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Mechanisms and Functional Consequences of Presynaptic
Homeostatic Plasticity at Auditory Nerve Synapses
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Multiple forms of homeostasis influence synaptic function under diverse activity conditions. Both presynaptic and postsynap-
tic forms of homeostasis are important, but their relative impact on fidelity is unknown. To address this issue, we studied au-
ditory nerve synapses onto bushy cells in the cochlear nucleus of mice of both sexes. These synapses undergo bidirectional
presynaptic and postsynaptic homeostatic changes with increased and decreased acoustic stimulation. We found that both
young and mature synapses exhibit similar activity-dependent changes in short-term depression. Experiments using chelators
and imaging both indicated that presynaptic Ca®* influx decreased after noise exposure, and increased after ligating the ear
canal. By contrast, Ca>" cooperativity was unaffected. Experiments using specific antagonists suggest that occlusion leads to
changes in the Ca*" channel subtypes driving neurotransmitter release. Furthermore, dynamic-clamp experiments revealed
that spike fidelity primarily depended on changes in presynaptic depression, with some contribution from changes in postsy-
naptic intrinsic properties. These experiments indicate that presynaptic Ca*" influx is homeostatically regulated in vivo to

enhance synaptic fidelity.
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conductive hearing loss.

Homeostatic mechanisms in synapses maintain stable function in the face of different levels of activity. Both juvenile and
mature auditory nerve synapses onto bushy cells modify short-term depression in different acoustic environments, which
raises the question of what the underlying presynaptic mechanisms are and the relative importance of presynaptic and postsy-
naptic contributions to the faithful transfer of information. Changes in short-term depression under different acoustic condi-
tions were a result of changes in presynaptic Ca®" influx. Spike fidelity was affected by both presynaptic and postsynaptic
changes after ear occlusion and was only affected by presynaptic changes after noise-rearing. These findings are important for
understanding regulation of auditory synapses under normal conditions and also in disorders following noise exposure or
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Introduction

Neural circuits are subject to a wide range of activity levels,
which can significantly affect synaptic function, as high activity
can deplete presynaptic vesicles and reduce fidelity (Kuenzel et
al,, 2011). This is a particular issue at synapses with high proba-
bility of vesicle release (P,), where depletion is fastest. There are
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homeostatic mechanisms that maintain synaptic fidelity across
different levels of activity. Mammalian central synapses exhibit
postsynaptic homeostasis through regulation of neurotransmitter
receptors and excitability (Turrigiano et al., 1998; Song et al,
2005; Grubb and Burrone, 2010), and these mechanisms can be
recruited in vivo (Hengen et al., 2013; Keck et al., 2013). There
are also presynaptic forms of homeostasis that control P, and the
size of the vesicle pool (Davis, 2006; Branco et al., 2008;
Delvendahl and Muller, 2019), but it is not clear how these
mechanisms are recruited in vivo, or indeed what the relative im-
portance of presynaptic versus postsynaptic homeostatic mecha-
nisms is for spike fidelity.

A good system for gaining insights into these issues is the au-
ditory system. Auditory nerve fibers (ANFs) show diverse firing
rates depending on their sensitivity to sound level (Liberman,
1978). In addition, cochlear activity changes throughout life
(Skoe et al., 2015), which could affect processing in maturity.
ANFs undergo activity-dependent changes at their terminals in
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the anteroventral cochlear nucleus onto bushy cells (BCs). These
synapses, called “endbulbs of Held” (Ryugo and Fekete, 1982),
normally have a high P, (Yang and Xu-Friedman, 2008, 2013).
After occluding ears, P, at endbulbs increased and BC input re-
sistance decreased, resulting in decreased BC firing (Zhuang et
al., 2017). By contrast, after noise-rearing, P, at endbulbs and
postsynaptic spike threshold both decreased, resulting in
increased BC firing (Ngodup et al., 2015). This raises questions
of what the underlying cellular mechanisms are, the relative im-
portance of presynaptic versus postsynaptic changes for spike fi-
delity, and how mature synapses respond to changes in activity.

It is a long-standing question how P, is set at any synapse. One
possibility is through changes in Ca®* signaling. Experimentally,
manipulating Ca®" influx affects P, (Mintz et al,, 1995; Dittman
and Regehr, 1998; Cho et al,, 2011; Thanawala and Regehr, 2013).
Manipulation of activity in vitro triggers increases in P, at some
synapses through increased Ca*" influx (Zhao et al., 2011; Miiller
and Davis, 2012; Delvendahl et al., 2019; Gratz et al., 2019).
However, it is unknown whether physiological changes in activity
drive a similar mechanism to regulate Ca®* influx and P,. Another
possibility is through changes in the structure of presynaptic Ca®"
domains. In immature synapses, Ca>" channels are thought to be
loosely coupled to vesicle release in so-called “microdomains,”
whereas in mature synapses, Ca>" channels are tightly coupled to
vesicle release in “nanodomains” (Taschenberger et al, 2002;
Wang et al,, 2008; Schmidt et al., 2013). Variability in domain
structure has been suggested to underlie diversity of P, and depres-
sion characteristics at auditory synapses (Fekete et al, 2019).
Domain structure appears to influence the efficacy with which
Ca®" drives vesicle release, which would be reflected in the quanti-
tative relationship between Ca®>" and release, particularly the coop-
erativity (Jenkinson, 1957; Dodge and Rahamimoff, 1967; Borst
and Sakmann, 1996; Schneggenburger et al., 2012). It is important
to understand how these factors might influence in vivo regulation
of P..

We addressed the mechanisms and consequences of synaptic
changes by exposing mice to different acoustic conditions, and
assessing endbulbs using electrophysiology and Ca>* imaging in
vitro. Ca’" influx increased after ear occlusion and decreased af-
ter noise-rearing, with no changes in Ca** cooperativity. In addi-
tion, two-electrode dynamic-clamp experiments showed that
presynaptic changes following ear occlusion and noise-rearing
affected spike fidelity, while postsynaptic changes following only
ear occlusion had an effect. Finally, P, of mature endbulbs also
depended on activity, indicating that this homeostatic mecha-
nism plays a role throughout life. These experiments have impor-
tant implications for understanding regulation of P, and the
impact of noise exposure or conductive hearing loss on auditory
processing.

Materials and Methods

All experiments were approved by the University at Buffalo’s
Institutional Animal Care and Use Committee. Experimental subjects
were CBA/CaJ mice (RRID:IMSR_JAX:000654) of either sex, aged from
postnatal day 12 (P12) to P79.

Bilateral ear occlusion. Ears were bilaterally occluded by ligating the
auditory canal at different postnatal days depending on experiments
(Zhuang et al., 2017). Mice were anesthetized with 200 mg/kg ketamine
plus 10 mg/kg xylazine. An incision was made beside the pinna, and a
portion of the ear canal was exposed and ligated with surgical silk
(Harvard Apparatus). The incision was closed using suturing and
Vetbond. Mice were restored to their home cages until brain-slice elec-
trophysiology recordings.
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Noise-rearing. Mice were exposed to broadband noise using a white
noise generator (ACO Pacific 3025), driving a Fostex speaker (FT28D)
mounted above the animal cage (Ngodup et al., 2015). Noise level was
measured over a frequency range of 1-20kHz at 1/3 octave intervals
using a Larson-Davis sound level meter (824). Intensity depended on the
location within the cage and orientation of the microphone, with maxi-
mum intensity ranging from 76-86dB SPL, and minimum from
64-84 dB SPL. Normal conditions (with the noise speaker off) were 21-
38 dB SPL in the university animal facility.

Brain-slice electrophysiology. Parasagittal slices of anteroventral
cochlear nucleus were cut from the auditory brainstem of mice as
described previously (Yang and Xu-Friedman, 2008, 2015). Briefly, slices
(142 um) were cut in an ice-cold sucrose-based solution containing the
following (in mM): 76 NaCl, 75 sucrose, 25 NaHCOs3, 25 glucose, 2.5
KCl, 1.25 NaH,PO,, 7 MgCl,, 0.5 CaCl,. Then slices were transferred
and incubated at 30°C for 20 min in standard recording solution con-
taining the following (in mM): 125 NaCl, 26 NaHCO;, 2.5 KCl, 1.25
NaH,POy,, 20 glucose, 1.5 CaCl,, 1 MgCl,, 4 Na-L-lactate, 2 Na-pyruvate,
0.4 Na-L-ascorbate, bubbled with 95% O,/5% CQO,. Slices from animals
older than P35 were cut in standard recording solution and incubated in
NMDG-HEPES recovery solution (in mM as follows: 93 NMDG, 2.5
KCl, 1.2 NaH,PO,, 30 NaHCO3, 20 HEPES, 25 glucose, 5 Na-L-ascor-
bate, 3 Na-pyruvate, 10 MgCl,, 0.5 CaCl,; osmolarity: ~310 mOsm) for
15min before transferring to standard recording solution. Strychnine
(5 uM) was present during all recordings to block glycine receptors.
Strychnine is reported to affect input resistance at 10 uM (Franken et al.,
2015). We did not verify this effect in BCs at 5 uM; but since our record-
ings were all conducted under the same conditions, between-condition
comparisons appear valid. Kynurenate (1 mM) was included for EPSC
measurements in Figures 6 and 8 to avoid receptor saturation. Ca®*
channel antagonists w-conotoxin GVIA (0.5 uM) and w-agatoxin IVA
(0.2 uM) were used in the experiments of Figure 8 (Sigma, Alomone
Labs). In these experiments, ACSF was recirculated to conserve antago-
nist. The efficacy of the Ca>" channel antagonists at these concentrations
was verified in pilot experiments by doubling the concentration, which
did not block EPSCs further (data not shown).

BCs were patched under an Olympus BX51WI microscope with a
Multiclamp 700B (Molecular Devices) controlled by a National
Instruments PCI-6221 or Instrutech ITC-18, driven by custom-written
software (mafPC) running in Igor (WaveMetrics, RRID:SCR_000325).
The bath was perfused at 3-4 ml/min using a pump (403U/VM2;
Watson-Marlow), with recording solution running through an inline
heater to maintain the temperature at 33°C (SH-27B with TC-324B con-
troller; Warner Instruments).

Pipettes were pulled from borosilicate glass (OD: 1.5 mm, ID: 0.86
mm; Sutter Instruments) to a resistance of 1.5-2.5 MQ and were filled
with internal solution for voltage clamp containing (in mM): 35 CsF,
100 CsCl, 10 EGTA, 10 HEPES, and 1 QX-314. BCs were held at
—70mV, with access resistance 5-15 M{) compensated to 70%. Cells
were identified by EPSCs having rapid decay kinetics (7 < 0.2 ms) and
half-width <0.5ms (Chanda and Xu-Friedman, 2010a). A single ANF
input onto a BC was isolated and stimulated using a glass microelectrode
placed 30-50 um away from the soma with currents of 10-25 nA through
a stimulus isolator (WPI A360).

The two classes of BCs, spherical and globular, are not as physiologi-
cally and regionally distinct in mice compared with other species (Lauer
etal., 2013). Auditory nerve synapses onto globular BCs of cats are called
“modified endbulbs”; but in mice this distinction is rarely made, so all
recordings were pooled together.

Round window injection of Ca’" indicator. Mice were anesthetized
with 200 mg/kg ketamine and 10 mg/kg xylazine, then positioned right
ear down on a 37°C warming pad to maintain body temperature. The
skin posterior to the ear was depilated with Nair, and sterilized with 70%
ethanol and betadine. Marcaine (1 pl) was injected underneath the skin
(Chanda et al., 2011). Next, a small skin incision was made and muscle
tissue was dissected with forceps to expose the otic bulla. A small hole
was made in the bulla to visualize the round window membrane without
disrupting the tympanic membrane and malleus. A 5pul syringe
(Hamilton, HAM7634-01, 34-gauge needle) was loaded with 0.5l of
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10%, 3000-MW-dextran-conjugated calcium green-1 and 1pl of 10%,
3000-MW-dextran-conjugated Texas red (Invitrogen) to visualize the
endbulbs. The needle was positioned in the round window niche, and
the dye was injected into the cochlea. The skin incision was closed using
sutures or Vetbond, and 12-24 h was allowed for diffusion of the dyes
before imaging.

To assess hearing thresholds after cochlear injection, auditory brain-
stem responses (ABRs) were recorded 12-24 h after cochlear dye injec-
tion. Mice were anesthetized with 200 mg/kg ketamine plus 10 mg/kg
xylazine. ABRs were recorded in a soundproof room with an auditory-
evoked response averaging system controlled by TDT software (BioSig,
RRID:SCR_006495) (Sun et al., 2009). Animals were inserted with vertex
electrode, an electrode behind the pinna ipsilateral to the stimulated ear,
and a ground electrode contralateral to the stimulated ear. Clicks (100
us) were presented through a speaker placed into the ear canal. ABR
threshold was obtained for each animal by reducing the stimulus inten-
sity in 10dB steps and then 5dB steps to identify the lowest intensity
that elicited a response.

Ca’™ imaging. Labeled presynaptic endbulbs were visualized using a
60 water-immersion objective under a pE-300""™ LED light source
(CoolLED) with excitation/dichronic/emission filters of 560DF55/595/
645DF75 (for Texas red) or 480DF40/505/535DF50 (for calcium green).
Fluorescence was recorded with a photodiode (51226, Hamamatsu) with
5 GQ feedback resistor (time constant 1.6 ms). All fluorescence increases
from endbulbs were confirmed with a camera (Sensicam QE, Cooke)
controlled by SIDX drivers running in Igor. Photodiode measurements
averaged over the FOV, which was limited as much as possible using a
diaphragm, and were normalized to baseline fluorescence to yield the
AF/F, without background subtraction.

Dynamic clamp. In order to mimic presynaptic conductances, we
first collected trains of EPSCs at 100 Hz in voltage clamp from endbulbs
exposed to three acoustic conditions, and then converted them into con-
ductances. The dynamic clamp was implemented as a master-slave setup
as described by Yang et al. (2015). Each BC was patched with two 3-4
M() pipettes containing current-clamp solution (in mM as follows: 130
KMeSOs, 10 NaCl, 2 MgCl,, 0.16 CaCl,, 0.5 EGTA, 10 HEPES, 4
Na,ATP, 0.4 NaGTP, and 14 Tris-CrPhos). One electrode measured cell
voltage and the other electrode passed current. The presynaptic conduc-
tances were delivered by the master computer to the slave computer and
applied to the BCs by the dynamic clamp. The amplitude of the first syn-
aptic conductance was set to 5 times the BC’s conductance threshold,
such that the average dynamic-clamp conductance amplitude was near
the average measured EPSC amplitude across all three conditions (Yang
and Xu-Friedman, 2010). BC spikes were identified in the dynamic-
clamp recordings after subtracting the predicted effects on the mem-
brane potential of the applied conductances for a simple RC model cell.

Experimental design and statistical analysis. Average results are
reported throughout as mean = SEM. Animals of both sexes were used.
The number of cells per group is indicated in the text associated with
each experiment. For most comparisons, between 10 and 20 cells were
needed because of high variability in paired pulse ratios (PPRs) and
EPSC amplitudes. The statistical significance level was set at p < 0.05,
and exact values are shown in the text. Comparisons between two groups
were made using unpaired Student’s ¢ tests. For comparisons of three or
more groups, ANOVA tests were used with Tukey’s post hoc test.

Results

P, at mature synapses

We first addressed the functional importance of synaptic changes
at mature synapses by exposing mice to different acoustic condi-
tions. We exposed one group of mice to constant, low-intensity,
broadband noise (see Materials and Methods). Previous work
has shown that hair cell damage and synaptopathy are minimal
at this intensity (Ngodup et al,, 2015). We occluded the ears in
another group of mice by ligating the ear canal, which increases
hearing threshold by 50 dB SPL (Zhuang et al., 2017). The effi-
cacy of ligation is reduced at low frequencies (Popescu and
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Polley, 2010), so the effects on activity could vary in different
parts of the cochlea, which may introduce additional variance
into our results. We assessed endbulb P, by quantifying the level
of synaptic depression in whole-cell voltage-clamp recordings
from acute slices of the cochlear nucleus. We stimulated pairs of
EPSCs at a 3 ms interval, and calculated the PPR (PPR = EPSC,/
EPSC;). These recordings were made in the absence of a low-af-
finity antagonist, so PPR is influenced by receptor desensitization
and saturation (Chanda and Xu-Friedman, 2010a). Under these
conditions, PPR is an indirect but reliable measure of P,. A repre-
sentative recording from a P62 mouse that was reared in normal
sound conditions shows typical strong depression (Fig. 1A,B;
“Ctrl”). We ligated ear canals at either P14 (Occyoung) or P51
(Occola) and recorded after P57, by which time both groups
showed more depression (Fig. 1B), and the decrease in PPR was
significant (Fig. 1C; Ctrl: 0.51 %= 0.03, 8 cells; Occyoung: 0.36 =
0.03, 6 cells, p=0.02; Occyig: 0.38 = 0.04, 12 cells, p =0.04), indi-
cating that P, increased after ear occlusion.

Similarly, we exposed mice to noise beginning at either P12
(Nryoung) or P51 (Nrgg) and recorded after P57. Both groups
showed less depression (Fig. 1B), and the increase in PPR was
significant (Fig. 1C; Nryoung: 0.64 * 0.04, 9 cells, p =0.04; Nrq:
0.66 * 0.03, 10 cells, p =0.004), indicating that P, decreased after
noise-rearing. To test whether these changes recover, we exposed
some mice to noise until ~P51, then returned to normal sound
conditions before assessing PPR after P64. The example in
Figure 1B (Rec) shows similar PPR to control, and average PPR
was not significantly different (Fig. 1C; Rec: 0.51 * 0.02, 7 cells,
p=0.9). We did not attempt recovery experiments after long-
term occlusion because of concerns whether the ears returned to
normal function (Qi et al,, 2019). Thus, P, depends on activity
for both immature and mature endbulbs, and we found no evi-
dence of a critical period. This suggests that endbulbs adapt to
sensory experience throughout life.

In addition, we confirmed that other properties of the EPSC
showed little change, similar to our previous findings in younger
endbulbs. The population average of the amplitude of the first
EPSC (EPSC,;) was similar across all treatment groups (Fig. 1D;
Ctrl: 8.22 = 1.49nA; Occyoung: 10.02 = 1.95nA; Occpg: 10.75 =
1.26; Nryoung: 940 £ 1.41 nA; Nrgiq: 7.00 = 0.50 nA; Rec: 9.39 =
2.18 nA; p > 0.05 for all comparisons to control). In addition, the
decay tau of EPSC,; showed no significant changes (Fig. 1E; Ctrl:
181 = 9 ps; OcCyoung: 190 = 18 ps; Occorg: 188 4 ps; Nryoung:
192 = 7 ps; Nrgg: 195 = 10 ps; Rec: 197 * 14 ps; p > 0.32 for all
comparisons to control).

Ca®" signaling
We wanted to determine the cellular mechanisms underlying the
activity-dependent regulation of P,. Presynaptic Ca>" signaling
is a primary regulator of neurotransmitter release (Mintz et al.,
1995; Augustine, 2001; Sudhof, 2012), so we investigated its con-
tribution by applying Ca>* chelators. BAPTA-AM is a fast Ca* "
chelator; and when it is applied to slices, it is taken up by presyn-
aptic endbulbs (Tsien, 1980). The postsynaptic BC is unaffected
because the patch pipette sets its intracellular composition.
While young and mature endbulbs are subject to similar changes
in P, it is easier technically to address the underlying mecha-
nisms in younger endbulbs. We therefore either exposed mice to
noise at P12 or occluded the ear canal at P14, and performed
voltage-clamp recordings after P21 (Fig. 2A).

We measured EPSCs from occluded, noise-reared, and age-
matched control endbulbs before and after applying 100 uM
BAPTA-AM for 5min (Fig. 2B). Application time was held
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Figure 1.  Acoustically-driven changes in mature synapses. A, Experimental timeline for

acoustic manipulations. All cells were recorded after P57. Ctrl mice were raised under normal
(Norm) sound conditions. 0ccyqung Mice were occluded at P14 until recordings. Occyg mice
were occluded at P51 until recordings. Nryo,,q Mice were noise-reared at P12 until record-
ings. Nrq mice were noise-reared at P51 until recordings. Rec (recovery) mice were noise-
reared between P12 and P51, then held in normal sound conditions until recordings. B,
Representative EPSCs from mice raised in the sound conditions in A. A single presynaptic
ANF was isolated and stimulated in pairs with a 3 ms interval. Vertical bars = 1nA. (-, PPR
(€), EPSC; amplitude (D), and decay 7 (E) for different treatment groups in A. Error bars indi-
cate mean == SEM. Horizontal markers represent individual experiments (7-12 cells each con-
dition). *p << 0.05, NS = not significant (p > 0.05).
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Figure 2.  Effects of BAPTA-AM. A, Experimental timeline for acoustic manipulations. Ctrl
mice were raised under normal sound conditions until recordings. Occ mice were occluded at
P14, and Nr mice were noise-reared at P12 until recording between P21 and P26. B,
Representative traces showing effects of BAPTA-AM on EPSC; amplitude from control (Bi),
occluded (Bii), and noise-reared (Biii) mice. Black bars represent EPSCs after 5 min applica-
tion of 100 M BAPTA-AM that were used for analysis. C, Average EPSC; before (black
traces) and after (color traces) 5 min application of BAPTA-AM. Cells are from P21 to P26
mice. Vertical bars=1nA. D, Individual EPSC; amplitude of all recordings before and after
bath application of BAPTA-AM under different acoustic conditions (7-13 cells each condition).
E, Percent block of EPSC; after applying BAPTA-AM for the three acoustic conditions. BAPTA-
AM is less effective at blocking EPSC; after occlusion compared with controls. Small horizon-
tal markers represent individual recordings. Large horizontal markers represent mean
=+ SEM. *p < 0.05.

constant to ensure that equal amounts of BAPTA were loaded in
each experiment. BAPTA blocked EPSCs from control and
noise-reared endbulbs with high efficacy, but not occluded end-
bulbs (Fig. 2C; black represents before BAPTA-AM wash-in, and
color represents after BAPTA-AM wash-in, Fig. 2D; Ctrl before:
8.43 = 1.82nA, after: 5.41 = 1.09nA, 9 cells; Occ before: 9.95 =
1.38nA, after: 7.51 * 1.03nA, 13 cells; Nr before: 7.74 *+
1.16 nA, after: 4.77 = 0.33nA, 7 cells). On average, the percent
block of EPSC,; was similar for control and noise-reared end-
bulbs, but BAPTA had significantly less effect on EPSC; from
occluded endbulbs (Fig. 2E; Ctrl: 33 = 3%, 9 cells; Nr: 37 = 4%,
7 cells; p=0.4; Occ: 24 = 3%, 13 cells; p=0.04).

We next tested the blocking effects of a slower Ca®" chelator,
EGTA, on synaptic transmission. EGTA at endbulbs reduces
residual-Ca®*-dependent recovery (Yang and Xu-Friedman,



6900 - J. Neurosci., September 2, 2020 - 40(36):6896—6909

2008). We used this to verify wash-in of EGTA by stimulating
ANFs with a 5 pulse, 100 Hz train followed by a test pulse at a
100 ms delay (EPSCis; Fig. 3A). After bath application of 20 uM
EGTA-AM for 5min, the amplitude of EPSC,, significantly
decreased in both control and occluded groups (Fig. 3B), indicat-
ing that there was effective wash-in of EGTA. EPSC,.; did not
decrease significantly after noise-rearing (Fig. 3B), suggesting
that noise-rearing may also affect Ca’"-dependent recovery
mechanisms. EPSC; was little affected by EGTA in control and
occluded endbulbs but was blocked in noise-reared endbulbs
with high efficacy (Fig. 3C,D). We saw similar effects on average
for both EPSC; (Fig. 3E; Ctrl before: 10.36 = 2.73nA, after:
9.41 * 2.36nA, 6 cells; Occ before: 11.89 * 2.67 nA, after: 11.18 =
2.71nA, 8 cells; Nr before: 6.59 = 1.11 nA, after: 530 = 0.91nA, 7
cells) and percent block by EGTA-AM (Fig. 3F; Ctrl: 8 = 3%, 6
cells; Occ: 7 = 3%, 8 cells; p=0.9; Nr: 19 = 5%, 7 cells; p = 0.04).

These results indicate that acoustic experience influences pre-
synaptic Ca®" signaling at endbulbs. The results with BAPTA-
AM are consistent with increased Ca®" influx or tighter coupling
between the Ca®* sensor and Ca®* channels after occlusion. The
results with EGTA-AM are consistent with decreased Ca>"
influx or looser coupling between the Ca®>" sensor and Ca*"
channels at endbulbs after noise-rearing. Because the effects of
exogenous chelators are influenced by both changes in influx
and coupling (Nakamura et al.,, 2018), additional tests are needed
to distinguish these possibilities.

Ca’" imaging

EGTA and BAPTA experiments suggested that endbulbs regulate
the level of synaptic depression by adjusting presynaptic Ca*"
signaling under different sound conditions. In order to test
whether this resulted from changes in Ca*" influx, we used Ca*"
imaging. We loaded ANFs with dextran-conjugated calcium
green-1, which is a high-affinity Ca*"-sensitive indicator
(Kreitzer et al., 2000), by coinjecting it with Texas red into the
cochlea and allowing overnight diffusion (Chanda et al., 2011).
This method causes some damage to the cochlea and elevated
hearing threshold (Fig. 4A,B). However, we minimized the time
between injection and imaging to preserve the consequences of
different acoustic environments for synaptic depression (Fig. 4C;
Ctrl: 0.54 £ 0.05, 9 cells; Ctrl Inj: 0.42 = 0.04, 11 cells; p=0.06;
Occ: 0.34 = 0.02, 32 cells; Occ Inj: 0.32 = 0.03, 16 cells; p=0.7;
Nr: 0.70 = 0.04, 12 cells; Nr Inj: 0.70 = 0.07, 8 cells; p=10.9).

Endbulbs were recognized by their morphology in Texas
red fluorescence, as well as by being adjacent to a healthy BC
(Chanda et al., 2011) (Fig. 4Di,Dii). Ca** signals were con-
firmed as originating from endbulbs by observing localized
increases in fluorescence following stimulation using a cam-
era (Fig. 4Diii-Dv). Typically, only restricted parts of the
endbulb increased fluorescence on stimulation (Fig. 4Diii-
Dv, yellow box), which are presumably the areas correspond-
ing to active release sites.

To acquire higher temporal resolution of Ca®>" transients, we
switched to photodiode measurements. Round window injec-
tions yield endbulbs with different indicator concentrations,
which provides important experimental advantages. For synapses
with high concentrations of calcium green-1, Ca®* entering after
one stimulus will occupy a small fraction of the available indica-
tor, so Ca>" influx on subsequent stimuli would produce similar
fluorescence changes. Thus, overloaded endbulbs provide a lin-
ear measure of Ca>" levels. For synapses with low concentrations
of calcium green-1, Ca®" levels that approach the dissociation
constant (Kp) of calcium green-1 will show saturation. In other
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Figure 3. Effects of EGTA-AM. A, Representative traces from a control mouse showing

effects of 20 M EGTA-AM on EPSGs. There was little effect on EPSC amplitude during 5-
pulse, 100-Hz trains, but significant reduction of a test pulse (EPSCes;) after 100 ms recovery.
B, Relative decrease in EPSCyes; following wash-in of EGTA-AM (Ctrl: 6 cells; Occ: 8 cells; Nr: 7
cells). EPSCies; decreased significantly in both control and occluded groups, but not after
noise-rearing. C, Time course of EGTA-AM wash-in for EPSC; and EPSCes;. Black bars repre-
sent traces averaged in D. D, Average traces before (black) and after (color) EGTA-AM appli-
cation. All traces are average of 5-10 trials. E, Individual EPSC; amplitude of all recordings
before and after application of EGTA-AM under different acoustic conditions (Ctrl: 6 cells; Occ:
8 cells; Nr: 7 cells). F, Percent block of EPSC; after applying EGTA-AM in control, occluded,
and noise-reared mice. EGTA-AM blocks EPSC; more effectively in noise-reared mice than in
control and occluded mice (p = 0.04). *p < 0.05, NS = not significant (p > 0.05).

words, Ca®" entering after one stimulus will occupy a large frac-
tion of the available indicator, which reduces fluorescence
changes despite identical Ca*" influx on subsequent stimuli
(Sabatini and Regehr, 1995). The degree of saturation would be
greater when Ca® " influx is higher and smaller when Ca®" influx
is lower. Thus, saturation provides insight into the magnitude of
Ca®" influx. These two situations can be distinguished by the
decay of Ca®" transients, which is slower at higher indicator con-
centration (Regehr and Atluri, 1995; Helmchen et al., 1996).
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7 < 40 ms showed significantly greater sat-
uration than control or noise-reared end-
bulbs (Ctrl: Peak,/Peak; = 0.98 * 0.03, 27
cells; Occ: 0.84 = 0.03, 16 cells, p =0.0008;
000 Nr: 1.03 + 0.02, 21 cells, p=0.2). This sug-
gests that Ca®>" influx increased following

occlusion.
In addition, we tested whether activity-
dependent changes in PPR might result
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Figure 4.

We measured fluorescence changes in response to paired
stimulation in endbulbs from control (Fig. 5Ai), occluded (Fig.
5Bi), and noise-reared mice (Fig. 5Ci). We quantified the ampli-
tudes of the first fluorescence transient (Peak;) and the second
(Peak,) after subtracting the single-stimulus waveform (Fig. 5Aii,
Bii,Cii). A low value of Peak,/Peak; would be indicative of
saturation.

To assess the concentration of calcium green-1 at endbulbs, we
also measured the decay 7 of transients. Peak; and Peak, were
nearly the same amplitude in control and noise-reared endbulbs for
all rates of decay (Fig. 5Ai1,Aiii,Cii,Ciii). After occlusion, however,
the relative amplitude of Peak, was significantly reduced for end-
bulbs with 7 faster than 40 ms (Fig. 5Bii,Biii). This suggests that
endbulbs with low indicator concentrations could be identified by
showing a decay 7 faster than 40 ms. Occluded endbulbs with decay

2pv Ctrl

Effects of cochlea injection. A, Representative ABR traces from a P20 control mouse (left), and a P22 injected
mouse (right). Traces represent averages of 1024 responses to click stimuli. B, Average ABR thresholds for control (5 ears)
and after cochlear injection (6 ears). After cochlear injection, thresholds were significantly elevated (p <<0.05). C,
Measurements of PPRs at At =3 ms for control, occluded, and noise-reared mice with and without cochlear injection. These
results indicated that PPRs were affected by cochlea injection, but the relative effects of noise-rearing or occlusion were basi-
cally preserved (Ctrl: 9 cells; Ctrl Inj: 11 cells; Occ: 32 cells; Occ Inj: 16 cells; Nr: 12 cells; Nr Inj: 8 cells). Ctrl versus Ctrl Inj:
p=0.06; Occ versus Occ Inj: p=0.7; Nr versus Nr inj: p=0.9; Ctrl Inj versus Occ Inj: p=0.06; Ctrl inj versus Nr Inj:
p=0.006. D, Representative images confirming BC (Di, brightfield) and presynaptic endbulb, labeled by dextran-conjugated
Texas red (Dii, red). Green images represent calcium green-1 fluorescence before (Diii) and after (Div) single stimulation.
Dv, Stimulation-induced changes in fluorescence. Yellow box represents region with large fluorescence changes. The other
regions of the endbulb represent negligible fluorescence changes. *p << 0.05, NS = not significant (p > 0.05).

from changes in Ca’" handling in end-
bulbs. There was no systematic change in
the 7 of decay for Peak; averaged across
all endbulbs for each acoustic condition
(Ctrl: 7 = 34.9 = 3.0ms, 35 cells; Occ: 7 =
355+ 2.7ms, 25 cells, p=0.87; Nr: 7 =
34.3 *2.2ms, 27 cells, p=0.88) (Fig. 5A-
Q). It is possible this comparison was con-
founded by endbulbs that were overloaded
with calcium green-1. We therefore
selected endbulbs where Peak; had a fast
decay (7 < 40 ms) and assessed the decay
of Peak,. However, we did not detect a sys-
tematic change under any acoustic condi-
tion (Fig. 5D). Furthermore, the slight
slowing of the decay tau for the second
pulse (~5 ms across all conditions) is con-
sistent with the Ca®" indicator being near
saturation (model results not shown). This
suggests that there were no activity-de-
pendent changes in factors that influence
Ca®" clearance, including surface-to-vol-
ume ratio, buffering, or extrusion rate.

As a second test of changes in Ca**
influx, we quantified the amplitudes of
Ca®" transients after single stimuli for
endbulbs exposed to the different acoustic
conditions, and found no significant dif-
ferences in Peak; (Ctrl: AF/F=042 *
0.04%, 27 cells; Occ: 0.38 = 0.04%, 16
cells, p=0.60; Nr: 0.43 = 0.04%, 21 cells,
p=0.87) (Fig. 5E), suggesting that total
influx of Ca** in the endbulb did not
change. However, the interpretation of
this measurement is complicated by activ-
ity-dependent changes in endbulb struc-
ture. Previous work indicated that the size
of the vesicle pool increased after noise-
rearing (Ngodup et al.,, 2015), whereas af-
ter occlusion the number of release sites
decreased (Zhuang et al, 2017). These changes in number of
release sites are the opposite of predicted changes in Ca*™ influx
at single release sites, and it is possible that the net result is simi-
lar total fluorescence signals after a single stimulation.

With pairs of pulses, we did not detect a decrease in satura-
tion after noise-rearing (Fig. 5C), perhaps because control end-
bulbs showed little saturation to begin with. To enhance the
sensitivity of this approach, we stimulated ANFs with a train of
10 stimuli at 100 Hz (Fig. 5F). Ca*" transients built up signifi-
cantly more after ear occlusion, but less after noise-rearing (Fig.
5G; Ctrl: 14 cells; Occ: 11 cells, p=0.03; Nr: 14 cells, p=0.01),
suggesting that overall Ca®" influx increases after occlusion and
decreases after noise-rearing. To measure individual peak ampli-
tudes, the subtraction method used in Figure 5A-C was not

Inj
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Figure 5. Changes in Ca®* influx. A-C, Ca>" -fluorescence transients are recorded with photodiode and evoked by one stimulus (black) and paired stimuli (At=10ms, red) from control
(Ai), occluded (Bi), and noise-reared (Ci) endbulbs. Middle traces (Aii, Bii, Cii) represent the single stimulation (black) compared with the subtracted response, showing only response to the
second pulse (yellow). Every trace represents an average of 15-20 trials. Bottom panels (Aii, Biii, Ciii) represent the amplitude of the second peak normalized to the first (Peak,/Peak;) for tran-
sients of different decay rate constants (7). Occluded endbulbs (B) with 7 faster than 40 ms showed evidence of saturation (Peak,/Peak; << 1), indicating that calcium levels approached the
Ky of calcium green-1 (25 cells). Occluded endbulbs with 7 slower than 40 ms did not show saturation (Peak,/Peak; near 1), indicating that they were overloaded. Saturation was significantly
lower in control and noise-reared endbulbs, indicating lower Ca** influx. Dashed line at 40 ms indicates maximal decay tau for data used in analyses in D—H. D, Decay T of Peak; and Peak,
from control, occluded, and noise-reared endbulbs. (Ctrl: 27 cells; Occ: 16 cells; Nr: 21 cells). E, Average Peak; amplitudes from three conditions. Peak amplitudes from endbulbs of occluded
and noise-reared mice are not significantly different from control (p > 0.05). F, Representative Ca>" transient from a P20 control mouse following 10 pulses of 100 Hz stimulation. Black trace
represents the average of 12 trials. Green trace represents a fit for measuring peak amplitudes (see Results). G, Average peak fluorescence during trains for different acoustic conditions

(*p << 0.05). H, Average step increases in fluorescence for peaks 1-9 from three acoustic conditions (11-14 cells each condition). *p << 0.05, NS = not significant (p > 0.05).

practical. Instead, we fit transients to an equation of the form:
y(t) = ZA,—ef('ft’)/TH(t — t;), where A; and t; are the time and

1

amplitude of each pulse, 7 is the rate of decay, and H is the unit
step function. This equation appeared reliable at reporting indi-
vidual peak amplitudes (Fig. 5F, green), except for the final pulse,
which was consistently underestimated. After ear occlusion, the
amplitudes of pulses 5-9 decreased significantly, indicating satu-
ration significantly increased; and after noise-rearing, their
amplitudes significantly increased, indicating saturation signifi-
cantly decreased (Fig. 5H; Ctrl: 14 cells; Occ: 11 cells; p < 0.001;
Nr: 14 cells; p < 0.001). This is best explained by increased Ca**
influx after ear occlusion and decreased Ca>" influx after noise-
rearing.

Ca®" efficacy
Another potential contribution to changes in P, is the efficacy
of Ca®" after influx within Ca®’* domains. We assessed

changes in how Ca*>" drives neurotransmitter release by plot-
ting normalized EPSC amplitude in multiple external Ca**
concentrations (Ca,) against Ca®>" influx (Ca;,) and fitting the
relationship to a power law: EPSC = k[Ca;;,]”. The exponent n
is called the cooperativity, and is sensitive to coupling efficacy
between Ca’" and neurotransmitter release (Dodge and
Rahamimoff, 1967). We measured EPSC; amplitude over 0.5-
4.5 Ca, (Fig. 6A,B). To avoid saturation of postsynaptic
AMPA receptors, we measured EPSCs in the presence of 1
mM kynurenate. We also measured relative Ca;, across the
same range of Ca, (Fig. 6C,D). To avoid saturation of the indi-
cator, we overloaded cochleas with twice the usual volume of
indicator and restricted our analysis to cells that had Peak,/
Peak; close to 1 at all Ca.. We plotted the normalized EPSC,
against Ca,,, and saw almost perfect overlap across all acoustic
conditions (Fig. 6E), with one exception. Occluded synapses
in 4.5 Ca, were far to the right of the other points. It is possible
that this reflects saturation of the release process because this
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through enhanced Ca*" buffering. A key
prediction of the buffer-saturation model is
that higher Ca, should increase Ca®" influx,
* which enhances buffer saturation and facili-

g tation (Jackman et al,, 2016). However, we
found that PPR decreased with greater Ca,

for all endbulbs regardless of acoustic experi-

ence (Fig. 6F; 5-27 cells per point), suggest-
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ing that changes in endogenous buffer
1 saturation are unlikely to account for
changes in PPR (two-way ANOVA followed
by Tukey’s test: 1.5 Ca, vs 3 Ca,, p < 0.001;
15 Ca. vs 075 Ca, p<0.001).
Furthermore, PPR changed significantly in
different acoustic conditions at these addi-
tional Ca, (two-way ANOVA followed by
Tukey’s test: Occ vs Ctrl: p<<0.01; Nr vs
Ctrl: p<0.001). These data reinforce that
presynaptic Ca>" influx is the primary driver
in regulating P, under different acoustic
conditions.

Model of Ca®>" influx

We wanted to know whether acoustically

driven changes in Ca®" influx were suffi-
1 cient to account for changes in PPR. To test
this, we first tried to estimate the changes in
Ca®" influx from the saturation data. We
did this by modeling Ca®" influx as a step
increase (Cape) over resting Ca*™"
| | (Cayes) for each pulse i of the train, fol-

o
by

» e

1
Ca;, (norm) Ca;, (norm)

Figure 6. No change in Ca®* cooperativity. A, Representative experiment showing effects of Ca, (1, 1.5, and 3 mM) on
EPSC amplitudes from a control mouse (P21) in the presence of kynurenate. Markers represent EPSC; peak amplitude on
each trial. Colored lines above the points indicate the data that are averaged for analysis. B, Average EPSC amplitude from
voltage-clamp experiments (8 cells) as a function of Ca, on linear (Bi) and log-log (Bii) axes. C, Average AF/F transients at a
representative endbulb following single stimuli in different Ca, Traces are averages of 10-15 trials. D, Ca** influx (Ca,) from
imaging experiments (6 cells) in different Ca, for different acoustic conditions. Ca;, was normalized to peak AF/F in 1.5 mM
(ae. E, Ca*" cooperativity. Points are EPSC; data from B plotted against peak AF/F data from D for different acoustic condi-
tions on linear (Bi) and log-log (Bii) axes. Lines are fits to the equation EPSC = k [Ca;,]”, where n is the cooperativity (Ctrl:
n=197 £ 0.15; Nr. n=2.27 =% 0.08; Occ: n=2.32 = 0.14). Cooperativity was not significantly different after ear occlu-
sion or noise-rearing. F, Buffer saturation and paired pulse plasticity. Points are PPR measured in different Ca, for different
acoustic conditions. Points are averages of 5-27 cells. PPR decreases for all acoustic conditions, suggesting that buffer satura-

tion plays little role at endbulbs (see Results).

point likely represents the very highest Ca®" influx, which
may run into an upper limit on neurotransmitter release
(Foster et al., 2002). In any case, it appears appropriate to
quantify cooperativity without this extreme point. We fitted
the results to the power law equation (Fig. 6E, lines), which
indicates that cooperativity of Ca>* did not change signifi-
cantly after ear occlusion or noise-rearing (Ctrl: n=1.97 *
0.15; Occ: n=2.32 = 0.14; Nr: n=2.27 = 0.08, 5-20 experi-
ments for each value).

The efficacy of Ca*" at driving neurotransmitter release has also
been suggested to be influenced by the endogenous Ca** buffer. In
this model (Blatow et al., 2003), Ca®" influx during one action poten-
tial may be diverted by a high-affinity, endogenous Ca®* buffer,
thereby effectively reducing neurotransmitter release. When a second
action potential occurs and the buffer remains partially occupied,
more of the Ca®" influx can drive neurotransmitter release, which is
observable as facilitation. Thus, noise rearing may increase PPR

15 3 lowed by an exponential decay (7): Ca(t) =
Ca, (mM) Clres+ Y Capeae™ ™/ "H(t — ;).  An

example is illustrated in Figure 7A (top).
This neglects the extremely large and fast-
decaying local Ca** that drives neuro-
transmitter release, which would not be
detected by the indicator.

The indicator was then modeled
using two fixed parameters: Kp and
the relative increase in brightness of
the indicator on binding Ca**, B. The
fluorescence, F, of the indicator
depends on Ca”", as given by the fol-
lowing: F(Ca) = (Kp+BCa)/(Kp+Ca).
We set Kp = 540 nM and B=15 to
match the reported characteristics of calcium-green 1 (Haugland,
1996; Kreitzer et al., 2000). Then we mimicked the AF/F measure-
ments using: AF/F(Ca) = F(Ca)/F(Cayeq) — 1, and filtered at
250 Hz, which is near the frequency response of the photodiode.
This yielded traces as in Figure 7A (bottom, green lines). As pre-
dicted, the increase in AF/F was largest for the first peak because
of saturation of the dye.

We next fit the model to measured AF/F trains, with Cajcai
Cayesr, and 7 as free parameters. An example is shown in Figure
7A (bottom) (Capeac = 50.9 nM, Cayee = 67.1 nM, and 7 =
52.6 ms). The quality of the fit was quite high with just three free
parameters. Cape.x Was generally far below the Kp of the dye,
consistent with modest levels of saturation. Cayet and Capear
were of a similar order of magnitude, consistent with the small
AF/F values and small areas of endbulb with Ca®" influx. We
compared the measured AF/F peak amplitudes from Figure 5H
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(Fig. 7B, points) to the predicted peak A
amplitudes from the model (Fig. 7B, lines),
and there was a good match. The average pa-
rameters for control trains were Cape =
432+ 4.1 nM, Capq = 735+ 136 nM, 7 =
556+ 1.6ms (n=14); for noise-reared,
Capeac = 23.7 % 2.7 1M, Caege = 539 * 126
nM, 7 = 62.6*28ms (n=14); and for
occluded, Capeac = 93.3 = 9.87 nM, Cayeq =
127+24 nM, 7 = 539+ 14ms (n=11).
These fits are consistent with Capeqic decreas-
ing after noise-rearing, and increasing after

occlusion (Fig. 7C), as suggested by our physi- C

ology and imaging results. 150
We next compared the impact of Ca** |

influx on PPR for changes in different

acoustic conditions versus Ca. (Fig. 7D). =100

=
The acoustic data (solid, red markers) sum- — i
marize the estimated Ca®" influx from «

©

] -
Figure 7C normalized to control, and the = 20
average PPR data from Figure 4C 1
(injected). As expected, PPR was inversely 0-

correlated with Ca®" influx. We compared
this relationship with the effects of different
Ca. on PPR of control synapses (open,
black markers), which summarizes PPR
and Ca*" measurements from the experi-
ments of Figure 6. These two curves over-
lap considerably, indicating that changes in
Ca*" influx cause changes in depression,
whether those changes in influx are driven
by acoustic conditions or simple changes in
Ca,. The similarity in dependence suggests
furthermore that changes in Ca*" influx in
response to acoustic conditions are suffi-
cient to explain changes in levels of
depression.

Calcium channel composition

Our experiments support the conclusion that activity-dependent
changes in PPR at endbulbs result from changes in Ca*" influx.
To begin to understand the basis for changes in Ca®" influx, we
identified the Ca®" channel subtypes driving neurotransmitter
release using subtype-specific antagonists. In immature endbulbs,
neurotransmitter release is driven primarily by P-/Q-type Ca®"
channels, with a smaller contribution from N-type (Oleskevich and
Walmsley, 2002). We examined how this might change in different
acoustic conditions in older endbulbs. In the presence of kynuren-
ate, we applied w-agatoxin IVA (200 nM), which is an antagonist
of P-/Q-type Ca®" channels (Fig. 8A). In endbulbs from both con-
trol and noise-reared mice, agatoxin blocked EPSCs nearly com-
pletely (Ctrl: 94 & 2%, 7 cells; Nr: 93 + 3%, 8 cells; p=0.46; Fig.
8C). In endbulbs from occluded mice, block by agatoxin was signifi-
cantly lower (Occ: 78 = 7%, 10 cells, p =0.048; Fig. 8C), suggesting
that P-/Q-type Ca** channels play a smaller role in neurotransmit-
ter release after ligation.

We also applied w-conotoxin GVIA (0.5 uM), which is an
antagonist against N-type Ca®" channels (Fig. 8B). In end-
bulbs from control and noise-reared mice, conotoxin blocked
EPSCs to a small extent (Ctrl: 32 = 6%, 11 cells; Nr: 22 = 7%, 7
cells; p=0.15; Fig. 8C). In endbulbs from occluded mice, block
by conotoxin was greater (Occ: 51 % 6%, 6 cells, p <0.01; Fig.
8C), suggesting that N-type Ca®" channels play a larger role in
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Figure 7. Comparing the effects of acoustic experience or extemal Ca®>* on Ca®* influx and PPR. A, Model of Ca®*
influx (top) with Cagex = 50.9 M, Carese = 67.1 nM, and decay 7 = 52.6 ms, and the modeled AF/F signal (bottom,
green lines) for a dye with characteristics similar to calcium-green 1 (K, = 540 nM, 15-fold change in brightness on bind-
ing Ca>™). The model was fit to a AF/F recorded from a control endbulb (hottom, black line). B, Fits of model illustrated
in A (lines) to imaging data from Figure 5 for the three acoustic conditions (markers). €, Capes and Cares; from different
acoustic conditions are measured from the model (Ctrl: n=14; Nr: n=14; Occ: n=11). D, Comparison between Ca>*
and PPR changes for endbulbs manipulated by acoustic conditions (red, closed markers) or Ca (black, open markers). For
acoustic conditions, Ca®* data are from the modeling analysis in B, and PPR data are from Figure 4. For Ca,, data are
from the imaging and electrophysiology experiments of cooperativity in Figure 6. Overlap of these curves suggests that
changes in Ca** account for acoustically-driven changes in PPR.

neurotransmitter release after occlusion. Together, these
experiments suggest that the composition of Ca** channels
involved in release is modulated by activity. This further sup-
ports the conclusion from the chelator and imaging experi-
ments that changes in depression result from changes in Ca**
influx.

Presynaptic versus postsynaptic changes

Changes in activity affect synaptic fidelity in fiber-stimulation
experiments (Ngodup et al., 2015; Zhuang et al., 2017). In order
to distinguish the contributions of presynaptic and postsynaptic
changes to fidelity, we used dynamic clamp (Sharp et al., 1993).
We first recorded EPSCs in voltage-clamp and stimulated single
ANFs for 20 pulses at 100 Hz (5-8 cells for each acoustic condi-
tion) (Fig. 9A). We then selected a cell that exhibited an interme-
diate level of depression for each condition (Fig. 94, color). To
capture the natural variability of EPSC amplitudes, we convolved
the EPSC amplitudes from 8 to 15 individual trials from the three
representative cells with a standard unit conductance (Fig. 9B).
We applied these conductances using two-electrode dynamic
clamp (one electrode to read voltage, one electrode to pass cur-
rent) (Yang et al,, 2015) to BCs of mice exposed to three sound
conditions and measured spiking responses (Fig. 9C-H). BCs
from control, occluded, and noise-reared mice fired fewer action
potentials when occluded conductances were applied (Fig. 9F vs
Fig. 9G), and more action potentials when noise-reared conduc-
tances were applied (Fig. 9H vs Fig. 9G) compared with control
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Figure 8. (a®" channel subunit composition. 4, B, Effects of w-agatoxin IVA () or w-conotoxin GVIA (B) on EPSC amplitude. Markers are individual EPSC amplitudes. Recordings are from
control endbulbs in the presence of kynurenate. Insets, Average EPSCs before (black) and after (red) drug application. €, Average effects of agatoxin and conotoxin on control, noise-reared, and

occluded endbulbs. *p << 0.05, NS = not significant (p > 0.05).

conductances. We repeated these experiments in multiple BCs
and quantified firing probability for pulses 11-20. Firing proba-
bility was significantly lower in response to occluded presynaptic
conductances and significantly greater in response to noise-
reared presynaptic conductances (Fig. 9, one-way repeated-
measures ANOVA followed by Tukey’s test, Occ: p < 0.001; Nr:
p <0.01). These results indicate that changes in presynaptic con-
ductances have an important influence on fidelity.

Considering the effect of postsynaptic changes on fidelity,
BCs from occluded conditions fired fewer action potentials com-
pared with BCs from control conditions (Fig. 9F-Hi vs Fig. 9Hii),
whereas BCs from noise-reared conditions were similar to con-
trol for all presynaptic conductances (Fig. 9F-Hiii vs Fig. 9Hii).
On average, BCs from noise-reared and control conditions
responded similarly to the same presynaptic conductances, but
occluded BCs had lower firing fidelity (one-way repeated-meas-
ures ANOVA followed by Tukey’s test, Occ: p<0.001; Nr:
p>0.05). Thus, presynaptic changes after ear occlusion and
noise-rearing influenced spiking fidelity, while postsynaptic
changes contributed to spiking primarily after occlusion.

Discussion

We have demonstrated a critical role for presynaptic homeostatic
mechanisms in vivo in regulating spike fidelity. Mature and
young endbulbs are subject to similar changes in P,, suggesting
that these changes are not a developmental process restricted to a
critical period. Furthermore, our results strongly suggest that
changes in synaptic depression result from changes in presynap-
tic Ca®>" influx, in part by expression of Ca®" channel subtypes.
Finally, our dynamic-clamp experiments underscore the impor-
tance of presynaptic adaptations for postsynaptic spike fidelity.
Presynaptic changes following both occlusion and noise-rearing
affected spike fidelity, and postsynaptic changes following only
occlusion also had an effect. Thus, regulation of presynaptic
Ca’" signaling in response to acoustic activity plays a critical
role in synaptic strength, raising the possibility that similar
changes could be important at additional synapses and may con-
tribute to diversity in levels of synaptic depression among

synapses.

Activity-dependent changes at mature endbulbs

Our data imply that endbulbs change their properties depending
on sound conditions throughout life. It is a question how such
changes could contribute to the long-lasting effects of auditory
activity in humans, such as how otitis media may lead to long-
term processing disorders (Gates, 1996; Zhou et al, 2008;
Whitton and Polley, 2011; Langguth et al,, 2013). In auditory

cortex, inhibitory synapses onto pyramidal neurons can be per-
manently altered when hearing loss occurs during a critical pe-
riod (Mowery et al.,, 2015). This differs from our observations in
the auditory brainstem that both young and mature endbulbs are
subject to similar activity-dependent changes of P,, and the
changes revert when normal conditions are restored (Fig. 1). One
reason for these different findings may be simply that these are dif-
ferent synapses. BCs relay sound information to higher-order
areas, and endbulbs may need to retain flexibility as cochlear activ-
ity changes into maturity (Skoe et al., 2015). Furthermore, ANFs
have diverse firing rates because of their varied sound sensitivity
(Liberman, 1978), so the properties of individual synapses may be
optimized in specific ways. Another possible reason is that end-
bulbs are excitatory, so they may be subject to different homeo-
static mechanisms from inhibitory cortical synapses. It will be
important to establish how inhibitory synapses onto BCs are
affected by acoustic conditions, as imbalances in excitation and in-
hibition at the beginning of the auditory pathway could have cas-
cading effects on downstream processing, which could contribute
to disorders.

Activity-dependent changes in Ca®" signaling

Together, our data indicate that Ca®* influx is central to the reg-
ulation of P, at endbulbs. Under experimental conditions, chang-
ing the external Ca®" concentration (Dodge and Rahamimoff,
1967) or manipulating Ca®* channel expression (Lubbert et al.,
2019) is well understood to modulate P,. Our results show that
regulation of Ca®" influx occurs in vivo following exposure to
different acoustic environments and activity conditions.

We concluded that the decrease in individual peak amplitudes
in Figure 5H arose from saturation. Another possible interpreta-
tion could be that Ca®" influx decreases during pairs or trains of
stimulation. This is unlikely because other presynaptic terminals
show minimal changes in Ca®* influx during trains (Kreitzer
and Regehr, 2000; Miiller et al., 2010). An electrophysiological
study of Ca®" currents in endbulbs showed either constant cur-
rent during trains or modest increases (Lin et al., 2011), but these
recordings were in very young animals and at room temperature,
both of which could influence the dynamics of Ca®>" currents.
Our data do address this alternate interpretation because some
endbulbs had slow fluorescence transients, most likely because
they were overloaded with calcium green-1. When dye is over-
loaded, Ca*" levels cause linear changes in fluorescence. We
found that fluorescence transients with decay 7 > 40ms had
identical peak height for two pulses for control (Fig. 5Aiii),
noise-reared (Fig. 5Biii), and even occluded endbulbs (Fig.
5Ciii). This indicates that, when saturation was eliminated by
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Figure 9.  Presynaptic versus postsynaptic contributions to spike fidelity. A, Average EPSC

amplitudes from voltage-clamp experiments in response to a 20-pulse train at 100 Hz from
(Ai) 6 control, (Aii) 7 occluded, and (Aiif) 8 noise-reared endbulbs. Data were normalized to
EPSC;. Cells with intermediate levels of synaptic depression were selected as representative
cells for each acoustic condition (colored lines). B, Individual trials from the representative
endbulbs from different acoustic conditions in A (Ctrl: P21, 12 trials; Occ: P22, 9 trials; Nr:
P23, 11 trials). These individual amplitudes were convolved with a unit conductance (Bi,
inset) and scaled by the threshold of the cell. (—E, Example AMPA conductances derived
from data in B. F-H, Examples of two-electrode dynamic-clamp recordings from occluded
(i), control (i), and noise-reared (iii) BCs after applying representative conductances in C-E.
1, Spike fidelity for presynaptic conductances applied to postsynaptic BCs from three acoustic
conditions. Firing probability was quantified from the last 10 stimuli of 20 pulse trains, when
conductance amplitudes reach steady state. Presynaptic changes affected spike fidelity after
occlusion and noise-rearing, while postsynaptic changes affected spiking primarily after occlu-
sion. *p << 0.05, **p << 0.01, ***p < 0.001, NS = not significant (p > 0.05).
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overloading, Ca®>" influx did not change significantly for paired
stimuli, so the best explanation for smaller peak amplitudes in
Figure 5H is saturation; therefore, Ca*" influx increases follow-
ing occlusion and decreases following noise-rearing.

Activity-dependent changes at endbulbs are similar to presyn-
aptic homeostatic changes at the neuromuscular junction, but
there are key differences. At the neuromuscular junction, phar-
macological or genetic downregulation of postsynaptic receptor
activation leads to a larger vesicle pool and increased P, through
greater presynaptic Ca®" influx within tens of minutes (Miiller
and Davis, 2012; Gratz et al., 2019). A similar mechanism has
been described at cerebellar mossy fibers (Delvendahl et al.,
2019). Activity-dependent changes at endbulbs also involve pre-
synaptic changes in vesicle pool size and P,, most likely from
changes in Ca*" influx. However, the changes at endbulbs last
for at least several hours in acute brain slices. In addition, P, and
vesicle pool size change in opposite ways (Ngodup et al., 2015;
Zhuang et al., 2017), leaving EPSC, amplitude relatively stable
(Figs. 1D, 2D, 3E). This suggests that there are significant differ-
ences in function and signaling pathways involved. Furthermore,
endbulbs change in response to manipulations that are encoun-
tered in natural, nontraumatic sensory experience, suggesting
that regulation of P, is important in vivo.

Ca*" influx could be modulated directly by multiple factors,
such as the number of channels, subunit composition, or single-
channel conductance, for example, through regulatory domains
(Mochida et al., 2008; Lubbert et al., 2019). At the Drosophila neu-
romuscular junction, postsynaptic activity appears to influence
presynaptic Ca®* influx, at least in part, by changes in Ca** chan-
nel expression (Miiller and Davis, 2012; Gratz et al., 2019). At end-
bulbs, we found that the contributions of N- and P-/Q-type
channels to vesicle release changed after occlusion (Fig. 8), most
likely reflecting changes in expression. Ca®>" currents can them-
selves facilitate or depress with repeated activation, depending on
the channel subtype (Ishikawa et al., 2005; Mochida et al., 2008).
However, this phenomenon is unlikely to underlie the changes we
see in PPR, as Ca’" influx appears relatively constant during
paired-pulse facilitation or depression in mature synapses (Miiller
et al.,, 2010; Jackman et al., 2016). Furthermore, it would be inter-
esting to examine whether different classes of endbulbs vary in
how they modulate their Ca®* channel composition, and whether
R-type Ca”* channels are also modulated.

Ca’" influx could also be indirectly modulated through the
shape of presynaptic action potentials (Marcotti et al., 2003;
Bean, 2007). Another possibility is by neuromodulation, for
example, by activation of GABAg receptors, which influence pre-
synaptic Ca®" influx (Chanda and Xu-Friedman, 2010b; Chanda
etal, 2011).

While Ca*" influx seems most likely to account for activity-
dependent changes in PPR, the model of Figure 7 suggests that
resting Ca>" could also contribute. Indeed, a decrease in resting
Ca>" would be predicted to reduce P, and increase block by ex-
ogenous chelators, as we observed after noise-rearing (Figs. 1-3).
An increase in resting Ca®" would be predicted to increase P,
and decrease block by exogenous chelators, as we observed after
occlusion (Figs. 1-3). The changes in Ca** channel composition
we observed in Figure 8 suggest a central role for changes in
Ca®" influx, but additional experiments will be needed to deter-
mine the relative contribution of resting Ca®*

Many additional factors could also influence Ca®* signaling,
including the coupling distance between Ca** channels and
Ca®" sensors responsible for neurotransmitter release, and the
intrinsic Ca>" sensitivity of release. A number of studies have
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shown that Ca>* channels are loosely coupled to neurotransmit-
ter release during early development, but the association
becomes tighter as synapses mature (Ohana and Sakmann, 1998;
Meinrenken et al., 2002; Fedchyshyn and Wang, 2005; Wang et
al., 2008), raising the possibility that this could be modulated in
mature synapses. The coupling between Ca*" channels and the
release apparatus has been implicated in the diversity of structure
and P, at the calyx of Held (Fekete et al., 2019). Ca*™" cooperativ-
ity is expected to be lower when coupling is tight and higher
when coupling is loose (Eggermann et al., 2011; Matveev et al.,
2011). We measured Ca®" cooperativity by changing the external
Ca*" concentration, which would affect Ca>" influx through all
activated Ca>" channels, similar to changes in action potential
duration. Thus, cooperativity is a combination of coupling dis-
tance and intrinsic sensitivity: When coupling is tight, coopera-
tivity can reflect intrinsic sensitivity of the Ca®>" sensor for
release; but when coupling is loose, the relationship is also influ-
enced by overlap from Ca®" domains around nearby channels
(Borst and Sakmann, 1996; Sabatini and Regehr, 1997;
Fedchyshyn and Wang, 2005). We saw no change in cooperativ-
ity, which suggests that mature endbulbs do not modulate their
coupling distance in response to activity.

Cooperativity can also be assessed using uncaging or Ca®"-
channel antagonists (Fedchyshyn and Wang, 2005; Wang et al.,
2008; Jarsky et al, 2010), but these probe different aspects of
release. Antagonists also can reduce the effective number of
releasable vesicles (i.e., N) by preventing influx through their
associated Ca®" channels, so this approach does not simply
address coupling distance. The uncaging approach is ideal for
assessing the intrinsic Ca** sensitivity of release (Kochubey et
al., 2009), which could yield information about changes in the
molecular composition of the release apparatus. It is possible
that coupling and intrinsic sensitivity changed in complementary
ways, such that cooperativity remained constant in endbulbs. In
this case, it seems unlikely that either could account for activity-
dependent changes in P,.

Postsynaptic receptors

Studies at other synapses have found that activity can cause
changes in postsynaptic receptors in vivo (Hengen et al,, 2013;
Keck et al, 2013). In auditory cortex, sound deprivation can
cause changes in spontaneous mIPSCs (Mowery et al,, 2015). At
endbulbs, anatomic data suggest that sound deprivation triggers
an increase in glutamate receptor expression (Clarkson et al.,
2016), and glutamate receptor mutants have impaired adaptation
to auditory deprivation (Garcia-Hernandez et al., 2017). However,
our early studies observed no changes in mEPSCs at endbulbs af-
ter noise-rearing or occlusion, although there were postsynaptic
changes in excitability (Ngodup et al., 2015; Zhuang et al., 2017),
which likely affect fidelity of spiking after occlusion in the
dynamic-clamp experiments of Figure 9.

Mechanisms of the diversity of P,

The presynaptic mechanism we have found may also help to
account for the natural variability of P, across different synapses.
For example, climbing fiber and parallel fiber synapses in cere-
bellum have different P, (Konnerth et al., 1990; Perkel et al.,
1990), which is not explained by simple ultrastructural differen-
ces (Xu-Friedman et al., 2001), so additional factors must play a
role. Among endbulbs, in vitro experiments indicate that P,
varies considerably (Yang and Xu-Friedman, 2009), which could
relate to differences in activity. In vivo, ANFs vary in firing rate
and sensitivity to sound (Pfeiffer and Kiang, 1965; Liberman,
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1978). The homeostatic mechanism examined here would cause
low-activity fibers (high sound-level threshold) to have higher
presynaptic Ca®" influx and P,, whereas high-activity fibers (low
threshold) would have lower Ca®>" influx and P,. Thus, diversity
in intensity sensitivity, combined with the homeostatic mecha-
nism studied here, could account for diversity in P,.

Clearly, other factors besides activity contribute to P,. A single
axon can contact different targets with each synapse exhibiting
different P,, a phenomenon referred to as target-cell-specific syn-
aptic plasticity (Reyes et al., 1998). For example, synapses formed
by ANFs onto BCs show depression (high P,), whereas synapses
formed by ANFs onto T-stellate cells show facilitation (low P,)
(Cao and Oertel, 2010; Chanda and Xu-Friedman, 2010b). This
difference in P, cannot be simply explained by activity depend-
ence. It will be important to determine the cellular mechanisms
by which postsynaptic identity contributes to diversity in P,, and
how they interact with the mechanisms that drive activity-de-
pendent changes.
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