-trial varia-
Peak AF (F— Fy, a.u.) 39.1%5.3 (n=25) 39.3+4.5 (n=25) p-097 bility of AF of the same Ca®* microdomain
Aonset fast (MS) 1.0+ 0.1 (n= 25/25) 1.0+ 0.1 (n= 25/25) P=097 was small (CV = 0.09). We found only
Aonset slow (MS) 17 + 8 (n= 8/25) 60 = 38 (n = 12/25) p=0.16 weak, although significant, correlations
Aonset fast/ Aonset, slow 2.3+0.7 (n=8/25) 1.5+ 0.4 (n=12/25) P=0.16 Dbetween fast-onset kinetics and fluores-
Adecayfast (MS) 1.1+ 0.1 (n= 25/25) 1.0+ 0.1 (n= 25/25) P=0.24 cence amplitude (Fig. 6c; linear correlation
Adecay,slow (MS) 8+ 1 (n=13/25) 28 + 10 (n = 13/25) P=0.11 coefficient P, = 0.28, P < 0.05), and
Adecay,fast/ Adecay,slow 5.1+ 0.8 (n=13/25) 3.9+0.7 (n=13/25) P=0.27 FWHM of Ca?* microdomains and their
fluorescence amplitude (Fig. 6d; P, =
V1o (mV) -26.1+3.8(n=13) -26.1+2.0(n=13) P=0.28 -0.23, P < 0.05)' Taken together, these
Slope (mV) 73x1.4(n=13) 6.3+06((n=13) P=065 (orrelations argue against a substantial con-
, tribution of defocus from the Ca?* micro-
Line scan domain’s center to the observed variance.
x FWHM (um) 0.6+0.1(n=17) 0.7+0.1 (n=15) P=0.09 We therefore interpret these differences to
Yy FWHM (um) 06+0.1(n=12) 0.6+0.1 (n=15) P=0.35

mostly reflect genuine variance among

Exponential fitting was used to estimate the on- and off-kinetics of the synaptic Ca?* microdomain s

accepted if the time constants differed by at least a factor of 3 and if both components were sizeable. A, amplitude of the fluorescence
component indicated in the subscript; Vy/,, voltage of half-maximal fluorescence increase; slope, steepness of the voltage-dependent
increase of the fluorescence change. Vy/, and slope were obtained by fitting Boltzmann functions to the fluorescence-voltage
relationships (Fig. 5¢). FWHM, full width at half-maximum of the time-averaged Ca?* microdomain fluorescence. x and y designate the

directions of the orthogonal line scans; a.u., arbitrary fluorescence intensity units.

ignals. A double-exponential fitwas  Ca?* signals of the individual synapses.

Next, we asked whether active zones
with different properties segregated along
the perimeter of the IHC, as previously

NATURE NEUROSCIENCE VOLUME 12 | NUMBER 4 | APRIL 2009

449



© 2009 Nature America, Inc. All rights reserved.

npg

ARTICLES

o- Individual IHCs (n = 16)
a b =0= Average trace c
. 100 oy
| la 4 o] . 5
100 ] 5
d /' | £
1 Y M.‘! v =2
80 - Al > g1
R i) 3 g1
E ik S g
= Vi g 50
3 607 A =
o g
| 40 { § d
w —
4 g €
20 2 2
< s
G 0“3 I
0 & £

T T T T
0 10 20 30 40
Experiment time (min)

Figure 6 Intracellular variability of synaptic Ca
microdomains. (a) Time course of fluorescence at
the center of Ca?* microdomains during 20-ms
depolarization to peak Ca2* current potential

(=7 mV, as described in Fig. 5¢; n = 65 Ca2*
microdomains in 20 IHCs); a.u., arbitrary
fluorescence intensity units. (b) Ca2* microdomain
amplitude within individual IHCs as a function

of time of acquisition. (c,d) Ca?* microdomain
amplitude (AF amplitude over the last 15 ms

of data in a) correlates weakly with fast onset
kinetics (c, linear correlation coefficient
P,=0.28, n=65) and with its FWHM (d;

P, =0.23, n=87). AF amplitude and FWHM
were obtained by fitting gaussian functions to
time-averaged line scans. (e) Differences in
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suggested in the cat®*. We used confocal Ca’* imaging and STED
microscopy of immunolabeled ribbons in the neural and abneural 60°
sectors to test for potential functional and morphological differences of
the respective synapses. Abneural synapses on average showed a smaller
fluorescence increment (Fig. 6e; AF/Fj neural/abneural ratio, 1.6). The
distributions of short (Fig. 6f) and long axes of ribbons (Fig. 6g) were
indistinguishable, suggesting that the average ribbon size did not differ
among neural and abneural synapses in mouse IHCs.

DISCUSSION

Our findings demonstrated that tonotopic variations in the sensitivity
of the mammalian cochlea are paralleled by the density of its afferent
innervation. We present nanoscale estimates of the size of ribbons, Ca?*
channel and AMPA receptor clusters at the IHC synapse for two
different tonotopic regions. Although substantially changing in num-
ber, IHC synapses in these cochlear regions differ only slightly in
structure. Exocytosis of IHCs scaled with the number of synapses,
which, together with the comparable average properties of presynaptic
Ca’" signals, suggests a fairly uniform average synapse function in these
two regions and also, presumably, further along the cochlea’s tonotopic
axis. However, Ca?" signals showed substantial heterogeneity among
synapses of an individual THC, providing a potential presynaptic
substrate for the divergent spiking properties of the SGNs that are
driven by a given THC.

Quantitative light microscopy of whole-mounted organs of Corti
allowed assembly of continuous synaptic cochleograms for mouse
(high-frequency hearing) and gerbil (low-frequency hearing) with a
sample size and frequency resolution exceeding those of previous
electron microscopy studies'”»?%2143, Synaptic cochleograms were
well described by quadratic functions, providing a simple and useful
tool for future studies on cochlear neurotransmission. The shape of the
mouse synaptic cochleogram roughly followed that of the mouse
behavioral audiogram*4, that of the neural population audiogram
(for example, Fig. 1) and that of the distortion product otoacoustic
emission audiogram (for example, ref. 45). We interpret these findings
as better neural sampling from the most sensitive cochlear regions. In

200300 400 500 600 700
Long obiect axis (nm) ple, for the perception of wriggling calls of
mouse pups*®. Each SGN conveys information
transmitted by one hair cell synapse to several neurons of the cochlear
nucleus, which in turn integrate information from several SGNs. The
reliability and acuity of afferent information provided by a region of the
cochlea will increase with the number of innervating SGNs.

Here we took advantage of the tonotopic gradient of synapse number
but uniform average presynaptic morphology in the mouse cochlea to
ask whether whole-cell Ca?* current and exocytic ACy, scaled with the
number of ribbon synapses, as would be expected if both occurred
exclusively at the synapse. This was indeed found to be the case for
exocytosis, as previously described for turtle hair cells*’. Although we
cannot exclude some contribution of vesicles fusing outside the active
zone to exocytosis seen during prolonged stimulation®*’, we suppose
that much of this sustained release occurs at the synapse. This view is
supported by paired pre- and postsynaptic recordings from rat IHC
synapses®. These data revealed AMPA receptor current integrals that
were compatible with the notion of sustained exocytosis—as reported
by capacitance measurements—reflecting synaptic release.

Our STED data suggest that, at the IHC synapse, AMPA receptors
have a peripheral, ‘ring-like’ density maximum, which correlates with
electron microscopy data on the rat cochlea!?. The observed receptor
distribution seems well suited for the efficient detection of glutamate
release, in particular if this release occurs preferentially at the circum-
ference of the ribbon?>. It deviates from the uniform receptor distribu-
tion of glutamatergic CNS synapses suggested by immunoelectron
microscopy (ref. 12; see review in ref. 48).

The Ca?" current integral was not significantly different between
apical and midcochlear IHCs. In part, this can be attributed to the
stronger Ca?* current inactivation in IHCs in the higher frequency
region, which is consistent with findings in the gerbil®®. Still, even
the initial Ca>" current was somewhat less correlated to synapse
number than exocytosis. Similar findings were obtained in the turtle
cochlea, where low-frequency synapses were assumed to mediate
larger Ca?* influx®’. Unlike that study, we conclude, based on
analysis of Ca?" current, synaptic Ca?" signals and Ca®* channel
cluster size that, except for inactivation, Ca“signaling of the
average mouse IHC synapse is structurally and functionally similar
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in the two frequency regions. The existence of extrasynaptic Ca?*
channels, as suggested by single channel recordings from bullfrog
hair cells®, is likely to explain the small remaining mismatch
between the scaling of number of Ca?" channels (1.34) and number
of synapses (1.44).

Using various approaches, we compared, at two different frequency
regions, key morphological determinants of IHC synaptic transmis-
sion, including synaptic ribbons and vesicle complement, synaptic Ca?*
channel clusters and postsynaptic density. We found only subtle
differences (Fig. 3, Table 1), all indicative of slightly larger THC
synapses in the apex of the cochlea. Testing the functional relevance
of these tonotopic differences requires more sensitive detection, such as
in paired pre- and postsynaptic recordings®.

However, we found considerable variability for all of the investigated
morphological and functional synapse parameters (Fig. 3, Tables 1 and
2, Supplementary Table 3 and Supplementary Fig. 4 and 5). Although
this limits detection of small systematic changes along the tonotopic
axis, it probably relates to the important question in auditory research
of the mechanisms behind the different functional properties of SGNs.
Pioneering work primarily in the cat cochlea has identified morpho-
logical correlates for high and low spontaneous firing rate SGNs (for
example, active zone morphology, abneural versus neural insertion;
diameter and mitochondrial content of the peripheral axon)!4222443,
In the present study, we observed slightly lower synaptic Ca®* signals in
the abneural sector of IHCs and found ribbon sizes to be comparable
for neural and abneural synapses. These findings seem hard to reconcile
with a systematically higher activity of abneural synapses in mouse
IHCs, for which one might have expected larger ribbons providing
more releasable vesicles® and more Ca®* channels.

Nevertheless, our experiments revealed substantial heterogeneity
between Ca’" signals at active zones within individual IHCs (Fig. 6b
and Supplementary Table 3). Furthermore, we found a large variation
of Cay1.3 channel cluster size (CV = 0.3), and, assuming a constant
channel density in the cluster, we propose that differences in channel
number contribute to this heterogeneity. Placement of synapses with
different properties seems rather random in mouse IHC. Future studies
combining imaging of synaptic Ca?" signals with readouts of trans-
mitter release and/or postsynaptic response’”® will test how this
translates into differences of transmitter release among the synapses
of an individual mouse IHC.

METHODS

Animals. C57BL/6 and NMRI (Naval Medical Research Institute) mice aged
2—4 weeks and 4-week-old gerbils were used for experiments. Animal experi-
ments complied with national animal care guidelines and were approved by the
University of Gottingen Board for animal welfare and the animal welfare office
of the state of Lower Saxony.

Auditory brainstem responses. See Supplementary Methods.

Patch-clamp and confocal Ca?* imaging. THCs from apical coils of freshly
dissected organs of Corti from NMRI and C57BL/6 mice (P14-18) were patch-
clamped as described®. The pipette solution for perforated-patch recordings
contained (in mM) 140 cesium gluconate, 13 tetracthylammonium (TEA)-Cl,
10 CsOH-HEPES buffer, 1 MgCl,, and 250 pg/ml amphotericin B, pH 7.2. The
pipette solution for whole cell recordings contained (in mM) 135 cesium
glutamate, 13 TEA-Cl, 20 CsOH-HEPES, 1 MgCl,, 2 Mg-ATP, 0.3 Na-GTP,
2 EGTA (10 for biophysical analysis of Ca?" currents), 0.4 Fluo-5N (penta-K*
salt, Invitrogen; for confocal imaging), pH 7.0. The extracellular solution
contained (in mM) 105 NaCl, 35 TEA-CI, 2.8 KCI, 2 CaCl, (10 for fluctuation
analysis, 5 for confocal imaging, balanced by NaCl), 1 MgCl,, 10 NaOH-
HEPES, 10 p-glucose and 0.005 BayK8644 (Tocris, for fluctuation analysis),
pH 7.2 (7.3 for whole-cell recordings). EPC-9 amplifiers controlled by Pulse or
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Patchmaster software (HEKA Elektronik) were used for measurements. All
voltages were corrected for liquid-junction potentials. Currents were low-pass
filtered at 14 kHz and 2 kHz and sampled at 100 kHz and 10 kHz for whole-cell
recordings and perforated-patch recordings, respectively. Cells that showed a
holding current exceeding —50 pA were discarded from analysis. Ca?* currents
were further isolated using a P/n protocol. Series resistance was required to be
below 30 MQ for perforated-patch experiments and averaged 10.0 + 0.5 MQ
(n = 59) in the fluctuation analysis experiments. Fluctuation analysis was
performed similarly to that previously described!!. To account for channel
gating-related and filter-induced correlations between neighboring current-
variance data points, we fitted the variance-over-mean data by an estimated
generalized least-squares method (Supplementary Table 2). The first 600 ps of
the tail current routinely were discarded. To avoid errors introduced by
remaining, uncancelled capacitive transients, we subtracted a scaled version
of the transient that was evident at the beginning of the depolarization step (see
Fig. 4e) from the mean current trace (after calculation of the ensemble
variance). Membrane capacitance increments (AC,) were measured
as previously described®. Interstimulus periods were 2-3 s between sweeps,
1-2 min between ensembles for confocal imaging, and 30-70 s for
exocytosis measurements.

Confocal Ca?" imaging was performed as described*’, using a Fluoview 300
confocal scanner mounted on an upright microscope (BX50WI) equipped with
a 0.9 numerical aperture (NA), x60, water immersion objective (all Olympus)
and a 50-mW, 488-nm, solid-state laser (Cyan, Newport-Spectraphysics).
Fluorescent hotspots were identified in xy-scans during 200-ms depolarizations
(0.5% of maximum laser intensity) and further characterized using spot
detection (‘point scan’ mode of the confocal scanner, temporally averaged to
yield an effective sampling rate of 1.85 kHz, 0.05% of maximum laser intensity)
and line scans (at a rate of 0.74 kHz, 0.25% of maximum laser intensity). Spot
detection measurements and line scans were repeated 5 and 10 times,
respectively, to improve signal-to-noise ratio. Peak AF estimates of spot
detection measurements were obtained after repetitive boxcar smoothing
(2-ms box). On average, we characterized 3.1 and 1.7 spots per IHC for
apical-basal and neural-abneural comparisons, respectively. The average Ca®*
current rundown at the end of the experiment was 30% of the maximum
current. For investigating intracellular differences, Ca** microdomain charac-
terization was followed by acquisition of a z-stack of the indicator-filled cell so
that its location could be retrieved.

Immunohistochemistry. Immunostaining was performed as previously
described®. Briefly, the freshly dissected apical cochlear turns were fixed with
4% paraformaldehyde for 1 h on ice, with 2% formaldehyde for 10 min at
20-22 °C (for staining with antibody to GluR2/3 (anti-GluR2/3)), or for
25 min in 99% methanol at —20 °C (for anti-Cay1.3). For harvesting the full-
length organs of Corti, cochleae were fixed by cochlear perfusion with 2%
formaldehyde for 10 min. The following antibodies were used: mouse IgG1
anti-CtBP2 (also recognizing the ribbon protein RIBEYE; BD Biosciences,
1:150), rabbit anti-GluR2/3 (Chemicon, 1:200), rabbit anti-calbindin (Swant,
1:400), rabbit anti-Cay1.3 (Alomone Labs, 1:75) and secondary Alexa Fluor
488— and Alexa Fluor 568-labeled antibodies (Molecular Probes, 1:200) as well
as Atto-647N (AttoTech, 1:60 dilution in PBS with addition of 2% normal goat
serum) for STED microscopy. In some experiments, nuclei were stained with
Hoechst 34580 (Molecular Probes, 1:1,000).

Confocal, 4Pi and STED microscopy. Confocal morphological images were
acquired using a laser scanning confocal microscope (Leica TCS SP5, Leica
Microsystems) with 405-nm (diode), 488-nm (argon) and 561-nm (diode-
pumped solid state) lasers for excitation and a x63 oil immersion objective
(NA = 1.4). Whole-mount preparations of the organ of Corti allowed us to
analyze several IHCs in a row, as previously described®. For three-dimensional
reconstructions of the specimen, z-axis stacks of two-dimensional images were
taken with a step size of 0.049 pum, 0.2 pm or 0.3 pm. Multifocal 4Pi
microscopy with water immersion lenses (NA 1.2) at a two-photon excitation
wavelength of 870 nm (average power, 1.5 mW for each of the 4Pi foci) was
performed at a custom microscope as described®?*?’, For STED imaging,
two different microscopes were used: (i) a Leica TCS STED microscope
(Fig. 3d—g) using two pulsed lasers for excitation (diode laser, 635 nm,
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<90 ps) and stimulated emission (Ti:sapphire, 750 nm, ~ 300 ps), with both
lasers running at a repetition rate of 80 MHz and synchronized to each
other to ensure optimal STED efficiency in the focal plane; and (ii) a custom
microscope®® (Fig. 3h-j). This microscope used identical lasers but allowed for
higher STED powers and therefore exhibited a resolution of ~50 nm and
~150 nm for two-dimensional (x,y) and three-dimensional (x,y,z) imaging,
respectively. Single confocal and STED images of ribbons and Ca** channel
clusters were acquired after adjusting the focus of the x 100 oil immersion lens
(NA = 0.7 or 14) to the fluorescence maximum of an object of interest, as
found in a xz-scan.

Electron microscopy. See Supplementary Methods.

Data analysis. Data was analyzed using Matlab (MathWorks), Igor Pro
(Wavemetrics) and Image] software. Figures were assembled for display in
Adobe Photoshop and Illustrator software. Mean AC, and Ca?* current
estimates are grand means calculated from the mean estimates of individual
IHCs. Means were expressed + s.d. (or s.e.m. when noted). If applicable (that is,
as determined by normality of the distribution (Jarque-Bera test) and equal
variances between (F-test) the two samples), an unpaired, two-tailed t-test was
used to compare the two samples. In all other cases, a Mann-Whitney-
Wilcoxon test was used.

Image analysis. For synaptic cochleograms, CtBP2/RIBEYE immunofluores-
cence spots in the basolateral portion of IHCs (up to the apical end of the
CtBP2-stained nucleus) were counted in z-stacks and divided by the number of
IHCs (taken as the quantity of nuclei in the field of view). Estimation of the
cellular synapse distribution was performed using custom-written MATLAB
routines (available at http://www.innerearlab.uni-goettingen.de/) that included
(i) alignment of the image stacks with the tonotopic axis, (ii) image segmenta-
tion into ribbons (positive, if more than four connected voxels were above
threshold) and nuclei, (iii) center of mass calculation for both types of
structures (by a three-dimensional gaussian fit in the case of nuclei), (iv)
assignment of ribbons to the closest IHC nucleus, (v) alignment of the
individual THC’s z-axis to a common z-axis, (vi) normalization of the cell’s
z-extent (measured from the center of the nucleus to the basal end of the THC)
to the population average and (vii) vector calculation. For Figure 2b, we also
normalized the radial extent of the IHCs for improved superposition.
The FWHM in confocal and STED images was estimated using gaussian
functions (two-dimensional for morphology, one-dimensional for functional
imaging). The two-dimensional data in Figure 3j was linearly deconvolved with
a two-dimensional gaussian PSF (FWHM of 70 nm for the STED and 250 nm
for the confocal).

Note: Supplementary information is available on the Nature Neuroscience website.
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Supplementary Data 1 Further analysis of hair cell synapse distribution

A 0.22 mm § 25% 2.86 mm

3% 0.38 mm} 70% 8.02 mm

1.89 mm{ 98% 11.26 mm

Supplementary Figure 1 Ribbon synapse number in a low-frequency hearing animal
(gerbil)

Projections of confocal stacks of immunolabeled inner hair cell afferent synapses at
different tonotopic locations in the gerbil. (red: anti-CtBP2/RIBEYE; blue: nuclear stain
by Hoechst 34580). Percentage indicates the location of the respective image along the
tonotpic axis (0% corresponding to the apical end, and 100% to the basal end of the
cochlea). Presynaptic ribbons were counted in each stack and related to the number of

IHC:s.

Supplementary Table 1 Fit coefficients describing the relation between ribbon-number
() and tonotopic position (x) (2nd order polynomial fit function: y = co + ¢; X + ¢ X7,

with x being the tonotopic location in % of total cochlear length).

Fit coefficient | Mouse (coefficient + SD) Gerbil (coefficient + SD)
Co 8.0+£0.3 15.1£1.5

Ci 0.38 +£0.02 0.37 +0.08

() -0.0040 + 0.0002 -0.0047 £+ 0.0008
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Supplementary Figure 2 Spatial distribution of afferent synapses within IHCs at the
apex

Identical analysis of data as shown in Figure 2 of the main manuscript, but for synapses
from IHCs at the apex of the cochlea. Synapses show a slight tendency to accumulate
along the apical-basal axis (a and c). The absolute number of synapses per sector is
decreased as the number per cell is lower in this region (c). IHCs tend to be shorter at the
apex compared to mid-cochlear, resulting in an accumulation of synapses at 12 um
(average 9.2 £ 2.4 um) rather than 15 um (average 11.6 = 3.1 um, mid-cochlear) from the
nucleus (b). Inter-synaptic distance, however, is comparable (d) (mean = 2.0 = 0.9 pm

and 2.0 £ 1.0 um, apex and mid-cochlear, respectively).
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Supplementary Data 2
Comparison of hair cell synapse ultrastructure following high pressure rapid
freezing and chemical fixation

Supplementary Figure 3 Comparison of IHC ribbon synapse ultrastructure between
high pressure rapid freezing and aldehyde fixation.

a and c, High pressure frozen and freeze substituted organs of Corti. b and d chemically
fixed organs of Corti embedded in Agar 100 at room temperature. Scale bars: a and b:
Ium, ¢ and d: 100 nm.

To address the question whether the structure of IHC ribbon synapses in electron
microscopy (EM) is altered by chemical fixation and the embedding method used, we
compared two different protocols. The organs of Corti were (1) embedded in Agar 100
following conventional chemical fixation with glutaraldehyde at room temperature, and
(2) physical fixation with high pressure rapid freezing followed by freeze substitution
(see Supplementary Methods section below). The gross structure of the ribbon synapses

was not different between the two methods.

Nature Neuroscience: doi:10.1038/nn.2293



IHCs showed well preserved cytoplasmic structures after high pressure fixation of
the organ of Corti. Cytoplasm did not appear to be washed out and was evenly distributed
throughout the cell. Membranes of organelles as well as the plasma-membrane were
smooth and clearly visible. However, the contrasts of the membranes after substitution
using tannic acid and OsO4 remained weak.

IHCs in chemically fixed organs of Corti showed some wash-out of cytoplasm
and crinkled plasma-membranes with clearly visible bilayer structure. The synaptic
vesicle diameter estimates in chemically fixed synapses (41.4 nm [apex] and 44.6 nm
[mid-cochlea], Table 1 of main manuscript) were in line with our previous estimate’
(mean outer diameter: 43.1 nm) but smaller than in high pressure frozen samples (48.7
nm, see Table 1 of main manuscript). Possible reasons for this difference include: (1)
shrinkage due to chemical fixation and (2) the use of tannic acid for staining of the
“frozen” vesicles (tannic acid precipitates in the outer leaflet of the membrane). For
evaluation of synaptic morphology at different tonotopic positions, it is essential to obtain
a homogeneous embedding quality over the entire apical coil of the organ of Corti. This
was not regularly achieved in high pressure frozen and freeze substituted samples (cryo-
artifacts). Therefore, the evaluation was performed using the conventional room
temperature embedding method, resulting in a comparable preservation of the structures

over the entire organ.

Supplementary Methods: Electron microscopy

Organs of Corti from p17-21 old C57B1/6 mice were fixed immediately after dissection
with 2.5% glutaraldehyde in HEPES-buffered Hanks solution for 30 min at room
temperature. Thereafter, the samples were fixed over night at 4° C in 2% glutaraldehyde
in 0.1M cacodylic buffer at pH 7.4. After an additional fixation in 0.1% OsOs, the
samples were stained with 1% uranyl acetate, dehydrated in a series of ethanol and finally
in propylene oxide. They were then embedded in Agar 100 (Science Services, Munich,
Germany). Consecutive ultrathin sections (80 nm) were mounted on slot grids
counterstained with 1% uranyl acetate and lead citrate and examined using a Philips CM
120 BioTwin transmission electron microscope (Philips Inc., Eindhoven, Netherlands).

Images were taken with a TemCam F224A camera (TVIPS, Gauting, Germany) at



20,000-fold magnification. Alternatively, organs of Corti were high pressure frozen in a
Baltec HPMO010 and embedded using a Leica EMAFS. The samples were freeze
substituted in Agar 100 using acetone containig 0.1% tannic acid and OsOs (Electron
Microscopy Science). Sections were considered for analysis only, if the postsynaptic

density was sharply delimited.

Supplementary Methods: Auditory brainstem responses

Experiments were performed as described in ref. !, complied with national animal care
guidelines, and were approved by the University of Goettingen Board for animal welfare
and the animal welfare office of the state of Lower Saxony. In brief, animals were
anaesthetized intraperitoneally with a combination of ketamine (125 mg kg™') and xylazin
(2.5 mg kg') and the core body temperature was maintained constant at 37°C. For
stimulus generation, presentation and data acquisition we used the TDT III Systems
(Tucker-Davis-Technologies, Ft Lauderdale, FL) run by BioSig32 software (TDT). Tone
bursts (4/8/12/16/24/32/48/64 kHz, 10 ms plateau, 1 ms cos’ rise/fall, calibrated and
provided in dB SPL rms) were applied at 20 Hz in the free field ipsilaterally using a JBL
2402 speaker (JBL GmbH & Co., Neuhofen, Germany). The difference potential between
vertex and mastoid intradermal needles was amplified (5 10*-times), filtered (low pass: 4
kHz, high pass: 100 Hz) and sampled at a rate of 50 kHz for 20 ms. Trials were repeated
2x2000 times to obtain two mean ABR traces for each sound intensity. Hearing threshold
was determined with 10 dB precision as the lowest stimulus intensity that evoked a

reproducible response waveform in both traces, as judged by visual inspection.



Supplementary Data 3 Further Analysis of 4Pi and STED data on synapse structure
This document supplements the quantitative light microscopy analysis of the inner hair
cell synapse presented in Figure 3 of the main manuscript. Supplementary Figure 4
illustrates further comparative analysis of ribbon size using 4Pi and STED microscopy.
Supplementary Figure 5 provides further analysis and modeling of the images of

immunolabeled presynaptic Cay1.3 Ca*"channel clusters obtained by STED microscopy.
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Supplementary Figure 4 Comparison of apparent ribbon size by 4Pi and STED
microscopy of immunolabeled ribbons between synapses of apical and mid-cochlear
IHCs.

a, 4Pi images of fluorescent beads (206 nm, top), CtBP2/RIBEYE immunolabeled
ribbons of apical (middle) and mid-cochlear IHCs of NMRI mice (bottom, scale bar: 10
pm). The CtBP2/RIBEYE labeled IHC nuclei are faintly visible. b, axial intensity

profiles of the 3 fluorescent objects boxed in (a), obtained from stacks of 4Pi image
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sections as used for estimation of axial thickness’. Note that the minima, separating the
maxima and side lobes of the ribbons are shallower than those for the bead, indicating a
larger size of the ribbons. ¢, axial thickness distributions for beads and ribbons of both
locations. The size estimates exceed our previously published estimate of apparent ribbon
size in IHCs from the apical coil of 8-week-old mice* (260 nm), which turned out to be
too small because the size of the fluorescent beads used for calibration was smaller than
specified by the provider. The estimates were brought to agreement, when the previous
data were re-calibrated with an EM-controlled bead size (308 * 88 [SD] nm, n=239).

d, e, STED: histograms of short (d) and long (e) axes approximated as the full widths at
half maximum (FWHM) of two orthogonal Gaussian functions to the STED images of
immunofluorescent ribbons from apical and mid-cochlear IHCs. As described in the main
manuscript, sections were taken at the maximum intensity z-level, afore determined by

confocal microscopy.

Comparison of long and short axes of Cayl.3-immunofluorescent spots imaged by
STED microscopy: further analysis and modeling

Asking which geometric shape of the immunolabeled Ca*'channel clusters underlies the
distributions of short and long axes obtained from the analysis of STED microscopy
images, we simulated projections of ellipsoids, assuming a random orientation of the
clusters (synapses are distributed in a nearly hemispherical cap formed by the basolateral
pole of the IHC, see Fig. 2 of the main manuscript). The ellipsoidal model was chosen for
practical reasons, and considering the thickness of the plasma membrane as well as the
size of antibodies, we fixed the ellipsoids’ shortest axis (termed: “thickness™) to 30 nm.
To generate random orientations, an ellipsoid with its principal axes parallel to the
coordinates x, y, z was stochastically rotated around the z axis and then the z axis of the
ellipsoid was rotated toward a unit vector randomly picked on a unit sphere3.

To model the experimental data, we convolved the randomly oriented ellipsoids
with a Point Spread Function (PSF) model and determined the minimum and the
maximum FWHM of the resulting image numerically. As measuring the PSF at the

position of the synapses (nearly halfway inside the tissue sample) was not feasible, we



approximated it by a 3D Gaussian with a FWHM of 150 + 20 nm (mean + sd) in the x

and y directions and 500 nm in the z direction. The FWHM, , values were chosen as the

arithmetic mean of measurements of 100 nm beads, imaged in front (x: 121 £16 (mean +

SD), y: 126 = 16 nm) and behind (x: 173 £ 24, y: 164 + 28 nm) the sample.

The ellipsoid was varied in size, which together with different orientations and
variance in the PSF causes the variability of the observed data. In order to find the
ellipsoid that would best fit the experiments, we also implemented a certain variance of
the ellipsoids’ axes (both Gaussian and Gamma distributed). Criteria for identifying the
best fitting ellipsoid included comparison of the mean and the variances of the
determined long and short axes, as well as the correlation between these two axes. In
Supplementary Figure 5, two simulations, each performed with a different set of
parameters, are presented. In both cases, the two longest axes were assumed to be
Gamma distributed. Note, as the data does not provide information about the thickness of
the cluster beyond saying that it smaller than the microscope’s resolution limit, there was
no need for varying the size of the shortest axis. Systematically, the high correlation of
the long and short axis estimates in the experimental data could not be matched in the
simulation, even when perfectly correlating the sizes of the two longest axes of the
ellipsoid.

From the simulations we conclude:

e Considering ellipsoids with different lateral extent but fixed ratio of the two long axes
(oblate: 1 or scalene #1) the best fit of the experimental data was obtained with an
oblate-shaped ellipsoid (=420 + 126 nm, =420 + 126 nm, 30nm): 1) scalene shaped
ellipsoids did not generate enough points close to the unity line and 2) oblate shaped
ellipsoids fit better the observed means and variances of the axes. While this may
describe the average cluster’s shape we anticipate a range of long axes ratios for Ca"
channel clusters.

e The skewness in the experimental axis estimates (data not shown) could not be
reproduced by assuming Gaussian distributed axes of the ellipsoids. A positively
skewed distribution, such as the Gamma distribution was more appropriate to match

the data (Supplementary Figure 5b and c).



FWHM short axis (nm)

Supplementary Figure 5

(a) provides the experimental Full Widths at Half Maximum (FWHM) estimates,

obtained by fitting a 2D Gaussian to the STED images of immunofluorescent presynaptic

FWHM short axis (hm)

e Comparing experiments with the simulations one notices that points with large long
axes and small short axes are missing in the experimental distribution. One possible
explanation for this is that analysis of the images by 2D Gaussian fitting may
overestimate the short axis for long curved clusters. This would also explain why the
correlation of the data is not sufficiently matched by our simulations and why the
model systematically generated smaller short axis estimates than found in the data.
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Cay1.3 Ca*"channel clusters of apical and mid-cochlear IHCs (scatter plot as in Fig. 3g of
the main manuscript (left, for comparison to model distributions), histograms of short
(middle) and long (right) axes). As described in the main manuscript, sections were taken
at the maximum intensity z-level.

(b) simulation assuming an ellipsoid with two identical long axes (oblate: 420 = 126 nm,
420 + 126 nm, 30nm)

(c) simulation assuming an ellipsoid with three different axes (scalene: 490 + 147 nm,

320 £ 112 nm, 30nm).

) ) 10
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Supplementary Data 4 Further analysis of Ic, properties of IHCs as a function of
tonotopic position
Data were obtained in standard whole-cell recordings under augmenting conditions (10

mM [Ca®]., 5 uM BayK; see also methods section of the main manuscript).

99 ey ®
coooco~

=y

T activation (ms)

V. (mV)

Supplementary Figure 6 Comparison of voltage dependence and Kinetics of channel
activation between apical and mid-cochlear IHCs.

a, voltage dependence of (fractional) calcium conductance activation: Figure shows
average (thick) and individual (thin) traces for apical (gray, n=19) and mid-cochlear
(black, n = 14) THCs. Steady-state current was estimated as the average current over the
last 7ms of a 10 ms voltage step to the potential indicated. Conductance-voltage
relationships were derived from steady-state I-V curves (see Fig. 4d of the main
manuscript) by dividing current by the driving force (V-Vie,). The reversal potential
(Viev) of the calcium current was determined empirically by fitting a line to the I-V in the
range between -5 mV and +25 mV and extrapolating to the zero-crossing of the fit result.
b, time constants of activation for Ic, at different membrane potentials. Thick lines
represent average, thin lines individual traces (gray: apical, black: mid-cochlear; same
cells as in Fig. 4d of main manuscript). Activation of current traces was fit with a single

exponential function with an exponent of activation of 2.

11
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Fluctuation analysis was performed as described in the methods section of the main
manuscript. Curve fitting used weighting according to the error-covariance of the

variance (eGLS ') with binning the variance in 100 us bins.

Supplementary Table 2 Summarizing comparison of whole-cell I, properties between

apical and mid-cochlear IHCs (augmenting conditions: 10 mM [Ca®]., 5 uM BayK8644)

Apical Mid-cochlear
Peak steady-state Ic, (pA) (p = 0.07) 471 + 36 587 + 47
Gmax (NS) (p = 0.11) 9.4+0.8 11.5+£1.0
Vi (mV) (p = 0.05) -35.0 £ 0.6 -36.5+0.8
Slope (mV) (p = 0.37) 6.0+0.1 6.1+0.1
N (cells) 19 14
Channel number (N¢,) (p < 0.01) 1366 + 67 1828 + 137
ica (PA) (p = 0.04) -0.67 £ 0.02 -0.60 + 0.02
Po.max (P < 0.001) 0.84 + 0.01 0.91 £ 0.01
| Lmax (P =0.01) -784 + 57 -1004 + 54
N (cells) 13 10

Means are quoted + s.e.m. (standard error of the mean). If applicable (i.e., as determined by normality of
the distribution (Jarque-Bera test) and “equal variances between” (F-test) the two samples), an unpaired,
two-tailed t-test was used to compare the two samples. In all other cases, a Mann-Whitney-Wilcoxon test
was employed as a statistical test.
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Supplementary Table 3 Analysis of the variance among synaptic Ca’" microdomains
Data of apical and mid-cochlear synapses were pooled for variance analysis as they did
not differ significantly from each other (see Table 2 of main manuscript). For estimation
of the peak fluorescence change we used two strategies, depending on the type of image
aqcuisition: (1) for spot detection, we recorded from a series of 130 nm laterally offset
locations and selected the trace with the maximal fluorescence increase (see Fig. 5 of
main manuscript), whereas (2) for line scans, we fit Gaussian functions to the time-
averaged X and Y line scan data and estimated the maximal fluorescence increase as the
peak amplitude of the obtained fit. Likewise, the FWHM was derived from this Gaussian
fit. Vi (AF-V) and slope (AF-V) were obtained from fitting a Boltzmann function to
fluorescence-voltage relationships (see Fig. 5d of main manuscript), and are compared to
the estimates [V, (I-V) and slope (I-V)] obtained the same way for the whole-cell Ca**

currents of IHCs from the same tonotopic region. CV: coefficient of variation.

Dispersion
Peak AF (spot detection) CV:0.63 (n=65)
(X) Peak AF (line-scan) CV:0.61 (n=45)
(Y) Peak AF (line-scan) CV:0.68 (n=42)
(X) FWHM (line-scan) CV:0.32 (n=45)
(Y) FWHM (line-scan) CV:0.39 (n=42)
Vi, (AF-V) SD: 5.8 mV (n=37)
Slope (AF-V) CV:0.27 (n=37)
V1/2 (whole-cell I-V), purely intercellular SD: 2.9 mV' (N =33)
Slope (whole-cell I-V), purely intercellular CV:0.08' (N =33)

" Value for both apical (n = 19) and basal (n = 14) IHCs
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Supplementary Movie 1

3D STED imaging of postsynaptic AMPA receptor clusters

Left, Voltex-rendering of a 3D STED image of a postsynaptic AMPA receptor cluster
(immunolabeled for GluR2/3, resolution ~150nm, raw data). The gradient of the
fluorescence intensity as well as the off-center maximum are clearly visible. Right, in
order to emphasize the “ring-like” appearance and the curved shape the voltex-rendering
is combined with an isosurface view. The isosurface has been generated by using a seed
fill algorithm (magic wand, Amira, Visage Imaging) utilizing 64% and 100% of the

maximum intensity as the lower and upper threshold respectively.

14



4. General Discussion

4.1 Comparison to Ca** Microdomains in Other Hair Cell Types

4.1.1 General Properties

The presynaptic Ca®" microdomains that we observed in THCs of hearing mice (chapters 2, 3)
are in many ways similar to the presynaptic Ca’" microdomains described in frog (Issa and
Hudspeth 1994, Issa and Hudspeth 1996, Zenisek et al. 2003) and turtle hair cells (Tucker and
Fettiplace 1995). First, all those studies (as well as this study) note the presence of localized
regions of Ca*" influx (hot-spots). This is consistent with the clustering of VGCCs at presy-
naptic active zones seen in loose-patch recordings in lower vertebrate hair cells as well as the
observation of clusters of intra-membranous particles in freeze-fracture electron microscopy
(Roberts et al. 1990). Second, at least for frog hair cells, a presynaptic origin of the fluores-
cence hot-spots was suggested by their apparent co-localization with synaptic ribbons — al-
though this claim was based on the ‘mapping’ of light-microscopical images to serial-section
electron micrographs (Issa and Hudspeth 1994). Additional evidence for an active zone origin
of the fluorescent hot-spots comes from their co-localization with synaptic ribbons in retinal
bipolar cells (Zenisek et al. 2004), employing the same ribbon-labeling oligopeptide (binding
to ribeye, the major protein of synaptic ribbons) that was used to map co-localization between
synaptic ribbons and fluorescent hot-spots in IHCs in this report (chapter 2, Fig. 1B). Again,
the initial study on retinal bipolar cells confirmed the correspondence between peptide-labeled
structures and synaptic ribbons by electron-microscopy. Third, the good agreement between
the voltage-dependencies of fluorescence and whole-cell I, (Tucker and Fettiplace 1995, Issa
and Hudspeth 1996) argues for a lack of substantial contributions of CICR to the observed
synaptic Ca®" signals in lower vertebrate hair cells — agreeing well with the data presented
herein (chapter 2, Figs. 2E, 3). Fourth, the degree of spatial confinement of hot-spot signals
during (prolonged) stimulation (chapter 2, Figs. 2F, S4) depends on the specific conditions of
Ca” -buffering. Low concentrations of exogenous Ca” -buffers favor the spread of Ca®’, away
from the entry site, as also seen in turtle and frog hair cells (Tucker and Fettiplace 1995, Issa
and Hudspeth 1996). Quantitative inter-study comparisons for these aspects are hampered by
differences in the amount and type of Ca®*-indicator and Ca®*-buffering used (both exo- and

endogenous Ca”" buffers, Roberts 1993, Hackney et al. 2003, Hackney et al. 2005).

However, the use of spot-detection as compared to line- or frame-scan imaging techniques

that were used in the above mentioned studies provides a higher temporal resolution (= 2 kHz
72



vs. maximal 0.5 kHz; Issa and Hudspeth 1996). This improved temporal resolution reveals
faster onset kinetics (fast time constant of= 1 ms (see chapter 2, Fig. 2B, Table S1, and chap-
ter 3, Fig. 5b, Table 2), compared to ““(...) within 6 ms”, the fastest reported rise in the above
mentioned studies; Issa and Hudspeth 1996). Nonetheless, even the fast time constant meas-
ured in our spot-detection recordings will underestimate the true speed of [Ca*']; rise at the
active zone, due to spatial averaging over the excitation-detection volume and the limited
temporal bandwidth imposed by the kinetics of the Ca**-indicator reaction (chapter 2, Fig.
S1D and SI text). In comparison, the whole-cell I, at =8 mV activates with a time-constant of
360 ps (chapter 3, Supplementary Fig. 6, in the presence of the gating modifier BayK8644).
However, under the conditions used in the imaging experiments ([Ca*"]. = 5 mM, no BayK),
the activation time constant of the whole-cell is likely faster (Neef et al. 2009). In any case,
the whole-cell I, sums over the entire cell and does not provide information about potential
local differences in Ca*" channel activation across synapses (Rodriguez-Contreras and Ya-
moah 2001) — which might have important implications for the coding of sound onset. To
experimentally approach the measurement of the true speed of [Ca”']; rise at active zones, one
may require to decrease the size of the excitation-detection volume (i.e. the point-spread func-
tion (PSF) of the imaging system; Shuai and Parker 2005) or use a Ca®" indicator with a faster
association rate (ko,). Additionally, one could attempt to de-convolve the measured fluores-
cence signal with the temporal ‘transfer function’ of the Ca**-detection system. However, the
reliability of this approach would critically depend on sufficient knowledge about the respec-
tive characteristics of the Ca’’-detection system (kinetics of Ca®’ indicator and non-

fluorescent buffer, PSF dimension, and its localization with respect to the Ca*" source).

This study shows for the first time that the fluorescence hot-spots can also be observed under
close-to-native Ca2+-buffering conditions (in the presence of at least 80% of the initial levels
of the three main proteinaceous Ca”" buffers of IHCs; chapter 2, SI text). Kinetically, the ex-
periments in the presence of endogenous Ca’" buffers were most comparable to those in
which the intracellular mobile buffer was 0.5 mM EGTA (chapter 2, Fig. 4). Differences in
the association and dissociation kinetics of Ca*" binding between the three endogenous buf-
fers as well as their strongly varying degrees of cooperativity in Ca*" binding (Nagerl et al.
2000, Faas et al. 2007) complicate simple comparisons of their effects to the effect of exogen-
ously added EGTA. Nonetheless, it is interesting to note that the concentration of binding
sites was estimated to lie in the range of 0.5 mM for mature rodent IHCs (Hackney et al.
2005).
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While this description of Ca®" microdomain signals in mature mouse IHCs agrees well with —
and extends — observations made in hair cells of lower vertebrates, it differs in a number of
aspects from an initial study on Ca*" microdomains in immature mouse IHCs (Kennedy and
Meech 2002). First, Kennedy and Meech reported a spatially more homogenous rise in
[Ca®"];, as opposed to a clear localization of (high) Ca*" influx seen in the form of fluores-
cence hot-spots. One possible explanation for this discrepancy is the different developmental
stage of IHCs under study. It is known that many conductances in rodent IHCs, including
Cayl1.3 channels, undergo substantial up/down-regulations in strength between the terminal
mitosis (at around embryonic day (E)14-15) and the onset of hearing (at around postnatal day
(P)12; reviewed in: Housley et al. 2006). The initial up-regulation of whole-cell Ca** conduc-
tance peaks at around P6-7 and is followed by a significant down-regulation to the levels
found in mature IHCs after the onset of hearing (Beutner and Moser 2001). Recently it has
been shown by immuno-histochemistry that at the developmental stage of peak Ca®" conduc-
tance, the number of Ca®" channel clusters is several-fold larger than in mature IHCs (Zampi-
ni et al. 2010). The observed presence of Cayl.3 clusters, however, renders a homogenous
density of Ca”" influx throughout the plasma membrane of the basal pole of IHCs unlikely,
although the morphological presence of such clusters may not inevitably mirror the localiza-
tion of physiologically active Ca*" channels. Another likely reason for the disparities in the
observed spatial Ca* profiles is the use of a high-affinity dye (Fluo-3; Kp ~ 500 nM, Naraghi
1997). High-affinity dyes do not necessarily report the true spatial gradients of [Ca®'];, as their
low Kp likely leads to their quick saturation in the vicinity of Ca*" entry sites. Besides its low
Kp, Fluo-3 exhibits fast kinetics of binding and unbinding, similar to the ‘fast’ Ca*"-chelator
BAPTA (Naraghi 1997). As a consequence, fluo-3 can effectively ‘shuttle’ Ca®" ions and thus
facilitate their diffusion (Dargan and Parker 2003), further ‘globalizing’ the observed Ca’"
signals. This especially holds true if comparably low concentrations of additional buffers —
that could spatially constrain the [Ca>'}; elevations — are present (1 mM [EGTAJ;, Kennedy
and Meech 2002). However, the developmental changes in Ca** conductance are also accom-
panied by a functional ‘maturation’ of the synaptic neurotransmitter release machinery. This
maturation is characterized by a switch from a supra-linear (before the onset of hearing) to a
more linear relationship (after the onset of hearing) between Ca’" influx and exocytosis
(Beutner and Moser 2001, Johnson et al. 2005). Although the exact mechanisms behind this
shift have not been determined, the local [Ca®']; profiles in the vicinity of the release-ready

synaptic vesicles at the active zones likely play a critical role. Yet, the notion that — unlike in
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mature IHCs — a considerable fraction of Cay1.3 clusters does not co-localize with synaptic
ribbons in immature IHCs, might explain part of that linearization of Ca**-dependence of ex-
ocytosis seen in mature IHCs (Zampini et al. 2010). In light of these developmental differenc-
es in Ca*" channel organization and function, the observation of a more homogenous [Ca®'];
rise in immature IHCs may also reflect a (partly) different functional role of IHC Cayl1.3
channels in early development, such as a ‘purely electrical’ one (Ca®" action potential genera-

tion; Tritsch and Bergles 2010).

Second, the absence of evidence for Ca®"-induced Ca”" release (CICR) (chapter 2, Figs. 3B-D,
S3, Tables S1, S2) is in contrast to the reported requirement of CICR for the fast component
of the [Ca®]; rise in immature IHCs (Kennedy and Meech 2002). This discrepancy could,
again, simply reflect a differential importance of CICR at different developmental stages
(immature vs. hearing). Interestingly, however, CICR has also been implied in regulation of
afferent neurotransmission in vestibular hair cells (Lelli et al. 2003). An augmentation of the
hair cell [Ca*"]; signal was seen for long (500 ms), but not for short (50 ms) depolarizations.
Moreover, the sites at which maximal CICR-caused [Ca’']; increases were observed, were
distinct from the sites of depolarization-induced fluorescence hot-spots. Thus, the lack of ob-
serving CICR in the present study could be due to the short stimuli used (20 ms depolariza-
tions) and the resulting insufficient [Ca®"]; at the remote sites where intracellular stores are
equipped with ryanodine receptors. Alternatively, the operation of IHC synapses at high fre-
quencies — reflected in the observation of phase-locking in the postsynaptic auditory nerve
fibers for frequencies up to 4 kHz (mice; Taberner and Liberman 2005) — may oppose the
implementation of a temporally and spatially less tightly controlled process such as CICR in
the regulation of neurotransmitter release. Additionally, CICR could also adversely affect the
precise coding of lower frequencies. Mature rodent IHCs do, however, express ryanodine re-
ceptors — as suggested by an immuno-electron-microscopy study in rats (Grant et al. 2006).
Labeling in IHCs was most dense (i) on subsurface cisternae located beneath the basolateral
membrane, in the region between the nucleus und the apical pole of the IHCs, and (ii) on
rough endoplasmic reticulum between the base of the IHC and the nucleus. The latter region
was located approximately 0.5 um from the nearest afferent terminal, and only sparse stain-
ing, not clearly related to specific structures, was observed closer to afferent synapses. Al-
though, at this point, we have no positive evidence for a role of CICR in regulation of afferent
neurotransmission in mature mouse IHCs, we cannot ultimately exclude this possibility, per-
haps also utilizing inositol trisphosphate- (IP3-) sensitive stores. If present, for example dur-

75



ing long and intense stimulation, it will be interesting to address the physiological signific-

ance of such a potential CICR contribution.

In contrast to immature mouse IHCs, for which some contribution of mitochondria to ‘short-
term’ Ca’" homeostasis was reported (Kennedy 2002), we did not find evidence for a strong
effect of mitochondrial Ca®" uptake on Ca”>" microdomain signals at mature IHC ribbon syn-
apses (chapter 2, Fig. 3D, Table S1). This observation could reflect differences in the deve-
lopmental stage, as — due to their large Ca®>" conductance — immature mouse IHCs have to
bear with large Ca®" loads, especially during bursts of Ca*"-carried action potentials (Beutner
and Moser 2001, Tritsch et al. 2007). Alternatively, a rather modest effect of mitochondrial
Ca”" uptake may have escaped our detection, as we used a less sensitive dye (Fluo-4FF, Kp ~
10 uM, as compared to Fluo-3; see above). However, despite adjusting our Ca*"-detection
configuration (using Fluo-4FF and entailing weak cytosolic buffering (0.5 mM EGTA)) we
did not find evidence for mitochondrial Ca®>" uptake — even during prolonged Ca®" influx (150
ms). This is in line with reports from retinal bipolar neurons, in which the primary role of mi-
tochondria at ribbon synapse terminals was found to be ATP production rather than Ca*" han-

dling (Zenisek and Matthews 2000).

4.1.2 Heterogeneity of Ca’" Microdomains

How does the herein reported Ca*" microdomain amplitude heterogeneity relate to the scatter
of microdomain amplitudes observed in lower vertebrate hair cells? Using focal current re-
cordings (loose-patch recordings) at the basolateral membrane of frog saccular hair cells, Ro-
berts and colleagues reported a more than ten-fold variation in the Ca®" current density (Ro-
berts et al. 1990). Moreover, the same study describes the observation of intra-membranous
particles at active zones in freeze-fracture electron micrographs. Although there is no direct
evidence that these particles actually correspond to ion channels, the very good agreement
between the average particle number per active zone (= 130) and the independently inferred
average numbers per active zone for Ca’" (= 90) and Ca®"-activated K channel numbers
(= 40) — that co-localize in clusters at these active zones (Roberts et al. 1990) — suggests that
those particles could correspond to these ion channels. The number of these particles was va-
riable between active zones, with 4-fold differences between the smallest and the largest
count (table 6, Roberts et al. 1990). The coefficient of variation (CV) in particle counts was
0.41, slightly smaller than our most tightly controlled estimate of 0.54 for Ca*" microdomain

variability in mouse IHCs (chapter 2, SI text).
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Using cell-attached recordings, another study noted the presence of Ca’" channels clusters
with different channel densities in frog saccular hair cells (Rodriguez-Contreras and Yamoah
2001). This observation is reflected in a heavily positively skewed distribution of Ca®" chan-
nel densities (Fig. 11, Rodriguez-Contreras and Yamoah 2001). Beyond the graphical repre-
sentation, however, no further quantification of the statistical dispersion of the sample popula-
tion is mentioned. It is important to note that this type of hair cells seemingly expresses not
only L-type channels, but at least one more class of non L-type Ca*" channels (Rodriguez-
Contreras and Yamoah 2001). Yet, the authors report that the two types of Ca’" channels co-

localized in only 6% of the measured membrane patches.

Most Ca®" imaging studies performed in hair cells, on the other hand, do not report on the
quantification of large numbers of Ca®" signal amplitudes. This shortage of available data
somewhat precludes the comparison of the heterogeneity of Ca*" microdomains investigated
in this study with optical recordings of Ca’>" microdomain signals in immature IHCs or lower
vertebrate hair cells. One exception is the report of average Ca®" concentrations within circu-
lar regions (of 2 pm diameter) overlying the respective hot-spots (Tucker and Fettiplace
1995). A CV of 0.82 was seen for the average Ca®" concentrations of 21 hot-spots. However,
the same study reports on a CV of 0.45 for 3 hot-spots, when using smaller measurement
windows and an objective lens with higher numerical aperture. It is important to note that in
both cases, the Ca’" concentration values were estimated at the end of long depolarizations
(300 to 500 ms), and, thus, could be shaped by mechanisms like Ca®" extrusion and sequestra-
tion, found to affect these Ca>" signals on that time-scale (same study). Another study noted
that L-type Ca”" channels in frog semicircular canal hair cells appeared in different densities
across different hot-spots (Rispoli et al. 2001). This conclusion is based on the observation of
different degrees of signal attenuation seen under focal application of the L-type-channel
blocker nifedipine to individual hot-spots. However, unlike in IHCs, the Ca®" current in these
hair cells appears to be more diverse, not only being carried by L-type channels, but addition-
ally by two types of R-type channels (Martini et al. 2000). Last, it is interesting to note that a
study in turtle hair cells speculated about the ‘quantization’ of Ca*" microdomain signal am-
plitudes based on a correlation between the prevalence of peak amplitude multiples with the
choice of large regions for hot-spot analysis (potentially encompassing multiple sites of Ca"
entry; Ricci et al. 2000). By comparing Ca®" microdomain area and number, as well as whole-
cell Ca?* channel number between two different frequency positions (see also section 4.5), the

authors moreover suggest that Ca®" channels are present at constant density between the dif-
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ferent tonotopic locations. However, the use of the high-affinity indicator Calcium-Green 1
(as dextran-conjugate) in that study may have affected amplitude and area estimation of the
Ca®" microdomains. Indeed, a later study suggested significant differences in the magnitude
of synaptic Ca”" influx between low- and high-frequency turtle hair cells — however based on
relating morphological assessment of synapse number to whole-cell Ic, amplitude (Schnee et

al. 2005; see below).

What are the consequences of the observed heterogeneity among individual Ca®" microdo-
mains for the firing characteristics of the postsynaptic targets of these non-mammalian hair
cells? Compared to the amount of data available on mammalian ANFs, however, little is
known about the postsynaptic neurons in these lower vertebrates. It is thus unclear whether
the presynaptic Ca** signal variability seen in hair cells is accompanied by variations in the
firing of postsynaptic neurons. In a recent study, spiking activity was recorded from single
VIIIth cranial nerve fibers in the frog, postsynaptic to saccular hair cells (Rutherford and Ro-
berts 2009). While the authors report pronounced differences in the recorded postsynaptic
activities, ranging from complete absence of spiking to various kinds of ‘bursting’ behavior, it
is unclear, to which degree this range of firing characteristics reflects physiological or patho-
logical behavior due to damage caused during the preparation (Rutherford and Roberts 2009).
The interpretation is further complicated by the fact that the neurites that were targeted in
these recordings contact multiple hair cells (Rutherford and Roberts 2009). Interestingly,
some degree of variation was also found in the synaptic transfer function between different
pairs of hair cells and afferent fibers in the amphibian papilla, the principal auditory receptor

organ of frogs (Keen and Hudspeth 2006).

4.2 Potential Artefacts in Ca’* Microdomain Amplitude Estimation

While the optical measurement of Ca”" signals has obvious advantages over classical electro-
physiological recordings of Ca®" influx (see chapter 1.3), it also bears some disadvantages
which have to be considered when interpreting Ca®" imaging data. First, unlike voltage-clamp
techniques that directly measure the flow of ions across the plasma membrane, Ca" indicators
signal changes in [Ca®'] by an alteration of their photophysical properties upon Ca’" binding
(see chapter 1.3). Thus, the required Ca®" binding step introduces a temporal delay in the de-
tection of Ca®" influx and low-pass filters the signal — with the exact response characteristics

determined by both the on- and off-rates of the Ca*"-indicator reaction. However, at the same
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time, Ca”" indicators are often highly specific over other cations, at least compared to mono-
valent species such as Na" and K*, allowing discrimination of Ca*" flux from other ion fluxes

without the need to use specific ion channel blockers (chapter 2, Fig. 3).

The advantage of spatial selectivity in imaging-based measurements of [Ca®']; at the same
time poses the need of cautious interpretation of these data. This is because any measured
signal will be a function of the true, underlying [Ca®']; and the exact spatial relationship be-
tween this signal and the respective detector. For instance, in a laser-scanning confocal micro-
scope (LSCM), the light from a point source (e.g. a single-mode laser beam) is focused into a
single diffraction-limited spot in the object plane. If this diffraction image of the point-source
is brought in good register with the Ca®" influx site, the small size of the conjugate detection
volume (the illuminated volume in the field of view of the pinhole-‘shielded’ detector) en-
sures a very good signal-to-background ratio for fluorescence changes (large dynamic range
of changes in Ca®"-bound indicator concentration), and at the same time a high temporal reso-
lution (as the reaction and diffusion processes underlying the fluorescence changes within the
volume quickly approach a steady-state; see also: Shuai and Parker 2005). However, devia-
tions in the localization of the excitation-detection volume with respect to the Ca*" signal
source will accordingly lead to an underestimation of true signal amplitude, as less incoming
Ca”" ions are actually being sampled by the detector, and a slowing in the observed response
kinetics (reflecting the impact of longer diffusion times between the source and the excitation-
detection volume). To account for this problem in our experiments (chapter 2, Fig. 2B, SI
text), we routinely recorded at seven adjacent positions, spaced left and right of the before-
hand identified Ca®" microdomain (chapter 2, Fig. 2A), and afterwards restricted analysis to
the maximum intensity trace, presumably reflecting the signal from or closest to the center of
the Ca®" microdomain. Although the excitation-detection volume was found to be > 4-fold
larger in the axial (Z) as compared to the lateral (X, Y) dimension (FWHMy~= 1.25 pm,
FWHMx y = 0.30 um; chapter 2, Table S3) and alignment along the optical axis (Z) is conse-
quently expected to be less critical, we also routinely attempted to axially register signal
source and detection volume. Preceding spot detection recordings, we thus (manually) com-
pared the intensity of the same Ca*" microdomain in optical sections above and below the
focal plane of its initial identification, in order to best match the plane of subsequent acquisi-

tion to the center plane of the Ca*" microdomain.
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We nonetheless tried to estimate to which degree the heterogeneity in the actually analyzed
Ca®" microdomain amplitudes may still have arisen from suboptimal alignment of excitation-
detection volume and Ca®" influx site. As outlined earlier, a smaller overlap between the two
predicts a slowing in the kinetics, and a decrease in the amplitude of the responses. We there-
fore compared the onset kinetics of Ca®" microdomain signals with their corresponding ampli-
tude in a sample of 65 Ca®" microdomains and found a weak, positive correlation between the
fast onset time constant and the amplitude (chapter 3, Fig. 6¢). In contrast, a negative correla-
tion would have been expected for a misalignment between Ca®" influx site and the excita-
tion-detection volume. We further addressed the issue of potential alignment errors in experi-
ments that attempted to minimize them by systematic identification of the Ca*" microdomain
center in X/Y/Z by ‘3D spot displacement’ (chapter 2, SI text). Although a reduction in the
amplitude heterogeneity was observed in these experiments, the Ca’" microdomain ampli-
tudes still showed considerable scatter (CV = 0.54). Further evidence for a certain degree of
experimentally introduced variability comes from line-scan experiments that were usually
performed on Ca®" microdomains after spot-detection measurements (chapter 2, Fig. 2F;
chapter 3, Fig. 5d). In a data set of 87 line-scan measurements, we find a weak, negative cor-
relation between amplitude and FWHM of the Ca®" microdomains (chapter 3; Fig. 6d) — con-
sistent with the idea of a slight axial mismatch between the Ca>" influx site and the focal plane
that results in an image of the object that is broader and has reduced peak intensity upon defo-
cusing. However, also a biological explanation of the observed correlation cannot be ruled out
(see below; Fig. A1C). In summary, although some of the observed variance seemingly is due

to experimental reasons, its largest fraction appears to reflect other sources.

Another, related, uncertainty is connected to the fact that the exact orientation of the Ca®" mi-
crodomain signal with respect to the excitation-detection volume is not known. Modeling in-
dicated that immuno-labeled Cay1.3 clusters that were imaged by STED microscopy could be
well described by flat, oblate spheroids (chapter 3, Fig. 3g, Fig. S5). Hence, we assume that
the real Cay1.3 clusters are circular in the plane of the plasma membrane. Two extreme cases
can hence be considered for our Ca®" imaging experiments: one in which the plasma mem-
brane (with the Cay1.3 cluster) is oriented orthogonal to the optical axis, and one in which it
is oriented parallel to it (Fig. A1A). Due to the impermeability of the plasma membrane to
Ca”" ions it is clear that imaging will give different results in the two cases. The question is, to
which degree these two (limit case) scenarios differ in their measured Ca*" microdomain am-
plitude. As the exact orientation of a given Ca®" microdomain is inaccessible to experimental
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determination at the time of imaging, we used the Ca®" reaction-diffusion-imaging model to
assess the impact of Cay1.3 cluster orientation with respect to the optical axis of the imaging
system (Fig. A1A). As intuitively expected, the simulation suggests that the signal is larger
under parallel register of the plasma membrane and the optical axis, due to the fact that a larg-
er region of the microdomain is covered by the excitation-detection volume. The simulation
predicts a difference of about 40 % in the measured fluorescence change between the two
scenarios (Fig. A1B). To estimate the impact of this measurement-related amplitude variabili-
ty we constructed a model amplitude distribution (randomly drawing numbers from 1 to 10 at
equal probability, to account for the maximally observed amplitude range of = 10; see chapter
Fig. 6b). While this model distribution had a CV of = 0.47, the random multiplication of its
entries with a number between =~ 0.6 and 1 to simulate imaging-related amplitude differences
of 40% to 0% (again from a continuous uniform probability distribution), resulted in a CV of
~ 0.48. While intuitively expected, this supports the notion that if orientation and amplitude of
Ca®" microdomains are two independent parameters, the overall variance will be largely de-
termined by the amplitude heterogeneity. At the same time, the reaction-diffusion-imaging
simulations predict broader microdomains with lower amplitude for the orthogonal vs. paral-
lel arrangement (Fig. A1C), which is interesting in light of the observation of such negative

correlation found in actual line-scan experiments (see above; chapter 3, Fig. 6d).

Additionally, unwanted variability in the Ca’" microdomain population could arise from dif-
ferences in the whole-cell Ca®" influx — between cells and within one cell over the time course
of an experiment. Several lines of evidence, however, render this possibility unlikely to be of
major contribution to the observed amplitude heterogeneity. First, we find large (up to > 10-
fold) amplitude variability within single IHCs, and the average ratio of maximum/minimum
Ca®" microdomain amplitude within cells was 4.5 (chapter 3, Fig. 6b). Additionally, the aver-
age intracellular CV (calculated for IHCs in which at least 3 Ca*" microdomains were record-
ed) was 0.57, very close to the CV of the entire population (chapter 3, Fig. 6). Very similar
results were also seen in a second sample (chapter 2, Fig. S2). The notion of a population he-
terogeneity that is largely determined by intracellular variability is further supported by the
similarity of the bootstrap distributions of Ca®" microdomain ratios drawn from either purely
intracellular or purely intercellular Ca*" microdomain distributions (chapter 2, Figs. S2¢, d, SI
text). Second, the amplitude of the Ca’" microdomain signals did not change systematically
over time, and large variance was observed throughout the time course of experiments (chap-
ter 3, Fig. 6b), arguing against Ca®" current rundown being a significant factor in determining
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the amplitude heterogeneity. This notion is further strengthened by the observation, that
‘normalizing’ the Ca*" microdomain amplitudes to the corresponding, simultaneously ac-
quired whole-cell Ca*" current did not decrease the population CV (Figs. A2A, B). Finally,
we have no evidence for a significant variance contribution of the imaging system. This is
reflected in the very low CV of 0.02 in a data set comprising 39 spot detection measurements
performed on a bath of fluorescein solution (100 uM), at a laser intensity setting set to match
the observed fluorescence to the Ca’" microdomain amplitude (Fig. A2C). In summary, We
demonstrate that the observed heterogeneity reflects large differences in Ca®>" microdomain
amplitude within and between cells. Experimental variance from uncertain positioning of the

confocal spot and Ca”" current run-down cannot explain the large CV observed.

4.3 Mechanisms Contributing to Ca’* Microdomain Heterogeneity

The large heterogeneity in Ca”" microdomain amplitudes naturally poses the question of un-
derlying mechanism(s). We have gathered several pieces of indirect evidence for differences
in Ca”" channel number between IHC presynaptic active zones. First, immuno-labeling indi-
cated inter-synaptic differences in the Cay1.3 antigen-content within a large sample of syn-
apses (chapter 2, Fig. 5E). However, this approach is afflicted with some uncertainties. For
example, there could be potential differences in antigen accessibility between synapses or
even within a given Cay1.3 cluster. If antigen accessibility posed a problem — as reported for
voltage-gated sodium channels in the axon initial segment (Lorincz and Nusser 2008) — it
should falsify the conclusions only if there were systematic differences across synapses,
which by itself still could represent an interesting observation. Yet, the use of methanol, a
denaturing fixative, may have alleviated potential epitope-masking by cross-linking Cay1.3
with its binding partners. Nonetheless, in order to amend the immuno-labeling approach and
directly test the hypothesis of an impact of Ca*" channel complement on the respective Ca*"
microdomain signals, we used the rhodamine-conjugated ribeye-labeling peptide to semi-
quantitatively assess the number of binding sites (i.e. the number of ribeye molecules and
hence, most likely ribbon size; Zenisek et al. 2004) within a given synaptic ribbon during the
recording (chapter 2, Fig 1B, Fig. 5B). This peptide signal was positively correlated to the
subsequently in-place determined Ca>" microdomain amplitude (chapter 2, Fig 5D). This sug-
gests that — at least on average — the presence of a larger ribbon coincides with larger Ca®"

influx at the active zone, consistent with positive correlations between ribbon size, release are
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and Ca>" channel number found in various other hair cell types (Martinez-Dunst et al. 1997).
Last, also the size distribution of immuno-labeled Cay1.3 cluster in IHCs — as determined by
STED microscopy — covered a large range of values (CV of 0.3 for Cay diameter; chapter 3,
Fig. 3g). However, no correlation with functional Ca®" imaging data was possible. In sum-
mary, the currently available data argue for differences in Ca®" channel number as one main
source of the observed heterogeneity in Ca®" microdomain amplitude. It would be interesting
to further study, for instance by STED-based Ca®" imaging, whether differences between syn-
apses also exist in terms of Cay1.3 density, as the channel density likely has important impli-
cations for the coupling of Ca®" influx to transmitter release. Modeling predicts that the cur-
rent imaging setup is not very sensitive to differences in the density of Ca®" influx (Figure

A3), but rather to its absolute flux amplitude.

Besides variations in Ca®" channel number, synapses could also exhibit differences in Ca2+
channel gating. When uniformly elevating the open probability of the Ca*" channels by appli-
cation of the dihydropyridine agonist BayK8644 (Hess et al. 1984) — in an attempt to equalize
potential differences in open probability across synapses — we, however, did not find an effect
on Ca®" microdomain amplitude variability (chapter 2, Table S1). Yet, the absence of such an
effect does not rule out the presence of differences in gating between sub-populations of IHC
Ca”" channels and requires further investigation. In contrast to other L-type channels, espe-
cially Cay1.2, little is known, however, about whether and how the gating of Cay1.3 channels
is regulated by subunit expression and/or protein modification. Only recently it was shown
that genetic interference with the main B-subunit of VGCCs in IHCs (Cayf3,) severely reduced
the level of Cayl1.3 channels in the plasma membrane of IHCs, without, however, affecting
the gating of the remaining channels (Neef et al. 2009). Notably, although not systematically
studied, the variability of Ca®" microdomain amplitudes seemed to be reduced in these Cayf,
knockout animals, further highlighting the relationship between synaptic Ca®" channel com-
plement and Ca®" microdomain amplitude heterogeneity (see above). One very extensively
studied mechanism of L-type channel regulation is the phosphorylation of the a;-subunit that
happens at several distinct sites in Cay1.2 channels. This modification may have very differ-
ent effects on channel function, depending on the phosphorylation site, the type of kinase in-
volved, and the exact cell type under study (Dai et al. 2009). Much less is known about phos-
phorylation of Cay1.3 channels, and even less about to which degree this type of regulation is
important in IHCs. Protein kinase C (PKC) phosphorylation has been shown to inhibit Cay1.3
currents in a heterologous expression system, but whether these results can be translated to
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native Cay1.3 channels in IHCs remains unclear (Baroudi et al. 2006). Another study reported
an augmenting effect of protein kinase A (PKA) on a subset of Cay1.3 currents in HEK cells
(Liang and Tavalin 2007). Interestingly, the effect depended on the type of B-subunit co-
expressed. Last, an immuno-histochemical investigation has provided evidence for the ex-
pression of the Ca”*-regulated protein phosphatase calcineurin (protein phosphatase 2B or
protein phosphatase 3) in [HCs of the rat (Kumagami et al. 1999). Notably, a spot-like pattern
of immuno-labeling was reported in that study, however the exact sub-cellular location of the
antigen remained unclear, as did the functional significance of this finding especially with

respect to a potential regulation of Cay1.3 channels.

Besides large heterogeneity in the amplitudes across different Ca*" microdomains, we also
found considerable variability in their voltage-dependence of activation (chapter 2, Fig. SA).
While this observation cannot account for the differences seen in Ca*" microdomain ampli-
tudes, as the data used for amplitude comparison were all acquired at a membrane potential of
—7 mV, where activation of whole-cell Ca*" current and synaptic Ca’" influx saturates (chap-
ter 2, Fig. 5A), it presents an interesting finding by itself. Ruling out or correcting for poten-
tial artifacts such as drift of electrode potential, and voltage drop over the series resistance, we
note that Ca®" microdomains still differ in their voltage-dependence of activation, most inte-
restingly even across active zones of an individual IHC. As the hair cell is isopotential (Ro-
berts et al. 1990), we also exclude space-clamp errors as a potential artifact. Reaction-
diffusion-imaging simulations suggest that the observed voltage-dependence of the Ca*" mi-
crodomain signal is invariant to the exact spatial relationship between the excitation-detection
volume and the Ca*” microdomain (Fig. A4). Variations in the goodness of co-localization
between the confocal spot and the Ca*" influx site across different Ca*" microdomains are
hence unlikely to account for the observed heterogeneity in voltage-dependence. Functionally,
these differences between active zones could explain the observation of different FM1-43 de-
staining thresholds in guinea pig IHCs (Griesinger et al. 2005), however the exact nature of

those fluorescent signals is under debate (see below).

What could be the origin of the intra-cell variability in Ca®" microdomain voltage-dependence
of activation? The fact that more than 90% of the Ca®" current in mature IHCs is carried by
Cay1.3 channels (Brandt et al. 2003) argues against a differential distribution of channel types
(e.g. Cayl.4) across active zones as the cause of heterogeneity in their voltage-dependence of

activation. It is, however, interesting to note, that two splice variants of the Cay1.3- (a;D)-
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subunit are expressed in the mouse cochlea (Singh et al. 2008). These two splice variants dif-
fer in their activation kinetics. When co-expressed with B3- and a,6-subunits in HEK cells, the
longer isoform (full-length; Cay1.34;) shows sizeable activation at more positive voltages than
the shorter isoform (Cay1.34,4; lacking a C-terminal modulator sequence; Singh et al. 2006).
This difference in voltage-dependence of activation is reflected in a shift of approximately 10
mV in the voltage of half-activation (V). Seemingly, the threshold of activation is similar
between the two Ca®’ channels, while the Cay1.34,4 isoform shows a smaller slope factor.
Notably, a substantially higher (= 2.5-fold) current density — albeit an apparently similar ex-
pression density — was reported for cells expressing the truncated isoform (Singh et al. 2008).
In light of this finding, it is interesting to note that we did not find a correlation between the
voltage of half-activation and the Ca*" microdomain amplitude. Recent single-channel record-
ings from immature mouse IHCs moreover detected only a single population of Ca®" channels
in the basolateral membrane (Zampini et al. 2010). However, the observation of maximally 4
simultaneously active channels in one patch contrasts with earlier reports on recordings from
patches with large numbers of simultaneously active Ca>" channels in frog hair cells (up to 80;
Rodriguez-Contreras and Yamoah 2001). This discrepancy was interpreted as a failure to
completely remove the afferent terminals from the presynaptic membrane, possibly hindering
access to synaptic Ca®" channels (Zampini et al. 2010). Thus, the reported observations may
not be fully representative of all IHC Ca®" channels; especially may they miss on a distinct
population of synaptic Ca’" channels, speculated to exist in hair cells (Rodriguez-Contreras
and Yamoah 2001). It is currently unclear, however, to which extent the two splice variants
are natively expressed in IHCs, and whether the observed differences in gating persist in the
specific subunit-environment of IHCs (e.g. ;- instead of Bs;-subunit; Neef et al. 2009). Yet,
hypothetically, a mosaic-like expression pattern in single IHCs could equip active zones with
varying ratios of the two splice variants, leading to differences in the ‘compound’ voltage-
dependence of activation of the Cay1.3 channel population at given active zones. Notably, the
exact determinant of the natively observed negative activation of Cay1.3 channels in IHCs at
around —60 to —50 mV (Platzer et al. 2000, Neef et al. 2009) is still unknown. The ratio of
Cay1.3 splice-variant expression levels in the organ of Corti seems to be balanced towards the
more positively activating full-length channel (Singh et al. 2008), requiring additional me-
chanisms beyond the reported alternative splicing of Cay1.3. The factors that account for the

negatively shifted voltage-dependence of native Cay1.3 currents in IHCs remain at least partly

85



elusive. However, their identification may also provide hints towards the mechanisms of dif-

ferential voltage sensitivity across active different zones.

In conclusion, besides a differential adjustment in terms of Ca®" channel number, presynaptic
Ca®" influx appears to be variably regulated also at the level of Cayl1.3 channel gating. Al-
though the underlying mechanism(s) remain unclear, this potentially provides another stage of

modulation of ‘synaptic sensitivity’ to the receptor potential of IHCs.

From a technical viewpoint, the good match between the average fluorescence-voltage (FV)
and the current-voltage (IV) relationship (chapter 2, Figs. 2E, 5A) underlines two important
properties of our approach to image synaptic Ca”" influx: first, even at low open probabilities,
correlated with brief mean open times of the hair cell Ca®* channels (Rodriguez-Contreras and
Yamoah 2001), the fluorescence signal mirrors the whole-cell membrane current. That argues
against a significant mismatch between the electrophysiological and optical pass bands — al-
though very brief openings are likely to escape optical detection, due to the limited on-rate of
the Ca®" indicator. Second, the large degree of overlap between the two curves (FV and IV)
supports the notion of the Ca*"-dependent fluorescence signal being a (local) proxy of the
steady-state Ca®" influx, i.e. the Ca®* current. The strongest deviation between the two curves
is evident at much depolarized potentials, where the whole-cell current reverses its sign (like-
ly due to a Cs'-carried outward current through Ca®" channels; Hess et al. 1986), while the
fluorescence-voltage relationship still reveals Ca*” influx, even at potentials beyond +50 mV

(chapter 2, Fig. 2E).

4.4 Other Examples of Synaptic Heterogeneity

The description of heterogeneity in two key parameters of presynaptic Ca*" microdomain sig-
nals, namely amplitude and voltage-dependence of activation, is expected to have important
implications for synaptic function. As mentioned, Griesinger and colleagues reported the ob-
servation of differences in de-staining thresholds between different release sites (Griesinger et
al. 2005). However, the applicability of the styryl dye FM1-43 for reliable tracking of vesicle
cycling in hair cells, including exocytosis, is under debate as several routes of entry into IHCs
have been described for the commonly used dyes such as FM1-43. These include (i) endocy-
tosis (Griesinger et al. 2002, Griesinger et al. 2005), (ii) passage through the Mechanotrans-
ducer (MET) channel (Gale et al. 2001, Meyers et al. 2003), (iii) and entry via P2X receptors
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(Meyers et al. 2003). While, if contributing significantly in a given experimental preparation,
the non-endocytic uptake pathways would severely complicate interpretation of results ob-
tained with FM1-43, it is interesting to note that the larger styryl dye FM3-25 was reported to
enter hair cells exclusively via endocytosis (Meyers et al. 2003). However, no use of this dye
in the assessment of vesicle cycling in hair cells has been reported to date. It will be interest-
ing to see to which degree the presence of two 18-carbon tails (as compared to two 4-carbon
tails in FM1-43) affects the kinetics of membrane-partitioning and de-partitioning and wheth-
er this would limit its use as a reporter for fast exocytosis of synaptic vesicles as it occurs in
hair cells. Other optical reporters of exocytosis such as pHluorins (Miesenbdck et al. 1998) or
simultaneous recordings of postsynaptic responses (Glowatzki and Fuchs 2002, Goutman and
Glowatzki 2007) are expected to shed more light on the exact relationship between presynap-
tic Ca”" microdomain signals, transmitter release, and postsynaptic responses (Singer et al.

2009), Bucurenciu et al. 2010).

4.5 Tonotopy of Ca’" Influx in IHCs

The establishment of optical detection of Ca®" influx at the level of single active zones in
IHCs represents a powerful tool in studying synaptic function. For instance, this technique
allowed us to address the physiology of synaptic Ca*" influx in IHCs at two different tonotop-
ic regions in the adult mouse cochlea (chapter 3, Fig. 5). These experiments were motivated
by the finding that whole-cell Ca*" currents differ in amplitude between THCs of the apical
(low-frequency) and the mid-cochlear (higher frequency) region (chapter 3, Figs. 4d; Supple-
mentary Table 2). The use of non-stationary fluctuation analysis further revealed that these
differences are mainly due to a larger number of Ca" channels in midcochlear IHCs, although
minor differences were also found in unitary current amplitude and maximum open probabili-
ty (chapter 3, Supplementary Table 2). The marked similarity between all studied aspects of
synaptic Ca’" influx at the two cochlear locations (chapter 3, Fig.5, Table 2), besides the dif-
ferences in whole-cell Ca®" influx, lead us to conclude that IHCs use the same ‘set’ of syn-
apses at different tonotopic positions. This is consistent with the observation that the number
of ribbon synapses was increased in midcochlear IHCs (chapter 3, Fig. 1) by =40% and that
exocytosis could be roughly matched by scaling exocytic responses by synapse number (chap-
ter 3, Fig. 4c). The amplitude variability in the Ca*" microdomain signals was indistinguisha-

ble between both tonotopic regions (p > 0.05 Levene’s test (median); CVagpeak,apical = 0.67,
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CV AFpeak midcochlear = 0.57; chapter 3, Fig. 5b). This observation would be compatible with a
potential role of heterogeneous synaptic Ca®" microdomain signals in sound-coding (see be-
low), as single IHCs appear to be innervated by auditory nerve fibers of different firing cha-
racteristics throughout the cochlea (Liberman 1982b). It is furthermore consistent with the
observation of indistinguishable Cay1.3 clusters in apical and mid-cochlear IHCs in terms of

size and shape (chapter 3; Fig. 3g, Table 1).

An increase in number of synapses and Ic, amplitude between low- and higher-frequency re-
gions has also been found for hair cells in the turtle cochlea (Ricci et al. 2000, Schnee et al.
2005). However, unlike in mice, low-frequency hair cells were reported to exhibit on average
a significantly larger Ca”" influx at their synapses (but see: Ricci et al. 2000) — under the as-
sumption that all Ca®" influx appeared synaptically (but see: Rodriguez-Contreras and Ya-
moah 2001). This was hypothesized to be related to the limitations imposed by the maximum
rate of cycle-to-cycle Ca”” clearance at higher frequency locations. Indeed, according tonotop-
ic differences in the buffering capacity have been found for these hair cells (Ricci et al. 2000).
In mice, where large fractions of the IHC receptor potential are expected to be governed by its
dc-component rather than its ac-component (Russell and Sellick 1978, Russell and Sellick
1983), the differences in the ac-/dc-component ratio between two tonotopic positions are like-
ly smaller than in the turtle cochlea. Thus, the magnitude of Ca®" influx would not need to be
adjusted to different requirements of Ca®" clearance between two frequency locations. Hence,
the low characteristic frequencies of the synapses under investigation in the turtle cochlea
(=100 Hz and =300 Hz) may not be readily comparable to the mechanisms observed in
mouse IHCs (> 1 kHz; chapter 3, Fig. 1), especially due to the frequency-differences in recep-
tor potential modulation that governs release in vivo. Nonetheless, the study also indicated
that the larger synaptic Ca®" influx in low-frequency hair cells was correlated with faster re-
lease kinetics at these active zones, while the close-to-linear apparent Ca’’-dependence of
release, also found in mature IHCs (Brandt et al. 2005, Johnson et al. 2005) was unchanged
between the two frequency locations. This provides further evidence for the importance of the
magnitude of synaptic Ca>" influx in determining the rates of neurotransmitter release at ac-

tive zones.

Consistent with the idea of smaller Ca®" currents in high-frequency hair cells, the hair cell
Ca”" currents in other high-frequency hearing animals such as birds are generally smaller than

in the low-frequency hair cells of frogs or turtles (Martinez-Dunst et al. 1997). As in the
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mouse, the whole-cell amplitude of the current through Ca*" channels in the chick’s basilar
papilla (analogous to the mammalian organ of Corti) increased from apex to base, although,
opposite to mouse IHCs, it was correlated with larger ribbons and release site area and not
ribbon number (Martinez-Dunst et al. 1997). Thus, as in the turtle but unlike in the mouse, a

frequency-dependent variation of synaptic Ca®" influx is suggested for chick hair cells.

Ambiguous results are reported for the tonotopic regulation of Ca®” influx in adult gerbil
IHCs: while one publication reported a slightly smaller size of I¢, in apical IHCs (characteris-
tic frequency =~ 300 Hz; Johnson and Marcotti 2008), a second publication showed the ab-
sence of a difference in I, amplitude between apical and basal IHCs (characteristic frequency
~ 30 kHz; Johnson et al. 2008). The unaltered number of synaptic ribbons per IHC between
the two cochlear locations (Johnson et al. 2008) does not point towards differences in synaptic
Ca’" influx as suggested for turtle and chick (see above); yet, this aspect still awaits thorough
investigation. In light of the alongside reported observation of tonotopic differences in the
apparent Ca’ -dependence of release (Johnson et al. 2008), however, it would be interesting to
investigate whether differences in synaptic and/or extrasynaptic Ca>" influx exist between
apical and basal IHCs in the gerbil and whether those could play a role in the interplay be-

tween exocytosis and replenishment of synaptic vesicles.

4.6 Relevance of Ca** Microdomain Heterogeneity for Sound Coding

Now, how exactly could the observed differences in Ca>" microdomain amplitude of mouse
IHCs affect the firing characteristics of postsynaptic ANFs? As laid out in the introduction,
there is good evidence for a nanodomain control of transmitter release in IHCs. Under these
conditions, exocytosis of glutamate is expected to scale roughly linearly with the magnitude
of Ca®" influx, as an increase in the latter reflects the opening of more Ca>" channels that re-
side in close vicinity to synaptic vesicles (Brandt et al. 2005). The large [Ca®']; excursions
close to the channel mouth (Roberts 1994) are expected to saturate the nearby Ca”" sensor that
intrinsically shows a highly non-linear dependence on [Ca®"]; (Beutner et al. 2001). This view
is strongly supported by paired recordings from presynaptic hair cells and postsynaptic nerve
fibers, both in lower vertebrates (Keen and Hudspeth 2006, Li et al. 2009) and mammals
(Goutman and Glowatzki 2007).
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Our reaction-diffusion-imaging simulations moreover suggest that the relationship between
the measured Fluo-5N fluorescence and the underlying Ca*" influx amplitude is nearly linear
over the expected range of synaptic Ca’" influx (chapter 2, Fig. S1). One could therefore ex-
pect that synapses with larger Ca®" microdomain amplitudes release glutamate at higher rates
— at least initially, following the onset of a stimulus (see also section 4.6; Schnee et al. 2005,
Keen and Hudspeth 2006, Goutman and Glowatzki 2007). However, in order to refine our
predictions of Ca*" microdomain amplitude heterogeneity on auditory nerve fiber ‘spiking’,
we addressed the effect of higher presynaptic release rates in the framework of a published
[HC-ANF synapse model (Meddis 1986, Meddis et al. 1990; Fig. A5). Differences in Ca’"
microdomain amplitudes were implemented as scaling of the rate of transmitter release from
the presynaptic IHC compartment (Fig. ASA). Varying only this single parameter (‘Nc¢,’), the
model qualitatively reproduced differences in shape and location of experimentally observed
rate-level functions (Fig. ASC, D; Taberner and Liberman 2005, Strenzke et al. 2009). Con-
sistent with these experimental observations, low thresholds in the resulting rate-level func-
tions were correlated with a narrower dynamic range and increased spontaneous rates (Fig.
ASC, D) — although the effect of the ‘N¢,” scaling on the dynamic range of the model rate-
level functions was modest. Taken together, the general results agree very well with other
modeling studies that assigned the presynaptic IHC Ca®" conductance the major role in the
determination of the firing characteristics of auditory nerve fibers (Sumner et al. 2002),
Sumner et al. 2003). Moreover, an additional level of specific regulation (and possibly mod-
ulation; Wen et al. 2009) of IHC-ANF synaptic transfer functions is provided at the stage of
their voltage-dependence (chapter 2, Fig. 5A, section 4.4) — which was not being considered
in the above mentioned models. Interestingly, we find larger Ca®* microdomain signals in the
neural sector of IHCs (chapter 3, Fig. 6e) — which was shown to harbor larger ribbons as well
as larger and more complex active zones in cats (Merchan-Perez and Liberman 1996). How-
ever, ANFs innervating IHCs in these locations were shown to correspond to low-spontaneous
rate fibers, while ANFs inserting on the opposite site of the IHCs correspond to high-
spontaneous rate fibers — at least in cats (Liberman 1982b). Although this observation seems
to actually contradict a positive correlation between Ca*" microdomain amplitude and ANF
spontaneous rate (which co-varies with other important ANF firing characteristics; Liberman
1978), it is currently unclear whether this particular spatial segregation of functionally differ-
ent ANFs exists in mice (Francis et al. 2004). STED estimates of ribbon morphology did not

reveal systematic differences between neural and abneural ribbons in mouse IHCs (chapter 3,
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Figs. 6f, g). Furthermore, Ca’" microdomain heterogeneity persisted in the respective distribu-
tions upon separation of Ca®" microdomain amplitudes in an abneural and a neural population.
This raises the possibility that the functional segregation of ANFs in their location of IHC
innervation in mice may be less strict as in the cat. Further studies, correlating the structure
and function of individual IHC ribbon synapses with the physiology and morphology of their
postsynaptic targets will likely provide more insight into the interplay between these parame-

ters in the mouse.

In summary, the observed differences in Ca®" microdomain properties across synapses present
an interesting candidate mechanism for the heterogeneous sensitivities observed in auditory
nerve fibers. While Ca®" channel number could play an important role by itself, differential
adjustment of the voltage-sensitivity of the presynaptic Ca*" conductance may provide a

second level of modulation.

However, our findings by no way rule out any contribution of efferent top-down modulation
(e.g. Ruel et al. 2001) and/or postsynaptic (e.g. Mo and Davis 1997) and/or other presynaptic
mechanisms (e.g. Singer et al. 2009) on the determination of ANF firing. Future studies, com-
bining presynaptic Ca>" microdomain measurements with simultaneous readout of exocytosis
or postsynaptic responses at the single-synaptic level will likely further deepen our under-
standing of the mechanisms determining the information transfer at the first auditory synapse

(Goutman and Glowatzki 2007) and especially its regulation on the single-synapse level.
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5. Summary

Using whole-cell patch-clamp and fast confocal Ca®" imaging we show that localized Ca®"
influx sites exist at ribbon synapses in mature inner hair cells of the mouse. Spot detection
measurements at these fluorescent hot-spots allowed their precise kinetic characterization,
revealing rapid build-up and cessation within few milliseconds. We find that these Ca*" mi-
crodomains represent Ca’" influx through presynaptic clusters of Cayl.3 channels and that
Ca’"-induced Ca®’ release does not play a role in shaping these responses. They were ob-
served under a range of different Ca”* buffering conditions — including the presence of endo-
genous buffers. A combined model of Ca®" reaction-diffusion and imaging predicted the expe-
rimentally observed responses reasonably well, under a set of different conditions. The ampli-
tude and the voltage-dependence of these Ca®" microdomains showed pronounced variability
across individual synapses within single cells. A number of control experiments indicate that
this variability is largely of biological origin and only to a minor degree introduced by the
experimental observations. Different manipulations, including interference with Ca®" buffer-
ing, Ca®" channel gating and Ca>" homeostasis left the variability of Ca®" microdomain ampli-
tudes unchanged. However, we found substantial variability in the antigen-content between
presynaptic Ca>" channel clusters as well as a positive correlation between the size of the ac-
tive zone — as indicated by a size estimate of the synaptic ribbon — and the amplitude of its
associated Ca’" microdomain signal. We propose that individual active zones within a given
hair cell differ in the number and gating of Ca*" channels, resulting in different amplitudes
and voltage-dependencies of synaptic Ca>" influx. These specializations provide two levels of
regulation to differentially adjust synaptic transfer characteristics at individual synapses. Im-
plementation of our results into a model of the inner hair cell to auditory nerve fiber synapse
further suggests a strong impact of presynaptic Ca>" channel number on the firing characteris-
tics of the postsynaptic auditory nerve fibers and thus sound coding. We apply this technique
to investigate presynaptic function at different tonotopic locations, revealing that — unlike in
other species — mice do not adjust the characteristics but rather the number of IHC ribbon

synapses in a frequency-dependent manner.
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6. Appendix

orthogonal register (‘ortho') parallel register (‘para')

B 2.0 c 1.5
— Neo=100, —— Ng,=100, d=420nm (‘ortho’)
15 d=420nm (ortho) —— Ng,=100, d=420nm (Ppara’)
= 1.0 — Ng,=100, =10
< d=420nm (‘para’) <
0.5
0.5
00+ T T T T
20 ms Time 5 10 15 20 Time

Figure A 1 | Simulated effect of spatial relationship between excitation-detection volume and
Ca”" influx site on amplitude and width of measured Ca®* microdomain. (A) Schematic illustra-
tion of the two considered orientations between the simulated [Ca’'-indicator] profile (black-red-
yellow color scale, yellow indicating largest concentration) and the simplified excitation detection
volume (point spread function, PSF; gray-scale overlay, white indicating largest intensity). The white
broken line indicates the location of the reflective boundary (plasma membrane); scale bar represents
1 um. Both images show a cutout of the center plane of the simulation volume (cubic, with a total
volume of (5.1 um)’; see also: chapter 2, Table S3). The optical axis (Z) runs vertically and is indi-
cated by the long dimension of the PSF. In contrast to the simulations presented in chapter 2, we simu-
lated a slightly larger and square-shaped Ca®" influx site (420 nm (diameter) vs. 300 nm (FWHM)), to
meet experimental data (chapter 3). All other parameters as in Table S3 (chapter 2). (B) Resulting
fluorescence traces for both configurations, reflecting the different orientation between Ca®" influx site
and PSF. Ca®" influx was simulated for 20 ms, starting after 1 ms resting period. Both traces represent
the respective maximum intensity traces. The maximum amplitude of the orthogonal configuration
(‘ortho”) amounted to 67% of the parallel registration between Ca”" influx site and PSF (‘para’). N,
denotes magnitude of Ca®" influx (number of Ca®>" channels), d indicates the diameter of the Ca®" in-
flux site. (C) Corresponding line-scan profiles over time for the two configurations. Full width at half-
maximum (FWHM) was estimated by fitting Gaussian functions to simulated line-scans for both con-
figurations (see also: chapter 2, Fig. S1b). The FWHM of the simulated Ca*" microdomain at the end
of the stimulation in the orthogonal configuration was 49% larger than in the parallel configuration.
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Figure A 2 | Distributions of Ca’** microdomain amplitudes (A, B) and fluorescein control spot
detection measurements (C). (A) Distribution of AF,,, (average fluorescence change, AF, calculated
over the last 10 ms) for 231 Ca*" microdomains from 73 IHCs (P14-P31). CV abbreviates coefficient
of variation. In contrast to the measurements shown in chapters 2 and 3, these experiments were per-
formed using a different lot of Fluo-5N (Lot-No.: 488270 (these experiments); Lot-No.: 28814W
(chapter 2, 3); both lots were purchased from Invitrogen). /n vitro- and in situ calibration confirmed a
~ 2.6-fold larger F,x/Fmi, ratio for the lot 488270. (B1) Distribution of Ca*" microdomain amplitudes
normalized to simultaneously acquired Ca®" influx. Based on the distribution shown in (A), however
AF,,, values were divided by the mean whole-cell I¢, amplitude during the last 10 ms of a 20 ms sti-
mulus to =7 mV). Recording conditions were as described in chapter 2 (I¢, recorded in the presence of
intra- and extracellular Cs" and tetracthylammonium ions, and was further isolated using p/n correc-
tion). Note that the sign of the current amplitude was inverted for calculation, yielding positive values
of AF/pA. (B2) The very same distribution as shown in B1 but after removal of two outliers (seen in
Bl at= 6 a.u./pA and = 8 a.u./pA). However, it is evident from both distributions that the normaliza-
tion of the Ca*" microdomain amplitude to the whole Ca*" influx (potentially correcting for different
physiological conditions of IHCs) did not lead to a reduction in the observed amplitude heterogeneity
— as judged by the CVs of the distributions. (C) Summary of control spot detection experiments per-
formed in a bath of 100 uM freshly prepared fluorescein. Distribution shows mean (raw) fluorescence
amplitudes (averaged over 10 ms and preceded by = 60 ms illumination; imaging was performed at
reduced laser intensity to match the fluorescence amplitudes to the amplitudes of the experimentally
observed Ca®" microdomain signals). Single spot detection recordings were performed as on Ca*" in-
flux sites, i.e. the analyzed traces represented averages of 5 repetitions at the same location. Note the
small CV that provides an estimate for the lower boundary of the variance contribution by the imaging
setup in the reported spot detection experiments.
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Figure A 3 | Simulated spot detection measurements at variable (A, C) or constant Ca>* influx
density (B, D) — with varying size of Ca®" influx site. All simulation parameters and abbreviations as
introduced in Fig. Al; detection simulated under orthogonal registration of PSF and Ca*" influx site.
(A) Small effect of size-differences of Ca*" influx site at unchanged amplitude of Ca*" influx (variable
Ca” influx density) on predicted spot detection amplitude at the center of the Ca®" influx site. The
maximum amplitude (at the end of the 20 ms Ca®" influx period) for the smallest influx site
(d =210 nm) was 36% larger than the amplitude for the largest Ca®" influx site (d = 630 nm). (B) At a
constant density of Ca®" influx, the smallest Ca*" influx site (‘210 nm’) showed an 84% smaller ampli-
tude than the largest Ca®" influx site (‘630 nm’). (C) Time-dependent FWHM of the corresponding
simulated line-scans across Ca*" influx sites with variable Ca*" influx density. For the smallest Ca*"
influx site (‘210 nm’), a 20% narrower Ca>" microdomain was predicted by the model. (D) As in (C),
but at constant Ca*" influx density (see (B)). The predicted size of the Ca*" microdomain was unaf-
fected by the Ca*" influx density (dajonm = 0.79 X d4z0nm). Note the same scaling of the abscissa.

These simulations indicate that the imaging system is generally more sensitive to the absolute amount
of Ca®" influx rather than its density (A, B), although the amplitude will be underestimated at large
Ca”" influx sites due to the smaller PSF (Fig. 1A). Furthermore, the line-scan-based estimation of Ca*"
microdomain width is predicted not to be affected by the amplitude of Ca*" influx. However, the un-
certainty about the orientation of the PSF with regard to the Ca’"-influx site within the actual experi-
ments and the resulting ambiguity about the underlying size of the Ca*" influx site (see also Fig. 1)
precludes even relative density estimations, unless the exact orientation of the respective Ca*" influx
site to the optical axis was known.
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Figure A 4 | Simulated effect of the PSF-Ca’" influx site register on the voltage-dependence of
the observed Ca*" microdomain. (A) Fluorescence-voltage curves were assembled using indepen-
dent simulations Ca*" influx at a 420 nm site. The Ca*" indicator in these simulations was Fluo-5N
([Fluo-5NJiota; = 400 uM), [EGTA]or1 Was set to 2 mM (see also: chapter 2, Table S3). The unitary
Ca®" current at each potential (V,,) was estimated from published values for L-type Ca*" channels in
chick ciliary ganglion cells (in 4 mM [Ca®"].; Church and Stanley 1996). The respective voltage-
dependence of open probability was derived from an average conductance-voltage relationship (chap-
ter 2; Fig. 5E), and the maximal open probability at maximal conductance set to 0.4 (Brandt et al.
2005). All other simulation parameters were as described (chapter 2, Table S3; Fig. 1A). To arrive at
the three different curves shown in (A), the simulated PSF (orthogonal oriented; see Fig. 1A) was
shifted laterally by the indicated distance (0 nm, 300 nm, 600 nm) from the center of the Ca®" influx
site. This resulted in an expected decrease in predicted amplitude, as less Ca®" influx is actually de-
tected by the simulated PSF. (B) Very strong overlap in the peak-normalized curves from (A). This
result suggests that the observed heterogeneity in the voltage-dependence of activation of Ca*" micro-
domains (chapter 2, Fig. 5A) cannot be explained by artifactual mis-localization of the PSF with re-
gard to the Ca" influx site.
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Figure A 5 | Effect of presynaptic release-rate scaling on simulated ANF firing behaviour in a
model of the IHC-ANF synapse. (A) Scheme of IHC-ANF synapse model (modified from (Meddis
1990)), using a set of ordinary differential equations. In the center of this model is the transmitter con-
tent of the synaptic cleft (c). The probability of spike initiation (pspixe; ‘ANF spiking’) in the ANF is set
to depend on the cleft content (¢). The cleft transmitter content (c) is increased by release from the
free transmitter pool within the hair cell (q; ‘synaptic transfer’), and decreased both by loss from the
synaptic cleft (loss rate I*c(t) s™) and reuptake (reuptake rate r*c(t) s™') into a reprocessing store (w).
This reprocessing store, in turn, increases the free transmitter content (q), at a rate x*w(t) s’ — in con-
junction with de novo synthesis (at a rate y*(m-q(t) s”) of transmitter from a ‘factory’ (with m being
the maximum amount of transmitter in the system). Within the ‘synaptic transfer’ section, the release
rate is simulated as a baseline rate (k), multiplied by a factor ‘N¢,” (termed according to Ca®" channel
number) times the free transmitter pool content q. With increasing stimulation, release is further scaled
according to a sigmoidal function, following the voltage-dependence of the IHC Ca** conductance
(modeled based on average conductance-voltage relationship). The maximal scaling factor of this
evoked rate by stimulation was set to 500, on the basis of measured maximal increases of vesicle fu-
sion rates in IHCs at saturating [Ca>']; (Beutner et al. 2001). The probabilistic spike generation was
modeled with an exponential distribution that was scaled by the cleft transmitter content (¢) and mod-
ulated by absolute (0.8 ms) and relative refractoriness. Relative refractoriness recovered exponentially
with a time constant of 2 ms. The model was implemented in Igor Pro 6 (Wavemetrics). (B) Example
of a simulated post-stimulus time histogram (PSTH) at saturating ‘stimulus strength’ (i.e. at the pla-
teau of the sigmoidal function) from a synapse with a scaling factor (N¢,) of 5. The ‘stimulus’ was
active for 50 ms, starting at the time point of 10 ms. This PSTH represents simulated data from 100
runs. It qualitatively reproduces characteristic features of, such as slow adaptation and sparse firing in
the absence of a ‘stimulus’ (e.g. Liberman 1978, Taberner and Liberman 2005). (C) As in (B) but with
a scaling factor (‘N¢,’) of 100. Note the pronounced activity in the absence of ‘stimulation’, the fast
adaptation of the response, and the slow recovery of the spontaneous spiking following the ‘stimulus’
period, typical features of high-spontaneous rate auditory nerve fibers (see ref. above). (D) Summary
plot, showing rate-level functions of different simulated synapses that only varied in their scaling fac-
tor (‘N¢,’) as indicated. (E) Summary plot, showing the correlation between the scaling factor (‘N¢,’)
and threshold (defined as 10% increase above the firing rate in the absence of a ‘stimulus’) as well as
dynamic range (defined as 10-90% range of firing rate increase) of the simulated auditory nerve fibers.
Qualitatively, these observations agree with experimental observations (see ref. above).
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