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Bassoon-disruption slows vesicle replenishment
and induces homeostatic plasticity at
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Abstract

Endbulb of Held terminals of auditory nerve fibers (ANF) transmit
auditory information at hundreds per second to bushy cells (BCs)
in the anteroventral cochlear nucleus (AVCN). Here, we studied
the structure and function of endbulb synapses in mice that lack
the presynaptic scaffold bassoon and exhibit reduced ANF input
into the AVCN. Endbulb terminals and active zones were normal in
number and vesicle complement. Postsynaptic densities, quantal
size and vesicular release probability were increased while vesicle
replenishment and the standing pool of readily releasable vesicles
were reduced. These opposing effects canceled each other out for
the first evoked EPSC, which showed unaltered amplitude. We pro-
pose that ANF activity deprivation drives homeostatic plasticity in
the AVCN involving synaptic upscaling and increased intrinsic BC
excitability. In vivo recordings from individual mutant BCs demon-
strated a slightly improved response at sound onset compared to
ANF, likely reflecting the combined effects of ANF convergence
and homeostatic plasticity. Further, we conclude that bassoon
promotes vesicular replenishment and, consequently, a large
standing pool of readily releasable synaptic vesicles at the endbulb
synapse.
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Introduction

Presynaptic terminals are complex structures enabling vesicles to
cycle between functionally different pools and to undergo exo- and
endocytosis in a tightly regulated manner (Neher & Sakaba, 2008;
Alabi & Tsien, 2012; Stdhof, 2012). The active zones (AZs) of
exocytosis are membrane domains that feature a rich network of
proteins and therefore appear as dense structures in electron
microscopy. While the proteins mediating vesicle fusion at central
synapses have been characterized quite well, less is known about
the role of scaffold proteins (or cytomatrix of the active zone (CAZ)
proteins) in synaptic transmission. Apart from co-determining the
structure of the AZ, CAZ proteins are thought to modulate vesicle
recruitment, docking, priming, Ca®™ channel organization, coupling
of Ca*” influx to release-ready vesicles and between exo- and endo-
cytic sites (Gundelfinger & Fejtova, 2012; Haucke et al, 2011; Ruth-
erford & Pangrsic, 2012; Hallermann & Silver, 2013). Thereby, in a
manner depending on the precise CAZ composition, they lend plas-
ticity and specificity to synapses enabling synaptic diversity (Zhai &
Bellen, 2004). CAZ proteins encompass at least six protein families:
Muncl13s, Rab-interacting molecules (RIMs), RIM-binding proteins,
ELKS/CAST proteins, piccolo and bassoon, and the liprins-o
(Gundelfinger & Fejtova, 2012). Unlike the others, bassoon is believed to
be vertebrate-specific (tom Dieck et al, 1998; Altrock et al, 2003).
Bassoon, a large 420 kDa multidomain protein (tom Dieck et al,
1998), interacts with presynaptic proteins including CAST (Ohtsuka
et al, 2002; Takao-Rikitsu et al, 2004), RIM (Wang et al, 2009),
Muncl3-1 (Wang et al, 2009), Ribeye (tom Dieck et al, 2005) and
Mover (Kremer et al, 2007). While bassoon is generally found in
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central synapses of vertebrates, neuromuscular junction (Carlson
et al, 2010; Chen et al, 2011) as well as in sensory ribbon synapses
(Dick et al, 2001; Khimich et al, 2005) it seems to assume different
roles at these synapses. Disruption of bassoon function by deletion
of exons 4 and 5 of the Bsn gene that code for a large central part of
bassoon in mice (Bsn®*™“%/°) led to a higher number of presynapti-
cally silent synapses in cultured hippocampal neurons (Altrock
et al, 2003), while the remaining synaptic transmission of the func-
tional synapses was unaltered (Altrock et al, 2003; Mukherjee et al,
2010). Working on a cerebellar synapse with high transmission rate
an impairment of vesicle replenishment was found in Bsn®™*> and
a bassoon gene trap mouse mutant (Hallermann et al, 2010). However,
potential accompanying ultrastructural and molecular changes
remain to be investigated. Robust morphological and functional
phenotypes were observed at the ribbon synapses of retinal photore-
ceptors (Dick et al, 2003) and cochlear inner hair cells (Khimich
et al, 2005; Buran et al, 2010; Frank et al, 2010; Jing et al, 2013) of
Bsn“F**/* mice including detached or missing ribbons and a reduced
rate of transmitter release. In hair cells, fewer membrane-tethered
vesicles and Ca®** channels lead to a reduced number of readily
releasable vesicles and their replenishment is impaired in addition
(Frank et al, 2010). Consistent with the reduction of exocytosis from
inner hair cells, the postsynaptic auditory nerve fibers (ANFs) exhib-
ited approximately halved sound-evoked spiking rates (Buran et al,
2010; Jing et al, 2013) and the compound action potential of the
spiral ganglion was much reduced (Khimich et al, 2005; Buran et al,
2010; Jing et al, 2013). However, the subsequent auditory brainstem
responses were better maintained, suggesting some compensatory
mechanism in the AVCN. Whether such improved synchronicity of
auditory signaling results from the convergent ANF input to BCs or
the AVCN undergoes homeostatic plasticity in response to the
reduced ANF spike rates remained to be investigated.

Here, we studied synaptic transmission at the endbulb of Held of
bassoon mouse mutants, the first central synapse of the auditory
system (Von Gersdorff & Borst, 2002; O’Neil et al, 2011; Wang et al,
2011), where large calyceal presynaptic terminals of auditory nerve
fibers use hundreds of small AZs to provide strong and convergent
excitatory input to BCs (Nicol & Walmsley, 2002). Together, these
AZs account for a large readily releasable pool of vesicles, which
enables high release rates that together with fast AMPA receptors
and efficient glutamate clearance contribute to reliable and tempo-
rally precise transmission at hundreds of spikes per second (Wang
et al, 2011). We combined quantitative light and electron micros-
copy, in vitro electrophysiology in acute brainstem slices and
in vivo extracellular recordings of sound-driven activity to study the
role of bassoon in synaptic transmission from ANFs to BCs and
potential homeostatic plasticity in hearing impaired Bsn®®*° mice.

Results

Molecular composition and number of AZs in the endbulb of Held
We used immunohistochemistry in order to elucidate effects of bas-
soon disruption and potential homeostatic plasticity on the conver-
gence of ANFs, the number of AZs and their molecular composition.

After the onset of hearing (p15 to p23), BCs of the mouse AVCN
receive glutamatergic input of 2-3 (spherical BCs) and 3-5 (globular
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BCs) auditory nerve fibers (Cao & Oertel, 2010) via large endbulb
synapses. The number of endbulbs converging onto individual BCs
was quantified by reconstructing calretinin-stained endbulbs (Loh-
mann & Friauf, 1996; Caicedo et al, 1997; Chanda & Xu-Friedman,
2010a) as exemplified in Fig 1A and explained in the Materials and
Methods section. We did not attempt to discriminate spherical BCs
and globular BCs assuming that bassoon disruption affects their
endbulb synapses to a similar extent. However, we likely favored
analysis of spherical BCs, as is indicated by the average number of
endbulbs per BC (Fig 1B, 3.0 + 0.21 for Bsn"™' (n = 12)). The num-
ber of endbulbs per BC was unchanged in Bsn“®™*° mice
(3.1 £ 0.17, n=16 BCs), indicating unaltered convergence
(Fig 1B). We did not distinguish endbulb and excitatory bouton-like
synapses, given that endbulbs contribute the vast majority of excit-
atory AZs (Nicol & Walmsley, 2002; Gomez-Nieto & Rubio, 2009).
In addition to the excitatory input, BCs also receive inhibitory input
(Wu & Oertel, 1984; Babalian et al, 2002; Kopp-Scheinpflug et al,
2002; Gomez-Nieto & Rubio, 2009). We discriminated such inhibi-
tory synapses from excitatory ones by co-immunolabeling them for
the vesicular GABA transporter (VGAT, Fig 1A) or for gephyrin, a
postsynaptic scaffold of inhibitory synapses (Fig 2).

In order to study the molecular composition of the presynaptic
AZ in endbulbs we analyzed the expression and localization of the
CAZ proteins bassoon, piccolo, Munc13-1 and RIM2, in Bsn™" and
Bsn*™%° mice. Moreover, in a small set of experiments we also
observed spots of CAST and ELKS immunofluorescence around
Bsn™' BCs (data not shown). All CAZ proteins assumed a spot-like
immunofluorescence pattern surrounding the BCs, which most
likely reflected AZs (Figs 1 and 2). We immunolabeled for bassoon
and piccolo to investigate the expression and localization relative to
the AZ of full-length bassoon (Fig 1C, Bsn-sap7f antibody (tom Dieck
et al, 1998)) and a truncated bassoon fragment that remains
expressed in Bsn®™%/° mice (Altrock et al, 2003) and is only recog-
nized by an antibody directed towards the C-terminus (Fig 1C). In
Bsn™' AVCN, all three labels overlapped (Fig 1D and F), indicating
that bassoon and piccolo coexist at the majority of the AZs facing a
BC. In addition, there were some AZs that selectively contained bas-
soon or piccolo, observations that are generally consistent with find-
ings at the calyx of Held (Dondzillo et al, 2010). However, while at
the calyx of Held approximately 60% of bassoon and piccolo spots
were found to overlap, we observed a larger fraction of piccolo AZs
containing also bassoon (Bsn-sap7f: 66%; Bsn-c-term.: 84 %, with a
criterion for the center of immunofluorescence mass distance of
500 nm in xy and 1,500 nm in z, see Materials and Methods). As
expected, AZs of Bsn*¥%/> BCs lacked Bsn-sap7f-immunofluorescence
(Fig 1E,F) and only unspecific ribbon-like fluorescence outside the
BC, likely reflecting capillaries and present also in Bsn"', remained.
Consistent with previous observations at other synapses (Dresbach
et al, 2003; Frank et al, 2010) the remaining fragment was not or
less efficiently integrated in to the AZ, as is evident from the diffuse
and weak labeling for the truncated bassoon fragment that less
accurately co-localized with piccolo. The center of mass distance of
the nearest neighboring spots of piccolo and bassoon (Bsn-c-term.
antibody) was significantly larger and more variable (F-test:
P < 0.001) in Bsn“*¥*%® terminals than in Bsn™' (Fig 1G). Therefore,

AEx4/5 andbulbs lack functional bassoon.

we assume that AZs Bsn
The experiments described above did not discriminate excitatory

and inhibitory AZs. In order to approximate the number of
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Figure 1. Number of converging endbulbs and bassoon immunolocalization in the AVCN of Bsn"'* and Bsn

AEx4/5 mice.

A Single confocal section from a stack (left) used for reconstruction of endbulb terminals (right, four endbulbs converging onto the BC in this example),
immunolabeled for calretinin (red) as an endbulb marker, bassoon (green) as a marker for AZs and VGAT (blue) as a marker for inhibitory synapses.

B The number of endbulb terminals converging onto a BC remained unchanged in Bsn

ABX45 mice (N, number of animals; n, number of BCs).

C Domain structure of bassoon and the Bsn”&# fragment including the epitopes utilized for immunolabeling.

Projection of a confocal image stack labeled for the two bassoon epitopes and piccolo of a Bsn™t (D) and a Bsn“®*”® (E) BC.

F Number of puncta and fraction of colocalizing bassoon puncta (left, Bsn-sap7f AB; right Bsn-c-term. AB) with piccolo of two BC for each genotype.
Center of mass distance between all colocalizing Bsn-c-term. and piccolo puncta of the four cells depicted in (F), illustrating that the BsnABx4/s fragment is not as

tightly confined to AZs as wild-type bassoon.

excitatory AZs onto Bsn™ and Bsn*%/® BCs, mostly reflecting AZs

of endbulbs, we counted the piccolo-positive puncta without and
with juxtaposition to inhibitory postsynapses marked by gephyrin
immunofluorescence in stacks of confocal sections. Subtracting the
number of gephyrin-associated piccolo puncta yielded the number
of excitatory AZs, which was unchanged in Bsn®P*%/° mutants
(Fig 2B). When divided by the average number of endbulb terminals,
the average number of AZs per endbulb was 126 and 121 for Bsn™'

The EMBO jJournal Vol 33| No 5| 2014

(n = 12) and Bsn*®*° (n = 12), respectively. These AZ numbers are
comparable to the on average 155 AZs found in four reconstructed
endbulbs in a previous serial section electron microscopy study
(Nicol & Walmsley, 2002). The cumulative pixel-intensities of pic-
colo-immunofluorescence spots around BCs in AVCN sections of
Bsn™! and Bsn®™*° mice, which we processed in parallel, revealed
significantly more immunofluorescence for Bsn®*%/> AZs. This indi-
cated a likely compensatory upregulation of piccolo protein at

© 2014 The Authors
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Figure 2. Molecular composition of murine endbulb of Held synapses..
A Projections of confocal image stacks of Bsn** (left) and Bsn“™** (right) AVCN labeled for piccolo (green), gephyrin (blue) and VGLUT1 (red).

B The number of endbulb AZs was estimated from the number of piccolo puncta surrounding a bushy cell, excluding the ones colocalizing with gephyrin (N, number
of animals; n, number of BCs). While the number of piccolo puncta was found to be unchanged in mutant endbulbs, the fluorescence intensity of piccolo puncta
was significantly increased.

C, D Projections of a confocal image stacks labeled for RIM2a (green) co-labeled for gephyrin (blue) and VGLUT1 (red) (C), and quantification of RIM2a-positive endbulb

AZ number and fluorescence intensity (D).

E, F Projections of a confocal image stacks labeled for Munc13-1 (green) co-labeled for gephyrin (blue) and VGLUT1 (red) (E), and quantification of Muncl13-1-positive

endbulb AZ number and fluorescence intensity (F).

G  Single confocal sections labeled for Mover (green), gephyrin (blue) and VGLUT1 (red) showing a significant reduction of Mover fluorescence intensity in Bsn

endbulbs but unchanged intensity in inhibitory terminals.

Data information: All scale bars, 5 um.
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endbulb AZs upon the loss of full-length bassoon (Fig 2B). In addi- one
tion, we studied RIM2a and Munc13-1, which served as exemplary s b Tl T e ¥
CAZ constituents. The number and fluorescence intensity of RIM2a- o £ey o -
and Muncl3-1-immunoreactive spots was largely unaltered in
Bsn®™4/> endbulbs (Fig 2C-F). In search for molecular changes
resulting from bassoon disruption we also analyzed the immunoflu-
orescence intensity of the recently identified bassoon-interacting,
vesicle-associated protein Mover (Kremer et al, 2007) that appears
to regulate release probability at the calyx of Held (Korber, 2011).
Mover was present in excitatory (VGLUT1-positive) and in inhibi-
tory (VGAT-positive) terminals. The Mover immunofluorescence
was significantly reduced in VGLUTI1-positive (approximately
22 %) but not in VGAT-positive terminals. The VGLUT1 immuno-
fluorescence was unaltered (Supplementary Fig S1). We conclude
that, despite the lack of functional bassoon, endbulbs and excitatory
AZs were formed in normal quantity. While the abundance of
RIM2a and Muncl3-1 was unchanged, piccolo was up-regulated
whereas the putative bassoon-effector Mover was down-regulated in
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into the cytosol of the presynaptic terminal (Supplementary Fig S2).
We observed a trend towards fewer membrane-proximal vesicles in
Bsn*™%/5 excitatory synapses (first bin), which became significant
when related to the PSD length (Fig 3D). The number of vesicles in
direct contact with the presynaptic plasma membrane (Fig 3D) was
unaltered, as were the vesicle counts for the other bins and the vesi-
cle size (Supplementary Fig S2). Given that bassoon is part of the
CAZ we also counted presynaptic dense projections (DP), electron-
dense appearing specializations that extend from the cytomatrix into
the cytoplasm and tether synaptic vesicles (Zhai & Bellen, 2004) and
found their number unaltered in Bsn®™* excitatory synapses (Sup-
plementary Fig S2).

Since the increased PSD length may reflect a larger cluster of
AMPA receptors, we compared mEPSC amplitudes (quantal size)
between BCs of both genotypes in acute slice preparations of the
AVCN. Recordings were restricted to the anterior- and dorsal-most
region of the AVCN as illustrated in Supplementary Fig S3. We
found a significant increase in the amplitude of the mEPSCs (Fig 4B;
Bsn™': n = 38, Bsn*¥*%/%: n = 51), while their frequency and kinetics
were unchanged (Fig 4C-F). In conclusion, we found a larger quan-
tal size at Bsn**™*/® synapses, which we attribute to a larger number
of AMPA receptors, likely reflecting homeostatic synaptic scaling.
We also analyzed further parameters relevant to homeostatic plas-
ticity and observed a reduced BC size. BC soma size was estimated
from immunofluorescence analysis, in which we obtained volume
estimates from fitting spheres to the halo of piccolo-positive AZs
and found smaller volumes for Bsn®®%° BCs (1077.5 + 53.0 pm®
in Bsn®P*° vs. 1362.5 + 55.0 pm® in Bsn™', P = 0.0006, Bsn™"
n = 18, Bsn®®%/%: n = 21). A smaller BC size was also indicated by

The EMBO jJournal Vol 33| No 5| 2014

contacting

Figure 3. Ultrastructural analysis reveals an increase in PSD length in
Bsn“®*/ endbulbs.

A, B Example electron micrographs of Bsn"* (A) and Bsn bushy cells
(scale bars, 2 um) and endbulb of Held synapse AZs (scale bars,
100 nm). Structures highlighted in cyan represent asymmetric,
excitatory presynaptic terminals onto the postsynaptic soma.

C The length of the postsynaptic density (PSD) was significantly increased
in Bsn*™# endbulb synapses.

D When normalized to PSD length, vesicle counts in the first bin were
significantly decreased, but the number of vesicles in direct contact with
the presynaptic plasma membrane remained unchanged.

AEX4/5 (B)

the reduced membrane capacitance in Bsn“**® BCs (11.6 + 0.33
PF in Bsn®®%/° n =47 vs. 14.32 + 0.49 pF in Bsn™ n = 56,
P =1 x 10"°; data set of Table 1). There was a small but insignifi-
cant trend towards larger input resistance in Bsn*®*#/° BCs. Resting
membrane potential and membrane time constant of BCs were not
significantly different between both genotypes.

Increased release probability, decreased RRP size and slower
vesicle replenishment

In order to unravel potential effects of bassoon disruption on evoked
transmission we applied a minimal stimulation protocol to study the
BC response to input of an individual ANF. We placed a monopolar
electrode in the vicinity of the recorded BC in acute sagittal AVCN
slices (Yang & Xu-Friedman, 2008) and distinguished BCs from

© 2014 The Authors
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Table 1. Largely preserved basal synaptic transmission at BSN2¥*%/°

synapses

Initial EPSC

(EPSCy) Bsn"tn = 56 Bsn®®%5 p = 47 P-value

Amplitude 10.9 + 0.85 (0.58)" 10.1 £+ 0.91 (0.62) 0.49
(nA)

10-90% rise 0.20 + 0.01 (0.36) 0.23 £+ 0.01 (0.31) 0.012
time (ms)

FWHM (ms) 0.48 + 0.01 (0.22) 0.54 + 0.02 (0.21) 0.01

Tdecay (M) 017 £7x10°° 021 £8x10°° 0.0001

(0.29) (03)

Synaptic 0.66 + 0.03 (0.29) 0.75 + 0.04 (0.33) 014
latency (ms)

AMPA/NMDA* 832 + 16 (0.72) 793 + 1.2 (0.47) 0.81

*AMPA/NMDA ratio was measured in a subset of cells: n = 15 and n = 10,
respectively.
#The P-values are provided and significance is indicated by P < 0.05.
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Figure 4. Increase in quantal size at BSN*¥**/° synapses.

A Representative traces of spontaneous mEPSCs (Bsn™* in black, Bsn”®#/>
in grey).

B The amplitude of mEPSCs was significantly increased in Bsn&*° BCs.

The frequency (C) and kinetics - rise time (D), full-width at half-

maximum (FWHM; E) and decay time (F) were not significantly altered.

stellate cells by the characteristic kinetics of their postsynaptic cur-
rents and their short-term plasticity (Chanda & Xu-Friedman,
2010b). This functional distinction was confirmed by inspection of
cell morphology after filling them with the fluorescent dye Alexa-
488 via the pipette in a subset of experiments (Supplementary
Fig S4). The mean amplitude of the EPSC elicited by a single stimu-
lation was unchanged despite the larger quantal size in Bsn*f*%/
endbulbs, while the kinetics was slightly slower (Fig SA, Table 1).
The unchanged AMPA/NMDA ratio indicated normal synaptic mat-
uration in Bsn®®*%* endbulbs (Table 1).

Next, we studied short-term plasticity by applying 20 consecutive
stimuli at 100, 200 or 333 Hz, which represent firing frequencies
naturally occurring in auditory nerve fibers (Taberner & Liberman,
2005). Responses of Bsn“F*** endbulbs showed faster and stronger
depression with lower steady-state values (Fig 5A,B,D,E; Table 2).

© 2014 The Authors
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Stronger depression was also evident from the lower paired-pulse
ratio for the responses to the first two pulses at all stimulus frequen-
cies (Table 2). The lower paired-pulse ratio and faster decline of
responses during the train indicated an increased release probability
in the Bsn®*%/> endbulb synapses (see below). We estimated release
probability, size of the readily releasable pool of vesicles (RRP) and
vesicle replenishment by applying the method of integration (Sch-
neggenburger et al, 1999) to the EPSC trains (Fig 5F). Line fitting to
the last 10 of the 20 data points was used to estimate the number of
readily releasable vesicles (the ordinate crossing of the extrapolated
line-fit divided by the mean mEPSC amplitude) and to approximate
vesicle replenishment (slope of fit), which are summarized in
Table 2. In brief, we found a decreased RRP size for all stimulus
frequencies and an increased release probability for 333 Hz
stimulation. We then focused our analysis on responses to 100 Hz
stimulation, since there, the short-term depression phenotype of
Bsn®E**/> was most pronounced. Receptor desensitization seemed
not to contribute substantially to the stronger depression in BsnF*4/*
synapses as the competitive AMPA receptor antagonist kynurenic
acid (I mM) did not alter the normalized BC responses (Fig 5C;
Bsn®B4/: = 38, Bsn®E**/°+kyn: n = 8). Next, we probed whether
the synaptic phenotype may arise from a dominant negative effect
from the Bsn“®™** fragment by analyzing the responses of BCs to
100 Hz ANF stimulation in heterozygous mice (Bsn™Y). We did not
find a significant difference compared to Bsn“' responses (Supple-
mentary Fig S5) and, moreover, observed punctate bassoon (Bsn-
sap7f) immunofluorescence colocalizing with piccolo immunofluo-
rescent spots, indicative of proper targeting of the full-length bassoon
expressed from one allele to active zones (Supplementary Fig S5).

Seeking to further study the hypothesis of a reduced replenish-
ment rate, we probed the recovery from depression by measuring
the EPSC amplitude at varying time points after a conditioning train
of 20 stimuli at 100 Hz (Fig 6; Bsn™: n = 11-16, Bsn*™/*: n = 5-13).
The time course of recovery was best described by a double
exponential function. Time constants for the fast component were
47.9 and 90.4 ms, and for the slow component 2.81 and 3.64 s for
Bsn™ and Bsn“™*°| respectively (fits constrained to reach 100%).
A linear fit to the first four data points (25-100 ms) after the end of
the conditioning train, serving as a measure for the initial rate of
recovery, revealed a shallower slope for Bsn*™%° (364.1 vs.
492.9%/s for Bsn™) synapses, indicating a slowed initial rate of
recovery in the absence of functional bassoon.

During and after the train we observed more asynchronous
release in Bsn“®**/® synapses, which we attribute to the increased
release probability (Fig 7A,B; Bsn™': n = 25, Bsn*™/°: n = 28; data
of Fig 5). The number of asynchronous EPSCs was significantly
increased also after 200 and 333 Hz stimulation in Bsn®®%* syn-
apses (Supplementary Fig S6), but again, the difference was great-
est for 100 Hz trains. Using the current-clamp mode we showed
that the enhanced asynchronous release triggered misplaced
spikes following the train of stimulation (Fig 7; Bsn™: n = 10,
Bsn“P**/%: n = 18). Forty percent of Bsn®F**> BCs spiked at least
once after cessation of stimulation, while no misplaced spikes
were found in Bsn™' synapses. In summary, we found a reduction
of vesicle replenishment and size of the standing RRP whereas
release probability was increased. We argue that these opposing
effects and the increased quantal size lead to an unaltered
response to single stimuli.
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Figure 5. Stronger depression during high-frequency stimulation at BSN“™* synapses.

A Example traces of EPSCs evoked at 100 Hz recorded from a Bsn“* and a Bsn

AEX4/5

EPSCs in the Bsn** and the deeper depression in Bsn synapses.

AEX4/5

synapse illustrating the typical fast kinetics and short-term depression of BC

B, C Short-term depression in response to (B) 20 stimuli applied at 100 Hz (n(Bsn"") = 38, n(BsnAEX“/S) = 46) and (C) in the presence of 1 mM kynurenic acid

[(Bsn*™** 1 kyn) = 8].

D, E Stimulation applied at (D) 200 Hz [n(Bsn™") = 36, n(Bsn“*%) = 49] and (E) 333 Hz [n(Bsn""") = 30, n(Bsn“™*%) = 41]. Black traces and grey traces are mean
responses from individual Bsn** and Bsn“&#> BCs, respectively. Grand means + SEM for control synapses are depicted in cyan for Bsn*t and in red for Bsn®&#>

synapses.

F For estimation of the readily releasable pool size, EPSCs from trains were plotted cumulatively and a linear fit to the last ten amplitudes was extrapolated.

Data information: *P < 0.05; **P < 0.01; ***P < 0.001.

Reliability of synaptic transmission is maintained

In order to test whether the stronger synaptic depression during
train stimulation leads to more failures in the transmission of action
potentials in Bsn®®%> endbulb synapses we analyzed the reliability
of transmission in current clamp mode (Fig 7). As expected, Bsn™"
endbulbs of Held transmitted very reliably at 100 Hz. Surprisingly,
mutant synapses were almost as reliable, even at the end of the
stimulus train (Fig 7F). Spike latencies (Fig 7G, measured at peak)
and their standard deviation (Fig 7H, spike jitter) were almost iden-
tical between both genotypes.

Next, we asked whether a homeostatic increase in BC excitability
contributed to maintaining reliable synaptic transmission in the

The EMBO jJournal Vol 33| No 5| 2014

AVCN of Bsn®®**® mice. The slope conductance was comparable
between BCs of both phenotypes over the range of currents injected
with a small but insignificant trend towards smaller conductance in
Bsn**%/5 BCs (Fig 8A,B). However, Bsn“***> BCs fired more spikes
for the same current injection, which became significant for current
injections of 350 pA and larger (Fig 8C; Bsn™: n = 31, Bsn*™%/%:
n = 30). Comparing the action potentials we found a trend towards
more hyperpolarized onset potentials and larger maximal potential
changes (Supplementary Fig S7). Given the reduced ANF activity
in Bsn®™%/> mice and previous reports on deprivation-triggered
homeostatic changes of the axon initial segment and its Na™
channel complement in the avian equivalent of the AVCN (Nucleus
magnocellularis; Kuba et al, 2010) we studied the length of the axon

© 2014 The Authors
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Table 2. Quantification of short-term depression, pool size, release probability and vesicle replenishment

Frequency Parameter Bsn BsnAEx4/5 P-value
q 82 pA 109 pA
100 Hz T (ms) 2016 £ 2.02 1581 £ 1.4 0.076
EPSCig 20/EPSCy 0.23 £+ 0.015 0.08 + 0.006 13 x 10712
EPSC,/EPSC, 0.59 + 0.023 0.43 £ 0.024 13x10°
Pyr 0.49 + 0.02 0.48 + 0.02 0.63
RRP (# vesicles) 30339 £ 32.25 230.55 + 229 0.067
Repl. (# vesicles/ms) 359 + 0.44 092 + 010 20x 10"
200 Hz T (ms) 7.45 4+ 0.83 488 + 0.51 0.005
EPSCig 20/EPSCy 0.13 4 0.008 0.06 + 0.02 1.0 x 1071°
EPSC,/EPSC,y 0.45 £+ 0.031 031 + 0.024 40 x 10
Pyr 0.55 £ 0.03 0.61 + 0.02 0.12
RRP (# vesicles) 321.29 £+ 29.10 157.70 £ 145 103 x10°°
Repl. (# vesicles/ms) 431 + 0.47 11 + 0.10 56 x 1071
333 Hz T (ms) 3.36 + 0.39 2.05 +£ 0.17 0.005
EPSCyg 20/EPSCy 0.07 £+ 0.005 0.05 + 0.004 0.015
EPSC,/EPSCy 0.38 + 0.036 0.25 £+ 0.022 36 x 10732
Pyr 0.59 + 0.02 0.70 £+ 0.02 0.007
RRP (# vesicles) 24534 + 2337 15122 £ 16.2 7.0 x107*
Repl. (# vesicles/ms) 3.01 + 032 161 + 017 66 x 107+

q: the quantal size was taken from the mEPSC amplitude; t: time constant of a single exponential fit to the EPSC amplitudes during train stimulation; EPSCyg »0:
average amplitude of EPSCs number 18-20; P, vesicular release probability; RRP: readily releasable pool; Repl.: replenishment of vesicles.

Estimates of the readily releasable pool (RRP), release probability and vesicle replenishment were obtained with the method of integration (Schneggenburger

et al, 1999). A line was fitted to last 10 of 20 data points from cumulative amplitude plots and extrapolated to the ordinate crossing.

initial segment of AVCN principal neurons and recorded Na™
currents from BCs. We used ankyrin-G immunolabeling to mark
axon initial segments (Grubb & Burrone, 2010) in coronal sections
of the brainstem and measured their apparent length in projections
of confocal sections of the AVCN (Fig 8E). While this analysis
underestimated their true length, differences in length should none-
theless be revealed. We did not observe significant differences in
apparent length, neither along the dorsoventral tonotopic gradient
(Wickesberg & Oertel, 1988) in either genotype, nor did we find
systematic differences between both genotypes (Fig 8F). Next we
recorded Na*/action currents from BC by somatic patch-clamp.
In order to improve voltage-clamp we reduced the Na™ current
amplitude by partial tetrodotoxin (20 nM) block. We did not find
significant differences between BCs of both genotypes (Fig 8G, H;
Bsn": n = 10, Bsn®®*°: n = 11). Together, an unchanged apparent
length of axon initial segments and unchanged Na ™ /action current
amplitudes suggest that BCs do not upregulate their axosomatic
Na* channel complement to counteract the reduced afferent input.

Partial restoration of synchronous auditory signaling in the AVCN
Synchronous activity in the auditory nerve is diminished in Bsn®¥%/>
as a result of disrupting the afferent synapse of inner hair cells
(Khimich et al, 2005). The compound action potential of the audi-
tory nerve (wave 1 of the auditory brainstem response) is reduced
to an extent exceeding the decrease of single ANF firing, which is
likely explained by an increased temporal jitter of the first spike of

© 2014 The Authors

ANF (Buran et al, 2010). However, the wave 2 of auditory brain-
stem response, reflecting synchronous activity of the AVCN, is
much less affected (e.g. Supplementary Fig S8) and this has been
attributed to an improved rate and/or timing of BC firing due to
converging input from several ANF (Khimich et al, 2005; Buran
et al, 2010; Jing et al, 2013). However, neither this hypothesis nor
the impact of bassoon disruption on transmission at the endbulb
synapse have been addressed by in vivo recordings of sound driven
activity from single BCs. We studied the activity of putative BCs of
the AVCN of 3- to 8-week-old Bsn*™** and Bsn™' mice (Fig 9).
We differentiated ANFs and putative BCs based on the position of
the microelectrode and the peristimulus time histogram (see Mate-
rials and Methods). We also included previously analyzed ANF
(Jing et al, 2013) for the comparison to BCs. As reported earlier,
we found a reduction of evoked spike rates in Bsn“®**° ANFs
(Buran et al, 2010; Frank et al, 2010). However, the spike rate at
sound onset of putative mutant BCs was slightly less reduced than
in ANFs, indicating that brainstem mechanisms partially counteract
the cochlear deficit to recover spike rates (Fig 9C; Bsn*f*%/> ANF:
n =32, Bsn®®%5 AVCN: n = 12). The Bsn“P%® adapted rate, on
the other hand, was affected to a similar extent as in ANFs
(Fig 9D). In order to elucidate how bassoon disruption at the end-
bulb synapses affects transmission of auditory information in the
AVCN, we compared BC firing in Bsn®™4/5 and Bsn™' mice while
matching ANF activity between both genotypes. We reduced the
sound pressure levels for Bsn™' mice so that their ANF adapted
spike rates matched the maximal adapted firing rate of Bsn®E**/°
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Figure 6. Recovery from short-term depression is slowed in Bsn"™*/

synapses.

After a conditioning train of 20 stimuli at 100 Hz, recovery from depression

was probed by single stimuli evoked after (in ms) 25, 50, 75, 100, 250, 500

(furtherin's) 1, 2, 4 and 6.

A Overlay of six recordings of a Bsn"* bushy cell, in which recovery was
tested at different times between 100 ms and 4 s.

B Plots mean (£SEM) percentage of the recovery of EPSC amplitude with
respect to the first EPSC amplitude of the train. Dashed lines are double
exponential fits. The inset shows the first five responses in detail. Dotted
lines represent linear regressions to the first four responses approximating
the initial rate of recovery.

ANF (Supplementary Fig S8). We found comparable rates in BCs
of Bsn*™*%* and Bsn™' mice (Supplementary Fig $8) suggesting no
further impairment in afferent auditory transmission at endbulb
synapses due to bassoon disruption. In summary, these in vivo
findings corroborate our hypothesis that due to homeostatic plastic-
ity afferent auditory transmission from ANFs to BCs is intact at
least at the firing rates of Bsn®¥%> ANF amenable to sound stimu-
lation. We propose that homeostatic plasticity and convergence of
inputs likely underlie the improved sound onset firing of BCs and
the better preserved wave 2 of the auditory brainstem response.

Discussion

We demonstrated a role of the presynaptic scaffold protein bassoon
in synaptic transmission at the endbulb of Held synapse. We pro-
vide evidence that bassoon promotes a large readily releasable pool
and efficient vesicular replenishment at these high-throughput syn-
apses. However, bassoon-deficiency did not significantly alter the
reliability of synaptic transmission at the rates of stimulation stud-
ied. Instead, the firing rates of BCs at sound onset were slightly
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higher than those of ANF. We propose that homeostatic plasticity
by pre- and postsynaptic upscaling of endbulb synapses and
increased intrinsic excitability of BCs together with convergence of
ANFs onto BCs improve synchronous signalling in the dysfunctional
auditory pathway of Bsn®®%/> mutants.

Molecular composition of endbulb AZs and
effects of bassoon-disruption

Apart from its peripheral origin (Farago et al, 2006; Kelley, 2006),
the endbulb differs from other CNS presynaptic terminals by its
large size, the large number of AZs and its capacity for fast and
temporally precise transmission. Here we provide first insights into
the molecular composition of the AZs in endbulbs of Held showing
the presence of the CAZ proteins bassoon, piccolo, Muncl3-1,
RIM2, CAST and ELKS. For bassoon and its homologue piccolo, a
role in the formation and maintenance of AZs has been proposed
soon after their discovery (Friedman et al, 2000; Zhai et al, 2000).
However, partial deletion or knock-down of either bassoon or piccolo
had little effect on the morphology of conventional AZs (Altrock
et al, 2003; Mukherjee et al, 2010). In line with these previous
observations, we found a normal number of endbulbs and AZs per
BC as well as a largely intact ultrastructure of endbulb AZs in
Bsn®™*° mutants. The unaltered AMPA/NMDA ratio indicates
maturity of the endbulb synapses (Isaacson & Walmsley, 1995; Futai
et al, 2001) arguing against developmental deficits, as they were
observed in hippocampal mossy fiber terminals of bassoon mutants
(Lanore et al, 2010). Loss of functional bassoon from the CAZ
network did neither reduce the number of excitatory synapses nor
prevent integration of piccolo, Munc13-1 and RIM2 into the CAZ.
The observed upregulation of piccolo at Bsn™*/> AZs together with
the overlap in protein interactions (Wang et al, 2009) leads us to
suggest that piccolo compensates for the loss of some of bassoon’s
function(s) at central synapses. This is in line with a recent demon-
stration that knock-down of all piccolo and bassoon isoforms was
required to disrupt the integrity of presynaptic terminals of hippo-
campal cultured neurons, ultimately leading to degradation of the
synapse (Waites et al, 2013).

Synaptic transmission in bassoon-deficient synapses
Transmission in Bsn*™%° endbulbs of Held showed several differ-

' controls. Our main findings are a larger
quantal size, an increased release probability, a decreased RRP size

ences compared to Bsn"

and slowed vesicular replenishment. We suggest that the increase in
quantal size reflects an increased abundance of AMPA receptors
within the enlarged PSD, because neither VGLUT1 immunofluores-
cence nor EM measurements of vesicle size indicated a presynaptic
origin. Since the increase in quantal size was not found in previous
studies on other bassoon-deficient synapses (Altrock et al, 2003;
Hallermann et al, 2010) we favor the interpretation that it reflects
synaptic scaling of the endbulbs in response to partial sensory depri-
vation (see below). An increase in release probability was indicated
by faster and stronger depression and enhanced asynchronous
release. The paired-pulse ratio was smaller for Bsn*¥%* endbulbs at
all stimulus rates, while the speed of depression and the estimate of
release probability from the EPSC-integration technique differed
significantly only at 200 and 333 Hz, respectively. The enhancement of

© 2014 The Authors
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Figure 7. Increased asynchronous release leads to misplaced spikes in Bsn*®*%/° BCs.

A Example traces of asynchronous release events after a 100 Hz train. The positive peak at the beginning of the displayed trace is the last stimulus artifact followed
by the last evoked release event of the train response. The following peaks represent spontaneous EPSCs.

B Significantly more delayed EPSCs occur in Bsn®™# synapses as shown for two 50 ms bins after train stimulation at 100 Hz.

C,D Example traces of a Bsn"* (C) and a BS e (D) BCs action potential train following 20 stimuli at a frequency of 100 Hz. Note the occurrence of a misplaced

spike in the mutant after stimulation has ceased (triangle).

E  While misplaced spikes did not occur in Bsn** BCs, misplaced spikes were detected in approximately 12% of all Bsn®*” trials per cell (40% of the Bsn*&*° BCs

fired at least one misplaced spike).

F Both, Bsn"* and Bsn“™*® BCs followed 100 Hz minimal stimulation reliably.

G, H The spike latency, measured from the start of the stimulus to the peak of the action potential, and its jitter (expressed as the standard deviation of the latency)

AEX4/5

were not significantly altered in Bsn synapses.

release probability might have been revealed by the EPSC-integration
technique only with most rapid RRP depletion protocol (at 333 Hz),
because at lower stimulation rates the method tends to overestimate
the RRP, and consequently, to underestimate release probability in
Bsn®f*%/5 synapses due to their lower rate of vesicle replenishment.
Impaired replenishment might also explain why the mEPSC
frequency rate was unchanged despite the increased release
probability.

It is not trivial to decipher whether the increased release prob-
ability resulted from a direct effect of bassoon disruption or from
a possible homeostatic adaptation to the reduced afferent input
(Oleskevich & Walmsley, 2002; Oleskevich et al, 2004; Cao et al,
2008) resulting from the hair cell synapse defect (Khimich et al,
2005; Buran et al, 2010; Jing et al, 2013). We addressed the

© 2014 The Authors

underlying molecular mechanism by estimating the abundance of
the candidate regulators of release probability RIM, Munc13-1 and
VGLUT1 (Betz et al, 2001; Han et al, 2011; Weston et al, 2011;
Ferndndez-Busnadiego et al, 2013) and did not encounter obvious
changes in their immunofluorescence at the Bsn“®™*/> endbulbs.
However, we found a reduced abundance of the novel candidate
effector protein of bassoon, Mover. Mover is a small vesicle
associated protein that has been identified based on its interaction
with bassoon (Kremer et al, 2007) and has been proposed to
negatively regulate release probability (Korber, 2011). It is tempt-
ing to speculate that Mover is downregulated in the absence of
bassoon and that this contributes to the observed increase in
release probability in bassoon-deficient endbulb synapses. The
downregulation of Mover unlikely reflects a general synaptic

The EMBO Journal Vol 33|No5|2014 521
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Figure 8. Bsn“¥*® BCs fire more spikes in response to depolarizing current injection.

A B Example traces of V., (top) of a Bsn™* and a Bsn“®**/5 BC in response to the step current injections (bottom) used for comparing the Vi-relationship in the

beginning of a depolarizing current step (B).

dorsal axis of the AVCN was largely unchanged in mutant principal cells.

vely constant peak current amplitudes, exemplified in (G). The inset shows an example

C The number of spikes during depolarizing current steps was larger in mutant compared to Bsn*** BCs.

D Example confocal image of axon initial segments (AIS) in the AVCN obtained from ankyrin-G (AnkG) immunolabeling costained for neurofilament.

E The apparent AlS length averaged in eight 100 nm bins from the ventral to

F After identification of bushy cells by their phasic firing, K™ currents were blocked and |-V relationships were recorded. Transient inward currents probably
represented unclamped action currents and partial block by bath application of 20 nM TTX reduced the amplitude by ~55% but did not enable clamping the
voltage at the AIS as indicated by the all-or-none-like current and the relati
current at -40 mV before (solid line) and after application of 20 nM TTX (dashed line).

G No significant difference was observed between current amplitudes of BT

degeneration since the abundance of other presynaptic proteins
was maintained (Muncl3, RIM, VGLUTI1) or even enhanced
(piccolo). It remains possible that increase of release probability
reflects a presynaptic homeostatic adaptation in response to the
partial auditory deprivation, which would be consistent with our
finding of normal Mover levels in Bsn“®** inhibitory terminals.
It will be interesting in future experiments to address the role of
Mover at the endbulb synapse by genetic disruption, to test the
presynaptic homeostatic plasticity hypothesis by studying spiral
ganglion neuron (SGN) specific bassoon disruption, and, if posi-
tive, to explore the relevance of mechanisms that were previously
reported to regulate presynaptic homeostatic plasticity (Kim &
Ryan, 2010; Lazarevic et al, 2011; Miller & Davis, 2012) at the
endbulb synapse.

The integration technique revealed a significant reduction of the
RRP size for all stimulation frequencies. The morphological corre-
late of the physiologically defined RRP is subject to active research.

522 The EMBO Journal Vol 33 | No 5 | 2014

and Bsn"'' BCs, before and after application of TTX when stepping to —40 mV.

It may not only include ‘membrane contacting’ or ‘docked’ vesicles,
which were not changed in number at AZs of BsnE*/5 endbulbs,
but potentially also membrane proximal tethered vesicles (Siksou
et al, 2009). We found a significant reduction of membrane proxi-
mal vesicles per pm PSD, which seems consistent with the
functional finding of a reduced RRP. However, EM tomography
required to resolve tethers, was not employed. In addition, there
may be fewer functional release sites due to fewer presynaptic Ca®*
channels. A reduction in the number of AZ Ca?*" channels was
indeed reported for bassoon-deficient synapses of photoreceptors
and hair cells (tom Dieck et al, 2005; Frank et al, 2010), though this
may be partly explained by a role of the synaptic ribbon to promote
clustering of Ca®" channels (Frank et al, 2010; Jing et al, 2013).
Finally, the standing RRP, resulting from the balance of release and
replenishment (Frank et al, 2010; Pangrsic et al, 2010; Oesch &
Diamond, 2011), may be lower due to impaired vesicle replenish-
ment. Indeed, we found evidence for impaired replenishment during

© 2014 The Authors
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Figure 9. Partial recovery of spiking at sound-onset in Bsn*t*#/> BCs.

A Average PSTH of putative AVCN and ANF units of Bsn*®%> and Bsn"*
mice. PSTHs were aligned to the bin of their respective median first
spike latency before averaging.

B Increased median first spike latency (FSL) in AVCN and ANF of BsnA&#/>
mice. Note that FSL does not allow separation of AVCN and ANF.

C, D Quantification of peak (1 ms bin from the median FSL) and adapted
spike rates (last 5 ms response of 50 ms tone burst) showing that the
AVCN Bsn# peak rate was significantly larger than the peak rate of
Bsn“E4/> ANF.

and after stimulation. Probing the recovery from depression, we
observed a slowing of the fast component of recovery similar to
what was previously found at the cerebellar mossy fibers to granule
cell synapse, another high-throughput connection (Hallermann et al,
2010). Bassoon might contribute to efficient re-supply of vesicles
(Hallermann & Silver, 2013) which is compatible with its tens of
nanometer extension into the cytosol (Dani et al, 2010; Limbach
et al, 2011). While bassoon seems not to directly bind to synaptic
vesicles, Mover might act as an adapter.

Convergent input and homeostatic plasticity in the AVCN
improve auditory signaling in bassoon mutant mice

The impaired sound coding at bassoon-deficient hair cell synapses
(Khimich et al, 2005; Buran et al, 2010; Frank et al, 2010; Jing
et al, 2013) leads to reduced afferent input into the cochlear
nucleus. Given drastic reduction of the spiral ganglion compound
action potential, the better preserved amplitudes of the second
peak of auditory brainstem responses that reflects AVCN activity
(Melcher et al, 1996) had remained puzzling. Here, we demon-
strate that in Bsn“®™*%° mice the onset firing of BCs was slightly
improved over that of ANFs. We postulate that homeostatic
plasticity (Turrigiano, 2011) in the AVCN, likely induced by the
partial auditory deprivation due to the synaptic defect in hair
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cells, together with the convergence of ANF in the AVCN (Cao &
Oertel, 2010) account for the partially restored sound onset
response. Our study suggests that both synaptic and intrinsic
homeostatic mechanisms increase the excitability of BCs. Postsyn-
aptic upscaling and the decreased soma size of BCs jointly reduce
the presynaptic input required for supra-threshold depolarization.
Our interpretation is in agreement with previous morphological
analyses of endbulbs in congenitally deaf and chemically deafened
cats reporting increased PSD length and decreased BC size (Pasic
& Rubel, 1989; Baker et al, 2010; Ryugo et al, 2010). Interestingly,
incompletely deafened cats with residual hearing showed interme-
diate phenotypes and the phenotype of deaf cats could be amelio-
rated by electrical stimulation of auditory nerve fibers with
cochlear implants (Ryugo et al, 2005; O’Neil et al, 2011). Future
experiments will be required to study the regulation, e.g. a poten-
tial role of Arc/Arg3.1 (Bramham et al, 2008), and the precise
molecular changes accompanying the homeostatic plasticity
observed at the endbulb synapse in the AVCN in response to
auditory deprivation.

Materials and Methods

Animals

Mice with deletion of exons 4 and 5 of the Bassoon gene (Altrock
et al, 2003) (Bsn®B*%/®) and their wild-type littermates (Bsn™') were
studied from postnatal day 15 to 23. They were derived from
heterozygous breeding with C57BL/6J genetic background (follow-
ing backcrossing over seven generations). PCR was used for

genotyping.
In vitro electrophysiology

Parasagittal slices (150 um) of cochlear nuclei were prepared as
described (Yang & Xu-Friedman, 2008). Briefly, brains were care-
fully dissected and immediately immersed in ice-cold low-sodium,
low-calcium slicing solution containing (in mM): NaCl (75), NaHCO;
(26), sucrose (75), NaH,PO, (1.25), KCI (2.5), glucose (25), MgCl,
(7) and CaCl, (0.25), aerated with carbogen (95% O,—5% CO,);
osmolarity of the solution was ~312 mOsm. After the meninges
were removed from the ventral aspect of the brainstem the two
hemispheres were separated by a hemisection through the median
plane and the forebrain was removed at the pons-midbrain junction.
Both sides of the brainstem were glued onto the stage of a Leica
(Wetzlar, Germany) 1200 S vibrating microtome with the lateral
aspect of the brainstem facing upwards, allowing for parasagittal
sectioning. Slices were allowed to recover for 30 min in artificial
cerebrospinal fluid (aCSF) heated to 34°C before being used for elec-
trophysiological experiments. aCSF contained (in mM): NaCl (125),
NaHCO; (26), glucose (15), KCl (2.5), NaH,PO, (1.25), MgCl, (1),
CaCl, (1.5), Na L-lactate (4), Na pyruvate (2), Na L-ascorbate (0.4),
and was aerated with carbogen at all times. The Mg®>* and Ca**
concentrations were chosen to match closely as possible the in vivo
CSF concentrations (Jones & Keep, 1988; Sun et al, 2009). Experi-
ments were carried out under constant superfusion with pre-
warmed aCSF at flow rates of 3-4 ml/min. The temperature was
monitored by a thermistor placed between inflow site and tissue
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slice and warmed to 34-36°C by an inline solution heater (SH-27B
with TC-324B controller; Warner Instruments, Hamden, CT, USA).

Pipettes were pulled with a filament puller (P-97; Sutter Instru-
ment, Novato, CA, USA) from borosilicate glass (outer diameter:
1.5 mm, inner diameter: 0.86 mm; Science Products, Hofheim,
Germany) and had resistances of 1.5-3 M) when filled with inter-
nal solution for voltage clamp containing (in mM): CsF (35), CsCl
(100), EGTA (10), HEPES (10), and QX-314 (1; Alomone Labs, Jeru-
salem, Israel); or alternatively for current clamp (in mM): 130
KMeSO0; (130), NaCl (10), HEPES (10), MgCl, (2), EGTA (0.5), CaCl,
(0.16), MgATP (4), NaGTP (0.4), Na,Phosphocreatine (14), with pH
adjusted to 7.3, and an osmolarity of 300 mOsm. Mean series resis-
tance was around 5 MQ and routinely compensated by 70%. Pre-
synaptic auditory nerve fibers were stimulated using a monopolar
electrode in a glass capillary (patch pipette) filled with aCSF. The
stimulation electrode was placed at a minimum distance of one cell
diameter away from the cell being recorded and currents of 3-20 pA
were delivered through a stimulus isolator (A360 World Precision
Instruments, Sarasota, FL, USA). Miniature excitatory post-synaptic
currents (mEPSCs) were initially recorded in the presence of
0.5 mM TTX (Tocris, Ellisville, USA), but as reported (Isaacson &
Walmsley, 1996; Lu et al, 2007) no difference in the mEPSCs were
noted if recorded without TTX and hence, most of the recordings
were carried out without TTX with the benefit of being able to con-
firm the cell type by evoking synaptic transmission after recording
of mEPSCs. To prevent AMPA receptor saturation/desensitization
1 mM kynurenic acid (Tocris) was added to the aCSF in some exper-
iments. Unless otherwise noted, chemicals were purchased from
Sigma-Aldrich (St. Louis, USA).

Single-unit recordings from auditory nerve and anteroventral
cochlear nucleus

In vivo experiments were performed as described (Taberner &
Liberman, 2005; Jing et al, 2013). After induction of anesthesia with
urethane (1.32 mg/kg), xylazine (5 mg/kg) and buprenorphine
(0.1 mg/kg), the animals were tracheostomized and the cartilaginous
ear canals were removed before they were positioned in a custom-
designed headholder and stereotactic apparatus. An occipital
approach with partial removal of occipital bone and cerebellum was
applied to expose the surface of the cochlear nucleus. For auditory
nerve recordings, a glass microelectrode was advanced through the
posterior end of the anteroventral cochlear nucleus, targeting nerve
fibers with a primary-like response pattern near the internal audi-
tory canal. For AVCN recordings, a more anterior position was pre-
ferred to avoid the auditory nerve and instead target the area where
a higher fraction of spherical BCs is located. After the spontaneous
rate, characteristic frequency (CF) and best threshold for each unit
were measured, 200 repetitions of 50 ms tone bursts at CF, 30 dB
above threshold (2.5 ms cos?® rise/fall, repetition rate 8 Hz) were
used to characterize sound-evoked responses. Sound-responsive
units were classified as BCs when their response pattern was
‘pri-notch’ or when it was ‘primary-like’ and the stereotactic posi-
tion was at a depth of < 1 mm below the surface of the cochlear
nucleus and/or anterior of the internal auditory canal. Extracellular
signals were amplified and bandpass filtered (300-3000 Hz) using
an ELC-03XS amplifier (NPI Electronic, Tamm, Germany). Digitized
signals (Tucker Davis Technologies System 3, Alachua, FL, USA)
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were saved for offline analysis using custom-written Matlab soft-
ware (Mathworks, Natick, MA, USA).

Immunohistochemistry and confocal imaging

Brains were dissected as for electrophysiology and frozen in 2-methyl-
butane at —35 to —40°C. After equilibration to cutting temperature
(chamber: —22°C, object stage: —20°C, Figocut E cryotome; Reichert-
Jung, Depew, NY, USA) 30 pm thick coronal cryosections were cut
and collected onto gelatin-coated object slides. For comparison of
both genotypes via parallel processing, we collected one slice of
each genotype per object slide. For fixation, object slides were
immersed in ice-cold formaldehyde diluted to 4% with phosphate
buffered saline (PBS) for 2 min. Thereafter, the slices were washed
for 30 min in PBS and incubated for 1 h in Goat Serum Dilution
Buffer (GSDB: 16% normal goat serum, 450 mM NacCl, 0.3% Triton
X-100, 20 mM phosphate buffer, pH 7.4) in a wet chamber at room
temperature. Primary antibodies (Supplementary materials) were
dissolved in GSDB buffer and applied overnight at 4°C in a wet
chamber. After washing 2 x 5 min with wash buffer (wash buffer:
450 mM NaCl, 20 mM phosphate buffer, 0.3% Triton X-100) and
2 x 5 min in PBS the tissue was incubated with secondary antibod-
ies (Supplementary materials) in GSDB in a wet light-protected
chamber for 1 h at room temperature. Then, the slices were washed
2 x 5 min in wash buffer, 2 x 5 min in PBS and 1 x 5 min in 5 mM
phosphate buffer, and finally mounted with a drop of fluorescence
mounting medium based on Mowiol 4-88 (Carl Roth, Karlsruhe,
Germany) and DABCO (Carl Roth) and covered with a thin glass
cover slip.

Confocal images were acquired using a laser-scanning confocal
microscope (Leica TCS SP5; Leica Microsystems CMS) equipped
with 488 nm (Ar) and 561/633 nm (He-Ne) lasers for excitation of
the respective Alexa fluorophore and a 63x/1.4 NA oil-immersion
objective. Stacks of confocal images were collected with step sizes
of 0.20-0.25 um and a pixel size of 48 nm. Samples of Bsn“Ex#/*
and Bsn™' mice were processed in parallel and images were taken
with the same settings preferentially during the same imaging
session.

Electron microscopy

Animals were transcardially perfused with 4% formaldehyde and
parasagittal slices from cochlear nuclei were obtained as for
physiology. Subsequently, slices were fixed 60 min on ice with
secondary fixative comprising 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.2, washed in sodium cacodylate buffer and
postfixed on ice for 1 h with 1% osmium tetroxide (in 0.1 M sodium
cacodylate buffer), followed by a 1 h washing step in sodium caco-
dylate buffer and three brief washing steps in distilled water. The
samples were stained en bloc with 1% uranyl acetate in distilled
water for 1 h on ice. After a brief wash with distilled water, samples
were dehydrated at room temperature in increasing ethanol concen-
trations, infiltrated in Epon resin (100% EtOH/Epon 1:1, 30 and
90 min; 100% Epon, overnight), and embedded for 48 h at 70°C.
Following conventional embedding 55-60 nm sections were cut
approaching from the anterior edge. Slices were postfixed and
stained with uranyl acetate/lead citrate following standard protocols.
Micrographs were taken with a 1024 x 1024 charge-coupled device
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detector (HSS 512/1024; Proscan Electronic Systems, Scheuering,
Germany) in an electron microscope (EM 902A; Carl Zeiss, Inc.,
Oberkochen, Germany) operated in bright field mode or with a JEOL
electron microscope (JEM 1011, JEOL, Eching, Germany) equipped
with a GatanOrius 1200A camera (Gatan, Munich, Germany) using
the Gatan Digital Micrograph software package.

Data analysis

Data analysis was performed using Matlab (Mathworks), Igor Pro
(Wavemetrics, Lake Oswego, OR, USA), Mini Analysis (Synaptosoft
Inc., Fort Lee, NJ, USA) and ImageJ software (Schneider et al, 2012).
Figures were assembled for display in the Adobe Illustrator (Adobe
Systems, Munich, Germany) software. Means are presented with
their standard errors (SEM) and represent grand averages of the
cell’s means (unless stated otherwise). Statistically significant differ-
ences between groups were determined by either using unpaired,
two-tailed Student’s t-tests (if data was distributed normally and the
variances between the groups were comparable), or Wilcoxon Rank
tests where data distribution did not fulfill the mentioned criteria.
Normality was tested with the Jarque-Bera (Jarque & Bera, 1987)
test, and variances were compared with the F-test. Reconstruction of
endbulb terminals from calretinin-stained confocal image stacks was
done by visually tracing, labeling and computed volume rendering
with the Reconstruct software (Fiala, 2005). For Fig 2G, single confo-
cal images were analyzed by averaging fluorescence intensities from
regions of interest defined by suprathreshold pixels in either the
VGLUT1 or the VGAT channel, representing endbulb and inhibitory
terminals, respectively. For Figs 1D-G and 2A-F, stacks of confocal
images were analyzed with a custom written Matlab routine
described earlier (Meyer et al, 2009) with modifications for amelio-
rating the intensity differences within a stack by linearly increasing
the threshold. This allowed for localizing the center of mass (center
of immunofluorescence mass coordinates were calculated by the
average pixel position weighted by pixel intensity) from weakly fluo-
rescent spots as well as separation of closely spaced fluorescent spots
with high fluorescence intensities.

Supplementary information for this article is available online:
http://emboj.embopress.org
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