Chapter 9
Presynaptic Ca?* Influx and Its Modulation
at Auditory Calyceal Terminals

Holger Taschenberger, Kun-Han Lin, and Shuwen Chang

Abstract Calyx and endbulb synapses of the mammalian auditory brainstem are
specialized in transmitting spike activity fast, sustained and temporally precise.
To accomplish this task, they make use of unusually large presynaptic elements
which form axosomatic contacts with their postsynaptic target neurons. The large
size of the calyceal terminals represents a major experimental advantage and has
enabled electrophysiologists to study the functional properties of Ca>™ channels in
presynaptic CNS terminals in great detail, with high time resolution and unprece-
dented precision. Calyx and endbulb terminals express several thousands of Ca?*
channels with rapid kinetics which ensure fast and efficient gating of Ca’>* influx
during brief action potentials. When repetitively activated, presynaptic Ca>" influx
is modulated in a frequency-dependent manner and this Ca>" current modulation
contributes significantly to short-term plasticity at these synapses. During short
high-frequency bursts, Ca?>" influx is facilitated whereas tetanic activity or low-
frequency firing leads to an accumulation of Ca>* channel inactivation. When the
calyx synapses mature, the coupling between docked transmitter vesicles and Ca?*
channels becomes tighter to compensate for the shortening of the presynaptic action
potential duration. Many of the G protein-dependent pathways of Ca>* channel
regulation that are potent in immature synapses are weakened during postnatal
development.
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9.1 Introduction

Owing to their small size, presynaptic endings of the mammalian brain are generally
inaccessible for direct electrophysiological recordings. Thus, our knowledge about
the functional properties of presynaptic voltage-gated Ca’>* channels (VGCCs)
and their regulation is still limited and in many cases has been derived indirectly
for example by analyzing postsynaptic responses. Fortunately, there are a few
exceptions to this rule. For example, within the mammalian auditory brainstem two
glutamatergic axosomatic synapses with exceptionally large presynaptic terminals
are found, which have long been known to anatomists for their distinctive and
fascinating morphology (Held 1893; Ramén y Cajal 1911; Morest 1968). These
are the calyx of Held synapse and its smaller cousin the endbulb of Held synapse.
Both synapses participate in sound localization (Masterton et al. 1967) and their
structural features appear to facilitate the temporally precise transmission of spike
activity along the auditory pathway which is a prerequisite for various tasks of
auditory information processing (Rhode and Greenberg 1992; Oertel 1999; Young
and Oertel 2004). About 20 years ago, after demonstrating that direct recordings
with patch pipettes are feasible at its terminal, calyx of Held synapses—and more
recently endbulb synapses too—have been ‘re-discovered’ by electrophysiologists
as valuable model for studying presynaptic function (Forsythe 1994; Borst et al.
1995; Lin et al. 2011).

Endbulb and calyx synapses represent the second and third synapses along the
binaural auditory pathway. This pathway is involved in computing sound source
localization in the auditory space by detecting interaural timing and level differences
of sound and synapses participating in this task are specialized for transmitting elec-
trical signals fast and reliably. Endbulb synapses are formed between the endings of
auditory nerve fibers and bushy cells (BCs) in the anterior ventral cochlear nucleus
(AVCN). The axons of spiral ganglion cells convey auditory sensory information
from the inner hair cells to spherical BCs (SBCs) via large calyx-type axosomatic
terminals—the endbulbs of Held. SBCs carry timing information to the medial
superior olivary nuclei, where the arrival time of sounds at the two ears is compared.
Detailed reconstructions of endbulb — SBC connections have revealed that up to
four endbulb terminals can contact single bushy cells (Fig. 9.1b) (Brawer and Morest
1975; Ryugo and Sento 1991; Nicol and Walmsley 2002). Each endbulb terminal
can harbor many active zones with large clusters of synaptic vesicles (Neises et al.
1982; Ryugo et al. 1996, 1997; Nicol and Walmsley 2002).

The calyx of Held synapse is formed by fibers originating from the globular
bushy cells (GBCs) of the AVCN and terminating onto principal cells of the
medial nucleus of the trapezoid body (MNTB) which is situated ventromedial
to the medial superior olive (MSO). Each principal neuron is contacted by only
a single presynaptic fiber that ends in the form of a cup-like termination—the
calyx of Held—which embraces approximately two thirds of the principal cell’s
membrane surface (Fig. 9.1a) (Morest 1968). Among glutamatergic synapses of
the mammalian brain, the calyx of Held has without a doubt become one of the
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Fig. 9.1 Identification of calyx and endbulb terminals. Two hundred pm thick slices were
prepared from brainstems of a postnatal day 9 rat (a) or mouse (b). (a) MNTB principal neurons
visualized using differential interference contrast. Each principal cell is surrounded by a single
giant presynaptic terminal—the calyx of Held (arrows). (b) Bushy cells of the anterior ventral
cochlear nucleus (AVCN) are contact by several large endbulb terminals. Here, two terminals
contacting a single bushy cell were sequentially loaded with a fluorescent dye via a presynaptic
patch pipette (white lines). (¢, d) Changes in membrane capacitance (ACy, top) elicited by step-
depolarizations (10 ms, from V}, =-80 to 0 mV) recorded from a calyx (b) and an endbulb (d)
terminal. The corresponding Ic,v) are shown in the bottom panel

best characterized (for review see Schneggenburger et al. 2002; von Gersdorff and
Borst 2002; Meinrenken et al. 2003; Schneggenburger and Forsythe 2006; Borst
and Soria van Hoeve 2012). This derives primarily from the unusual large size of
its presynaptic terminal which, therefore, renders it accessible to patch pipettes
(Forsythe 1994; Borst et al. 1995; Takahashi et al. 1996; Chuhma and Ohmori
1998; Sun and Wu 2001). Because of its giant size, the calyx terminal harbors
several hundreds of release sites, allowing it to drive the principal neurons reliably at
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high frequencies. The principal neurons of the MNTB are glycinergic and provide
precisely timed and sustained inhibition to many other auditory brainstem nuclei.
The calyx of Held synapse thus functions as a fast, reliable, inverting relay synapse.

9.2 General Characteristics, Number and Distribution
of Presynaptic VGCCs

During patch-clamp experiments in brainstem slices, endbulb and calyx terminals
are easily identifiable (Fig. 9.1a, b) and the presynaptic origin of the recordings
can conveniently and unequivocally be verified by monitoring transmitter release
after depolarization-induced Ca®" influx. The fusion of transmitter vesicles leads
to an transient increase in membrane area, which can be measured as an increase
in surface membrane capacitance (Jaffe et al. 1978; Gillespie 1979; Neher and
Marty 1982; Lin et al. 2011) (Fig. 9.1c, d). When pharmacologically isolated,
inward whole-cell Ca?t currents (Icyvy) with peak amplitudes typically between
0.5 and 2.5 nA can be recorded in mouse or rat calyx of Held terminals with 2 mM
external Ca2t (Borst et al. 1995; Borst and Sakmann 1996, 1998b; Chuhma and
Ohmori 1998; Forsythe et al. 1998). The presynaptic Ica(vy appears to be relative
resistant to run-down after internal dialysis has begun, at least in the presence
of internal ATP and ATP-regenerating substrates such as phosphocreatine. The
average Icyv) in endbulb terminals is about two thirds smaller than that of the
calyx which is consistent with the much smaller size of the endbulb terminals
(Lin et al. 2011) (Fig. 9.1 c, d). Despite the considerable variability of Ic,v)
amplitudes among individual calyx and endbulb terminals, a relatively robust linear
correlation between Ic,vy and the membrane capacitance is observed indicating a
rather similar average current density of ~0.076 nA/pF and ~0.1 nA/pF in calyx and
endbulb terminals, respectively (Fig. 9.2) (Lin et al. 2011). The presynaptic Icqv)
shows the typical bell-shaped I-V relationship: it activates at membrane potentials
more positive than —40 mV and peaks between —10 and 0 mV. The presynaptic
Ca’* channels show remarkably little steady state inactivation (Fig. 9.3) (Forsythe
et al. 1998; Lin et al. 2011) and, in contrast to the bushy cell bodies, neither
calyx nor endbulb terminals express low-voltage activated, transient (T-type) Ca>*
currents. One may argue that failsafe transmission at these synapses requires relative
insensitivity to fluctuations of the presynaptic resting membrane potential, and
T-type Ca’>* channels would be especially ill-suited for the purpose of triggering
action potential-evoked presynaptic Ca>* influx reliably.

Noise analysis of Ic,vy) amplitude fluctuations provided estimates for the ap-
parent single channel current of ~0.08 pA at a membrane potential of 0 mV,
suggesting that on average >6,000 and >16,000 open channels contribute to
generating average current amplitudes of 0.5 and 1.3 nA in endbulb and calyx
terminals, respectively (Lin et al. 2011). These single channel current estimates are
slightly smaller than those obtained at hippocampal mossy fiber boutons (0.13 pA
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Fig. 9.2 Ca®T current densities are slightly larger in endbulb versus calyx terminals. (a) Scatter
plot of Ic,vy versus terminal capacitance obtained from 28 endbulb and 36 calyx terminals. Solid
and dotted red lines represent linear regression and 95 % confidence intervals for the entire data
set, respectively. The slope of the regression line is —74 pA/pF. (b, ¢) Average amplitudes (b) and
current densities (¢) of Ic,vy in endbulb and calyx terminals (Modified from Lin et al. 2011)
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at 0 mV) (Li et al. 2007). Using slightly elevated external Ca®>" (10 mM), larger
single channel currents (0.27 pA) were measured recently by directly recording in
the cell-attached configuration from the terminal’s release face that was exposed by
applying positive pressure in brainstem slices pretreated with the protease papain
(Sheng et al. 2012). Nevertheless, it is conceivable that single endbulb and calyx
terminals harbor several thousands of VGCCs.

How are these channels distributed over the presynaptic membrane? Whilst ultra-
structural data is still missing, some insights about the spatial organization of Ca>"
channels can be gained from dual patch-clamp recordings at the calyx of Held.
When monitoring transmitter release after direct presynaptic depolarizations with
voltage commands that cause the opening of a variable number of Ca>* channels,
the EPSC size changes in a supralinear manner. It was therefore concluded that the
majority of readily releasable vesicles at the calyx is controlled by several Ca**
channels per vesicle (Borst and Sakmann 1999). This contrasts the situation at
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the squid giant synapse (Augustine et al. 1991), the frog neuromuscular junction
(Yoshikami et al. 1989) and the chick ciliary ganglion synapse (Stanley 1993),
where the release of synaptic vesicles seems to be controlled by only a single
Ca®" channel. Assuming that the vast majority of Ca?* channels are concentrated
at active zones and considering the total number of readily releasable vesicles in
endbulb and calyx synapses, one arrives at an estimate of approximately 6—8 VGCCs
that are associated with each docked vesicle (Lin et al. 2011). Cell-attached patch
recordings from the release face of calyx terminals revealed that single active zones
contain an average number of ~40 VGCCs (Sheng et al. 2012). No Ca’* currents
are detected in patches from the calyx membrane not opposed to the postsynaptic
neuron reinforcing the notion that VGCCs must be clustered at the release face
(Sheng et al. 2012).

Immature calyces of Held (< postnatal day (P) 12) express a mixture of N-,
R-, and P/Q-type Ca®>" channels among which P/Q-type channels couple more
efficiently to release than the other types do, suggesting that they are more
concentrated at active zones (Wu et al. 1999). In contrast, endbulb terminals nearly
exclusively express Ca’>* channels of the P/Q-type (Lin et al. 2011). The same
applies for calyces of post-hearing mice and rats suggesting a developmental shift in
the expression of their a-subunits (see below) (Iwasaki and Takahashi 1998; Iwasaki
et al. 2000).

9.3 Ca’?* Influx During Presynaptic Action Potentials

Borst and Sakmann (1998b) measured the presynaptic Icyvy during an action
potential (AP) waveform using two-electrode voltage-clamp at juvenile (P 8-10) rat
calyces. These experiments revealed important information about magnitude and
timing of the presynaptic Ca** influx in a mammalian CNS terminal. The AP-
evoked Icyvy starts shortly after the peak of the calyceal AP and ends before the
terminal is fully repolarized. This leads to a rapid rise in the global intracellular
free Ca®T ([Ca?T];) with a rise time of ~0.32 ms (Habets and Borst 2006). The
rapid gating kinetics of Ca>* channels in the calyx of Held allows the AP to open
the channels quite effectively such that the peak Ic,v) during the AP repolarization
phase is ~70 % of its maximum possible size. The AP-driven Ic,v) can be well
described by a Gaussian function having a peak amplitude of about —2.5 nA
and a half-width of ~0.36 ms. The current integral is about —0.92 pC (Borst
and Sakmann 1998b). At near physiological temperature, peak amplitudes almost
double compared to recordings obtained at room temperature. However, because
the AP half-width decreases by approximately 50 % when raising temperature,
the total Ca®>* influx is actually smaller at near physiological compared with room
temperature.

Endbulb APs are slightly smaller in amplitude and shorter in duration compared
to calyx APs and thus open presynaptic Ca’" channels less effectively. Because
of their much smaller size, two-electrode voltage-clamp is not feasible at endbulb
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Fig. 9.4 Comparison of simulated Ic,v) during presynaptic endbulb and calyx APs. Left, Endbulb
APs (black) are slightly smaller in amplitude and shorter in duration compared to those recorded
from calyxes (gray). Vi, was —80 mV. Middle, Simulated time course of the activation parameter
m?. Because of its larger amplitude and longer duration, the calyceal AP waveform opens presy-
naptic VGCCs more efficiently than the endbulb AP. Right, Simulated Ic,vy during presynaptic
APs in endbulb (black) and calyx (gray). On average, the simulated presynaptic ¢,y is ~6 times
smaller for endbulb compared to calyx terminals (Modified from Lin et al. 2011)

terminals. Using the Hodgkin-Huxley formalism to model AP-driven Ca** influx,
it was shown that the open probability (m? activation parameter) peaks at a
considerably lower value in endbulb (0.49) compared to calyx (0.88) terminals of
mice of the same age, even though the Ca®" channel gating kinetics is of similar
speed in both types of terminals (Lin et al. 2011). Together with the much lower
number of Ca?" channels expressed in endbulb terminals this results in a simulated
Icavy of comparably rapid kinetics but with ~6 times smaller amplitude (—0.45 vs.
—2.8nA; Fig. 9.4) (Lin et al. 2011).

9.4 Inactivation of Presynaptic VGCCs

During prolonged presynaptic depolarizations, Ica(vy inactivates with a double-
exponential time course (Forsythe et al. 1998; Lin et al. 2012). The fast component
of inactivation has a time constant of ~35 ms and appears to be Ca>*-dependent as
it is greatly reduced when Ca®* is replaced by Ba’>* in the external ringer solution,
whereas the slow component of inactivation is largely unchanged (Lin et al. 2012).
A plot of Ica(v) inactivation following conditioning voltage pulses against membrane
potential shows an inverse bell-shaped curve mirroring the I-V relationship which
further suggests that inactivation is caused by Ca’>* influx (Forsythe et al. 1998).
The Ca** sensor for Ca’T-dependent inactivation must be pre-associated with the
channel itself because, similarly to what is observed in dorsal root ganglion neurons
(Morad et al. 1988), the onset of current activation after UV-flash photolysis of
caged Ca’* is virtually instantaneous at the calyx of Held (Fig. 9.5) (Lin et al.
2012).

Approximately 45 % of Icavy inactivates during 100 ms step depolarizations.
This fractional inactivation is remarkably insensitive to manipulations of the
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Fig. 9.5 Onset kinetics of Ca2T-dependent inactivation after flash photolysis of caged Ca>* dcaevy
(a) elicited by step depolarizations to 0 mV with (red) and without (black) a UV-light flash (dotted
line) delivered ~25 ms after current onset. Corresponding changes in [Ca?t); are illustrated in (b).
The post flash [Ca2t]; increased to ~100 WM. Note the immediate acceleration of the inactivation
time course after Ca>1 uncaging (Modified from Lin et al. 2012)

intracellular Ca>* buffering strength as it is virtually unchanged when replacing
0.5 mM EGTA by 30 mM BAPTA in the pipette solution. If Ca?>* channels are
clustered at the active zone (Roberts et al. 1990; Llinas et al. 1992; Westenbroek
et al. 1995; DiGregorio et al. 1999; Harlow et al. 2001; Nagwaney et al. 2009), high
concentrations of Ca2t are also reached in between channels and the local [Ca2t];
transient built-up by the overlapping Ca>* domains within such channel clusters
may be difficult to buffer effectively. This may explain why lowering the density
of functional Ca®>* channels by application of the open-channel blocker w-AgaTx
quite effectively reduces the amount of inactivation during voltage steps. In contrast,
reducing Ca®" influx to a similar extent by means of lowering the external Ca’>*
concentration does not affect inactivation significantly (Lin et al. 2012).

The [Ca’>*]; requirements for inducing Ca’'-dependent inactivation can be
directly assayed using flash photolysis-induced Ca’>* uncaging (Lin et al. 2012).
Using such approach, the amount of Ic,v) inactivation after step-like UV flash-
induced elevations of [Ca2t]; to various levels can be quantified. Inactivation starts
to occur at elevations of [Ca2t]; >2 UM and reaches a plateau at ~100 wM. Half-
maximum inactivation is measured at ~6 WM. For comparison, a single presynaptic
AP elevates [Ca2t; by only ~400 nM (Helmchen et al. 1997; Miiller et al. 2007) but
during repetitive AP firing at high-frequency the level of free intracellular Ca?>* can
reach several micromoles (Billups and Forsythe 2002; Korogod et al. 2005; Miiller
et al. 2007). Thus, it is likely that Ca>*-dependend inactivation in intact terminals
is most effectively induced by AP trains (see below). Ca>T-dependent inactivation
of calyceal Icy(vy depends on the interaction of the channels with calmodulin as it is
attenuated by pre-incubating slices with the camodulin antagonist calmidazolium or
intraterminal application of myosin light chain kinase (MLCK) peptide, a specific
inhibitor of calmodulin (Xu and Wu 2005; Nakamura et al. 2008).
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9.5 Recovery from Inactivation

When Ic,(v) inactivation is induced with very long depolarizations (1.9 s), complete
recovery takes more than 1 min. The recovery has a bi-exponential time course with
fast and slow time constants of ~7.5 s and 50 s, respectively, and the fast component
accounting for about two thirds of the recovery (Forsythe et al. 1998). Presumably,
after such prolonged periods of Ca’>* influx that are likely to saturate cytosolic
Ca’" buffers, the delayed clearance of Ca?>" from the cytoplasm may contribute
to the very slow recovery from inactivation. After shorter voltage steps (100 ms),
Ca®" channels recover much more quickly from inactivation with fast and slow
time constants of ~0.2 s and 5 s, respectively, and the fast component contributing
about 75 % (Fig. 9.6) (Lin et al. 2012).

During step depolarizations under typical whole-cell recording conditions
(0.5 mM EGTA), the global volume-averaged [Ca** ]; can reach peak amplitudes of
several micromoles and slowly decays back to its resting level with a bi-exponential
time course. However, the time course of recovery from Ca?t channel inactivation
seems to be unrelated to the Ca>" clearance time course but rather reflects intrinsic
channel properties as it is unchanged even when [Ca?*]; is strongly buffered by
including 10 mM EGTA or BAPTA in the pipette solution, a manipulation which
nearly completely suppresses the slowly decaying residual Ca’* transient after step
depolarizations (Fig. 9.6) (Lin et al. 2012). The slow recovery from inactivation
allows accumulation of Ca®>* channel inactivation during repetitive channel gating
such as during AP trains (see below).

9.6 Facilitation of Presynaptic VGCCs

Following pre-depolarizations, calcium channels gating is accelerated (Borst and
Sakmann 1998a; Cuttle et al. 1998). Using paired-pulse protocols of short, 1 ms
voltage steps to —10 mV, Icav) is facilitated for inter-pulse intervals <100 ms.
The facilitation is greater at shorter intervals with a maximum of about 20 % for
intervals of 5-10 ms (Cuttle et al. 1998). The facilitation of Ic,v) can be explained
by an acceleration of the voltage-dependent rate constant (o) for opening which
produces a hyperpolarizing shift in the I-V relationship of about —4 mV (Borst
and Sakmann 1998a; Cuttle et al. 1998). The faster opening of the facilitated
channel is particularly evident during steps to slightly more negative membrane
potentials between —25 and 15 mV at which the activation rate of non-facilitated
Ca’* channels is relatively slow (Fig. 9.7).

It is conceivable that Ic,v) may be tonically suppressed by presynaptic G
protein-coupled receptors and relief from this suppression may cause facilitation.
However, experiments using GTPyS and GDPS rule out an involvement of G
protein-coupled mechanisms (Cuttle et al. 1998). Ic,(v) facilitation is also unaffected
by intense hyperpolarization following the conditioning pulse (Cuttle et al. 1998;
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Fig. 9.6 Recovery of Ic,v) from inactivation is slow. (a) Recovery of Ic,v) from inactivation
tested at variable intervals using a paired-pulse protocol consisting of a 100 ms depolarization
to 0 mV followed by a 20 ms depolarization to 0 mV at variable inter-stimulus interval. Pipette
solution contained 0.5 mM EGTA. Traces for three different recovery intervals are shown
superimposed. (b, ¢) The time course of recovery from inactivation is biphasic and insensitive
to changes in Ca?* buffer strength. (b) [Ca2T]; transients evoked by 100 ms step depolarizations.
The rise of global [Ca>T]; is nearly completely suppressed when adding 10 mM BAPTA to the
pipette solution (right panel). (¢) Average time course of recovery from inactivation. Solid lines
represent double exponential fits. Fast and slow time constants were similar for the three [Ca2t);
buffering conditions. Relative amplitudes of fast and slow time constants are given in parenthesis
(Modified from Lin et al. 2012)

Lin et al. 2012), arguing against a contribution of voltage. Rather, it depends on
the build-up of intracellular Ca*>*, because its magnitude is proportional to the
Ca?t influx (Borst and Sakmann 1998a; Cuttle et al. 1998) and it is abolished
when substituting external Ca’t with Ba?* (Fig. 9.7a, b) (Cuttle et al. 1998;
Lin et al. 2012). High concentrations (=10 mM) of the fast Ca’* buffer BAPTA
reduce the amount of facilitation of the peak Ic,v) elicited by action potential
waveforms (Borst and Sakmann 1998a) or short AP-like voltage steps whereas the
slow buffer EGTA is much less effective (Cuttle et al. 1998). On the other hand,
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Fig. 9.7 Ca2t dependent facilitation of Ic,vy during pre-pulse protocols. (a, b) Ic,v elicited by
a 100 Hz train of 5 ms steps from Vi, = —80 mV to —20 mV in P8 calyces. (a) With Ca?t as
the charge carrier (the activation of Ic,yy strongly accelerated from the first to the fifth voltage
step and remained fast during later steps. (b) No change in activation kinetics was observed with
external Ba?t. Right panel: first, fifth and tenth Icaevy shown superimposed for comparison after
normalizing to the same peak amplitude. (¢) Sample traces of Ic,v) without (black trace) or with
prepulse at 10 ms (red) or 70 ms interval (blue). (d) The relaxation of Ic,v) facilitation is an order
of magnitude faster than recovery from inactivation. Solid line represent single exponential fit with
a decay time constant as indicated (Modified from Lin et al. 2012)

when facilitation is assayed as increase in charge transfer during the initial 3 ms of
Ica(v) elicited by voltage steps to —20 or —15 mV, including either 10 mM EGTA or
10 mM BAPTA reduces facilitation only slightly (Lin et al. 2012). The relaxation
of Icyv) facilitation follows an exponential time course with a time constant of
~30 ms (Fig. 9.7c, d) (Cuttle et al. 1998; Lin et al. 2012) and is thus about an
order of magnitude faster than the recovery from current inactivation. Therefore,
accumulation of Ca?t channel facilitation during repetitive activation of Icyy) is
more restricted and can only occur at very short inter-stimulus intervals.
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UV-flash photolysis-evoked Ca** uncaging elicites Ic vy facilitation of similar
magnitude compared to that evoked by voltage pre-pulses (Lin et al. 2012). In
such experiments, elevation of [Ca?T]; >1 wM are required to induce appreciable
Ica(vy facilitation and concentrations >20 wM do not further increase the amount
of facilitation. However, the magnitude of facilitation is generally small and,
especially at high Ca>* concentrations, it is difficult to separate facilitation from
inactivation which makes establishing a dose-response relationship between [Ca?™];
and Ic,(vy facilitation more complicated. Nevertheless, it appears as if the [Ca%t);
requirements for inducing Ica(vy facilitation and inactivation are rather similar. The
facilitation of Ca>" currents seems to depend largely on an interaction with the high-
affinity calcium-binding protein neuronal calcium sensor 1 (NCS-1). Direct loading
of NCS-1 into calyx terminals mimics and partially occludes Ca*>*-dependent facil-
itation of Icavy (Tsujimoto et al. 2002). On the other hand, Ic,v) facilitation during
trains of very high frequencies (500 Hz) is also sensitive to inhibition of calmodulin,
suggesting an additional Ca>* channel-calmodulin interaction (Nakamura et al.
2008).

9.7 Modulation by G Protein-Coupled Receptors

Calyx of Held synapses expresses presynaptic group II and III metabotropic
glutamate receptors (mGluRs) that are negatively coupled to neurotransmitter
release (Barnes-Davies and Forsythe 1995; Takahashi et al. 1996; von Gersdorff
et al. 1997). In addition to mGluR agonists, GABAg receptor, a2-adrenoreceptor,
5-HT receptor and A; receptor agonists can presynaptically attenuate synaptic
transmission (Barnes-Davies and Forsythe 1995; Leao and von Gersdorff 2002;
Kimura et al. 2003; Mizutani et al. 2006). Baclofen, L-AP4, 5-HT, adenosine and
noradrenaline inhibit the presynaptic Ic,v, without affecting K* currents or AP-
waveform, and their inhibitory effect on EPSCs can be fully explained by the
reduction in Ca?* influx (Takahashi et al. 1996, 1998; Leao and von Gersdorff
2002; Kimura et al. 2003; Mizutani et al. 2006). A; receptors share a common
mechanism for the presynaptic inhibition with GABAp receptors because in the
presence of baclofen, adenosine no longer attenuates EPSCs (Kimura et al. 2003).
Similarly, L-AP4 occludes the inhibition by noradrenaline of EPSCs when applied
first. However, mGluRs are more potent modulators of Ic,(vy because after inhibition
by noradrenaline, L-AP4 is able to further inhibit the Ca®T current (Leao and
von Gersdorff 2002). In contrast to its inhibitory effect at the calyx of Held,
noradrenaline potentiates the size of EPSCs at another calyx-type synapse in
the chick ciliary ganglion and this is due to a cGMP-dependent mechanism that
increases the Ca®>* sensitivity of exocytosis (Yawo 1999).

What are the endogenous agonists for the modulation of /¢,y by G protein-
coupled receptors? Obviously, synaptically released glutamate can induce feedback
inhibition via mGlu autoreceptor activation. In fact, mGluR antagonists attenuate
steady state depression of EPSCs during train stimulation (von Gersdorff et al. 1997,
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Iwasaki and Takahashi 2001). Endogenous adenosine seems to be co-released dur-
ing presynaptic AP firing, because application of the A; antagonist CPT slightly but
significantly increases the steady-state EPSC amplitude during 10 Hz trains (Kimura
et al. 2003). The MNTB also receives adrenergic input (Jones and Friedman 1983;
Wynne and Robertson 1996). However, the physiological function of this adrenergic
innervation is not well understood. Alternatively and/or additionally, the ambient
concentrations of GABA, glutamate, adenosine or noradrenalin may provide tonic
inhibition of Ic,v) (Cavelier et al. 2005; Glykys and Mody 2007).

9.8 Modulation of Presynaptic Ca?>* Influx During AP-Like
Stimulus Trains

The regulation of AP-driven Ca’>* influx represents a powerful mechanism to
modulate synaptic strength because transmitter release is highly nonlinearly related
to the intraterminal Ca%?t concentration at the calyx of Held, and even minute
changes in presynaptic Ca>* influx can strongly influence release probability
(Takahashi et al. 1996; Borst and Sakmann 1999). When Icy(v) is elicited repetitively
using brief AP-like depolarizations, the current amplitude can be augmented or
reduced depending on the inter-stimulus interval and number of stimuli applied. The
frequency dependence of this modulation has been studied in calyx (Taschenberger
et al. 2002; Xu and Wu 2005; Nakamura et al. 2008) and endbulb (Lin et al.
2011) terminals by applying trains of depolarizations (typically 1 ms to 0 mV,
Fig. 9.8). At the calyx of Held, Ic,(v) inactivation is observed at stimulus frequencies
<20 Hz. Maximum current inactivation of about 15-20 % is observed at 5-10 Hz.
At frequencies >50 Hz, Icy(v) is initially enhanced (up to ~20 % for a frequency of
200 Hz) but thereafter declines (Xu and Wu 2005; Nakamura et al. 2008; Lin et al.
2011). The facilitation of the Ca®>" current may therefore contribute to synaptic
facilitation, or it may counterbalance the processes leading to synaptic depression
at high presynaptic discharge rates. During low frequency firing, Ca>* current
inactivation contributes significantly to synaptic depression at the young calyx of
Held synapse (Xu and Wu 2005). Surprisingly, Icacvy inactivation is completely
absent during trains of depolarizations at endbulb terminals (Fig. 9.8). Whereas
robust facilitation of Ic,v) is observed at frequencies >20 Hz, Ic,(vy remained stable
throughout the train during low-frequency stimulation (1-10 Hz) (Lin et al. 2011).

9.9 Developmental Refinements

During early postnatal development, endbulb (Neises et al. 1982; Bellingham et al.
1998; Limb and Ryugo 2000) as well as calyx (Kandler and Friauf 1993; Chuhma
and Ohmori 1998; Taschenberger and von Gersdorff 2000; Iwasaki and Taka-
hashi 2001; Joshi and Wang 2002; Taschenberger et al. 2002, 2005) synapses
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Fig. 9.8 Modulation of Ic,v) during trains of AP-like depolarizations. (a) 200 Hz trains of Ic,v)
elicited by brief depolarizations (1 ms, 0 mV) recorded with a pipette solution containing 0.5 mM
EGTA from an endbulb (fop) and a calyx (bottom) terminal (left panels). Initial and final Ic,v) are
shown superimposed for comparison (right panels). Facilitation of Ic,vywas observed during train
stimulation of endbulb terminals. In calyx terminals, Ic,v) inactivated after initial facilitation. (b)
Modulation of presynaptic Ic,vy during train stimulation at frequencies ranging from 1 to 200 Hz.
Results from 18 endbulb (left) and nine calyx terminals (right) (Modified from Lin et al. 2011)

undergo several morphological and functional modifications which eventually trans-
form them into fast and reliable relay synapses. Even though many of these devel-
opmental changes primarily affect the function of postsynaptic AMPA and NMDA
receptor channels, a few prominent functional changes occur at the presynaptic site
as well. Immature calyces express a mixture of N-, P/Q- and R-type VGCCs (Wu
et al. 1998, 1999) whereas Ca?" influx in more mature terminals predominantly
depends on P/Q-type channels (Iwasaki and Takahashi 1998; Iwasaki et al. 2000).
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It is possible that a similar developmental switch in the expression of al-subunits
occurs at endbulb terminals as well. However, Ic,v) in P9—11 endbulb terminals is
already exclusively generated by P/Q-type VGCCs (Lin et al. 2011). Interestingly,
in P/Q-type channel k.o. mice, Icyv) is reduced by less than 50 % at the calyx of
Held. The contribution of N-type channels to Icavy increases nearly tenfold and
thus largely compensates for the lack of the Cay?2.1 subunit (Inchauspe et al. 2004;
Ishikawa et al. 2005). In addition, the activation curve obtained from tail currents
shows a depolarizing shift in Cay?2.1-deficient compared to wildtype mice. This ren-
ders VGCCs less efficiently gated by the presynaptic AP waveform (Li et al. 2007)
and, together with the lower Ca?" channel density, is expected to cause a strongly
reduced EPSC size. However, EPSC amplitudes in k.o. mice are surprisingly similar
to those in wildtype mice (Ishikawa et al. 2005; Inchauspe et al. 2007). More impor-
tantly, facilitation of EPSCs, which is typically observed under low release proba-
bility conditions at wildtype synapses, is severely reduced in Cay2.1-deficient mice.
This suggests that EPSCs facilitation is mediated to a large degree by Ca>™ current
facilitation (Inchauspe et al. 2004; Ishikawa et al. 2005; but see Miiller et al. 2008).

In addition to changes in the pharmacological profile of presynaptic VGCCs,
a consequential change of the presynaptic AP waveforms occurs at the calyx of
Held, with more mature calyx terminals having significantly briefer and faster APs
(Fig. 9.9a) (Taschenberger and von Gersdorff 2000; Nakamura and Takahashi 2007).
Because the number of VGCCs increases only moderately during development
(Fig. 9.9b), the shortening of the AP waveform causes a significant reduction of
the presynaptic AP-evoked Ic,v) (Fedchyshyn and Wang 2005) and may thereby
contribute to the observed reduction of the release probability in more mature calyx
synapses (Iwasaki and Takahashi 2001; Taschenberger et al. 2002). Interestingly, the
reduced Ca®>* influx per AP is partially compensated by a tighter spatial coupling
between VGCCs and docked vesicles as suggested by the following two observa-
tions: (I) The slow Ca’>* chelator EGTA is more effective in reducing glutamate
release when dialyzed into young compared to more mature terminals (Fedchyshyn
and Wang 2005) indicating a developmental shortening of the diffusional distance
between synaptic vesicles and Ca>* channels. (IT) Significantly higher peak [Ca®™];
concentrations are required when modeling AP-evoked release transients of more
mature synapses (Wang et al. 2008; Kochubey et al. 2009). Apparently, this spatial
reorganization of channel-vesicle coupling relies on the Cay2.1 Ca®>" channel
subunit. VGCCs and docked vesicles appears to be less tightly coupled in the
absence of P/Q-type Ca®>* channels because after pre-incubation with the membrane
permeable chelator EGTA-AM glutamate release is more strongly attenuated in
Cay?2.1-deficient compared to wildtype calyces (Inchauspe et al. 2007).

Immature calyx of Held terminals express a variety of G protein-coupled
receptors (see above) some of which seem to be lost during synapse maturation.
For example the inhibitory effects of 5-HT and adenosine are prominent in young
terminals but become weaker during development, in parallel with a decrease
in the Al receptor immunoreactivity at the calyx terminal (Kimura et al. 2003;
Mizutani et al. 2006). Similarly, the inhibition of EPSCs by mGIluR agonists is
strongly reduced in mature calyces (Renden et al. 2005). Moreover, the fraction
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Fig. 9.9 Developmental changes in AP waveform and Ic,v) at calyx terminals. (a) Left: Calyceal
AP waveforms recorded at three different developmental stages. AP half-width is given in
parenthesis. Middle: Corresponding time course of the activation parameter m? of a HH-model
for Ic,vy (Borst and Sakmann 1998b). Peak values were 88 %, 62 % and 39 % for the P7, P10 and
P14 AP waveform, respectively. Right: Simulated AP-driven Ca®t influx. Assuming equal Ca?t
channel densities at the three different ages, the predicted charge integrals were 1.4 pC, 0.6 pC and
0.2 pC. Note that even a doubling of the Ca>T channel density at P14 (red dotted line) resulted in a
significantly reduced AP-driven Ca2t influx (0.4 pC) when compared to younger calyx terminals.
(b) In mice calyces of Held, the amplitudes of Ic,) increase only slightly from P8 to P20. Solid
and dotted lines represent linear regression and 95 % confidence intervals, respectively. The slope
of the regression line is ~35 pA/day

of calyx synapses that are inhibited by noradrenaline strongly declines from 100
to ~25 % from P6 to P15, respectively, although the degree of inhibition does not
change in responsive cells (Leao and von Gersdorff 2002). By contrast, activation of
presynaptic GABAg receptors strongly inhibits the EPSCs throughout development
(Renden et al. 2005).

Relatively little is known about the role of presynaptic afferent activity for
the maturation of calyx synapses. Presynaptic firing activity and neurotransmitter
release may regulate synaptic strength (Turrigiano et al. 1998; Murthy et al. 2001;
Thiagarajan et al. 2005) by modulating expression, trafficking, degradation and
function of synaptic proteins (Rao and Craig 1997; O’Brien et al. 1998; Ehlers
2000; Townsend et al. 2004). Whereas the down regulation of postsynaptic NMDA
receptor channels is significantly delayed in deaf mice und thus seems to be
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controlled by afferent nerve activity, presynaptic Ca>* influx and the transmitter
release machinery appeared to be relatively insensitive to deprivation from afferent
nerve activity (Futai et al. 2001; Youssoufian et al. 2005; Erazo-Fischer et al.
2007). In Cay1.37 deaf mice, presynaptic Ic,vy amplitudes were unaltered. The
pharmacological profile of their presynaptic VGCCs was not tested, however Ca>*
current facilitation during high-frequency trains of AP-like depolarizations—which
is the characteristic signature of calyceal P/Q-type VGCCs—is not different in deaf
compared with wildtype mice.

9.10 Conclusions

Direct presynaptic patch-clamp recordings at endbulb and calyx synapses of the
mammalian auditory brainstem have taught us valuable lessons about the physiology
of presynaptic VGCCs at these terminals and these preparations will continue
to be popular model synapses for examining the mechanisms of modulation of
presynaptic Ca?>* influx. Much work is still ahead of us. A multitude of signaling
molecules are involved in synaptic function and we have only begun to understand
the machinery that orchestrates the molecular regulation of presynaptic Ca**
channel function: presynaptic RIM scaffolding proteins are important for localizing
Ca’" channels to the active zone (Han et al. 2011) and the filamentous protein septin
5 participates in the developmental reorganization of VGCC to vesicle coupling
(Yang et al. 2010). The fact that many conventional mouse knock out models are
perinatally lethal has limited the usefulness of the calyx preparation for studying
presynaptic function at the molecular level. However, Cre-lox based conditional
knock out approaches (Han et al. 2011) and the use of viral vectors (Young and
Neher 2009) may overcome these limitations in the future.
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