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ABSTRACT

The lateral superior olive (LSO) is a binaural nucleus that is critical for
azimuthal sound localization. Bipolar principal cells of the LSO compute interaural
level differences (ILDs) by comparing converging excitatory and inhibitory inputs
driven by either ear. More specifically, this computation relies on integrating
excitatory inputs from the ipsilateral cochlear nucleus with inhibitory,
GABA/glycinergic inputs from the medial nucleus of the trapezoid body (MNTB),
which are driven by sound originating at the contralateral ear. In order to reliably
compute ILDs, the converging inputs must represent sounds of the same
frequency. This specificity emerges during the first few weeks of postnatal life in
rats as a result of functional and anatomical refinement. Interestingly, significant
refinement of this auditory circuit occurs in the absence auditory experience. We
focused on changes in the subcellular location of MNTB inputs and the
expression of vesicular proteins before hearing onset.

The subcellular distribution of inputs onto a neuron heavily influences
synaptic integration and the mature distribution likely emerges during a period of
circuit refinement. Little is known about how the inputs are distributed onto LSO
principal cells and how the mature distribution is achieved. We studied the
distribution of inhibitory inputs onto LSO neurons and found that significant re-
distribution occurs before hearing onset. The mechanisms underlying the
refinement of the inhibitory MNTB projection are not well understood but could be

related to the transient co-transmission of the excitatory neurotransmitter



glutamate. We studied the expression of vesicular proteins that may regulate the
release of GABA/glycine and glutamate at the immature MNTB terminal. We
found that MNTB terminals transiently express two Ca*™" sensors, which may be
associated with the different release properties for GABA/glycine and glutamate.
Lastly, we asked one specific example of what controls the expression and

sorting of vesicular proteins at the immature MNTB terminal.
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Chapter 1: General Introduction

Section 1: Azimuthal sound localization in auditory brainstem

Reliably locating the source of a sound is a critical function of the auditory
system. Sound localization ability is ultimately tested in predator-prey
relationships, where locating the member of another species is crucial for
survival. Sound localization also plays a role in human communication by helping
us orient to relevant events and attend to a specific stimulus in a noisy
environment. Sound localization abilities improve with experience (Hoffman et al,
1998) and this improvement may be supported by changes to the underlying
sound localization circuitry in the central auditory system. Interestingly, the sound
localization circuitry begins to mature before the onset of hearing, almost as if the
auditory system is preparing to compute environmental stimuli before sound can
be transduced. Here | will focus on the events that change before hearing onset
in a region of the brain where sound localization is first computed, the auditory
brainstem.

The auditory system does not organize space the same way the visual and
somatosensory systems organize space. The visual system, for example, can
organize spatial information based on the topographic organization of the visual
receptors in the retina. This topographically organized map of visual space is
then maintained throughout the central visual system. Auditory space, on the

other hand, does not have a direct physical projection onto the cochlea. Instead
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of sound stimuli being organized by their spatial coordinates, the cochleae
organize stimuli based on frequency. The inner hair cells (IHCs) of the cochlea
vibrate in response to specific sound frequencies, and the frequency to which
they respond to depends on their position along the basilar membrane. Inner hair
cells at the apex of the cochlea respond to low frequencies whereas IHCs at the
base of the cochlea respond to high frequencies (Von Bekesy, 1956. The spatial
organization of frequency coding, known as tonotopy, is maintained at the IHC-
spiral ganglion synapse and throughout the central auditory system. Precise
tonotopic organization of auditory inputs is required for the central auditory
system to compare stimuli of the same sound source. The location of a sound
source in azimuthal (horizontal) space is determined centrally by neurons that
compare properties of frequency-matched binaural inputs. Binaural sound
localization is first computed in the auditory brainstem, the region of the brain that
contains circuits relevant to this thesis. Sound sources are also located using

spectral cues, but spectral cues will not be discussed here.

Section 1.1: Auditory brainstem circuitry

Auditory information enters the central nervous system along the auditory
nerve. Type | auditory nerve fibers synapse in the three subdivisions of the
cochlear nucleus. A single auditory nerve fiber bifurcates before entering the
cochlear nuclear complex; the descending branch terminates in the

posteroventral cochlear nucleus (PVCN) and dorsal cochlear nucleus (DCN)
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whereas the ascending branch terminates in the anteroventral cochlear nucleus
(AVCN) (Webster, 1991). The AVCN is involved in azimuthal sound localization
and this subdivision of the cochlear nucleus is relevant to this thesis. The AVCN
is predominantly populated by bushy cells, which receive excitatory inputs from
auditory nerve fibers at the highly reliable axo-somatic endbulb of Held synapse.

Bushy cells project to a group of brainstem nuclei that make up the superior
olivary complex (SOC, for review on circuitry and sound localization see Grothe
et al, 2010). The SOC is recognized as the first site of binaural integration and is
involved in locating sounds along the horizontal plane (azimuthal sound
localization). The major nuclei in the mammalian SOC include the medial superior
olive (MSO), the lateral superior olive (LSO), and the medial nucleus of the
trapezoid body (MNTB). The MSO is involved in detecting interaural time
differences (ITDs) for low-frequency sounds and the LSO is involved in detecting
interaural level differences (ILDs) for high-frequency sounds. Despite these
differences, the MSO and LSO have a lot in common and because more is
known about the MSO in both the mature and immature nervous system, | will be
making comparisons between the developing MSO and LSO throughout this
thesis.

The MSO detects ITDs by comparing the arrival times of the excitatory
inputs from bushy cells in each cochlear nucleus (Goldberg and Brown, 1969,
Cant and Casseday, 1986, Yin and Yang, 1990). Principal bipolar cells of the

MSO, which make up nearly all the cells in the MSO, have a laterally projecting
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dendritic tree which receives inputs from the ipsilateral AVCN and a medially
projecting dendritic tree which receives inputs from the contralateral AVCN (Cant
and Casseday, 1986, Fig. 1). The converging excitatory inputs must be
tonotopically matched to compare a sound from the same source. MSO cells also
receive inhibitory, glycinergic inputs from the lateral nucleus of the trapezoid body
(LNTB) and the MNTB that target the soma and proximal dendrites (Kuwabara
and Zook ,1992, Kapfer et al, 2002, not shown in Fig. 1). It has been suggested
that well-timed inhibition at the soma is essential for precise ITD computation in
mammals, though the role of inhibition remains intensely debated (Brand et al,
2002, Grothe et al 2010).

The LSO is involved in detecting ILDs (Boudreau and Tsuchitani, 1968).
The ILD results from the head reflecting sound energy, creating a sound shadow.
Because of this sound shadow, the sound level is lower at the ear opposite to the
sound source. High-frequency sounds are more likely to be reflected than low-
frequency sounds therefore high-frequency sounds are more likely to produce an
ILD. The LSO is a binaural nucleus and if the sound is louder at the right ear, for
example, the cells of the right LSO will have a higher firing rate than cells of the
left LSO. Bipolar principal cells in the LSO are excited by sound from the
ipsilateral ear and inhibited by sound from the contralateral ear. The excitation
comes from glutamatergic inputs from bushy cells in the ipsilateral AVCN (Cant
and Casseday, 1986, Wu and Kelly, 1992, Fig.1). The inhibition comes indirectly

from the contralateral AVCN through the MNTB. Bushy cells from the
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contralateral AVCN terminate on neurons of the ipsilateral MNTB at the high
fidelity calyx of Held synapse (Smith et al, 1991). MNTB neurons then provide
glycinergic input to LSO principal cells (Moore and Caspary, 1983, Bledsoe et al,
1990). The converging inputs must be tonotopically aligned as ILDs are
computed in a frequency-dependent manner (Boudreau and Tsuchitani, 1968).
There is no apparent left-right input organization onto LSO bipolar principal cells,
unlike the ear-specific organization of excitatory inputs in MSO where inputs from
the left ear are relayed via the cochlear nucleus to the dendrites projecting to the
left and inputs from the right ear are relayed through the cochlear nucleus to the
dendrites projecting to the right (Fig. 1). Knowing the subcellular location of inputs
to LSO bipolar principal cells will be a major advance and help us understand
how the converging inputs are integrated.

LSO bipolar principal cells project to nuclei further along the central auditory
system, notably the nuclei of the lateral lemniscus and the inferior colliculus.
These nuclei are also involved in sound localization but they will not be discussed

here.
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Figure 1. Coronal brainstem slice, showing glutamatergic (green) and
glycinergic/ GABAergic (red) inputs to the superior olivary complex (SOC).
The brainstem is bilaterally symmetric; for clarity, the relevant circuitry for
only one side is illustrated here. Principal neurons in the lateral superior
olive (LSO) receive an excitatory projection from bushy cells in the
ipsilateral anteroventral cochlear nucleus (AVCN) and an inhibitory
projection from the medial nucleus of the trapezoid body (MNTB), which is
driven by an excitatory input from bushy cells in the contralateral AVCN.
Principal cells in the medial superior olive (MSO) receive bilateral excitatory
inputs from bushy cells in each AVCN. Principal cells in the MSO also
receive inhibitory inputs from the MNTB and lateral nucleus of the trapezoid

body (LNTB) (not shown).
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Section 1.2: Refinement in the Lateral Superior Olive

Neural circuits rely on precise, topographically organized synaptic
connections in order to properly function. This organization develops early in life
during a period of refinement and this refinement nearly always requires
molecular guidance cues and patterned neural activity. In the LSO, molecular
guidance cues and patterned neural activity are required for circuit refinement
and, according to the current working model in the field, this refinement occurs in
three phases. | will outline these phases here and provide more details in the
following paragraphs. First, molecular guidance cues direct axons to
approximately the right location in the target nuclei. Second, patterned neural
activity results in the strengthening of certain synapses and weakening of other
synapses. These changes can be measured electrophysiologically and are
known as functional refinement. Third, the activity-dependent physiological
changes are followed by structural changes to the circuit, which can be measured
anatomically. The current working model in the field stresses that axon path
finding, functional refinement, and anatomical refinement occur as three separate
processes. However, work in this thesis challenges the idea that functional and
anatomical refinement are temporally distinct events. Below, | will discuss the
evidence for the current working model, with a focus on the physiological and
anatomical processes. | will also explain why a re-examination of the working

model is needed.
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Figure 2. A schematic of functional refinement, and resulting anatomical

refinement, of MNTB and AVCN inputs to the LSO. (Based on Kim and
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Kandler, 2003, Case et al, 2011). A. Shortly after birth (postnatal day 3),
LSO neurons receive many weak inputs from the MNTB and the AVCN. B.
By P8/P9, certain inputs from the MNTB and AVCN strengthen, as indicated
by an increase in the amplitude of the inhibitory postsynaptic current (IPSC)
and excitatory postsynaptic current (EPSC). Concurrently, other inputs
weaken, as indicated by a decrease in the amplitude of the PSC. C.
Functional refinement is followed by anatomical refinement. The
strengthened inputs persist whereas the weakened inputs are pruned.

This schematic does not intend to suggest the ratio of fibers that

strengthen or weaken, nor does it intend to suggest the subcellular

locations to which the maintained axons project.

First, axons innervate the LSO at embryonic day 18 (E18), 4 days before
birth in rats (Kandler and Friauf, 1993). The axons are likely guided through the
expression of molecular guidance cues (Cramer, 2005) and the connections in
the embryonic animal are capable of supporting synaptic transmission (Kandler
and Friauf, 1995). The axons are, however, structurally unrefined and project
outside of their final target zone within the nucleus.

Next, comes a period of refinement when functional connections become
tonotopically sharpened. This is achieved through strengthening of certain
connections and elimination of others. Functional refinement has been

demonstrated for both MNTB and AVCN inputs to the LSO. In the MNTB-LSO
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pathway, the strength of a single input increases 12-fold between postnatal day 3
(P3) and P8/9 (Kim and Kandler, 2003, Fig. 2). This increase in strength is
accompanied by a 75% decrease in the area of the MNTB that elicits a response
from an LSO neuron (Kim and Kandler, 2003). The excitatory AVCN-LSO inputs
undergo functional refinement during this same time period (Case et al, 2011).
The number of inputs from the AVCN to single LSO neurons drops between
postnatal day 3 (P3) and P8, and the strength of single inputs increases 5-fold
during this time (Fig. 2). Interestingly, functional refinement occurs in the absence
of acoustically driven activity, as the onset of hearing occurs approximately at
P12 in rodents. If functional refinement is activity-dependent, then there must be
internally generated neural activity that can drive these processes before hearing
onset. The origin and role of spontaneous activity in the auditory system is
discussed in the following section (Section 1.3).

Structural reorganization commonly follows functional changes in the
nervous system (Antonini and Stryker, 1993, Colman et al, 1997). A third
qualitatively distinct process of refinement in the SOC is anatomical refinement.
In the LSO, there is a period when MNTB-LSO axonal arbors increase in length
and complexity, followed anatomical refinement of the arbor (Sanes and Siverls,
1991, Fig. 3). Between P2 and P13, MNTB-LSO projections become more
complex, longer, and occupy regions of the LSO that are outside the final
innervation zone. Around the time of hearing onset (P13), MNTB axons continue

to grow in complexity and increase in length, but there are fewer axons projecting

10
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outside the final innervation zone. Between P13 and P18-25, axons appear more
refined and their growth has stabilized. By P18-P25, MNTB axons occupy a
smaller proportion of the LSO than they did at younger ages. There is also a
decrease in the spread and number of MNTB boutons compared to P13.
Together, these observations suggest that anatomical refinement occurs after
hearing onset (Sanes and Siverls, 1991, Fig. 3). Anatomical refinement of the
AVCN-LSO has not been studied but based on the findings that functional
refinement of the AVCN-LSO and MNTB-LSO occurs on the same timeline, one
might expect the anatomical refinement between the two pathways to be similar
as well.

Morphological changes in MNTB-LSO projections are matched with
morphological changes in the dendritic fields of LSO neurons. Between P13 and
P21, the number of dendritic branchpoints and the width of the dendritic arbor of
LSO principal cells decrease significantly in the high-frequency region of the
gerbil LSO (Sanes et al, 1992a). Interestingly, if the inputs to the LSO are
manipulated by cochlear removal or pharmacological silencing, then the MNTB-
LSO axonal projections and the dendritic fields of LSO neurons are significantly
less refined (Sanes et al, 1992b, Sanes and Chokshi, 1992, Sanes and Takacs,
1993). Therefore, anatomical refinement in LSO circuitry is activity-dependent.

Based on the above studies, the current working model in the field suggests
that anatomical refinement in the LSO occurs after hearing onset and relies on

acoustically-driven activity, as seen in the MSO (Kapfer et al, 2002, Werthat et al,

11
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2008). This is consistent with the idea that anatomical refinement follows
functional refinement (complete by P8/9) at some delay. However, many of the
experiments upon which this working model is built do not directly address the
question of when anatomical refinement begins. In the case of MNTB-LSO
projections, the spread of axonal boutons in the LSO was not measured before
P12/P13; therefore it is unclear when the decrease in spread begins (Sanes and
Siverls, 1991). Similarly, Sanes and colleagues studied developmental
refinement of dendritic arbors of LSO cells starting at P10; therefore any
morphological changes before then would not be observed (Sanes et al, 1992a).
Moreover, technical issues surrounding Golgi staining, which was used to label
LSO neurons, may have compromised these studies (Sanes et al, 1992a). Since
the time these studies were performed, advancements have been made methods
for labeling dendritic arbors of single neurons. A more recent study labeled LSO
cells by intracellular injection and quantified arbor morphology from P4 onwards
(Rietzel and Friauf, 1998). Rietzel and Friauf (1998) found that reductions in the
number of primary dendrites, dendritic endpoints, and dendritic appendages
begins before hearing onset. The finding that anatomical refinement of dendritic
arbors of LSO principal cells begins before hearing onset contradicts the current
working model in the field and prompts us to look more closely at refinement in
the SOC. In this thesis, we challenge the working model of circuit refinement in
the field by asking new questions about whether or not anatomical refinement

requires acoustical experience.

12
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A. Postnatal day 6

MNTB LSO

B. Postnatal day 13

C. Postnatal day 21

Figure 3. A schematic of anatomical refinement of MNTB-LSO projections
during the first three postnatal weeks in rodent (based on work in gerbil,
Sanes and Siverls, 1991). The schematic shows a principal cell from the
MNTB projecting to the medial limb of the LSO. In blue is the region of the

LSO that the axonal arbor will occupy following anatomical refinement. A.

13
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Before hearing onset (P6-9), MNTB axons are found in approximately the
correct location in the LSO. However, MNTB axons project outside of the
final innervation zone and occupy a large area in the LSO relative to the
size of the nucleus. At this age, axons are growing in length and increasing
in branch number. B. After hearing onset (P13), MNTB projections still
occupy a region outside their final innervation zone, though these aberrant
projections are not as noticeable compared to earlier ages. Axons continue
to grow in length and branch number. C. By the end of the third postnatal
week, MNTB projections innervate their principal zone in the LSO and
occupy a smaller area in the LSO (proportional to nuclear size) than at
younger ages. Axon growth has stabilized and the arbors are less complex
than at younger. This schematic does not incorporate the growing size of

the LSO.

Refinement in the LSO is clearly an early postnatal event that is thought to
result in mature circuitry by the third or fourth postnatal week. Much of this
refinement occurs before hearing onset, which raises the questions; what is the
source of the activity and how does refinement occur? Below | will discuss the
origin of spontaneous activity in the mammalian auditory system and possible

mechanisms for refinement at the immature MNTB-LSO synapse.

14
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Section 1.3: What drives refinement before hearing onset?

Sensory systems develop through a combination of molecular guidance
cues and activity-dependent plasticity (Tessier-Lavigne and Goodman, 1996,
Katz and Shatz, 1996). This activity can be sensory driven, or before sensory
information can be transduced, the activity can be generated spontaneously
within a sensory organ (Galli and Maffei, 1988, Meister et al, 1991). Visual
system development relies on patterned bursts of spontaneously activity
generated in the retina to refine projections to thalamus (Penn et al, 1998).
Refinement in the developing auditory system can be prevented by cochlear
removal, suggesting that spontaneous activity generated in the cochlea plays a
crucial role in the development of the auditory system. Moreover, spontaneous
bursts of activity are present in the developing avian auditory system (Lippe,
1994). Details on the mechanisms that create spontaneous activity in the
mammalian cochlea have recently been discovered and characterized (Tritsch et
al, 2007). The spontaneous activity originates from Kolliker's organ, a transient
structure in the cochlea that is composed of support cells located next to inner
hair cells. Supporting cells in Kolliker's organ spontaneously contract and release
adenosine triphosphate (ATP). ATP release from supporting cells depolarizes
IHCs and if the IHC is sufficiently depolarized, the IHC will generate Ca™™ spikes.
The Ca™" spikes lead to glutamate release from IHCs onto spiral ganglion
neurons. Suprathreshold activity in spiral ganglion neurons results in action

potentials in the auditory nerve. The ATP-dependent bursting activity in the

15
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cochlea begins around P3 and lasts until the onset of hearing (Tritsch and
Bergles, 2010). In vivo recordings in the spiral ganglion and MNTB show that the
bursts propagate into the SOC, and it has been suggested that this patterned
activity could influence plasticity in the developing auditory system (Tritsch et al,
2010).

The period when patterned bursts of spontaneous activity are relayed into
the auditory brainstem encompasses the period of functional refinement in the
MNTB-LSO pathway and AVCN-MNTB pathway (P3-P8). The mechanisms that
drive the refinement are not well understood. Activity-dependent plasticity is
understood to underlie the strengthening and weakening of synapses and can
exist in many forms including long-term potentiation (LTP), long-term-depression
(LTD), and homeostatic plasticity (Citri and Malenka, 2008). There are several
examples of LTD in the MNTB-LSO pathway (Kotak and Sanes, 2000, Kotak et
al, 2001, Kotak and Sanes, 2002, Chang et al 2003), but to date there have been
no published studies showing LTP.

A common mechanism for plasticity is n-methyl-d-aspartate receptor
(NMDAR) dependent plasticity. NMDAR-dependent plasticity is particularly
attractive because it can account for plasticity resulting from coincident activation
of inputs and provide relatively long time periods during which inputs can be
integrated because of receptor kinetics. The surprising finding that the inhibitory
MNTB neurons release the excitatory neurotransmitter glutamate, and that the

glutamate release activates NMDARs on LSO neurons during the period of circuit
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refinement, raises the possibility that NMDARs could be involved in plasticity at
the MNTB-LSO pathway (Gillespie et al, 2005). Intriguingly, a number of the
requirements for NMDAR-dependent plasticity (outlined below) are present in the
developing MNTB-LSO pathway.

NMDA receptors are implicated in a number of forms of plasticity including
potentiation and depression, at both excitatory and inhibitory synapses (for
reviews see: Hunt and Castillo, 2012, Moreau and Kullmann, 2013). Although the
mechanism of NMDAR-dependent plasticity can be synapse-specific, a few
general characteristics are consistent across most synapses. NMDAR-dependent
plasticity requires membrane depolarization for the magnesium block to be
relieved, glutamate release to open the NMDAR, and calcium influx to activate
intracellular pathways. NMDAR subunits are differentially associated with
plasticity (for review see Yashiro and Philpot, 2008). In many developing circuits,
the GIuN2B subunit is expressed during critical or sensitive periods before being
switched out by the GIuUN2A subunit (Sheng et al, 1994, Quinlan et al, 1999).
GIuN2B subunit containing NMDARSs confer longer open times than GIuN2A
subunit containing NMDARSs, which could increase coincidence detection and
calcium influx during a period of developmental plasticity.

A number of developmental events could allow for NMDAR-dependent
plasticity in the MNTB-LSO pathway during the first postnatal week. During the
period of functional refinement at the MNTB-LSO synapse, GABA is co-released

with glycine (Kotak et al, 1998, Nabekura et al 2004). Due to high levels of
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intracellular chloride, GABAAR and glycine receptors are depolarizing and
excitatory during the first postnatal week (Ehrlich et al, 1999, Kakazu et al, 1999).
In addition to GABA/glycine release, the excitatory neurotransmitter glutamate is
also released from MNTB terminals during early postnatal life (Gillespie et al
2005). The transient release of glutamate is supported by the expression of
vesicular glutamate transporter 3 (VGLUT3) (Gillespie et al, 2005, Noh et al
2010). Slice physiology and in situ hybridization results suggest that there is a
switch in subunit composition of NMDARSs around P8, from a long-decaying
GIuN2B to the shorter decaying GIuN2A subunit (Case and Gillespie, 2011,
Singh, 2011). Collectively, these findings suggest a model such that between P3
and P8, refinement at immature MNTB-LSO terminals results from spontaneous
bursts of activity from MNTB cells where GABA/glycine depolarize the membrane
and relieve the magnesium block on the NMDAR, and glutamate activates the
NMDARSs leading to prolonged calcium entry (Kalmbach et al, 2010) dictated by
the relatively long decaying GIuN2B channel open times. Whether or not the
immature MNTB-LSO pathway undergoes NMDAR-dependent plasticity has yet
to be tested. Interestingly, the idea that glutamate release plays a role in
refinement is supported by the finding that the deletion of VGLUT3 impairs
functional refinement at the developing MNTB-LSO pathway (Noh et al, 2010).
There are, however, several important caveats to this study.

Developmental refinement ultimately produces circuit-level changes that

allow information to be integrated accurately and precisely. Below | will discuss
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what influences the integration of inputs in neurons and what we have learned

about integration in sound localizing neurons based on anatomical data.

Section 2: Factors influencing passive dendritic processing in

binaural sound localizing neurons

Section 2.1: The effects of dendritic morphology and synapse distribution
on passive filtering and integration

The ability for LSO neurons to reliably compute ILDs emerges during the
period of circuit refinement. This refinement produces changes in dendritic
morphology and the subcellular location of inputs. We propose that the cell
optimizes these changes in dendritic morphology and synapse location to allow
for fast dendritic processing, but we currently do not have a detailed knowledge
of the overall dendritic morphology and synapse distribution on entire LSO bipolar
principal cells. Having this information will lead to first-order models of dendritic
processing in LSO bipolar principal cells. Below, | will review what we know about
the detailed morphology and the distribution of synapses onto MSO cells and
LSO cells. But, first | will review how morphological and passive properties of the
dendrites filter synaptic inputs and how the subcellular distribution of synaptic
inputs can influence synaptic integration.

First, postsynaptic potentials (PSPs) are shaped by intrinsic characteristics

of the cell including the presence of transmembrane channels, cytosolic
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molecules, and membrane capacitance. Although these membrane
characteristics are not necessarily morphological, these characteristics do
influence filtering and interact with a number of the other anatomical influences
on filtering. Second, PSPs are differentially filtered depending on dendrite
diameter. Intuitively, PSPs will encounter more resistance in a small diameter,
high-resistance dendrite than in a large diameter, low-resistance dendrite Segev
& London, 1999). Third, the further the PSP travels along a dendrite, the more
resistance it will encounter. Therefore, a distal input will have a smaller effect on
the soma than a proximal input, all else being equal (Spruston et al, 1999).
Fourth, the complexity of the dendritic tree necessarily affects the attenuation and
integration of synaptic inputs
(Spruston et al, 1999). In a complex dendritic arbor with many branch points,
current flow can drift at every branch point and potentially flow in a direction that
does not lead to the integration center of the neuron. By contrast, PSPs will be
less attenuated in a simple, compact neuron. Another morphological
characteristic that affects integration of inputs is how the dendritic tree radiates
from the soma. For example, integration at the soma of a multipolar cell, where
inputs from multiple dendritic arbors converge at the soma will differ from
integration at the soma of unipolar or bipolar cells, where inputs converge onto
one or two primary dendritic arbors.

Inputs are integrated spatially, therefore the distribution of inputs plays an

important role in integration. First, the summation of 2 PSPs of the same sign
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depends on their distance to each other; whereas nearby inputs result in
sublinear summation, inputs that are more separated (up to a certain distance)
will undergo linear summation (Spruston et al, 1999). Integration of inputs of
opposite sign (ie. excitatory and inhibitory inputs), is also dependent on their
relative distances and densities. Because inputs are summed temporally as well
as spatially, the relative timing of inputs influences integration in an analogous
way to spatial integration.

Most neurons, including principal cells of the LSO, do not integrate two
inputs at a time, rather they integrate inputs from the entire cell. Therefore, the
distribution of synapses along the entire cell must be considered in order to
accurately model the cell. The distribution of a certain population of inputs to a
specific compartment on the neuron can have significant effects on synapse
integration under passive conditions. For example, perisomatic inhibition can filter
or cancel out distal excitatory inputs that reach the soma. Conversely,
perisomatic excitation can ensure highly reliable transmission at synapses such
as the calyx of Held.

It is well known that dendrites are not only passive filters. Rather, dendrites
express voltage gated channels (VGC) which confer active properties (Spruston
et al, 1999). These active properties allow the dendrites to counter attenuation of
current, generate dendritic spikes, and support the backpropagation of action
potentials among other functions. However, quantifying dendritic morphology and

synapse distribution is useful for understanding integration, to a first
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approximation.

Section 2.2: Integration in Sound localizing neurons

Computations performed by principal neurons in the MSO and LSO require
temporal precision. Below we will discuss what we know about synapse location,
dendrite morphology and how this is achieved during development to get a better
understanding of how these cells integrate their inputs. First | will describe this for

MSO bipolar neurons and then for LSO bipolar neurons.

Section 2.2.1: Integration in MSO bipolar neurons

Our understanding of how MSO neurons compute ITDs has advanced
greatly as a result of knowing detailed morphology, the subcellular distribution of
synaptic inputs, the active properties of the dendrites, and in vivo extracellular

and whole cell recordings.

Morphology of MSO bipolar neurons

Our understanding of dendritic characteristics of MSO neurons has evolved
from the detailed qualitative observations of Cajal (Ramon y Cajal, 1909), to
simple quantifications of dendrites (Rogowski and Feng, 1981), to very detailed
measurements from which cable properties can be accurately predicted
(Rautenberg et al, 2009). Rautenberg and colleagues filled individual MSO

bipolar principal cells and then digitally rendered the cells in 3D to quantify
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branch points, cell volume, surface area, and dendrite diameter (as a function of
distance from the cell body) in tissue from gerbils aged postnatal day 9 to 40.
They found that, between P9 and P21, there was a significant decrease in the
number of branchpoints, total cell length, and cell surface area whereas the
dendritic radii and cell volume increased until P27. These morphological changes
will facilitate the fast postsynaptic integration that MSO bipolar cells require to
detect ITDs (Rall et al, 1992, Agmon-Snir et al, 1998). Interestingly, the time at
which MSO bipolar cells mature anatomically (P27) (Rautenberg et al, 2009),
matches the time when these cells mature physiologically (4th postnatal week)
(Scott et al, 2005), a finding which demonstrates the close relationship between

structure and function in dendritic processing.

Subcellular distribution of inputs to MSO bipolar neurons

MSO bipolar neurons receive excitatory inputs from both ears; lateral
dendrites are excited by the ipsilateral cochlear nucleus and medial dendrites are
excited by the contralateral cochlear nucleus (Stotler, 1953). This arrangement
allows MSO neurons to compare the arrival times of the converging EPSPs at the
cell body, resulting in the computation of an ITD. MSO neurons receive prominent
inhibitory inputs at the soma (Kapfer et al, 2002), which are thought to be critical
for increasing the precision of the ITD computation, though this is debated
(Grothe et al, 2010).

Slice physiology has shown that MSO dendrites contain many voltage
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activated channels (HCN, K+, and Na+) which contribute to integration and
filtering of EPSPs (Golding, 2011). A recent study used in vivo whole-cell and
juxtacellular recordings in the MSO to show that computations in MSO neurons
result from linear summation of EPSPs (van der Heijden et al 2013). This linear
summation is consistent with slice physiology recordings which suggest that
dendrites of MSO cells have many active properties. Interestingly, no evidence of
well-timed inhibition was found using in vivo recordings, which contrasts with the
suggestion that well-timed, perisomatic inhibition shapes ITD tuning (Grothe et al,
2010, van der Heijden et al, 2013). A second recent study used slice physiology
on a novel thick-slice preparation to show, for the first time, that inhibition
precedes excitation by 300-400ms, suggesting that inhibition could be used to
shunt activity before the arrival of the coincident EPSPs (Roberts et al, 2013).
This series of experiments has greatly advanced our knowledge of the influences

of synapse location and dendritic filtering on sound localization.

Section 2.2.2: Integration in LSO bipolar neurons
Morphology of LSO bipolar principal neurons

Ramon y Cajal first described bipolar cells of the LSO in cat (Ramon y
Cajal, 1909). He noted their bipolar morphology and restricted dendritic arbor and
several thick primary dendrites. The dendritic arborizations are not as complex as
those in the kitten (Scheibel and Scheibel, 1974). Since, these observations, the

developmental reduction in complexity has been observed and quantified in other
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species (Ollo and Schwartz, 1979, Cant, 1984, Helfert and Schwartz, 1986). The
majority of these studies used Golgi staining to label neurons, but recently cells
have been studied following single-cell injections and this has improved the detail
in which these cells can been studied (Rietzel and Friauf, 1998). This shift in
techniques has resulted in more branchpoints being detected, new cell types
being identified, and more complete reconstructions of the neurons. Despite this,
we currently do not have measurements that would allow us to construct first-

order models of dendritic processing for fully reconstructed LSO principal cells.

Current understanding of subcellular distribution of inputs to LSO bipolar principal
neurons

We have some insight into the distribution of excitatory and inhibitory inputs
on LSO principal cells. There is a relationship between synapse phenotype and
subcellular location; in the mature LSO, principal cell bodies are surrounded by
inhibitory, glycinergic inputs from the MNTB (Cant, 1984, Helfert et al, 1992,
Friauf et al, 1997, Korada and Schwartz, 1999). However, few studies have
looked at both excitatory and inhibitory inputs (Cant, 1984, Helfert et al, 1992). At
the cell body there are more inhibitory synapses than excitatory in a ratio of 2:1,
at thick (>3 ym in diameter) dendrites the ratio is approximately even, at thin (~1
pum diameter) dendrites there are more excitatory than inhibitory synapses in a
ratio of 2:1, and at the thinnest (< than 0.5 ym) dendrites there are excitatory but

no inhibitory synapses (Helfert et al ,1992).
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There are, however, some caveats to the above findings which constrain
our understanding of synapse distribution along principal cells. First, all of these
findings come from single tissue sections or single optical sections of tissue and
therefore only show the distribution of synapses for a fraction of the cell. Second,
the dendrites analyzed may not belong to bipolar principal cells. Although
principal cells make up 70-80% of the cells in the LSO, there are 5-7 cell types
and the dendrites could belong to any cell type (Helfert and Schwartz 1986, 1987,
Rietzel and Friauf, 1998). Third, what one uses as a marker for a synapse is also
significant. Some experiments use antibodies raised against glycine or glycine
receptors to detect inhibitory synapses. The MNTB-LSO synapse had been
thought to be glycinergic but it also releases GABA during early development
(Kotak et al, 1998, Korada and Schwartz 1999). Therefore, staining solely for
glycine could result in an underestimation the total number of inhibitory synapses.
Lastly, today we have access to many synapse specific antibodies which facilitate
the identification of synapses.

Just as the dendritic arbor changes during development, so does the
subcellular location of inhibitory synapses in the LSO. Anatomical results suggest
a re-distribution of inhibitory synapses toward the soma during the first two
postnatal weeks in rat (Friauf et al, 1997). Single optical sections of glycine
receptor immunoreactivity show that perisomatic staining patterns develop during
the first two postnatal weeks. However, the study by Friauf et al (1997) does not

give us a complete understanding of the re-distribution of inhibitory inputs along
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LSO bipolar principal cells. First, the authors used glycine receptors as a marker
of inhibitory synapses and could therefore underestimate the total number of
inhibitory synapses because they did not quantify GABAARSs (Friauf et al, 1997).
Second, it is unclear which cell types have perisomatic labeling because the cell
type was not identified morphologically. Third, the authors used single optical
sections to gauge the subcellular distribution of inhibitory synapses and therefore
we only know about glycine receptor staining around a portion of the cell (the cell
body) (Friauf et al, 1997). A 3-D reconstruction of the entire neuron and its
inhibitory inputs is required for an accurate assessment of the re-distribution of
inhibitory synapses along the cell.

Currently, we have no information about the subcellular distribution of
excitatory synapses along LSO bipolar principal cells over development. We do,
however, know that the VCN-LSO pathway undergoes functional refinement
during early postnatal life (Case et al, 2011), including a reduction in the number
of inputs. Therefore we might expect anatomical refinement to follow.

In light of the information given above, we still lack detailed morphological
measurements and the subcellular distribution of inputs on LSO bipolar principal
cells. Studies that have modeled LSO neurons used a cell morphology from Golgi
staining, which underestimates the complexity of the arbor, and relatively simple
distributions of excitatory and inhibitory synapses (Zackenhouse et al, 1998).
Moreover, there is a clear deficit in our knowledge of how the distribution pattern

is achieved during development and whether certain forms of anatomical
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refinement can occur before the onset of hearing. In order to understand how
dendritic morphology is optimized over development, we performed 3D
reconstructions of serial confocal images of LSO bipolar cells to study changes in
the distribution of inhibitory inputs and cellular morphology in the week before

hearing onset (Chapter 2).

Section 3: Vesicle populations at the immature MNTB terminal

As mentioned above, the immature MNTB-LSO synapse releases GABA
and glycine as well as the excitatory neurotransmitter glutamate (Kotak et al,
1998, Nabekura et al, 2004, Gillespie et al, 2005). The surprising finding that one
terminal releases three fast acting neurotransmitters raises several questions
about how the neurotransmitters are packaged and released at the MNTB. It is
known that GABA and glycine can be co-released from the same vesicle and this
co-release has been demonstrated at the MNTB-LSO synapse (Nabekura et al,
2004). The co-release of GABA and glycine from the same vesicle is facilitated
by the fact that both neurotransmitters use the same transporter, vesicular
inhibitory amino acid transporter (VIAAT), to load the vesicle (Mclntire et al,
1997).

As for glutamate release at the immature MNTB terminal, VGLUT3 is the
transporter that loads glutamate into vesicles. The transient release of glutamate
at the immature MNTB-LSO synapse is correlated with the expression of

VGLUTS3 in presynaptic terminals of individual MNTB axons and intense
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VGLUT3-IR in the LSO and SPN, two nuclei in the SOC that receive prominent
projections from the MNTB during the prehearing period (Gillespie et al, 2005).
Furthermore, there is no glutamatergic current in the MNTB-LSO pathway of
VGLUT3™" mice (Noh et al, 2010).

The release of three neurotransmitters from the immature MNTB terminal
raises several fundamental questions. Is glutamate released from the same
vesicle population as GABA/glycine such that each vesicle expresses both VIAAT
and VGLUT3? OR Are there two populations of vesicles; one VIAAT-positive
population which contains GABA/glycine and a separate VGLUT3-positive
population which contains glutamate?

If GABA/glycine and glutamate are in the same vesicles then we would
expect the three neurotransmitters to show the same release properties. Recent
electrophysiological data from the lab show that the release properties differ
between GABA/glycine and glutamate, suggesting that immature MNTB-LSO
terminals contain two populations of vesicles (Case and Gillespie, 2011, Fig. 4).
The finding that GABA/glycine and glutamate differ in their release probability
raises new questions about what causes the different release probability between

the two vesicle populations.
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Immature MNTB terminal

GABA/glycine-containing,
VIAAT-positive vesicle

», glutamate-containing,
W VGLUT3-positive vesicle

Figure 4: A schematic of our working model of vesicle populations at the
immature MNTB terminal. The immature MNTB terminal contains two
populations of vesicles; one population that is GABA/glycinergic and
expresses VIAAT and one that is glutamatergic and expresses VGLUTS3.

Individual vesicles from these populations may or may not be intermingled.

Fast synchronous release of neurotransmitter at central synapses is
complex and involves a lot of presynaptic machinery, but the general
mechanisms of release are now well understood (Sudhof, 2013). The arrival of an
action potential at the terminal opens voltage-gated Ca** channels (VGCCs),
resulting in the influx of Ca®™, which bind to calcium sensing proteins on the
vesicle and initiate neurotransmitter release. Among the factors that can influence
vesicular release are the VGCCs expressed at the terminal, the proximity of the
vesicles to the calcium influx, the density of vesicles at the terminal, and the type
of Ca™ sensor present on the vesicle. Here, | will specifically focus on the

influence that Ca** sensors have on neurotransmitter release
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Variability in release can also be ascribed to the expression of different Ca*™
sensors on the vesicle. The predominant calcium sensing proteins in the CNS
belong to the synaptotagmin (Syt) family (Sudhof, 2002). Different synaptotagmin
isoforms vary in calcium sensitivity and kinetics and this variance can confer
different release properties to the vesicles (Hui et al, 2005, Xu et al 2007).
Synaptotagmins 1, -2, and -9 are the isoforms responsible for fast, synchronous
release at central synapses. When compared to other isoforms, Syt 1, -2, and -9
are very similar functionally but the three Syts do slightly differ from each other.
Given that, at the immature MNTB-LSO synapse, glutamate has different release
properties than GABA/glycine and that differential expression of synaptotagmin
isoforms can confer different release properties, we asked the following two
questions; 1) is more than one synaptotagmin isoform expressed at the MNTB
terminal? and 2) is one Syt isoform specifically associated with glutamate
release?

To answer this, we performed a co-localization study between calcium
sensors (Syt1 and Syt2) and markers for vesicle phenotype (Chapter 3). We used
VIAAT and VGLUT3 as markers for the two vesicle populations in immature
MNTB terminals and VGLUT1 and VGLUTZ2 as markers of excitatory inputs in the

SOC, such as those from the AVCN.
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Section 4: Sorting of vesicular proteins at the immature MNTB-

LSO terminal

Electrophysiological evidence from the lab suggests that the immature
MNTB-LSO synapse contains two populations of vesicles (Case and Gillespie,
2011, unpublished observations). Furthermore, each population has different
release properties which could be related to differences in presynaptic
machinery, location at the terminal, or association with different VGCCs (among
other factors). These two findings imply that the cell has a way to reliably sort
vesicles and vesicular proteins into separate populations. For example, if single
vesicles release either GABA/glycine or glutamate, then the cell must have a
mechanism to ensure that VIAAT and VGLUTS are targeted to separate vesicles.
How do VIAAT-positive and VGLUT3-positive vesicles at the immature MNTB
terminal achieve and maintain their identities? The mechanisms that sort vesicles
and vesicular proteins at synaptic terminals that contain multiple vesicle
populations are not well known. Understanding how a vesicle achieves its mature
identity and how proteins are targeted to specific vesicles would be a major
advance.

Synaptic vesicles are not mature when they leave the trans golgi network,
rather synaptic vesicles mature by undergoing successive rounds of exo- and
endocytosis until they acquire the proper complement of vesicular proteins
(Prado and Prado, 2002, Santos et al, 2009). These rounds of exo- and

endocytosis likely occur as the synaptic vesicle precursor is transported down the
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axon as well as when the vesicle has reached the terminal proteins (Matteoli et
al, 1992, Santos et al, 2009 ). However, this does not explain how specific
proteins are targeted to specific vesicles or how different vesicle populations can
be segregated at the terminal. Interestingly, synaptic vesicles can be directed to
defined pools at the terminal depending on which modes of exo- and endocytosis
they use and depending on interactions with various trafficking molecules. It is
possible that such sorting happens at immature MNTB terminals but this remains
to be tested.

Although vesicle recycling plays a role in vesicle maturation and different
modes of exo- and endocytosis can repopulate different pools of vesicles, it is still
unclear how vesicle identity can be achieved and maintained at the immature
MNTB terminal. One convenient way for the cell to do this is through protein-
protein interactions. If, for example, VGLUT3-positive vesicles require a specific
Ca"" sensor and VIAAT-positive vesicles require another Ca™ sensor, as could
be the case at the immature MNTB terminal, then perhaps there are protein-
protein interactions that sort the Ca** sensors to the appropriate vesicle
population. Recent evidence supports the idea that protein-protein interactions
can indeed influence expression and trafficking on the vesicle. Bajjalieh and
colleagues found that synaptic vesicle protein 2 (SV2) targets Syt1 to synaptic
vesicles (Yao et al, 2010). In cells in which SV2 was deleted, Syt1 was not
targeted to the vesicle but remained on the cell surface following exocytosis.

Given that vesicular proteins can target other proteins to the vesicle and that our
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working model proposes that the two vesicle populations at the MNTB terminal
have distinct identities, we asked if VGLUT3 was involved in targeting a particular
synaptotagmin isoform to VGLUT3-positive vesicles in immature MNTB terminals

(Chapter 4).

Rationale and Significance

Chapter 2: Re-distribution of Inhibitory Synapses onto Proximal Sites of
LSO Principal Cells Occurs Before Hearing Onset

In neural circuits, functional refinement is commonly followed by structural
changes. The structural changes can include pruning of axonal arbors, changes
to the dendritic tree, and changes in the location of synapses. All of these
changes presumably result in a structure that integrates information more
efficiently.

Functional refinement in the MNTB-LSO synapse occurs between
postnatal day 3 (P3) and P8, which is before hearing onset (P12) (Kim and
Kandler, 2003). When does anatomical refinement occur? And does it require
acoustical experience?

Inhibitory inputs to MSO neurons are initially diffusely distributed along the
dendritic tree then redistribute toward the soma after hearing onset (Kapfer et al,
2002). This coincides with selective pruning of MNTB axonal arbors from distal

dendrites (Werthat et al, 2008). Anatomical refinement of MNTB axons and LSO
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neurons is also seen after hearing onset (Sanes and Siverls, 1991, Sanes et al
1992a). Together, this suggests that the MNTB-LSO circuit is first refined
functionally before hearing onset and then refined anatomically in the presence of
acoustical information.

In spite of the morphological changes that happen after hearing onset,
there is evidence that the refinement of dendritic arbors in the LSO begins before
hearing onset (Rietzel and Friauf, 1998). Little is known about the subcellular
distribution of inhibitory inputs along LSO neurons or if re-distribution occurs
before or after hearing onset. To better understand this, we reconstructed single
LSO cells and the subcellular location of their inhibitory inputs in the pre-hearing
animal.

We found that inhibitory synapses were re-distributed toward the soma
and proximal dendrites of LSO principal cells in the week before hearing onset.
Our results challenge the field's current working model of refinement in the SOC
in two ways. First, that anatomical refinement occurs in the absence acoustically
driven activity. Second, that functional refinement and anatomical refinement do
not occur as two separate periods separated by some duration, rather they occur

in close succession or concurrently.

Chapter 3: Synaptotagmins | and Il in the Developing Rat Auditory

Brainstem: Synaptotagmin | is Transiently Expressed in Glutamate-

Releasing Immature Inhibitory Terminals
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The developing MNTB-LSO synapse releases GABA and glycine as well
as the excitatory neurotransmitter glutamate. Electrophysiological evidence
suggests that GABA and glycine are released from one population of vesicles
and glutamate is released from another. Interestingly, GABA/glycine and
glutamate have different release properties indicating that the two pools of
vesicles are located in different areas of the presynaptic terminal, are
differentially associated with voltage sensitive Ca** channels, and/or express
different Ca** sensors. Given that different Ca™ sensors can confer different
release properties and that the GABA/glycine and glutamate have differing
release properties, we asked if more than one Ca’" sensor is present at the
immature MNTB terminal and if one Ca*" sensor was associated with the
anomalous glutamate release. The two predominant Ca*™ sensors at fast central
synapses are synaptotagmin 1 (Syt1) and synaptotagmin 2 (Syt2). We used
immunohistochemistry to study the expression patterns of Syt1 and Syt2 in the
developing SOC and double immunofluorescence between Syts and markers of
synapse phenotype to study which synapses contain which Ca*" sensors.

We found that both Syt1 and Syt2 are expressed in the developing LSO
and the expression patterns suggest that one Ca*" sensor is associated with
VGLUT3 expression and glutamate release from MNTB terminals. These findings
support the idea that the differential release properties between GABA/glycine

and glutamate could be related to differential expression of Ca™ sensors. Lastly,
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these findings suggest a new working model about the organization of vesicle

populations at immature MNTB terminals.

Chapter 4: Synaptotagmin | is expressed at a GABA/glycine/glutamate-
releasing central synapse, independent of vesicular glutamate transporter 3
expression

In Chapter 3, we found that, in the SOC, Syt2 and VIAAT share similar
temporal and spatial expression patterns and, intriguingly, that Syt1 shares the
same developmentally-regulated and spatially-restricted expression pattern as
VGLUTS3. Based on these results, our updated working model of vesicle
populations at immature MNTB terminals suggests that one population is
GABA/glycinergic and expresses VIAAT and Syt2, and the other population
glutamatergic and expresses VGLUT3 and Syt1. This arrangement raises several
important questions about what controls the sorting of proteins onto separate
vesicle pools. For example, how are proteins sorted such that Syt1 and VGLUT3
are expressed in the glutamatergic but not the GABA/glycinergic vesicle
population? Also, the finding that Syt1 and VGLUTS3 share the same
developmentally-regulated and spatially-restricted expression pattern in the SOC,
raises the question: what regulates the developmental expression of Syt1 and
VGLUT3? Here, we specifically asked if VGLUT3 was required for the expression
and/or targeting of Syt1 to immature MNTB terminals. To answer this, we studied

Syt1 immunoreactivity in the SOC of VGLUT3™ tissue and wildtype tissue.
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We found that VGLUTS3 influenced neither the expression nor the
trafficking of Syt1 at immature MNTB terminals. This negative result does not
weaken our model but suggests that the factors which influence the vesicle
targeting and developmental expression of Syt1 and VGLUTS3 at this synapse

remain unknown.
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Chapter 2: Re-distribution of Inhibitory Synapses onto Proximal

Sites of LSO Principal Cells Occurs Before Hearing Onset

Abstract

The ascending projection neurons (principal cells) of the lateral superior
olive (LSO) exhibit a bipolar morphology and integrate ipsilaterally-derived
excitatory and contralaterally-derived inhibitory inputs. Although the subcellular
location of these inputs necessarily influences signal integration, little has been
known about precisely how these inputs are distributed, how their distribution
affects circuit-level processing, and how their specific distribution pattern is
achieved during development.

In the neighboring medial superior olive, inhibitory synapses onto principal
neurons are diffusely distributed throughout the dendritic tree shortly before
hearing onset, and in the next two weeks are re-distributed to occupy more
proximal sites through an experience-dependent process (Kapfer et al, 2002). As
the major inhibitory input to the LSO undergoes significant refinement before
hearing onset in the rat (Kim & Kandler, 2003), we asked whether inhibitory
synapses onto LSO principal cells are redistributed before hearing onset.

In acute slices from postnatal days 4 and 11 (P4 and P11) rats, we labeled
cells in the medial and middle limbs of the LSO with a fluorescent dye using
whole-cell patch clamp. Slices were fixed, resectioned at 50 um, labeled for

immunoreactivity to gephyrin, and imaged at the confocal microscope. The
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resulting Z-stacks were analyzed in Imaris (Bitplane): the dendritic arbor was
reconstructed in 3-D, gephyrin-positive puncta were identified, and puncta
associated with the labeled neuron were selected as markers of inhibitory
synapses.

In the week before hearing onset, the surface density of gephyrin puncta
at the soma increased by 140% and the linear density of gephyrin along proximal
dendrites increased by 90%. We also assessed dendritic complexity using the
number of Sholl intersections at 5 pm intervals. The greater complexity of
younger neurons was most apparent near the soma. Between P4 and P11, there
was a significant reduction in the average number of intersections between 5-30
pum from the cell body but beyond 30 um dendritic complexity was similar.

In conclusion, inhibitory synapses in the LSO undergo significant re-

distribution in the absence of acoustically driven activity.

Introduction

Determining the source of a sound along the horizon is important for
interpreting our environment. Azimuthal sound localization relies on the utilization
of two binaural cues; interaural time differences (ITD) and interaural level
differences (ILD). ILDs are first computed in binaural nuclei in the auditory
brainstem, the lateral superior olive (LSO) (Boudreau and Tsuchitani, 1968). LSO

bipolar principal cells are excited by sound at the ipsilateral ear and inhibited by
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sound at the contralateral ear. The ipsilateral excitatory input is glutamatergic and
comes from spherical bushy cells in the cochlear nucleus (Cant and Casseday
1986, Wu and Kelly 1992) whereas the inhibitory GABA/glycinergic inputs come
from principal cells in the medial nucleus of the trapezoid body (MNTB, Moore
and Caspary, 1983, Bledsoe et al, 1990) which are driven by excitatory inputs
from globular bushy cells in the contralateral cochlear nucleus (Glendenning et al
1985, Smith et al 1991).

As objects or the listener move throughout the environment, the
representation of the location of the sound source must be continually updated
using cues such as ILDs. Therefore the auditory system must be capable of
rapid, temporally precise computations in order to continually localize sound
accurately. How does the auditory system keep up? The ascending auditory
system has some of the fastest, high fidelity synapses in the brain. This temporal
accuracy is seen first hand at the high fidelity end bulb of Held synapse in the
AVCN and calyx of Held synapse in the MNTB where excitatory inputs envelop
the soma of the postsynaptic cell, which have little processing done in the small
dendrites (Englitz et al 2009, Lorteije et al 2009, Borst et al, 2013, Manis et al,
2013). Bipolar principal cells in the LSO, on the other hand, are large cells with
long complex dendritic trees, inputs spread along the dendrites, and it is unclear
how the cell integrates the converging inputs. This raises several questions; what
is the optimal distribution of inputs on LSO neurons such that ILDs are accurately

computed? When does this distribution appear during development? Does it
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require acoustical information or can it be achieved before hearing onset?

In the medial superior olive (MSO), a neighboring nucleus that processes
ITDs, inhibitory inputs from the MNTB and lateral nucleus of the trapezoid body
(LNTB) are diffusely distributed along the dendrites of bipolar principal cells
shortly before hearing onset and are then redistributed to the cell body and
proximal dendrites over the next two weeks (Kapfer et al, 2002). Concomitant
with the changes in synapse placement, the total number of MNTB axon
terminals decreases and there is an increase in the proportion of axons that
terminate at the cell body versus the dendrites (Werthat et al, 2008). Importantly
this anatomical refinement requires normal auditory experience, as it will not
occur if one of the cochleae is damaged or if the animal is raised in an
environment that lacks binaural cues (Kapfer et al, 2002, Werthat et al, 2008).
These findings suggest that inhibitory inputs on to MSO principal cell bodies are
important for sound localization; is there a similar re-distribution of inhibitory
synapses on LSO principal cells? If so, does it occur after hearing onset as in the
MSO?

Given that the LSO and MSO both receive inhibitory inputs from the MNTB
(Banks and Smith, 1992), one might expect the re-distribution of synapses to
follow the same timeline and that structural refinement of MNTB projections to the
LSO and MSO occur at the same time (after hearing onset).

Alternatively, the re-distribution of inhibitory inputs could happen before

hearing onset. Structural refinement is known to follow functional refinement at
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some delay (Antonini and Stryker 1993, Colman et al 1997). The developing
MNTB-LSO synapses undergo functional refinement from P3 to P8 and it is
unclear and controversial how long of a delay exists before structural refinement
begins (Kim and Kandler 2003). There are clear examples of structural
refinement of MNTB-LSO circuitry during the third and fourth postnatal weeks
(Sanes and Siverls, 1991, Sanes et al, 1992a), but upon a closer look, we can
see that there is some anatomical refinement in the dendritic arbors before
hearing onset (Rietzel and Friauf, 1998). Here we sought to see if anatomical
refinement occurs before hearing onset by asking whether there was a re-

distribution of inhibitory inputs to LSO principal cells from postnatal day 4 to 11.

Methods

All experimental procedures involving animals were approved by
McMaster University’s Animal Research Ethics Board and conformed to
guidelines outlined by the Canadian Council on Animal Care. Sprague-Dawley
rats (bred on site) age postnatal days 4 and 11 (P4 and P11) were anesthetized
and the brain was removed and quickly placed in artificial cerebrospinal fluid
(ACSF) containing (in mM) 124 NaCl, 1 K,SO,, 5 KClI, 1.25 KH2PO4, 10 dextrose,
26 NaHCOs3, 2 CaCl*H,0, and1 kynurenic acid (pH 7.2, Case et al, 2011).

Coronal slices (300 um) were cut with a vibratome and slices containing
the LSO were place in a humidified, oxygenated interface chamber at room

temperature. Tissue slices were allowed to recover in the chamber for at least 10
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minutes before being transferred to an immersion chamber for filling. Slices were
continuously perfused with ACSF superfused with 95% 02 and 5% CO..

Patch pipettes were pulled with borosilicate glass to a resistance of 1.5-2.5
MQ. Pipettes were filled with 0.5% Lucifer Yellow (Sigma L-0453), freshly
prepared daily in an internal solution containing (in mM) 64 d-gluconic acid , 64
cesium hydroxide*H»0, 11 EGTA, 56 CsCl, 1 MgCl,*6H,0, 1 CaCl,, 10 HEPES,
0.3 GTP-Na, ATP-Mg*3.5 H,O (pH 7.2, Case et al, 2011).

Bipolar principal neurons in the middle and medial limbs of the lateral
superior olive were visually targeted using IR-DIC optics. Cells were whole-cell
patched and filled for 10 minutes. Successful cell-fills were visualized using
epifluorescence and the slice was allowed to recover in the interface chamber for
20 minutes before being fixed (4% paraformaldehyde in 0.1M phosphate buffer)
for 20 hours at 4°C. Only one LSO was targeted per slice. In some cases 2 cells
were filled in the same LSO; one in the middle limb and the other in the medial
limb.

Slices were fixed for 20 hours, transferred to 30% sucrose in 0.1 M PBS
for cryoprotection, resectioned at 50 um at a freezing microtome, and collected
into 0.1 M phosphate buffer (PB; pH 7.4). Tissue sections were blocked for 24
hours in a solution containing 5% normal serum, 2.5% BSA, and 0.5% triton-X in
0.1 M PB (pH 7.4). Next, the tissue was incubated in a primary antibody raised
against gephryin (mouse host; Synaptic Systems, cat. no. 147 021) diluted at

1:250 in 5% normal serum, 2.5 % BSA, and 0.5% triton-X in 0.1 M PBS, pH 7.4
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for 60 hours. After washes in PBS, sections were incubated in a secondary
antibody (goat anti-mouse Dylight 647, Jackson ImmunoResearch, 1gG, Fcy
subclass 1 specific) diluted at 1:500 in serum for 24 hours. Sections were washed
in PBS then mounted in a mounting medium (CFM1+, Citifluor Ltd.) which has a
refractive index (R.I. = 1.52) which matches the R.I. of the objective lens,
immersion oil, and coverslip. A control condition in which the primary antibody

was omitted was included for each staining run and showed no punctate staining.

Table 1.
Antibodies Used in This Study
Antigen Immunogen | Host Source/cat. No. Dilution
Gephyrin Purified rat | Mouse, Synaptic 1:250
gephyrin monoclonal | Systems, 147021
mouse 1gG, Fcy Goat Jackson 1:500
subclass specific ImmunoResearch,
115-605-205

Image Acquisition

Images were acquired at a Leica SP5 DM6000 CS confocal microscope.
Filled cells were excited with the 436 nm line of an argon laser (emission window
480-600 nm) and goat anti-mouse Alexa 647 was excited with a 633 helium-neon
laser and collected using a 650 nm longpass filter. Cells were initially visualized
at low-magnification (20X, NA 0.17 ) to verify morphology and position within the
LSO. High-resolution stacks of images in the Z-dimension were collected with a
63X lens (NA 1.4) at 2.5X digital zoom resulting in voxel sizes of 96 nm * 96 nm *

500 nm. Each channel was imaged sequentially and averaged twice. Most cells'
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processes extended beyond a single visual field and multiple serial optical

sections were taken to image the entire cell.

Analysis

Leica .lif files were converted to .ims files in Imaris 7.6.4 (Bitplane, South
Windsor, CT, USA). Files containing stacks of optical sections belonging to the
same cell were then stitched together in XuvStitch 1.8.099 (Emmenlauer et al,
2009). Stitched images were then imported to Imaris for image processing and
analysis. Some cells displayed in Fig. 1 and 2 were stitched in another program,
Stitching (Preibisch et al, 2009), which was used in the image processing
package Fiji (Fiji is just ImagedJ, Schindelin et al, 2012).

All images were median filtered with a 3x3x1 pixel filter. Dendrites were
traced automatically and manually with Filament Tracer (Bitplane). Inhibitory
synapses, as identified by gephyrin immunoreactive puncta, were identified and
quantified in the Spots (Bitplane) application of Imaris. We developed a
procedure using both automatic and manual features of Imaris to identify
gephyrin puncta belonging to the labeled cell, explained in detail below. The
procedure for gephyrin-Spot identification for somata and dendrites is illustrated
in Fig. 3 and 4. For display purposes, some images were altered to better display
the Spots (Fig. 3, 4, 5). We used 4 cells at P4 (shown in Fig 1. A, C, F, H) and 4
cells and P11 (shown in Fig 2. A-D) for 3-D reconstructions and quantification of

gephyrin along the dendrites. Three-dimensional reconstructions of dendritic
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arbors and quantification of puncta along the arbor are time consuming
procedures, and because we had a trial version of Imaris, we could not analyze
the dendrites for more than 8 cells. We used 8 cells at P4 and 9 cells at P11 for

quantification of gephyrin at the soma.

Identification of gephyrin puncta at the soma

First, we created a Surface (blue) around the cell body (Fig. 3 A', B"). It
was important to have the Surface hug the edge of the cell in order to accurately
detect puncta belonging to the filled neuron. With an inappropriately large
Surface, we would identify gephyrin clusters that were in fact outside the labeled
cell. Conversely, with an inappropriately thin Surface, we would underestimate
the number of gephyrin puncta. Second, a new channel that included the
gephyrin puncta that were within the Surface was created (Fig. 3 A", B"). This
channel was called “Masked Gephyrin." Third, the gephyrin puncta in the
“Masked Gephyrin” channel were rendered as Spots using automatic and manual
processes (Fig. 3 A™, B"). Importantly, all Spots were set to the same size,
although in the future it would be valuable to have different sized puncta rendered
as different sized Spots. Many quantifications could be made after the Spots
were identified. For instance, Fig. 3 A", B"" shows all the Spots within 1 um of
the Surface in yellow and all Spots beyond 1 um in blue. The blue Spots (>1 um

from the Surface/cell membrane) were excluded from analyses below.
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Quantification of gephyrin puncta at the soma

The surface density of gephyrin puncta at the soma was determined by
dividing the number of Spots by the surface area of the soma. The surface area
of the soma was obtained following the creation of the Surface around the cell
body. The percent change in the number or density of gephyrin puncta at the

soma between P4 and P11 was calculated using [(P11ave-P4ave)/P4ave] * 100.

Identification of gephyrin puncta on dendrites

The procedure to identify gephyrin puncta along the dendrites of the
labeled neuron was similar to the method outlined above with some important
differences. Instead of one Surface being created to mask the gephyrin, many
Surfaces were created along the dendritic arbor in adjacent regions of interest.
Care was taken to ensure that the dendrites within a given region of interest be of
similar diameter and/or the dendritic labeling be of similar signal to noise ratio, as
otherwise the Surface would either be too small or too big, leading to either an
underestimation or overestimation of the number of gephyrin puncta. Fig. 4B
illustrates how gephyrin puncta were identified along the dendrites.
A small area of the neuron is shown for simplicity (Fig. 4A,B). First, multiple
Surfaces were created adjacent to each other (Fig. 4B). Second, gephyrin puncta
under each Surface were converted to a Masked Gephyrin channel (Fig. 4B').
Third, puncta in the Masked Gephyrin channels were converted to Spots and the

Spots that belonged to different Masked Gephyrin channels were merged
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together (Fig. 4B"). Fourth, the distance of each Spot from the soma was
measured along the dendrites traced in Filament Tracer (blue) (Fig. 4B™).

The Surface creation/Spot identification procedure was repeated over the
entire cell. The end result is shown in Fig 5C. Figure 5A shows a P4 cell with
multiple Surfaces and a Masked Gephyrin channel was created under each
Surface. Figure 5B shows the labeled cell (red) with Spots (yellow) that were
created from the multiple Masked Gephyrin channels. Figure 5C shows the same
cell after the dendrites were traced in Filament Tracer (Blue) with gephyrin puncta
identified as Spots (yellow). Data needed to be prepared as seen in 5C in order
to for the distribution of gephyrin along entire neurons to be calculated.

Distance of synapses from the cell body can be calculated in two ways:
the distance in 3D from the nearest point on the cell body, or the linear distance —
following the dendrite — from the cell body. Here the linear distance was
measured. Measuring the distribution of gephyrin puncta along the dendritic arbor
required that the cell be rendered as a Filament in Filament Tracer. Next a
beginning point of a primary dendrite was set at the soma-dendrite junction to 0
pm. The distance of each Spot along the filament was measured. If the Spot and
the Filament were not in contact, the Spot mapped onto the nearest node of the
filament. This 'distance along the path length' procedure was performed on every
dendritic arbor that contacted the soma. The values from each branch were then
amalgamated to create a database that contained the distance of every Spot

from the soma.
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The total length of traced dendrites, total number of traced filaments, and

the total number of puncta analyzed for each dendritic tree are shown in Table 2.

Table 2.
Raw data of 8 cells analyzed for gephyrin density on dendritic arbor
P4 Corresponds to Total length of | Total number | Number of
Cell # cell shown in: traced dendrite of traced puncta
(Mm) filaments analyzed
1 Fig 1A & Fig 10A 1765 144 445
2 Fig 1C & Fig 10C 1501 82 468
3 Fig 1F & Fig 10D 613 54 138
4 Fig 1H & Fig 10B 518 26 174
P11 P11 Cells Total length of | Total number | Number of
Cell # corresponds to traced dendrite of traced puncta
cell shown in: (um) filaments analyzed
1 Fig 2A & Fig 10F 539 33 435
2 Fig 2B & Fig 10H 884 67 393
3 Fig 2C & Fig 10G 539 19 255
4 Fig 2D & Fig 10E 932 77 490

Quantification of gephyrin puncta along the dendrite

The distance of each gephyrin punctum from the edge of the cell body was

used to map out the distribution of gephyrin for each cell. The linear density of

gephyrin was calculated by summing the number of Spots that were measured in

a segment ( e.g. 0-9.99 pym or 0-24.99 ym) then dividing it by the length of the

segment (10 ym or 25 ym). The percent change in the average linear density of

gephyrin in a given region was calculated as [(P11ave-P4ave)/P4ave] * 100.
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Morphological Analyses

Dendritic complexity was measured using 3-D Sholl analysis (number of
intersections between identified neuronal filaments and concentric spheres at 5
pgm spacing). Only those dendritic processes considered to be fully labeled were
included. The processes of the eight cells (four P4, four P11) used for Sholl
analysis are shown in Fig. 10. The bipolar morphology of LSO principal cells
results in ventral and dorsal dendritic arbors, which were analyzed separately,
beginning at the somato-dendritic juncture.

The area of the dendritic arbor was measured from a projection of the cell
in the coronal plane. The area was measured by connecting all the endpoints and
the area inside the boundary was measured, as shown in Fig. 14A and B, in the
image processing software package Fiji (Fiji Is Just Imaged). The area
measurements were taken from 7 P4 cells and 6 P11 cells.

The shape of the dendritic field was determined by measuring the length of
a line along the long axis of the dendritic field and dividing that value by the
length of a perpendicular line drawn along the widest point of the dendritic field. A
high value indicates that the field is becoming more anisotropic and more
restricted to its isofrequency band. Eight P4 cells and 7 P11 cells were used for
analysis of cell shape.

Statistics were calculated in Matlab (Mathworks) using the Mann-Whitney

U-test.
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Results

We reconstructed LSO principal cells and their inhibitory inputs in 3-D at
two ages before hearing onset to map the distribution of inhibitory synapses

along these cells and to see how the dendritic arbors refine morphologically.

Distribution of gephyrin at the somata and along dendrites

The images acquired at P4 and P11 exhibit some salient differences,
especially with regard to somatic labeling. For example, gephyrin-positive puncta
at P4 appear to be fairly diffusely, and randomly, distributed throughout the field
of view. Gephyrin is distributed quite differently in the LSO of tissue just one week
older: in images from P11 tissue, it is possible clearly to discern the somata of
un-filled neurons from the gephyrin labeling that outlines the somata of these
"shadow neurons." To quantitatively analyze these differences, we used analysis
tools in Bitplane Imaris software to identify (as Spots) the gephyrin puncta and
(as a Surface) the cell body. For details, see Methods, Fig. 3.

At P4, gephyrin puncta (yellow) at the cell body were small and faint
whereas at P11 gephyrin puncta were larger, more defined, and more abundant
(see Fig. 3A" and B" for representative images). The number of gephyrin-positive
puncta at the soma also increased significantly during this one-week period. The
average number of gephyrin puncta at the soma increased between P4 and P11
by roughly 171% (P4 51 +/- 9; P11 139 +/- 31; Fig. 6A, p = 0.0221 Mann-

Whitney). The size of the cell body also increases during this period, but not
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enough to compensate for the increase in number of gephyrin-positive puncta.
Thus, the density of gephyrin puncta in the somata also increased between P4
and P11, by about 125%, although this change did not quite reach statistical
significance (P4 0.0675 puncta/um?, P11 0.1539 puncta/um? Fig. 6B, p = 0.0592,
Mann-Whitney).

The images acquired at P4 and P11 suggest a dramatic change in location
of inhibitory synaptic proteins that could be caused by changes in dendritic
morphology and/or a re-distribution of inhibitory synapses toward the soma. We
therefore analyzed the distribution of gephyrin along the dendrites of LSO bipolar
principal cells. We identified gephyrin puncta using Imaris (Bitplane) and
measured their distance along the dendrite from the cell body (for details see
Methods and Fig. 4). The linear density of gephyrin puncta along the dendrites
was measured in 10 um segments for P4 and P11 neurons. At P4, gephyrin was
distributed rather evenly for the first 90 um (Fig. 5A', 7). By contrast, at P11 the
density of gephyrin was highest in the most proximal portions of the dendrites
then steadily declined with increasing distance from the soma (Fig. 5B', 7).

The population effect is seen in the mean linear density of gephyrin along
the dendrites of P4 and P11 cells. The mean linear density of gephyrin puncta
within 25 um from the cell body increased by 90% between P4 and P11 (P4 3.73
puncta/um?, P11 7.00 puncta/um?, Fig. 8). Mean linear densities of gephyrin
puncta remained roughly similar for segments 25-50 um and 50-75 ym from the

cell body, but decreased between P4 and P11 from 75 ym and more distally (Fig.
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8A). Cumulative frequency plots of the number of gephyrin puncta (normalized to
the maximum distance of a punctum on that cell) for each cell clearly point to a
salient difference between P4 and P11 cells: the majority of gephyrin puncta are
found proximal to the cell body at P11 (Fig. 9).

The distribution of gephyrin along the dendritic arbor of two of the four P4
cells appeared similar to that of the P11 cells; that is gephyrin density was
highest along proximal regions and gradually decreased at more distal regions
Fig. 7C, 7D, 9C, and 9D). The two P4 cells that showed the P11-like distribution
are shown in Fig. 1F and 1H and again in Fig. 10B and 10D. This discrepancy
could be related to the sample of dendrites and gephyrin puncta in these two P4
cells. The total length of dendrite, the total number of traced segments, and
number of puncta analyzed in these two P4 cells (shown in 7C, 7D) were less
than those same values for the two P4 cells which showed a more diffuse
distribution of gephyrin (7A, 7B, see Table 2 for measurements of each cell).

In the cell shown in Fig. 7D, only a few processes could be traced (shown
in Fig. 10B) as the remaining dendrite portions were in a different tissue section,
resulting in an incomplete sample of dendrites and puncta. Some of these traced
dendrites were proximal, very few were distal so it is not surprising that the
distribution of gephyrin puncta in this cell is different from the distribution from
cells that were more fully reconstructed. The reason for the small sample for the
cell in 7C was that, relative to P4 cells, the dendritic arbor was less complex and

it was smaller, especially in the Z-dimension (Fig. 10D).
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In conclusion, between P4 and P11 the density of gephyrin puncta

increases at soma and proximal dendrites but not at distal dendrites.

Morphological refinement

Dendritic integration is influenced not only by the location of synapses but
also by dendritic morphology. Thus, we examined changes in the overall
complexity, size, and shape of LSO bipolar principal cell dendritic arbors between
P4 and P11.

A standard measure for morphological complexity of dendritic arbors is
3-D Sholl analysis. Sholl analysis of the cells analyzed here showed a difference
in the number of Sholl intersections within the first 40 um of the cell body but little
difference beyond 40 um from the cell body (Fig. 11). Between P4 and P11, there
was a significant reduction in the average number of intersections between 5-30
pm from the cell body (Fig. 12A, 10 ym; p = 0.0325, 15 ym; p = 0.0195, 20 ym; p
= 0.0065, 25 ym; p = 0.0173, Mann-Whitney). Between P4 and P11, the number
of intersections decreased by 60% between 5-20 ym, 30% between 25-40 pm
but beyond 40 um the number of intersections was similar (Fig. 12B). Cumulative
frequency plots illustrate the reduction in the number of intersections especially
between 5-40 ymin the P11 versus the P4 cells (Fig. 13).

Changes in dendritic morphology could be accompanied by changes in
complexity, in shape, and in overall extent. To determine whether there were

changes in overall extent of the dendritic arbors between P4 and P11, we
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measured the cross-sectional area of the dendritic arbor of each cell (projected
onto the coronal plane) and found that it slightly decreased between P4 and P11
(Fig. 14C). The size of the LSO also increases between P4 and P11 (see scaled
schematic in Fig. 14), and the reduction in overall extent of the dendritic arbor
was seen to be even more dramatic after the absolute cross-sectional area was
normalized to the size of the LSO at each age. Between P4 and P11, the
proportion of the LSO cross-sectional area covered by a single cell's dendritic
arbor was reduced by 48% (Fig. 14D, p = 0.0305, Mann-Whitney).

Because the LSO is a tonotopic nucleus, and the long axes of the bipolar
principal cells are generally oriented perpendicular to the tonotopic axis of the
nucleus, one might expect the dendritic fields to show increasing anisotropy if
morphological changes caused the cells to become physically restricted to a
single isofrequency band. Therefore, we asked whether the reductions in the
cells complexity and overall coverage were related to a change in shape of the
dendritic field. On average, anisotropy increased between P4 and P11, with P11
neurons becoming narrower along the tonotopic axis (length of dendritic

field/width of dendritic field P4 4.5, P11 7.4, Fig. 15, p = 0.0205, Mann-Whitney).
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Figure 1. A-H: Examples of bipolar principal cells of the LSO filled with Lucifer
Yellow from P4 animals. Each image is a Z-projection of a stack of serial optical
sections acquired at a confocal microscope. Adjacent stacks of images were then
stitched together to display the entire cell. Below each cell is a schematic of the
location of the cell in the LSO. D, dorsal; M, medial. Scale bar = 20 um applies to

all reconstructed neurons, not the schematics of their location.
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Figure 2. A-l: Examples of bipolar principal cells of the LSO filled with Lucifer
Yellow from P11 animals. Each image is a Z-projection of a stack of serial optical
sections acquired at a confocal microscope. Adjacent stacks of images were then
stitched together to display the entire cell. Below each cell is a schematic of the
location of the cell in the LSO. D, dorsal; M, medial. Scale bar = 20 ym applies to

all reconstructed neurons, not the schematics of their location.
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Figure 3. |Identification of gephyrin puncta at the cell body. A: The soma of a P4 bipolar principal cell filled with

Lucifer Yellow (red). A’: A Surface (blue) is created around the cell body in Imaris (Bitplane). A’’: Gephyrin puncta
inside the Surface become a new channel — “Masked Gephyrin”. Gephyrin puncta outside the Surface are excluded
from further analysis. A’”’: "Masked Gephyrin" puncta are rendered as Spots using Imaris and can be quantified.
A””’: Gephyrin Spots located within 1.00 um of the Surface are coloured yellow and the Spots located beyond 1.00
pum of the Surface are coloured blue. The blue, intracellular Spots are excluded from analysis. B-B’””’: The same

gephyrin puncta identification procedure as outlined above for a P11 cell. Scale bars = 10 um.

61



Ph.D. Thesis - A. Cooper McMaster University - Neuroscience

62



Ph.D. Thesis - A. Cooper McMaster University - Neuroscience

Figure 4. |dentification and quantification of gephyrin puncta along the dendrites.
A: A Z-projection of a cell labeled with Lucifer Yellow (red) and gephyrin
immunolabelling (yellow) in P4 tissue. A region of interest inside the box is
analyzed below. Scale bar = 20 ym. B: Many Surfaces (Bitplane) are created
along the dendrites to isolate gephyrin puncta along the dendrite. B’: Gephyrin
puncta (yellow) inside the Surfaces are created into a new channel - “Masked
Gephyrin”. B”’: Gephyrin puncta are then rendered as Spots (yellow) and their
location along the dendrite can now be measured. B’”’: Spots (yellow) shown with
dendrites (blue) that have been traced in Filament Tracer. The distance of a Spot
to the soma was measured by measuring the distance of the Spot along the

Filament from the cell body. Scale bar = 5 ym, applies to B-B’”.
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Figure 5. Examples of gephyrin puncta identified as Spots along the dendritic arbors of cells traced in Filament

Tracer.
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A: An image showing a P4 cell covered with Surfaces to isolate the gephyrin
puncta along the dendritic tree. A’: An image showing the cell with all isolated
gephyrin puncta converted to Spots (yellow). A”’: An image showing the cell with
its gephyrin puncta identified by Spots and the dendrites traced in Filament
Tracer. Scale bar = 20 um (applies to A-A"). B: An image of all the Surfaces used
to mask gephyrin in a sample P11 cell. B’: An image showing the cell (red) and
all of its gephyrin puncta identified as Spots (yellow). Scale bar = 15 um applies

to B, B'.
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Figure 6. The number and density of gephyrin puncta at the somata at P4 and
P11. A: The average number of gephyrin puncta within 1 ym of the Surface
created on the somata of LSO bipolar principal cells increases from 50 at P4 to
140 at P11, an increase of 171% (p = 0.0221, Mann-Whitney). * indicates p-value
of <0.05. Error bars show the standard error of the mean (s.e.m.). B: The
average density of gephyrin puncta within 1 um of the Surface created around the
somata of LSO bipolar principal cells increases from 0.0675 puncta/um? at P4 to
0.1539 puncta/um? at P11, an increase of 127% (p = 0.0592. Mann-Whitney).

Error bars represent £ 1 s.e.m.
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Figure 7. The linear density of gephyrin puncta along the dendrites of LSO
bipolar principal cells at P4 (A-D, red) and P11 (E-H, blue). Gephyrin puncta are
redistributed to more proximal dendrites between P4 and P11. The distance of
each gephyrin punctum along the dendrites was measured and the value was
placed in a 10 ym bin. A value of 0 um refers to the edge of the cell body and
beginning of the proximal dendrite. The linear density of gephyrin puncta along
the dendrite is shown for each cell analyzed. At P4, gephyrin was distributed
rather evenly along the dendrite for the first 90 um. By contrast, at P11, the
number of gephyrin puncta is highest near the somata and typically decreased
steadily. The data correspond to cells shown in Figs. 1 and 2 as follows:

Fig. 7A = Fig. 1A, Fig. 7B = Fig. 1C, Fig. 7C = Fig. 1F, Fig. 7D = Fig. 1H,

Fig. 7E = Fig. 2A, Fig. 7F = Fig. 2B, Fig.7G = Fig. 2C, Fig. 7H = Fig. 2D.
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Figure 8. The average linear density of gephyrin within 25 pm of the soma is
significantly higher at P11 than P4. A: The average density of gephyrin puncta

along the dendrite in 25 ym segments at P4 and P11. The mean linear density of
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gephyrin puncta within 25 ym from the cell body increased from 3.73 puncta/pm
at P4 to 7.00 puncta/pym at P11. Error bars represent £ 1 s.e.m. B: Percent
change in the average number of gephyrin puncta in 25 ym segments from P4 to
P11. The average number of gephyrin puncta between 0-25 pm and 50-75 ym
increased by 90% and by 40% from P4 to P11. Beyond 75 um, the average

density of gephyrin puncta consistently decreased (20-80%) from P4 to P11.
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Figure 9. Cumulative frequency plots showing the cumulative number of gephyrin
puncta along the dendrites normalized to the maximum distance of a gephyrin
punctum. A-D: P4 cells (red). E-H: P11 cells (blue). A plot is shown for each cell.
The data correspond to cells shown in Figs. 1 and 2 as follows:

Fig. 9A = Fig. 1A, Fig. 9B = Fig. 1C, Fig. 9C = Fig. 1F, Fig. 9D = Fig. 1H,

Fig. 9E = Fig. 2A, Fig. 9F = Fig. 2B, Fig. 9G = Fig. 2C, Fig. 9H = Fig. 2D.
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Figure 10. Filled LSO principal cells (red) traced with Filament Tracer (blue,

Bitplane) for Three-dimensional Sholl analysis. A-D: Maximum projection images
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of traced P4 cells. E-H: Maximum projection images of traced P11 cells. The
filaments were analyzed with Sholl analysis. Sholl analysis was performed by
counting the number of intersections between the traced filament and concentric
spheres spaced 5 um apart. The beginning point was the edge of the soma. Only

those dendrites considered fully filled were analyzed (shown in blue). Scale bar =

20 um.
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Figure 11. Results of the Sholl analysis showing the number of intersections
between the traced cell and concentric spheres spaced at 5 um intervals. Data
from each analyzed dendrite are shown (A, P4; B, P11). These raw plots suggest
that there are fewer intersections within the first 40 um of the beginning point at

P11 than P4.
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Figure 12. The average number of Sholl intersections near the somata
decreases from P4 to P11. A: Within the first 35 um of the beginning point, there
are fewer Sholl intersections in P11 cells than P4 cells. Beyond 35 uym, there is
overlap in the number of intersections at P4 and P11. (5 ym; p = 0.0801, 10 pm;
p =0.0325, 15 um; p = 0.0195, 20 uym; p = 0.0065, 25 ym; p = 0.0173, 30 um; p =
0.2294, Mann-Whitney). Error bars represent 1 s.e.m. * indicates p-value <0.05.
B: Percent change in the average number of intersections (in 20 um bins)
between P4 and P11. There was a 60% reduction in the number of intersections
between 0-20 um from P4 to P11 and a 30% reduction in the number of

intersections between 25-40 ym from P4 to P11.
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Figure 13. The ontogenic refinement in the dendritic trees is also seen in
cumulative frequency plots. Cumulative frequency of the number of Sholl
intersections at P4 and P11 plotted against the distance of the Sholl sphere from

the cell body normalized to the maximum Sholl diameter.
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Figure 14. The areal coverage of the dendritic field of bipolar principal cells in the
LSO decreases from P4 to P11. A, B: The size of the dendritic field was
determined by connecting all the endpoints with a line and measuring the area

within the boundary. Then the size of the dendritic field was normalized to the
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average size of the LSO at P4 or P11. Example measurements of dendritic area
are shown for a P4 (A) and P11 (B) cells. Below each cell is a schematic of the
LSO scaled to each other. The area of the LSO is about 2.5x larger at P11 than
at P4. Scale bar directly below cell = 20 um (applies to A and B), scale bar below
LSO schematic = 100 um (applies to LSO schemata). C: The average size of the
dendritic field decreases slightly from P4 to P11. Error bars represent + 1 s.e.m.
D: The average size of the dendritic field normalized to the cross sectional area
of the LSO decreases by a factor of 2 from P4 to P11 (p = 0.0305, Mann-Whitney

test). Error bars represent £ 1 s.e.m. * indicates p-value <0.05.
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Figure 15. Anisotropy of LSO bipolar principal neurons at P4 and P11.
A, B: Images showing the 2-D projection of a cell in a coronal section and the
lines used to measure anisotropy. A, P4; B, P11. Anisotropy was measured by

measuring the length of a line along the long axis of the dendritic field and
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dividing that value by the length of a perpendicular line drawn along the widest
point of the dendritic field. C: The shape of the cells become more anisotropic
from P4 to P11 (p = 0.0205, Mann-Whitney). Error bars represent + 1 s.e.m. *

indicates p-value<0.05.

Discussion

We examined the distribution of gephyrin along individual LSO bipolar
principal cells at two ages before hearing onset. We found that from postnatal
day 4 to P11, the number and density of gephyrin puncta at the soma increases
significantly and that gephyrin puncta along the dendrites underwent significant
re-distribution toward proximal dendrites. We also analyzed the morphology of
the dendritic tree at P4 and P11 and found that dendritic complexity was
developmentally reduced within the first 30 um of the cell body but not more

distally.

Caveats

Here, we analyzed cells in 3-D by reconstructing serial optical sections
obtained at a confocal microscope. It is known that resolution and brightness
deteriorate when imaging deeper than 10 um in the tissue and the principal cause
is the mismatch of refractive indices between the objective lens, coverslip,
mounting medium, and tissue (Pawley 1995, Staudt et al 2007). In order to

counteract this problem and obtain clear images throughout the section, we used
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a high refractive index (Rl = 1.52) mounting medium that matches the refractive
index of the lens and coverslip.

Cell fills were sometimes incomplete such that one set of branches (eg.
dorsal or ventral arbor) was completely filled but the other set was not. This could
have been a result of dendrites being cut off at the time the slice was taken
(before the cell fill) or a result of the filled cell being sectioned on the freezing
microtome. It would have been problematic to analyze completely filled and
incompletely filled branches together using Sholl analysis, as the incompletely
filled arbor does not accurately represent the complexity of the dendritic tree.
Therefore, we divided the arbors of each cell in two (eg. dorsal and ventral
arbors) and only analyzed arbors that were completely filled.

The dye, Lucifer Yellow, we used to fill cells has a very broad emission
spectrum (peak emission 536 nm, emission spectrum 480-700 nm) that could
excite and photobleach the Alexa 647 dye attached to the gephyrin antibodies as
a result of Forster resonance energy transfer (FRET). The net result of this
photobleaching would be an underestimation of the total number of gephyrin
immunoreactive puncta. FRET would be most likely to occur where Lucifer Yellow
was most concentrated, ie. in the cell bodies and proximal dendrites. This would
result in an underestimation of gephyrin at the cell body and proximal dendrite.
However, this underestimation should be equivalent in both P4 and P11 cells and

therefore not contribute to any of the developmental trends we report.
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Anatomical refinement occurs before hearing onset

We know that there is significant functional and structural refinement in the
LSO during the first three postnatal weeks but until now we have not had a
detailed view of where inhibitory synapses are located along reconstructed
bipolar principal cells. We found an increase in the density of gephyrin puncta
along proximal dendrites and the somata in the week preceding hearing onset
(see Fig. 16). This re-distribution follows the functional refinement of the MNTB-
LSO pathway and could rely on patterned spontaneous activity generated in the
cochlea (Kim and Kandler, 2003, Tritsch et al, 2007, Tritsch and Bergles, 2010).
Our results are in agreement with previous studies that show a high
concentration of inhibitory synapses around cell bodies and proximal dendrites in
the LSO (Helfert et al, 1992, Friauf et al, 1997, Korada and Schwartz, 1999).
Although some of these studies suggest that a re-distribution of inhibitory
synapses occurs around hearing onset (Friauf et al, 1997, Korada and Schwartz,
1999), our study is an important advance because we identified the cell type and
we reconstructed cells to yield a detailed analysis of synapse location. Previous
studies have used on glycine receptor immunoreactivity as a marker of inhibitory
synapses in the developing LSO (Friauf et al, 1997). We now know that GABA is
more prevalent than glycine in the developing MNTB-LSO pathway (Kotak et al,
1998), therefore we used the inhibitory synaptic marker gephyrin, which is found
at both GABAergic and glycinergic synapses in order to simultaneously quantify

all inhibitory inputs from the MNTB.
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Figure 16. A schematic showing the average linear density of inhibitory
synapses in the dendritic tree of LSO bipolar principal cells at P4 and P11.
Gephyrin density is calculated for each 10 um segment from 0 to 160 ym
from the cell body. Gephyrin density increases on proximal dendrites

between P4 and P11. Scale bar 10 pym.

Anatomical refinement of MNTB projections to MSO and LSO

Many studies have shown anatomical refinement in MNTB-MSO and
MNTB-LSO projections in the weeks following hearing onset, suggesting that
auditory experience drives these changes. Our results suggest that anatomical
refinement begins in the absence of auditory experience. First let us consider
what we know about MNTB projections.

Our results contrast with the timeline of refinement of inhibitory projections
to the MSO, where both proximal re-distribution of inhibitory inputs and
refinement of individual MNTB projections require acoustical information (Kapfer

et al, 2003, Werthat et al, 2008). The current thinking in the field is that MNTB-
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LSO projections do not undergo anatomical pruning until after hearing onset.
After hearing onset, the number of terminal boutons and the spread of the
boutons decrease, but these measures were not made in pre-hearing animals
(Sanes and Siverls, 1991). So, perhaps MNTB projections to the LSO are pruned
before hearing onset, but it has yet to be measured. The measures we have from
younger animals indicate that the arbors continue to grow from P2 to P10
(increases in total length, branchpoints, and fiber area) (Sanes and Siverls,
1991). So, it remains unknown if the pruning of MNTB axons projecting to the
LSO occurs concurrently with the proximal re-distribution of gephyrin (ie. before
hearing onset). It is important to note that the studies of the morphology of the
MNTB-LSO refinement were performed in gerbil whereas our study was
performed in rat, and the timeline of anatomical refinement could differ between

these species.

Anatomical refinement of LSO principal cells

Similar to our current knowledge of MNTB axonal refinement, most studies
of LSO cell dendritic morphological show significant refinement following hearing
onset. However, some of these studies did not look at the first two postnatal
weeks. A more recent, detailed analysis of labeled cells in the LSO starting at P4
found that some anatomical changes do occur before hearing onset (Rietzel and
Friauf 1998). Rietzel and Friauf (1998) found a decrease in the number of primary

dendrites and a significant decrease in the number of dendritic endpoints during
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the first two postnatal weeks. The decrease in the number of primary dendrites is
consistent with our observation that there are fewer Sholl intersections within the
first 30 um of the cell body. Our studies are also in agreement in that we both
found that LSO bipolar principal cells occupy a proportionately smaller area in the
LSO from P4 to P11 and that dendritic trees change shape to become more

narrow and restricted to an isofrequency band before hearing onset.

Future Questions

How can we account for the re-distribution of gephyrin toward the cell body?
There are three non-mutually exclusive processes that could contribute to the
proximal re-distribution of inhibitory inputs to LSO neurons.

First, the inhibitory synapses on distal dendrites could be selectively pruned.
The deletion of a synapse can be a result of the retraction or pruning of an axon
(Ruthazer et al, 2006). In the MSO, the proximal re-distribution of inhibitory
synapses is concurrent with the selective pruning to MNTB projections to distal
dendrites (Kapfer et al, 2002, Werthat et al, 2008). In the MNTB-LSO pathway, it
is likely that some of the re-distribution of inhibitory synapses in the LSO is a
result of distal synapses being deleted and distally projecting axons being
retracted given the refinement in the spread of the axonal projections (Sanes and
Siverls, 1991).

Second, the inhibitory synapses could be physically redistributed along the

cell to more proximal regions. Inhibitory synapses can translocate along the cell
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membrane via lateral diffusion (Meier et al 2001). Gephyrin puncta, along with
their presynaptic counterparts, can move up to 5 um per day in cultured cells
(Dobie and Craig, 2011). It remains to be seen if lateral diffusion could account
for the proximal re-distribution of inhibitory synapses along LSO neurons.

Third, proximal inhibitory synapses could be maintained or even added over
development. We observed a 3.5-fold increase in the number of gephyrin puncta
at the soma from P4 to P11, suggesting that new synapses are added or more
gephyrin is added to each synapse over development.

In order to elucidate the relative contributions of synapse elimination,
synapse addition, and synapse translocation, future experiments could include
time-lapse imaging in slice cultures which express different fluorescent proteins in
the MNTB axon, the LSO principal cells, and inhibitory synapses.

Although we see significant refinement before hearing onset, we do not
think that this is the mature distribution of inhibitory inputs. Knowing the mature
distribution of inputs both excitatory and inhibitory will be very important for

creating models of how these neurons compute ILDs.
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Chapter 3: Synaptotagmins | and Il in the Developing Rat Auditory
Brainstem: Synaptotagmin | is Transiently Expressed in Glutamate-
Releasing Immature Inhibitory Terminals
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Developing Rat Auditory Brainstem: Synaptotagmin | is Transiently Expressed in
Glutamate-Releasing Immature Inhibitory Terminals. The Journal of Comparative
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Abstract

The lateral superior olive (LSO), a nucleus in the auditory brainstem,
computes interaural intensity differences for sound localization by comparing
converging excitatory and inhibitory inputs that carry tonotopically matched
information from the two ears. Tonotopic refinement in the inhibitory projection
pathway from the medial nucleus of the trapezoid body (MNTB) is known to be
established during the first postnatal week in rats. During this period, immature
MNTB terminals in the LSO contain vesicular transporters for both inhibitory and
excitatory amino acids and release glutamate. The primary Ca®* sensors for
vesicular release in the CNS are understood to be synaptotagmins, and in adult
auditory brainstem synaptotagmin 2 is the predominant synaptotagmin. We

asked here whether a different Ca®* sensor might be expressed in the immature
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auditory brainstem. We have found that synaptotagmin 1 is indeed expressed
transiently in the immature auditory brainstem, most highly in those areas that
receive glutamate-releasing immature inhibitory inputs from the MNTB, and that
during the first postnatal week synaptotagmin 1 co-localizes with the vesicular
glutamate transporter VGLUT3, a marker of glutamate-releasing immature
inhibitory terminals from the MNTB. We suggest that immature MNTB terminals
may contain two populations of synaptic vesicles, one expressing the vesicular
inhibitory amino acid transporter together with synaptotagmin 2 and another
expressing VGLUT3 together with synaptotagmin 1. Because Ca** sensing is an
important determinant of release properties for the presynaptic terminal,
differential expression of the synaptotagmins might allow the differential release
of excitatory and inhibitory neurotransmitters in response to differing patterns of

neural activity.

Introduction

The superior olivary complex (SOC) of the auditory brainstem includes
several nuclei with major roles in sound localization. In particular, the lateral
superior olive (LSO) computes interaural intensity differences (Boudreau and
Tsuchitani, 1968; Caird and Klinke, 1983) by comparing converging excitatory
glutamatergic inputs from the ipsilateral ventral cochlear nucleus (Cant and
Casseday, 1986; Wu and Kelly, 1992) and inhibitory glycinergic inputs from the

ipsilateral medial nucleus of the trapezoid body (MNTB) (Moore and Caspary,
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1983; Bledsoe et al., 1990; Caspary and Finlayson, 1991), which itself receives a
glutamatergic projection from the contralateral anteroventral cochlear nucleus
(AVCN) at the large excitatory calyx of Held synapse (Smith et al., 1991).

A critical advance in our understanding of this nucleus would be to
decipher how these converging inputs of opposite sign achieve tonotopic
precision and how they are brought into register with each other in the developing
brain. Although some aspects of morphological and physiological maturation are
known for the AVCN-LSO pathway (Kandler and Friauf, 1993, 1995), much more
is known about development in the immature inhibitory input pathway. In the
MNTB-LSO pathway, tonotopic precision is understood to be established through
the activity-dependent functional refinement that occurs before hearing onset at
postnatal day 12 (P12) and the structural refinement that occurs after hearing
onset and is complete by P21 (Kandler and Friauf, 1993; Sanes and Takacs,
1993; Kotak and Sanes, 1995; Sanes and Friauf, 2000; Kim and Kandler, 2003).

Measurable functional refinement in the MNTB-LSO pathway occurs
primarily between about P3 and P8, and although the mechanisms underlying
this refinement remain unclear, several concurrent events have been implicated,
including release of y-aminobutyric acid (GABA) in the immature MNTB-LSO
pathway (Kotak et al., 1998; Korada and Schwartz, 1999; Nabekura et al., 2004),
depolarizing action of GABA/glycine (Kandler and Friauf, 1995; Ehrlich et al.,
1999), and changes in expression of calcium binding proteins and

neurotransmitter transporters (Henkel and Brunso-Bechtold, 1998; Friauf et al.,
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1999). Glutamate release by immature MNTB terminals within the LSO has also
been demonstrated (Gillespie et al., 2005), and is thought to be required for
normal refinement of the MNTB-LSO pathway (Noh et al., 2010).

The phenomenon of glutamate release at immature inhibitory terminals
has led to new hypotheses for developmental inhibitory refinement, and has also
created new questions about whether GABA/glycine and glutamate share vesicle
populations and/or release properties. Release of GABA and glycine is
associated with the sole known vesicular transporter for GABA and glycine, the
vesicular inhibitory amino acid transporter (VIAAT; also known as vesicular
GABA transporter [VGAT]) (Mclintire et al., 1997; Dumoulin et al., 1999). Glycine
release by mature MNTB terminals (and GABA release in early postnatal life) is
supported by expression of VIAAT throughout life, whereas glutamate release by
immature MNTB terminals is supported by the transient early expression of
vesicular glutamate transporter 3 (VGLUT3) (Blaesse et al., 2005; Gillespie et al.,
2005).

In recent electrophysiological studies of immature MNTB-LSO synapses,
our laboratory has found that GABA/glycine and glutamate responses have
different paired-pulse ratios (Case and Gillespie, unpublished results). These
paired-pulse ratios are used as indicators of “release probability,” the probability
with which an action potential invading the axon terminal elicits calcium-
dependent neurotransmitter release. One way in which different paired-pulse

ratios for GABA/glycine and glutamate transmission at the same MNTB-LSO
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synapses could occur is for GABA/glycine and glutamate to be packaged in
different synaptic vesicles, with each group of synaptic vesicles associated with a
different calcium- sensor.

The calcium sensors underlying synaptic vesicular release are generally
understood to belong to the synaptotagmin (Syt) protein family (Fernandez-
Chacon et al., 2001;Sudhof,2002). Several synaptotagmin isoforms have been
described, but only three—Syt1, Syt2, and Syt9—appear to mediate fast,
synchronous (i.e., tightly action-potential coupled), vesicular release at central
synapses, where the expression of a specific Syt isoform determines such
presynaptic properties as calcium dependence and transmitter release kinetics
(Xu et al, 2007). Of these three isoforms, Syt9 is understood to be restricted to
the basal ganglia and limbic system, whereas synaptotagmins 1 and 2 show
generally complementary expression throughout the adult central nervous system
(CNS). Syt2, which has the fastest kinetics, has been reported to be more highly
expressed than Syt1 in the adult auditory brainstem (Fox and Sanes, 2007). Here
we used immunohistochemistry to study expression patterns for the two
synaptotagmins Syt1 and Syt2 during the period of SOC circuit refinement, at
excitatory and inhibitory synapses, and to determine which synaptotagmin is
associated with the glutamate-releasing immature inhibitory terminals of the

MNTB-LSO pathway.
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Materials and Methods

All experimental procedures involving animals were approved by
McMaster University’s Animal Research Ethics Board and conformed to
guidelines outlined by the Canadian Council on Animal Care. The central
experiments in this study were carried out in four litters of Sprague-Dawley rats,
using pups at ages postnatal day 1 (P1), P5, P9, P13, P17, and P21. Four
animals were used at each age except at P21, at which time only two animals
were used. Animals were euthanized with sodium pentobarbitol (120 mg/kg) and
perfused transcardially with 0.1 M phosphate-buffered saline (PBS; pH 7.4),
followed by ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH
7.4). Brains were postfixed in 4% paraformaldehyde for 3 hours before being

transferred to 30% sucrose in 0.1 M PBS for cryoprotection.

Tissue processing and immunohistochemistry

Coronal sections containing the superior olivary complex (SOC) were cut
at 40 ym on the freezing microtome and collected into 0.1 M PB (pH 7.4).
Complete sets of brains from a given litter were cut, stained, and imaged at the
same time for consistency within runs. Serial sections containing SOC were
stained for one of eight conditions, each section being stained for either Syt1 or
Syt2 and either VGLUT1, VGLUTZ2, VGLUTS3, or VIAAT. Primary antibodies
against Syt1 (mab 48) and Syt2 (Znp-1) were used to identify Syt1-positive and

Syt2-positive terminals. Primary antibodies against the vesicular transporters
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VGLUT1, VGLUTZ2, VGLUTS3, and VIAAT were used to identify synaptic vesicle
phenotype. Affinity-purified secondary antibodies conjugated to either Dylight
(Jackson ImmunoResearch, West Grove, PA) or Alexa fluorophores (Invitrogen,
Burlingame, CA) were used at a dilution of 1:500.

All immunohistochemistry was performed on free-floating sections at 4°C.
Tissue sections were blocked for 12 hours in a serum solution containing 5%
normal serum, 2.5% bovine serum albumin (BSA), and 0.5% Triton X-100 in PBS
(pH 7.4). Sections were then incubated in primary antibodies (diluted in 5%
normal serum, 2.5% BSA in 0.1 M PBS, pH 7.4) for 48 hours. After washes in
PBS, sections were incubated in secondary antibodies diluted in a normal serum
solution for 12 hours. Sections were washed in PBS before being mounted and
coverslipped with Gelvatol.

Antibody characterization

Antibodies used in this study are listed in Table 1. The mab 48 antibody
recognizes a single protein of ~65 kDa in rat brain synaptosomal preparation
(Matthew et al., 1981) and the Znp-1 a ~60 kDa protein in mouse synaptosomal
preparation (Fox and Sanes 2007). Fox and Sanes (2007) used several methods
to show that mab 48 and Znp-1 selectively recognize Syt1 and Syt2. First, they
showed that Znp-1 recognized proteins immunoprecipitated by Znp-1 but that
Znp-1 did not recognize proteins immunoprecipitated by mab 48. Second, they
showed that mab 48 recognized recombinant Syt1 but not recombinant Syt2

whereas Znp-1 recognized recombinant Syt2 but not recombinant Syt1.
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The staining patterns for Syt1 and Syt2 in the MNTB seen here are nearly
identical to those reported using the same antibodies (Fox and Sanes, 2007) and
different antibodies (Pang et al., 2006). We also examined staining patterns for
Syt1 and Syt2 in the hippocampus and cerebellum and found that our staining
patterns matched those previously reported (Fox and Sanes, 2007).

The VGLUT1 antibody recognizes a ~60-kDa band on immunoblots from rat
cerebral cortex (Melone et al., 2005). Preabsorption of the VGLUT1 antibody with
the immunogen peptide (Millipore, Bedford, MA, cat. no. AG208) eliminates
immunostaining (manufacturer’'s worksheet). No immunostaining was observed
when this antibody was used on VGLUT1 knockout mouse retina (Johnson et al.,
2007).

The VGLUTZ2 antibody recognizes a ~55-kDa band on immunoblots from rat
astrocytic cultures and this staining disappears when the antibody is
preincubated with the control antigen (Montana et al., 2004).

Preabsorption of the VGLUT3 antibody with the immunogen peptide (135-2P,
Synaptic Systems, Goettingen, Germany) nearly eliminated immunostaining in rat
auditory brainstem tissue (data not shown).

The VIAAT antibody recognizes double bands of ~50 and ~57 kDa in PC12
cells expressing rat VIAAT (Takamori et al., 2000), one of which is thought to be
the phosphorylated VIAAT (Bedet et al., 2002); on immunoblots of rat enriched
synaptic vesicle preparation, the VIAAT staining pattern is blocked by the

immunogen (H. Martens, personal communication).
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In postnatal rat tissue, immunostaining patterns for VGLUTs 1-3 and

VIAAT were nearly identical, both in localization in the brain and in subcellular

distribution, to those reported previously using antibodies prepared from different

sources (Gras et al., 2002; Billups, 2005; Blaesse et al., 2005; Gillespie et al.,

2005). All experiments described here were done on double-immunostained

tissue. Control reactions included primary deletes for each primary antibody for

each staining run, and secondary deletes for each secondary antibody.

Additionally, for each primary antibody, staining patterns in the double-stained

tissue were compared with patterns in single-stained control tissue; patterns in

single- and double- stained tissue were nearly identical.

Table 1.
Antibodies Used in This Study
Antigen Immunogen Host Source/cat. no. | Dilution
Synaptotagmin | Rat synaptic Mouse, Developmental 1:100
1 (mab 48) junctional monoclonal | Studies
complexes Hybridoma Bank
Synaptotagmin | 1-5-day zebrafish | Mouse, Zebrafish 1:500
2 (Znp-1) embryo monoclonal | International
Resource Center
VGLUT1 Synthetic peptide | Guinea pig, | Millipore/AB5905 | 1:2,000
(amino acids 542— | polyclonal
560)
VGLUT?2 Recombinant Guinea pig, | Millipore/AB2251 | 1:1,000
protein, GST- polyclonal
tagged
VGLUT3 Recombinant C- Rabbit, Synaptic 1:1,000,
terminal of mouse | polyclonal Systems/135 203 | 1:1,500
(amino acids 543—
601)
VIAAT Synthetic peptide, | Rabbit, Synaptic 1:1,000
AEPPVEGDIHYQ | polyclonal Systems/131 002

R
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Image acquisition and analysis

Images were acquired on the confocal microscope (Nikon D-Eclipse C1).
For semiquantitative immunohistochemistry, low-magnification images of auditory
brainstem were collected by using a 20x objective lens (NA 0.75), in order to
compare overall intensity of synaptotagmin immunofluorescence of the different
nuclei across development. For intensity measurements, PMT gain, laser
intensity, and all other settings were kept constant for all images acquired within
a given staining run. For co-localization measurements, high-magnification
images were collected by using a 60x objective (NA 1.40), at settings optimized
for co-localization analysis, and with sequential imaging of each channel. Images
were converted to 8-bit tiff files for import to ImageJ.

In Imaged, the signal channels were separated, and fluorescence intensity
of Syt1- and Syt2-immunoreactivity (IR) was measured by using the low-
magnification images. Mean pixel intensity was measured in each region of
interest (ROI) within the SOC (these regions included the lateral LSO, middle
LSO, medial LSO, MSO, SPN, and MNTB). To control for differences in
background tissue fluorescence, mean pixel intensity of the reticular formation
dorsal to the MNTB was subtracted from the mean pixel intensity for each ROI
within the same tissue section. As these values are not absolute, descriptive
statistics only are shown for these measures. To normalize for possible variability
in intensity measurements between different staining runs, intensity

measurements were normalized to the highest value within the run before being
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averaged with intensity measurements from the remaining runs. Co-localization
analysis was performed in Imaged by using the high-magnification images.
Pearson's correlation coefficients (r) and intensity correlation quotients (ICQs) (Li
et al., 2004) were calculated for each co-localization image acquired.
Representative images shown in this manuscript were adjusted for
brightness and contrast for the purposes of illustration. All quantitation was

performed on original, unadjusted images only.

Results

We used double-immunofluorescence labeling in fixed tissue from
neonatal rat pups to study overall levels and developmental expression patterns
for the two synaptotagmins Syt1 and Syt2, and to determine their developmental
expression in excitatory and inhibitory terminals within the SOC, with special
focus on the glutamate-releasing immature inhibitory terminals found in the LSO

and superior paraolivary nucleus (SPN).

Developmental expression of synaptotagmin-2 in the SOC

We first examined developmental expression of Syt2, as it is the
predominant synaptotagmin found in adult brainstem. We found Syt2 to be
abundantly expressed throughout the developing SOC, with Syt2
immunoreactivity (IR) visible in all the major nuclei of the SOC, including the

LSO, SPN, MNTB, medial superior olive (MSO), lateral nucleus of the trapezoid
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body (LNTB), and ventral nucleus of the trapezoid body (VNTB; Fig. 1A,B).
Furthermore, between birth and the end of the third postnatal week, Syt2-IR
increased in all the major nuclei of the SOC. Our subsequent analysis here
focuses on the two SOC nuclei that contain large numbers of VGLUT3-positive
terminals during early postnatal development, the LSO and the SPN, and the
nucleus that provides the VGLUT3-positive glutamate-releasing inhibitory
projection to these nuclei, the MNTB.

In the LSO, Syt2-IR was barely detectable at P1 (Fig. 1C). Staining
intensity increased between P1 and P9 and subsequently decreased slightly from
its peak value at P9 (Fig. 1C—F). As some proteins are expressed non-uniformly
along the mediolateral axis of the LSO (Friauf, 1993), we examined the spatial
distribution of Syt2 within the LSO by comparing intensity of Syt2-IR in the
medial, middle, and lateral limbs of the LSO. Syt2 was expressed uniformly
across the mediolateral axis of the LSO (Fig. 1F). In the SPN, we observed a
similar developmental pattern for Syt2, in that Syt2-IR increased between P1 and
P9 and then decreased slightly to a plateau value above background (Fig. 1G). In
the MNTB, we found Syt2 expression at all ages, primarily localized to the
prototypical fast excitatory synapse, the calyx of Held. Although measurements of
intensity showed an overall decrease in Syt2-IR in the MNTB after about P9 (Fig.
11), in fact the residual signal, localized to the presynaptic calyx of Held, remained

bright into adulthood (see also Fox and Sanes, 2007).

99



Ph.D. Thesis - A. Cooper McMaster University - Neuroscience

Synaptotagmin-2 is present at both excitatory and inhibitory terminals in
the SOC

Syt2 was expressed at high levels throughout the developing auditory
brainstem. These areas receive classical glutamatergic inputs and glycinergic
inputs, in addition to glutamate-releasing immature inhibitory inputs from the
MNTB. To determine whether Syt2 was differentially expressed at excitatory and
inhibitory synapses, we performed double immunofluorescence using an antibody
for Syt2 together with an antibody for one of each of four presynaptic proteins
associated with specific presynaptic terminal phenotypes. We used antibodies
against the vesicular transporters VGLUT1 and VGLUT2 to identify classical
glutamatergic excitatory synapses, VGLUT3 to identify glutamate-releasing
immature inhibitory synapses, and VIAAT to identify inhibitory synapses
generally. Although we examined both VGLUT1 and VGLUT2 expression,
VGLUT1 and VGLUTZ2 have similar expression patterns in the SOC (Blaesse et
al., 2005), they co-localize in the LSO (Gillespie et al., 2005), and we found that
co-localization patterns for VGLUT2 were very similar to those for VGLUT1;
therefore, images for VGLUT1-IR only are shown here to illustrate excitatory
synapses.

Representative images showing Syt2 co-localization with vesicular
transporters in the LSO, SPN, and MNTB are shown in Fig. 2 and 3. We use the
terms “not co-localized” or “low co-localization” to refer to images that yielded

Pearson's r values of 0.00-0.30, “moderate co-localization” to refer to images
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with r values of 0.31-0.50, and “co-localized” or “highly co-localized” for images
with r values > 0.50. Within the LSO, Syt2-IR was present both at excitatory
terminals, as identified by VGLUT1-IR, and at inhibitory terminals, as identified by
VGLUT3-IR and VIAAT-IR (Fig. 2). Syt2-IR was found both in the neuropil and at
sites surrounding the somata and proximal dendrites. The co-localization of Syt2
with specific vesicular transporters appeared to be correlated with subcellular
distribution. Thus, clusters of Syt2-IR that were located primarily along the
neuropil were moderately co-localized with VGLUT1-IR (Fig. 2A), whereas
clusters of Syt2-IR that were located primarily around somata and proximal
dendrites were co-localized with VGLUT3-IR or with VIAAT-IR (Fig. 2D,G,J).

The SPN receives a prominent inhibitory projection from the ipsilateral
MNTB (Helfert et al., 1989; Sommer et al., 1993), and MNTB terminals in the
SPN are presumably identified by high levels of VIAAT expression at all ages, as
well as by high levels of VGLUT3 expression before hearing onset (Blaesse et
al., 2005). In the SPN, we found that Syt2-IR was co-localized with the salient
staining for VGLUT3 and VIAAT that surrounds large cell bodies and that is found
along proximal dendrites (Fig. 2E,H,K). As judged by levels of VGLUT1 or
VGLUT2 relative to VGLUT3 or VIAAT staining, classical glutamatergic terminals
were less prevalent than GABA/glycinergic terminals in the SPN; on average,
Syt2 did not co-localize with VGLUT1 in the SPN (Fig. 2B).

In the ascending auditory pathway, the primary synapse within the MNTB

is the large glutamatergic calyx of Held, which labels densely for VGLUT1. In the
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calyceal terminals of the MNTB, Syt2-IR was highly co-localized with VGLUT1-IR
(Fig. 2C). In addition to their large calyceal inputs, MNTB principal cell somata
receive contacts from smaller VIAAT-positive inhibitory presynaptic terminals at
non-calyceal sites and at presumed fenestrations of the calyx. We saw Syt2-IR in
association with very few of these VIAAT-positive clusters, and Syt2 did not
generally co-localize with VIAAT in the MNTB (Fig. 2I,L). The somata of the
principal cells of the MNTB contain diffuse label for both VGLUT3 and VIAAT.
This somatic labeling, which has been previously reported (Gillespie et al., 2005;
Blaesse et al., 2005; Ito et al., 2011), does not co-localize with immunoreactivity

for other presynaptic proteins, and did not co-localize here with Syt2-IR.

Developmental expression of synaptotagmin-2 at excitatory and inhibitory
synapses in the LSO

As Syt2 was expressed at both excitatory and inhibitory terminals in the
developing SOC, we asked whether Syt2 expression followed similar
developmental trajectories in terminals of both types. To begin, we focused on
Syt2 expression in the LSO, where before hearing onset Syt2 labeled both
classical glutamatergic terminals (VGLUT1) and glutamate-releasing immature
inhibitory terminals (VGLUT3). At P1, Syt2-IR was present in bright, well-defined
clusters that did not appear to co-localize with VGLUT 1-positive clusters (Fig.
3A). By P5, the number of Syt2-positive clusters had increased, and Syt2 showed

moderate co-localization with VGLUT1 (Fig. 3B). From P9 onward, Syt2 was
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moderately co-localized with VGLUT1, primarily in the neuropil (Fig 3C—F).
Already at P1, Syt2 was co-localized with VGLUT3 at immature inhibitory
synapses (Fig. 3G). Although this co-localization occurred within small, readily
identifiable clusters, neither Syt2 nor VGLUT3 clusters showed a clear pattern of
subcellular distribution at this age. At P5 and P9, Syt2 co-localized with VGLUT3
near somata and proximal dendrites (Fig. 3H,I). After hearing onset, Syt2-
VGLUTS3 co-localization decreased with the rapid decrease in VGLUT3
expression (Fig. 3J-L). Syt2-IR remained high, however, and was highly co-

localized with VIAAT near somata and proximal dendrites (Fig. 2J).

Developmental expression of synaptotagmin-1 in the SOC

In marked contrast to Syt2, which was expressed abundantly at all ages
throughout the SOC, and following similar time courses in all nuclei, Syt1 was
expressed at the earliest ages only, and then was differentially expressed
between and even within nuclei. Syt1-IR was high in the LSO and SPN before
hearing onset (Fig. 5). In the LSO, Syt1 expression followed a mediolateral
gradient: after P1, Syt1 expression was higher in the lateral limb than in the
middle limb and was higher in the middle limb than in the medial limb (Fig. 5C,E).
In the SPN, mean levels of Syt1 expression were similar to those seen in the
middle limb of the LSO. In the MNTB, Syt1-IR was barely detectable, and mean
fluorescence intensity was below background. Indeed, in many cases the MNTB

was most easily identified by an absence of Syt1 staining. Syt1-IR in the LNTB
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(not shown) and MSO was also lower than that seen in the LSO and SPN.

The temporal expression pattern of Syt1 was distinctly different in the
LSO/SPN from that in the MNTB. Whereas in the MNTB Syt1 expression was
below background at all ages (Fig. 5H), in the LSO Syt1 expression followed an
inverted U-shaped curve between P1 and P21. Temporal expression of Syt1 was
similar in all three limbs of the LSO, peaking around P9 (Fig. 5E), and the
expression profile of Syt1 in the SPN was very similar to that in the middle limb of
the LSO (Fig. 5F). By P17, mean Syt1-IR within all nuclei of the SOC had fallen

to levels at or below background.

Synaptotagmin-1 is present at glutamate-releasing immature inhibitory
terminals in the SOC

Because Syt1 was expressed at highest levels in the LSO and SPN, the
two SOC nuclei in which VGLUT3 is expressed most abundantly, we asked
whether Syt1-IR was present at glutamate-releasing immature inhibitory
synapses in LSO and SPN. Before hearing onset, we saw Syt1-IR at VGLUT3-
positive and VIAAT-positive inhibitory terminals in the LSO and SPN (Fig.
6D,E,G,H). In contrast, we saw little or no expression of Syt1 at classical
excitatory terminals, as identified by VGLUT1, in the SPN or LSO (Fig. 6A,B).
These data suggest that Syt1 is specifically expressed in immature inhibitory
terminals in the LSO and SPN.

In the MNTB, although overall levels of Syt1 expression were below
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background, Syt1-IR was present in isolated bright clusters. In agreement with
previous findings, these clusters were non-calyceal in shape and failed to co-
localize with VGLUT1 (Fig. 6C) (Fox and Sanes, 2007). Although a small subset
of these isolated Syt1-IR clusters co-localized with VIAAT-IR clusters, the

majority did not co-localize with VIAAT (Fig. 6l,L).

Developmental expression of synaptotagmin-1 at excitatory and inhibitory
synapses in the LSO

At no point in postnatal development was Syt1 co-localized with
VGLUT1/2 in the LSO (Fig. 7A-F, 8A,B). This was evident in the images, in the
Pearson's correlation coefficients for co-localization, and in the computed ICQs
(data not shown; nearly identical patterns to Pearson's r). As Syt1 appeared to be
expressed exclusively at developing inhibitory synapses within the LSO, we
focused on the expression of Syt1 at inhibitory synapses during the period of
synaptic refinement. At P1 and P5, Syt1-IR and VGLUT3-IR appeared in clusters
of similar size that were co-localized within the LSO and SPN (Fig. 7G,H). At P9,
Syt1 and VGLUT3 were still co-localized (Fig. 71), but after P9, bright, clustered
staining for both Syt1 and VGLUT3 declined, and staining became more diffuse

as the expression of both proteins progressively decreased with age (Fig. 7J-L).

105



Ph.D. Thesis - A. Cooper McMaster University - Neuroscience

A

'midline

P1
12 LSO
L:;l 0.8 [ M medial limb
o [ ] middle limb
% 04 i[ I lateral limb
] I
=)
o 0] e
1 5 9 13 17 21
Postnatal age (days)

12 SPN 1.2 MSO 1.2 MNTB
3
S 08 0.8 0.8
=
= 04 ﬁ 0.4 0.4
3 = B
C o 0 0

1 5 9 13 17 21 1 5 9 13 17 21 1 5 9 13 17 21

Postnatal age (days) Postnatal age (days) Postnatal age (days)

Figure 1. Syt2 levels of expression in the developing rat SOC. A: Schematic of
the SOC, showing the LSO, SPN, MNTB, LNTB, VNTB, MSO, and MNTB. D,
dorsal; L, lateral. B: Syt2-IR in a coronal section through auditory brainstem of a
P9 rat pup. Syt2-IR can be observed in all the major nuclei of the SOC: LSO,
SPN, MNTB, VNTB, MSO, and LNTB (image shown is a montage of several 20x
confocal images). C—E: Example micrographs from a single litter, showing Syt2-
IR in the LSO at three of the ages tested: P1 (C), P9 (D), and P17 (E). Syt2-IR in

the LSO increases between P1 and P21, peaking around P9. F—I: Quantification
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of fluorescence intensity across development in the three limbs of the LSO (F),
SPN (G), MSO (H), and MNTB (l). Negative values indicate that staining intensity
within the area of interest is below background levels (see Materials and
Methods). Fluor. int., fluorescence intensity; A.u., arbitrary units. For other

abbreviations, see list. Scale bar = 100 ym in B and E (applies to C-E).
C
Syt2 VGLUT1

VGLUT3

H

MNTB
Syt2 VIAAT
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Figure 2. Syt2-IR appears at both excitatory and inhibitory terminals in the
developing SOC (representative images). A—-C": Syt2 (red) and VGLUT1 (green)
immunoreactivity in the LSO (A), SPN (B), and MNTB (C) of P9 tissue. Syt2-IR
co-localizes with VGLUT1-IR in each of these nuclei. Syt2 is moderately co-
localized with VGLUT1 in the LSO (for this image: Pearson's r LSO = 0.42), but
not in the SPN (r = 0.23, this image). Whereas Syt2 can appear without VGLUT1
in the LSO and SPN, it nearly always co-localizes with VGLUT1 in the MNTB (for
this image, Pearson's r = 0.91). D-F": Syt2 (red) and VGLUT3 (green) staining in
the LSO (D), SPN (E), and MNTB (F) of P5 tissue. Syt2 and VGLUT3 are highly
co-localized within the LSO and SPN (r = 0.75, 0.68), but are segregated in the
MNTB (r = 0.15). G—I": Syt2 (red) and VIAAT (green) in the LSO (G), SPN (H),
and MNTB (1) of P5 tissue. Small clusters of Syt2- and VIAAT-IR co-localize in
the LSO and SPN (r = 0.57 and r = 0.69, respectively). In the MNTB, Syt2-IR is
observed in the calyces, but does not co-localize with VIAAT-IR (r = 0.25), which
diffusely labels principal cell bodies and brightly labels at presumed fenestrations
of the calyces. J- "L: Syt2 (red) and VIAAT (green) in the LSO (J), SPN (K), and
MNTB (L) of P21 tissue. Clusters of co-localized Syt2 and VIAAT labeling
increase in size after hearing onset and are observed surrounding the somata
and along the proximal dendrites of principal cells in the LSO. After hearing
onset, Syt2/VIAAT co-localization remains high in the LSO and SPN (r = 0.73 and
r = 0.88, respectively), and low in the MNTB (r = 0.13). For abbreviations, see list.

Scale bar = 10 ym in C" (applies to A—C"), F" (applies to D—F'), 1" (applies to G—
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I"), and L" (applies to J-L").

VGLUT1
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Figure 3. Developmental changes in Syt2 distribution and co-localization at

glutamatergic excitatory terminals and at glutamate-releasing immature inhibitory
terminals in the LSO. A-F": Representative images showing that Syt2 (red) and

VGLUT1 (green) immunoreactive clusters are not co-localized at P1 (r = 0.19),
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but are moderately co-localized from P5 onward (P5r=0.34; P9 r=0.42; P13 r =
0.43; P17 r=0.46; P21 r = 0.40). VGLUT1 appears with Syt2 along the neuropil,
but rarely around the cell body or around proximal dendrites. G—L": Syt2 (red)
and VGLUTS3 (green) immunoreactive clusters co-localize from P1 onward. At P1
and P5, Syt2 and VGLUT3 are co-localized in well-defined clusters (P1 r = 0.65
and PS5 r = 0.75, respectively). At P5, clusters are observed primarily around the
somata, whereas at P9 clusters are observed surrounding the somata and along
presumed proximal dendrites (arrowheads). VGLUT3-IR decreases after P9,
whereas Syt2-IR clusters are still present at P13, P17, and P21. Note that
acquisition parameters for these images were optimized for co-localization
measurements, and that these images should not be used to make inferences
about relative levels of expression. P1-17 images from the same litter. For
abbreviations, see list. Scale bar = 10 ym in F" (applies to A—F") and L" (applies

to G-L").
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Figure 4. Group data, showing degree of co-localization of Syt2 and vesicular
transporters in the developing LSO, SPN, and MNTB. A,B: Syt2 and VGLUT1
and -2 are moderately co-localized in the LSO and SPN and are highly co-
localized in the MNTB, at all ages. C: During the period of VGLUT3 expression,
primarily before hearing onset, VGLUT3 co-localizes with Syt2 in the LSO and
SPN, but does not co-localize with Syt2 in the MNTB. D: Syt2 and VIAAT are co-
localized in the LSO and SPN at all ages, but not in the MNTB. Shaded bars
show mean Pearson's r for LSO (dark), SPN (gray), and MNTB (light gray). For

abbreviations, see list. °
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Figure 5. Syt1 levels of expression in the developing rat SOC. A: Syt1-IR in a
coronal section of auditory brainstem from P9 tissue. Syt1-IR is highly visible in
the SPN and in the LSO, especially in the lateral limb. The MNTB appears as an
egg-shaped area with slightly below-background staining ventromedial to the
SPN. (The image shown is a montage of several 20x confocal images; this image
has been brightened slightly for display.) B-D: Syt1-IR in the LSO at three of the
ages tested: P1 (B), P9 (C), and P17 (D). Intensity of Syt1-IR rises between P1
and P9, and decreases between P9 and P21. E-H: Quantification of Syt1-IR in
the three limbs of the LSO (E), SPN (F), MSO (G), and MNTB (H). Negative
values indicate that signal in the region of interest is lower than signal in the
background (see Materials and Methods). Fluor. int., fluorescence intensity; A.u.,

arbitrary units. For other abbreviations, see list. Scale bar = 100 um in A and D
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(applies to B-D).

F’

VGLUT3

Figure 6. Syt1 is expressed at VGLUTS3- and VIAAT-positive inhibitory terminals,
but not at excitatory terminals, in the developing SOC (representative images).
A-C": Syt1 (red) and VGLUT1 (green) immunoreactivity in the LSO (A), SPN (B),

and MNTB (C) of P5 tissue. Syt1 is not observed in association with VGLUT1-
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positive terminals (LSO r = 0.24; SPN r = 0.09). Sparse Syt1-IR in the MNTB is
not associated with the calyx of Held (r = 0.22). D—F": Syt1 (red) and VGLUT3
(green) immunoreactivity in the LSO (D), SPN (E), and MNTB (F) of P5 tissue.
Clusters of Syt1- and VGLUT3-IR co-localize in the LSO and SPN (r=0.75and r
= 0.70, respectively) but not in the MNTB (r = 0.11). G-I": Syt1 (red) and VIAAT
(green) immunoreactivity in the LSO (G), SPN (H), and MNTB (I) of P5 tissue.
Small clusters of Syt1- and VIAAT-IR co-localize in the LSO and SPN (r = 0.75
and r = 0.79, respectively). Staining for both Syt1 and VIAAT is sparse in the
MNTB, and co-localization is low (mean r = 0.28; this image, r = 0.40). J-L": Syt1
(red) and VIAAT (green) immunoreactivity in the LSO (J), SPN (K), and MNTB (L)
of P21 tissue. Few Syt1 clusters can be observed in the LSO or SPN, and Syt1-
VIAAT co-localization has largely disappeared (r = 0.25 and r = 0.23,
respectively). Few Syt1 clusters remain in the MNTB, and Syt1-VIAAT co-
localization is low (r = 0.29). For abbreviations, see list. Scale bar = 10 ym in C"
(applies to A-C"), F" (applies to D—F'), I" (applies to G—I"), and L" (applies to J—

L").
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Figure 7. Developmental changes in Syt1 distribution and co-localization at

glutamatergic excitatory terminals and at glutamate-releasing immature inhibitory
terminals in the LSO. A-F: Syt1 (red) and VGLUT1 (green) are barely co-
localized at any age tested (mean r = 0.20). At P13, P17, and P21, clustered Syt1

staining has largely disappeared, and residual, sparse Syt1-IR is diffusely
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distributed. G-L: Syt1 (red) and VGLUT3 (green) immunoreactive clusters are
co-localized at P1, P5, and P9 (r = 0.68, r = 0.75, and r = 0.53, respectively),
when VGLUT3 expression is high. The distinct clusters of Syt1- and VGLUT3-IR
exhibit no obvious pattern of subcellular distribution at P1 and P5. Staining for
both Syt1 and VGLUTS is still observed at P9, but with a more diffuse distribution.
After hearing onset (P13, P17, and P21), signal-to-noise ratio and frequency of
bright clusters decrease, as does Syt1/VGLUT3 co-localization (r = 0.43, r = 0.18,
and r = 0.15, respectively). For abbreviations, see list. Scale bar = 10 ym in F"

(applies to A—F") and L" (applies to G—L").
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Figure 8. Group data, showing degree of co-localization of Syt1 and vesicular
transporters in the developing LSO, SPN, and MNTB. A,B: Syt1 does not co-
localize with either VGLUT1 or VGLUTZ2 at any age in LSO, SPN, or MNTB. C:
Syt1 and VGLUT3 co-localize before hearing onset in the LSO and SPN; co-
localization decreases with the reduction in expression of both proteins after
hearing onset. D: Syt1 and VIAAT co-localize in the LSO and SPN before hearing

onset; co-localization decreases after hearing onset. For abbreviations, see list.
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Discussion

Here we have examined spatial and temporal expression of Syt1 and Syt2
in the developing auditory brainstem. We found that although both Syt1 and Syt2
are expressed during early postnatal development of the SOC, the two proteins
have distinct time courses of expression, and the proteins are associated with
different, but likely overlapping, populations of synaptic terminals. We further
found that whereas Syt1 was expressed in the SOC, Syt1 expression was more
restricted spatially and temporally than that of Syt2. In agreement with others
(Xiao et al., 2010), we found that Syt1 expression was below background in the
MNTB; we also saw that Syt1 was expressed at levels above background in the
first 2 postnatal weeks only and then primarily within the LSO and SPN, two
areas that receive VGLUT3-positive glutamate-releasing inhibitory axon terminals
from the MNTB before hearing onset (~P12 in rat). Interestingly, the time course
of Syt1 expression in the LSO and SPN paralleled that of VGLUT3 in the LSO
and SPN, and in these nuclei Syt1-IR co-localized with VGLUT3-IR during this
period. These results are consistent with the idea that Syt1 is associated with
VGLUT3-expressing synaptic vesicles in immature inhibitory terminals of the
auditory brainstem. These results are consistent with expression of Syt1 and Syt2
in the same immature inhibitory terminals and with the idea that the distinct
release probabilities seen for GABA/glycine and glutamate at these synapses
result from the association of Syt2 with VIAAT-containing vesicles and of Syt1

with VGLUT3-containing vesicles.
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General patterns of synaptotagmin 1 and -2 expression

Our data corroborate previous results showing that the Syt2 isoform of the
synaptotagmin family predominates in the adult brainstem (Fox and Sanes,
2007). We also found an increase in overall levels of both Syt1 and Syt2
expression over the first week, with a decrease in expression after about the age
of hearing onset. In the MNTB in particular, although overall levels of Syt2-IR
decreased in the second week, the remaining Syt2-IR was bright and clustered.
Both the overall decrease and the localized increase in Syt2-IR within the MNTB
likely result from the refinement of the presynaptic terminal, and the restriction of
presynaptic proteins to the more physically confined space of the mature calyx of
Held (Kandler and Friauf 1993; Ford et al., 2009). The major excitatory projection
to the LSO, from the AVCN, is presumed to use VGLUT1, and yet excitatory
terminals labeled by VGLUT1-IR in the LSO contained little Syt2 or Syt1 at P1.

As excitatory inputs to the LSO are functional before birth (Kandler and
Friauf, 1995), one question is whether the low apparent levels of Syt1/2 seen
here at birth are sufficient to support synchronous release at immature terminals,
or whether another Ca** sensor might participate in exocytosis at excitatory
synapses in the LSO at birth. This hypothetical alternative Ca** sensor could be
an as yet unidentified double C2 domain protein (Groffen et al., 2010) or possibly
another synaptotagmin. Although Syt9, the only other synaptotagmin

demonstrated to promote synchronous release, has been thought to be restricted
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to the striatum and limbic system (Xu et al., 2007), low levels of Syt9 transcript
have been reported at early ages in another auditory brainstem nucleus (Xiao et
al., 2010). Syt1 and Syt2 showed noticeably distinct spatial expression in the
LSO; Syt2 was uniformly expressed within the nucleus, whereas Syt1 expression
followed a mediolateral gradient before hearing onset. Expression gradients
across the LSO have been seen for other proteins (Friauf, 1993; Henkel and
Brunso-Bechtold, 1998). Such protein expression gradients along the tonotopic
axis of the LSO may reflect variation in neuronal response properties, which can
differ substantially between the low-frequency lateral limb and the higher
frequency middle and medial limbs (Finlayson and Caspary, 1991).

As excitatory inputs to the LSO are functional before birth (Kandler and
Friauf, 1995), one question is whether the low apparent levels of Syt1/2 seen
here at birth are sufficient to support synchronous release at immature terminals,
or whether another Ca** sensor might participate in exocytosis at excitatory
synapses in the LSO at birth. This hypothetical alternative Ca** sensor could be
an as yet unidentified double C2 domain protein (Groffen et al., 2010) or possibly
another synaptotagmin. Although Syt9, the only other synaptotagmin
demonstrated to promote synchronous release, has been thought to be restricted
to the striatum and limbic system (Xu et al., 2007), low levels of Syt9 transcript
have been reported at early ages in another auditory brainstem nucleus (Xiao et
al., 2010). Syt1 and Syt2 showed noticeably distinct spatial expression in the

LSO; Syt2 was uniformly expressed within the nucleus, whereas Syt1 expression
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followed a mediolateral gradient before hearing onset. Expression gradients
across the LSO have been seen for other proteins (Friauf, 1993; Henkel and
Brunso-Bechtold, 1998). Such protein expression gradients along the tonotopic
axis of the LSO may reflect variation in neuronal response properties, which can
differ substantially between the low-frequency lateral limb and the higher
frequency middle and medial limbs (Finlayson and Caspary, 1991).

As expected from the low levels of glutamatergic signaling in the SPN
(Caicedo and Eybalin, 1999; Blaesse et al., 2005), synaptotagmin
immunoreactivity within this nucleus co-localized primarily with inhibitory synaptic
proteins. Consistent with previous results (Fox and Sanes, 2007), Syt2 was
highly expressed at all ages in the nervous system's prototypical fast synapse,
the calyx of Held, and Syt1—expressed at low levels in the MNTB—appeared to

be specifically excluded from the calyx.

Synaptotagmins at inhibitory synapses

An initial impetus for this study was provided by results showing that at
synapses that utilize neurotransmitters with distinctly different phenotypes
(GABA/glycine and glutamate), release properties for the two types of
neurotransmitters are also distinctly different. Differing release properties
between vesicle pools within the same presynaptic terminal could result from
differing physical locations, vesicle-filling efficiency, or calcium sensitivity (Wu

and Borst, 1999; Xu et al., 2007; Onoa et al., 2010).
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The present study cannot rule out any of these possibilities, but our results
are consistent with a situation in which the differential expression of two isoforms
of the Ca**-sensor synaptotagmins confers different release probabilities on the
two vesicle populations. As both Syt1 and Syt2 co-localize with both VGLUT3
and VIAAT in the LSO and the SPN, and as VGLUT3 and VIAAT co-localize
within both LSO and SPN (Gillespie et al., 2005), we suggest that Syt1 and Syt2
are co-expressed in glutamate-releasing immature inhibitory terminals, but on
separate vesicle pools. In the MNTB-LSO pathway, we propose that Syt1 is
expressed on VGLUT3-positive vesicles of immature axon terminals, whereas
Syt2 is expressed on VIAAT-positive vesicles in both immature and mature axon
terminals. If so, release properties for glutamate at the immature MNTB-LSO
synapse will be determined, at least in part, by the calcium sensitivity and kinetics
of Syt1, with release properties for GABA/glycine determined by the calcium

sensitivity and kinetics of Syt2.

Further questions

During approximately the first postnatal week in rat, the MNTB-LSO
pathway undergoes several developmentally regulated events, including a shift
from a mixed GABA/glycinergic to a primarily glycinergic phenotype (Kotak et al.,
1998; Korada and Schwartz, 1999; Nabekura et al., 2004), changes in expression
of calcium binding proteins, neurotransmitter transporters, ion transporters, and

vesicular transporters (Henkel and Brunso-Bechtold, 1998; Friauf et al., 1999;
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Kakazu et al., 1999; Gillespie et al., 2005), and maturation of receptor subunits
(Friauf et al., 1997; Kungel and Friauf, 1997). The results of the current study add
changes in Syt1 expression to this partial list. The striking developmental time
course of Syt1 expression suggests that Syt1 could play an important role in the
large-scale functional refinement that occurs in the SOC before hearing onset,
but the factors that regulate Syt1 expression are unknown. For example,
developmental downregulation of Syt1 could be controlled by a single event or
molecule, or even by expression of, for example, VGLUTS3.

We have suggested that before hearing onset, individual immature MNTB
terminals in the LSO and in the SPN contain two populations of synaptic vesicles,
one population that specifically expresses VIAAT and Syt2 and one population
that specifically expresses VGLUT3 and Syt1. This is of course not the only
possibility; expression of VGLUT3 on VIAAT-positive vesicles might act
synergistically to enhance VIAAT-mediated vesicle filling (Gras et al., 2008), and
in any case VIAAT and VGLUT3, and/or Syt1 and Syt2, could be randomly or
nonrandomly mixed in vesicle populations of the MNTB terminal. Conclusive
testing of our model for distinct Syt1/VGLUT3 and Syt2/VIAAT vesicle
populations is unfortunately beyond the resolution of light microscopy, and—
unless the hypothesized vesicle pools are themselves physically segregated—is
also likely beyond the resolution of immunogold electron microscopy (Bergersen
et al., 2003). Although it is possible that sorting of VGLUT3 and VIAAT into

different vesicle recycling pathways (Onoa et al., 2010) could result in different
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apparent release probabilities for glutamate and GABA/glycine, our findings here
are also consistent with the possibility that differential expression of Syt1 and
Syt2 on phenotypically distinct vesicles results in different release efficacies for
the different neurotransmitters at individual terminals.

Why might the same synaptic terminal express two different
synaptotagmins during development? One intriguing possibility is that the
differential sorting of synaptotagmins to vesicles with different neurotransmitters
might create a plasticity “switch” at the MNTB-LSO synapse. Developmental
refinement in the MNTB-LSO pathway is dependent on neural activity (Sanes and
Chokshi, 1992; Sanes and Takacs, 1993), with refinement before hearing onset
likely driven by patterned spontaneous activity arising in the cochlea (Kros et al.,
1998; Beutner and Moser, 1999; Kim and Kandler, 2003; Kandler, 2004; Tritsch
et al., 2007; Tritsch and Bergles, 2010). The differing kinetics and Ca* affinities
of the different synaptotagmin isoforms (Xu et al., 2007) could set distinct
properties of synaptic release in response to differing frequencies of spiking
input. At the MNTB-LSO terminal, if GABA/glycine is released specifically upon
fusion of Syt2-positive vesicles, and glutamate upon fusion of Syt1-positive
vesicles, spike trains of differing temporal patterns could elicit differential release
of GABA/glycine or of GABA/glycine and glutamate.

The finding that animals lacking glutamate release at MNTB terminals
undergo abnormal circuit refinement (Noh et al., 2010) has lent credence to the

hypothesis that glutamate release supports developmental synaptic plasticity in
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this pathway. If synaptic plasticity indeed requires glutamate release, and if
glutamate release depends on properties of the spike train, then varying patterns
of spiking activity in the neonatal MNTB could flip a “switch” (glutamate release)
turning developmental plasticity on or off. It will be of interest to discover what
patterns are present in the spike trains of auditory circuits before hearing onset,
and to learn how the differential expression of specific synaptic proteins may
interact with these spike patterns to sculpt neural circuits in the developing

auditory brainstem.
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Chapter 4: Synaptotagmin | is expressed at a
GABA/glycine/glutamate-releasing central synapse, independent

of vesicular glutamate transporter 3 expression

Abstract

The continuing discovery of synapses that use multiple transmitters has
raised new questions about synaptic transmission, vesicular phenotype, and
protein targeting. During an early period of circuit refinement, synaptic terminals
in the brainstem MNTB-LSO pathway release the three classic small amino acid
transmitters: GABA, glycine, and glutamate. Slice physiology strongly suggests
that these terminals contain two vesicle populations, one a GABA- and
glycinergic population characterized by the expression of the vesicular inhibitory
amino acid transporter (VIAAT) and the other a glutamatergic population
characterized by expression of vesicular glutamate transporter 3 (VGLUT3).

We recently found that the immature MNTB-LSO synapse expresses both
synaptotagmin 1 (Syt1) and synaptotagmin 2 (Syt2). As Syt1 and VGLUT3 exhibit
similar spatial and temporal expression patterns and co-localize in MNTB
terminals, the working model for this synapse posits a population of vesicles
uniquely characterized by co-expression of VGLUT3 and Syt1. Similarly, Syt2
and VIAAT are both prominently expressed in the SOC and co-localize in MNTB
terminals at all ages of postnatal development, and the working model suggests

that Syt2 and VIAAT are co-expressed on another population of vesicles. This
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model raises the question of whether one of these synaptic proteins might
influence expression and/or trafficking of the other protein.

We asked whether VGLUT3 is necessary for Syt1 expression in MNTB
synaptic terminals by immunostaining for Syt1 in tissue from both wildtype and
VGLUT3 knockout mice. We found that Syt1 was expressed at normal levels, and
that Syt1 protein was present in the MNTB-LSO synaptic terminals, regardless of
VGLUTS3 expression. Thus, in the MNTB-LSO pathway, VGLUT3 expression is
not necessary either for Syt1 expression or for targeting of Syt1 to synaptic

terminals.

Introduction

The superior olivary complex in the auditory brainstem includes several
nuclei involved in sound localization. The lateral superior olive (LSO) computes
interaural level differences (ILDs) by comparing converging excitatory
glutamatergic inputs from the ipsilateral ventral cochlear nucleus (VCN) with
inhibitory glycinergic inputs from the ipsilateral medial nucleus of the trapezoid
body (MNTB), which are driven by glutamatergic inputs from the contralateral
VCN (Tollin, 2003). The ILD computation performed by LSO principal neurons
requires the converging inputs to be tonotopically aligned and this alignment
happens during early postnatal life through successive periods of refinement

(Kandler et al, 2009). Although some aspects of refinement in the VCN-LSO
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projection are known (Case et al, 2011), more is known about refinement in the
MNTB-LSO projection.

In the MNTB-LSO pathway, inputs are strengthened or weakened resulting
in a functional tonotopic map being achieved by postnatal day 8 (P8) (Kim and
Kandler, 2003). The mechanisms underlying refinement at this inhibitory synapse
are poorly understood. Before hearing onset, the MNTB projection, which was
traditionally thought to be purely glycinergic, also releases GABA and the two
neurotransmitters are released from the same vesicle (Kotak et al 1998, Korada
and Schwartz, 1999, Nabekura et al 2004). Interestingly, before hearing onset,
MNTB terminals also release the excitatory neurotransmitter glutamate and this
glutamate release coincides with transient expression of vesicular glutamate
transporter 3 (VGLUT3) in MNTB terminals (Gillespie et al, 2005). This raises
new questions about whether glutamate is released from the same vesicles as
GABA/glycine or if there are two populations of vesicles.

Electrophysiological evidence from the lab suggests that glutamate is
released from a separate pool of vesicles than GABA/glycine (unpublished
observations). Based on these data, we propose that there are two populations of
vesicles at immature MNTB terminals, one a GABA- and glycinergic population
characterized by the expression of VIAAT and the other a glutamatergic
population characterized by expression of vesicular glutamate transporter 3

(VGLUT3).
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Recent findings from the lab show that the GABA/glycine and glutamate
have different paired pulse ratios, suggesting that the two populations differ in
their synaptic machinery (Case and Gillespie, 2011, Alamilla and Gillespie, 2013).
Among the factors that can influence release properties are: location in the
presynaptic terminal, association with voltage-gated calcium sensors, and the
calcium sensor present on the vesicles. Recently, we found that two calcium
sensors, synaptotagmin 1 (Syt1) and synaptotagmin 2 (Syt2), are present at
immature MNTB terminals (Cooper and Gillespie, 2011). Syt2 is expressed
across development and at both excitatory and inhibitory terminals in the LSO.
Syt1, on the other hand, is only expressed during the first two postnatal weeks
(the period of glutamate release from MNTB terminals) and is specifically
associated with inhibitory terminals in the LSO. Interestingly, the temporal and
spatial expression patterns of Syt1 and VGLUTS3 are closely matched and our
working model suggests that Syt1 and VGLUT3 are co-expressed on the
glutamatergic population of vesicles whereas Syt2 and VIAAT are co-expressed

on the GABA/glycinergic population of vesicles (see schematic below).
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Immature MNTB terminal

GABA/glycine-containing,
VIAAT-positive vesicle

(\ glutamate-containing,
.’ VGLUT3-positive vesicle

9 Syt2
N Syt1

A schematic of our updated working model of vesicle

populations at the immature MNTB terminal. The immature MNTB
terminal contains two populations of vesicles; one population that is
GABA/glycinergic and expresses VIAAT and Syt2 and one that is
glutamatergic and expresses VGLUT3 and Syt1. This arrangement
is based on the spatial and temporal expression patterns of Syt1,

Syt2, VGLUTS3, and VIAAT seen in Chapter 2 of this thesis.

If GABA/glycine and glutamate are released from separate vesicle
populations, then the precise sorting of vesicular transporters to separate
vesicles must be maintained, and, according to our model, Syt1 and Syt2 must
also be precisely sorted to the correct population. The idea that the cell can
tightly regulate the expression of certain proteins on synaptic vesicles has
recently been shown. Analysis of single vesicles from whole-brain samples
shows that the copy number of certain vesicular proteins exhibits little variance
(Mutch et al, 2011). The number of copies of synaptic vesicle protein 2 (SV2),

VGLUT1, and Syt1 showed little intervesicle variability, indicating their expression
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was tightly regulated. In contrast, the copy number of synaptophysin and
synaptobrevin 2 was considerably variable, indicating their expression was less
regulated. This raises an interesting question: what regulates the copy number of
proteins on a vesicle? The mechanisms that control the expression and number
of vesicular proteins are poorly understood but there is evidence that protein-
protein interactions are among the potential mechanisms. For example, the
expression and trafficking of Syt1 to vesicles is controlled by SV2 (Yao et al,
2010). Regarding the immature MNTB-LSO terminal, if the Syt1:VGLUT3 and
Syt2:VIAAT arrangement is accurate, then how is the arrangement maintained
and could the expression of one vesicular protein influence the expression and/or
trafficking of another vesicular protein?

We focused on a possible interaction between Syt1 and VGLUTS3. First,
we asked if VGLUT3 was required for the expression of Syt1. To answer this we
performed immunostaining for Syt1 in wildtype and VGLUT3" mice and looked
for Syt1-immunoreactivity in the LSO and SPN, two nuclei that receive prominent
inhibitory projections from the MNTB. Second, we asked if VGLUT3 was required
for targeting Syt1 to MNTB terminals in wildtype mice and VGLUT3™ mice. Using
VIAAT as a marker of MNTB terminals, we looked for Syt1 at VIAAT positive sites

in the LSO and SPN of wildtype and VGLUT3" mice.
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Methods

All experimental procedures involving animals were approved by
McMaster University’s Animal Research Ethics Board and conformed to
guidelines outlined by the Canadian Council on Animal Care. Mice heterozygous
for VGLUTS (gift of Salah el Mestikawy) were bred resulting in litters of wildtype
(+/+), heterozygous (+/-), and knockout (-/-) mouse pups. The central
experiments in this study were carried out in two litters of mice, using pups at
ages postnatal day 3 (P3) and P7. Animals were euthanized and perfused
transcardially with 0.1 M phosphate-buffered saline (PBS; pH 7.4), followed by
ice-cold paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). Brains were
postfixed in 4% paraformaldehyde for 18 hours before being transferred to 30%

sucrose in 0.1 M PBS for cryoprotection.

Genotyping

DNA was obtained from tail samples that were cut at the time of tissue
harvesting. Mice were identified by PCR analysis using primers located in the
VGLUT3 wildtype (278bp) and VGLUTS3 knockout cassette (604bp) primers (Gras
et al, 2008, Mobix Lab, McMaster University). Primer bands were identified using

gel electrophoresis.
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Tissue processing and immunohistochemistry

Coronal sections containing the superior olivary complex (SOC) were cut
at 40 ym on a freezing microtome and collected into 0.1 M PB (pH 7.4). Both the
P3 and the P7 litters contained a brain from a wildtype mouse, a heterozygote
mouse, and a VGLUT3-/- mouse. The data from the heterozygote mice will not be
shown nor discussed in this manuscript. The brains from each litter were cut,
stained, and imaged at the same time for consistency within runs. The P7 litter
was processed first and was stained only for Syt1. The P3 litter was processed
next and was double-stained for Syt1 and VIAAT. The results shown below are
from a total of four brains (P3 wildtype, P3 VGLUT3-/-, P7 wildtype, and P7
VGLUT3-/-. Each brain yielded 2-6 SOCs to study. Affinity-purified secondary

antibodies conjugated to Alexa dyes were used at a dilution of 1:500.

Table 1.
Antibodies Used in This Study
Antigen Immunogen Host Source/cat. No. | Dilution
Synaptotagmin | Rat synaptic Mouse, Developmental 1:50
1 (mab 48) junctional monoclonal | Studies
complexes Hybridoma Bank
VIAAT Synthetic peptide, | Rabbit, Synaptic 1:1000
AEPPVEGDIHYQR | polyclonal | Systems, 131
002
gtXms ALEXA Goat Jackson 1:500
647 19G2B Immunoresearch,
gtX rb Alexa Goat Jackson 1:500
555 Immunoresearch,

All immunohistochemistry was performed on free-floating sections at 4° C.

Tissue sections were blocked for 24 hours in a serum solution containing 5%
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normal goat serum, 2.5% bovine serum albumin (BSA), and 0.5% triton X-100 in
PBS (pH 7.4). Sections were then incubated in primary antibodies (diluted in 5%
normal goat serum, 2.5 % BSA in 0.1 M PBS, pH 7.4) for 72 hours. After washes
in PBS, sections were incubated in secondary (diluted in 5% normal goat serum,
2.5% BSAin 0.1 M PBS, pH 7.4) for 12 hours. Sections were washed in PBS

before being mounted and coverslipped with mounting medium (DAKO).

Image acquisition and analysis

Images were acquired on the confocal microscope (Nikon D-Eclipse C1).
Low-magnification images of auditory brainstem were collected using a 20X
objective lens (NA 0.75) to study the expression of Syt1 in the developing SOC
and for semi-quantitative immunohistochemistry. For intensity measurements, the
laser intensity, PMT gain, and all other settings were kept constant for all images
acquired within a given staining run. Images were converted to 8-bit tiff files for
import to Fiji (Fiji Is Just ImagedJ, Schindelin et al, 2012). In Fiji, the signal
channels were separated, and fluorescence intensity of Syt1-immunoreactivity
was measured by using the low-magnification images. Mean pixel intensity was
measured in the lateral LSO, the medial LSO and the SPN. To control for
differences in background tissue fluorescence, mean pixel intensity of the
reticular formation dorsal to the MNTB was subtracted from the mean pixel
intensity for each ROI within the same tissue section. As these values are not

absolute, descriptive statistics only are shown for these measures.
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High-magnification images were collected using a 60X objective (NA 1.40)
at settings that used the full dynamic range of the pixel values. Tissue sections
labeled with two fluorophores were imaged sequentially.

Representative images shown in this manuscript were adjusted for
brightness and contrast for the purposes of illustration. Quantification was

performed on original, unaltered images.

Results

We used single and double-immunofluorescence labeling in fixed tissue
from wildtype and VGLUT3™ mouse pups to study the patterns of Syt1-IR in the
LSO and SPN and to study the position of Syt1-IR relative to a marker of

inhibitory terminals, VIAAT.

Syt1-IR in wildtype and VGLUT3" mice

We first examined Syt1 expression in the LSO and SPN of wildtype mice
at postnatal day 3 (P3) and P7. We found Syt1 to be expressed in both the LSO
and the SPN during the first postnatal week (Fig. 1). At P3, Syt1-IR appeared
equally bright across the mediolateral axis of the LSO (Fig. 1, 2) except for a
characteristic bright strip of Syt1-IR at the medial, marginal border of the LSO
(Fig. 1B). At P7, Syt1-IR also appeared uniformly bright across the mediolateral
axis of the LSO. The sample image of the LSO in the P7 wildtype brain contained

only a portion of the LSO, therefore we did not see the characteristic strip of Syt1-
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IR at the medial edge of the nucleus. In the SPN, Syt1-immunofluorescence was
consistently brighter than that in the LSO (Fig. 1, 2).

Syt1-IR was also present in the LSO and SPN of VGLUT3" mice at P3
and P7. At both P3 and P7, Syt1-IR was uniformly bright across the LSO (Fig. 1,
2) and a bright strip of Syt1 expression at the medial, marginal border. The
sample image of the LSO from a VGLUT3” mouse at P3 shows an incomplete
LSO; however, the characteristic strip was still present. As was the case in the
wildtype, Syt1-IR was stronger in the SPN than the LSO.

In order to be confident in the Syt1-IR in the LSO and SPN, we looked for
clusters of Syt1-IR at high magnification. There were clearly identifiable Syt1-IR
puncta in both the LSO and SPN in the wildtype and the VGLUT3™ mice (Fig. 3,
4). In the LSO, there was no obvious subcellular distribution pattern of Syt1
puncta (Fig. 3A-D) whereas in the SPN, the pattern of Syt1 puncta in the P7
wildtype tissue suggested that Syt1 was located around the somata and proximal
dendrites (Fig. 4B). Based on these results, the answer to our first question is
that VGLUT3 is not required for the expression of Syt1 in the LSO or SPN.

Although VGLUTS3 is not required for Syt1 expression in MNTB terminals,
it is possible that VGLUTS3 targets Syt1 to MNTB terminals and/or glutamatergic
vesicles. If VGLUTS3 directs the targeting of Syt1 to the terminal, then we would
not expect to see any Syt1 at VIAAT-positive inhibitory terminals in VGLUT3™
mice. Next, we did a double stain for VIAAT and Syt1 to see if VGLUT3 was

required to direct Syt1 to the terminal (Fig. 5). Syt1-IR clusters co-localized with
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VIAAT-IR clusters in the LSO of wildtype and VGLUT3™" mice (Fig. 6A-B”). Syt1-
IR clusters also co-localized with VIAAT-IR clusters in the SPN of wildtype and
VGLUT3™" mice (Fig. 7A-B’)’. In conclusion, VGLUTS is not required for targeting
Syt1 to the terminals of immature inhibitory projections from the MNTB to the

LSO or to the SPN.
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Figure 1. Syt1-IR appears in the LSO and SPN of both wildtype and VGLUT3™
mice. A: Schematic of the LSO and SPN from a coronal section through early
postnatal mouse auditory brainstem. L is lateral, D is dorsal. B-E: Example
micrographs of Syt1-IR in the LSO and SPN of a P3 wildtype mouse (B), a P7
wildtype mouse (C), a P3 VGLUT3" mouse, and a P7 VGLUT3" mouse (D).
Syt1-IR in the LSO is weaker than Syt1-IR in the SPN. Syt1-IR appears
consistently bright across the medio-lateral axis of the LSO, except for a strip of
strong Syt1-IR wrapping around the medial margin of the LSO.

Scale bar = 100 pym.
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Figure 2. Syt1 expression levels in the LSO and SPN of wildtype and VGLUT3™"
mice. A-D: Quantification of fluorescence intensity of Syt1-IR in the lateral limb of
the LSO (Lat LSO), medial limb of the LSO (Med LSO), and the SPN from P3
wildtype mice (A), P7 wildtype mice (B), P3 VGLUT3™ mice (C), and P3 VGLUT3"
/

“mice(D). Fluorescence intensity is consistently higher in the SPN than in the

LSO. Negative values indicate that staining intensity with the area of interest is
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below background levels. Fluor. int., fluorescence intensity; a.u. arbitrary units.

Error bars represent £ 1 s.e.m.
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Figure 3. Syt1-IR clusters are present in the LSO of both wildtype and VGLUT3™
mice. A-D: Example micrographs of Syt1-IR in the LSO of a P3 wildtype mouse
(A), a P7 wildtype mouse (B), a P3 VGLUT3” mouse (C), and a P7 VGLUT3"

mouse (D). Scale bar =10 uym.
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Figure 4. Syt1-IR clusters are present in the SPN of both wildtype and VGLUT3"
mice. A-D: Example micrographs of Syt1-IR in the SPN of a P3 wildtype mouse
(A), a P7 wildtype mouse (B), a P3 VGLUT3” mouse (C), and a P7 VGLUT3"

mouse (D). Syt1-IR clusters appear to outline the somata and proximal dendrites
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of SPN neurons in the P7 wildtype tissue (B), but not in the P3 wildtype nor in the

VGLUT3™ knockout tissue. Scale bar = 10 um.

A A
WT
Syt1

B

Syt1 VIAAT Both

Figure 5. Syt1 (red) and VIAAT (green) in the LSO and SPN of wildtype and
VGLUT3" mice. A-B": Representative images show expression of Syt1-IR (red)
VIAAT-IR (green), and both from a wildtype mouse pup (P3, A-A") and a
VGLUT3™ pup (P3, B-B"). Each image is a single confocal image taken with a

20X lens. Scale bar = 100 pm.
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Figure 6. Syt1-IR is at VIAAT-positive inhibitory terminals in the LSO of both
wildtype and VGLUT3" mice. A-B”’: Representative images showing that Syt1-IR
(red) co-localizes with VIAAT (green) immunoreactivity in the LSO of a P3

wildtype mouse (A-A”) and a VGLUT3 " mouse (B-B”). Scale bar = 5 um.
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Figure 7. Syt1-IR is at VIAAT-positive inhibitory terminals in the SPN of both
wildtype and VGLUT3" mice. A-B”: Representative images showing that Syt1-IR
(red) co-localizes with VIAAT-IR (green) in the SPN of a P3 wildtype mouse (A-

A”) and a P3 VGLUT3 " mouse (B-B”). Scale bar = 5 pm.

Discussion

Immature MNTB terminals release GABA/glycine, supported by the
expression of VIAAT, and glutamate supported by the expression of VGLUT3.
The immature terminal also expresses two calcium sensors, Syt1 and Syt2, and
together these findings suggest a working model with Syt1 expressed on

VGLUT3-positive vesicles and Syt2 expressed on VIAAT-positive vesicles. Here,

158



Ph.D. Thesis - A. Cooper McMaster University - Neuroscience

we asked if the expression or targeting of Syt1 was influenced by VGLUT3. We
found that neither the expression nor the targeting of Syt1 was significantly
affected by the deletion of VGLUTS3. The fact that Syt1 is expressed in spite of
the deletion of VGLUT3 does not necessarily weaken our working model, as a
different synaptic vesicle protein could be mediating the targeting of the
transporters and calcium sensors to the proper vesicles. It remains to be seen if
Syt1 controls the expression or targeting of VGLUT3. This experiment was not

conducted here because Syt1'/' tissue was unavailable.

Caveats

Although there were clear Syt1-IR puncta in both the wildtype and
knockout mice, the noise levels were too high to measure correlational
coefficients between Syt1- and VIAAT-IR puncta. It is expected to get some noisy
labeling when using a primary antibody raised in the same species from which
tissue is taken for staining. We did try to reduce this noise with our choice of
secondary antibody. Since the isotype of our primary antibody is known (IgG2b),
we used an IgG2b specific secondary antibody in order to reduced cross-
reactivity between the secondary antibody and other protein isotypes.

It's possible that the deletion of VGLUT3 does impair the targeting of Syt1
to the vesicle, though not the terminal, and this would go undetected at the light
microscopy level due to resolution limits. The scenario that Syt1 is transported to

the terminal and remains at the terminal at normal levels without being used in
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transmission seems unlikely because it would not serve the cell to have an extra
spectator protein present at the active synapse. Regardless, whether Syt1 is
present at the terminal or on the vesicle in VGLUT3™ mice could potentially be
resolved with higher resolution microscopy such as immunoelectron microscopy,
stimulated-emission depletion microscopy (STED) microscopy, or total internal

reflection fluorescence (TIRF) microscopy.

What could be controlling the expression and targeting of Syt1 to VGLUT3-
positive vesicles?

The recent finding that certain synaptic proteins are expressed with little
intervesicular variance suggests that there must be mechanisms that control the
stoichiometry of vesicular proteins (Mutch et al, 2011). What regulates protein
expression on the vesicle? Recently it was shown that SV2 can regulate a
vesicle's sensitivity to calcium by altering the number of synaptotagmins on a
vesicle (Yao et al, 2010). Given the proposed VGLUT3:Syt1 relationship at the
immature MNTB terminal, it will be interesting to know what controls their
expression.

Another major unanswered question is what signals the two populations
into separate vesicle pools? We are beginning to understand how other groups of
synaptic vesicles are sorted and trafficked at the terminal. At many central and
peripheral synapses, synaptic vesicles are divided into three pools (or

populations); a readily releasable pool (RRP), a recycling pool, and reserve pool.
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These pools are released by different stimuli and are usually located in separate
areas of the terminal bouton (Rizzoli and Betz, 2005). Interestingly, vesicles from
a given pool often return to that same pool suggesting there are signals to return
the vesicle/vesicular proteins back to its origin (Rizzoli and Betz, 2005). An
important question has been how a given vesicle gets trafficked to one of the
three pools following exocytosis. Evidence suggests that the adaptor proteins
(AP) AP2, and AP3 play a role in recycling vesicles to distinct vesicle pools. AP2
is involved in restoring vesicles to the recycling pool, and AP3 is involved in
repopulating the reserve pool (Voglmaier and Edwards, 2007). Exciting new
research has shown that a number of vesicular proteins differentially interact
(directly or indirectly) with AP2 and AP3, resulting in different vesicular proteins
being trafficked to different vesicle pools. Interestingly, the vesicular proteins that
have been shown to interact with adaptor proteins, and may therefore play a role
in vesicle sorting, trafficking, and targeting, include VGLUT1, VIAAT, and Syt1
(Foss et al, 2013, Santos et al, 2013).

Could separate VIAAT-positive and VGLUT3-positive vesicle populations
be maintained through the use sorting motifs on vesicular transporters or Ca*™”
sensors that differentially interact with population-specific adaptor proteins? Is the
Syt1:VGLUT3/Syt2:VIAAT pairing achieved during endocytosis or at a
subsequent stage in the synaptic vesicle cycle? Answering these questions will
require pushing technical boundaries in order to reliably get single-vesicle

resolution at a synapse with multiple vesicle populations. Nevertheless, answers
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to these questions will give us a new understanding of vesicle sorting, protein

targeting, and organization of co-releasing synapses.
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Chapter 5: General Discussion

Summary

Most circuitry in the ascending auditory system must be refined and
tonotopically aligned in order to perform computations reliably and fast. This
refined circuitry is not initially present but develops during the first few postnatal
weeks as a result of several activity-dependent processes. Interestingly, some of
this refinement occurs before the onset of hearing and could rely on
spontaneously generated patterns of neural activity to drive the refinement. At
present it is not clear which refinement processes occur in the absence of
hearing and we do not understand the mechanisms by which plastic changes
occur.

Here, we focused on the development of the inhibitory projections from the
MNTB to the LSO, a major sound localization nucleus. During early postnatal life,
MNTB-LSO synapses are selectively strengthened and weakened and this
functional refinement happens before hearing onset. The current working model
in the field is that these functional changes are followed by anatomical changes
and that the latter depend on acoustically-driven activity. However, until now, the
supposition that anatomical refinement in the MNTB-LSO pathway requires
auditory experience has not been directly tested.

Our understanding of the mechanisms that lead to plastic changes at the

immature MNTB-LSO synapse is incomplete. The finding that immature MNTB
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terminals release the excitatory neurotransmitter glutamate and that glutamate
release activates NMDARSs has led to the intriguing suggestion that glutamate
release is involved in refinement. Consistent with this idea, deleting the protein
which loads glutamate into vesicles at immature MNTB terminals, VGLUTS3,
impairs functional refinement at the MNTB-LSO synapse. If glutamate is involved
in plasticity at the MNTB-LSO synapse, then perhaps there are specific patterns
of activity which trigger the release of glutamate and result in plasticity.
Interestingly, evidence from slice physiology shows that glutamate is released
under different stimulation conditions than GABA/glycine. This raises the
question, what could regulate the different release properties for GABA/glycine
and glutamate? Given that vesicular Ca*™ sensors confer release properties, we
asked if immature MNTB terminals express more than one Ca*" sensor and if
one was specifically associated with glutamate release.

Electrophysiological data suggest that the MNTB terminal contains two
phenotypically distinct vesicle populations and that the populations differ in their
release properties. Since the phenotype and release properties of a vesicle can
depend on which proteins it expresses, the two populations of synaptic vesicles
at the immature MNTB likely differ in their constituent vesicular proteins. A major
question in cell biology is how the cell sorts proteins onto the two different vesicle
populations. Although there are a number of molecules that could influence
protein expression on the vesicle, for our final question we specifically asked if

if VGLUTS3 controls the targeting of Syt1 to immature MNTB terminals.

164



Ph.D. Thesis - A. Cooper McMaster University - Neuroscience

Summaries of Chapters 2-4

Chapter 2 Summary: Re-distribution of Inhibitory Synapses onto Proximal
Sites of LSO Principal Cells Occurs Before Hearing Onset

The developing MNTB-LSO pathway undergoes both functional and
anatomical refinement. The current working model in the field suggests that
anatomical refinement follows functional refinement (complete by ~P8) at some
delay, and that anatomical refinement requires acoustical experience and
therefore begins at hearing onset (P12). This model is consistent with evidence
from inhibitory circuitry in a neighboring nucleus involved in sound localization,
the MSO, where anatomical refinement of MNTB-MSO projections and re-
distribution of inhibitory inputs require auditory experience (Kapfer et al, 2002).

Here, we asked if inhibitory synapses along LSO neurons are redistributed
before the onset of hearing. We filled individual principal neurons of the LSO and
labeled inhibitory synapses with a gephyrin antibody in order to quantify the
distribution of inhibitory inputs along the entire cell in rats aged P4 and P11. We
found a significant re-distribution of inhibitory inputs toward the proximal
dendrites and the soma between P4 and P11. This re-distribution was a result of
an increase in the density and the total number of gephyrin puncta along the
proximal dendrites and at the soma. During this same period, we found a
significant decrease in dendritic complexity with the first 30 um of the cell body,

whereas there was no change in dendritic complexity in distal regions. Lastly, the
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dendritic fields of LSO bipolar principal cells change shape between P4 and P11,
such that by P11 they cover a more restricted area.

This study shows that, unlike the anatomical refinement in MSO, re-
distribution of inhibitory inputs on LSO neurons occurs in the absence of
acoustical information. Moreover, in contrast to the idea that there is a 4+ day
delay between functional and anatomical refinement in the MNTB-LSO pathway,
anatomical refinement quickly succeeds or occurs concurrently with functional

refinement.

Chapter 3 Summary: Synaptotagmins | and Il in the Developing Rat
Auditory Brainstem: Synaptotagmin | is Transiently Expressed in
Glutamate-Releasing Immature Inhibitory Terminals

The developing MNTB-LSO pathway releases the inhibitory
neurotransmitters GABA and glycine as well as the excitatory neurotransmitter
glutamate (Gillespie et al, 2005). Slice physiology studies of the MNTB-LSO
pathway suggest that GABA and glycine are released from one population of
vesicles that express VIAAT and that glutamate is released from a distinct
population of vesicles that express VGLUT3 (Nabekura et al, 2004, Gillespie et
al, 2005). Interestingly, GABA/glycine and glutamate differ in their release
properties at this synapse. Differential release properties could be related to
differential expression of Ca™* sensors on the synaptic vesicles but, until now, it

was not clear which Ca™" sensors were present at immature MNTB terminals.
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Here, we used immunohistochemistry to study the expression of the Ca™
sensors Syt1 and Syt2 in the developing rat SOC, with a focus on the LSO and
SPN, two nuclei which receive prominent projections from the MNTB.

We found that both Syt1 and Syt2 were expressed in the developing SOC.
Syt2 was expressed in all the major nuclei of the SOC at all stages of
development, which is consistent with the idea that Syt2 is the predominant
calcium sensor in the SOC (Fox and Sanes, 2007). Interestingly, Syt1 was only
highly expressed in the LSO and SPN. Moreover, Syt1 was only expressed
during the pre-hearing period, which is the same time when the MNTB axons
release glutamate and express VGLUT3. These results suggest that the
developing MNTB terminals express two Syt isoforms and lead to a model such
that Syt1 is expressed on VGLUT3-positive, glutamatergic vesicles, and Syt2 is

expressed on VIAAT-positive, GABA/glycinergic vesicles.

Chapter 4 Summary: Synaptotagmin | is expressed at a
GABA/glycine/glutamate-releasing central synapse, independent of
vesicular glutamate transporter 3 expression

Based on anatomical evidence presented in Chapter 3, our updated
working model for the immature MNTB-LSO synapse suggests that Syt1 and
VGLUTS3 are co-expressed on one vesicle population and that Syt2 and VIAAT
are co-expressed on the other population. From this model we infer that the cell

has a mechanism to ensure the proper sorting and trafficking of vesicular proteins
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to the appropriate vesicle, but it remains unknown what could be regulating this
organization. Here, we asked if VGLUT3 controls the expression and/or
trafficking of Syt1 at immature MNTB terminals. First, we compared Syt1
immunoreactivity in tissue from wildtype and VGLUT3” mice. We found no
obvious difference in Syt1 staining patterns in the LSO and SPN, two nuclei
which receive prominent projections from the MNTB. Second, we asked if
VGLUT3 was required for trafficking Syt1 to immature MNTB terminals. Using
VIAAT as a marker of inhibitory terminals, we found that the deletion of vglut3 did
not affect trafficking of Syt1 to MNTB terminals. Although VGLUT3 and Syt1
share similar spatial and temporal expression patterns in developing MNTB
terminals, VGLUTS influences neither the expression nor the trafficking of Syt1 to

the terminal.

Implications & Future Questions

A Role for VGLUT3 in Anatomical Refinement?

Maturation of sound localization circuitry is understood to depend on
patterned neural activity that results in functional and anatomical refinement
(Kandler et al, 2009). The mechanisms for this refinement are not well
understood. The surprising finding that glutamate is released and activates
NMDARs at the immature inhibitory MNTB-LSO synapse has led to the intriguing

suggestion that glutamate release could be involved in refinement at MNTB
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terminals (Gillespie et al, 2005). Recently, it was shown that the deletion of
vglut3, a gene that is required for glutamate release from the MNTB, impairs
functional refinement in the MNTB-LSO projection (Noh et al, 2010). This
provides evidence that VGLUT3, and possibly glutamate release from the MNTB,
is involved in functional refinement of MNTB-LSO circuitry. If functional
refinement leads to anatomical refinement, then, based on our knowledge that
functional refinement is impaired in VGLUT3" mice, we would expect anatomical
refinement to be impaired in VGLUT3™. This raises the question: does the
deletion of vglut3 alter anatomical refinement in LSO circuitry? To answer this
question, a future study could look at changes in cell morphology and synapse
distribution across development in the VGLUT3 mouse.

Some inferences about the role of VGLUTS3 in anatomical refinement can
be made from the Syt1 staining in the SPN of P7 wildtype and VGLUT3" mice
(Chapter 4, Fig. 4B). The SPN receives prominent inhibitory projections from the
MNTB and labels intensely for Syt1 and VIAAT during early postnatal
development (Cooper and Gillespie, 2011). In fact, both Syt1-IR and VIAAT-IR
are stronger in the SPN than in the LSO and Syt1-IR and VIAAT-IR puncta can
be seen surrounding the large cell bodies of the SPN (Blaesse et al, 2005,
unpublished observations). In the wildtype mouse, Syt1-IR puncta clearly outline
the cell bodies in the SPN (Chapter 4, Fig. 4B). The distribution of Syt1-IR puncta
appears qualitatively different in the VGLUT3™ mice, as perisomatic staining is

not as apparent (Chapter 4, Fig. 4D). This preliminary observation suggests that
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anatomical refinement may be impaired in the VGLUT3™ mice. In light of the
effects of vglut3 deletion on functional refinement, the presumed causal
relationship between functional and anatomical refinement, and the preliminary
observations of perisomatic labeling in the SPN of VGLUT3™", it will be exciting to

see if and how anatomical refinement is affected by the deletion vglut3.

Anatomical refinement of the AVCN-LSO pathway and subcellular
distribution of AVCN-LSO and MNTB-LSO inputs

In contrast to what we know about anatomical refinement in the MNTB-
LSO pathway, we know very little about anatomical refinement and the
subcellular distribution of inputs in the AVCN-LSO pathway both during
development and in the adult. Excitatory inputs to from the AVCN to MSO bipolar
cells show little re-distribution during postnatal development which raises the
following questions: does the subcellular distribution of excitatory AVCN-LSO
inputs along LSO cells change during the period of refinement? If so, is the
mature distribution of AVCN-LSO inputs achieved at the same time as the mature
distribution of MNTB-LSO inputs? Given that functional refinement in the AVCN-
LSO and MNTB-LSO pathways occurs concurrently (Kim and Kandler, 2003,
Case et al, 2011), one might expect that anatomical refinement in both pathways
is concurrent.

In addition to learning the subcellular distribution of excitatory inputs to

LSO neurons, it will be interesting to know how close the AVCN and MNTB inputs
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are to each other along LSO neurons during development. Physiological studies
show that, between P3 and P8, glutamate release from the MNTB pathway
activates NMDARs in the AVCN pathway, and vice versa (Alamilla and Gillespie,
2011). The substantial glutamatergic crosstalk suggests that AVCN and MNTB
inputs are located close enough for glutamate to diffuse throughout the
extracellular space and activate NMDARSs at neighboring synapses (Rusakov et
al, 1999). Knowing the distributions of AVCN and MNTB inputs along immature
LSO principal neurons will clarify the role that relative distances between of the
two inputs plays in glutamatergic crosstalk.

Our knowledge of how mature principal cells of the LSO integrate binaural
inputs to compute ILDs will also be advanced by knowing the subcellular location
of both excitatory and inhibitory inputs. The existing models of integration in LSO
neurons are based on relatively simple interpretations of cell morphology and
synapse distribution (Zacksenhouse et al, 1998). With current technology and
techniques, it is possible to generate more realistic models which incorporate
detailed cell morphology and the subcellular distribution of inputs throughout the
entire, reconstructed dendritic tree. It is clear that our knowledge of computation
in LSO cells will advance by having such anatomical data, which could itself be
built upon with electrophysiological studies showing the strength and interactions

of different inputs along neurons of the LSO.
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Are MNTB projections refined at different times in the LSO and MSO?

In bipolar principal cells of the MSO, it seems that the proximal re-
distribution of inhibitory inputs is related to the maintenance of MNTB projections
to the proximal regions of the cell (Kapfer et al, 2002, Werthat et al, 2008). Both
of these events require auditory experience and occur between P12 and P25. We
found that proximal re-distribution of inhibitory inputs to LSO principal cells occurs
before hearing onset. Since the re-distribution of synapses is closely related to
anatomical refinement of axonal projections, it is possible that MNTB axonal
projections to the LSO are refined before hearing onset. Given that the MNTB
projects to both the LSO and MSO, and in some cases the same MNTB neuron
projects to both nuclei (Banks and Smith, 1992), it is surprising that they could
undergo refinement at different times. Is the refinement of MNTB axons target-
specific?

The possibility that anatomical refinement of MNTB projections is target-
specific is exciting, but we must first consider the following two points. Firstly, the
studies looking at the MNTB-MSO projections were done in gerbil whereas our
study was performed in rat. Therefore the differences in refinement could be
species-specific. In order to test this, one would need to track pruning to the MSO
and LSO in the same species. Secondly, MNTB projections to the LSO, which
relay information on relatively high-frequency information, might undergo
refinement sooner than MNTB projections to the MSO, which relay information on

relatively low-frequency information, because auditory regions that process high-
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frequency information have been shown to mature faster than auditory regions
that process low-frequency information (Sanes et al, 1992a, Kandler and Friauf,
1993, Friauf et al, 1997). The reason high-frequency regions of the auditory
system mature faster or differently is unknown.

Although it is intriguing to consider that MNTB projections are refined in a
target-specific fashion, other possibilities such as the two stated above must also

be tested.

Identities of vesicle pools at the immature MNTB terminal

The vesicular identities of the glutamatergic and GABA/glycinergic
populations remain a major unanswered question. Future experiments can
attempt to test our working model that Syt1 is on VGLUT3-positive vesicles and
Syt2 is on VIAAT-positive vesicles. This could be deciphered using high-
resolution imaging techniques or physiological techniques.

High-resolution imaging, such as electron microscopy or superesolution
light microscopy could provide valuable information about the co-expression of
vesicular transporters and synaptotagmin isoforms on vesicles at the immature
MNTB terminals. Double-immunolabel, post-embedding electron microscopy can
provide valuable information on the localization of vesicular proteins at a co-
releasing synapse because the technique offers high-resolution. A major caveat
of this approach is reliably identifying which proteins are expressed on a given

vesicle. Synaptic vesicles are 30-40 nm in diameter and the distance from the
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antigen to the electron dense gold particle on the secondary antibody is about 30
nm. Therefore, if, for example, VGLUT3 and Syt1, were on the same vesicle,
then the gold particles there are indirectly labeled with could still be 90 nm apart.
Meanwhile, two particles corresponding to Syt1 and VGLUT3 could be side-by-
side (suggesting vesicular co-expression) and still be on different vesicle
populations. Because the different vesicle populations could be intermixed at the
terminal, reliably identifying the proteins expressed by a single vesicle could be
difficult. An alternative approach is to measure the distance between two proteins
in question (eg. VGLUT3 and Syt1) for a population of vesicles and compare it to
the distance between a protein and a random point. If the proteins in question are
co-expressed on the same vesicle, then the majority should be within 90 nm of
each other and they should be closer to each other than the protein and the
random point are to each other, on average (Stensrud et al, 2013).

Another advantage to using electron microscopy is that different vesicle
phenotypes have different ultrastructural and density characteristics. For
example, in the mature LSO, glutamatergic terminals contain round vesicles and
glycinergic terminals contain flat vesicles (Ollo and Schwartz, 1979, Helfert et al,
1992). Whether or not synaptic vesicles at the immature MNTB terminal can be
differentiated ultrastructurally is unknown. If there are two different types of
synaptic vesicles, such as round and flat, it could provide corroborative evidence
that there are two populations of vesicles. Furthermore, one could see if a

particular synaptotagmin is preferentially with ultrastructurally different vesicles.
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Electron microscopy is technically demanding and can only be used to
visualize ex vivo tissue. An alternative to electron microscopy is super-resolution
light microscopy, such as stimulated excitation depletion (STED) microscopy.
STED microscopy has achieved a resolution of ~45 nm in the neuroscience
literature, can be used in living samples, and tissue preparation for STED
microscopy is simpler than that for electron microscopy (Willig et al, 2006,
Westphal et al, 2008). Two-colour STED microscopy could be used to distinguish
the relative co-expression of transporters and synaptotagmins on vesicles at the
immature MNTB terminal. In addition, STED microscopy could also be used to
monitor different recycling pathways the two populations could take, which would
also provide useful information about how the terminal is organized (Hoopman et
al, 2010).

Interpretation of the results from the above immunolabeling techniques are
likely to be complicated by the degree to which the glutamatergic and
GABA/glycinergic vesicle populations are intermixed at the terminal and the
resolution of the imaging technique. Given these caveats with anatomical
techniques, one wonders if there is a way to study it functionally. Determining the
identity of the vesicle pools in the MNTB terminal pharmacologically is difficult
because there are no known pharmacological inhibitors of Syt1 or Syt2. There
are, however, genetic and optical tools that could be useful. Using genetic and
optical tools, Syt1 can be temporarily and focally inactivated at the NMJ in

Drosophila (Marek and Davis, 2002). The inactivation of Syt1 results in a

175



Ph.D. Thesis - A. Cooper McMaster University - Neuroscience

decrease in the amplitude of the EPSP. It is possible that one could use these
tools in experiments in the rodent nervous system to clarify whether Syt1 is
specifically targeted to a vesicle populations at immature MNTB terminals.

If these tools could be applied to syt? in mice, then one could photoinactivate
Syt1 and see which component(s), GABA/glycine and/or glutamate, is/are
affected. To date, this particular photoinactivation technique has not been
demonstrated in any species other than Drosophila but it is theoretically possible
(Habets and Verstreken, 2011) and it could help decipher the details of vesicle

populations at the developing MNTB-LSO synapse.

Concluding Remarks

The proper development of sound localization circuitry in the auditory
brainstem is important for allowing organisms to interpret the auditory world. The
circuitry is both functionally and anatomically refined and this refinement is
thought to be activity-dependent. The patterns of activity that are involved in
refinement are not yet known and it will be important to study the patterns of
activity sent from the cochlear nuclei to the SOC using in vivo recordings.

The finding that different activity patterns result in the release of GABA/glycine
and glutamate, which could be related to the differential expression of Ca*™
sensors on VIAAT-positive and VGLUT3-positive vesicles, is consistent with the
idea that MNTB neurons release glutamate in response to activity patterns that

are involved in plasticity.
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