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Abstract
Information transfer at chemical synapses occurs when vesicles fuse and release
neurotransmitter. This process is tightly regulated and must maintain stable function when faced
with different levels of activity. Three main factors are involved in determining synaptic
strength: the number of vesicles (N), the postsynaptic response to a single synaptic vesicle (Q)
and release probability (Pr). However, it is not clear how these properties are regulated at
synapses that undergo different levels of activity and what the underlying mechanisms of this
regulation are. In order to address the above issues, I focused on auditory nerve synapses, called
endbulbs of Held. Endbulbs are made by auditory nerve fibers onto bushy cells (BCs) in the
anterior ventral cochlear nucleus. Auditory nerve fibers have a great diversity in firing rate due to
their different sound level sensitivity (Liberman, 1978). Moreover, abnormal auditory activity is
associated with hearing problems including tinnitus and processing disorders. Therefore, this
raises the question how these synaptic properties are regulated.
I studied the regulation of endbulbs by exposing mice to different acoustic conditions,
using ear-occlusion to reduce auditory activity and noise-rearing to increase auditory activity. I
found that after one week of ear-occlusion, endbulbs showed elevated levels of depression
compared to normal endbulbs, reflecting higher Pr. I observed no change in Q, and instead there
was a compensatory decrease in the number of vesicles N. Both Pr and N showed recovery after
returning to normal conditions. Furthermore, bushy cells fired fewer action potentials in response
to evoked synaptic activity. I also found that endbulbs older than 50 days showed activitydependent changes in Pr similar to young endbulbs, suggesting there is no critical period for this
phenomenon. Therefore, these results reflect a homeostatic adaptive response of auditory nerve
ix

synapses. My results have important implications. They highlight that synaptic properties are
tightly regulated through an activity-dependent, homeostatic mechanism. My results also have
relevance for reversing long-lasting effects of otitis media (OM) (Chapter 2).
Moreover, to understand what the underlying presynaptic mechanisms are and the
relative importance of pre- and postsynaptic contributions to spike fidelity, I performed voltage
clamp and Ca2+ imaging at endbulbs under noise-rearing and ear-occlusion conditions. I found
that the changes in Pr are a result of changes in presynaptic Ca2+ influx. I also used dynamic
clamp to distinguish the effects of pre- vs. postsynaptic changes on spike fidelity. Spike fidelity
is affected by both presynaptic and postsynaptic adaptations after ear-occlusion and only affected
by presynaptic adaptations after noise-rearing. These results are important, because
understanding cellular mechanisms will help to treat disorders that result from loud noise
exposure or conductive hearing loss. Optimal medications may be designed to reverse synaptic
changes that impede normal processing (Chapter 3).
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Chapter 1
Introduction
Synaptic properties
Chemical synapses are specialized junctions through which neurons communicate with
each other. Information transfer at chemical synapses is based on an elaborate sequence of
events. The process is initiated when an action potential invades the presynaptic terminal and the
change of membrane potential leads to the opening of voltage-gated calcium channels in the
presynaptic terminal. Ca2+ ions enter the axon terminals and cause rapid release of vesicles
containing neurotransmitter, which is detected by postsynaptic receptors. This whole process is
stochastic and the reliability of the connection can be a crucial factor for signal propagation
through neuronal networks. Studies by Katz and colleagues established that the strength of the
connection is dependent on three factors: the number of releasable vesicles (N), the probability
with which each vesicle releases its contents (Pr), and the postsynaptic quantal size (Q) (del
Castillo and Katz, 1954a). The amplitude of the postsynaptic current (PSC) is a product of these
factors: PSC = NPrQ (del Castillo and Katz, 1954a). These three synaptic properties are highly
dynamic and are influenced by multiple mechanisms. In the next sections, I will discuss how to
assess them and how they are regulated at various synapses throughout nervous system.

Release probability (Pr)
Pr is quantified as the percentage of the N being released following a presynaptic action
potential. In most cases, Pr is difficult to measure directly from presynaptic terminals. One
common way to assess is to record postsynaptic responses (PSCs) in voltage-clamp when two
1

closely-spaced action potentials are applied, and calculate the paired-pulse ratio (PPR), which is
the amplitude of the second PSC (PSC2) normalized the first PSC (PSC1) (PPR = PSC2/PSC1).
For example, if synapses have high Pr, when two action potentials reach presynaptic terminals
within a short interval, a large portion of vesicles are released during the first action potential and
cause a reduction in N for the second action potential. Therefore, these synapses show synaptic
depression and the PPRs are generally < 1. When activity decreases, it gives N enough time to
recover by recruiting more vesicles, so that the synapses recover from depression. Therefore,
recovery from depression is important to maintain synaptic transmission and prevent a negative
impact on the firing properties of a postsynaptic cell. The rate of recovery can be accelerated
during high-frequency activitiy at some synapses. One mechanism is driven by residual Ca2+,
which builds up at the presynaptic terminal following high-frequency stimulation (Dittman and
Regehr, 1998; Wang and Kaczmarek, 1998), and promotes the recruitment of vesicles to N
through a calmodulin-dependent mechanism (Sakaba and Neher, 2001).
By contrast, at other synapses with low Pr, closely-spaced action potentials can result in
facilitation and the PPRs are > 1. This enhancement of PSC2 could result from residual Ca2+
from the previous action potential that enhances responses to the second stimulation (Del
Castillo and Katz, 1954b; Atluri and Regehr, 1998; Felmy et al., 2003). More recent studies have
shown that synaptotagmin 7 at the presynaptic terminal acts as the sensor of residual Ca2+ to
directly increase Pr during facilitation (Jackman et al., 2016; Turecek and Regehr, 2018).
Another mechanism of facilitation has been proposed at some synapses. This proposes
that high concentrations of presynaptic Ca2+ buffering proteins capture Ca2+ before it binds to
Ca2+ sensors. When Ca2+ buffer saturates during the first action potential, more Ca2+ reaches
release sites during the second action potential and induces facilitation (Blatow et al., 2003;
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Felmy et al., 2003). This mechanism has only been identified at a minority of synapses, such as
the calyx of Held, a large synapse in the auditory nerve system. More studies are needed to study
this mechanism at other synapses.
Pr determines the efficacy and the reliability of synaptic transmission, which are critical
for information processing in the brain. Different synapses have different forms of synaptic
plasticity, typically depression or facilitation, reflecting variability in Pr at different synapses.
However, it is unknown why and how the variability of Pr at different synapses is determined. In
other words, why do some synapses have high Pr and others have low Pr? Therefore, I will
discuss some pre- and postsynaptic processes that are involved in the regulation of Pr in the next
sections.

Target-cell-specific synaptic plasticity
Different synapses in the nervous system commonly exhibit different forms of synaptic
plasticity, either facilitation or depression, and the reason is unknown. The most dramatic
examples are when one neuron synapses onto multiple target cell types that each exhibit different
Pr, a phenomenon referred to as target-cell-specific plasticity (Reyes et al., 1998). For example,
studies in the cochlear nucleus (CN) showed that synapses formed by auditory nerve fibers
(ANFs) onto bushy cells (BCs) show depression (high Pr) while synapses formed by ANFs onto
stellate cells (SCs) show facilitation (low Pr) (Cao and Oertel, 2010b; Chanda and Xu-Friedman,
2010b). Similar findings can be observed at neuromuscular junctions (NMJs) (Parnas, 1972),
hippocampal cultures (Mennerick and Zorumski, 1995) and in cerebral cortex (Markram et al.,
1998). For example, a single axon innervating two different muscles at NMJs exhibits different
forms of synaptic plasticity. The same axon of a pyramidal neuron innervating another pyramidal
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neuron and an interneuron in cerebral cortex mediated synaptic depression and facilitation,
respectively. This suggests that the postsynaptic targets play an important role in regulating Pr by
retrograde signaling. Several synaptic adhesion molecules could involved in this retrograde
signaling. For example, postsynaptic neuroligins bind to neurexins, which are located in the
presynaptic terminals and can interact with presynaptic Ca2+ channels, presynaptic vesicles and
other release-related proteins. Many studies show that these interactions could regulate Pr
(Varoqueaux et al., 2006; Futai et al., 2007). In addition to cell adhesion molecules, several
diffusible retrograde messengers such as endocannabinoids and nitric oxide can also play an
important role in target-cell-specific retrograde signaling (Kreitzer and Regehr, 2002; Regehr et
al., 2009; Steinert et al., 2011).

Activity-dependent long-term synaptic plasticity
Pr can also be modulated by activity. One form of activity-dependent regulation of Pr
lasts at least for hours, thereby producing long-term potentiation (LTP) or long-term depression
(LTD) of synaptic strength. Many studies have revealed a wide range of molecular mechanisms,
such as cAMP/PKA-dependent pathway, mGluR/PKC-dependent pathway, endocannabinoids
and BDNF, for investigating how LTP and LTD are regulated by activity (Castillo, 2012). Some
induction mechanisms occur within the presynaptic terminals and others require a retrograde
messenger arising from the postsynaptic neurons. These mechanisms will be discussed in the
next paragraphs.
One form of presynaptic regulation of Pr is through a cAMP/PKA-dependent pathway.
For example, at the synapse formed by mossy fiber to pyramidal cell in hippocampus CA3
region, an activity-dependent increase in presynaptic Ca2+ activates Ca2+/calmodulin-dependent
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adenylyl cyclase, leading to enhanced cAMP levels and activation of PKA. PKA then
phosphorylates other presynaptic substrates to cause a long-lasting change in synaptic strength,
that result from changes in Pr (Huang et al., 1994; Weisskopf et al., 1994; Isaac et al., 1995;
Villacres et al., 1998). Similar cAMP/PKA-dependent signaling is not only observed in the
hippocampus, can be found in other brain areas including cerebellum (Rancillac and Crepel,
2004; Bender et al., 2009) and central amygdala (Lopez de Armentia and Sah, 2007).
Another form of presynaptic regulation is through a mGluR/PKC-dependent pathway.
Activation of presynaptic group III mGluRs can trigger PKC and then a decrease in Ca2+ influx
through VGCCs to reduce Pr. This regulation has been identified at many synapses, including
mossy fiber to interneuron synapses in the hippocampus (Alle et al., 2001) and cortical synapses
to nucleus accumbens (Robbe et al., 2002).
In addition to presynaptic signaling pathways, changes in Pr can in some cases require
retrograde communication from the postsynaptic to the presynaptic cell. Endocannabinoids have
been suggested to act as retrograde messengers and are involved in LTD. Extended activity in the
presynaptic cell and depolarization of the postsynaptic cell can result in the release of
endocannabinoids from the postsynaptic cell activating the presynaptic cannabinoid receptor
(CB1R) (Chevaleyre and Castillo, 2004; Heifets and Castillo, 2009). Activation of CB1R causes
the inhibition of adenylyl cyclase and the downregulation of the cAMP/PKA pathway, which
suppresses neurotransmitter release. Thus, release of endocannabinoids from the postsynaptic
cell can regulate Pr (Marsicano et al., 2002; Chevaleyre et al., 2007).
Another retrograde messenger is brain-derived neurotrophic factor (BDNF), which can be
secreted from postsynaptic neurons in response to neuronal activity (Du and Poo, 2004; Magby
et al., 2006; Kuczewski et al., 2010). Recent studies have provided evidence for released BDNF
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to potentiate GABAergic release in the visual cortex (Inagaki et al., 2008) and hippocampus
(Gubellini et al., 2005). The long-lasting enhancement of GABA release likely results from the
activation of presynaptic TrkB receptors by BDNF (Lessmann et al., 2003).
In addition to endocannabinoids and BDNF retrograde signaling molecules discussed
above, other retrograde messengers, such as nitric oxide (NO) signaling in hippocampus and
semaphorin 2b-plexin B signaling in the Drosophila neuromuscular junction (NMJ) have also
been observed to regulate activity-dependent long-term changes of Pr (Orr et al., 2017).
Another example of long-term changes of Pr comes from studies at auditory synapses,
endbulbs of Held which are formed by auditory nerve fibers onto bushy cells. By exposing mice
to constant, non-damaging noise or performing ear-occlusion for a week, endbulbs changed to
either more depressing or less depressing, reflecting a change in Pr (Ngodup et al., 2015; Zhuang
et al., 2017). However, the underlying mechanisms of these changes in Pr under different
acoustic conditions still remain unknown, I will answer this question in more detail in Chapter 3.

Activity-dependent short-term synaptic plasticity
A second form of activity-dependent regulation of Pr lasts only in the range of seconds to
minutes. One example of this faster modulation is through retrograde endocannabinoid signaling.
Increased activity triggers the release of endocannabinoids that activate presynaptic receptors.
This process leads to inhibition of voltage-gated Ca2+ channels and activation of K+ channels,
causing a transient decrease in Pr (Kreitzer and Regehr, 2001; Wilson et al., 2001; Wilson and
Nicoll, 2001; Brown et al., 2004; Chevaleyre et al., 2006; Regehr et al., 2009). This retrograde
signaling pathway can probably be induced by activation of postsynaptic group I mGluRs, as
antagonists of these receptors block the release of endocannabinoid from postsynaptic cells in the
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hippocampus (Morishita and Alger, 1999), the neocortex and the cerebellum (Zilberter, 2000;
Daniel and Crepel, 2001; Varma et al., 2001; Brenowitz and Regehr, 2003).
Transient changes in Pr can also result from the activation of presynaptic GABAB
receptors, and the mechanisms of their effects on synaptic transmission are studied extensively at
many synapses, such as endbulbs and synapses in hippocampus and spinal cord. Activation of
GABAB receptors has been shown to decrease Ca2+ influx through presynaptic VGCCs, and also
affects release processes downstream from Ca2+ entry (Mintz and Bean, 1993; Wu and Saggau,
1995; Dittman and Regehr, 1996). At other synapses in hippocampus and spinal cord, activation
of GABAB receptors have been shown to modulate the opening of K+ channels and affect the
action potential waveform (Gahwiler and Brown, 1985; Alford and Grillner, 1991). In most
cases, activation of presynaptic GABAB receptors is heterosynaptic, through release of GABA
from interneurons onto other synapses. In a few cases, GABAB receptors are activated through
GABA release from postsynaptic neurons to presynaptic terminals (Magnusson et al., 2008;
Grothe and Koch, 2011). These processes are thought to contribute to changes in Pr. However,
whether these processes are applied to all synapses needs future exploration.

Cellular mechanisms of change in Pr
In addition to the molecular signaling pathways of regulating changes in Pr discussed in
the previous sections, there are several cellular mechanisms that could underlie the expression of
changes in Pr. Release of neurotransmitter at all synapses is dependent on Ca2+ influx (Katz and
Miledi, 1965) and manipulating Ca2+ influx affects Pr (Chanda and Xu-Friedman, 2010a;
Thanawala and Regehr, 2013). For example, changing the Ca2+ concentration in the external bath
solution changes synapses from depression to facilitation, which results from changes in Pr. This
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observation has been found in a variety of synapses, such as the endbulb of Held and calyx of
Held synapses in the auditory system, and synapses formed by climbing fibers to Purkinje cells
in the cerebellum (Mintz et al., 1995; Dittman and Regehr, 1998; Chanda and Xu-Friedman,
2010b; Thanawala and Regehr, 2013). All of the above studies have been conducted in vitro.
However, it is unknown how Ca2+ influx regulates synaptic strength in vivo. I will address this
question in Chapter 3. Understanding the mechanisms are important, because all animals
including humans may have the same fundamental underlying mechanism, disruptions of which
could impede normal processing in normal disorders.
In addition to presynaptic Ca2+ influx, the distance between presynaptic Ca2+ channels
and the Ca2+ sensors can also influence synaptic transmission through Pr. Several studies have
indicated this distance is important for determining Pr (Zucker and Regehr, 2002; Eggermann et
al., 2012). One way to assess the distance is by using the intracellular application of two
exogenous Ca2+ chelators, EGTA-AM and BAPTA-AM, that have different binding rates but
similar affinities. When they are applied to slices, they are taken up by all the cells, and the
acetoxymethylester (AM) groups are cleaved trapping EGTA or BAPTA within the cells
including presynaptic endbulbs (Tsien, 1980). The postsynaptic cell is unaffected because the
patch pipette sets its intracellular composition. If the distance is short (usually smaller than 100
nm), only the fast chelator BAPTA, but not the slow chelator EGTA, will have enough time to
chelate Ca2+ and reduce synaptic transmission. In this situation, neurotransmitter release is
triggered by “Ca2+ nanodomains”, which refers to a situation of elevated Ca2+ that extends over
about 100 nanometers from the Ca2+ channels. If the distance is larger (usually bigger than 100
nm), both the fast and the slow chelators will be effective at reducing synaptic transmission (Fig.
1.1). In this case, the neurotransmitter release is evoked by “Ca2+ microdomains”, which refers to
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a situation of elevated Ca2+ that extends over greater than 100 nanometers from the Ca2+
channels. For example, in the young calyx of Held (~8-10 days after birth) in the auditory
synapses, neurotransmitter release is affected by ~1 mM BAPTA, but also by ~10 mM EGTA,
implying the distance between Ca2+ channels and Ca2+ sensors must be long, while in the mature
calyx of Held (~16-18 days after birth), release is affected only by BAPTA, and is unaffected by
EGTA (Fedchyshyn and Wang, 2005). This suggests that the distance between presynaptic Ca2+
channels and the Ca2+ sensors decreased during development (Fedchyshyn and Wang, 2005). The
shorter distance is necessary to ensure a strong synaptic drive for high-fidelity neurotransmission
with minimal synaptic delay, which is required for following the presynaptic input with high
fidelity especially after postnatal 14 days when mice start to hear. Similar changes in distance
between Ca2+ channels and Ca2+ sensors were found at synapses formed by retinal bipolar cells
onto ganglion cells in the visual system (Mennerick and Matthews, 1996; Jarsky et al., 2010).
However, it is unknown how this distance is influenced by activity. Though the distance
decreases during development, it is also unknown whether it underlies activity-dependent
changes in Pr in vivo in mature synapses.
One potential issue for interpreting the effects of chelators is that their efficacy is also
influenced by the presynaptic Ca2+ influx. If the level of Ca2+ influx is relatively low, even a slow
chelator like EGTA can be effective at reducing synaptic transmission, and if the influx is high, a
fast chelator like BAPTA can be less effective at reducing synaptic transmission. Therefore, it is
important to combine results of Ca2+ imaging and Ca2+ chelators experiments for understanding
the regulation of presynaptic Ca2+ signaling. We will address this issue in more detail in Chapter
3.
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Another approach to assess the structure of the presynaptic Ca2+ domain is through
quantifying Ca2+ cooperativity. The relationship between Ca2+ influx and postsynaptic response
is well-described by equations of the form: PSC µ [Ca2+]n, where n is called the Ca2+
cooperativity (Dodge and Rahamimoff, 1967; Dittman and Regehr, 1998; Matveev et al., 2011).
Ca2+ cooperativity is thought to reflect the number of Ca2+ channels or ions within the Ca2+
domain that contribute to the neurotransmitter release (Mintz et al., 1995). Experiments usually
assess Ca2+ cooperativity by changing presynaptic Ca2+ influx and observing the effects on
synaptic currents.
Several approaches are used for manipulating presynaptic Ca2+ levels and different
approaches have different implications for Ca2+ cooperativity. One common approach is through
uncaging Ca2+ at the presynaptic terminal, which is believed to increase the intracellular Ca2+
concentration uniformly throughout the synaptic terminals (Matveev et al., 2011). In this
approach, n only measures the intrinsic Ca2+ sensitivity of transmitter release (Ca2+ ion
cooperativity), and is independent of structure (Matveev et al., 2011), indicating the total number
of Ca2+ ions required for a vesicle release. A second approach is by changing the number of
VGCCs by specific Ca2+ channel blockers (Eggermann et al., 2012). A previous study showed
that slow Ca2+ channel blockers, such as peptide toxins, can reduce numbers of Ca2+ channels
numbers (Yoshikami et al., 1989). The value of n in this approach can be interpreted as the
spatial relationship between VGCCs and the Ca2+ sensors (Ca2+ channel cooperativity), which
indicates the total number Ca2+ channels required for a vesicle release (Fedchyshyn and Wang,
2005; Wang et al., 2008; Bucurenciu et al., 2010). The third approach is through changing the
width of the action potential waveform at the presynaptic terminal, which is believed to either
change the number of voltage-gated Ca2+ channels (VGCCs) or the open time of VGCCs
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(Augustine, 1990; Sabatini and Regehr, 1997). Thus, the value of n would be determined by both
the total number of voltage-gated Ca2+ channels required for a fusion event (Ca2+ channel
cooperativity) and the sensitivity to Ca2+ ions (Ca2+ ion cooperativity) (Fedchyshyn and Wang,
2005). The last approach is through changing the extracellular Ca2+ concentration, which will
affect Ca2+ influx through all activated Ca2+ channels. This approach will report a value of n
value that is a complex combination of both Ca2+ channel cooperativity and Ca2+ ion
cooperativity, similar to changes in action potential (AP) duration (Dodge and Rahamimoff,
1967; Borst and Sakmann, 1996; Schneggenburger and Neher, 2000). In order to detect changes
of Ca2+ domain structure, in the chapter 3, I used the last approach to assess Ca2+ cooperativity at
auditory nerve synapses.

Postsynaptic quantal size (Q)
Q reflects the number of postsynaptic receptors that are activated by a single vesicle of
neurotransmitter (Fatt and Katz, 1952; Abbott and Regehr, 2004). Q can be assessed by
measuring miniature EPSCs (mEPSCs) in voltage-clamp after blocking action potentials with
tetrodotoxin (TTX). Changes in Q have been attributed to modification of receptor sensitivity or
number. Such changes have been demonstrated to influence how activity is transmitted across
synapses. In this section, I will discuss how Q is regulated at various synapses.

Synaptic scaling
Changes in Q can be modulated through different experimental paradigms. One wellstudied paradigm is through homeostatic synaptic scaling, which was first identified in cultured
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neocortical neurons (Turrigiano et al., 1998). When neural activity was reduced by the
application of tetrodotoxin (TTX), or by blocking postsynaptic AMPA receptors with antagonist,
NBQX, there was an increase in the amplitude of mEPSC. When activity was increased by
bicuculline, which blocks inhibitory receptors, the amplitude of mEPSC decreased (Turrigiano et
al., 1998). The bidirectional regulation of quantal amplitude contributes to restoring the firing
rate to normal levels after perturbation. This phenomenon has now been observed in a variety of
neurons both in vitro and in vivo, including neocortical and hippocampal pyramidal neurons and
spinal neurons (O'Brien et al., 1998; Goel and Lee, 2007; Kim and Tsien, 2008; Knogler et al.,
2010).
It is widely accepted that synaptic scaling results from postsynaptic changes in the
number of postsynaptic receptors (Wierenga et al., 2005). However, the signaling pathway
leading to changes in receptors is not well understood. In neocortical neurons, reduced spiking
appears to decrease postsynaptic Ca2+ influx and reduce activation of the CaMKIV signaling
pathway (Ibata et al., 2008). This process leads to the insertion of AMPA receptors in the
postsynaptic membrane, and thereby imcreasing mEPSC amplitude (Chowdhury and Hell,
2018). Dozens of additional molecules and signaling pathways have been implicated in the
regulation of Q at other synapses, including receptor clustering proteins. For example,
postsynaptic density protein-95 (PSD-95) can stabilize AMPAR at synaptic sites (Bats et al.,
2007; Sun and Turrigiano, 2011), and PICK1 can regulate the pool size of intracellular receptors
(Anggono et al., 2011). Other signaling pathways, such as BDNF/Trk, help to insert AMPAR
into the postsynaptic membrane (Rutherford et al., 1997; Rutherford et al., 1998; Lu, 2003).
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Fig. 1.1

Figure 1.1 Determination of coupling distance between VGCC and Ca2+ sensors
Ca2+ chelators with different rates are used to assess the distance between Ca2+ channels and
sensors. In a tightly-coupled synapse (left), only the fast Ca2+ chelator BAPTA, but not the slow
Ca2+ chelator EGTA, will chelate the Ca2+ on its way to drive neurotransmitter release. By
contrast, in a loosely-coupled synapse (right), both chelators will be effective at blocking
neurotransmitter release. [Image adapted from Eggermann et al. (2012), with permission from
Nature Publishing Group (www.nature.com).]
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Long-term plasticity
The second paradigm of regulating Q is through long-term potentiation (LTP) and longterm depression (LTD). LTP and LTD are typically induced by tetanic stimulation, or paired
activation of pre- and postsynaptic neurons. The effects of LTP and LTD are observed within a
few minutes, and are distinct from synaptic scaling, which takes hours to change. In addition, the
mechanisms underlying LTP and LTD are quite different from those that underlie synaptic
scaling (Xu et al., 2008). The best-known form of LTP is observed in hippocampus, in which an
increase in Q was observed after the induction of LTP (Foster and McNaughton, 1991;
Bolshakov and Siegelbaum, 1995; Stricker et al., 1996). These changes are induced by Ca2+
influx through postsynaptic NMDA receptors, which leads to the activation of PKC and
CaMKII. Ultimately AMPA receptors are inserted into the membrane to potentiate responses
(Morris, 2003). In LTD, Q decreases, suggesting internalization of AMPA receptors. This
process also requires Ca2+ influx through NMDA receptors, which induces the activation of the
Ca2+-dependent protein phosphatase calcineurin, which destabilizes AMPA receptors as well as
facilitates the endocytic machinery (Beattie et al., 2000). While LTP and LTD are fundamentally
not homeostatic processes, it is possible that activity could recruit similar signaling pathways,
leading to homeostatic changes in Q.

Number of releasable vesicles (N)
During physiological patterns of activity, many factors influence the number of releasable
vesicles at the presynaptic terminals. We will discuss these factors in this section. The number of
releasable vesicles (N) is also referred to as the readily releasable pool (RRP). These vesicles are
thought to be docked to the presynaptic active zone and primed for release (Sudhof, 1995; Xu14

Friedman and Regehr, 2004; Rizzoli and Betz, 2005). During physiological activity, the RRP is
depleted and gets replenished from the reserve pool of vesicles.
There are several approaches to assess N. The most widely used approach is stimulating
presynaptic terminals with a long trains of action potentials to deplete the RRP and then measure
the total number of released vesicles after correcting for vesicle replenishment (Schneggenburger
et al., 1999). A second method, referred to as the EQ method, also requires a long train of action
potentials that empties the pool rapidly, but estimates the RRP before any significant recruitment
of new vesicles has taken place (Elmqvist and Quastel, 1965). A third method to assess RRP is
through measuring the mean and the variance of synaptic responses under a series of conditions
that cover different release probabilities (Silver, 2003; Foster and Regehr, 2004). Finally, another
approach is to depolarize the presynaptic terminal with a prolonged voltage step or high
osmolality sucrose to release the entire RRP in the absence of any recovery (Rosenmund and
Stevens, 1996; Ritzau-Jost et al., 2014). We used two of these methods to assess N at auditory
nerve synapses in Chapter 2, because we wanted to confirm our observations by comparing
whether both methods agreed with each other. Since N is important for synaptic transmission and
can determine synaptic strength, we will discuss the regulation of N in the next sections.
First, sensory activity has been suggested to play an important role in regulating the
morphology of synapses, suggesting a change in the number of vesicles. For example, depriving
one eye by closing the eyelid greatly reduced number of branches of axons terminating in visual
cortex from lateral geniculate neurons (Antonini and Stryker, 1993). Similar observations were
found in NMJs (Purves and Lichtman, 1980; Walsh and Lichtman, 2003), in synapses formed by
climbing fibers onto Purkinje cells (Hashimoto et al., 2009; Watanabe and Kano, 2011) and in
synapses formed by retinal ganglion cells onto lateral geniculate nuclei (Srivastava, 2012). It
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seems likely that these morphological changes are accompanied by changes in N. In addition to
the morphological changes during development, different levels of neural activity can also
regulate the size of the RRP. In the auditory brainstem, unilateral hearing loss led to a reduction
in RRP size at the calyx of Held (Grande et al., 2014). Non-damaging noise exposure in vivo
induced an increase in RRP size at the endbulb of Held (Ngodup et al., 2015). However, the
underlying mechanism is still unknown.
Presynaptic Ca2+ influx can also influence N, in addition to its effects on Pr as described
above. When external Ca2+ was increased, measures of N also increased (Thanawala and Regehr,
2013). The underlying mechanism could be that higher Ca2+ influx effectively creates a larger
Ca2+ domain, and is sufficient for vesicle release at larger distances from VGCCs. Thus, the Ca2+
domain effectively grows with higher Ca2+ influx, such that more distant vesicles can be
released. Furthermore, activation of GABAB receptors reduces RRP size through reducing
presynaptic Ca2+ influx (Thanawala and Regehr, 2013). This change in RRP can be assessed by
the four methods described at the beginning of the section.
Presynaptic Ca2+ can also play an important role in RRP replenishment. It has been
shown that the increase in presynaptic Ca2+ concentration during high-frequency activity
accelerates the re-filling of the RRP at various synapses (Dittman and Regehr, 1998; Wang and
Kaczmarek, 1998; Yang and Xu-Friedman, 2008). This regulation is mediated by Ca2+ binding
with CaM, which has been shown to be involved in replenishing the RRP and maintaining
synaptic transmission during high frequency stimulation (Hosoi et al., 2007).
Overall, these synaptic properties (N, Pr and Q) are tightly regulated in various synapses
both in vivo and in vitro. However, it is not clear whether and how these properties are regulated
under different levels of activity, such as noise exposure vs. hearing loss in the auditory system
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and visual deprivation vs. non-visual deprivation in the visual system. In addition, it is also not
clear what the underlying mechanisms are. I will discuss these questions in Chapter 2 and 3.
The auditory system
Cochlea and hair cells
To understand activity-dependent synaptic plasticity in vivo, a good system to study is the
auditory system for two reasons. First, auditory activity continues to change in both human and
animal models throughout life (Skoe et al., 2015). In addition, the auditory activity rate can be
very high, and can be experimentally manipulated relatively easily by changing acoustic
conditions through either ear-occlusion and noise exposure.
Hearing starts with the transduction of sound vibrations to neural activity in the cochlea.
The cochlea is filled with fluid and is divided into three main chambers: the scala vesibuli, the
scala media and the scala tympani (Hudspeth, 2014). Sound vibration causes movement of the
basilar membrane, and the specific area that responds to sound depends on the sound frequency.
The basilar membrane is narrow and stiff at the base, then gets wide and least stiff at the apex.
These properties affect how the basilar membrane responds to different sound stimulus
frequencies: the maximal displacement takes place near the base of the cochlea for high
frequencies, while maximal displacement takes place near the apex for low frequencies
(LeMasurier and Gillespie, 2005; Hudspeth, 2014).
On top of the basilar membrane sits the organ of Corti, which contains the hair cells.
There are two types of hair cells, a single row of inner hair cells (IHCs) and 3 rows of outer hair
cells (OHCs). IHCs encode the frequency and intensity of sounds (Nienhuys and Clark, 1978).
OHCs amplify sounds (Ashmore and Kolston, 1994), because they receive efferent inputs from
the central nervous system, which moves the basilar membrane and influences IHC responses
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(Hudspeth, 1989; Fettiplace and Hackney, 2006). Mechanotransduction by hair cells depends on
stereocilia, which are arrayed on the apical surface of hair cells in multiple rows and are
connected to each other by tip links (Assad et al., 1991). Tip links are connected to
mechanosensitive channels. Although the identity of the channel is still unknown, current
evidence suggests that transmembrane channel-like protein 1 (TMC1) is the most likely
candidate (Pan et al., 2013). Deflection of the stereocilia caused by movement of the basilar
membrane causes tip links to open the mechanically-gated channels, allowing K+ influx and
depolarization of hair cells. The depolarization of hair cells causes voltage-gated Ca2+ channels
to open and trigger neurotransmitter release at the base of hair cells. In this way, the mechanical
sound signal is converted into electrical nerve signals (Corey and Hudspeth, 1979; Ohmori,
1985).

Ribbon synapses and spiral ganglion neurons
Both types of hair cells form synapses onto spiral ganglion neurons (SGNs) (Fig. 1.2).
The synapse formed by hair cells onto SGNs is called the ribbon synapse, which maintains a
very large pool of vesicles that are constantly available for rapid replenishment (Buran et al.,
2010; Frank et al., 2010). Electron microscopy and electrophysiology studies have shown that
ribbon synapses are structurally and functionally heterogeneous in different parts of individual
hair cells (Lewis and Hudspeth, 1983; Roberts et al., 1990; Lenzi et al., 2002). One important
heterogeneity is that presynaptic Ca2+ signals vary in amplitude (Frank et al., 2009). This
heterogeneity is probably due to differences in the number and the gating of Ca2+ channels. This
heterogeneity among ribbon synapses may allow hair cells to relay information about sound over
a wide intensity range, while maintaining temporal acuity.
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In addition to forming afferent ribbon synapses, hair cells also receive descending efferent
inputs from the olivocochlear system which originates in the superior olivary complex (Brown et
al., 1988). OHCs receive efferent inputs from the medial olivocochlear (MOC) bundle and IHCs
receive inputs from the lateral olivocochear (LOC) bundle (Pujol, 1994). The efferent pathway has
been implicated in regulating the amplification of sound in the cochlea. Recently, this pathway
was also suggested to protect hair cells from damage due to loud noise (Maison et al., 2013).
The cells postsynaptic to hair cells are SGNs. There are two types of SGNs: type I neurons
innervate IHCs, and type II neurons innervate OHCs. Type I SGNs represent 90-95% of the total
SGN population. Each type I SGN forms a synapse with a single ribbon on one IHC, and each IHC
is innervated by a total of 6 to 20 type-I SGNs in the mature mouse cochlea (Meyer et al., 2009).
SGNs that contact the modiolar side of IHCs are reported to have lower spontaneous rates and
higher thresholds than the ones that contact the pillar side of IHCs (Liberman, 1982; Liberman and
Oliver, 1984). Recent studies suggest this difference could be due to both pre- and postsynaptic
properties such as smaller active zones with lower Ca2+ influx on the presynaptic side and lower
AMPA receptor expression on the postsynaptic SGNs (Liberman et al., 2011; Wong et al., 2013;
Ohn et al., 2016).
Type II SGNs constitute only 5-10% of the total population. Each type II SGN innervates
many (15-20) OHCs, and each OHC is innervated by 2-5 type II SGNs (Martinez-Monedero et
al., 2016). Type II SGNs are thought to carry information about auditory pain and do not encode
details of sound (Liu et al., 2015), so the following discussion will focus on only type I SGNs.
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Auditory nerve fibers
The axons of type I SGNs form the auditory nerve fibers (ANFs), which relay sound
information from the cochlea to the brain. ANFs convey three types of sound information:
frequency, intensity and timing. The first sound feature that the ANFs encodes is frequency. The
sensitivity is evident in the ANF’s tuning curve, which reports the frequency and intensity
combinations that elicit a significant response. The sound frequency that generates a response
with lowest intensity is called the characteristic frequency (CF) (Liberman, 1978, 1982; Taberner
and Liberman, 2005). The CFs of ANFs correspond to the location along the tonotopic axis of
the basilar membrane where the ANF receives synaptic input. Thus, frequency of the sound is
encoded by ANFs that are activated along the basilar membrane by the sound.
Another sound feature that ANFs encodes is intensity. As the stimulus intensity increases
above threshold, the firing rate increases until it eventually saturates. This defines the dynamic
rage of a fiber. Therefore, individual ANFs respond over a range of sound intensities (Sachs and
Abbas, 1974) and furthermore, different ANFs have different threshold sensitivity. This threshold
sensitivity correlates with the ANF’s spontaneous firing rate in the absence of sound. Highspontaneous-rate fibers (“high spont”) are the most sensitive (i.e. they have the lowest
thresholds), whereas low-spontaneous- rate fibers (“low spont”) are the least sensitive (i.e. they
have the highest thresholds) (Liberman, 1978). Under normal acoustic conditions, we would
expect the high-spontaneous-rate fibers to be highly active, while the low-spontaneous-rate fibers
will be less active. This raises questions on how the synapses specialize to cope with very
different levels of activity. My results in Chapter 2 indicated that the synapses of different
spontaneous-rate fibers could cope with different activity levels through regulating Pr.
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A third feature is the temporal information about sounds, which ANFs encode through
the precise timing of action potentials. The ANFs tend to fire at a particular phase of a tone,
which is known as phase-locking (Rose et al., 1967; Palmer and Russell, 1986). The precision of
phase-locking is quantified as the vector strength (Goldberg and Brown, 1969). Phase-locking
happens over a limited frequency range and is strongest for sound frequencies below 2 kHz.
With high-frequency tones, phase-locking gets weaker (Koppl, 1997; Oertel, 2005). The timing
difference between phase-locked action potentials from the two ears provide
information about sound location. Phase-locked spikes can also provide information about the
frequency of the sound.

Cochlear nucleus
Auditory information from the ANF is relayed to the cochlear nucleus (CN). ANFs
bifurcate as they enter the CN (Fig. 1.2). One collateral forms synapses in the anteroventral CN
(AVCN), and the other collateral projects to the posteroventral CN (PVCN) and dorsal CN
(DCN) (Fig. 1.3). Each area contains different cell types that are specialized to analyze different
aspects of auditory information.
In the AVCN, ANFs form synapses onto two major cell types, the bushy cells (BCs) and the
stellate cells (SCs). BCs can then be divided into two types, spherical bushy cells (SBCs) and
globular bushy cells (GBCs), depending on their structure and where they project (Fig. 1.2). Both
SBCs and GBCs share a common morphological feature of “bushy” dendrites. However,
dendrites of GBCs are more extended compared with SBCs (Smith et al., 1993b). One important
feature is the morphology of synapses formed by auditory nerve fibers onto SBCs and GBCs.
These synapses are called endbulbs of Held. SBCs receive the largest endbulbs of Held (Fig. 1.4)
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Fig. 1.2

Figure 1.2 Cochlea, Cochlear nucleus and Superior olivary complex
Sound information arrives at the cochlea and is transmitted via auditory nerve fibers (ANFs) to the
ipsilateral anterior ventral cochlear nucleus (AVCN). The ANFs form synapses onto globular
bushy cells (GBCs) and spherical bushy cells (SBCs). The axons of the GBCs cross the midline
and form synapses onto the principal cells of the medial nucleus of the trapezoid body (MNTB).
The principal cells of the MNTB form inhibitory glycinergic synapses in the lateral superior olive
(LSO). The axons of ipsilateral SBCs also form excitatory input onto LSO. The interaction of the
ipsilateral excitation and contralateral inhibition make the LSO neurons sensitive to the interaural
level differences (ILDs), and thus sound location. The pathway for encoding interaural time
differences (ITDs) are not shown in this figure: Cells of the medial superior olive (MSO) receive
bilateral excitatory input from the SBCs in the AVCN. MSO neurons also receive inhibition from
MNTB, and a number of recent studies indicate the inhibition underlies ITD tuning of MSO
neurons. [Image adapted from von Gersdorff and Borst (2002), with permission from Nature
Publishing Group (www.nature.com).]
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and on average, one to four ANFs converge on the soma of one SBC. Each endbulb covers a large
area of the soma and includes hundreds of synaptic contacts (Ryugo and Sento, 1991b). By contrast,
GBCs receive several smaller endbulbs of Held (Rouiller et al., 1986) (Fig. 1.4). The number of
endbulbs per GBC has been estimated to be about 17 (Spirou et al., 1990). Overall, endbulbs are
one of the largest synapses in our nervous system and provide fast and high-fidelity synaptic
transmission. In addition to inputs from ANFs, BCs also receive inhibitory inputs, including from
D-stellate cells within AVCN (Doucet et al., 1999; Doucet and Ryugo, 2006), and vertical neurons
in the DCN (Wickesberg and Oertel, 1990; Ress and Chandrasekaran, 2013).
In addition to morphological properties, the intrinsic and physiological properties of
BCs are also important for encoding sound information. In vitro recordings show that all BCs
have a low-voltage K+ conductance that is activated by depolarization above -70 mV (gKL), a
high-voltage K+ conductance that is activated above -40 mv (gKH) and a hyperpolarizationactivated conductance that is activated below -60 mv (gh) (Manis and Marx, 1991; Cao et al.,
2007). At resting membrane potential, both gKL and gh are active at -65 mv. The presence of gKL
gives BCs a low input resistance and a rapid time constant that makes synaptic potentials brief
and sharp. The gKH contributes to repolarizing action potentials, which suppresses later spikes.
These conductances allow bushy cells to convey acoustic information with submillisecond
temporal precision. The excitatory inputs from ANFs onto BCs (endbulbs of Held) show
synaptic depression, which could improve the precision of spike timing at BCs through
suppressing highly-active inputs that carry little timing information (Yang and Xu-Friedman,
2009a). In vivo recordings indicate that SBCs have a relatively high spike rate near onset of
stimulus and a decrease at the later stage of stimulus (Blackburn and Sachs, 1989; Smith et al.,
1993a). This firing pattern in BCs is identical
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to that in ANFs, so they are called “primary-like” responses. Similarly, BCs show reliable
synchronization to tones (Joris et al., 1994).
Another major cell type in AVCN is stellate cells (SCs) (Brawer and Morest, 1975; Cant
and Morest, 1979). There are two major subtypes of stellate cells. One type is called T-stellate
cells, which are excitatory and glutamatergic (Ferragamo et al., 1998; Doucet and Ryugo, 2006).
T-stellate cells project to many regions of the brain including inferior colliculus, dorsal cochlear
nucleus and lateral superior olive neurons (Oertel et al., 2011). The other cell type is D-stellate
cells, which are glycinergic inhibitory neurons, which send projections to various areas of the
brain including the CN as discussed above (Fujino and Oertel, 2001). During in vitro recordings,
SCs fire regular action potentials after depolarization because they lack a low-voltage-activated
potassium conductance, which is different from the spiking patterns in BCs (Manis and Marx,
1991; Oertel et al., 2011). This feature suggests that SCs do not relay the fine temporal
information of the ANFs (Oertel et al., 2011). Synaptic activation of T-stellate cells includes a
large NMDA receptor component (Cao and Oertel, 2010b), which are slower and longer-lasting
then currents through AMPA receptors. Therefore, EPSCs of T-stellate cells are slower than
BCs. The excitatory inputs onto T-stellate cells show less synaptic depression than those onto
BCs (Cao and Oertel, 2010b; Chanda and Xu-Friedman, 2010a). In vivo recordings indicate that
the degree of phase-locking to a sound stimulus is reduced in SCs compared to ANFs and BCs.
This feature again suggests that SCs are not as good at processing temporal information as BCs.
Also, tones evoke regular, tonic firing in T-stellate cells that increases with intensity (Blackburn
and Sachs, 1989). This firing pattern was termed “chopper” type responses
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Figure 1.3

PVCN

Figure 1.3 Cochlear Nucleus
ANFs were labeled by injection of dextran-conjugated fluorescein into the cochlea (Green).
ANFs bifurcate as they enter the cochlear nucleus (CN). One branch forms synapses in the
anteroventral cochlear nucleus (AVCN) and the other branch form synapses to the posteroventral
CN (PVCN) and dorsal cochlear nucleus (DCN). Scale bar = 200 µm. The DCN molecular layer
was labelled using immunohistochemistry against cannabinoid receptors (CB1R) with a Texas
red-conjugated secondary antibody (red). Cell nuclei throughout the slice were counterstained
using DAPI (blue). Two frequency bands of ANFs were labeled, at low (“#”) and high (“*”)
frequency. Image adapted from Chanda et al. (2011), with permission from Journal of
Neuroscience Methods Publishing Group.
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Figure 1.4

GBC

10 µm

Figure 1.4 Endbulbs of Held in the AVCN
Two representative camera lucida pictures of a globular bushy cell (GBC, left), which receives a
small endbulb of Held and a spherical bushy cell (SBC, right), which receives a big endbulb of
Held. Image adapted from Redd et al. (2000), with permission from Hearing Research Publishing
Group.
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(Pfeiffer and Kiang, 1965), which is well-suited for encoding the amplitude of the sound
(Blackburn and Sachs, 1990; May et al., 1998).

Superior olivary complex (SOC)
To understand the role of BCs in the AVCN, it is useful to consider the function of their
targets in the superior olivary complex (SOC), which is a collection of brainstem nuclei that
function in multiple aspects of hearing. Afferent projections from the CN project to the
ipsilateral and contralateral superior olivary complex (SOC) (Fig 1.2). The SOC in the brainstem
is the first area of integration of binaural information, and there are three major subnuclei: the
medial superior olive (MSO), lateral superior olive (LSO) and the medial nucleus of the
trapezoid body (MNTB). The MSO receives bilateral excitatory ascending inputs from SBCs of
the AVCN, which convey temporally precise information from the ANFs. The principal neurons
in the MSO are involved in computing sound location and are highly sensitive to interaural time
differences (ITDs) of low-frequency sound. The neurons in the MSO receive bilateral excitatory
inputs and
respond with a strongly increased rate to particular ITD, confirming the function for sound
localization (Grothe and Park, 1998). This feature has been verified both structurally and
physiologically for birds (Jeffress, 1948; Yin and Chan, 1990; Fitzpatrick et al., 1997). However,
more and more in vivo studies on mammals have found that interaural computation is also
influenced by inhibitory glycinergic inputs from MNTB (Clark, 1969; Kuwabara and Zook,
1992; Grothe, 2003; Pecka et al., 2008). Therefore, much work in the future is required to
resolve the controversy between different model systems.
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In addition to the timing cues of sound detected by MSO neurons, intensity cues detected
by LSO neurons are also important for sound localization. LSO neurons receive excitatory inputs
from the ipsilateral ear through the SBCs (Cant and Casseday, 1986; Smith et al., 1993b). They
also receive inhibitory inputs from the contralateral ear via cells in the MNTB, which receive
their excitatory input from the GBCs of the contralateral AVCN (Glendenning et al., 1992; Smith
et al., 1993b). Recordings in vivo indicate these cells are sensitive to interaural level differences
(ILDs). This computation also depends on the timing information of sound (Tollin, 2003).
In summary, the overall question of my thesis is whether and how short-term plasticity is
regulated. This is a really important question, because different synapses have different forms of
synaptic plasticity, and it is unclear why they are present at different synapses. In order to answer
this question, I had two major hypotheses. The first hypothesis was that activity levels regulate
short-term plasticity by modulating Pr and N at endbulbs (Chapter 2). The second hypothesis was
that changes in Pr at endbulbs under different acoustic conditions (ear-occlusion and noiserearing) result from changes in presynaptic Ca2+ signaling (Chapter 3).
To test my hypotheses, I manipulated the activity of ANFs by performing ear-occlusion
and combined different techniques, such as in vitro electrophysiology, immunohistochemistry
and Ca2+ imaging. I found a homeostatic and adaptive mechanism to optimize the efficiency of
synapses during low activity. Endbulbs showed changes in Pr and N but not in Q. I also found
that these presynaptic changes led to decreased postsynaptic firing in BCs (Chapter 2). Mature
endbulbs were subject to changes in Pr that were highly similar to changes in younger endbulbs,
suggesting these changes are not a developmental process restricted to a critical period. My
results also showed that the changes in Pr under different acoustic conditions were a result of
changes in presynaptic Ca2+ influx rather than the distance between Ca2+ sensors and Ca2+
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channels. Finally, presynaptic changes following both ear-occlusion and noise-rearing affected
spike fidelity, and postsynaptic changes following only ear-occlusion had an effect (Chapter 3).
My studies have the following significant implications. First, the synaptic changes and
their underlying mechanisms following ear-occlusion have relevance for the long-lasting effects
of otitis media (OM), which causes processing disorder among young children. However, the
cellular basis of processing disorders is not well understood. One possibility is that OM leds to
long-lasting synaptic changes in the auditory pathway. When Pr increases at endbulbs, synaptic
depletion becomes significant, which could reduce spike fidelity and possibly impair perception.
Therefore, it is useful to study the synaptic changes and cellular mechanisms underlying
processing disorders, and to learn how to reverse these changes that impede normal processing.
In addition, my results are related to tinnitus, also called the ringing in the ears. The underlying
mechanism is also unknown, but is clinically important. Our results may reveal new targets for
treatment and develop new prevention strategies. Finally, my results suggest that short-term
plasticity is not only present, but also tightly regulated by activity and functionally important.

29

References
Abbott LF, Regehr WG (2004) Synaptic computation. Nature 431:796-803.
Alford S, Grillner S (1991) The involvement of GABAB receptors and coupled G-proteins in
spinal GABAergic presynaptic inhibition. J Neurosci 11:3718-3726.
Alle H, Jonas P, Geiger JR (2001) PTP and LTP at a hippocampal mossy fiber-interneuron
synapse. Proc Natl Acad Sci U S A 98:14708-14713.
Anggono V, Clem RL, Huganir RL (2011) PICK1 loss of function occludes homeostatic
synaptic scaling. J Neurosci 31:2188-2196.
Antonini A, Stryker MP (1993) Rapid remodeling of axonal arbors in the visual cortex. Science
260:1819-1821.
Ashmore JF, Kolston PJ (1994) Hair cell based amplification in the cochlea. Curr Opin
Neurobiol 4:503-508.
Assad JA, Shepherd GM, Corey DP (1991) Tip-link integrity and mechanical transduction in
vertebrate hair cells. Neuron 7:985-994.
Atluri PP, Regehr WG (1998) Delayed release of neurotransmitter from cerebellar granule cells.
J Neurosci 18:8214-8227.
Augustine GJ (1990) Regulation of transmitter release at the squid giant synapse by presynaptic
delayed rectifier potassium current. J Physiol-London 431:343-364.
Bats C, Groc L, Choquet D (2007) The interaction between stargazin and PSD-95 regulates
AMPA receptor surface trafficking. Neuron 53:719-734.
Beattie EC, Carroll RC, Yu X, Morishita W, Yasuda H, von Zastrow M, Malenka RC (2000)
Regulation of AMPA receptor endocytosis by a signaling mechanism shared with LTD.
Nat Neurosci 3:1291-1300.

30

Bender VA, Pugh JR, Jahr CE (2009) Presynaptically expressed long-term potentiation increases
multivesicular release at parallel fiber synapses. J Neurosci 29:10974-10978.
Blackburn CC, Sachs MB (1989) Classification of unit types in the anteroventral cochlear
nucleus: PST histograms and regularity analysis. J Neurophysiol 62:1303-1329.
Blackburn CC, Sachs MB (1990) The representations of the steady-state vowel sound /e/ in the
discharge patterns of cat anteroventral cochlear nucleus neurons. J Neurophysiol
63:1191-1212.
Bolshakov VY, Siegelbaum SA (1995) Regulation of hippocampal transmitter release during
development and long-term potentiation. Science 269:1730-1734.
Borst JG, Sakmann B (1996) Calcium influx and transmitter release in a fast CNS synapse.
Nature 383:431-434.
Brawer JR, Morest DK (1975) Relations between auditory nerve endings and cell types in the
cat's anteroventral cochlear nucleus seen with the Golgi method and Nomarski optics. J
Comp Neurol 160:491-506.
Brown MC, Liberman MC, Benson TE, Ryugo DK (1988) Brainstem branches from
olivocochlear axons in cats and rodents. J Comp Neurol 278:591-603.
Brown SP, Safo PK, Regehr WG (2004) Endocannabinoids inhibit transmission at granule cell to
Purkinje cell synapses by modulating three types of presynaptic calcium channels. J
Neurosci 24:5623-5631.
Bucurenciu I, Bischofberger J, Jonas P (2010) A small number of open Ca2+ channels trigger
transmitter release at a central GABAergic synapse. Nat Neurosci 13:19-21.

31

Buran BN, Strenzke N, Neef A, Gundelfinger ED, Moser T, Liberman MC (2010) Onset coding
is degraded in auditory nerve fibers from mutant mice lacking synaptic ribbons. J
Neurosci 30:7587-7597.
Cant NB, Morest DK (1979) Organization of the neurons in the anterior division of the
anteroventral cochlear nucleus of the cat. Light-microscopic observations. Neuroscience
4:1909-1923.
Cant NB, Casseday JH (1986) Projections from the anteroventral cochlear nucleus to the lateral
and medial superior olivary nuclei. J Comp Neurol 247:457-476.
Cant NB, Benson CG (2003) Parallel auditory pathways: projection patterns of the different
neuronal populations in the dorsal and ventral cochlear nuclei. Brain Res Bull 60:457474.
Cao XJ, Oertel D (2010) Auditory nerve fibers excite targets through synapses that vary in
convergence, strength, and short-term plasticity. Journal of Neurophysiology 104:23082320.
Cao XJ, Shatadal S, Oertel D (2007) Voltage-sensitive conductances of bushy cells of the
Mammalian ventral cochlear nucleus. J Neurophysiol 97:3961-3975.
Castillo PE (2012) Presynaptic LTP and LTD of excitatory and inhibitory synapses. Cold Spring
Harb Perspect Biol 4.
Chanda S, Xu-Friedman MA (2010a) Neuromodulation by GABA converts a relay into a
coincidence detector. J Neurophysiol 104:2063-2074.
Chanda S, Xu-Friedman MA (2010b) A low-affinity antagonist reveals saturation and
desensitization in mature synapses in the auditory brain stem. J Neurophysiol 103:19151926.

32

Chevaleyre V, Castillo PE (2004) Endocannabinoid-mediated metaplasticity in the hippocampus.
Neuron 43:871-881.
Chevaleyre V, Takahashi KA, Castillo PE (2006) Endocannabinoid-mediated synaptic plasticity
in the CNS. Annu Rev Neurosci 29:37-76.
Chevaleyre V, Heifets BD, Kaeser PS, Sudhof TC, Castillo PE (2007) Endocannabinoidmediated long-term plasticity requires cAMP/PKA signaling and RIM1alpha. Neuron
54:801-812.
Chowdhury D, Hell JW (2018) Homeostatic synaptic scaling: molecular regulators of synaptic
AMPA-type glutamate receptors. F1000Res 7:234.
Clark GM (1969) Vesicle shape versus type of synapse in the nerve endings of the cat medial
superior olive. Brain Res 15:548-551.
Corey DP, Hudspeth AJ (1979) Ionic basis of the receptor potential in a vertebrate hair cell.
Nature 281:675-677.
Daniel H, Crepel F (2001) Control of Ca(2+) influx by cannabinoid and metabotropic glutamate
receptors in rat cerebellar cortex requires K(+) channels. J Physiol 537:793-800.
de Villers-Sidani E, Merzenich MM (2011) Lifelong plasticity in the rat auditory cortex: Basic
mechanisms and role of sensory experience. Enhancing Performance for Action and
Perception: Multisensory Integration, Neuroplasticity and Neuroprosthetics, Pt I 191:119131.
del Castillo J, Katz B (1954a) Quantal components of the end-plate potential. J Physiol 124:560573.
Del Castillo J, Katz B (1954b) Statistical factors involved in neuromuscular facilitation and
depression. J Physiol 124:574-585.

33

Dittman JS, Regehr WG (1996) Contributions of calcium-dependent and calcium-independent
mechanisms to presynaptic inhibition at a cerebellar synapse. J Neurosci 16:1623-1633.
Dittman JS, Regehr WG (1998) Calcium dependence and recovery kinetics of presynaptic
depression at the climbing fiber to Purkinje cell synapse. J Neurosci 18:6147-6162.
Dodge FA, Jr., Rahamimoff R (1967) Cooperative action a calcium ions in transmitter release at
the neuromuscular junction. J Physiol 193:419-432.
Doucet JR, Ryugo DK (2006) Structural and functional classes of multipolar cells in the ventral
cochlear nucleus. Anat Rec A Discov Mol Cell Evol Biol 288:331-344.
Doucet JR, Ross AT, Gillespie MB, Ryugo DK (1999) Glycine immunoreactivity of multipolar
neurons in the ventral cochlear nucleus which project to the dorsal cochlear nucleus. J
Comp Neurol 408:515-531.
Du JL, Poo MM (2004) Rapid BDNF-induced retrograde synaptic modification in a developing
retinotectal system. Nature 429:878-883.
Eggermann E, Bucurenciu I, Goswami SP, Jonas P (2012) Nanodomain coupling between Ca2+
channels and sensors of exocytosis at fast mammalian synapses. Nature Reviews
Neuroscience 13:7-21.
Elmqvist D, Quastel DM (1965) A quantitative study of end-plate potentials in isolated human
muscle. J Physiol 178:505-529.
Fatt P, Katz B (1952) Spontaneous subthreshold activity at motor nerve endings. J Physiol
117:109-128.
Fedchyshyn MJ, Wang LY (2005) Developmental transformation of the release modality at the
calyx of Held synapse. J Neurosci 25:4131-4140.

34

Felmy F, Neher E, Schneggenburger R (2003) Probing the intracellular calcium sensitivity of
transmitter release during synaptic facilitation. Neuron 37:801-811.
Ferragamo MJ, Golding NL, Oertel D (1998) Synaptic inputs to stellate cells in the ventral
cochlear nucleus. J Neurophysiol 79:51-63.
Fettiplace R, Hackney CM (2006) The sensory and motor roles of auditory hair cells. Nat Rev
Neurosci 7:19-29.
Fitzpatrick DC, Batra R, Stanford TR, Kuwada S (1997) A neuronal population code for sound
localization. Nature 388:871-874.
Foster KA, Regehr WG (2004) Variance-mean analysis in the presence of a rapid antagonist
indicates vesicle depletion underlies depression at the climbing fiber synapse. Neuron
43:119-131.
Foster TC, McNaughton BL (1991) Long-term enhancement of CA1 synaptic transmission is
due to increased quantal size, not quantal content. Hippocampus 1:79-91.
Frank T, Khimich D, Neef A, Moser T (2009) Mechanisms contributing to synaptic Ca2+ signals
and their heterogeneity in hair cells. Proc Natl Acad Sci U S A 106:4483-4488.
Frank T, Rutherford MA, Strenzke N, Neef A, Pangrsic T, Khimich D, Fejtova A, Gundelfinger
ED, Liberman MC, Harke B, Bryan KE, Lee A, Egner A, Riedel D, Moser T (2010)
Bassoon and the synaptic ribbon organize Ca(2)+ channels and vesicles to add release
sites and promote refilling. Neuron 68:724-738.
Fujino K, Oertel D (2001) Cholinergic modulation of stellate cells in the mammalian ventral
cochlear nucleus. J Neurosci 21:7372-7383.

35

Futai K, Kim MJ, Hashikawa T, Scheiffele P, Sheng M, Hayashi Y (2007) Retrograde
modulation of presynaptic release probability through signaling mediated by PSD-95neuroligin. Nat Neurosci 10:186-195.
Gahwiler BH, Brown DA (1985) GABAB-receptor-activated K+ current in voltage-clamped
CA3 pyramidal cells in hippocampal cultures. Proc Natl Acad Sci U S A 82:1558-1562.
Glendenning KK, Baker BN, Hutson KA, Masterton RB (1992) Acoustic chiasm V: inhibition
and excitation in the ipsilateral and contralateral projections of LSO. J Comp Neurol
319:100-122.
Goel A, Lee HK (2007) Persistence of experience-induced homeostatic synaptic plasticity
through adulthood in superficial layers of mouse visual cortex. J Neurosci 27:6692-6700.
Goldberg JM, Brown PB (1969) Response of binaural neurons of dog superior olivary complex
to dichotic tonal stimuli: some physiological mechanisms of sound localization. J
Neurophysiol 32:613-636.
Grande G, Negandhi J, Harrison RV, Wang LY (2014) Remodelling at the calyx of Held-MNTB
synapse in mice developing with unilateral conductive hearing loss. J Physiol-London
592:1581-1600.
Gravel JS, Wallace IF (2000) Effects of otitis media with effusion on hearing in the first 3 years
of life. J Speech Lang Hear Res 43:631-644.
Gravel JS, Roberts JE, Roush J, Grose J, Besing J, Burchinal M, Neebe E, Wallace IF, Zeisel S
(2006) Early otitis media with effusion, hearing loss, and auditory processes at school
age. Ear Hear 27:353-368.
Grothe B (2003) New roles for synaptic inhibition in sound localization. Nat Rev Neurosci
4:540-550.

36

Grothe B, Koch U (2011) Dynamics of binaural processing in the mammalian sound localization
pathway--the role of GABA(B) receptors. Hear Res 279:43-50.
Gubellini P, Ben-Ari Y, Gaiarsa JL (2005) Endogenous neurotrophins are required for the
induction of GABAergic long-term potentiation in the neonatal rat hippocampus. J
Neurosci 25:5796-5802.
Hashimoto K, Ichikawa R, Kitamura K, Watanabe M, Kano M (2009) Translocation of a
"winner" climbing fiber to the Purkinje cell dendrite and subsequent elimination of
"losers" from the soma in developing cerebellum. Neuron 63:106-118.
Heifets BD, Castillo PE (2009) Endocannabinoid signaling and long-term synaptic plasticity.
Annu Rev Physiol 71:283-306.
Holm VA, Kunze LH (1969) Effect of chronic otitis media on language and speech development.
Pediatrics 43:833-839.
Hosoi N, Sakaba T, Neher E (2007) Quantitative analysis of calcium-dependent vesicle
recruitment and its functional role at the calyx of Held synapse. J Neurosci 27:1428614298.
Huang YY, Li XC, Kandel ER (1994) cAMP contributes to mossy fiber LTP by initiating both a
covalently mediated early phase and macromolecular synthesis-dependent late phase.
Cell 79:69-79.
Hudspeth AJ (1989) How the ear's works work. Nature 341:397-404.
Hudspeth AJ (2014) Integrating the active process of hair cells with cochlear function. Nat Rev
Neurosci 15:600-614.
Ibata K, Sun Q, Turrigiano GG (2008) Rapid synaptic scaling induced by changes in
postsynaptic firing. Neuron 57:819-826.

37

Inagaki T, Begum T, Reza F, Horibe S, Inaba M, Yoshimura Y, Komatsu Y (2008) Brainderived neurotrophic factor-mediated retrograde signaling required for the induction of
long-term potentiation at inhibitory synapses of visual cortical pyramidal neurons.
Neurosci Res 61:192-200.
Isaac JT, Nicoll RA, Malenka RC (1995) Evidence for silent synapses: implications for the
expression of LTP. Neuron 15:427-434.
Jackman SL, Turecek J, Belinsky JE, Regehr WG (2016) The calcium sensor synaptotagmin 7 is
required for synaptic facilitation. Nature 529:88-91.
Jarsky T, Tian M, Singer JH (2010) Nanodomain control of exocytosis Is responsible for the
signaling capability of a retinal ribbon synapse. Journal of Neuroscience 30:1188511895.
Jeffress LA (1948) A place theory of sound localization. J Comp Physiol Psychol 41:35-39.
Joris PX, Smith PH, Yin TC (1994) Enhancement of neural synchronization in the anteroventral
cochlear nucleus. II. Responses in the tuning curve tail. J Neurophysiol 71:1037-1051.
Katz B, Miledi R (1965) The Measurement of Synaptic Delay, and the Time Course of
Acetylcholine Release at the Neuromuscular Junction. Proc R Soc Lond B Biol Sci
161:483-495.
Keck T, Keller GB, Jacobsen RI, Eysel UT, Bonhoeffer T, Hubener M (2013) Synaptic scaling
and homeostatic plasticity in the mouse visual cortex in vivo. Neuron 80:327-334.
Kim J, Tsien RW (2008) Synapse-specific adaptations to inactivity in hippocampal circuits
achieve homeostatic gain control while dampening network reverberation. Neuron
58:925-937.

38

Knogler LD, Liao M, Drapeau P (2010) Synaptic scaling and the development of a motor
network. J Neurosci 30:8871-8881.
Kopp-Scheinpflug C, Tempel BL (2015) Decreased temporal precision of neuronal signaling as a
candidate mechanism of auditory processing disorder. Hear Res 330:213-220.
Koppl C (1997) Phase locking to high frequencies in the auditory nerve and cochlear nucleus
magnocellularis of the barn owl, Tyto alba. J Neurosci 17:3312-3321.
Kreitzer AC, Regehr WG (2001) Retrograde inhibition of presynaptic calcium influx by
endogenous cannabinoids at excitatory synapses onto Purkinje cells. Neuron 29:717-727.
Kreitzer AC, Regehr WG (2002) Retrograde signaling by endocannabinoids. Curr Opin
Neurobiol 12:324-330.
Kuba H, Oichi Y, Ohmori H (2010) Presynaptic activity regulates Na(+) channel distribution at
the axon initial segment. Nature 465:1075-1078.
Kuba H, Adachi R, Ohmori H (2014) Activity-dependent and activity-independent development
of the axon initial segment. J Neurosci 34:3443-3453.
Kuczewski N, Porcher C, Gaiarsa JL (2010) Activity-dependent dendritic secretion of brainderived neurotrophic factor modulates synaptic plasticity. Eur J Neurosci 32:1239-1244.
Kuwabara N, Zook JM (1992) Projections to the medial superior olive from the medial and
lateral nuclei of the trapezoid body in rodents and bats. J Comp Neurol 324:522-538.
LeMasurier M, Gillespie PG (2005) Hair-cell mechanotransduction and cochlear amplification.
Neuron 48:403-415.
Lenzi D, Crum J, Ellisman MH, Roberts WM (2002) Depolarization redistributes synaptic
membrane and creates a gradient of vesicles on the synaptic body at a ribbon synapse.
Neuron 36:649-659.

39

Lessmann V, Gottmann K, Malcangio M (2003) Neurotrophin secretion: current facts and future
prospects. Prog Neurobiol 69:341-374.
Lewis RS, Hudspeth AJ (1983) Voltage- and ion-dependent conductances in solitary vertebrate
hair cells. Nature 304:538-541.
Liberman LD, Wang H, Liberman MC (2011) Opposing gradients of ribbon size and AMPA
receptor expression underlie sensitivity differences among cochlear-nerve/hair-cell
synapses. J Neurosci 31:801-808.
Liberman MC (1978) Auditory-nerve response from cats raised in a low-noise chamber. J Acoust
Soc Am 63:442-455.
Liberman MC (1982) Single-neuron labeling in the cat auditory nerve. Science 216:1239-1241.
Liberman MC, Oliver ME (1984) Morphometry of intracellularly labeled neurons of the auditory
nerve: correlations with functional properties. J Comp Neurol 223:163-176.
Liu C, Glowatzki E, Fuchs PA (2015) Unmyelinated type II afferent neurons report cochlear
damage. Proc Natl Acad Sci U S A 112:14723-14727.
Lopez de Armentia M, Sah P (2007) Bidirectional synaptic plasticity at nociceptive afferents in
the rat central amygdala. J Physiol 581:961-970.
Lorente de Nó R (1981) The primary acoustic nuclei. New York: Raven Press.
Lu B (2003) BDNF and activity-dependent synaptic modulation. Learn Mem 10:86-98.
Magby JP, Bi C, Chen ZY, Lee FS, Plummer MR (2006) Single-cell characterization of
retrograde signaling by brain-derived neurotrophic factor. J Neurosci 26:13531-13536.
Magnusson AK, Park TJ, Pecka M, Grothe B, Koch U (2008) Retrograde GABA signaling
adjusts sound localization by balancing excitation and inhibition in the brainstem. Neuron
59:125-137.

40

Maison SF, Usubuchi H, Liberman MC (2013) Efferent feedback minimizes cochlear neuropathy
from moderate noise exposure. J Neurosci 33:5542-5552.
Manis PB, Marx SO (1991) Outward currents in isolated ventral cochlear nucleus neurons. J
Neurosci 11:2865-2880.
Markram H, Wang Y, Tsodyks M (1998) Differential signaling via the same axon of neocortical
pyramidal neurons. Proc Natl Acad Sci U S A 95:5323-5328.
Marsicano G, Wotjak CT, Azad SC, Bisogno T, Rammes G, Cascio MG, Hermann H, Tang J,
Hofmann C, Zieglgansberger W, Di Marzo V, Lutz B (2002) The endogenous
cannabinoid system controls extinction of aversive memories. Nature 418:530-534.
Martinez-Monedero R, Liu C, Weisz C, Vyas P, Fuchs PA, Glowatzki E (2016) GluA2Containing AMPA Receptors Distinguish Ribbon-Associated from Ribbonless Afferent
Contacts on Rat Cochlear Hair Cells. eNeuro 3.
Matveev V, Zucker RS, Sherman A (2004) Facilitation through buffer saturation: Constraints on
endogenous buffering properties. Biophysical Journal 86:2691-2709.
Matveev V, Bertram R, Sherman A (2011) Calcium cooperativity of exocytosis as a measure of
Ca(2)+ channel domain overlap. Brain Res 1398:126-138.
May BJ, Prell GS, Sachs MB (1998) Vowel representations in the ventral cochlear nucleus of the
cat: effects of level, background noise, and behavioral state. J Neurophysiol 79:17551767.
Mendoza Schulz A, Jing Z, Sanchez Caro JM, Wetzel F, Dresbach T, Strenzke N, Wichmann C,
Moser T (2014) Bassoon-disruption slows vesicle replenishment and induces homeostatic
plasticity at a CNS synapse. EMBO J 33:512-527.

41

Mennerick S, Zorumski CF (1995) Paired-pulse modulation of fast excitatory synaptic currents
in microcultures of rat hippocampal neurons. J Physiol 488 ( Pt 1):85-101.
Mennerick S, Matthews G (1996) Ultrafast exocytosis elicited by calcium current in synaptic
terminals of retinal bipolar neurons. Neuron 17:1241-1249.
Meyer AC, Frank T, Khimich D, Hoch G, Riedel D, Chapochnikov NM, Yarin YM, Harke B,
Hell SW, Egner A, Moser T (2009) Tuning of synapse number, structure and function in
the cochlea. Nat Neurosci 12:444-453.
Mintz IM, Bean BP (1993) Block of calcium channels in rat neurons by synthetic omega-AgaIVA. Neuropharmacology 32:1161-1169.
Mintz IM, Sabatini BL, Regehr WG (1995) Calcium control of transmitter release at a cerebellar
synapse. Neuron 15:675-688.
Morishita W, Alger BE (1999) Evidence for endogenous excitatory amino acids as mediators in
DSI of GABA(A)ergic transmission in hippocampal CA1. J Neurophysiol 82:2556-2564.
Morris RG (2003) Long-term potentiation and memory. Philos Trans R Soc Lond B Biol Sci
358:643-647.
Ngodup T, Goetz JA, McGuire BC, Sun W, Lauer AM, Xu-Friedman MA (2015) Activitydependent, homeostatic regulation of neurotransmitter release from auditory nerve fibers.
Proc Natl Acad Sci U S A 112:6479-6484.
Nienhuys TG, Clark GM (1978) Frequency discrimination following the selective destruction of
cochlear inner and outer hair cells. Science 199:1356-1357.
O'Brien RJ, Kamboj S, Ehlers MD, Rosen KR, Fischbach GD, Huganir RL (1998) Activitydependent modulation of synaptic AMPA receptor accumulation. Neuron 21:1067-1078.

42

Oertel D (1999) The role of timing in the brain stem auditory nuclei of vertebrates. Annu Rev
Physiol 61:497-519.
Oertel D (2005) Importance of timing for understanding speech. Focus on "perceptual
consequences of disrupted auditory nerve activity". J Neurophysiol 93:3044-3045.
Oertel D, Wright S, Cao XJ, Ferragamo M, Bal R (2011) The multiple functions of T
stellate/multipolar/chopper cells in the ventral cochlear nucleus. Hear Res 276:61-69.
Ohmori H (1985) Mechano-electrical transduction currents in isolated vestibular hair cells of the
chick. J Physiol 359:189-217.
Ohn TL, Rutherford MA, Jing Z, Jung S, Duque-Afonso CJ, Hoch G, Picher MM, Scharinger A,
Strenzke N, Moser T (2016) Hair cells use active zones with different voltage
dependence of Ca2+ influx to decompose sounds into complementary neural codes. Proc
Natl Acad Sci U S A 113:E4716-4725.
Oleskevich S, Walmsley B (2002) Synaptic transmission in the auditory brainstem of normal and
congenitally deaf mice. J Physiol 540:447-455.
Orr BO, Fetter RD, Davis GW (2017) Retrograde semaphorin-plexin signalling drives
homeostatic synaptic plasticity. Nature 550:109-113.
Palmer AR, Russell IJ (1986) Phase-locking in the cochlear nerve of the guinea-pig and its
relation to the receptor potential of inner hair-cells. Hear Res 24:1-15.
Pan B, Geleoc GS, Asai Y, Horwitz GC, Kurima K, Ishikawa K, Kawashima Y, Griffith AJ, Holt
JR (2013) TMC1 and TMC2 are components of the mechanotransduction channel in hair
cells of the mammalian inner ear. Neuron 79:504-515.
Parnas I (1972) Differential block at high frequency of branches of a single axon innervating two
muscles. J Neurophysiol 35:903-914.

43

Pecka M, Brand A, Behrend O, Grothe B (2008) Interaural time difference processing in the
mammalian medial superior olive: the role of glycinergic inhibition. J Neurosci 28:69146925.
Pfeiffer RR, Kiang NY (1965) Spike discharge patterns of spontaneous and continuously
stimulated activity in the cochlear nucleus of anesthetized cats. Biophys J 5:301-316.
Popescu MV, Polley DB (2010) Monaural deprivation disrupts development of binaural
selectivity in auditory midbrain and cortex. Neuron 65:718-731.
Pujol R (1994) Lateral and medial efferents: a double neurochemical mechanism to protect and
regulate inner and outer hair cell function in the cochlea. Br J Audiol 28:185-191.
Purves D, Lichtman JW (1980) Elimination of synapses in the developing nervous system.
Science 210:153-157.
Rancillac A, Crepel F (2004) Synapses between parallel fibres and stellate cells express longterm changes in synaptic efficacy in rat cerebellum. J Physiol 554:707-720.
Regehr WG, Carey MR, Best AR (2009) Activity-dependent regulation of synapses by
retrograde messengers. Neuron 63:154-170.
Ress D, Chandrasekaran B (2013) Tonotopic organization in the depth of human inferior
colliculus. Front Hum Neurosci 7.
Reyes A, Lujan R, Rozov A, Burnashev N, Somogyi P, Sakmann B (1998) Target-cell-specific
facilitation and depression in neocortical circuits. Nat Neurosci 1:279-285.
Ritzau-Jost A, Delvendahl I, Rings A, Byczkowicz N, Harada H, Shigemoto R, Hirrlinger J,
Eilers J, Hallermann S (2014) Ultrafast action potentials mediate kilohertz signaling at a
central synapse. Neuron 84:152-163.
Rizzoli SO, Betz WJ (2005) Synaptic vesicle pools. Nat Rev Neurosci 6:57-69.

44

Robbe D, Alonso G, Chaumont S, Bockaert J, Manzoni OJ (2002) Role of p/q-Ca2+ channels in
metabotropic glutamate receptor 2/3-dependent presynaptic long-term depression at
nucleus accumbens synapses. J Neurosci 22:4346-4356.
Roberts WM, Jacobs RA, Hudspeth AJ (1990) Colocalization of ion channels involved in
frequency selectivity and synaptic transmission at presynaptic active zones of hair cells. J
Neurosci 10:3664-3684.
Rose JE, Brugge JF, Anderson DJ, Hind JE (1967) Phase-locked response to low-frequency
tones in single auditory nerve fibers of the squirrel monkey. J Neurophysiol 30:769-793.
Rosenmund C, Stevens CF (1996) Definition of the readily releasable pool of vesicles at
hippocampal synapses. Neuron 16:1197-1207.
Rouiller EM, Cronin-Schreiber R, Fekete DM, Ryugo DK (1986) The central projections of
intracellularly labeled auditory nerve fibers in cats: an analysis of terminal morphology. J
Comp Neurol 249:261-278.
Rutherford LC, Nelson SB, Turrigiano GG (1998) BDNF has opposite effects on the quantal
amplitude of pyramidal neuron and interneuron excitatory synapses. Neuron 21:521-530.
Rutherford LC, DeWan A, Lauer HM, Turrigiano GG (1997) Brain-derived neurotrophic factor
mediates the activity-dependent regulation of inhibition in neocortical cultures. J
Neurosci 17:4527-4535.
Ryugo DK, Fekete DM (1982) Morphology of primary axosomatic endings in the anteroventral
cochlear nucleus of the cat: a study of the endbulbs of Held. J Comp Neurol 210:239-257.
Ryugo DK, Sento S (1991) Synaptic connections of the auditory nerve in cats: relationship
between endbulbs of held and spherical bushy cells. J Comp Neurol 305:35-48.

45

Sabatini BL, Regehr WG (1997) Control of neurotransmitter release by presynaptic waveform at
the granule cell to Purkinje cell synapse. J Neurosci 17:3425-3435.
Sachs MB, Abbas PJ (1974) Rate versus level functions for auditory-nerve fibers in cats: toneburst stimuli. J Acoust Soc Am 56:1835-1847.
Sakaba T, Neher E (2001) Calmodulin mediates rapid recruitment of fast-releasing synaptic
vesicles at a calyx-type synapse. Neuron 32:1119-1131.
Schneggenburger R, Neher E (2000) Intracellular calcium dependence of transmitter release rates
at a fast central synapse. Nature 406:889-893.
Schneggenburger R, Meyer AC, Neher E (1999) Released fraction and total size of a pool of
immediately available transmitter quanta at a calyx synapse. Neuron 23:399-409.
Silver RA (2003) Estimation of nonuniform quantal parameters with multiple-probability
fluctuation analysis: theory, application and limitations. J Neurosci Methods 130:127141.
Skoe E, Krizman J, Anderson S, Kraus N (2015) Stability and plasticity of auditory brainstem
function across the lifespan. Cereb Cortex 25:1415-1426.
Smith PH, Joris PX, Yin TC (1993a) Projections of physiologically characterized spherical
bushy cell axons from the cochlear nucleus of the cat: evidence for delay lines to the
medial superior olive. J Comp Neurol 331:245-260.
Smith PH, Joris PX, Yin TCT (1993b) Projections of Physiologically Characterized Spherical
Bushy Cell Axons from the Cochlear Nucleus of the Cat - Evidence for Delay-Lines to
the Medial Superior Olive. Journal of Comparative Neurology 331:245-260.
Spirou GA, Brownell WE, Zidanic M (1990) Recordings from Cat Trapezoid Body and Hrp
Labeling of Globular Bushy Cell Axons. Journal of Neurophysiology 63:1169-1190.

46

Srivastava DP (2012) Two-step wiring plasticity--a mechanism for estrogen-induced rewiring of
cortical circuits. J Steroid Biochem Mol Biol 131:17-23.
Steinert JR, Robinson SW, Tong HX, Haustein MD, Kopp-Scheinpflug C, Forsythe ID (2011)
Nitric oxide is an activity-dependent regulator of target neuron intrinsic excitability.
Neuron 71:291-305.
Stricker C, Field AC, Redman SJ (1996) Changes in quantal parameters of EPSCs in rat CA1
neurones in vitro after the induction of long-term potentiation. J Physiol 490 ( Pt 2):443454.
Sudhof TC (1995) The synaptic vesicle cycle: a cascade of protein-protein interactions. Nature
375:645-653.
Sun Q, Turrigiano GG (2011) PSD-95 and PSD-93 play critical but distinct roles in synaptic
scaling up and down. J Neurosci 31:6800-6808.
Sun W, Lu J, Stolzberg D, Gray L, Deng A, Lobarinas E, Salvi RJ (2009) Salicylate increases
the gain of the central auditory system. Neuroscience 159:325-334.
Taberner AM, Liberman MC (2005) Response properties of single auditory nerve fibers in the
mouse. J Neurophysiol 93:557-569.
Takesian AE, Kotak VC, Sanes DH (2010) Presynaptic GABA(B) receptors regulate experiencedependent development of inhibitory short-term plasticity. J Neurosci 30:2716-2727.
Thanawala MS, Regehr WG (2013) Presynaptic calcium influx controls neurotransmitter release
in part by regulating the effective size of the readily releasable pool. J Neurosci 33:46254633.
Tollin DJ (2003) The lateral superior olive: a functional role in sound source localization.
Neuroscientist 9:127-143.

47

Tucci DL, Rubel EW (1985) Afferent influences on brain stem auditory nuclei of the chicken:
effects of conductive and sensorineural hearing loss on n. magnocellularis. J Comp
Neurol 238:371-381.
Tucci DL, Born DE, Rubel EW (1987) Changes in spontaneous activity and CNS morphology
associated with conductive and sensorineural hearing loss in chickens. Ann Otol Rhinol
Laryngol 96:343-350.
Turecek J, Regehr WG (2018) Synaptotagmin 7 Mediates Both Facilitation and Asynchronous
Release at Granule Cell Synapses. J Neurosci 38:3240-3251.
Turrigiano GG, Nelson SB (2004) Homeostatic plasticity in the developing nervous system. Nat
Rev Neurosci 5:97-107.
Turrigiano GG, Leslie KR, Desai NS, Rutherford LC, Nelson SB (1998) Activity-dependent
scaling of quantal amplitude in neocortical neurons. Nature 391:892-896.
Varma N, Carlson GC, Ledent C, Alger BE (2001) Metabotropic glutamate receptors drive the
endocannabinoid system in hippocampus. J Neurosci 21:RC188.
Varoqueaux F, Aramuni G, Rawson RL, Mohrmann R, Missler M, Gottmann K, Zhang W,
Sudhof TC, Brose N (2006) Neuroligins determine synapse maturation and function.
Neuron 51:741-754.
Villacres EC, Wong ST, Chavkin C, Storm DR (1998) Type I adenylyl cyclase mutant mice have
impaired mossy fiber long-term potentiation. J Neurosci 18:3186-3194.
von Gersdorff H, Borst JG (2002) Short-term plasticity at the calyx of Held. Nat Rev Neurosci
3:53-64.
Walsh MK, Lichtman JW (2003) In vivo time-lapse imaging of synaptic takeover associated
with naturally occurring synapse elimination. Neuron 37:67-73.

48

Wang J, Ding D, Salvi RJ (2002) Functional reorganization in chinchilla inferior colliculus
associated with chronic and acute cochlear damage. Hear Res 168:238-249.
Wang LY, Kaczmarek LK (1998) High-frequency firing helps replenish the readily releasable
pool of synaptic vesicles. Nature 394:384-388.
Wang LY, Neher E, Taschenberger H (2008) Synaptic vesicles in mature calyx of Held synapses
sense higher nanodomain calcium concentrations during action potential-evoked
glutamate release. J Neurosci 28:14450-14458.
Wang Y, Manis PB (2005) Synaptic transmission at the cochlear nucleus endbulb synapse during
age-related hearing loss in mice. J Neurophysiol 94:1814-1824.
Watanabe M, Kano M (2011) Climbing fiber synapse elimination in cerebellar Purkinje cells.
Eur J Neurosci 34:1697-1710.
Weisskopf MG, Castillo PE, Zalutsky RA, Nicoll RA (1994) Mediation of hippocampal mossy
fiber long-term potentiation by cyclic AMP. Science 265:1878-1882.
Whitton JP, Polley DB (2011) Evaluating the perceptual and pathophysiological consequences of
auditory deprivation in early postnatal life: a comparison of basic and clinical studies. J
Assoc Res Otolaryngol 12:535-547.
Wickesberg RE, Oertel D (1990) Delayed, frequency-specific inhibition in the cochlear nuclei of
mice: a mechanism for monaural echo suppression. J Neurosci 10:1762-1768.
Wilson RI, Nicoll RA (2001) Endogenous cannabinoids mediate retrograde signalling at
hippocampal synapses. Nature 410:588-592.
Wilson RI, Kunos G, Nicoll RA (2001) Presynaptic specificity of endocannabinoid signaling in
the hippocampus. Neuron 31:453-462.

49

Wong AB, Jing Z, Rutherford MA, Frank T, Strenzke N, Moser T (2013) Concurrent maturation
of inner hair cell synaptic Ca2+ influx and auditory nerve spontaneous activity around
hearing onset in mice. J Neurosci 33:10661-10666.
Wright S, Hwang Y, Oertel D (2014) Synaptic transmission between end bulbs of Held and
bushy cells in the cochlear nucleus of mice with a mutation in Otoferlin. J Neurophysiol
112:3173-3188.
Wu LG, Saggau P (1995) GABAB receptor-mediated presynaptic inhibition in guinea-pig
hippocampus is caused by reduction of presynaptic Ca2+ influx. J Physiol 485 ( Pt
3):649-657.
Wu SH, Oertel D (1984) Intracellular injection with horseradish peroxidase of physiologically
characterized stellate and bushy cells in slices of mouse anteroventral cochlear nucleus. J
Neurosci 4:1577-1588.
Xu H, Kotak VC, Sanes DH (2007) Conductive hearing loss disrupts synaptic and spike
adaptation in developing auditory cortex. J Neurosci 27:9417-9426.
Xu W, Schluter OM, Steiner P, Czervionke BL, Sabatini B, Malenka RC (2008) Molecular
dissociation of the role of PSD-95 in regulating synaptic strength and LTD. Neuron
57:248-262.
Xu-Friedman MA, Regehr WG (2004) Structural contributions to short-term synaptic plasticity.
Physiol Rev 84:69-85.
Yang H, Xu-Friedman MA (2008) Relative roles of different mechanisms of depression at the
mouse endbulb of Held. J Neurophysiol 99:2510-2521.
Yang H, Xu-Friedman MA (2009) Impact of synaptic depression on spike timing at the endbulb
of Held. J Neurophysiol 102:1699-1710.

50

Yang Y, Xu-Friedman MA (2015) Different pools of glutamate receptors mediate sensitivity to
ambient glutamate in the cochlear nucleus. J Neurophysiol 113:3634-3645.
Yen JC, Chang FJ, Chang S (1995) A new criterion for automatic multilevel thresholding. IEEE
Trans Image Process 4:370-378.
Yin TC, Chan JC (1990) Interaural time sensitivity in medial superior olive of cat. J
Neurophysiol 64:465-488.
Zhuang X, Sun W, Xu-Friedman MA (2017) Changes in properties of auditory nerve synapses
following conductive hearing loss. J Neurosci 37:323-332.
Zilberter Y (2000) Dendritic release of glutamate suppresses synaptic inhibition of pyramidal
neurons in rat neocortex. J Physiol 528:489-496.
Zucker RS, Regehr WG (2002) Short-term synaptic plasticity. Annu Rev Physiol 64:355-405.

51

Chapter 2
Changes in properties of auditory nerve synapses following conductive hearing loss1

Abstract
Auditory activity plays an important role in the development of the auditory system.
Decreased activity can result from conductive hearing loss (CHL) associated with otitis media,
which may lead to long-term perceptual deficits. The effects of CHL have been mainly studied at
later stages of the auditory pathway, but early stages remain less examined. However, changes in
early stages could be important, because they would affect how information about sounds is
conveyed to higher order areas for further processing and localization. We examined the effects
of CHL at auditory nerve synapses onto bushy cells in the mouse AVCN following occlusion of
the ear canal. These synapses, called endbulbs of Held, normally show strong depression in
voltage-clamp recordings in brain slices. After one week of CHL, endbulbs showed even greater
depression, reflecting higher release probability. We observed no differences in quantal size
between control and occluded mice. We confirmed these observations using mean-variance
analysis and the integration method, which also revealed that the number of release sites
decreased after occlusion. Consistent with this, synaptic puncta immunopositive for VGLUT1
decreased in area after occlusion. The level of depression and number of release sites both
showed recovery after returning to normal conditions. Finally, bushy cells fired fewer action
potentials in response to evoked synaptic activity after occlusion, likely because of increased

1

Originally published as Zhuang X, Sun W, Xu-Friedman MA (2017) Changes in Properties of
Auditory Nerve Synapses following Conductive Hearing Loss. J Neurosci 37:323-332.
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depression and decreased input resistance. These effects appear to reflect a homeostatic, adaptive
response of auditory nerve synapses to reduced activity. These effects may have important
implications for perceptual changes following CHL.

Significance
Normal hearing is important to everyday life, but abnormal auditory experience during
development can lead to processing disorders. For example, otitis media reduces sound to the
ear, which can cause long-lasting deficits in language skills and verbal production, but the
location of the problem is unknown. Here, we show that occluding the ear causes synapses at the
very first stage of the auditory pathway to modify their properties, by decreasing in size and
increasing the likelihood of releasing neurotransmitter. This causes synapses to deplete faster,
which reduces fidelity at central targets of the auditory nerve, which could affect perception.
Temporary hearing loss could cause similar changes at later stages of the auditory pathway,
which could contribute to disorders in behavior.

Introduction
Auditory experience can cause changes in nervous system function, which may have
adaptive, but also pathological impacts (Kopp-Scheinpflug and Tempel, 2015). Processing
disorders can result from otitis media (OM), which is common during childhood (Holm and
Kunze, 1969; Gravel et al., 2006). It has been suggested that the primary risk factor is actually
the degree of conductive hearing loss (CHL), rather than status of OM itself (Gravel and
Wallace, 2000; Whitton and Polley, 2011). However, it is not known how reduction in auditory
activity causes deficits, nor what the cellular origin of deficits is.
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Most studies of the effects of CHL have focused on high-order neurons, such as those in
the inferior colliculus or auditory cortex (Wang et al., 2002; Xu et al., 2007; Popescu and Polley,
2010; Takesian et al., 2010; de Villers-Sidani and Merzenich, 2011). However, it is important to
understand the effects of experience on early parts of the auditory pathway because they could
partially underlie changes observed at later levels. Furthermore, changes in early cells and
synapses could be magnified in downstream auditory processing, and thereby lead to disorders in
behavior.
One important early stage is the anteroventral cochlear nucleus (AVCN). Within the
AVCN, auditory nerve fibers terminate on bushy cells (BCs), forming large and powerful
synapses called “endbulbs of Held” (Lorente de Nó, 1981; Ryugo and Fekete, 1982). BCs relay
precise timing information from the auditory nerve to brain areas involved in sound localization
(Smith et al., 1993b; Oertel, 1999; Cant and Benson, 2003).
Some studies have examined the effects of reduced activity on endbulbs, by using strains
of mice that are congenitally deaf, have early-onset hearing loss, or carry mutations in proteins
important to cochlear or synaptic function (Oleskevich and Walmsley, 2002a; Wang and Manis,
2005; Mendoza Schulz et al., 2014; Wright et al., 2014). There is also extensive work studying
multiple deafening approaches in the chick (Tucci and Rubel, 1985; Tucci et al., 1987; Kuba et
al., 2010a; Kuba et al., 2014). These deafness models have been linked to synaptic changes in
release probability (Pr), quantal size (Q), the size of the readily releasable pool of vesicles (N),
and general synaptic morphology, which is likely related to N. Different models can have
different results, which has made it difficult to determine whether these changes are caused by
auditory nerve activity, by a direct effect of the mutated protein, or by non-specific differences in
mouse strains on synaptic transmission. For example, age-related deafness led to decreased Q
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and Pr (Wang and Manis, 2005), while mutation of the presynaptic scaffold bassoon, which also
causes hearing loss, resulted in increased Q and Pr (Mendoza Schulz et al., 2014). Changes in Q
are suggestive of synaptic scaling, which is a well-established form of activity-dependent
homeostasis (O'Brien et al., 1998; Turrigiano et al., 1998; Turrigiano and Nelson, 2004; Keck et
al., 2013). However, the opposite effects of these two manipulations on Pr and Q are difficult to
reconcile.
To address such issues, we used a milder and reversible manipulation to reduce auditory
activity, bilateral occlusion of the ear canal. We examined pre- and postsynaptic changes after
occlusion using electrophysiology and immunohistochemistry at endbulbs of Held. Endbulbs
showed more depression after occlusion, and partially recovered after returning to normal
conditions. There was no change in quantal size (Q), but a decrease in the number of release sites
(N). In addition, occlusion led to lower firing probability in BCs. These effects suggest the
existence of a homeostatic and adaptive mechanism to optimize the efficiency of synapses during
low activity. These effects may be important for understanding how CHL induces changes at the
very first stage of the auditory system.

Materials and Methods
All experiments were carried out with the approval of the University at Buffalo’s
Institutional Animal Care and Use Committee. Experimental subjects were CBA/CaJ mice of
either sex, ranging in age from postnatal day 15 (P15) to P33.
Bilateral ear occlusion. Ears were bilaterally occluded by injecting a small volume of
silicone elastomer (Kwik-Cast, WPI) into the auditory canal or by ligating the auditory canal at
P14 (Popescu and Polley, 2010). Mice were anesthetized with 200 mg/kg ketamine plus 10
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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 electrophysiology
recordings. In a subset of mice, ears were ligated at P21 and the ligatures were removed at P24.
Auditory brainstem responses (ABR). ABRs were recorded to assess hearing
thresholds after ear occlusion and after ear occlusion removal. Mice were anesthetized with 200
mg/kg ketamine plus 10 mg/kg xylazine. ABRs were recorded with a vertex electrode, an
electrode inserted behind the pinna ipsilateral to the stimulated ear, and a ground electrode
inserted contralateral to the stimulated ear. Clicks (100 µs) were presented through a speaker
placed into the ear canal. ABR threshold was obtained for each animal by reducing the stimulus
intensity in 10 dB steps and then 5 dB steps to identify the lowest intensity that elicited a
response. ABRs were recorded in a sound-proof room with auditory-evoked response averaging
system controlled by TDT software (BioSig) (Sun et al., 2009).
Brain slice electrophysiology. Parasagittal slices of AVCN were cut from the auditory
brainstem of P15-P33 mice as described previously (Yang and Xu-Friedman, 2008; Yang and
Xu-Friedman, 2015). Briefly, slices (142 µm) were cut in an ice-cold sucrose-based solution
containing the following (in mM): 76 NaCl, 75 sucrose, 25 NaHCO3, 25 glucose, 2.5 KCl, 1.25
NaH2PO4, 7 MgCl2, 0.5 CaCl2. Then slices were transferred and incubated at 30°C for 20 min in
standard recording solution containing the following (in mM): 125 NaCl, 26 NaHCO3, 2.5 KCl,
1.25 NaH2PO4, 20 glucose, 1.5 CaCl2, 1 MgCl2, 4 Na-L-lactate, 2 Na-pyruvate, 0.4 Na-Lascorbate, bubbled with 95% O2/5% CO2. Slices were then maintained at room temperature until
recording. Mean-variance analysis experiments were conducted in different external calcium
concentrations (Cae) by replacing 1.5:1.0 CaCl2:MgCl2 with 3:0 or 1:1.5 CaCl2:MgCl2.
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Strychnine (5 µM) was present during all recordings to block spontaneous glycinergic IPSCs.
TTX was not used because blocking action potentials is unnecessary for measuring endbulb
mEPSCs. Action-potential-evoked EPSCs are easily distinguished from spontaneous quantal
release because of the >10-fold difference in amplitude, and auditory nerve fibers do not fire
spikes without electrical stimulation. Thus all small spontaneous synaptic currents reflect
quantal release.
BCs were patched under an Olympus BX51WI microscope with a Multiclamp 700B
(Molecular Devices) controlled by an ITC-18 interface (Instrutech), driven by custom-written
software (mafPC) running in Igor (WaveMetrics). The bath was perfused at 3–4 ml/min using a
pump (403U/VM2; Watson-Marlow, Wilmington, MA), with saline running through an in-line
heater to maintain the temperature at 34°C (SH-27B with TC-324B controller; Warner
Instruments, Hamden, CT).
Pipettes were pulled from borosilicate glass (OD: 1.5 mm, ID: 0.86 mm; Sutter
Instruments, Novato, CA) to a resistance of 1–2 MΩ and were filled with internal solution
containing (in mM): for voltage clamp, 35 CsF, 100 CsCl, 10 EGTA, 10 HEPES, and 1 QX-314
or for current clamp, 130 KMeSO3, 10 NaCl, 2 MgCl2, 0.16 CaCl2, 0.5 EGTA, 10 HEPES, 2
Na2ATP, 0.4 NaGTP, and 14 Tris-CrPhos (pH 7.3, 305 mOsm).
For voltage-clamp experiments in Figures 2.2 through 2.5, BCs were held at −70 mV,
with access resistance 5‒15 MΩ compensated to 70%. Cells were identified by EPSCs having
rapid decay kinetics (t < 0.2 ms) and half-width ≤ 0.5 ms (Chanda and Xu-Friedman, 2010a).
For current-clamp experiments in Figure 2.7, BCs were maintained at −60 mV and were
identified by their 1 to 2 undershooting spikes in response to depolarizing current pulses (Wu
and Oertel, 1984). Single fibers were stimulated using a glass microelectrode placed 30‒50 µm

57

away from the soma with currents of 5–22 µA through a stimulus isolator (WPI A360). Single or
paired pulses were applied every 10 s. Train stimuli were applied every 30 s. For the integration
method, trains of 45 ESPCs were evoked, in the presence of 1 mM kynurenate to prevent
postsynaptic receptor desensitization and saturation.
Immunohistochemistry. Mice were anesthetized with 200 mg/kg ketamine and 10
mg/kg xylazine, then perfused transcardially with 0.9% saline followed by 4% buffered
paraformaldehyde. Brains were removed and postfixed (room temperature, 2h) before
cryoprotecting in 20% sucrose (4°C, overnight). Sagittal sections were cut frozen at 40 µm
thickness on a sliding microtome (American Optical). Slices were treated with 0.5% Triton X100 in 0.2 M PBS for 10 min. The slices were then blocked in 1% normal goat serum for 1 h at
room temperature, washed three times in 0.2 M PBS solution and incubated overnight at 4°C in
primary antibody solution containing: anti-VGLUT-1 (Invitrogen) at 1:500, and 0.2 M PBS with
0.5% Triton X-100. The sections were then washed three times in 0.2 M PBS with 0.5% Triton
X-10 and incubated for 2 h with 1:200 FITC-conjugated goat anti-rabbit antibody in 0.2 M PBS,
0.5% Triton X-100. The sections were then mounted on glass slides using Fluoromount G with
DAPI (Southern Biotech).
Confocal images were acquired using an Olympus confocal microscope. All images were
taken with similar settings for both control and occlusion conditions. BCs were identified by
clear labeling of VGLUT1-positive puncta around the soma, and 3 or 4 well-separated BCs from
each mouse were chosen for analysis. BCs without recognizable puncta would not be included in
this analysis. All of the quantification was performed blind to rearing conditions by randomly
naming image files. In order to quantify the average number and area of puncta, the optical
section at the midline of each cell was selected and Yen’s threshold algorithm (Yen et al., 1995)
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plug-in in ImageJ was applied to identify puncta. The automated analyze particles command in
ImageJ was used to scan the threshold image and find the edges of puncta. Outlines of the
particles were verified against the original image to confirm the detection of puncta. The puncta
not belonging to the cell were excluded, and particles that were part of one puncta were merged.
Data analysis. Average results are reported throughout as mean ± SEM. All statistical
tests are unpaired Student’s t tests, except where otherwise noted.

Results
Verifying ear occlusion and removal
To generate bilateral CHL, we occluded ears reversibly, using either an earplug or
ligature of the ear canal. We validated successful ear occlusion and occlusion removal by
measuring hearing threshold with auditory brainstem responses (ABRs). In the example of Fig.
2.1A, left, a control mouse at P20 had hearing threshold of 30 dB SPL. For a mouse with ear
canal ligated at P14, the threshold was 80 dB SPL measured at P19 (Fig. 2.1A, middle),
reflecting a decrease in sensitivity of ~50 dB SPL. In the example shown in Fig. 2.1A, right, the
mouse was ligated at P21, then unligated at P24, and by P27, the threshold recovered to 30 dB
SPL, indicating these shifts were reversible. We found similar results in all ears tested. The
average threshold of control mice was 33.0 ± 1.2 dB SPL (5 ears). Following occlusion,
threshold was significantly elevated to 80.0 ± 1.1 dB SPL (8 ears; p < 0.01), and after removing
occlusion, threshold was back to 36.0 ± 2.0 dB SPL (7 ears; p = 0.28) (Fig. 2.1B). This indicates
that the methods to create occluded and recovered ears are valid and reliable.
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Fig. 2.1

Figure 2.1 Assessing hearing thresholds using auditory brainstem responses (ABRs)
A, Representative traces from a P20 control mouse (left), a P19 occluded mouse (middle) and a
P27 recovered mouse (right). Traces were evoked by click stimuli and were averages of 1024
trails. Thresholds are indicated by arrows. B, Average ABR thresholds for control (5 ears),
bilateral occlusion (8 ears) and recovery (7 ears). After occlusion, thresholds were significantly
elevated by 48.0 ± 1.6 dB SPL (p < 0.001). After recovery, thresholds were not significantly
different compared with control (p > 0.1).
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Occlusion affects endbulb function
We studied how bilateral occlusion affects synaptic function by characterizing endbulbs
in terms of release probability (Pr), quantal size (Q) and number of release sites (N). We first
assessed Pr by quantifying the level of synaptic depression. We recorded pairs of EPSCs at
different intervals from BCs in whole-cell voltage clamp, and calculated the paired-pulse ratio
(PPR), which is the amplitude of the second EPSC normalized to the first (PPR =
EPSC2/EPSC1). Endbulbs normally show depression (Fig. 2.2A, left) and small PPR (Fig. 2.2B,
open circles) at all intervals, indicating they have high Pr. Endbulbs from occluded mice showed
even stronger depression (Fig. 2.2A, right) and smaller PPR (Fig. 2.2B, closed circles),
indicating they have higher Pr. We found similar results across multiple recordings. Average
PPR for Dt = 3 was 0.50 ± 0.03 (13 cells) in control mice versus 0.31 ± 0.02 (22 cells) in
occluded mice, which is significantly lower (p < 0.01). PPRs at other intervals were also
significantly lower following occlusion (Fig. 2.2C; p < 0.05), indicating that endbulbs had higher
Pr after occlusion.
In theory, if all other synaptic properties remain equal, an increase in Pr should lead to
larger initial EPSCs. However, we found that the amplitudes of first EPSC (EPSC1) in control
versus occluded mice were not significantly different (Fig. 2.2D; control: 28 cells; occlusion: 45
cells; p = 0.34, Kolmogorov-Smirnov test). This indicates that other changes must be taking
place to offset the increase in Pr.
In addition, it is important to understand how quickly Pr changes following occlusion. To
address this, we occluded ears at P14 (the onset of hearing), and assessed PPR for Dt = 3 ms
starting from P15 (Fig. 2.2E). We detected a significant decrease after one week of occlusion,
starting from P21 (Fig. 2.2F).
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Fig. 2.2

Figure 2.2 Pr at endbulbs increased after occlusion
A, Representative EPSC traces recorded from a bushy cell (BC) in a P20 control mouse (left)
and in a P23 occluded mouse (right). Single auditory nerve fibers were stimulated in pairs with
interpulse intervals from 3 to 20 ms. B, Quantification of depression using PPR (EPSC2/EPSC1)
for control (open circles) and occluded (closed circles) cells in A. C, Average PPR for control
(13 cells) and occlusion (22 cells) from mice aged P19-P30. Occlusion induced greater
depression at all intervals. One or two asterisks (*) indicate significance at the p < 0.05 or 0.01
level, respectively. Markers are shown as mean ± standard error of the mean. Some errors bars
are obscured by markers. D, Initial EPSC (EPSC1) amplitude distributions. There was no
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significant difference between control (28 cells) and occlusion (45 cells) (NS, p > 0.5,
Kolmogorov-Smirnov test). E, PPR at 3 ms interval for control (10 cells) and occluded (29 cells)
endbulbs as a function of age from P15 to P29. F, PPR as a function of age, averaged over two or
more days from control and occluded mice. PPRs after occlusion were significantly smaller
starting at P21 (P15-18: p = 0.3; P19-20: p = 0.15; P21-22: p = 0.004; P23-24: p = 0.01).
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Quantal size remains unchanged after occlusion
An important form of activity-dependent homeostasis is synaptic scaling, in which
decreased activity leads to an increase in Q (O'Brien et al., 1998; Turrigiano et al., 1998;
Turrigiano and Nelson, 2004; Keck et al., 2013). We tested for synaptic scaling in endbulbs by
recording spontaneous mEPSC in voltage-clamp from occluded and control mice (Fig. 2.3A).
The average frequency and amplitude were calculated by recording 70-250 mEPSCs from each
cell. Spontaneous mEPSC frequency in occluded mice was similar to that in control mice
(control: 12 cells; occlusion: 13 cells; p = 0.60, Kolmogorov-Smirnov test; Fig. 2.3B).
Spontaneous average mEPSC amplitudes in occluded mice were also similar to those in control
mice (control: 12 cells; occlusion: 13 cells; p = 0.56, Kolmogorov-Smirnov test) (Fig. 2.3C). The
mEPSC amplitudes were also analyzed by taking 100 mEPSCs from cells with sufficient number
of mESPC and merging into two overall distributions for control vs. occluded conditions. This
approach also showed no difference between control and occluded mESPC amplitudes (control:
8 cells; occlusion: 6 cells; p = 0.12, Kolmogorov-Smirnov test; Fig. 2.3D). Thus, the mEPSCs
were not affected by occlusion, suggesting synaptic scaling does not occur under our conditions.
Instead, a separate mechanism appears to be involved in the changes we observed in response to
reduced activity.

Quantification of Pr, N and Q
Our direct measurements of PPRs and mEPSCs suggested that Pr increased and Q did not
change after CHL. To verify these changes and also to quantify N, we used mean-variance
analysis and the integration method. Mean-variance analysis is based on considering
neurotransmitter release as a binomial random process, so the mean (µ) and variance (σ2) of the
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Fig. 2.3

Figure 2.3 Q remained the same after occlusion.
A, Representative spontaneous mEPSCs from a control mouse (left) and an occluded mouse
(right). Cumulative frequency plots of average mEPSC frequency (B) and amplitude (C) from
mice under control (13 cells) and occlusion (12 cells) condition. Occlusion had no significant
effect on mEPSC amplitude (p > 0.1, Kolmogorov-Smirnov test) or frequency (p > 0.5,
Kolmogorov-Smirnov test) of mEPSC. D, Cumulative frequency plots of 100 events total per
cell under control (6 cells) and occlusion (8 cells) conditions. No significant difference was
observed between control and occluded BCs (p > 0.1, Kolmogorov-Smirnov test).
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EPSC amplitude are related according to s2 = Qµ - (µ2 / N), when Pr is varied by changing
external calcium concentrations (Cae) (Silver, 2003; Foster and Regehr, 2004). We measured
EPSC amplitude in different Cae (1, 1.5 and 3 mM) in BCs from control (Fig. 2.4A) and
occluded mice (Fig. 2.4C). Mean-variance plots were fitted with the equation above to estimate
N and Q, and then Pr at normal Cae (1.5 mM) could be calculated by Pr = EPSC / QN (Fig. 2.4B,
D). Figure 2.4 shows examples of a control endbulb (Fig. 2.4A, B) and an occluded endbulb
(Fig. 2.4C, D). We made similar measurements in a number of BCs, which indicated that after
occlusion N decreased significantly (Fig. 2.4E; control: 98 ± 8, 9 cells; occlusion: 70 ± 9, 16
cells; p = 0.03), and Pr increased significantly (Fig. 2.4F; control: 0.43 ± 0.04, 9 cells; occlusion:
0.55 ± 0.03, 16 cells; p = 0.03). No significant difference was detected between control and
occluded mice in Q (Fig. 2.4G; control: 124 ± 12, 9 cells; occlusion: 151 ± 15, 16 cells; p =
0.17).
In addition to the mean-variance analysis, we also used an independent method based on
long trains (Schneggenburger et al., 1999; Thanawala and Regehr, 2013, 2016). EPSCs (100 Hz,
45 pulses) were evoked from control (Fig. 2.4H) and occluded BCs (Fig. 2.4J), in the presence of
1 mM kynurenate to prevent postsynaptic receptor desensitization and saturation. The EPSCs
were integrated, and the rate of vesicle recovery was estimated by a straight-line fit to the last 20
pulses of the cumulative EPSC (Fig. 2.4I, K). The y-intercept was proportional to N and dividing
the first EPSC by N yields Pr. We did similar experiments in a number of control and occluded
BCs. The results indicated that N significantly decreased (Fig. 2.4L; control: 5.2 ± 0.6 nA, 11
cells; occlusion: 3.7 ± 0.4 nA, 10 cells; p = 0.04) and Pr significantly increased (Fig. 2.4M;
control: 0.38 ± 0.03, 11 cells; occlusion: 0.37 ± 0.03, 9 cells; p = 0.04) after occlusion. Thus,
both methods showed that occlusion led to increased Pr, and mean-variance analysis also showed
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Fig. 2.4

Figure 2.4 Quantification of Pr, N and Q.
A, C, Example experiments showing effects of different Cae on EPSC amplitude over the course
of the experiment from a control mouse (P22, A) and an occluded mouse (P23, C). Lines above
the points indicate the data that are used for analysis. B, D, Markers indicate variance versus
EPSC amplitude for each Cae concentration from experiments in A and C. Lines are fits to the
equation s2 = Qµ - (µ2 / N),, with N = 81 and Q = 108 in B, and N = 70 and Q = 90 in D. From
these, Pr at 1.5 Cae is calculated to be 0.39 in B, and 0.64 in D. E-G, Cumulative frequency plot
of N (E), Pr (F) and Q (G) from control mice (9 cells, black) and occluded mice (16 cells, red).
After occlusion, N significantly decreased and Pr significantly increased (p < 0.05). Q showed no
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significant changes (p > 0.1). H, J, Representative long trains recordings in the presence of 1
mM kynurenate from a control mouse (H) and an occluded mouse (J) in response to stimulation
of a single AN fiber (100 Hz, 45 pulses). I, K, EPSC amplitude are integrated, and a fit is
extrapolated back from last 20 cumulative EPSC to the y axis to estimate N (straight line). Pr is
calculated by dividing the first EPSC by N. L, M, Quantification of N (L) and Pr (M) using the
integration method from control mice (11 cells) and occluded mice (10 cells). Occluded endbulbs
showed significantly smaller N (p < 0.05) and higher Pr (p < 0.05).
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no change in Q, consistent with our measurements of PPR and mEPSCs. In addition, both
methods indicated N decreased after ear occlusion, which may account for the unchanged EPSC1
amplitude we observed in Fig. 2.2D.

Recovery of Pr and N
We also tested whether the changes in Pr and N we observed in Fig. 2.4 recover after
returning to normal sound conditions. We found that for ears ligated at very early ages (P14), it
was difficult to surgically reopen the ear canal. Therefore, for this set of experiments, we ligated
the ear canal at P21 and unligated at P24 (Fig. 2.5A). We first used the integration method to
confirm that 3 days of ligation was enough to affect N and Pr (Fig. 2.5A “Occ”). We found that
by P24, N decreased compared to age-matched controls (Fig. 2.5A “Ctrlearly”) (control: 5.5 ± 0.7
nA, 10 cells; occlusion: 3.6 ± 0.6 nA, 11 cells; p = 0.04; Fig. 2.5B) and Pr increased (control:
0.39 ± 0.03, 10 cells; occlusion: 0.54 ± 0.04, 11 cells; p = 0.009; Fig. 2.5C). Then in another
group of mice, we unligated at P24 and assessed recovery of N and Pr after one week (Fig. 2.5A
“Rec”). In these animals, N returned to near age-matched controls (Fig. 2.5A “Ctrllate”) (control:
5.2 ± 0.9 nA, 13 cells; occlusion: 5.0 ± 0.8 nA, 15 cells; p = 0.83; Fig 2.5B) and Pr decreased
towards control levels (control: 0.39 ± 0.03, 13 cells; occlusion: 0.54 ± 0.04, 11 cells; p = 0.13;
Fig. 2.5C). Thus, Pr does show recovery after hearing is restored, but recovery does not appear to
be complete after one week, while N seems to fully recover.
We were concerned that the mathematical analyses associated with the integration
method could introduce additional variability into the estimate of Pr. Therefore, we also assessed
recovery using the PPR at Dt = 3 ms, which is very sensitive to changes in Pr. PPR decreased
significantly from 0.55 ± 0.04 (Ctrlearly, 13 cells) to 0.41 ± 0.03 (Occ, 10 cells) after 3 days of
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occlusion (p = 0.01), reflecting an increase in Pr. In another set of mice, we occluded ears at P21
and unoccluded them at P24, then measured PPR after P30. PPR in these animals was 0.55 ±
0.04 (Rec, 9 cells), which was significantly greater than the occluded cells (p = 0.03), but not
significantly different from PPR measured in mice after P30 that were never occluded (Ctrllate,
PPR = 0.53 ± 0.04, 10 cells, p = 0.85). Thus, PPR appeared to recover completely after
occlusion was removed.

Endbulb structural changes after occlusion
The physiological experiments using mean-variance analysis and the integration method
indicated that ear occlusion caused a decrease in the number of release sites or vesicles (Fig.
2.4E, L). Deafening in mice and cats has been linked to changes in endbulb structure (Limb and
Ryugo, 2000; O'Neil et al., 2011; Connelly et al., 2016), so we examined if ear occlusion had
similar effects by using VGLUT1 immunohistochemistry, which labels glutamatergic vesicles
around multiple release sites (Lauer et al., 2013; Ngodup et al., 2015). Fig. 2.6A shows examples
of VGLUT1-labeled endbulbs from control (left) and occluded mice (right), which contained
strong punctate labelling surrounding the BC somata. We quantified the number of puncta
around the cell body in single optical sections in the middle of the cell. We used an automated
detection and measurement algorithm (Yen et al., 1995) in ImageJ and did the analysis blind to
treatment conditions. Fig. 2.6B shows outlines of puncta around the BC cell body from example
control (Fig. 2.6B, left) and occluded (Fig. 2.6B, right) mice. We did the same analysis on
multiple cells from control and occluded mice. There was no significant change in the number of
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Fig. 2.5

Figure 2.5 Recovery of Pr and N after returning to normal sound condition.
A, Experimental timeline for the 4 experimental groups shown in B and C. One group of mice
(Ctrlearly) were raised under normal sound condition and recordings were carried out at P21. The
second group (Occ) were occluded at P21 until recording at P24. The third group (Rec) were
ligated at P21, unligated at P24, and recorded after P30. The fourth group (Ctrllate) were raised
under normal sound condition and recorded after P30. Quantification of N (B) and Pr (C) using
the integration method from Ctrlearly group (10 cells), Occ group (11 cells), Ctrllate group (13
cells) and Rec group (15 cells), similar to Fig. 2.4. D, Measurement of PPR at Dt = 3 ms for
treatment groups in A. These measurements were carried out in the absence of kynurenate, and
were therefore done on separate cells from those shown in B and C. Bars are averages ± SEM.
Markers indicate individual BCs. Asterisks mark significant differences (p < 0.05).
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puncta after occlusion (Fig. 2.6C; control: 12.3 ± 1.1, 10 cells; occlusion: 12.8 ± 0.9, 10 cells; p
= 0.72). By contrast, the average area of puncta shrank after occlusion (Fig. 2.6D; control: 2.6 ±
0.3 µm2, 10 cells; occlusion: 1.6 ± 0.2 µm2, 14 cells; p = 0.01). This indicates that endbulb
structure changes following occlusion, and is consistent with the decrease in the number of
release sites found using mean-variance analysis and the integration method.

Decreasing excitability of BCs after occlusion
In addition to synaptic properties, acoustic environment and activity can also affect
postsynaptic intrinsic properties, such as by modulating channels (Song et al., 2005a). We
characterized the intrinsic electrical properties in current-clamp recordings by injecting current
pulses into BCs from control and occluded mice. As in control (Oertel, 1983), BCs from
occluded mice fired one undershooting action potential in response to depolarizing current
injection (Fig. 2.7A). There was no significant difference in firing thresholds between BCs of
control and occluded mice (Fig. 2.7B; control: -46.2 ± 1.2 mV, 8 cells; occlusion: -46.6 ± 0.7
mV, 24 cells; p = 0.77). We also used these data to characterize the input resistance (Rin). Figure
2.7C shows the average membrane voltage as a function of current injection for control and
occluded BCs. The shallower slope in Fig. 2.7C indicated Rin decreased after occlusion. We
calculated Rin around resting membrane potential (-60 mV), which was significantly higher in
control compared to occluded mice (Fig. 2.7D; control: 66.3 ± 9.2 MΩ, 8 cells; occlusion: 38.8 ±
6.7 MΩ, 24 cells; p = 0.017). This may indicate the expression level of potassium channels at
postsynaptic BCs increased following occlusion (Barnes-Davies et al., 2004; Lu et al., 2004).
The deeper depression and lower Rin would both be expected to influence synapticallyevoked spiking in BCs. We tested this by stimulating a single auditory nerve fiber 20 times at
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Fig. 2.6

Figure 2.6 Endbulb structure changed after occlusion.
A, Single optical sections of a control (P31, left) mouse and an occluded (P31, right) mouse
immunolabeled for VGLUT1 (green). (Scale bar = 10 µm). B, Outlines of puncta for a control
(left) and an occluded (right) mouse which shown in Fig 2.6. A. C, Number of puncta
surrounding BCs for control mice (10 cells) and occluded mice (10 cells). The number of puncta
after occlusion was similar compared with control mice (p > 0.1). Bars are averages ± SEM.
Circles indicate number of puncta for individual BCs. C, Average area of puncta surrounding
BCs for control mice (10 cells) and occluded mice (10 cells). Puncta significantly shrank after
occlusion (p < 0.05). Bars are averages ± SEM. Line marks indicate average area of puncta for
an individual BC.
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100 or 200 Hz. After occlusion, the BCs fired fewer action potentials at both 100 (Fig. 2.7E) and
200 Hz (Fig. 2.7F). We quantified firing probability during the second half of the train (pulses
11–20) when EPSPs are near steady-state. Firing probability was significantly lower in occluded
mice than in control mice at both 100 Hz (Fig. 2.7G; control: 0.84 ± 0.10, 5 cells; occlusion: 0.39
± 0.12, 9 cells; p = 0.013) and 200 Hz (Fig. 2.7H; control: 0.50 ± 0.10, 5 cells; occlusion: 0.12 ±
0.05, 9 cells; p = 0.014). Therefore, it appears that the excitability of BCs decreased following
occlusion.
The deeper depression and lower Rin would both be expected to influence synapticallyevoked spiking in BCs. We tested this by stimulating a single auditory nerve fiber 20 times at
100 or 200 Hz. After occlusion, the BCs fired fewer action potentials at both 100 (Fig. 2.7E) and
200 Hz (Fig. 2.7F). We quantified firing probability during the second half of the train (pulses
11–20) when EPSPs are near steady-state. Firing probability was significantly lower in occluded
mice than in control mice at both 100 Hz (Fig. 2.7G; control: 0.84 ± 0.10, 5 cells; occlusion: 0.39
± 0.12, 9 cells; p = 0.013) and 200 Hz (Fig. 2.7H; control: 0.50 ± 0.10, 5 cells; occlusion: 0.12 ±
0.05, 9 cells; p = 0.014). Therefore, it appears that the excitability of BCs decreased following
occlusion.
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Fig. 2.7

Figure 2.7 BC excitability decreased after occlusion.
A, Representative current-clamp traces recorded from a P20 control (left) mouse and a P23
occluded (right) mouse in response to current injection. B, Spike thresholds for control (8 cells)
and occluded (24 cells) mice. Open circles are raw data and line markers are average results for
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control and occlusion. There were no significant changes in threshold (p > 0.5). C, Average plots
of voltage versus injected current from control (8 cells) and occluded (24 cells) mice. D, Input
resistances (Rin) at -60 mV for control and occluded mice. Rin significantly decreased after
occlusion (p < 0.05). Line markers are averages ± SEM. Open circles are individual data points.
E, F, Example traces of current-clamp recordings of control BCs (left) and occluded BCs (right)
in response to fiber stimulation at 100 Hz (E) and 200 Hz (F). Strip chart plots of firing
probability for both 100 Hz (G) and 200 Hz (H). Firing probability was calculated during the last
10 stimuli during the trains. Spike fidelity decreased significantly after occlusion (p < 0.05).
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Discussion
We have shown that CHL changes fundamental properties of endbulbs and BCs in the
AVCN. Pr increased after occlusion and reverted when normal conditions were restored.
Moreover, N decreased, appearing to compensate for increased Pr to maintain a constant EPSC1.
Q remained constant in response to occlusion. These results indicate that endbulbs respond
homeostatically to CHL, but not through synaptic scaling. These as well as intrinsic changes in
Rin led to decreased postsynaptic firing in BCs.
These cellular and synaptic changes appear to optimize cellular properties in response to
reduced auditory activity. High Pr causes synaptic depletion, but when the activity is low, there is
increased opportunity for recovery, so the consequences of high Pr are minimal. By contrast,
maintaining a large endbulb with many unused vesicles may be inefficient. Therefore, dropping
N and raising Pr could make endbulbs more efficient when auditory activity is low.

Mechanisms underlying CHL
These synaptic and cellular effects may have relevance for the long-lasting effects of
otitis media (OM), which is common among young children (Gates, 1996; Zhou et al., 2008).
OM can have long-term behavioral consequences, including shifts in sensitivity to interaural
level and timing differences and also in FM detection thresholds (Thornton et al., 2012; Buran et
al., 2014; Caras and Sanes, 2015b). However, the cellular basis is not well understood. Our
studies showed that Pr increased at endbulbs during CHL, which may initially yield little change
in spike fidelity at endbulbs when activity is reduced. However, when normal hearing is restored
and activity increases, synaptic depletion could become significant, which would reduce spike
fidelity and possibly impair perception.
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Importantly, we observed changes at the start of the auditory pathway, and similar
mechanisms likely exist throughout the pathway. These changes may have negative
consequences, particularly if CHL resolves and the synapses do not recover accordingly. Early
CHL can engender susceptibility to audiogenic seizures (Henry, 1967; Sun et al., 2011). In
auditory cortex, pyramidal neurons and inhibitory synapses onto them were permanently altered
when CHL occurred before P18 (Mowery et al., 2015a), which may underlie changes in auditory
behavior following CHL (Popescu and Polley, 2010; Polley et al., 2013; Caras and Sanes,
2015a). We found that Pr at endbulbs largely recovered after normal sound conditions were
restored (Fig. 2.5), indicating that endbulbs adapt to acoustic conditions even after early
development. Such flexibility may be needed, because the auditory periphery continues to
change throughout life (Schmiedt et al., 1996; Skoe et al., 2015). Therefore, it may be useful to
study the cellular mechanisms underlying CHL-dependent changes in endbulbs, to learn how to
reverse non-adaptive changes at other stages of the auditory pathway that impede normal
processing.
It will also be important to establish how other synapses in the auditory pathway are
affected by CHL. This has been considered at the calyx of Held in the medial nucleus of the
trapezoid body using unilateral CHL. Calyces carrying information from the occluded ear
showed no change in Pr, but calyces from the non-occluded ear showed reduced Pr (Grande et
al., 2014). Also, unilateral CHL led to changes in AMPAR expression (Wang et al., 2011;
Clarkson et al., 2016). Such receptor changes might affect mEPSCs, but we observed no changes
in mEPSC amplitude or decay with bilateral occlusion. It is difficult to tell if these effects reflect
a fundamentally different underlying phenomenon, or if changes in activity are more
complicated following unilateral occlusion, compared with the bilateral occlusion.
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We found that both juvenile and mature synapses in mice were sensitive to CHL,
suggesting human endbulbs could be too, although there are significant differences between the
auditory systems of mice and humans. To understand this better, it will be important to
investigate further the time-course and age-dependence of recovery, as well as the perceptual
consequences.

Other models of hearing loss
Our results may relate to additional models of reduced activity. For example, mutations
of bassoon, a presynaptic scaffolding protein, and otoferlin, the putative calcium sensor at hair
cell synapses, both reduced afferent activity and increased Pr at endbulbs (Mendoza Schulz et al.,
2014; Wright et al., 2014), consistent with our findings. Bassoon and otoferlin mutations also
led to larger Q, likely reflecting homeostatic synaptic scaling (Turrigiano et al., 1998; Keck et
al., 2013), which we did not observe after occlusion (Fig. 2.3, 2.4). This may be because ligation
preserves much of ear function, including spontaneous activity and receptivity to self-generated
sounds. Mutations of bassoon and otoferlin may have had a more severe impact on auditory
activity, which could recruit additional homeostatic mechanisms such as synaptic scaling. This
would imply that there are multiple signaling pathways with different thresholds for activity that
induce changes in Pr and N vs. Q.
By contrast, early-onset hearing loss in DBA mice led to smaller Pr and Q (Wang and
Manis, 2005), which is not consistent with the effects we observed after occlusion. To reconcile
these findings, it will be important to understand how cochlear degeneration affects acousticallydriven and spontaneous activity, as well as the activity-dependent signaling pathways that
regulate endbulb properties.
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Furthermore, many studies have examined how deafening affects the avian auditory
system using such manipulations as middle and inner ear damage (Tucci and Rubel, 1985; Tucci
et al., 1987; Harris and Rubel, 2006; Kuba et al., 2010a; Kuba et al., 2014). Such manipulations
have dramatic effects on cell structure and excitability in the homologous nucleus
magnocellularis. However, the consequences for chick endbulb physiology are not well known.
It will be interesting to examine whether similar manipulations have similar effects in
mammalian and avian systems.

Quantification of N, Pr and Q
We assessed synaptic parameters using mean-variance analysis and the integration
method. It is important to interpret the values of N, Pr and Q appropriately. Endbulb AMPARs
show significant saturation (Chanda and Xu-Friedman, 2010a), so for mean-variance analysis,
the synaptic parameters we measured in the absence of a low-affinity antagonist likely relate to
release sites rather than individual vesicles. Our mean-variance estimate of N in control was
~100, which is on the same order as previous estimates of the number of release sites (~126), and
is smaller than the estimated vesicle pool (~300) (Nicol and Walmsley, 2002; Mendoza Schulz et
al., 2014). In addition, the estimate of Q from mean-variance analysis (~120 pA) was larger than
the mEPSC measured in voltage clamp (~100 pA). This is consistent with the mean-variance Q
reflecting the average quantal size of an entire release site, rather than the receptors activated by
a single mEPSC.
The integration method also yields quantitative estimates of N and Pr, but these values
must be interpreted differently. Kynurenate was used in these experiments to prevent
postsynaptic receptor saturation, so the value of Pr should relate to individual vesicles rather than
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release sites. Also, because kynurenate blocks the majority of AMPA receptors, Q is difficult to
measure, and therefore N cannot be converted to the number of releasable vesicles.

Bidirectional, experience-dependent, homeostatic mechanism at endbulbs
The effects of occlusion at endbulbs are likely related to the effects of exposure to
constant noise (Ngodup et al., 2015). After noise exposure, endbulbs decreased Pr and increased
N, and BC spiking was enhanced. Furthermore, neither occlusion nor noise-exposure led to
changes in EPSC1 or Q. In addition, Pr recovered to near-normal after noise-exposure and
occlusion ceased. These parallels suggest that endbulbs optimize synaptic properties over a wide
range of sound conditions using a single activity-dependent, homeostatic mechanism. This
presynaptic mechanism could be related to activity-dependent changes in Pr seen in hippocampal
cell culture and the Drosophila neuromuscular junction (Frank et al., 2006; Branco et al., 2008).
However, in those systems, changes take place within a few hours, which is much faster than at
endbulbs.
Postsynaptic effects by contrast do not appear to be subject to a single mechanism. After
occlusion, spike threshold remained constant and Rin decreased, whereas after noise-rearing,
spike threshold decreased and Rin remained constant (Ngodup et al., 2015). A change in spike
threshold could arise from changes in the axon initial segment (Grubb and Burrone, 2010; Kuba
et al., 2010b). A change in Rin could occur through an increase in K channel expression (BarnesDavies et al., 2004; Lu et al., 2004). Thus, changes in postsynaptic excitability may result from
two separate, activity-dependent mechanisms.
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Accounting for normal variability in Pr
Our results may shed light on the regulation of Pr under normal sound conditions. In
vitro, the amount of depression among endbulbs varies considerably (Yang and Xu-Friedman,
2009b), and in vivo, auditory nerve fibers vary in their amount of activity (Kiang and Watanabe,
1965; Liberman, 1978). Experience-dependent changes of Pr may connect diversity in firing rate
to Pr: low firing rate fibers would have higher Pr, while high firing rate fibers would have lower
Pr. Spontaneous rate of auditory nerve fibers has been linked to synaptic morphology (Ryugo
and Rouiller, 1988), with high-rate fibers having larger and more intricate structures.
Furthermore, synaptic morphology correlates with Pr at the calyx of Held (Grande and Wang,
2011). This mechanism may also account for the fact that auditory nerve fibers that converge on
the same BC have similar Pr, but onto different BCs do not (Yang and Xu-Friedman, 2009b,
2012), because fibers with similar firing rate appear to converge on the same BCs (Ryugo and
Sento, 1991a). Finally, our results add more evidence that Pr is functionally important, because
it is difficult to understand why Pr would change in different activity conditions if it were not.
Additional work will be needed to test how changes in Pr and N at endbulbs support auditory
processing.
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Chapter 3
Mechanisms and functional consequences of presynaptic homeostatic plasticity at auditory
nerve synapses.

Abstract
Synapses maintain stable function when faced with different levels of activity through
varied homeostatic mechanisms. The best-studied forms of homeostasis are postsynaptic, but
presynaptic forms are also important and it is not clear what the relative influence is. A good
place to study homeostatic mechanisms is the endbulb of Held, which is the synapse formed by
auditory nerve fibers onto bushy cells in the anteroventral cochlear nucleus. Endbulbs modify the
degree of synaptic depression after changes in acoustic conditions. The mechanism for these
changes is unknown. We tested the role of Ca2+ signaling in presynaptic homeostasis using
voltage-clamp recordings and Ca2+ imaging in mouse brain slices. EPSCs of noise-reared
endbulbs were highly sensitive to block by Ca2+ chelators, whereas occluded endbulbs were
resistant. These results were consistent with changes in Ca2+ influx or coupling efficacy between
Ca2+ channels and the release apparatus, and agreed with the observed changes in synaptic
depression. Furthermore, Ca2+ imaging of endbulbs revealed that Ca2+ influx increased after ear
occlusion. We also tested changes in coupling efficacy by quantifying the cooperativity
following exposure to different sound environments and found no change. Together, these
experiments indicated that endbulbs regulate synaptic depression by modifying Ca2+ influx in
response to different acoustic conditions. We also found that endbulbs older than 50 days
showed activity-dependent changes in synaptic depression similar to young endbulbs. This
suggested there is no critical period for this phenomenon. Finally, we performed two-electrode
dynamic clamp to distinguish the relative impact of pre- vs. postsynaptic homeostatic changes on
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spike fidelity. These experiments revealed that presynaptic changes following ear-occlusion and
noise-rearing had a large effect on spike fidelity, while postsynaptic changes following only earocclusion had an effect. These experiments provide novel insights that presynaptic Ca2+
signaling is a critical control underlying the homeostatic regulation of neurotransmitter release,
and that these presynaptic changes have functional impact in mature synapses.

Introduction
Neural circuits are subject to a wide range of activity levels, which may destabilize and
interfere with proper signaling. This could be an issue particularly at synapses, as a high level of
activity could lead to depletion of presynaptic vesicles and loss of spiking (Kuenzel et al., 2011).
Multiple homeostatic mechanisms have been observed in vitro that maintain synaptic function.
The best-studied forms are through postsynaptic changes, including neurotransmitter receptors
changes (Turrigiano et al., 1998), and by modulating excitability (Song et al., 2005b; Grubb and
Burrone, 2010). There are also presynaptic forms of homeostasis (Davis, 2006; Branco et al.,
2008). However, it is unclear what the relative importance of pre- vs. postsynaptic mechanisms
are for spike fidelity.
A very good system for gaining insights into these issues is the auditory system. There is
great diversity in firing rate among auditory nerve fibers because of their different sensitivity to
sound levels (Liberman, 1978). Furthermore, abnormal acoustic conditions are associated with
hearing problems including tinnitus and processing disorders. Therefore, it is important to
understand how auditory synapses are affected by activity and the functional consequences of
pre- and postsynaptic changes, especially synapses at the start of the auditory system. Such
changes have been observed in vivo at the very start of the auditory system in the anteroventral
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cochlear nucleus (AVCN). Within the AVCN, auditory nerve fibers terminate on bushy cells
(BCs), forming large and powerful synapses called “endbulbs of Held” (Ryugo and Fekete,
1982). These synapses normally show depression, indicating a high probability of presynaptic
vesicle release (Pr) (Yang and Xu-Friedman, 2008, 2013). After occluding the ears, endbulbs
showed more synaptic depression (i.e. higher Pr) plus decreased postsynaptic input resistance,
with a result of decreased postsynaptic firing (Zhuang et al., 2017). By contrast, after noiserearing, endbulbs showed less depression (lower Pr) plus lower postsynaptic spike threshold, and
these were associated with increased firing (Ngodup et al., 2015). This raises the question of
what the underlying cellular mechanisms are and the relative importance of pre- vs. postsynaptic
changes for spike fidelity.
It is a long-standing question how the Pr is set at any synapse. One possibility is through
changes in Ca2+ signaling. Experimentally, manipulating Ca2+ influx does affect Pr (Mintz et al.,
1995; Dittman and Regehr, 1998; Cho et al., 2011; Thanawala and Regehr, 2013). However, it is
unknown if this is how synapses regulate Pr in vivo. Another possibility is the structure of
presynaptic Ca2+ domains. In immature synapses Ca2+ channels are thought to be loosely coupled
to vesicle release in so called “microdomains”, whereas in mature synapses, Ca2+ channels are
tightly coupled to vesicle release in “nanodomains” (Taschenberger et al., 2002; Wang et al.,
2008; Schmidt et al., 2013). This leads to differences in the efficacy of Ca2+ at driving vesicle
release, which is reflected in quantitative relationship between Ca2+ and release, particularly the
cooperativity (Jenkinson, 1957; Dodge and Rahamimoff, 1967; Borst and Sakmann, 1996;
Schneggenburger et al., 2012). However, it is unknown whether Ca2+ influx or domain structure
are involved in activity-dependent changes in Pr.
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Changes in domain structure are associated with maturation. Auditory cortex and striatum
synapses are permanently altered by transient developmental deprivation (Mowery et al., 2015b;
Mowery et al., 2017), so it is important to understand whether fully mature synapses can also
undergo activity-dependent changes or whether they can only occur during a critical period.
We addressed these issues by investigating Ca2+ signaling in endbulbs under different
acoustic conditions using electrophysiology and calcium imaging. Ca2+ influx increased after
ear-occlusion and decreased after noise-rearing. There was no change in calcium cooperativity of
neurotransmitter release among three acoustic conditions. In addition, Pr of mature endbulbs also
depended on activity, so there was no evidence of a critical period. Finally, we used twoelectrode dynamic clamp to separately quantify the contributions of presynaptic and postsynaptic
adaptations. These experiments have important implications for understanding how Pr is
regulated at synapses and mechanisms underlying disorders such as tinnitus and processing
disorders.

Materials and Methods
All experiments were carried out with the approval of the University at Buffalo’s
Institutional Animal Care and Use Committee. Experimental subjects were CBA/CaJ mice of
either sex, ranging in age 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
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closed using suturing and Vetbond. Mice were restored to their home cages until brain slice
electrophysiology recordings.
Noise-rearing
Mice were exposed to non-damaging broadband noise (maxi: 78 to 86 dBSPL, 1–20 kHz
in frequency range) using a white noise generator (ACO Pacific 3025), driving a Fostex speaker
(FT28D) mounted above the animal cage (Ngodup et al., 2015). The sound level of control room
is: 22 to 38 dBSPL in 1–20 kHz frequency range.
Brain slice electrophysiology
Parasagittal slices of AVCN were cut from the auditory brainstem of mice as described
previously (Yang and Xu-Friedman, 2008; Yang and Xu-Friedman, 2015). Briefly, slices (142
µm) were cut in an ice-cold sucrose-based solution containing the following (in mM): 76 NaCl,
75 sucrose, 25 NaHCO3, 25 glucose, 2.5 KCl, 1.25 NaH2PO4, 7 MgCl2, 0.5 CaCl2. Then slices
were transferred and incubated at 30°C for 20 min in standard recording solution containing the
following (in mM): 125 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 20 glucose, 1.5 CaCl2, 1
MgCl2, 4 Na-L-lactate, 2 Na-pyruvate, 0.4 Na-L-ascorbate, bubbled with 95% O2/5% CO2.
Slices from animals older than P35 were cut in standard recording solution and incubated in
NMDG-HEPES recovery solution (in mM: 93 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20
HEPE, 25 glucose, 5 Na-L-ascorbate, 3 Na-pyruvate, 10 MgCl2, 0.5 CaCl2, osmolarity: ~310
mOsm) for 15 minutes before transferring to standard recording solution. Strychnine (5 µM) was
present during all recordings to block glycine receptors.
BCs were patched under an Olympus BX51WI microscope with a Multiclamp 700B
(Molecular Devices) controlled by a National Instruments PCI-6221, driven by custom-written
software (mafPC) running in Igor (WaveMetrics). The bath was perfused at 3–4 ml/min using a
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pump (403U/VM2; Watson-Marlow, Wilmington, MA), with saline running through an in-line
heater to maintain the temperature at 33°C (SH-27B with TC-324B controller; Warner
Instruments, Hamden, CT).
Pipettes were pulled from borosilicate glass (OD: 1.5 mm, ID: 0.86 mm; Sutter
Instruments, Novato, CA) to a resistance of 1.5–2.5 MΩ 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 −70 mV, with access resistance 5‒15 MΩ compensated to 70%. Cells were
identified by EPSCs having rapid decay kinetics (t < 0.2 ms) and half-width ≤ 0.5 ms (Chanda
and Xu-Friedman, 2010a). A single auditory nerve fiber input onto a BC was isolated and
stimulated using a glass microelectrode placed 30‒50 µm away from the soma with currents of
10–25 µA through a stimulus isolator (WPI A360).
Round window injection of Ca2+ indicator
Mice were anesthetized with 200 mg/kg ketamine and 10 mg/kg xylazine, then positioned
right ear down on a 37 ⁰C 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 µl) was
also 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 on the bulla was
made to visualize the round window membrane without disrupting the tympanic membrane and
malleus.
For manual dye injections, a 5 µl syringe (Hamilton, HAM7634-01, 34 gauge removable
needles) was loaded with 0.5 µl of 10%, 3000-MW-dextran-conjugated calcium green-1 and 1 µl
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.
96

Then these dextran-conjugated dyes are taken up by the auditory nerve fibers in the cochlea.
After the dye was loaded, the incision was closed using suturing and Vetbond. Mice were then
restored to their home cages, and 12-24 hours were allowed for diffusion of the dyes before Ca2+
imaging.
In order to assess hearing thresholds, auditory brainstem responses (ABR) were recorded
12-24 hours after cochlear dye injection. Mice were anesthetized with 200 mg/kg ketamine plus
10 mg/kg xylazine. ABRs were recorded in a sound-proof room with an auditory-evoked
response averaging system controlled by TDT software (BioSig) (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 µs) were presented
through a speaker placed into the ear canal. ABR threshold was obtained for each animal by
reducing the stimulus intensity in 10 dB steps and then 5 dB steps to identify the lowest intensity
that elicited a response.
Ca2+ imaging
Labelled presynaptic endbulbs were visualized using a 60× water-immersion objective
under a pE-300ultra LED light source (CoolLED) with excitation/dichroic/emission filters of
560DF55/595/645DF75 (for Texas red) or 480DF40/505/535DF50 (for calcium green).
Fluorescence was recorded with a photodiode (S1226, Hamamatsu) with 5-GΩ feedback resistor
and time constant is 1.6 ms. All fluorescence increases from endbulbs were confirmed with a
camera (Sensicam QE, Cooke) controlled by SIDX drivers running in Igor.
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. The dynamic clamp was
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implemented as a master-slave setup as described previously (Yang et al., 2015). Each BC was
patched with two 3-4 MW pipettes containing the current-clamp solution (in mM: 130 KMeSO3,
10 NaCl, 2 MgCl2, 0.16 CaCl2, 0.5 EGTA, 10 HEPES, 4 Na2ATP, 0.4 NaGTP and 14 TrisCrPhos). One electrode measured cell voltage and the other electrode passed current. The AMPA
conductances were delivered by the master computer to the slave computer and applied to the
BCs by the dynamic clamp. The amplitude of the synaptic conductance was set at 5 times the
conductance threshold to the average measured EPSC amplitude (Yang and Xu-Friedman, 2010).
BC spikes were identified in dynamic-clamp recordings using the derivative of the membrane
potential, after subtracting the presynaptic conductances.

Results
No evidence of a critical period
Previous studies showed that immature endbulbs showed greater depression after
occlusion and less depression after noise-rearing (Ngodup et al., 2015; Zhuang et al., 2017). To
understand whether these changes happen only in immature synapses, we reared mature mice in
either low intensity broadband noise or ear-occluded conditions as illustrated in Fig. 3.1A. Our
previous work has shown that noise stimulus does not cause damage to hearing (Ngodup et al.,
2015) and that ear-occlusion ligating the ear canal reliably increases hearing threshold by about
50 dB SPL (Zhuang et al., 2017).
We assessed changes in release probability (Pr) by quantifying the level of synaptic
depression, which is highly sensitive to changes in Pr. We stimulated pairs of EPSCs at a 3 ms
interval from BCs in whole-cell voltage-clamp, and then calculated the paired-pulse ratio (PPR),
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which is the amplitude of the second EPSC normalized to the first (PPR = EPSC2 / EPSC1). Mice
in the control group (Fig. 3.1A, “Ctrl”) were reared in normal (Fig. 3.1A, norm) sound
conditions and had an average PPR of 0.51 ± 0.03 at P51-P65 (Fig. 3.1B, “Ctrl”, 8 cells), which
is similar to previous findings (Ngodup et al., 2015; Zhuang et al., 2017). We ligated the ear
canal at either the immature age of P14 (Fig. 3.1A, “Occyoung”) or at mature age of ~P51 (Fig.
3.1A, “Occold”) and measured PPRs between P63-P79. PPRs in these two groups were 0.36 ±
0.03 (Fig. 3.1B, “Occyoung”, 6 cells), and 0.38 ± 0.04 (Fig. 3.1B, “Occold”, 12 cells), which were
not significantly different from each other (p = 0.5), but both were significantly lower than the
age-matched control group, indicating higher Pr after occlusion (“Occyoung”: p = 0.02; “Occold”: p
= 0.04).
We exposed another set of mice to a low-intensity noise environment beginning either at
P12 (Fig. 3.1A, “Nryoung”) or ~P51 (Fig. 3.1A, “Nrold”) and measured PPRs between P57-P63.
PPRs in these animals were 0.64 ± 0.04 (Fig. 3.1B, “Nryoung”, 9 cells) and 0.66 ± 0.03 (Fig. 3.1B,
“Nrold”, 10 cells), which were not significantly different from each other (p = 0.7), but were
significantly greater than the control group (“Nryoung”: p = 0.04; “Nrold”: p = 0.004), indicating
lower Pr after noise-rearing. Additionally, we exposed mice to noise until ~P51, then allowed
recovery in normal sound conditions for at least a week before recording at P64-P69 (Fig. 3.1A,
“Rec”). PPRs after recovery were significantly lower than the “Nryoung” group (p = 0.04) and not
significantly different from normal levels (Fig. 3.1B, 0.51 ± 0.02, 7 cells, p = 0.9). Thus, Pr of
both immature and mature endbulbs depend on activity, and there is no evidence of a critical
period, which suggests endbulbs adapt to different sensory experience throughout life.
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Fig. 3.1

Figure 3.1 Critical Period.
A. Experimental timeline for the 6 experimental groups shown in B. All cells were recorded after
P57. One group of age-matched mice (Ctrl) were raised under normal sound conditions
(“norm”). Mice were occluded at P14 (Occyoung) or noise-reared at P12 (Nryoung) until recordings.
Mice were occluded or noise-reared beginning at ~P51 (Occold and Nrold). Mice were noisereared between P12 and P51, then held in normal sound conditions (Rec). B. Measurements of
PPR at Dt = 3 ms for treatment groups in A. Error bars indicate mean ± SEM. Markers indicate
values from individual experiments. Asterisks mark significant differences (p < 0.05).
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Changes in Ca2+ signaling after ear-occlusion
Both young and mature endbulbs showed activity-dependent plasticity. However, it is
still not known how plasticity at the presynaptic side is regulated. Since presynaptic Ca2+
signaling is a primary regulator of neurotransmitter release (Mintz et al., 1995; Augustine, 2001;
Sudhof, 2012), we investigated whether there were changes in Ca2+ influx or domain structure by
applying BAPTA-AM. BAPTA-AM is a fast Ca2+ chelator, and when it is applied to slices, it is
taken up by all the cells, and the acetoxymethylester (AM) groups are cleaved trapping BAPTA
within the cells including presynaptic endbulbs (Tsien, 1980). The postsynaptic BC is unaffected
because the patch pipette sets its intracellular composition. BAPTA would be expected to reduce
EPSC1 amplitudes when it effectively chelates Ca influx, such as when Ca influx is low or Ca
domains are large. We measured EPSC1 amplitude from a control (Fig. 3.2Ai, ii), an occluded
(Fig. 3.2Bi, ii) and a noise-reared (Fig. 3.2Ci, ii) endbulb before and after applying 100 µM
BAPTA-AM for 5 min. BAPTA was more effective at blocking ESPCs in the control and noisereared example (Fig. 3Aii, 3Cii, arrows), but less effective in the occluded example (Fig. 3.2Bii,
arrows). We made similar measurements in a number of BCs from the three acoustic conditions
and then quantified the extent of EPSC1 block by BAPTA. On average, the percentage of
blocking on EPSC1 from noise-reared endbulbs was similar to control endbulbs (Fig. 3.2G; Ctrl:
33 ± 3 %, 9 cells; Nr: 37 ± 4 %, 7 cells; p = 0.4), but BAPTA had significantly lower effect on
EPSC1 from occluded endbulbs (Fig. 3.2G; Occ: 24 ± 3 %, 13 cells; p = 0.04). The lower
efficacy of BAPTA-AM at blocking EPSC1 after occlusion is consistent with increased Ca2+
influx or tighter coupling between the Ca2+ sensor and Ca2+ channels in nanodomains, both of
which could cause higher synaptic depression with higher Pr after ear-occlusion in both mature
and young animals.
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Figure. 3.2

Figure 3.2 Effects of BAPTA-AM.
A, B, C, Example experiments showing effects of BAPTA-AM on EPSC1 amplitude from
control (P26, A), occluded (P24, B) and noise-reared (P23, C) mice. Top panels show
experimental times course. Black lines below the points indicate data after 5-min application of
100 µM BAPTA-AM that used for analysis. Bottom panels indicate average EPSC1 before
(black lines) and after (colored lines) application of BAPTA-AM. D, Percent block of EPSC1 for
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the three acoustic conditions. BAPTA-AM is less effective at blocking EPSC1 after occlusion
compared to controls. Noise-rearing had no significant effect.
occluded mice than in noise-reared mice and control mice. Markers indicate individual
recordings. Bars are averages ± SEM. Asterisks mark significant differences (p < 0.05).
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Changes in Ca2+ signaling after noise-rearing
When the Ca2+ influx becomes smaller or the distance between Ca2+ channels and Ca2+
sensors of exocytosis is larger, we would expect a slower Ca2+ chelator, EGTA-AM could have
significant blocking effects. We tested the blocking effects of EGTA on synaptic transmission.
EGTA may produce little effect on EPSC1 (Yang and Xu-Friedman, 2008). So we verified washin by its effect on residual-Ca2+-dependent recovery. We stimulated with a five-pulse, 100-Hz
train followed by a test pulse after a 100 ms delay (Fig. 3.3A: EPSCtest). We used this method for
a control (Fig. 3.3Ai, ii), occluded (Fig. 3.3Bi, ii) and noise-reared (Fig. 3.3Ci, ii) mouse after
bath application of 20 µM EGTA for 5 minutes. EPSCtest showed a significant decrease in both
control and occluded groups (Fig. 3.3D; Ctrl: 34 ± 7 %; 6 cells, p = 0.003; Occ: 23 ± 6%; 8 cells,
p = 0.008), conforming effective wash-in of EGTA-AM. However, EPSC1 in the occluded group
was not significantly smaller than in the control group (Fig. 3.3E; Ctrl: 8 ± 3 %, 6 cells; Occ: 7 ±
3 %, 8 cells, p = 0.9). We observed a small increase, instead of a significant decrease in EPSCtest
for the noise-reared BCs (Fig. 3.3D, Nr: -6 ± 10 %; 7 cells). It seems unlikely this is related to
washin of EGTA-AM. Rather, it suggests Ca-dependent recovery mechanisms are substantially
different after noise-rearing. By contrast, the percent block of EPSC1 was significantly higher in
noise-reared BCs than in control BCs (Fig. 3.3E; Nr: 19 ± 5 %, 7 cells; p = 0.04). These results
are consistent with decreased Ca2+ influx or looser coupling between Ca2+ sensor and Ca2+
channels at endbulbs after noise-rearing, which could both contribute to less synaptic depression
with lower Pr.
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Fig. 3.3

Figure 3.3 Effects of EGTA-AM.
A, B, C, Representative experiments from control (P21, A), occluded (P25, B) and noise-reared
(P22, C) mice showing effects of EGTA-AM on EPSC1 (arrows) of 5- pulse, 100-Hz trains and
test pulses (EPSCtest) after 100 ms recovery. Upper panels show average traces before (black)
and after (color) EGTA-AM application. All traces are the average of 5-10 trials. Lower panels
show the experimental time course of EGTA-AM wash-in for EPSC1, and EPSCtest. Black lines
105

indicate traces averaged in the upper panels. D, Relative decrease in EPSCtest for three acoustic
conditions to verify the wash-in of EGTA-AM. E, Percent block of EPSC1 after applying EGTAAM in control (6 cells, black open circles), occluded (8 cells, filled circles) and noise-reared (7
cells, filled triangles) mice. EGTA-AM blocks EPSC1 more effectively in noise-reared mice than
in control and occluded mice (p = 0.04).
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Ca2+ influx changes by Ca2+ imaging
The EGTA and BAPTA experiments suggest that endbulbs regulate the level of synaptic
depression by adjusting presynaptic Ca2+ influx or coupling distance between Ca2+ channels and
the release apparatus under different sound conditions. In order to distinguish between these
possibilities, we measured presynaptic Ca2+ influx using Ca2+ imaging. We labelled auditory
nerve fibers by injecting a high-affinity dextran-conjugated Ca2+-sensitive indicator, calcium
green-1 unilaterally into the cochlea and allowed overnight diffusion (Kreitzer et al., 2000).
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. 3.4Ai, ii). All endbulb signals were
confirmed by an increase in green fluorescence following stimulation. The example in Fig. 3.4A
shows calcium green fluorescence before stimulation (Fig. 3.4Aiii) and after a single stimulation
pulse (Fig. 3.4Aiv). The DF/F shows a large percent change in a small region (Fig. 3.4Av).
We tested if injecting the Ca2+ indicator might perturb auditory nerve activity by
measuring hearing thresholds with auditory brainstem responses (ABRs) (Kho et al., 2000;
Suzuki et al., 2016). In the example of Fig. 3.4B, left, a control mouse at P20 had hearing
threshold of 30 dB SPL. For a mouse after round window injection at P21, the threshold was 70
dB SPL measured at P22 (Fig. 3.4B, right). The average threshold of uninjected mice was 33.0 ±
1.2 dB SPL (5 ears). Following injection, threshold was significantly elevated to 60.0 ± 2.6 dB
SPL (6 ears; p = 0.01) (Fig. 3.4C). This raises the possibility that dye injection could perturb the
level of endbulb depression. We compared PPR before and after cochlear injection under control,
occluded and noise-reared conditions. The average PPR was 0.42 ± 0.04 (Fig. 3.4D, 11 cells) in
control mice after injection versus 0.54 ± 0.05 (Fig. 3.4D, 9 cells) without injection, which is
slightly, but not significantly lower (p = 0.07). PPRs after cochlear injection were also not
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significantly lower than ones without injection in both occluded and noise-reared mice (Fig.
3.4D; Occinj: 0.32 ± 0.03, 16 cells; Occ: 0.33 ± 0.02, 32 cells; p = 0.7; Nrinj: 0.70 ± 0.07, 8 cells;
Nr: 0.70 ± 0.04, 12 cells; p = 0.9). Importantly, PPRs in occluded mice after injection were
significantly lower than PPRs in control mice after injection (p = 0.05), and PPRs in noise-reared
mice after injection were higher than in control mice after injection (p = 0.006). In other words,
even though cochlear injection caused an increase in hearing thresholds, the consequences of
different acoustic environments for synaptic depression remained preserved when the incubation
time was 12 to 24 hours.
We assessed the magnitude of presynaptic Ca2+ influx by measuring the saturation of
high-affinity indicators using photodiode measurements. As has been described previously, when
a presynaptic terminal is loaded lightly with a high-affinity indicator, one stimulus is able to at
least partially saturate the indicator, which reduces fluorescence changes for subsequent stimuli
(Sabatini and Regehr, 1995). Therefore, we expect the degree of saturation to be greater when
Ca2+ influx is higher and lower when Ca2+ influx is smaller. This approach has the benefit of
informing us of changes in Ca2+ influx, irrespective of changes in the number of release sites
under different acoustic environments. Fig. 3.5 shows examples of fluorescence changes (DF/F)
in response to single (black) and paired stimuli (red) with a 10-ms interval, for control (Fig.
3.5Ai), occluded (Fig. 3.5Bi) and noise-reared endbulbs (Fig. 3.5Ci). We quantified the
amplitude of the second peak (Peak2, yellow) after subtracting the single response (black) from
the paired response (red) in the lower panels (Fig. 3.5Aii, Bii, Cii). We saw the greater degree of
saturation in the occluded example (Fig. 3.5Bii) than in the control and noise-reared examples
(Fig. 3.5Aii, Cii).
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Fig. 3.4

Figure 3.4 Ca2+ imaging.
A, Representative images confirming BC (i, brightfield) and presynaptic endbulb, labeled by
dextran-conjugated Texas red (ii, red), calcium green-1 (iii, before, green) and after single
stimulation (iv, after). The star in i represents the soma of a representative BC. Changes in
brightness are shown in v. Yellow box highlights a region that shows large fluorescence changes,
suggesting Ca2+ influx into presynaptic terminal. B, Representative traces from a P20 control
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mouse (left), a p22 injected mouse (right). Traces were evoked by click stimuli and were
averages of 1024 trials. C, Average ABR thresholds for control (5 ears) and after cochlear
injection (6 ears). After cochlear injection, thresholds were significantly elevated (p < 0.05),
because of the round window niche from the injection which perturbs ANFs activity. D,
Measurements of PPRs at Dt = 3 ms for control (black), occluded (red) and noise-reared (blue)
mice with and without cochlear injection.
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We did similar recordings from multiple endbulbs from the occluded conditions and
quantified the ratio of Peak2 and Peak1 as measure of the degree of saturation. We noticed that
signals with a slower decay time had less saturation and signals with a faster decay time had
more saturation (Fig. 3.5D). Such a situation is expected when the Ca2+ sensitive indicator
becomes a significant buffer because of overloading. Under these conditions, the indicator does
not saturate, and the time course of Ca2+ extrusion is extended. We can draw two conclusions
from these data. The first is that we can only accurately assess saturation when the decay is fast
(t < 40ms). In addition, these data indicate that the Ca2+ influx on the two pulses is most likely
nearly identical, and the reduced Peak2 only results from the saturation of the dye. Therefore, we
restricted our analysis to signals with decay faster than 40 ms for quantifying the degree of
saturation (Fig. 3.5D, dashed line). After ear-occlusion, saturation significantly increased (Fig.
3.5F, Ctrl: 0.98 ± 0.03, 26 cells; Occ: 0.84 ± 0.03, 16 cells; p = 0.0008). This is likely explained
by the increased Ca2+ influx after ear-occlusion. After noise-rearing, we did not see a significant
decrease in saturation (Fig. 3.5F, Nr: 1.03 ± 0.02, 21 cells, p = 0.2). Combining with the EGTAAM results, it may suggest the decrease of Ca2+ influx after noise-rearing. This is likely because
saturation in control conditions is already very low (close to 1).
We also found no significant change in the amplitude of Peak1 after ear-occlusion (p =
0.57) or noise-rearing (Fig. 3.5E, Ctrl: 0.42 ± 0.04, 26 cells; Occ: 0.38 ± 0.04, 16 cells; Nr: 0.43
± 0.04, 21 cells) (p = 0.45). This is probably because noise-rearing and occlusion both trigger
changes in the number of release sites (Ngodup et al., 2015; Zhuang et al., 2017) which could
offset changes in Ca2+ influx at each release site, yielding similar total fluorescence signal after
ear-occlusion and noise-rearing. Therefore, these results indicate that endbulbs regulate the
activity-dependent changes of Pr through presynaptic Ca2+ influx, at least following occlusion.
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Fig. 3.5

Figure 3.5 Ca2+ influx.
A, B, C, Ca fluorescence transients evoked by one (black) and paired stimuli (Dt = 10 ms, red)
from a control (A), occluded (B) and noise-reared (C) endbulb. Upper traces show DF/F signals
recorded from single (black) and paired (red) stimulation. Lower traces show the single
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stimulation (black) compared to the subtracted response, showing only response to the second
pulse (yellow). Every trace represents average of 15-20 trials. D, Plot of Peak2 / Peak1 versus
decay rate constant (t) from control, occluded and noise-reared mice. Analysis in Fig. 3.5E and F
use only data with t is less than 40 ms. When t < 40 ms, ratio of Peak2 and Peak1 is less than 1,
suggesting dye is light loading. When t > 40 ms, ratio of Peak2 and Peak1 is close to 1,
suggesting overloading. We can only accurately assess Ca2+ influx when the dye is light loading,
so we restrict our analysis to data with decay < 40 ms. E, Average Peak1 amplitudes from three
conditions. Peak values after one stimulus are not significantly different between ear-occluded,
noise-reared and control mice. F, Peak2 / Peak1 from control (26 cells), ear-occluded (16 cells)
and noise-reared (21 cells) endbulbs. Low values indicated dye saturation. Ear-occlusion leads to
significantly greater saturation, indicating elevated Ca2+ influx. Bars indicate mean ± SEM. *p <
0.05.
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Ca2+ cooperativity remains unchanged
Another potential contribution to changes in Pr is the effect of Ca2+ post-influx within
Ca2+ nanodomains. The relationship between Ca2+ influx and neurotransmitter release is nonlinear (Jenkinson, 1957; Dodge and Rahamimoff, 1967; Augustine, 2001; Schneggenburger et
al., 2012; Schmidt et al., 2013), reflecting the complex interplay of molecular and spatial aspects
of Ca-domain neurotransmitter release. We can assess changes in how Ca2+ drives
neurotransmitter release within nanodomains by plotting normalized EPSC amplitude in different
Cae against the Ca2+ influx assessed using Ca2+ imaging and fitting the relationship to a power
law: EPSC µ [Cain]n. The the exponent n is called the cooperativity, and is sensitive to coupling
efficacy between Ca2+ and neurotransmitter release (Dodge and Rahamimoff, 1967). Fig. 3.6A
shows an example of EPSC1 amplitude in different Cae (1, 1.5 and 3 mM) from a control BC in
the presence of 1mM kynurenate to prevent postsynaptic receptor saturation. We also measured
the relative Ca2+ influx (Cain) under multiple Cae (1, 1.5, 3 mM), using the same Ca2+ imaging
method as in Fig. 3.5 (Fig. 3.6B). In order to avoid inaccurate assessment of Ca2+ influx due to
the saturation of the dye, especially when the Cae is at 3mM, we overloaded the presynaptic
endbulbs and restricted our analysis of Ca2+ influx signals to cells had Peak2/Peak1 close to 1 at
all different external Ca2+ concentrations. We did similar experiments in a number of control,
occluded and noise-reared BCs and fitted to the above equation. We saw almost perfect overlap
between the power law relationship under the different conditions, which indicates that
cooperativity of Ca2+ did show change significantly after ear-occlusion or noise-rearing (Fig.
3.6C; Ctrl: 2.41± 0.21; Occ: 2.23 ± 0.05; Nr: 2.47 ± 0.02). These data reinforce the Ca2+
chelators and imaging experiments, helping us to understand that the presynaptic Ca2+ signaling
plays a critical role in regulating Pr under different acoustic conditions.
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Fig. 3.6

Figure 3.6 Ca2+ cooperativity.
A, The representative experiment showing effects of Cae (1, 1.5 and 3 mM) on EPSC amplitude
over the course of the experiment from a control mouse (P21) in the presence of kynurenate.
Lines above the points indicate the data that are used for analysis. B, The average DF/F
transients at the endbulb following single stimuli in different Cae. Traces are averages of 10-15
trials. C, Plot of relative EPSC amplitude against relative influx (Cain) across different Cae. All
data were normalized to 1.5 mM Cae. Lines are fits to the equation EPSC µ [Cain]n with Ca2+
cooperativity n = 2.41 ± 0.21 from control, n = 2.47 ± 0.02 from noise-reared and n = 2.23 ± 0.05
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from ear-occluded. These cooperativity values were not significantly different after ear-occlusion
and noise-rearing.
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Pre- vs. postsynaptic changes on fidelity
Previous current-clamp experiments showed decreased spike fidelity after ear-occlusion
and increased spike fidelity after noise-rearing (Ngodup et al., 2015; Zhuang et al., 2017).
However, these current-clamp experiments used fiber stimulation, so it was not possible to
distinguish the impact of presynaptic changes in Pr from postsynaptic changes in excitability. In
order to distinguish pre- and postsynaptic contributions to spike fidelity, we performed dynamic
clamp. We recorded EPSCs in voltage-clamp by stimulating single auditory nerve fibers for 20
pulses from 6-8 endbulbs from each acoustic condition. We the selected one representative cell
which had an intermediate level of synaptic depression (Fig. 3.7A, Ctrl: red). To capture the
natural variability of EPSC amplitudes, we convolved a standard unit conductance (Fig. 3.7B,
inset) against the EPSC amplitudes from 8-15 individual trials recorded in the representative cell
(Fig. 3.7B). The timecourse of each conductance during the train was identical to the standard
conductance.
We applied these conductances from three representative cells (Fig. 3.7C, D, E) to BCs in
mice exposed to three sound conditions and measured spiking responses using two-electrode
dynamic clamp (Sharp et al., 1993; Yang et al., 2015). Fig. 3.7F, G, H show responses of BCs in
mice exposed to the three acoustic conditions in response to injecting conductances from three
conditions. A representative BC from a control mouse fired fewer action potentials when
occluded conductances were applied (Fig. 3.7Fii), and more action potentials when noise-reared
conductances were applied (Fig. 3.7Hii) compared to control conductances (Fig. 3.7Gii). A
representative BC from an occluded mouse fired fewer action potentials when occluded
conductances were applied (Fig. 3.7Fi), and more action potentials when noise-reared
conductances were applied (Fig. 3.7Hi) compared to control conductances (Fig. 3.7Gi). A
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representative BC from a noise-reared mouse fired fewer action potentials when occluded
conductances were applied (Fig. 3.7Fiii), and more action potentials when noise-reared
conductances were applied (Fig. 3.7Hiii) compared to control conductances (Fig. 3.7Giii). These
results indicate that changes in presynaptic conductancs have an important influence on fidelity.
We could also see the impact of postsynaptic changes by applying the same conductance
to BCs from the different acoustic conditions. The BC from control conditions fired more action
potentials (Fig. 3.7Gii) compared to the BC from occluded conditions (Fig. 3.7Gi) and fired a
similar number of action potentials as the BC from noise-reared conditions (Fig. 3.7Giii) after
receiving control presynaptic conductance. Similarly, the BC from control conditions fired more
action potentials (Fig. 3.7Fii) compared to the BC from occluded conditions (Fig. 3.7Fi) and
fired a similar number of action potentials as the BC from noise-reared conditions (Fig. 3.7Fiii)
after receiving occluded presynaptic conductance. The BC from control conditions fired more
action potentials (Fig. 3.7Hii) compared to the BC from occluded conditions (Fig. 3.7Hi) and
fired a similar number of action potentials compared to the BC from noise-reared conditions
(Fig. 3.7Hiii) after receiving noise-reared presynaptic conductance. These results indicate that
postsynaptic changes following occlusion also affect fidelity.
We did the same experiments on multiple BCs and quantified firing probability during
the second half of the train (pulses 11-20). On average, firing probability was significantly lower
in response to occluded conductances and significantly greater in response to noise-reared
conductances (Fig. 3.7I, p < 0.05). Considering the postsynaptic contribution, BCs from noisereared and control conditions responded similarly to the same presynaptic conductances (Fig.
3.7J; p > 0.05), but occluded BCs had lower firing fidelity (Fig. 3.7J; p < 0.05). Thus, both
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presynaptic changes after ear-occluding and noise-rearing influenced spiking fidelity, and
postsynaptic changes contributed to spiking primarily after occlusion.
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Fig. 3.7
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Figure 3.7 Dynamic clamp.
(A), The average EPSC conductances derived from voltage-clamp during a 20-pulse train at 100
Hz from 6 control endbulbs (black). Data were normalized to EPSC1. The cell with an
intermediate level of synaptic depression was selected as the representative cell (red). Individual
trials of normalized EPSCs from the representative control endbulb in A. (B), Synaptic
conductances were converted with a common unitary EPSC (inset). C, D, E, AMPA
conductances derived from voltage-clamp recordings of EPSCs at 100 Hz from a p22 earoccluded mouse (C), p21 control mouse (D), and p23 noise-reared mouse (E). F, G, H, Example
dynamic-clamp recordings of control (G), occluded (F) and noise-reared (H) BCs after applying
representative conductances from A, B and C. I, J Spike fidelity for different presynaptic
conductances applied to postsynaptic BCs from 3 acoustic conditions. Firing probability was
determined during the last 10 stimuli of 20-pulse train, when response differences are greatest
and conductance amplitudes reach steady-stage. Presynaptic changes significantly affected spike
fidelity after both ear-occlusion and noise-rearing (I; Occ: p < 0.05; Nr: p < 0.05), Postsynaptic
changes significantly affected spike fidelity only after ear-occlusion (J; Occ: p < 0.05; Nr: p >
0.05).
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Discussion
In this study, we have demonstrated a critical role for presynaptic homeostatic
mechanisms in vivo in regulating spike fidelity. Mature endbulbs are subject to changes in Pr that
are highly similar to changes in younger endbulbs, suggesting these changes are not a
developmental process restricted to a critical period. Furthermore, our results strongly suggest
the changes in synaptic depression are a result of changes in presynaptic Ca2+ influx rather than
Ca2+ domain structure. Finally, by using dynamic clamp we distinguished between the
contributions of pre- vs. postsynaptic adaptations to spike fidelity. Presynaptic changes following
both ear-occlusion and noise-rearing affected spike fidelity, and postsynaptic changes following
only ear-occlusion had an effect. These results lead to the conclusion that presynaptic Ca2+
signaling plays a critical role in regulating synaptic strength in response to acoustic activity. It
raises the possibility that activity-dependent changes in Ca2+ signaling could be important at
many types of synapses and may contribute to diversity in Pr among synapses.

Activity-dependent changes at mature endbulbs
Changes in synaptic properties under different acoustic conditions have been implicated
in the long-lasting effects of disorders, such as otitis media, leading 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 permanently altered provided
hearing loss occurs before the closure of the critical period (Mowery et al., 2015b). This differs
from our observations in the auditory brainstem that both young and mature endbulbs are subject
to similar activity-dependent changes of Pr, and the changes revert when normal conditions are
restored (Fig. 3.1). This indicates that there is no critical period. There are many possible
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explanations for these different findings. First, we observed changes at the start of the auditory
pathway, where one important role is to relay sound information to higher order areas. Therefore,
synaptic flexibility even after early development may be needed, because cochlear activity
continues to change throughout life (Skoe et al., 2015). Furthermore, auditory nerve fibers have
diverse firing rates due to their varied sound sensitivity (Liberman, 1978). Therefore, optimal
synaptic signaling may require the properties of individual synapse to be specifically adjusted.
Another possible difference is that the endbulbs we studied are excitatory, while the cortical
synapses are inhibitory, and therefore have different functions in their individual neural circuits,
so it is possible that they are subject to different homeostatic mechanisms. Therefore, it will be
important to establish how inhibitory synapses onto BCs are affected by acoustic conditions
during and after early development. Imbalances in excitation and inhibition at the beginning of
the auditory pathway could have cascading effects on downstream processing, which could
contribute to disorders.
Our data also have important implications for human hearing. We predict that human
endbulbs change their properties depending on sound conditions throughout life. This would
enhance the transmission of temporal information to other brain areas. For example, when
activity is reduced during otitis media, endbulbs would increase Pr and decrease sizes, and when
normal hearing is restored and activity recovers, the properties of endbulbs would recover as
well. In addition, for people exposed to noise for long periods of time, such as during work, their
endbulbs would likely adapt to enhance spike fidelity.
Assessing Ca2+ influx at the endbulb of Held
We assessed presynaptic Ca2+ influx by quantifying the saturation of a high-affinity
indicator, calcium green-1. This approach was ideal for assessing presynaptic Ca2+ influx in our
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system. An important issue is that different acoustic conditions lead to opposite changes in both
Pr and N, such that overall EPSC1 amplitudes are unchanged (Ngodup et al., 2015; Zhuang et al.,
2017). The offsets between changes in N and Ca2+ influx at each release site under different
acoustic conditions could account for why overall fluorescence following single stimulus was
unchanged between different acoustic conditions (Fig. 3.5E). Similarly, electrophysiological
recordings of presynaptic Ca2+ influx would be very difficult to interpret. Therefore, the approach
taken here of assessing changes in saturation making it the best way to detect changes in Ca2+
influx for our conditions.

BAPTA vs. EGTA and Ca2+ domains
The fine structure of Ca2+ domains within synaptic terminals is experimentally probed
using two Ca2+ chelators, EGTA and BAPTA. Many studies have revealed that coupling distance
between Ca2+ channels and Ca2+ sensors responsible for neurotransmitter release is regulated
dynamically. Ca2+ channels are loosely coupled to neurotransmitter 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). When the
distance is short, only the fast chelator, BAPTA has enough time to chelate Ca2+ and affect
synaptic transmission, whereas if the distance is large, both chelators will be effective at
blocking synaptic transmission. It is a question whether the distance between Ca2+ channels and
sensors can be regulated by activity and contribute to presynaptic plasticity in mature synapses.
We found that the efficacy of EGTA and BAPTA at blocking EPSCs depends on acoustic
experience. These observations are probably best explained as changes in presynaptic Ca2+
influx, because even a slow chelator like EGTA can block effectively if the level of Ca2+ influx
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is relatively low, and a fast chelator like BAPTA would block less effectively if the influx is high
(Nakamura et al., 2018). In conclusion, our observations suggest that the activity-dependent
plasticity at endbulbs is regulated through changes of Ca2+ influx. This could be a general
mechanism that synapses in other systems could use to regulate synaptic strength under various
activity levels.
A second way to assess changes in spatial coupling between Ca2+ influx and Ca sensors is
to assess the cooperativity of Ca2+ ions for neurotransmitter release. Tight coupling would be
expected to have low Ca2+ cooperativity, and loose coupling would be expected to have high
cooperativity. We measured Ca2+ cooperativity by changing the external Ca2+ concentrations.
Our results showed that Ca2+ cooperativity remained the same under different acoustic
conditions, implying that the efficacy of vesicle release in response to Ca2+ is not modulated by
activity. This is consistent with Ca2+ domain structure remaining unchanged. A second approach
to study cooperativity has been to change the number of VGCCs using specific Ca2+ blockers
(Fedchyshyn and Wang, 2005; Wang et al., 2008; Jarsky et al., 2010). However, the changes in
EPSCs amplitude appear to result from the decrease in release sites as channel blockers
effectively prevent nearby vesicles from being released. So in this approach, the value of n can
interpret as the spatial relationship between VGCCs and Ca2+ sensors, which has a different
meaning as in the approach we used.

Residual-Ca2+-dependent recovery after noise-rearing
Recovery processes play an important role in synaptic fidelity, especially when activity
levels are high. One such process depends on residual Ca2+, and it is present at endbulbs (Dittman
and Regehr, 1998; Stevens and Wesseling, 1998; Yang and Xu-Friedman, 2008). Our current
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experiments did not aim to study this recovery process, but our results do have interesting
implications. Fast recovery seems even more important under high activity, so we would expect
this form of recovery to be upregulated after noise-rearing. However, we saw that EGTA-AM
had little effect on recovery in the noise-reared mice (Fig. 3.3D, Fig. 3.3F), suggesting Ca2+
dependent recovery is limited by noise-rearing. This result is still consistent with our conclusion
that presynaptic Ca2+ influx decreases after noise-rearing, since that would lead to a reduction in
residual Ca2+ and residual-Ca2+-dependent recovery. Future work will be important to evaluate
the recovery kinetics specifically.

Mechanisms of the diversity of Pr
The presynaptic mechanism we have found may also help to account for the natural
variability of Pr across different synapses. For example, climbing fiber and parallel fiber
synapses in cerebellum have different Pr, which can not be explained by simple ultrastructural
differences (Eccles et al., 1966; Konnerth et al., 1990; Xu-Friedman et al., 2001). It is likely that
presynaptic Ca2+ influx could differ between the two synapses, resulting in differences in Pr. In
the auditory system, in vitro experiments indicate that Pr varies among different auditory nerve
synapses (Yang and Xu-Friedman, 2009a). In vivo, auditory nerve fibers also vary in their
sensitivity to sound (Pfeiffer and Kiang, 1965; Liberman, 1978), which means that their firing
rates would also be very diverse. The homeostatic mechanism examined here could be present in
all auditory nerve fibers: this should yield a diverse Pr, as is observed. Low-spontaneous rate
fibers would increase presynaptic Ca2+ influx and have higher Pr, and high-spontaneous rate
fibers would decrease presynaptic Ca2+ influx and have lower Pr. This may also account for why
the auditory nerve fibers that converge on the same BC have similar Pr (Yang and Xu-Friedman,
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2012), because fibers with similar spontaneous rates seem to converge on the same BC (Ryugo
and Sento, 1991b). Thus, the diversity in intensity sensitivity, combined with the homeostatic
mechanism studied here could account for diversity in Pr.
Further evidence indicates that other factors besides activity must contribute to Pr. It is
common that one axon can contact different targets with each synapse and exhibit different Pr, a
phenomenon referred to as target-cell-specific synapsic plasticity (Reyes et al., 1998). For
example, synapses formed by auditory nerve fibers (ANs) onto bushy cells (BCs) show
depression (high Pr) whereas synapses formed by ANs onto stellate cells (SCs) show facilitation
(low Pr) (Cao and Oertel, 2010a; Chanda and Xu-Friedman, 2010b). This phenomenon can not
be simply explained by activity-dependence. It remains to be determined how postsynaptic cells
regulate presynaptic Pr.
One important issue to address is what drives changes in presynaptic Ca2+ influx changes
during homeostatic synaptic plasticity. One possibility is the shape of the presynaptic action
potential, through changes in Na+ or K+ currents (Marcotti et al., 2003; Bean, 2007). For
example, in MNTB, activity causes NO release and modulates excitability through K+ channels
(Steinert et al., 2011). Another possibility is by changing the degree of tonic activation of some
modulatory receptors. For example, endbulbs are powerfully modulated by GABAB receptors
(Chanda and Xu-Friedman, 2010b), so changes in ambient GABA could enhance or decrease
GABAB activation. Finally, there could be changes in the number or conductance of presynaptic
VGCCs, such as by regulatory proteins (Mochida et al., 2008), which would modulate Pr.
In summary, this study investigated the presynaptic Ca2+ signaling mechanism underlying
activity-dependent changes in endbulbs. These findings are important for understanding
mechanisms and treatments for disorders such as tinnitus and processing disorders.
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Chapter 4
Future direction
In this dissertation (Chapters 2 and 3), I have shown that short-term plasticity (STP) is
tightly regulated at synapses and an important underlying mechanism is through changes in
presynaptic Ca2+ signaling.
My first hypothesis was that neural activity regulates short-term plasticity by modulating
synaptic properties (Pr and N). I found that ear-occlusion led to an increase in Pr, a decrease in N
and no change in Q at endbulbs. In addition, postsynaptic bushy cells (BCs) fired fewer action
potentials following ear-occlusion, likely because of both increased Pr at endbulbs and decreased
input resistance of BCs. I also found activity-dependent changes in Pr at both young and mature
synapses, suggesting there is no critical period. Previous studies in the lab had shown that,
increased auditory activity through noise-exposure led to a decrease in Pr and an increase in N
(Ngodup et al., 2015). These results support my first hypothesis that neural activity tightly
regulates different synaptic properties not only at young synapses, but also at mature synapses.
These results are important, because the activity-dependent changes of short-term plasticity
could be a mechanism of generalized regulation throughout the nervous system during the entire
lifetime. My results also have important implications for human hearing. The absence of a
critical period implies that synapses remain plastic later in life to adapt to different environments.
Such flexibility could be useful during otitis media or noise-exposure for long periods of time.
My second hypothesis was that changes in Pr under different acoustic conditions are
through presynaptic Ca2+ signaling. I found that changes in Pr were a result of changes in
presynaptic Ca2+ influx rather than distance between Ca2+ sensors and Ca2+ channels. I used
dynamic clamp to show that postsynaptic spike fidelity was affected by both presynaptic and
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postsynaptic adaptations after ear-occlusion, and only affected by presynaptic adaptations after
noise-rearing. These findings have important implications, and raise the possibility that activitydependent changes in presynaptic Ca2+ influx could be important at many types of synapses, and
may contribute to diversity in short-term plasticity among synapses.
My findings raise the following questions, which are important and interesting:
(1) Which specific voltage-gated Ca2+ channels are regulated by activity?
(2) What are the mechanisms underlying changes in spike threshold of BCs?
(3) What are the mechanisms underlying changes in input resistance of BCs?
(4) What are the molecular pathways of changes in Pr?
(5) Do the activity-dependent changes occur throughout the auditory pathway?

(1) Which specific voltage-gated Ca2+ channels are regulated by activity?
I found the Ca2+ influx through presynaptic voltage-gated Ca2+ channels (VGCCs)
changed under ear-occlusion and noise-rearing conditions, which could account for changes in Pr
(Chapter 3). An important question is which specific Ca2+ channel subtypes are regulated by
activity, because understanding which Ca2+ channels are involved will further help us to identify
other molecules and the whole pathway that mediate changes in Pr. There are three types of
VGCCs at the presynaptic terminals: N-, P/Q- and R-type (Ishikawa et al., 2005; Li et al., 2007;
Lin et al., 2011). Previous studies have shown that all three types of channels contribute to
neurotransmitter release after the onset of hearing in the auditory system (Iwasaki and Takahashi,
1998; Oleskevich and Walmsley, 2002b). We can measure the contribution of N-, P/Q- and Rtype Ca2+ channels by comparing EPSC amplitudes before and after applying subtype-specific
antagonists (w-conotoxin GVIA, w-agatoxin IVA and SNX-482 respectively). Our hypothesis is
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that if one subtype is specifically regulated by activity, the blocking effects by its antagonist
would change following ear-occlusion or noise-rearing compared to control condition. If no
changes in blocking are observed for the three types of Ca2+ channels under different conditions,
this would indicate that all Ca2+ channels are regulated together.

(2) What are the mechanisms underlying changes in spike threshold of BCs?
In addition to presynaptic changes in Pr, changes in intrinsic properties of BCs, such as
spiking threshold and input resistance, also contributed to changes in spiking fidelity (Chapter 3).
Decreased spike thresholds were observed in BCs after noise-rearing, which would enhance the
postsynaptic excitability (Ngodup et al., 2015). Therefore, my question is what could cause these
changes in spike threshold. It would be interesting to study the mechanisms underlying the spike
thresholds, because it plays a vital role in the ability of BCs to convey precise auditory
information in the brain. The changes in spike thresholds may relate to alterations in the axon
initial segments (AISs). The AIS is where action potentials initiate, because it has a dense
concentration of voltage-gated Na+ channels. In dissociated hippocampal cell cultures, the
position of the AIS depended on activity: increased activity moved the AIS further from the
soma and decreased activity moved AIS nearer to the soma at some synapses (Grubb and
Burrone, 2010). It would be interesting to establish if a similar mechanism is occurring at BCs,
using immunolabeling of ankyrinG, which is a scaffold protein for Na+ channels. Previous study
showed that spike thresholds decreased following noise-rearing (Ngodup et al., 2015), which
would predict that AIS moves nearer to the soma after noise-rearing. However, I did not observe
a change in spike threshold after ear-occlusion, so I would expect no change in the location of
AIS after ear-occlusion. My predictions after noise-rearing in vivo are opposite from previous

137

observations in hippocampal cultures. This could indicate that different types of neurons respond
in distinct ways to activity due to functional differences.
Furthermore, lower spike thresholds can also result from longer AISs in response to
increased activity, due to more Na+ channels (Kuba et al., 2010a). It would also be interesting to
measure the length of the AIS after noise-rearing. My prediction is that the reduction in spike
threshold after noise-rearing could result from a longer AIS in BCs.

(3) What are the mechanisms underlying changes in input resistance of BCs?
Decreased input resistance of BCs was observed in BCs after ear-occlusion, which could
involve changes in voltage-gated K+ channels (Zhuang et al., 2017), because voltage-gated K+
channels conductance influence input resistance (Cameron et al., 2000). Previous studies showed
that the overall expression level of K+ channels in other areas is regulated by activity, with
corresponding changes in K+ conductance (Lu et al., 2004). Therefore, it would be interesting to
investigate if activity-dependent regulation of K+ channels also happens at endbulbs for the
following two reasons. First, how activity regulates voltage-gated K+ channels has never been
examined at BCs which is a vital cell type for relaying precise timing information of sound.
Furthermore, the excitability of BCs, which has been associated with many disorders, such as
tinnitus and auditory processing disorder, is dependent on K+ channels (Henry et al., 2014; Wu et
al., 2016). I found that the input resistance of BCs decreased after ear-occlusion (Zhuang et al.,
2017), suggesting increased expression of K+ channels and higher K+ currents. Two common K+
channel subtypes in the brainstem auditory neurons are Kv1.1 and Kv3.1 (Perney et al., 1992;
Grigg et al., 2000; Rudy and McBain, 2001). I can combine immunohistochemistry and
electrophysiology approaches to address my question, because the expression levels and the
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outward currents (conductance) of Kv1.1 and Kv 3.1 channels are associated with input
resistance of neurons. I expect ear-occlusion would lead to a significant increase in Kv1.1 or
Kv3.1 expression, which would cause decreased input resistance. Since no change in input
resistance was observed following noise-rearing, I expect that there would be no change in K+
channel expression after noise-rearing.
Another aspect of K+ channels that could influence input resistance of BCs is their
phorphorylation state. The Kv3.1b channels of MNTB neurons in the auditory system are
normally phosphorylated, but are rapidly dephosphorylated in response to increased sound
activity. Dephosphorylation of the channel produced an increase in K+ current (Song et al.,
2005b). This activity-dependent dephosphorylation could also occur at endbulbs. I can assess
changes in expression level of phosphorylated Kv3.1b using an antibody against phosphorylated
Kv3.1b under different acoustic conditions. I anticipate that Kv3.1b would be less
phosphorylated following ear-occlusion, which would increase K+ current and decrease input
resistance. Since no change in input resistance was observed following noise-rearing, I expect
that there would be no change in phosphorylation state of Kv3.1b.
In Chapter 2, I found that the presynaptic activity-dependent changes of Pr and N
recovered when normal sound conditions were restored. Another important issue that requires
further study is whether these intrinsic properties of BCs also recover, or whether they change
permanently following ear-occlusion and noise-rearing.

(4) What are the molecular pathways of changes in Pr?
Based on Chapters 1 and 2, the induction of homeostatic plasticity generally involves
both presynaptic and postsynaptic changes at many synapses (Turrigiano et al., 1998; Branco et
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al., 2008). However, we do not know the molecular pathway of changes in Pr and N at endbulbs.
A major question is whether the level of activity regulates Pr and N through signaling pathways
in either pre- or postsynaptic neurons. It is important to understand the signaling pathway, which
could provide new targets for treating disorders, such as processing disorders and tinnitus. One
approach could be to express channelrhodospin at the presynaptic terminal and stimulate with
blue light for several hours to mimic sound-driven activity in vitro. I could then assess changes
in Pr as described in Chapter 2. The involvement of different signaling pathways could be
assessed by using specific blockers. For example, the involvement of the presynaptic group III
mGluRs could be assessed by applying antagonists during several hours of activation. If the
changes in Pr are prevented after inhibition of presynaptic mGluR, it would indicate that mGluR
activation at the presynaptic terminal is a necessary step in the homeostatic plasticity. If a change
in Pr is observed even after inhibition of mGluRs, it indicates that the underlying mechanism is
not regulated through mGluRs. Other major molecules to screen include group I mGluRs,
NMDA receptors and endocannabinoid receptors, because these molecules are present at
endbulbs and have also been shown to play a role in regulating activity-dependent changes at
other synapses (Kopp-Scheinpflug et al., 2002; Yang and Xu-Friedman, 2008; Castillo, 2012).
Therefore, these experiments would help us understand the underlying mechanism of changes in
Pr and furthermore assess the contributions of pre- and postsynaptic molecular components in the
signaling pathway.

(5) Do the activity-dependent changes occur throughout the auditory pathway?
Another important question to address would be to study changes of the synaptic
properties and their underlying mechanisms under different acoustic conditions at other synapses
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or other areas of the auditory system. The presence of activity-dependent changes throughout the
auditory pathway could add more evidence that this regulation is functionally important. It is
particularly important to understand how inhibitory synapses are affected for the following three
reasons. First, inhibitory synapses at endbulbs play an important role in shaping the responses to
sound (Kopp-Scheinpflug et al., 2002; Keine and Rubsamen, 2015). Also, imbalance of
inhibition and excitation can cause many hearing disorders (King, 2010; Browne et al., 2012).
Finally, in the auditory cortex, inhibitory synapses can be altered following decreased auditory
activity (Mowery et al., 2015b). I found that Pr of excitatory inputs increased after ear-occlusion
(Zhuang et al., 2017) and previous study showed that Pr decreased after noise-rearing (Ngodup et
al., 2015). These results indicate that Pr of excitatory inputs are tightly regulated under different
acoustic conditions. It is possible that there are changes in inhibitory inputs onto BCs under
different acoustic activities. Therefore, it is important to understand how different levels of
activity affect properties (N, Pr and Q) of inhibitory synapses onto BCs.
I expect that there are three possible scenarios for changes in inhibition following noiserearing. The first possibility is the inhibition decreases after noise-rearing, which reinforce higher
excitability in postsynaptic BCs. The second possibility is the inhibition increases after noiserearing, which would oppose the excitatory effects we observed. The third possibility is the
inhibition remains unchanged after noise-rearing, which would not contribute to changes in
postsynaptic excitability.
It would also be interesting to assess synapses made by auditory nerve fibers onto another
important cell type in the AVCN, because auditory nerve fibers also form synapses onto Tstellate cells in the AVCN (Cao and Oertel, 2010b; Chanda and Xu-Friedman, 2010a) and Tstellate cells play an important role in relaying information about the amplitude of the sound.

141

(Oertel et al., 2011). Therefore, it is important to understand how different levels of activity
regulate properties (such as Pr, N and Q) of synapses onto T-stellate cells. Any changes in
stellate cell responses could influence downstream processing of sound information for
localization. It would be interesting to see if the homeostatic changes at endbulbs are repeated at
synapses onto T-stellate cells or whether their different roles in auditory processing are
associated with a different homeostatic change.
The change I observed at endbulbs raises the question of whether similar changes could
occur further into the auditory pathway. One important stage to examine will be the calyx of
Held, which is formed by axons of BCs onto principal neurons in MNTB (Smith et al., 1998;
Borst and Soria van Hoeve, 2012). The calyx of Held is responsible for relaying precise timing
information for sound localization, so any activity-dependent changes at the calyx could
influence this important function. It would be interesting to assess the synaptic properties of the
calyx of Held using similar approaches as I did in Chapter 2 and 3. Also, the calyx is a large
presynaptic terminal which is amenable to patch-clamp recordings (Forsythe, 1994; Borst et al.,
1995). For example, feasibility of direct patching at the calyx would allow me to directly
measure the waveform of presynaptic action potentials and the presynaptic Ca2+ currents for
driving vesicle release. These experiments will provide new insights into the underlying
mechanisms.
Here, I have considered investigating five major questions about the activity-dependent
changes of Pr at endbulbs and bushy cells, such as the contributions of different types of Ca2+
channels, the regulations of Na+ and K+ channels in bushy cells, and the involvements of
mGluRs, NMDA receptors and endocannabinoid receptors in the signaling pathway. These are
important questions to address, because the molecular components that are involved will further
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help us to identify the entire pathway and reverse pathological changes that impede normal
processing. I also considered investigating whether the activity-dependent changes occur at other
synapses or other areas of the auditory pathway. It would be interesting to understand whether
the synaptic changes under different acoustic conditions are regulated through a generalized
regulation or different regulations throughout the auditory pathway. The answers to these
questions will be helpful in understanding the underlying root and the origin of many hearing
disorders, such as tinnitus and processing disorders. The high occurrences of tinnitus and otitis
media suggest that understanding the root of them is clinically important. Finally, the existence
of the activity-dependent changes at other synapses will strength our conclusions in Chapter 2
that short-term plasticity is not only present, but also tightly regulated by acoustic activity.
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