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Abstract

Crudely assembled neuronal circuits with exuberant innervations are refined into
precise adult-like circuits by functional silencing and structural pruning of the surplus
connections during early development. Such reorganizations are evident in several
excitatory circuits as well as in the inhibitory circuit between the medial nucleus of
trapezoid body (MNTB) and the lateral superior olive (LSO).

LSO neurons integrate excitation from the glutamatergic inputs from ipsilateral
anteroventral cochlear nucleus (AVCN) and inhibition from the contralateral AVCN
via GABA /glycinergic inputs from the ipsilateral MNTB (Cant and Casseday, 1986;
Spangler et al., 1985). The tonotopic arrangement of the circuit ensures that the
excitatory and inhibitory inputs corresponding to the same sound frequency converge
on to the same population of LSO neurons. Due to this tonotopic arrangement, the
medial part of the circuit responds to high frequency sound stimulus and the lateral
part of the circuit responds to low frequency sound stimulus (Kandler and Friauf,
1993; Friauf, 1992; Tsuchitani, 1977). In the first two postnatal weeks of pre-hearing
development, the medial part of the circuit undergoes extensive functional refinement
during which single LSO neurons lose 75 % of their initial MNTB connections and
the remaining inputs are strengthened by 8 fold (Kim and Kandler, 2003; Noh

et al., 2010). The neurotransmitter phenotype of this circuit also transforms from



a GABA/Glycine/Glutamate co-release to primarily glycinergic release during this
period (Kotak et al., 1998; Gillespie et al., 2005). However, it is still unclear whether
functional elimination and strengthening of inputs occurs simultaneously or in suc-

cession and which factors influence these processes.

In this study I investigated the course of refinement of the medial and lateral
MNTB inputs to the LSO in acute brainstem slices of E 18 to P 13 mice using
whole-cell patch clamp technique. I determined the strength of single MNTB inputs
using minimal stimulation technique. I estimated the number of inputs on to each
LSO cell by calculating the convergence ratio derived from the postsynaptic response
amplitudes to minimal and maximal stimulation of MNTB fibers. I also investigated
the role of transient glutamatergic and GABAergic co-release from the MNTB inputs

in the process of refinement and strengthening of the inputs.

I observed three distinct phases in the pre-hearing refinement of the MNTB-LSO
circuit. The first phase or the proliferation phase (between embryonic day 18 and
postnatal day (P) 2-3) is followed by a functional elimination phase (between P 3 and
P 5). This is then followed by a strengthening phase (between P 6 and P 9) of the
retained MNTB inputs. I observed extensive proliferation and functional elimination
of inputs in the medial part of the circuit while no significant elimination occurred
in the lateral part. Both medial and lateral inputs strengthened about 3-4 fold in
the first two weeks of development. I also observed that the transient glutamate co-

release, which is essential for the refinement and strengthening of the medial MNTB-



LSO projections, does not seem to play an important role in the strengthening of
the lateral MNTB inputs. I further investigated the role of GABA co-release in the
process of refinement of the MNTB-LSO circuit using a conditional Gadl knockout
mouse. However, the study of the role of GABA co-release in the MNTB-LSO circuit
was inconclusive due to the lack of phenotypic alteration of the GABAergic input in
the MNTB-LSO circuit of the Gadl knockout mice.

Thus from the present study it is clear that, during the pre-hearing development,
functional elimination of specific inputs occurs before strengthening of the inputs in
the medial MNTB-LSO circuit. So the strength of single inputs does not seem to
be a key factor in determining which inputs are functionally eliminated. Significant
strengthening occurs in the lateral MNTB-LSO circuit even in the absence of any
functional elimination. Further, while glutamate co-release in the circuit seems to be
crucial for the elimination and strengthening of medial MNTB-LSO projections, it
does not seem to be important for the lateral part of the circuit. These observations
collectively suggest that the functional elimination phase and the strengthening phase
in the pre-hearing refinement of the MNTB-LSO circuit seem to be independent of

each other with different underlying mechanisms.
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Chapter 1

Introduction



1.1 Developmental refinement in neural circuits

Properly functioning mature neural circuits show precise and stereotypic connec-
tivity among different nuclei. The initial projections of the immature neurons are
targeted to the appropriate locations guided by genetics and neurotrophic factors
(Goodman and Shatz, 1993). But the microstructure of the circuit is imprecise be-
cause of exuberant connections, commonly seen during the early stages of assembly
and development (Colman et al., 1997; Lichtman and Colman, 2000). In course of
development, a select few connections are strengthened, followed by the elimination
of surplus weaker connections (Colman et al., 1997; Lichtman and Colman, 2000;
Cohen-Cory, 2002). Such reorganization or refinement of the developing connections
is generally guided by activity dependent mechanisms (Changeux and Danchin, 1976;
Lohof et al., 1996; Nguyen and Lichtman, 1996; Katz and Shatz, 1996) leading to the

formation of precisely connected adult-like circuits.

1.2 Refinement in the excitatory neural circuits

Evidences of such reorganizations have been observed in several well studied model
excitatory neural circuits like the neuromuscular junctions (Purves and Lichtman,
1983; Colman et al., 1997), climbing fiber - Purkinje cell (CF-PC) circuit (Hashimoto
and Kano, 2003; Hashimoto et al., 2009), and retinal ganglion cell - lateral geniculate
nucleus (RGC-LGN) circuits (Shatz, 1990; Katz and Shatz, 1996).

2
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Figure 1.1: Synaptic competition at the developing neuromuscular
junction.

(a, b) Schematic representation of elimination of inputs at the neuromuscular
junction during development.

(c) Confocal image of the competing synaptic inputs at a neuromuscular junction
showing active competition (flip-flop) between two synaptic inputs during develop-
ment. Left panel shows “winning” blue input at day 11, Middle and right panel
shows green axon taking over in subsequent days. Modified from (Walsh and
Lichtman, 2003)



1.2.1 Neuro-Muscular Junction

Synaptic reorganization or refinement is very well studied in the developing neuro-
muscular junction. At birth, each muscle fiber receives inputs from a number of spinal
motor neurons, showing a multi innervation state. At each junction, the postsynap-
tic membrane possesses an oval plaque with a high density of acetylcholine receptors
(AchRs), where numerous motor axons of similar strength converge and intermingle
(Sanes and Lichtman, 1999; Gan and Lichtman, 1998). Over the next few postnatal
weeks, the relative strength of one of the competing axonal inputs become progres-
sively higher than the rest due to an increase in the amount of neurotransmitter
released (quantal content) by the input (Colman et al., 1997). This disparity in the
input strengths along with asynchrony in the activity patterns of the different synap-
tic inputs, help to initiate active competition between the inputs (Balice-Gordon
and Lichtman, 1994; Walsh and Lichtman, 2003). As a result of this competition,
the stronger or the more synchronously active inputs are preferentially maintained
(Colman et al., 1997; Busetto et al., 2000) (Fig 1.1). The other relatively weak inputs
become progressively weaker and finally lose territory on the postsynaptic surface and
are ultimately eliminated (Balice-Gordon and Lichtman, 1993; Balice-Gordon et al.,
1993). The selectively maintained inputs form a monoinnervated junction which is
both functionally and anatomically mature.

4
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Figure 1.2: Synaptic competition at the developing climbing fiber - Purkinje
cell circuit in the cerebellum.

(a) Schematic representation of elimination of weak climbing fiber inputs at the
climbing fiber - Purkinje cell synapse during development.

(b, ¢) Whole cell recording showing reduction in number of climbing fiber inputs
from P4 to P14 reported by reduction in number of steps in the synaptic response of
Purkinje cell. Modified from (Hashimoto et al., 2009; Kawamura et al., 2013)



1.2.2 Climbing Fiber - Purkinje Cell circuit

Another well studied circuit showing extensive reorganization of synaptic inputs
is the climbing fiber - Purkinje cell circuit in the cerebellum. In the mature cere-
bellum, the Purkinje cell (PC) receives a single strong glutamatergic climbing fiber
(CF) input, originating from the inferior olive, on the proximal dendrites, as well as
numerous parallel fiber inputs on mostly the distal dendrites (Eccles et al., 1966).
During the first three weeks of postnatal development, this CF-PC circuit transforms
from a multiple-innervation state to a mono-innervation state (Hashimoto and Kano,
2005). At postnatal day (P) 3-4, each Purkinje cell is innervated by many weak peri-
somatic climbing fiber inputs (Mason et al., 1990; Crepel et al., 1976; Lohof et al.,
1996). Out of these weak fibers, the fiber with a higher probability of multivesicu-
lar release at the synapses, strengthens significantly over the next week of postnatal
development (Wadiche and Jahr, 2001; Hashimoto and Kano, 2003). The strength-
ening of a single climbing fiber is not only facilitated by the higher probability of
multivesicular release, but also governed by the Hebbian rule of plasticity. The re-
peated pairing of the stimulation of a CF and the postsynaptic depolarization of
the PC causes homosynaptic strengthening of the stimulated CF and heterosynap-
tic depression of other CFs to form the mono-innervation pattern (Bosman et al.,
2008; Bosman and Konnerth, 2009). The fiber, strengthened by the above mentioned
methods, then extensively innervates the proximal dendrite of the Purkinje cell and is
retained while the other weaker fibers are subsequently eliminated (Hashimoto and

6



Kano, 2003). This elimination of weaker fibers is also facilitated by the activation
of mGluR1 (Ichise et al., 2000) mediated heterosynaptic depression resulting from
parallel fiber activity (Nusser et al., 1994). At around P 12 each Purkinje cell is
innervated with only one strong climbing fiber (CF-mono) or one strong and a few

weak fibers (CF-multi) (Hashimoto and Kano, 2005) (Fig 1.2 a).

1.2.3 Retinal Ganglion Cell - Lateral Geniculate Nucleus
circuit

A similar trend of elimination of surplus innervations has also been observed in
the retinal ganglion cell - lateral geniculate nucleus (RGC-LGN) circuit. In this
circuit, coordinated spontaneous bursts of spiking activity in the retinal ganglion
cells helps the segregation of eye-specific inputs in the LGN (Shatz, 1990; Katz and
Shatz, 1996; Wong and Oakley, 1996; Mooney et al., 1996). Coordinated spontaneous
activity of ipsilateral ganglion cells causes long term potentiation or LTP in the
inputs from the ipsilateral eye (homosynaptic potentiation) to the LGN and causes
long term depression or LTD in the inputs from the contralateral eye (heterosynaptic
depression) to the same LGN neurons (Wong et al., 1993; Wong and Oakley, 1996).
The synapses weakened by LTD are most likely removed during development and the
inputs strengthened by LTP are most likely retained, so that at the end of the period
of refinement, the LGN neurons receive input from only one specific eye (Wong et al.,

1993; Wong and Oakley, 1996).

From the extensive study of different model excitatory circuits, a common theme of

7



refinement seems to emerge. Refinement typically consists of two phases: firstly a few
of the numerous initial weak inputs strengthen considerably by different physiological
processes including increase in quantal content, multi-vesicular release, and LTP in
the strengthening phase (Purves and Lichtman, 1983; Colman et al., 1997; Hashimoto
and Kano, 2003). Then a phase of elimination occurs either simultaneously or in
succession to ensure that the relatively weaker or asynchronous inputs lose out in
the competition with the stronger or more synchronous inputs (Ichise et al., 2000;
Maejima et al., 2001; Miyata et al., 2000; Wong and Oakley, 1996; Mooney et al.,
1996) and are successively structurally pruned. The selectively maintained strong
inputs form circuits that are anatomically and functionally mature (Colman et al.,

1997; Hashimoto and Kano, 2005; Shatz, 1990; Katz and Shatz, 1996).

1.3 Refinement in the inhibitory neural circuits

While the excitatory circuits have been extensively studied, the developmental
changes in the inhibitory circuits have been studied to a lesser degree. Most of the
inhibition in the brain comes from intricate local networks of inhibitory interneurons.
Recurrent connectivity and complex interactions of the inhibitory circuits with the
excitatory circuits make these circuits difficult to manipulate and study. However,
the inhibitory circuits in the auditory brainstem like that of the medial superior olive
(MSO) and the lateral superior olive (LSO) have relatively linear circuitry free from

the above mentioned complexities. Refinement of inhibitory circuits has been studied



in these model circuits.

1.3.1 Medial Nucleus of Trapezoid Body - Medial Superior
Olive circuit

The MSO receives binaural excitatory inputs from the cochlear nuclei (Joris
et al., 1998) and binaural inhibitory inputs from the lateral nucleus of trapezoid body
(LNTB) and the medial nucleus of trapezoid body (MNTB) (Cant and Hyson, 1992;
Grothe and Sanes, 1994) (Fig 1.3 a). The ipsilateral and contralateral excitatory
inputs converge on to the same MSO cells but are spatially segregated in a frequency
specific manner between lateral and medial dendrites respectively (Smith et al., 1993;
Russell and Moore, 1995). The inhibitory inputs however undergo reorganization
during development. The inhibitory inputs are present uniformly along the soma
and dendrites in the juvenile animals before hearing onset (Kapfer et al., 2002).
Under the influence of sound-evoked activity, the inhibitory inputs then reorganize
by elimination of synapses such that the retained synapses are mostly perisomatic
after hearing onset (Kapfer et al., 2002) (Fig 1.3 b). The MNTB-MSO projections
have also been shown to undergo significant axonal refinement during this time of
synaptic reorganization (Werthat et al., 2008) (Fig 1.3 ¢). The axonal spread and
branch points of the MNTB axons decrease significantly after hearing onset to make

the circuit anatomically more precise (Werthat et al., 2008).

Another inhibitory circuit where refinement of an immature inhibitory neural cir-
cuit has been studied extensively is the MNTB-LSO circuit. In this circuit, the orga-
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nization of the mature circuit is extremely well known. Furthermore, reorganization
of synaptic inputs in this circuit occurs both before and after hearing onset i.e in the
absence as well as presence of external stimulus. The presence of a pre-hearing phase
of refinement in this circuit provides an excellent opportunity to study the different
phases of refinement in an inhibitory circuit occurring in absence of external stimulus

and the intrinsic factors that may influence such refinement.

1.4 The Medial Nucleus of Trapezoid Body -
Lateral Superior Olive circuit

The MNTB-LSO circuit is a part of the sound localization pathway in the mouse
auditory brainstem. It helps in localization of sound using the interaural level differ-
ence or ILD of sound stimuli (Boudreau and Tsuchitani, 1968). The difference in
the intensity of sound (ILD) in the two ears provides a primary cue for the horizontal
direction of the sound source. As the first binaural nucleus in the sound localiza-
tion pathway in vertebrates (Boudreau and Tsuchitani, 1968; Guinan et al., 1972a),
the LSO integrates excitation from the ipsilateral ear and inhibition from the con-
tralateral ear to compute the ILD in a frequency dependent manner (Boudreau and
Tsuchitani, 1968; Guinan et al., 1972a; Sanes and Rubel, 1988) (Fig 1.3 a). The LSO
neurons receive glutamatergic inputs from the ipsilateral anteroventral cochlear nu-
cleus (AVCN) and inhibition from the contralateral AVCN via the GABA /glycinergic
inputs from the ipsilateral MNTB (Cant and Casseday, 1986; Spangler et al., 1985;
Boudreau and Tsuchitani, 1968; Caird and Klinke, 1983; Sanes and Rubel, 1988; Fri-
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Figure 1.3: Refinement in the MSO circuit
(a) Schematic representation of the auditory brainstem showing excitatory and
inhibitory inputs into the MSO
(b) (left) Immunofluorescence staining of MSO cells showing the redistribution of
glycine positive puncta in the MSO from juvenile to adult, and lack of redistribution
in unilateral cochlear ablation(UCA) animals; (middle, right) schematic showing
reorganization of glycinergic boutons along the MSO dendrites
(c) (left) Schematic representation showing post-hearing refinement MNTB axons
in the MSO, and lack of refinement in noise reared animal (bottom panel); (right)
barplot showing the spread of the MNTB axons in the MSO at different ages.
(Kandler et al., 2009)
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auf and Ostwald, 1988) (Fig. 1.3 b). As a result, the LSO cells show higher spiking
activity when the sound intensity at the ipsilateral ear is greater than that of the
contralateral ear (Tollin et al., 2008) (Fig 1.3c). To help in computation of the
ILDs in a frequency specific manner, the bilateral inputs are tonotopically arranged
such that the excitatory and inhibitory inputs corresponding to the same sound fre-
quency converge on to the same population of LSO neurons. The tonotopic map of
the MNTB-LSO circuit is aligned such that the medial part of the circuit responds
to high frequency sound stimulus and the lateral part of the circuit responds to low
frequency sound stimulus (Friauf, 1992; Kandler and Friauf, 1993; Kil et al., 1995;

Tsuchitani, 1977; Sanes et al., 1989; Sanes and Siverls, 1991).

1.4.1 Refinement in the developing MNTB - LSO circuit

The tonotopic map of the MNTB-LSO circuit undergoes extensive reorganizations
to form narrow and precise frequency bands (Kim and Kandler, 2003; Sanes and
Siverls, 1991; Sanes et al., 1992b), possibly for optimum frequency discrimination.
These reorganizations occur both before as well as after hearing onset (Kim and
Kandler, 2003; Sanes and Siverls, 1991; Sanes et al., 1992b). The GABA /glycinergic
inputs in the MNTB-LSO circuit are functional prenatally and are arranged in an
imprecise tonotopy at birth (Kandler and Friauf, 1995a, 1993). Then, in the first
two postnatal weeks of development (before hearing onset), the medial MNTB-LSO
connections undergo extensive silencing or functional elimination of almost 75% of
the initial MNTB connections (Kim and Kandler, 2003). This functional elimination
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Figure 1.4: The MNTB-LSO circuit

(a) Schematic showing the afferent and efferent connections of LSO. HF: high
frequency, LF: low frequency, CN: cochlear nucleus, MNTB: medial nucleus of
trapezoid body, LSO: lateral superior olive, IC: inferior colliculus.

(b) Interaural level difference (ILD) as a primary cue for sound localization. Dark
red: high intensity sound, light red: low intensity sound.

(c) Plot showing spiking activity of LSO neurons in response to different ILDs.
Modified from (Tollin et al., 2008)
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Figure 1.5: Refinement in the MNTB-LSO circuit

(a) Schematic representation showing structural pruning of MNTB axonal boutons
after hearing onset

(b) Schematic representation showing sharpening of MNTB input maps before
hearing onset. Modified from (Kandler et al., 2009)
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causes sharpening of the initial crude tonotopy such that the frequency specific MNTB
input map is reduced by 50% (Kim and Kandler, 2003; Noh et al., 2010) (Fig. 1.4
b). Along with the functional silencing, the remaining inputs are strengthened 12
fold (in rats) (Kim and Kandler, 2003) due to increase in the quantal content and

addition of new release sites (Kim and Kandler, 2003, 2010).

After hearing onset, a second phase of tonotopic refinement ensues leading to
structural reorganization of the MNTB-LSO connections (Sanes et al., 1989). Axonal
pruning of MNTB inputs and structural elimination of synaptic boutons occur in the
first week after hearing onset (Sanes and Siverls, 1991; Sanes et al., 1992a,b). This
presynaptic axonal pruning is complimented with a narrowing of the dendritic tree
of the postsynaptic LSO cells (Sanes et al., 1990). This structural reorganization
resulting in sharpening of the frequency map in the LSO (Sanes and Siverls, 1991;
Rietzel and Friauf, 1998; Sanes and Chokshi, 1992) requires normal neurotransmission
in the circuit and is impaired in animals with cochlear ablation or chronic blockade of
glycinergic transmission in the circuit (Sanes and Takécs, 1993; Sanes and Chokshi,

1992).

1.4.2 Role of transient neurotransmitters in the developing
MNTB - LSO circuit

Very little is known about the different factors that influence the different phases
of early postnatal refinement in the MNTB-LSO circuit. The first phase of functional
refinement in the circuit occurs in the pre-hearing period, in the absence of any
external sound stimuli (Kim and Kandler, 2003). However, spontaneous activity
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in the cochlea driving the activity of downstream auditory nuclei is hypothesized to
play a key role in the pre-hearing refinement in the MNTB-LSO pathway (Tritsch
et al., 2007). Thus the neurotransmitters released by MNTB neurons in response
to such spontaneous activity in the cochlea may be key candidates that influence
the pre-hearing refinement in the MNTB-LSO circuit. The MNTB-LSO neurons are
known to co-release three different neurotransmitters during this pre-hearing period
(Kotak et al., 1998; Gillespie et al., 2005). While the MNTB-LSO projections in the
adult circuit are primarily glycinergic in their function, during the first two postnatal
weeks they release GABA (Kotak et al., 1998) and glutamate (Gillespie et al., 2005)
in addition to glycine. Glutamate and GABA are released only during the first two
postnatal weeks and their levels decline significantly at hearing onset (Kotak et al.,
1998; Case and Gillespie, 2011). The transient nature of the release of glutamate
and GABA release and their presence specifically during the period of functional
refinement in the circuit make them excellent candidates for a role in influencing the

pre-hearing refinement in the MNTB-LSO circuit.

Glutamate is a fast excitatory neurotransmitter in the central nervous system and
GABA is a primary inhibitory neurotransmitter in the adult brain. However, dur-
ing the early stages of development, both glutamate and GABA are known to elicit
excitatory postsynaptic potentials (Kandler and Friauf, 1995a; Ben-Ari et al., 2007)
and cause calcium influx into the postsynaptic cell (Leinekugel et al., 1995). During
the first two postnatal weeks, glutamate released from the MNTB terminals activate
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Figure 1.6: GABA, Glycine and Glutamate co-release in the MNTB-LSO
circuit

(a) MNTB evoked GABAergic response in P 4 LSO cells blocked mostly by addition
of bicucculine (BIC). (right) Percentage of GABAergic IPSCs decrease over the first
two weeks.

(b) MNTB evoked Glycinergic response in P 14 LSO cells blocked mostly by addition
of Strychnine (SN). (right) Percentage of Glycinergic IPSCs increase over the first
two weeks.

(¢) MNTB evoked Glutamatergic response in P 4-6 LSO cells blocked by addition
of CNQX and APV. (right) Percentage of cells showing Glutamatergic response
decrease over the first two weeks.

Modified from (Kotak et al., 1998; Noh et al., 2010)
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the GluN2B containing NMDA receptors leading to calcium influxes into the post-
synaptic LSO cells (Case and Gillespie, 2011). During these developmental stages,
GABA can also elicit prolonged depolarizations due to the high intracellular chloride
concentrations in the developing LSO cells (Kandler and Friauf, 1995a; Kullmann
and Kandler, 2001) . Such depolarization by GABA in the postsynaptic cell is capa-
ble of causing calcium influx into the postsynaptic LSO cell (Kullmann et al., 2002).
These depolarization induced calcium influxes in the postsynaptic cell may activate
different synaptic plasticity mechanisms that may be required for the refinement and
strengthening of developing synapses. The presence of transient glutamate release
in the MNTB-LSO circuit has been shown to be essential for the refinement and
strengthening of the inputs in the medial part of the circuit during the pre-hearing
stages (Noh et al., 2010). However, almost nothing is known regarding the role of
the transient GABAergic transmission in the refinement of the MNTB-LSO circuit

during the early developmental ages.

While the medial or the high frequency sensitive part of the MNTB-LSO circuit
has been studied extensively leading to detailed information about postnatal synaptic
refinement in this inhibitory circuit, very little is known about the refinement in the
low frequency sensitive lateral part of the circuit. In this thesis I have attempted to
elucidate the pre-hearing refinement of the medial and the lateral part of the MNTB-
LSO circuit in finer detail and also investigated the possible role of Glutamate and
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GABA co-release in the refinement process.

First, I investigated the detailed course of refinement in both the medial and the
lateral part of the MNTB-LSO circuit. The study revealed three phases in the process
of refinement. The medial part of the circuit shows an early phase of proliferation of
synaptic inputs followed by an elaborate phase of silencing or functional elimination
of synaptic inputs. The elimination is further followed by a phase of strengthening
of the remaining inputs. This chronology of phases is very different from the process
of refinement seen in other model excitatory circuits where the strengthening phase
precedes the elimination phase. This observation suggests that the strength of the
MNTB inputs may not play a role in the determination of which inputs are to be
selectively maintained or eliminated. I also observed that this elimination phase is
absent in the lateral part of the circuit. But even in the absence of the elimination
phase, strengthening occurs normally in the lateral projections. This suggests that

the two phases may be independent of one another.

Second, I investigated the possible role of glutamate co-release on the refinement
of the lateral MNTB inputs. Glutamate co-release that has been shown to be essential
for the strengthening of the medial MN'TB inputs, seems to be non-essential for the
strengthening of the lateral inputs. This suggests that the process of strengthening
of lateral MNTB-LSO connections may be influenced by different underlying factors

compared to that of the medial connections.

Third, T investigated the role of transient GABAergic co-release in the process
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of functional elimination of synaptic inputs in the medial part of the circuit using
a conditional Gadl knockout mouse made by Cre-loxP method of recombination.
However, the study using the conditional knockout mouse was inconclusive due to

the lack of a deletion phenotype.
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Chapter 2

Materials and Methods
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2.1 Materials and Methods:

2.1.1 Animals and slice preparation:

All experimental procedures were performed in accordance with NIH guidelines
and were approved by IACUC at the University of Pittsburgh. Whole cell patch
clamp experiments were performed in acute brainstem slices of postnatal mice of
strain C57bl (Jaxson Mice Laboratory) (ages E18 - P13), vglut3-/- (ages P2 - P13),

and gadl -/- (ages P2 - P13) of both genders.

The animals were deeply anesthetized by isofluorane inhalation. Anesthetized
embryos and postnatal animals were decapitated and the brains were quickly re-
moved and submerged in cold artificial cerebrospinal fluid (ACSF; composition in
mM: NaCl-124, MgSO,.7H20 1.3, KCI- 5.0, KHyPOy4- 1.25, Dextrose-10.0, NaHCO3-
26.0, CaCly.2H50- 2.0, bubbled in 95 % O5/ 5 % COq, pH 7.4, RT, Kynurenic Acid-
1.0 was added during slicing. 350um coronal slices of the brainstem were prepared as

described previously (Noh and Kandler, 2010, Kandler and Friauf, 1995).

To obtain E18 animals, young adult mice were paired overnight and the first
24-hour period after pairing was considered E1. The timed pregnant females were
deeply anesthetized by isofluorane inhalation. All the embryos were quickly removed
by Cesarean section and further anesthetized by hypothermia by submerging in ice
cold artificial cerebrospinal fluid (ACSF). The anesthetized female was euthanized
after the extraction of embryos. For postnatal animals, the animals were deeply
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anesthetized by isofluorane inhalation. Anesthetized embryos and postnatal animals
were decapitated and the brains were quickly removed and submerged in cold artificial

cerebrospinal fluid as described above.

For gadl -/- experiments, after setting up the breeding scheme and obtaining the
offsprings of the appropriate generation, all the experiments were done blind to the
genotype to avoid experimenter’s bias. The data were analysed and then regrouped

according to the genotyping results.

2.1.2 Electrophysiological recordings and electrical stimula-
tion:

Whole cell recordings were obtained from visually identified bipolar LSO neu-
rons in the medial (high frequency) and lateral (low frequency) limb. Intracellular
recordings were made using patch pipettes of 2-3 MOhm resistances. Patch pipettes
were filled with internal solution of the following composition in mM; D-gluconic
acid-54.0, CsOH-49.0, CsCl1-56.0, Na-phosphocreatine-3.0, MgCly.6H,0-1.0, CaCl,-
1.0, HEPES-10.0, EGTA-11.0, Na-GTP-0.3, Mg-ATP-2.0, QX-314-5.0, Alexa-568-

0.2%.

Recordings were performed in a submersion chamber mounted on an upright mi-
croscope (Zeiss AxioExaminerl). Whole cell currents in voltage clamp were recorded
using a Multiclamp700B amplifier (Axon instruments) and a Digidata 1440A digi-
tizer (Axon instruments) using pClampl0 software. All currents were Bessel filtered
at 10KHz. Series resistance was compensated up to 65 %. Recordings were made
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while holding the cells at -60mV (after liquid junction potential correction).
Afferent fiber bundle from MNTB to the LSO was stimulated with a low resistance
patch pipette (j 1 MOhm, filled with ACSF). Stimulation pulses (0.1ms duration) were

delivered using a stimulation isolation unit (Isoflex, AMPI) at 0.1 Hz.
2.1.3 Minimal and maximal stimulation:

Electrical stimulation was gradually increased from 0 uA until it produced a synap-
tic success rate of | 50 %. Any further increase would decrease the failure rate without
increasing the mean peak amplitude of successful synaptic input. 50-100 responses
were recorded at this stimulus intensity to estimate mean peak amplitude of a single
input.

For maximal stimulation, the stimulus intensity was increased gradually. An in-
crease in response amplitude was noted commensurate with the increased stimulus.
A stimulus response curve was obtained until a plateau in response amplitudes was
reached where any further increase in stimulus amplitude caused a decrease in re-
sponse amplitude presumably due to damage to fibers near the stimulus electrode.
The mean of at least 10 consecutive plateau responses was used to estimate the max-

imal synaptic strength for a given LSO neuron.

2.1.4 Data Analysis:

Preliminary analyses of recorded traces were done using Clampfit10.0 software.
Further analyses and statistical tests were done using Graphpad prism and custom

24



D
o
o

ey

o

o
.

400

200

N
o
o
.

o o .

. ‘.ﬁ‘.. -"n. %00 0 goq00 %0 Ges %o g © o0 o **%s000® 0®
B . w o6 [y 0 A 00 OO0 0 =

Stimulus Number Stimulus Number

Peak Amplitude (pA)
Peak Amplitude (pA)

o

o

Maximal Stimulation

-

@

_
°
-

Peak Amplitude (nA)
N

Peak Amplitude (nA)
N

(=)

0 200 400 600 800 1000 0 200 400 600 800 1000
Stimulus Intensity(uA) Stimulus Intensity(uA)

Figure 2.1: Examples of minimal and maximal stimulation experiments

(a) Example traces of minimal stimulation responses of postsynaptic medial LSO cells
at P 2-3 (Grey: single traces, Black- average traces of 20-40 responses). Scale bars:
200pA, 20ms. Bottom panel shows peak response amplitudes to repeated trials of the
minimal stimulation intensity. Grey bar indicates noise level (peak to peak amplitude
of baseline trace).

(b) Example traces of minimal stimulation responses of postsynaptic medial LSO cells
at P 9-13 (Grey: single traces, Black- average traces of 20-40 responses). Scale bars:
200pA, 20ms. Bottom panel shows peak response amplitudes to repeated trials of the
minimal stimulation intensity. Grey bar indicates noise level (peak to peak amplitude
of baseline trace).

(c) Example traces of maximal stimulation responses of postsynaptic medial LSO
cells at P 2-3. Scale bars: 1nA, 20ms. Bottom panel shows stimulus response plot of
the maximal stimulation experiment

(d) Example traces of maximal stimulation responses of postsynaptic medial LSO
cells at P 9-13. Scale bars: 1nA, 20ms. Bottom panel shows stimulus response plot
of the maximal stimulation experiment



software written in Matlab. Data are presented as mean+/- SEM (except for boot-
strap analysis of convergence ratio where mean and standard deviations are plotted).
Data were tested for normal distribution and parametric (Students t test, ANOVA
with Bonferroni post test) and nonparametric (Mann U Whitney, Kruskal-Wallis with
Dunns post test) significance tests to determine statistical differences between groups

of data.

For a more accurate estimation of convergence ratio in MNTB-LSO pathway,
bootstrap resampling with replacement was performed on the observed dataset of
minimal and maximal synaptic input. 10,000 sample data sets were constructed by
resampling the minimal and maximal peak amplitudes with replacements from the
experimental dataset. 10,000 different maximal and minimal mean peak amplitudes
were then calculated from each resampled data set, each of which was then used to
calculate 10,000 convergence ratios. The mean of the calculated convergence ratios

and the standard deviation were used for statistical analysis.

2.1.5 Immunohistochemistry of brainstem sections:

The immunohistochemistry of brain slices for VGlut-3 expression was done by a
former lab member Kristy Cihil. The animals were anesthetized using isofluorane
until cessation of reflexes. The animals were then perfused pericardially with chilled
4% PFA for 15 to 20 mins. The fixed brains were then postfixed in 4 % PFA at 4 deg
C overnight. The fixed brains were then cryoprotected to 30 % sucrose. After cry-
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oprotection, the brains were sectioned using a sliding microtome. The 100um sections
were transferred into a 24 well plate and incubated in PBS. The tissue was then per-
meabilized using 0.2 % TritonX-100. After further washes with PBS, the tissue was
incubated in a blocking solution containing 4% bovine serum albumin. Then primary
antibodies specific for VGlut3 were added to the tissue and incubated overnight at 4
deg C. The tissue was washed thoroughly and incubated with biotinylated secondary
antibodies for 2 hours and then washed thoroughly. Then the tissue was reacted with
an avidin-biotin reagent (ABC Elite Kit, Vector Laboratories, Burlingame, CA) in
blocker for two hours at room temperature. Sections were then washed in PBS and
reacted with 0.05 % diaminobenzidine-tetracholoride (DAB; Sigma, St. Louis, MO)
in a solution containing 1 % CoCly, 1 % Ni(NH4)2SOy4, and 0.3 % Hy0O, in PBS.
Sections were washed in PBS, mounted on gelatinized glass slides, dehydrated in an

ethanol/xylene series, and coverslipped with Permount (Fisher Scientific, Fair Lawn,

NJ).

2.1.6 Fluorescence immunostaining of brainstem sections:

The fluorescence immunostaining of the gad! -/- brain slices were done blind
to the genotype by Xinyan Gu. The animals were anesthetized using isofluorane
until cessation of reflexes. The animals were then perfused pericardially with chilled
4 % PFA for 15 to 20 mins. The fixed brains were then postfixed in 4 % PFA
at 4 deg C overnight. The fixed brains were then cryoprotected to 30 % sucrose.
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After cryoprotection, the brains were sectioned using a cryostat (Microm HM 550).
The 30um sections were transferred on to glass slides and incubated in PBS. The
tissue was then permeabilized using 0.2 %TritonX-100. After further washes with
PBS, the tissue was incubated in a blocking solution containing 4 % bovine serum
albumin. Then primary antibodies specific for VGlut3 were added to the tissue and
incubated overnight at 4 deg C. The tissue was washed thoroughly and incubated with
fluorescent secondary antibodies for 2 hours and then washed thoroughly. Sections

were coverslipped with Fluoro-gel (EMS), an aqueous mounting medium.

2.1.7 Image J analysis of fluorescent images:

Raw grayscale images of fixed duration were taken using the epifluorescence mi-
croscope. Region of interests were marked in the medial and lateral parts of the LSO.
The absolute grey values (AGV) of the region of interest were calculated using Image
J and normalized to the gray values of a region of interest outside LSO. The relative
grey values (RGV) of 3 different animals were then used to calculate the mean grey
value (MGV) of the region. The mean gray values were compared between wildtype

and gad1-/- animals.

2.1.8 Adenoviral injections into P1 mice brain:

P1 pups of homozygous floxed GABA 4R mice were anaesthetized using hypother-
mia and positioned in a stereotax specially designed for small pups. A small incision
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was made in the skull between the bregma and lambda to expose the inferior collicu-
lus (IC). 10-50 ul of the GFP tagged Adcre virus (Baylor College of Medicine virus
facility) (5 x 1011 pfu/ml) was injected via a glass pipette using a Nanoject (Drum-
mond) at a slow rate. The pipette was kept in place for few minutes after injection
to allow for diffusion. The pup was kept cold all throughout the procedure. After the
injection, the skin was sutured or glued back. Mercaine was injected into the skin
around the suture to serve as an analgesic. The pup was then revived by placing it
on a heating platform. After the pup started responding to the toe pinch and started
to right itself when turned on its side, it was assumed to be out of anesthesis and
returned to the mother for nursing. The cage with the mother and pup was monitored
for 30 mins before returning to the housing racks to ensure the mother had started
nursing the pup. The cages were again checked in 3 hours time to ensure survival of

the pup.
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Chapter 3

Independent phases of pre-hearing
refinement in the MNTB-LSO

circuit
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3.1 Introduction:

Evidences of activity dependent reorganizations of immature neural connections
have been observed in several model excitatory neural circuits like the neuromus-
cular junctions (Purves and Lichtman, 1983; Colman et al., 1997), climbing fiber
- Purkinje cell circuit (Hashimoto and Kano, 2003; Hashimoto et al., 2009), and
the retinal ganglion cell-lateral geniculate nucleus circuit (Shatz, 1990; Katz and
Shatz, 1996). From extensive study of these different model excitatory circuits it is
clear that developmental refinement typically consists of two phases: firstly, a few of
the numerous initial weak inputs strengthen by different physiological processes (like
LTP or multivesicular release) in the strengthening phase creating a disparity among
the inputs (Purves and Lichtman, 1983; Colman et al., 1997; Hashimoto and Kano,
2003). Then a phase of elimination occurs, either simultaneously or in succession,
to ensure that the relatively weaker or asynchronous inputs are outcompeted by the
stronger or more synchronous ones (Ichise et al., 2000; Maejima et al., 2001; Miyata
et al., 2000; Wong and Oakley, 1996; Mooney et al., 1996). These weaker inputs are
then structurally pruned to form circuits that are anatomically and functionally ma-
ture (Colman et al., 1997; Hashimoto and Kano, 2005; Shatz, 1990; Katz and Shatz,

1996).

Such organized refinement is also evident in the circuit between the medial nucleus
of trapezoid body (MNTB) and the lateral superior olive (LSO). The MNTB forms
topographically organized inhibitory connections with the LSO (Spangler et al., 1985;
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Guinan et al., 1972b; Kim and Kandler, 2003; Kandler et al., 2009). The LSO neurons
integrate excitation from the ipsilateral ear via the glutamatergic inputs from ipsi-
lateral anteroventral cochlear nucleus (AVCN) and inhibition from the contralateral
ear (contralateral AVCN) via GABA /glycinergic inputs from the ipsilateral MNTB
in a frequency dependent manner (Cant and Casseday, 1986; Boudreau and Tsuchi-
tani, 1968; Caird and Klinke, 1983; Sanes and Rubel, 1988; Friauf and Ostwald, 1988;
Guinan et al., 1972a). The medio-lateral tonotopic map of the MNTB-LSO circuit
is highly organized, so that the medial part of the circuit responds to high frequency
sound stimulus and the lateral part of the circuit responds to low frequency sound
stimulus (Friauf, 1992; Kandler and Friauf, 1993; Kil et al., 1995; Tsuchitani, 1977;

Sanes et al., 1989; Sanes and Siverls, 1991).

The inputs in the rat MNTB-LSO circuit are functional prenatally and are ar-
ranged in a crude tonotopy even at birth (Kandler and Friauf, 1995a, 1993). Then,
in the first two postnatal weeks of development (before hearing onset), the medial part
of the circuit undergoes a phase of extensive functional silencing during which single
LSO neurons lose almost 75 % of their initial MNTB connections and the remaining
inputs are strengthened significantly (by almost 12 fold in rats, 8 fold in mice). This
functional silencing causes sharpening of the initial crude tonotopy. As a result, the
frequency specific input map of the MNTB is reduced by almost 50 % (Kim and

Kandler, 2003, 2010; Noh et al., 2010).

This model of postnatal refinement of this inhibitory circuit is based on the de-
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tailed information gathered from the extensive study of the medial (high frequency
sensitive) part of the MNTB-LSO circuit. However, little is known about the lateral
(low frequency sensitive) part of the circuit. Classical reports suggested that the cells
in the lateral part of the circuit were mostly monoaural and thus did not receive
inhibitory inputs from the ipsilateral MNTB (Boudreau and Tsuchitani, 1968; Batra
et al., 1997). But it was established through later anatomical studies that the lateral
LSO cells, similar to medial cells, also receive inputs from both ipsilateral cochlear
nucleus as well as the ipsilateral MNTB (Glendenning et al., 1985; Smith et al.,

1998).

Even though the medial and the lateral parts of this circuit receive inputs from
similar nuclei, there are some differences between them. Some post hearing onset
anatomical studies of the refinement of this circuit suggest that synaptic pruning of
the MNTB inputs in the lateral part of the circuit does not occur as extensively
as in the medial part. The narrowing of the dendritic tree of the LSO cells, which
compliments the synaptic pruning of the MNTB inputs, is also less in the lateral part
compared to the medial part (Sanes and Siverls, 1991; Sanes et al., 1990). Some
electrophysiology studies have noted that the GABA to glycine switch in the LSO
may follow a gradient along the tonotopic axis (Kotak et al., 1998; Lohrke et al.,
2005). Other studies have also shown that the expression levels of many proteins such
as calbindin (Henkel and Brunso-Bechtold, 1998), endocannabinoid (CB1) receptors
(Chi and Kandler, 2012), glycine receptors (Sanes and Wooten, 1987), gephyrin
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(Kotak et al., 1998), K, 1 channels (Barnes-Davies et al., 2004) also show a gradient

along the tonotopic axis.

Functional studies of the LSO have reported that while the medial LSO cells
rely only on interaural level difference (ILD), the lateral LSO cells are capable of
responding to ILD as well as interaural time difference (ITD) for low frequency stim-
ulus (Spitzer and Semple, 1995; Joris and Yin, 1995; Tollin and Yin, 2005), since
the low frequency afferents from both the cochlear nucleus and the MNTB preserve
the temporal fine structure of the incoming sound (Joris et al., 1994; Smith et al.,
1998). Furthermore, lateral LSO cells can also phase lock to low frequency ipsilat-
eral stimulation (Tollin and Yin, 2005). In view of these anatomical, physiological
and functional differences between the medial and lateral LSO cells, it is important
to investigate whether the process of pre-hearing refinement also differs along the

tonotopic axis in the MNTB-LSO circuit.

In this chapter, I investigated the course of refinement of the MNTB inputs to
both the medial and lateral parts of the LSO, between the ages of E 18 to P 13 (Fig.
3.1). I observed two distinct phases in the refinement of proliferated inputs in the
MNTB-LSO circuit: an elimination phase (between P 2-3 and P 5-6), followed by
a strengthening phase (between P 5-6 and P 9-13) of the retained MNTB inputs.
I also observed that the extensive elimination of inputs that occurs for the medial
circuit between P 2-3 and P 5-6 is absent in the lateral part of the circuit. After the
phase of elimination, all inputs (both medial and lateral) strengthen about 3-4 fold
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between P 5-6 and P 9-13. Since the medial MNTB-LSO connections show elimination
preceding strengthening of inputs and the lateral connections show strengthening
even in the absence of elimination, I believe that the two processes of elimination and

strengthening are independent of one another.

Figure 3.1: Electrophysiological recording setup for medial and lateral LSO
cells

(Left) DIC image of recording setup of medial LSO cells in a P9 slice containing
the MNTB and LSO. The position of the stimulation and recording electrodes are
marked.

(Right) DIC image of recording setup of lateral LSO cells in a P9 slice containing
the MNTB and LSO. The position of the stimulation and recording electrodes are
marked.
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3.2 Results:

3.2.1 In the embryonic stages, medial LSO cells receive only
one or two active immature MNTB inputs:

Extensive reorganization of synaptic inputs occurs in the medial part of the MNTB
- LSO circuit in postnatal rodents even before hearing onset. The convergence of
MNTB inputs on to LSO cells at P 2-3 is very high ( 20 active inputs) but it becomes
low ( 7-8 active inputs) at P 9-13 due to extensive functional elimination causing re-
finement of the circuit and increase in the precision of connectivity (Kim and Kandler,
2003; Noh et al., 2010). However, very little is known about whether refinement also
happens in the embryonic stages. Previous studies have shown that the MNTB-LSO
synapses are functional at E18 (rats) (Kandler and Friauf, 1995b). To investigate
whether refinement of the MNTB inputs occurs in the embryonic stages, I recorded
the synaptic currents elicited by minimal and maximal stimulation of the MNTB fiber
bundle which corresponded to the amplitudes of responses due to a single input and
the total number of inputs converging on to a single LSO cell respectively. The ratio
of the maximal response to the minimal response was the convergence ratio, which
estimated the number of active inputs on a given LSO cell at this age (Kim and
Kandler, 2003; Noh et al., 2010).

At E 18, I found responsive cells in both medial and lateral part of the LSO in
an acute brainstem slice (Fig. 3.2 a). While 57 % of medial cells responded to the
electrical stimulation of the MNTB fiber bundle (Fig. 3.2 d), this response rate was
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much lower compared to the response rate at the early postnatal age P 2-3 (>90 %).
The absence of response from 43 % of the medial LSO cells indicated a possibility
that all MNTB axons might not have reached the LSO yet. I injected the tracer
fluorescein dextran into the MNTB in the E 18 slices and observed tracer filled axons
traveling into the medial as well as the lateral part of the LSO (Fig 3.2 b, ¢). These
observations indicate that, at E 18, even though MNTB fibers are present in the entire
LSO, a large number of the inputs were still inactive. However the presence of LSO
cells that responded to MNTB stimulation testifies that the MNTB-LSO synapses in

mice are functional at E 18.

I estimated the strength of single MNTB inputs to the LSO from the response
of postsynaptic LSO cells to minimal stimulation of the MNTB fibers. The mean
peak amplitude for a single synaptic input for the responsive medial cells at E 18 was
similar to that at P 1 (Fig. 3.2 e, f and h, Fig 3.3 a, ¢, Tablel; row: Medial; p value
>0.05, Students t-test). Thus the synaptic inputs at E18 are examples of immature

inputs that later strengthen over the pre-hearing period of development.

However, the corresponding maximal synaptic response at E 18 was significantly
smaller compared to the responses found at P 1 (Fig 3.2 e, g and i, Table 2, row:
medial; p value = 0.001, Mann-Whitney test). The estimation of the number of inputs
by convergence ratio calculations showed that only 2 (CR = 1.96 + 0.47; Bootstrap

analysis) medial MNTB-LSO connections were active at E 18.

These data together indicate that in agreement with previous studies in rats (Kan-
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dler and Friauf, 1995b), MNTB-LSO connections were also functional for medial LSO
cells in mice at E 18. These connections were weak, suggesting that the inputs were
immature. These data also indicate that at E 18, the number of active inputs in the
medial part of the circuit was lower than that at P 1. Thus synaptic elimination did

not occur between E 18 and P 1.

3.2.2 Strengthening of single inputs, in the medial MNTB-
LSO circuit, occurs after P 5-6.

To ascertain the precise pattern of strengthening of the medial MNTB-LSO circuit,
I investigated the minimal synaptic amplitudes at various time points (E 18, P 1, P

2-3, P 5-6, and P 9-13) during the pre-hearing development.

Table 3.1: Summary of minimal stimulation response amplitude at different
ages. The p values represent comparisons between medial and lateral LSO cells.

Position | E 18 P1 P 2-3 P 5-6 P 9-13

Medial 49.64 £ 7.36 | 68.15 £ 6.38 | 135.5 £ | 85.63 £8.52 | 423.2 +
pA (n=8 of | pA (n=17) |54.63 pA | pA (n=12) | 1148 pA
14) (n=12) (n=17)

Lateral 42.05 £ 0.27 | 73.66 £ | 90.80 + | 108.3 + | 301.1 +
pA (n=4 of | 13.80 pA | 13.72  pA | 20.07 pA |88.65 pA
17) (n=10) (n=23) (n=10) (n=17)

P Values || 1.0 (Mann- | 0.7 (Mann- | 0.68 (Mann- | 0.57 (Mann- | 0.31 (Mann-
Whitney Whitney Whitney Whitney Whitney
test) test) test) test) test)

For the medial LSO cells, the single input strength increased significantly from E
18 to P 2-3 as indicated in Table 3.1 (row: Medial) and Fig. 3.3 ¢ (p value = 0.02;
Mann-Whitney test). The increments in strength of inputs between E 18 and P 5-6
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Figure 3.2: Weak MINTB inputs to LSO neurons are present at embryonic
day 18

(a) DIC image of recording setup of E18 slice containing the MNTB and LSO. The
position of the midline and VII*h nerve are marked.

(b) Confocal image of the same E18 slice after Fluorescein-dextran injection in the
MNTB and fixation of slice.

(c¢) Magnified image (60X) of highlighted area in (b) showing three recorded neurons
filled with Alexa-568.

(d) Population data showing percentage of recorded neurons in medial LSO showing
synaptic responses to minimal or maximal MNTB stimulation at different ages.

(e) Mean response amplitudes of medial LSO neurons at E18 to minimal (49.64 +
7.356 pA (n=8 of 14)) and maximal stimulation (97.74 + 27.18 pA (n=8 of 14)).
(f-g) Average traces of E18 medial LSO cells; minimal stimulation (d); maximal
stimulation (e). Scale bars represent 100pA and 20ms.

(h) Stimulus response curve showing the variation in synaptic amplitude of a medial
LSO cell in response to minimal stimulus. The grey bar represents the noise level.
(i) Stimulus-response plot showing the increase in amplitude of the synaptic response
of the medial LSO cell with increasing stimulus amplitude.
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occurred in small steps that were not statistically significant between each consecutive
age points (p value at different ages: E 18 vs P 1 = 0.05; P 1 vs P 2-3 = 0.09, P
2-3 vs P 5-6 = 0.79). After P 5-6, the single input strength showed a significantly
large increase where each input was strengthened by 4 fold to 423.2 £ 114.8 pA
(n=17) (P 5-6 vs P 9-13, p = 0.014; Mann-Whitney test) (E 18 to P 13: p = 0.014,

Kruskal-Wallis test) (Fig. 3.3 b).

Thus the increase in strength of single MNTB inputs to medial LSO cells in
pre-hearing stages occurs in two phases. The strength of single inputs increases
significantly from E 18 to P 2-3. Then a second phase of significant increase in the

strength of the single inputs occurs between P 5-6 and P 9-13.

3.2.3 Functional elimination of synaptic inputs precedes the
strengthening of the inputs in the medial MNTB-LSO
circuit.

The functional refinement in the medial part of the circuit during the pre-hearing
period was quantitatively assessed from the maximal stimulation response amplitudes
and the bootstrapped convergence ratios at the ages E 18, P 1, P 2-3, P 5-6, and P
9-13.

Examination of the maximal evoked synaptic responses of the medial LSO cells
revealed that the cumulative medial MN'TB input significantly increased from E 18
to P 1 to P 2-3 (Fig. 3.4 ¢; Table 3.2, row: Medial). The p values for comparison
between different ages were: E 18 vs P 1 = 0.0015 (Mann-Whitney test); P 1 vs P
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Figure 3.3: Developmental increase in synaptic amplitudes of medial LSO
neurons in response to minimal stimulation

(a) Example traces of minimal stimulation responses of postsynaptic medial LSO cells
at different ages (Grey: single traces, Black- average traces of 20-40 responses). Scale
bars: 100pA, 20ms (E18); 200pA, 20ms for P1 to P13.

(b) Plot of mean peak amplitudes at each postnatal day.

(c) Population data of the mean peak amplitudes of synaptic responses of medial LSO
cells to minimal stimulation at developmental time points of E 18 (49.64 £+ 7.36 pA
n=8), P 1 (68.15 £+ 6.38 pA n=17), P 2-3 (98.28 + 14.48 pA n=16), P 5-6 (85.63 +
8.52 pA n=12), P 9-13 (423.2 4+ 114.8 pA n=17) ( p value = 0.0001; Kruskal-Wallis
test). Error bars represent SEM.

(d) Cumulative probability histograms for single fiber responses at different age
points. (E 18 vs P1: p value = 0.05; P 1 vs P 2-3: p value= 0.08, P 2-3 vs P
5-6: p value= 0.98, P 5-6 vs P 9-13: p value= 0.002; P 2-3 vs P 9-13: p value=
0.0009, P 1 vs P 9-13: p value=0.0003 Kolmogorov-Smirnov test). Inset shows E 18
to P 5-6 age groups in more detail.
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Figure 3.4: Development of synaptic amplitudes of medial LSO cells in
response to maximal stimulation

(a) Example traces of maximal stimulation responses of postsynaptic medial LSO
cells at different ages (Grey: single traces, black: average of 10 traces). Scale bars:
100pA, 20ms for E 18; InA, 20ms for P 1 to P 13.

(b) Plot of mean peak amplitudes at each postnatal day.

(c) Population data of the maximal synaptic responses of medial LSO cells at devel-
opmental time points of E 18 (0.10 + 0.02 nA n=12), P 1 (0.59 + 0.16 nA n=11),
P 2-3 (1.58 £ 0.21 nA n=16), P 5-6 (1.01 £ 0.31 nA n=12), P 9-13 (3.45 £+ 0.93 nA
n=18) (p value j 0.0001; Kruskal-Wallis test). Error bars represent SEM.

(d) Cumulative probability histograms for maximal synaptic responses at different
age points. (E 18 vs P 1: p value = 0.04; P 1 vs P 2-3: p value= 0.04; P 2-3 vs P
5-6: p value= 0.04; P 5-6 vs P 9-13: p value= 0.12; P 2-3 vs P 9-13: p value= 0.32;
Kolmogorov-Smirnov test). Inset shows E 18 to P 5-6 age groups in more detail.
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Figure 3.5: Functional elimination of synaptic inputs precedes strengthen-
ing of single inputs in medial part of LSO

(a) Population data of minimal stimulation responses (strength of single MNTB in-
puts) of medial LSO cells from E 18 to P 9-13. Error bars represent SEM.

(b) Population data of maximal stimulation responses of medial LSO cells from E 18
to P 9-13. Error bars represent SEM.

(c) Population data of convergence ratio of medial LSO cells from E 18 to P 9-13
estimated by bootstrap analysis (E 18 vs P 1: p value = 0.002; P 1 vs P 2-3: p
value = 0.002; P 2-3 vs P 5-6: p value = 0.001; P 5-6 vs P 9-13: p value = 0.16;
Permutation test). Error bars represent standard deviations.
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Table 3.2: Summary of the maximal stimulation response amplitude at

different ages.

The p values represent comparisons between medial and lateral

LSO cells.

Position || E 18 P1 P 2-3 P 5-6 P 9-13

Medial 0.10 &+ 0.03 | 0.59 + 0.16 | 1.58 £ 0.21 | 1.01 £ 0.31 | 3.45 £ 0.93
nA (n=8 of | nA (n=11) | nA (n=16) | nA, (n=12) | nA (n=18)
14)

Lateral 0.06 £ 0.01 | 0.32 £ 0.09 | 0.89 £ 0.17 | 0.67 £ 0.20 | 2.03 £ 0.58
nA (n=4 of | nA (n=10) |nA (n=23) |[nA (n=10) |nA (n=18)
17)

P Values || 0.3 (Mann- | 0.16 (Stu- | 0.01 (Stu- | 0.48 (Mann- | 0.24 (Mann-
Whitney dents t | dents t | Whitney Whitney
test) test) test) test) test)

Table 3.3: Summary of the convergence ratios at different ages. The p values
represent comparisons between medial and lateral LSO cells.

Position || E 18 P1 P 2-3 P 5-6 P 9-13

Medial 2:1 9:1 19:1 11:1 9:1

Lateral 1:1 5:1 10:1 6:1 7:1

P Values 0.002 (Per- | 0.001 (Per- | 0.18  (Per- | 0.06  (Per-
mutation mutation mutation mutation
test) test) test) test)

2-3 = 0.002 (Students t-test). After P 2-3, however, a significant decrease was noted

in the maximal input at P 5-6 (p value = 0.048; Mann-Whitney test) (Fig. 3.4).

The maximal amplitude then increased between P 5-6 and P 9-13 (p value = 0.03;

Mann-Whitney test).
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Similarly, the convergence ratios, estimated from the minimal and maximal stim-
ulation data at the different ages showed that the convergence ratio increased from
E 18 to P 1 to P 2-3 as shown in the table (Table 3.3, row: Medial; Fig. 3.5) (p
values: E 18 vs P 1 = 0.001; P 1 vs P 2-3 = 0.002; Permutation test). Then the ratio
decreased significantly between P 2-3 and P 5-6 (p value: P 2-3 vs P 5-6 = 0.001;
Permutation test). After P 5-6, the convergence ratio stayed constant until at least

P 13 (p value: P 5-6 vs P 9-13 = 0.16).

These data together suggest that weak synaptic inputs are gradually added from
E 18 until the circuit reaches its peak convergence at P 2-3. Then between P 2-3 and
P 5-6 most of the synaptic inputs are functionally eliminated or silenced so that only
a few are active at P 5-6 and onwards. These data are in agreement with the focal
uncaging study (Kim and Kandler, 2003), where the input map area of the MNTB in
rats shows a sharp decrease (‘almost 50 %) by P 8, a week before hearing onset in rats.
Similarly I found that the functional elimination of medial MNTB inputs in mice is
also complete a week before hearing onset (by P 5-6). This study further shows that
single MNTB inputs then strengthen significantly after P 5-6 (Fig 3.3). These results
together suggest that in the developing MNTB LSO circuit, elimination of inputs

precedes their strengthening.

3.2.4 Lateral MNTB-LSO inputs also strengthen between E
18 and P 9-13.

The minimal stimulation responses of lateral LSO cells were recorded at the ages E
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18, P 1, P 2-3, P 5-6, and P 9-13. At E 18, only 4 cells out of 17 cells recorded showed
any response to MNTB stimulation. Due to the small number of data points at E
18, a statistical test to compare the minimal synaptic response amplitudes between
age groups could not be performed on this dataset. Thus I examined the increase in
strength of fibers between P 1 to P 9-13. The single input strength gradually increased
from P 1 to P 9-13 (p value= 0.04, Mann-Whitney test) but the increments between
consecutive age groups were not statistically significant (p values at different ages: P
1vs P 23=0.73 P 23vs P56 =024, P56 vs P 9-13 = 0.20, Mann-Whitney
test) (Fig 3.6). The single input strength in the lateral LSO at P 9-13 was 3 fold
of that at P 1 and matched the strength of medial inputs of age P 9-13 (Table 1, p

value = 0.31; Mann-Whitney test).

The above data shows that like the medial inputs, the lateral inputs also strengthen
significantly between E18 and P 9-13 (Fig. 3.6). The strengths of single inputs to the
lateral LSO become equivalent to the medial inputs by P 9-13 (Fig 3.8 a). However,
while the medial cells follow a two-step mode of strengthening, the lateral inputs show

a more gradual increase in strength in the pre-hearing stages of development.

3.2.5 Lateral MNTB-LSO connections do not show functional
refinement in the pre-hearing stages of development.

The maximal evoked synaptic amplitude for the lateral LSO cells showed a gradual

but significant increase between E 18 and P 9-13 (Table 3.2, row: Lateral; Fig. 3.7).

Due to the low number of datapoints, we did not include the E 18 dataset in the
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Figure 3.6: Developmental increase in synaptic amplitudes of lateral LSO
neurons in response to minimal stimulation
(a) Example traces of minimal stimulation responses of postsynaptic lateral LSO
cells at different ages (grey: single traces, black: average of 20-40 traces). Scale bars:
100pA, 20ms (E18); 200pA, 20ms (P1- P13).
(b) Plot of mean peak amplitudes at each postnatal day.
(c) Population data of the mean peak amplitudes of synaptic responses of lateral LSO
cells to minimal stimulation at developmental time points of E 18 (42.05 £+ 0.27 pA
n=4), P 1 (73.66 + 13.89 pA n=10), P 2-3 (90.80 £+ 13.72 pA n=23), P 5-6 (108.3
+ 20.07 pA n=10), P 9-13 (301.1 £ 88.65 pA n=18) (p value= 0.01; Kruskal-Wallis
test). Error bars represent SEM.
(d) Cumulative probability histograms for single fiber responses at different age
points. (P1 vs P 2-3: p value= 0.72, P 2-3 vs P 5-6: p value=0.18, P 5-6 vs P
9-13: p value= 0.23; P 2-3 vs P 9-13: pvalue= 0.04; Kolmogorov-Smirnov test). Inset
shows E 18 to P 5-6 age groups in more detail.
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Figure 3.7: Development of synaptic amplitudes of lateral LSO cells in
response to maximal stimulation

(a) Example traces of maximal synaptic responses of postsynaptic lateral LSO cells at
different developmental time points (grey: single traces, black average of 10 traces).
Scale bars: 100pA, 20ms for E18; 1nA, 20ms for P1 to P13.

(b) Plot of mean peak amplitudes at each postnatal day.

(c) Population data of the maximal synaptic responses of lateral LSO cells at devel-
opmental time points of E 18 (0.06 &+ 0.01 nA n=4), P 1 (0.32 £ 0.09 nA n=10), P
2-3 (0.89 £ 0.17 nA n=23), P 5-6 (0.67 £ 0.20 nA n=10), P 9-13 (2.03 + 0.58 nA
n=18) (p value = 0.002; Kruskal-Wallis test). Error bars represent SEM.

(d) Cumulative probability histograms for maximal synaptic responses at different
age points. ( P 1 vs P 2-3: p value=0.06; P 2-3 vs P 5-6: p value= 0.44; P 5-6 vs
P 9-13: p value= 0.22; P 2-3 vs P 9-13: p value= 0.16; Kolmogorov-Smirnov test).
Inset shows E 18 to P 5-6 age groups in more detail.
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statistical comparison of maximal amplitudes with the other age groups. The maximal
amplitude of lateral cells increased significantly between P 1 and P 2-3 (p value =
0.04; Students t test). From P 2-3 to P 9-13 the maximal amplitude for the lateral
cells stayed consistent (Table 3.2, row: Lateral; Fig. 3.7) (p value: P 2-3 vs P 5-6=

0.47, Students t test; P 5-6 vs P 9-13= 0.10, Mann-Whitney test).

The convergence ratios of the lateral LSO cells stayed constant between ages P 1
to P 9-13 as shown in Table 3.3 (row: Lateral) (p value= 0.27; Kruskal-Wallis test).
The above data together suggest that the lateral MNTB-LSO circuit lacks functional
elimination between the ages E 18 and P 9-13. The convergence of MN'TB inputs on

to the lateral cells stays constant from P 1 until hearing onset.

3.2.6 Functional elimination and strengthening of MNTB in-
puts are independent processes.

A comparison of the minimal stimulation amplitudes of medial and lateral parts of
the MNTB LSO circuit shows that both medial and lateral single inputs strengthen
almost 3-4 fold between E 18 and P 9-13. As a result, at P 9-13, both medial and
lateral inputs are of equivalent strength (Table 3.1, p value = 0.31; Mann-Whitney
test; Fig 3.8a). Thus strengthening occurs throughout the entire LSO to a similar
degree. The significantly large phase of strengthening occurs between P 5-6 and P

9-13 for the medial MNTB-LSO connections.

Comparing the maximal stimulation responses between the medial and lateral
LSO cells we found that at P 1 the amplitudes were not significantly different (Table
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3.2, p value=0.16, Students t test). However, at P 2-3, the maximal response in
the lateral cells was 60% lower than that in the medial cells. This may result from
dendritic filtering of synaptic currents from a distal arrangement of synapses. Such
arrangement of synapses would also lead to longer rise times corresponding to smaller
synaptic amplitudes. The mean rise times for synaptic responses of the medial (1.2 £
0.14 ms n=10) and lateral cells (1.3 & 0.15 ms n=15) were not significantly different
from each other (p value = 0.38, Mann-Whitney test; Fig 3.8). There was also no
correlation between the rise times and the minimal synaptic amplitudes for medial as
well as lateral cells at P 2-3 (medial: R*= 0.11; p value = 0.27; lateral: R2=0.002;
p value = 0.88, Fig 3.8 ¢, d) showing absence of dendritic filtering. The mean input
resistance (at P 2-3: Medial cells: 789.1 £+ 117.0 MOhm, n=10; Lateral cells: 640.7
+ 94.09 MOhm, n=19; p value = 0.14, Mann Whitney test) was also similar for
both medial and lateral cells (Fig 3.9 a). Thus the lower maximal response of lateral
cells could only be explained by the presence of fewer numbers of weak inputs. The
maximal amplitudes were not significantly different between the medial and lateral

cells at the other ages.

From a comparison of the convergence ratios of medial and lateral cells, we ob-
served two main differences. First, the convergence ratios for the lateral cells were
significantly smaller than that of the medial cells at ages P 1 and P 2-3 (Table 3.3,
row: p value, Fig 3.8c) suggesting that fewer active inputs contacted lateral LSO
cells, compared to the medial cells at these ages. Secondly, in contrast to the signif-
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icant decrease in the convergence ratio of medial cells between P 2-3 and P 5-6, the
convergence ratio for the lateral cells did not change significantly between P 2-3, P
5-6, and P 9-13 (Table 3.3, Fig. 3.8c). This suggested a distinct lack of functional
elimination of the lateral MNTB-LSO connections between the ages P 2-3 and P 9-13.
Thus the lateral part of the MNTB-LSO circuit did not show the peak in convergence
at P 2-3 and the later significant functional elimination of inputs before P 5-6 that is

characteristic of the medial LSO cells (Fig 3.8 ¢).

From the above data it is clear that, while the MNTB-LSO connections show
functional elimination followed by strengthening of inputs between E 18 and P 13,
the lateral inputs show strengthening of inputs even in the absence of any signifi-
cant functional elimination between these ages (Fig 3.8 a, ¢). Thus the functional
elimination of inputs does not seem to be a pre-requisite for the strengthening of the
remaining inputs. This suggests that the processes of strengthening and functional

elimination are independent of one another.

3.2.7 Proportion of LSO cells expressing Iy current changes
with age.

Morphologically seven different types of neurons have been described in the rat
LSO (Rietzel and Friauf, 1998) but functionally the LSO cells can be classified into
LSO principal neurons and lateral olivocochlear (LOC) neurons. The LSO principal
neurons can be further classified into single firing and multiple firing neurons (Barnes-
Davies et al., 2004). In rats, the single spiking and the multiple spiking principal neu-
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Figure 3.8: Strengthening of single inputs to lateral LSO occurs even in the
absence of functional elimination of inputs
(a) Population data of minimal stimulation responses (strength of single MNTB in-
puts) of medial (black bars) and lateral (grey bars) LSO cells at different ages (E 18
to P 9-13). Error bars represent SEM.
(b) Population data of maximal stimulation responses (strength of all MNTB inputs)
of medial (black bars) and lateral (grey bars) LSO cells at different ages (E 18 to P
9-13). Error bars represent SEM.
(c) Population data of convergence ratio of medial (black bars) and lateral (grey bars)
LSO cells at different ages (E 18 to P 9-13) estimated by bootstrap analysis (E 18 vs
P1L.p=0.001;P1vsP 23 p=0.10; P 2-3vs P 5-6: p=0.18; P 5-6 vs P 9-13: p
= 0.92; Permutation test). Error bars are standard deviations.
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Figure 3.9: Intrinsic and synaptic properties of the medial and lateral LSO
cells are similar over the first two postnatal weeks

(a) Population data of input resistance of medial (black bar) and lateral (grey bar)
LSO cells at P 2-3 (medial: 1178 4 198.7 MOhm n=13; lateral: 902.8 + 74.47 MOhm
n = 21; p value= 0.14, Mann-Whitney test) and P 9-13 (medial: 519.6 4+ 40.23 MOhm
n = 22; lateral: 667.0 + 122.4 MOhm n = 20; p value=0.79, Mann-Whitney test)
developmental time points.

(b) Population data for the rise times of the maximal synaptic responses of medial
(black) and lateral (grey) LSO cells at P 2-3 (medial: 1.20 4 0.14 ms n = 10; lateral:
1.32 + 0.15 ms n = 15; p value = 0.39, Mann-Whitney test) and P 9-13 (medial:
0.67 + 0.11 ms n = 10; lateral: 0.79 4+ 0.10 ms n = 19; p value= 0.3, Mann-Whitney
test).

(c) Plot of minimal stimulation amplitude against 20-80% rise time for medial cells
at P 2-3. Black line= Linear regression fit, R?= 0.11, p value = 0.27.

(d) Plot of minimal stimulation amplitude against 20-80% rise time for lateral cells
at P 2-3. Black line= Linear regression fit, R?= 0.001, p value = 0.88.
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rons are distributed in a gradient along the tonotopic axis of LSO (Barnes-Davies
et al., 2004). However no such organization is evident for LSO principal neurons
and LOC neurons. In mice, they seem to be distributed evenly throughout the LSO
(Sterenborg et al., 2010). The presence or absence of Iy or hyperpolarization ac-
tivated cation current has been used in some studies to differentiate between LSO
principal neurons and LOC neurons. I is a mixed inward Na®™-K* current activated
at hyperpolarized potentials and influences the resting membrane potential and the
excitability of the cell (Pape, 1996; Chen, 1997; Shaikh and Finlayson, 2003). Ac-
cording to some studies, in 9-19 day old mice, the presence of HCN1 channel mediated
ZD-7288 sensitive Iy current (Leao et al., 2006) and onset (chopper) firing properties
denoted LSO principal neurons, while the absence of Iy and delayed firing properties
correlated with the LOC neurons (Sterenborg et al., 2010; Fujino et al., 1997). There
was no difference in the Iy current between the single firing and the multiple firing
LSO principal neurons in 24-29 day old rats (Barnes-Davies et al., 2004) or 12-14
day old mice (Leao et al., 2006). However in one previous report, the magnitude of
Iy has been shown to be larger in lateral LSO cells compared to medial LSO cells in

P 17 gerbils (Hassfurth et al., 2009).

While the presence or absence of Iy has been thoroughly investigated in rodents
post hearing onset, little is known about the development of I; in the LSO in the first
two weeks of postnatal development. Due to the uniform distribution (Sterenborg
et al., 2010) and lack of distinct morphological features to distinguish between differ-

o4



ent functional classes of LSO cells, I recorded from LSO cells both with and without
Iy between the ages P 1 to P 13. Assuming non-biased sampling, I separated the cells
at each age group, post-hoc, on the basis of presence or absence of Iy to investigate
the ontogeny of the development of Iy in the LSO cells. I found that the proportion
of LSO cells showing the presence of Iy increased from E 18 to P 13. In the medial
cells, the proportion of Iy positive cells increased from 20% to almost 80% between
P 1 and P 5-6. However, for the lateral cells, the proportion of Iy positive cells was
still less than 40% at P 5-6 and became 80% only at P 9-13. Thus it seems that
the Iy current develops in LSO cells over time in the first two postnatal weeks. The
development of I seems to occur earlier in the medial LSO cells (by P 5-6) compared

to the lateral cells (by P 9-13).

According to previous studies in 18-21 day old mice, dendritic Iz can modulate
the integration of postsynaptic potentials leading to a lesser degree of summation
of simultaneous inputs (Leao et al., 2011). Thus the presence of Iy in a subset of
the cells may lead to an underestimation of the postsynaptic response amplitudes in
those cells. Since the proportion of Iy positive cells also vary with age, this might
lead to an underestimation of mean response amplitudes at some ages but not others.
So I redistributed my dataset between ages P 2 to P 13 to compare the synaptic
amplitudes between the Iy positive and Iy negative cells. Since the percentage of
Iy positive cells varied over ages, there were not enough data points for statistical
comparison between Iy positive and negative cells at any of the age groups except
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Figure 3.10: Percentage of 1; positive LSO cells at different ages
(Top) Voltage clamp traces showing presence (left) and absence (right) of Iy current.
(Bottom) Population data of percentage of medial (black bars) and lateral (grey bars)
LSO cells at different ages (P 1 to P 9-13) that show the presence of Ij.
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Figure 3.11: Comparison of stimulation response amplitudes and conver-
gence ratios of Iy positive and negative cells at different ages

(a) Population data of minimal stimulation responses of medial (left, black bars) and
lateral (right, grey bars) LSO cells at different ages (P 2-3 to P 9-13). Error bars
represent SEM.

(b) Population data of maximal stimulation responses of medial (left, black bars) and
lateral (right, grey bars) LSO cells at different ages (P 2-3 to P 9-13). Error bars
represent SEM.

(c) Population data of convergence ratio of medial (left, black bars) and lateral (right,
grey bars) LSO cells at different ages (P 273 to P 9-13). Error bars represent SEM.



for the medial cells of age P 9-13. At this age the minimal response amplitudes for
Iy positive cells (486.9 £+ 143.2 pA, n=13) were similar to that of Iy negative cells
(166.5 £+ 51.88, n=9) ( p value= 0.07, Mann-Whitney test). I also did not find any
significant differences in the maximal amplitudes at this age (Iy positive = 3.776 +
0.93 nA, n= 12, Iy negative = 1.08 £ 0.31 nA, n=7, p value= 0.07, Mann-Whitney
test). The convergence ratios were also not significantly different between these cells

(Ig positive = 10:1, Iy negative = 8:1, p value= 0.45).

Thus from the above data it is evident that Iy current develops in LSO cells
gradually within the first two weeks of development. The proportion of Iy positive
cells reaches a majority in the medial part of the LSO by P 5-6 but does so in
the lateral part only by P 9-13. However, the presence of I does not seem to cause
significant differences in the estimation of the minimal and maximal synaptic response

amplitudes at least at P 9-13.

3.2.8 Age dependent changes in synaptic properties do not
seem to cause disparity between inputs of similar strength

The minimal and maximal stimulation data suggest that the disparity in strength
of the medial MNTB inputs does not seem to play an important role in the functional
elimination during the early postnatal development. A possible alternative may be
that the synchronicity of the inputs may be one of the deciding factors regarding the
elimination or retention of a given input. If this were true, the 20% - 80% rise times
of the minimal and maximal synaptic responses would change with age reflecting the
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change in synchronicity of the inputs.

A closer examination of the 20% - 80% rise times of the minimal and maximal
synaptic response amplitudes at the ages P 2-3, P 5-6 and P 9-13 revealed that, while
there was no significant difference in the rise times for minimal responses between the
ages P 2-3 and P 5-6, the rise times for the maximal amplitudes differed significantly
between these ages. The rise time of the maximal response increased significantly
from P 2-3 to P 5-6 (Table 3.4, Fig 3.12 a, c¢). After P 5-6, both the minimal and
maximal rise times decreased significantly (p value = 0.01, ANOVA). The same trend

was observed in the lateral cells too ( p value = 0.001, ANOVA, Fig. 3.12 b).

One possible reason behind the significant increase in the mean maximal but not
the minimal rise time may be a desynchronization of the different input fibers, pre-
sumably due to different degrees of myelination at different ages. Different degrees of
expression of myelin associated glycoprotein (MAG) in the developing LSO at differ-
ent postnatal ages has been suggested by some studies (Hafidi et al., 1996). If this
were true then the differences in conduction velocities of the differentially myelinated
fibers would be reflected in the differences in the latencies of the minimal responses.
The mean latencies of minimal responses did not differ significantly between P 2-3
and P 5-6 in the medial cells ( p value = 0.23, Student’s t test, Fig. 3.12 d). The
mean latencies of the minimal responses for the lateral cells also did not differ at
different ages (Fig 3.12 e). The latencies of the minimal and maximal responses in
the lateral cells were significantly higher than the medial cells at all ages presumably
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Figure 3.12: Rise times of maximal synaptic responses change significantly
between P 2 and P 13

(a, b) Population data of rise times of minimal and maximal stimulation responses
(strength of single MNTB inputs) of medial (black bars) and lateral (grey bars) LSO
cells at different ages (P 2-3 to P 9-13). Error bars represent SEM.

(c) Average of ten traces of scaled minimal (black trace) and maximal (red trace)
stimulation responses of medial cells at different ages (P 2-3, P 5-6, and P 9-13).
Error bars represent SEM.

(d, e) Population data of latencies of minimal and maximal synaptic responses of
medial (black bars) and lateral (grey bars) LSO cells at different ages (P 2 to P 13).
Error bars represent SEM.
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Table 3.4: Summary of the rise times of synaptic responses of LSO cells at
different ages. The p values represent comparisons between medial and lateral LSO

cells.
Position || P 2-3 P 5-6 P 9-13
Minimal Medial 1.25 £ 0.3 ms | 151 £ 0.21 ms | 0.48 £ 0.09 ms
(n=11) (n=10) (n=11)
Lateral || 1.01 £ 0.12 ms | 1.33 £ 0.24 ms | 0.72 £ 0.11 ms
(n=15) (n=10) (n=6)
P values 0.41 (Student’s t | 0.59 (Student’s t | 0.06 (Mann-
test) test) Whitney test)
Maximal Medial 1.20 £ 0.14 ms | 2.26 £ 0.30 ms | 0.67 £ 0.11 ms
(n=10) (n=9) (n=10)
Lateral 1.31 £ 0.15 ms | 2.2 £ 0.33 ms | 0.85 £ 0.11 ms
(n=15) (n=10) (n=16)
P values 0.39 (Mann- | 0.89 (Student’s t | 0.10 (Mann-

Whitney test)

test)

Whitney test)
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due to longer distance between the stimulation electrode and the recorded cell (Table

3.5).

Table 3.5: Summary of the latencies of synaptic responses of LSO cells at
different ages. The p values represent comparisons between medial and lateral LSO

cells.

Position || P 2-3 P 5-6 P 9-13
Minimal Medial 428 £ 0.16 ms | 4.78 £ 0.46 ms | 3.76 £ 0.30 ms
(n=16) (n=11) (n=22)
Lateral | 6.25 £ 0.79 ms | 7.36 £ 0.71 ms | 5.9 £ 0.50 ms
(n=16) (n=10) (n=>5)
P values 0.02 (Stu- | 0.005 (Mann- | 0.003 (Stu-
dent’s t test) | Whitney test) | dent’s t test)
Maximal Medial 1.20 £ 0.14 ms | 2.26 £ 0.30 ms | 0.67 £ 0.11 ms
(n=10) (n=9) (n=10)
Lateral | 4.13 £+ 0.11 ms | 3.93 £ 0.21 ms | 3.12 £ 0.43 ms
(n=16) (n=10) (n=5)
P values <0.001 (Stu- | 0.006 (Stu- | 0.002 (Stu-
dent’s t test) | dent’s t test) | dent’s t test)

I also measured the decay kinetics of the minimal and maximal responses in medial
as well as lateral cells by fitting single exponentials to the decay of the synaptic
responses. The decay constants decrease significantly over the first two postnatal
weeks. The decay constant for minimal responses in both medial and lateral cells
decreased significantly between P 5-6 and P 9-13 (medial cells: p value < 0.001,
Student’s t test, lateral cells: 0.03, Student’s t test, Fig 3.13 a, b). The higher decay
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constants for minimal responses at P 2-3 and P 5-6 suggests that at these ages the
synaptic response is a mixture of GABAergic and Glycinergic response (Nabekura
et al., 2003; Jonas et al., 1998). However after P 5-6, the glycinergic component
increases as reflected in the small decay constant more similar to purely glycinergic
responses (Nabekura et al., 2003; Jonas et al., 1998; Kandler and Friauf, 1995b). For
both medial and lateral cells, the decay constant for maximal responses decreased
significantly between P 2-3, P 5-6 and P 9-13 (medial cells: p value < 0.001, ANOVA,
lateral cells: p value < 0.001, ANOVA, Fig 3.13 a, b). The significantly high decay
constant for the maximal response compared to the minimal response in the P 2-3

medial LSO cells also suggest the possible activation of extrasynaptic receptors by

spilled over GABA /glycine.

To investigate whether differences in the release probability in the MNTB inputs
may be one possible way of causing disparity among different inputs of the same
strength, I measured the paired pulse ratio of both medial and lateral inputs at the
different age points. The paired pulse ratios did not show any significant difference
between the ages (medial cells: p value = 0.21, ANOVA, lateral cells: p value = 0.70,
ANOVA, Fig 3.13 ¢). There was also no tonotopy specific differences in the paired

pulse ratios at any of the ages (Table 3.7).

All the above data together show that the differences in the rise time of the mini-
mal and maximal synaptic responses, latencies of the responses, decay kinetics of the
responses or the probability of release are not sufficient to explain the strengthen-
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ing independent functional elimination process in the pre-hearing development of the

LSO.
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Figure 3.13: Decay constants and paired pulse ratios of medial and lateral
LSO cells between ages P 2 and P 13

(a, b) Population data of decay constants of minimal and maximal stimulation re-
sponses (strength of single MNTB inputs) of medial (black bars) and lateral (grey
bars) LSO cells at different ages (P 2-3 to P 9-13). Error bars represent SEM.

(c) Population data of paired pulse ratio of medial (black bars) and lateral (grey bars)
LSO cells at different ages (P 2 to P 13). Error bars represent SEM.
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Table 3.6: Summary of the decay constants of synaptic

cells at different ages. The p values represent comparisons

lateral LSO cells.

responses of LSO
between medial and

Position || P 2-3 P 5-6 P 9-13
Minimal Medial 31.13 £ 3.15|37.68 £ 3.23]9.72 =+ 1.4
(n=16) (n=14) (n=19)
Lateral || 23.58 £ 232835 £ 4.75|14.62 £ 341
(n=11) (n=11) (n=11)
P values 0.09 (Student’s t | 0.02  (Mann- | 0.19 (Mann-
test) Whitney test) | Whitney test)
Maximal Medial 101.2 + 22.16 | 46.27 £ 1371634 £ 3.08
(n=16) (n=12) (n=15)
Lateral | 71.92 £ 10.02 | 36.98 £ 4.69|13.04 £ 2.13
(n=16) (n=11) (n=17)
P values 0.36 (Mann- | 0.06 (Student’s t | 0.37 (Student’s t
Whitney test) test) test)

Table 3.7: Summary of the paired pulse ratios of synaptic responses of LSO
cells at different ages. The p values represent comparisons between medial and

lateral LSO cells.

Position || P 2-3 P 5-6 P 9-13
PPR Medial 061 £ 007068 £ 0.09(076 £ 0.04
(n=11) (n=11) (n=17)
Lateral || 0.80 £ 00708 + 015|091 £+ 0.08
(n=10) (n=7) (n=9)
P values 0.07 (Student’s t | 0.27 (Student’s t | 0.06 (Student’s t
test) test) test)
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3.3 Discussion:

In the present study, I have shown that, in the medial part of the MNTB-LSO
circuit, the strength of single inputs increase in two steps: between E18 to P 2-3 and
again between P 5-6 and P 9-13. While the increase is gradual between E18 and P
2-3, the input strengths show a significantly large increase after P 5-6, indicating that
the significant phase of strengthening occurs only after P 5-6. However the number
of inputs converging onto single medial LSO cells increase from E18 until P 2-3 but
then decrease before P 5-6, suggesting significant functional elimination of synaptic
inputs between P 2-3 and P 5-6. Thus the elimination of synaptic inputs precedes
the significant strengthening phase of the medial MNTB inputs. To the best of my
knowledge, this is the first report of such a phenomenon in the synaptic refinement
of inhibitory synapses.

From the previous studies of excitatory circuits like neuromuscular junction, visual
cortex and cerebellar circuits (Purves and Lichtman, 1983; Colman et al., 1997;
Hashimoto and Kano, 2003; Shatz, 1990; Katz and Shatz, 1996), it is evident that the
disparity in the strengths of inputs determines which ones are likely to be selectively
maintained (Hashimoto and Kano, 2003). The weaker synapses are subsequently
eliminated (Purves and Lichtman, 1983). In these circuits, increase in synaptic
strength always precedes synaptic elimination. As an exception, the elimination of
the excitatory inputs from the principal sensory trigeminal nucleus (PrV) to the
ventral posteromedial nucleus (VPm) of the somatosensory thalamus was shown to
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be independent of their AMPAR dependant strengthening (Wang et al., 2011). In
this study I showed that not only the elimination of medial MNTB inputs occurs
before strengthening, in the lateral part, strengthening of inputs occurs even in the
absence of elimination. These results suggest the lack of interdependence between

the two processes.

Spontaneous bursts of ATP driven spike trains generated in the pre-hearing cochlear
inner hair cells (IHC) have been hypothesized to provide structured activity patterns
to guide the synaptic refinement in the downstream auditory nuclei in the absence
of external stimulus (Tritsch and Bergles, 2010; Tritsch et al., 2007). The spon-
taneous cochlear activity, which is correlated in the nearby (tonotopically similar)
cells, is transmitted to the functionally connected downstream auditory nuclei during
the first two postnatal weeks (Kandler and Friauf, 1995a; Kotak and Sanes, 1995;
Jones et al., 2001, 2007; Tritsch and Bergles, 2010). The spontaneous firing patterns
transmitted from the cochlea shapes the firing of central auditory neurons like the
MNTB principal neurons (Tritsch and Bergles, 2010). The activity is random at
first, but later transforms into bursts, with the frequency of bursts peaking at P 8-10
in mice (Tritsch and Bergles, 2010). This period coincides with the strengthening
phase that I observe in the MNTB-LSO connections irrespective of their position
along the tonotopic axis. The spiking activity of MNTB neurons also change from
tonic to phasic at P 4-6 (Hoffpauir et al., 2010). The number of calyceal inputs to
each MNTB neurons also reduces to one by P 4 (Hoffpauir et al., 2010), possibly
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leading to increased synchronicity of the tonotopically similar MNTB inputs to the
LSO. Thus, the increase in frequency and synchronicity in the spontaneous activity
driven MNTB activity may help to strengthen the MN'TB inputs between P 5-6 and

P 9-13.

The differences in the pre-hearing refinement of the medial versus the lateral part
of the circuit may result from the developmental timeline of the different parts of the
cochlea. In addition to becoming spontaneously active, the immature cochlea also
develops structurally during the first two postnatal weeks. The structural changes
in the high frequency region (base) of the cochlea precede the changes in the low
frequency region (apex) (Sato et al., 1999; Lim and Rueda, 1992). This may lead to
a base (high) to apex (low) gradient of activity patterns that might be important in
guiding tonotopic refinement of the connections in the downstream auditory pathway
(Tritsch and Bergles, 2010). From our results, the convergence ratio of the lateral
cells at P 2-3 is significantly lower than that of the medial cells of this age and
resembles the convergence ratio of medial cells at P 1. This suggests that there may
be a medial (high) to lateral (low) gradient in the increase of convergence in the

MNTB-LSO circuit.

However the peak of convergence seen in medial cells at P 2-3 is absent in the
lateral cells even at later ages. This may be influenced by the local changes in the
LSO cells like the excitatory to inhibitory switch of GABA /Glycine. As seen in many
brain areas (spinal cord: (Todd et al., 1996; Wu et al., 1992; Ma et al., 1992) ;
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brainstem: (Kandler and Friauf, 1995a; Frech et al., 1999; Kraushaar and Backus,
2002; Singer et al., 1998); hippocampus: (Ito and Cherubini, 1991; Cherubini et al.,
1991); cerebral cortex: (Flint et al., 1998)), GABA/glycine undergo a switch from
their perinatal depolarizing state to adult-like hyperpolarizing state at P 4-8 in rats
and P 3 or P 6 in mice (rats: P 4-5: (Lohrke et al., 2005), P 5-8: (Ehrlich et al.,
1999), P 8: (Kandler and Friauf, 1995a); mice: P 3 (Kullmann and Kandler, 2001) P
6 (Poulopoulos et al., 2009). The functional elimination of inputs in the developing
rat MNTB-LSO circuit has been shown to be complete by P 8 (Kim and Kandler,
2003). The present study shows that the functional elimination of the medial inputs in
mice LSO occurs mainly between P 3 and P 5 which precisely correlates with change of
the chloride reversal potential in mice LSO cells from depolarizing to hyperpolarizing
(Kullmann and Kandler, 2001). Thus in both rats and mice, the elimination phase

seems to be tightly coupled with the change in polarity of GABA /Glycine.

Thus the pre-hearing refinement in the LSO may be influenced by both the up-
stream cochlea generated spontaneous activity as well as the local change in polarity
of GABA /Glycine. The early spontaneous activity of the basal cochlea and the exci-
tatory phase of GABA /glycine may help the medial MNTB inputs proliferate, leading
to a high convergence ratio at P 2-3. The lateral MNTB inputs lag behind, probably
due to lack of early activity in the underdeveloped apical cochlea, showing low conver-
gence at P 2-3. The hyperpolarization shift of GABA /Glycine (at P 4-8) may act as
“brakes” to the proliferation and cause rapid elimination of inappropriate connections
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by physiological processes like LTD (Chang et al., 2003). Thus the medial inputs
with high convergence at P 2-3 show significant elimination between P 2-3 and P 5-6.
Furthermore, in the presence of hyperpolarizing action of GABA /Glycine, the lateral
inputs cannot proliferate anymore after P 2-3 (even in presence of activity of the
apical cochlea), thus showing low convergence throughout the developmental period.
Controversy exists whether or not a medio-lateral gradient is present in the timing of
chloride shift within the LSO (Kotak et al., 1998; Lohrke et al., 2005; Ehrlich et al.,
1999). However, the interpretation of our results would remain the same regardless
of the presence or absence of such a gradient. Then in the hyperpolarization phase,
the increased frequency and synchronization of the bursts of spontaneous cochlear
activity may facilitate the strengthening of the maintained MNTB inputs.

In conclusion, this study elucidates that the elimination of inputs precedes their
strengthening in the MNTB-LSO circuit. While significant strengthening of inputs
occurs only after P 5-6, elimination of inputs occurs between P 2-3 and P 5-6. The
presence of strengthening of inputs in the lateral part of the circuit even in the absence
of the elimination phase suggests that the two processes are independent of each other

and may be influenced by separate mechanisms.
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Chapter 4

Role of Glutamate co-release in the

pre-hearing strengthening of

MNTB-LSO projections

71



4.1 Introduction

Classically, the identity of a neuron is determined using Dale’s principle. Accord-
ing to this principle, each neuron is assumed to release the same neurotransmitter from
all its terminals regardless of the identity of the postsynaptic target (Eccles,1964).
This principle, however, has been misinterpreted widely into the rule of thumb of “one
neuron, one neurotransmitter”. But over the years, various studies have gathered ev-
idence that invalidates this oversimplified point of view. For example, co-release of
GABA and Glycine has been described in the spinal cord (Jonas et al., 1998), dor-
sal cochlear nucleus (Juiz et al., 1996) as well as the auditory brainstem (Kotak
et al., 1998). Release of GABA and acetylcholine has been shown in retinal star-
burst amacrine cells (Zheng et al., 2004). However, the MNTB-LSO circuit was
the first place where a GABA /Glycinergic synapse was shown to release a third fast
neurotransmitter, glutamate (Gillespie et al., 2005). While the release of GABA
and glutamate from the same terminal had been shown before in case of hippocam-
pal mossy fibers (Sandler and Smith, 1991), this was the first time that the release
of three major neurotransmitters from the same terminal, with seemingly opposing

physiological functions, was reported.

Glutamate co-release in the MINTB-LSO circuit

Pharmacological interventions of whole cell recordings of LSO cells in the first two
postnatal weeks revealed that the MNTB-LSO synapses also released glutamate in
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addition to GABA and glycine (Gillespie et al., 2005). The glutamate release from
the MNTB terminals is mediated by the glutamate transporter VGlut-3, which is co-
expressed with VGAT (vesicular GABA transporter) (Gillespie et al., 2005) in the
developing MNTB terminals. VGlut-3 (or Slc17a8) was first identified by sequence
homology to the more abundant forms of glutamate transporters VGlut1l and VGlut2.
But VGlut-3 was always found to be expressed in terminals which were classically
“non-glutamatergic” (Seal and Edwards, 2006; Schéfer et al., 2002; Somogyi et al.,
2004; Herzog et al., 2004; Gras et al., 2002). Thus it was hypothesized to be responsi-
ble for glutamate release from non-glutamatergic terminals. Glutamate released from
these MNTB terminals activate postsynaptic AMPA receptors (AMPARs) as well as
GluN2B containing NMDA receptors (NMDARs) on LSO cells (Case and Gillespie,

2011).

VGlut-3 mediated glutamate co-release is well studied in the medial part of the
MNTB-LSO circuit. Glutamate is released by the medial MN'TB terminals transiently
during the first two postnatal weeks (predominantly in the first postnatal week) (Gille-
spie et al., 2005). This released glutamate activates mostly AMPARs early in devel-
opment, but switches to more NMDARs mediated response in the postsynaptic LSO
cells in the second postnatal week (Case and Gillespie, 2011). Activation of both
AMPARs and NMDARs may induce activity-dependent changes in the postsynaptic
cell. The timing of this transient glutamate release seems to be well correlated with
major developmental changes in this circuit. The peak of glutamate co-release in
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the first postnatal week (Gillespie et al., 2005; Case and Gillespie, 2011) coincides
with the depolarizing phase of the inhibitory neurotransmitters GABA and glycine in
this circuit (Kullmann and Kandler, 2001; Kandler and Friauf, 1995a; Ehrlich et al.,
1999; Lohrke et al., 2005). The depolarizing action of GABA and glycine during this
period is due to high intracellular chloride concentration in the LSO cells (Ehrlich
et al., 1999; Lohrke et al., 2005). In the first postnatal week, the intracellular chloride
concentration is high due to low membrane expression of KCC2 transporters that
extrude chloride ions from the cell (Balakrishnan et al., 2003). Due to this high in-
tracellular chloride, GABA and glycine causes chloride ions to flow out from the cells
when the ligand dependent ion channels are activated. This causes depolarization of
the LSO cell (Kullmann and Kandler, 2001). Such depolarization by GABA and
glycine can lead to action potentials in the LSO cells (Kullmann and Kandler, 2001)
and may facilitate removal of the magnesium block from the postsynaptic GluN2B
containing NMDARs (expressed in the P 3 to P 9 rat LSO) (Case and Gillespie,
2011). The glutamate released from the MNTB terminals may then activate these
unblocked NMDARs and lead to influx of Ca*" ions into the postsynaptic cells, in
addition to the calcium influx caused by depolarizing GABA and Glycine (Kullmann
et al., 2002). This calcium influx due to activation of NMDARs may activate many
synaptic plasticity mechanisms that can occur during the developmental period of a
circuit (Malenka and Bear, 2004). The NMDAR (GluN2B) mediated glutamatergic

response gradually diminish after P 9 while the AMPAR mediated component remains

74



small throughout the first two postnatal weeks (Case and Gillespie, 2011). The ex-
act mechanism and factors affecting the developmental changes in the glutamatergic

component is still not well understood.

Role of glutamate release on refinement

The role of glutamate release in the developing medial MNTB-LSO circuit has
been extensively studied (Noh et al., 2010). The period of glutamate release in this
circuit coincides with the period when the circuit undergoes massive postnatal refine-
ment (Gillespie et al., 2005). The glutamate released from the VGlut-3 containing
MNTB synapses was found to be crucial for the proper refinement and strengthening
of medial MNTB inputs during the first two postnatal weeks (Noh et al., 2010).

Glutamate co-release did not influence the initial formation of the MNTB-LSO
synapses. This was evident from the strength and number of the MNTB inputs in
vglut3-/- animals at P 1-2. The strength of the MNTB inputs in vglut3- /- animals was
similar to the strength of the inputs of wild type animals of the same age. The initial
strength of the inputs then increased by almost 8 fold in the wild type animals in the
first two weeks of development. In vglut3-/- animals the increase in strength was only
two fold (Noh et al., 2010). Thus the VGlut-3 mediated glutamate co-release plays
an important role in the proper strengthening of the MNTB-LSO connections. It was
also noted that there was a 17% decrease in the quantal content of the MNTB inputs
of the vglut3-/- mice. But the overwhelming 50% reduction in strength suggested
that the lack of glutamate co-release caused impairments in addition of new release
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sites during development (Noh et al., 2010; Kim and Kandler, 2010).

During the first two weeks of postnatal development, the MNTB-LSO projections
undergo extensive functional refinement, mediated by functional silencing of inputs,
leading to a decrease in convergence of inputs to single LSO cells. At early postnatal
ages (P 1-2) the number of inputs converging on to single LSO cells was similar for
both wild type and vglut3-/- animals (19:1 for wild type and 18:1 for knockout). But
at the end of two postnatal weeks, the convergence ratio of vglut3-/- mice (13:1) was
almost twice of that of the wild type animals at this age (7:1) (Noh et al., 2010). This
showed that the functional elimination of inputs that occurs in the first two weeks of
development in the wild type mice (19:1 at P 1-2 to 7:1 at P 9-12) does not occur in
the absence of glutamate co-release (18:1 at P 1-2 to 13:1 at P 9-12). In correlation
to the functional loss of connections over the first two weeks, the broad tonotopic
input map in the MNTB also undergoes almost a 50% reduction in area as the maps
become sharper and more precise from P 1-2 to P 9-12 (Kim and Kandler, 2003).
But in the absence of glutamate co-release, this refinement in the tonotopic map area
was also impaired (Noh et al., 2010). The tonotopic input map in the MNTB of
P 9-12 vglut3-/- animals was only 15% smaller than the map at P 1-2. This lack of
reduction in the input map area indicated a substantial decrease in the precision of

the tonotopic map at hearing onset (Noh et al., 2010).
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Possible role of glutamate in the lateral part of MNTB-LSO circuit

From the detailed studies of the medial MNTB-LSO circuit, it is clear that VGlut-
3 mediated transient glutamate co-release, during the first two weeks of development,
is crucial for the proper strengthening of medial MN'TB inputs and refinement of the
tonotopic map. However it is not known whether glutamate co-release plays a similar
role in the lateral part of the circuit. The lateral MNTB-LSO inputs, as already
shown, undergo strengthening similar to the medial inputs. So I hypothesized that
the lack of glutamate co-release would have a strong effect on the strengthening of
the lateral MNTB inputs similar to that of the medial cells. However, functional
elimination of inputs in the lateral MNTB-LSO projections is absent in wild type
mice and the convergence ratios of the lateral LSO cells are low even at P 2-3. 1
hypothesized that the low convergence ratios seen in lateral LSO cells at P 2-3 may
be due to a higher glutamatergic effect on the lateral connections. So I expected to
see a higher convergence ratio in the lateral LSO cells at P 2-3 in the absence of
glutamate co-release. This study of the effects of lack of glutamate co-release on the
lateral MNTB-LSO connections would help to tease apart its role in strengthening of
inputs or their functional elimination in greater detail.
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4.2 Results

4.2.1 VGlut-3 is expressed in the lateral MNTB-LSO
projections during development

To examine the role of glutamate co-release in the lateral MNTB-LSO projections,
the first step was to determine whether glutamate was being released in the lateral
connections. VGlut-3 has been shown to be expressed profusely in the medial and
lateral MNTB-LSO projections in rats (Gillespie et al., 2005). To determine whether
VGlut-3 was also expressed in the lateral MNTB-LSO projections in mice, DAB im-
munohistochemistry using antibodies against VGlut-3 was done in brainstem sections
from mice (Kristy Cihil). Figure 4.1 shows sections of the auditory brainstem stained
immunohistochemically for VGlut-3 expression in mice LSO at different ages (P 1, P

5 and P 15).

Robust staining of VGlut-3 was seen in the superior paraolivary nucleus (SPON)
in addition to the LSO at the ages P 1 and P 5 but not at P 15 (Fig. 4.1, Bottom
panel). There was no expression of VGlut-3 visible in the MNTB at any of the time
points of investigation (Fig 4.1, Bottom, MNTB). The VGlut-3 expression in SPON
was high at P 1 and P 5 but then gradually decreased after P 5 such that at P
15, the level of VGlut-3 staining matched the background levels. In the LSO, the
expression of VGlut-3 showed a medio-lateral gradient. While the lateral part of
the LSO was heavily stained for VGlut-3 expression, the medial part showed almost
negligible levels of VGlut-3 expression. The staining in the lateral part of the LSO
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seemed to be higher than the medial part throughout the first two postnatal weeks
(Fig 4.1). However at P 15, the expression levels of the medial and lateral parts of
LSO did not seem to be significantly different from that of a nonspecific region above

the LSO.

The above data suggests that VGlut-3 is expressed transiently in the LSO during
the early stages of development. However, the cell bodies in the MNTB do not show
any expression of VGlut-3 in these first two postnatal weeks. The expression level of
VGlut-3 in the neuronal terminals in the LSO as well as SPON is high at P 1 and P 5,
then decreases significantly. During the first two postnatal weeks, VGlut-3 expression
in the LSO showed a medio-lateral gradient of expression such that the lateral LSO
was always stained darker than the medial part. Thus the above data confirms the
expression of VGlut-3 in the LSO in mice (similar to rats (Gillespie et al., 2005)),

and also shows a medio-lateral gradient of VGlut-3 expression in the developing LSO.

4.2.2 Glutamate co-release in the lateral MNTB-LSO circuit

From the immunohistochemistry data, it is evident that there is high level of
VGlut-3 expression in the terminals in the lateral LSO transiently during the first
week of development. However, the identity of the terminals is still not clear. To
ascertain that glutamate was being released from the lateral MNTB projections, I
pharmacologically isolated the glutamatergic component of the MNTB synaptic in-
put. The proportion of the maximal synaptic current amplitude that was pharmaco-
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Figure 4.1: VGlut-3 is expressed in the MINTB-LSO circuit in a
medio-lateral gradient

(Top) DAB stained sections of auditory brainstem of wildtype mice at different ages
(immunostaining by Kristy Cihil).

(Bottom) Barplot showing age dependent differences in intensity of VGlut-3 staining
in the MNTB, SPON, and LSO (black bars: medial LSO, grey bars: lateral LSO).
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logically blocked by adding glutamate receptor blockers CNQX and APV estimated

the glutamatergic component of the MNTB transmission.

From the pharmacological manipulations, I found that at the early postnatal days
of P 2-3, the medial LSO cells received 12.64+2.8% (n=>5) of glutamatergic input. The
lateral cells also received a similar percentage of glutamate ( 14.02+1.9% ; n=6) at
this age. After two weeks, around hearing onset, the glutamatergic component on
to the medial cells became 8.242.1% (n=9) (p value = 0.23, Student’s t test). The
glutamatergic component to the lateral cells showed a significant decrease in the two

weeks to become 6.6+2.2% (n=8) at P9-13 (p value = 0.03, Student’s t test).

From the above data it is clear that glutamate co-release occurs in both the medial
and lateral MNTB-LSO projections during the first two weeks of development. In
the lateral MNTB-LSO projections, the glutamatergic component showed a significant

decrease within the first two weeks of development.

4.2.3 Lateral MNTB-LSO connections strengthen in absence
of glutamate co-release

From previous studies it is well known that the glutamate co-release in the medial
MNTB-LSO circuit is essential for the strengthening of single MNTB inputs (Noh
et al., 2010). Without the glutamate co-release, in the first two postnatal weeks, each
medial MNTB input strengthens to only 2 fold instead of the characteristic 8 fold
increase in the wild type mice. To test whether similar changes occur in the lateral

LSO cells, I recorded the synaptic responses of both the medial and lateral LSO cells
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Figure 4.2: Transient glutamatergic transmission in the medial and lateral
MNTB-LSO projections

(a) Average example traces before (black) and after (grey) pharmacological block of
glutamate receptors in medial and lateral LSO cells .

(b) Population data showing the mean peak amplitude of glutamatergic transmission
in medial and lateral LSO in response to maximal MNTB stimulation at different
ages.
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of vglut3-/- mice to minimal MNTB stimulation.

Similar to the previous study, the lack of glutamate co-release does not seem to
influence for the initial strength of the medial MNTB-LSO synaptic inputs in my
study. The amplitudes of minimal synaptic responses of medial cells of wild type and
vglut3-/- animals at P 2-3, were not significantly different from each other (See Table
4.1). Then at P 9-13, the single input (minimal) response strength of the medial cells
of wild type animals increased by 4 fold showing strengthening of synaptic inputs
in the first two weeks . But the minimal synaptic response of the medial cells of
the vglut3-/- animals did not increase significantly in the first two weeks (p value =
0.13, Mann-Whitney test). This distinct lack of strengthening of the medial MNTB-
LSO connections showed that the presence of glutamate co-release is important for

strengthening of the connections similar to previous studies (Noh et al., 2010).

For the lateral cells, at P 2-3, the minimal synaptic responses of wild type and
vglut3- /- animals were not significantly different from each other. This showed that
like medial cells, the lack of glutamate co-release did not affect the initial strength
of the lateral MN'TB-LSO synapses. Then at P 9-13, the strength of the lateral cells
increased by almost 3 fold (See Table 4.1) showing developmental strengthening of
the synaptic inputs. The lateral LSO cells of vglut3-/- animals also showed a similar
significant increase in strength at P 9-13 (p value = 0.03, Student’s t test). The
strengths of single inputs of the lateral cells of the wild type and wvglut3-/- animals
were not significantly different from each other at P 9-13 (Table 4.1). This shows that
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the strengthening of single inputs in the lateral MNTB-LSO circuit was not affected
by glutamate co-release. This result was contrary to the effect of glutamate co-release

seen in the medial cells.

Table 4.1: Summary of minimal stimulation response amplitudes at different
ages for wild type and vglut3-/- animals. The p values represent comparisons
between wild type and VG3KO LSO cells.

Genotype | Medial P 2-3 [ Medial P 9-13 | Lateral P 2-3 | Lateral P 9-13

vglud +/+ 98.3 £ 14.5 pA | 423.2 + 114.8 | 90.80 + 13.7 | 301.1 £ 88.7
(n=16) pA (n=17) pPA (n= 23) pA (n=17)

vglu3 -/- 82.6 £ 16.7 pA | 188.6 + 83.7 | 63.1 £12.3pA | 2743 £ 70.1
(n=9) (n=11) (n=17) pA (n=10)

P Values 0.55  (Mann- | 0.09 (Mann- | 0.29 (Student’s | 0.54  (Mann-
Whitney test) | Whitney test) | t test) Whitney test)

Since glutamate co-release is crucial for strengthening of the medial part of the
circuit (Noh et al., 2010), it was hypothesized that the lateral part of the circuit
would also closely follow the model. The lack of the effect of glutamate on the
strengthening in the lateral LSO cells is surprising and counter-intuitive. However
this observation suggests that the process of strengthening in the lateral part of
the LSO may follow a different underlying mechanism. The above data together
suggests that the underlying mechanisms of strengthening of MNTB inputs vary along
the tonotopic axis. While the medial MN'TB projections strengthen by a glutamate

dependent mechanism, the lateral projections strengthen in a glutamate independent

manner.
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Figure 4.3: Minimal stimulation responses of medial and lateral MNTB-
LSO projections in wildtype and vglut3-/- mice

(a) Average(black) and raw(grey) traces in medial and lateral LSO cells of WT and
VG3KO animals at different ages.

(b) Cumulative probability distribution of minimal amplitudes of medial cells of WT
and VG3KO animals at different ages.( Medial: P 2-3= 0.58, P 9-13= 0.04, KS test)
(c¢) Cumulative probability distribution of minimal amplitudes of lateral cells of WT
and VG3KO animals at different ages.( Lateral: P 2-3= 0.88, P 9-13= 0.97, KS test)
(d) Population data showing the mean peak amplitude in medial and lateral LSO in
response to minimal MNTB stimulation at different ages.
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4.2.4 Convergence ratios in the lateral MNTB-LSO circuit
do not change in the absence of glutamate co-release

The medial LSO cells show a phase of significant functional elimination of synaptic
inputs during the first two postnatal weeks leading to sharpening of the tonotopic map
of the MNTB-LSO circuit (Kim and Kandler, 2003; Noh et al., 2010). In the absence
of the glutamate co-release, this process of functional elimination is impaired leading
to high convergence ratios in the vglut3-/- medial cells (Noh et al., 2010).

In this study, at P 2-3, the mean peak amplitude of the maximal synaptic response
of the medial cells in vglut3-/- animals was significantly smaller than that of wild
type animals (See Table 4.2). In wglut3-/- animals, the maximal amplitude then
significantly increased between P 2-3 and P 9-13 (p value = 0.02, Student’s t test).
At P 9-13, the maximal amplitude did not differ between wild type and wvglut3-/-
animals (See Table 4.2). However, the convergence ratio of medial LSO cells for
vglut3-/- animals at P 9-13 was significantly higher (Table 4.3) than that of wild type
animals showing a lack of functional elimination in these animals. Thus in agreement
to previous reports (Noh et al., 2010), my data also shows that the lack of the
glutamatergic component significantly affects the normal refinement of the medial
LSO cells.

The lateral LSO cells, however, do not show this phase of functional elimination
during the first two postnatal weeks (Chapter 3). The number of inputs converging
on to each lateral LSO cell, even at P 2-3, is much lower than the number of inputs
contacting the medial LSO cells at this age. At P 2-3, the expression of VGlut-3
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was also much higher in the lateral LSO than the medial LSO. So I hypothesized
that higher levels of glutamate release might be the underlying cause for the low
convergence ratio of lateral cells at this age. Thus in the absence of the glutamatergic

input, I expected to see a higher convergence ratio in the lateral cells at P 2-3.

For lateral cells, the maximal synaptic responses at P 2-3 in wildtype and vglut3- /-
animals were not significantly different from each other (See Table 4.2). The maximal
amplitude for vglut3-/- lateral cells then significantly increased between P 2-3 and P
9-13 (p value = 0.005, Mann-Whitney test) such that at P 9-13, it did not differ
from the maximal amplitude for the wild type animals. Similarly when I examined
the convergence ratios for the lateral cells, I did not find any significant difference
between the wildtype and vglut3-/- cells at any of the tested age points (See Table

4.3)

Thus the above data together suggests that the glutamate co-release does not
seem to play any significant role in determining the convergence of MNTB inputs on
to single LSO cells in the lateral part of the circuit. Even though the expression of
VGlut-3 shows a medio-lateral gradient along the tonotopic axis, the higher levels
of VGlut-3 expression in the lateral part of LSO does not seem to reflect any major
role of glutamate co-release in the strengthening or elimination of lateral MNTB-LSO
projections.
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Figure 4.4: Maximal stimulation responses of medial and lateral MINTB-
LSO projections in wildtype and vglut3-/- mice

(a) Average(black) and raw(grey) traces in medial and lateral LSO cells of WT and
VG3KO animals at different ages.

(b) Cumulative probability distribution of maximal amplitudes of medial cells of WT
and VG3KO animals at different ages.(Medial: P 2-3= 0.002, P 9-13= 0.67, KS test)
(c¢) Cumulative probability distribution of maximal amplitudes of lateral cells of WT
and VG3KO animals at different ages. (Lateral: P 2-3= 0.13, P 9-13= 0.39, KS test)
(d) Population data showing the mean peak amplitude in medial and lateral LSO in
response to maximal MNTB stimulation at different ages.

(e) Population data for convergence ratio of medial and lateral LSO cells of WT and
VG3KO animals at different ages.
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Table 4.2: Summary of maximal stimulation response amplitudes at differ-
ent ages for wild type and wvglut3-/- animals. The p values represent compar-
isons between wild type and VG3KO LSO cells.

Genotype H Medial P 2-3 \ Medial P 9-13 \ Lateral P 2-3 \ Lateral P 9-13

vglus +/+ 1.58+ 0.21 nA | 3.45 £ 0.93 nA | 0.89+0.17 nA | 2.03+ 0.58 nA
(n=16) (n=18) (n= 23) (n=18)

vglus -/- 0.60 £ 0.20nA | 2.5 £ 0.5 nA | 037+ 0.17nA | 1.41 + 0.28 nA
(n=5) (n= 10) (n=17) (n=11)

P Values 0.02 (Stu- | 0.71  (Mann- | 0.35 (Mann- | 0.83  (Mann-
dent’s t test) | Whitney test) | Whitney test) | Whitney test)

Table 4.3: Summary of convergence ratios at different ages for wild type
and VG3KO. The p values represent comparisons between wild type and VG3KO
LSO cells.

Genotype H Medial P 2-3 \ Medial P 9-13 \ Lateral P 2-3 \ Lateral P 9-13
vglud +/+ 19:1 8:1 8:1 6:1

vglu3 -/- 10:1 15:1 6:1 7:1

P Values 0.16 0.008 0.33 0.76

4.3 Discussion

From previous studies it has been shown that the glutamate co-release from the
MNTB inputs is crucial for the proper strengthening and refinement of the MNTB-
LSO connections (Noh et al., 2010). From my present study using vglut3-/- mice,
it is evident that the role of glutamate co-release in the refinement of the MNTB-
LSO circuit varies in a tonotopy specific manner. Though glutamate is co-released
in both the medial and the lateral parts of the circuit, it seems to execute very
While glutamate is essential for the

different functions along the tonotopic axis.
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functional elimination and strengthening of medial MN'TB inputs during the first two
weeks of development, it seems to be non-essential for the strengthening of lateral
inputs in the MNTB-LSO circuit. The exact function of the glutamate co-release in
the lateral part of the circuit would need further detailed investigations. My study
further showed a significant decrease in the maximal synaptic response of the medial
LSO cells even at P 2-3, suggesting possible deficits in circuit formation. Since the
previous report (Noh et al., 2010) did not show this difference, a possible explanation
for my observation may be worsening of circuit formation in the knockout mice with

advanced generations (genetic drift) (Specht and Schoepfer, 2001).

In the medial MNTB-LSO connections, it is hypothesized that GABA and glycine,
which are depolarizing at the early postnatal ages, help to depolarize the postsynaptic
LSO cell and may release the magnesium block of the postsynaptic NMDARs. The co-
released glutamate may then cause homosynaptic activation of the NMDARs leading
to calcium influx into the LSO cell. This NMDAR mediated calcium influx may
help in plasticity mechanisms in the MNTB-LSO synapses. The lack of glutamate
co-release in the medial cells may cause loss of such plasticity mechanisms, which is
reflected in the deficits in the strengthening of the medial MNTB-LSO projections.
However, the lack of any effect of glutamate loss in the lateral MNTB-LSO projections
suggest that these inputs strengthen using a glutamate independent mechanism. A
closer examination of the changes in the strength of medial MNTB inputs in vglut3- /-
mice show a 2 fold increase in the first two postnatal weeks, even in the absence of
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glutamate co-release (Noh et al., 2010). This observation also suggests the possibility
of the presence of a glutamate independent mechanism of strengthening. Thus it
seems that while the medial MNTB inputs strengthen by a glutamate dependent as
well as a glutamate independent process, the lateral inputs strengthen only using the

glutamate independent mechanism.

Repeated bursts of activity have been suggested to be a possible mechanism
which helps in strengthening of inhibitory inputs in the rat hippocampus (Gubellini
et al., 2001). Spontaneous cochlear activity during the pre-hearing stages may pro-
vide synaptic activity to the downstream nuclei of the auditory pathway (Tritsch
et al., 2007). This spontaneous but patterned activity is thought to be important for
guiding the developmental changes that happen in the downstream nuclei (Tritsch
et al., 2010; Tritsch and Bergles, 2010). Thus repeated firing of the MNTB neurons in
response to spontaneous activity coming from the cochlea maybe a candidate mech-
anism helping in the strengthening of the lateral MNTB-LSO projections. However,
in vglut3-/- mice, the inner hair cells in the cochlea are unable to release glutamate
(Seal et al., 2008), which may impair spontaneous activity in the cochlea. However,
the lack of such cochlear spontaneous activity does not underlie the lack of strength-
ening observed in the medial cells of vglut3-/- animals as evident from the normal
strengthening of medial connections in Pachanga or otoferlin -/- mice (Noh et al.,
2010). So it seems improbable that cochlear spontaneous activity underlies the normal
strengthening of the lateral connections in the vglut3-/- animals.
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Spontaneous firing from the spiral ganglion cells (SGC) may be another candidate
mechanism which may help in strengthening of the lateral MNTB-LSO connections.
The spiral ganglion cells are spontaneously active at P 2-3 and the pattern of activity
transform into bursting at around P 5 (Tritsch and Bergles, 2010). This spontaneous
activity causes the activation of the MNTB neurons during the first two postnatal
weeks (Tritsch et al., 2010; Tritsch and Bergles, 2010). Along with incoming activity,
the MNTB neurons also undergo maturation of their cellular and physiological prop-
erties during this period (Hoffpauir et al., 2010). Between P 0-4, each MNTB neuron
exhibits tonic firing properties in response to synaptic depolarization. After P 4 the
MNTB neurons begin to fire in a phasic manner in response to synaptic input and
by P 6 almost 100% of the MNTB activity is phasic (Hoffpauir et al., 2010). Addi-
tionally the calyces providing synaptic input to the MNTB cells also transform from
multi-innervation to mono-innervation during the first postnatal week such that by P
4 most MNTB neurons are mono innervated (Holcomb et al., 2013; Hoffpauir et al.,
2006). These observations suggest that there may be an increase in the synchrony of
MNTB neuronal spiking after P 4. This synchronous phasic firing of MNTB inputs
could help in strengthening the MNTB-LSO synapses in the lateral part of the cir-
cuit. Further detailed investigations would be necessary to elucidate how the lateral
MNTB-LSO inputs strengthen. But from the above results it is clear that gluta-
mate co-release from the MNTB terminals does not seem to play a critical role in the

process of pre-hearing strengthening of lateral MNTB-LSO inputs.
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Chapter 5

Role of GABA co-release in the
pre-hearing refinement in the

MNTB-LSO circuit
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5.1 Introduction

GABA: A fast inhibitory neurotransmitter

Gamma amino butyric acid (GABA) is one of the primary fast inhibitory neu-
rotransmitters in the central nervous system (Galanopoulou, 2008; Ben-Ari et al.,
2007). It is derived from the excitatory neurotransmitter glutamate as a result of a de-
carboxylation reaction by the enzymes GADG65 and GAD67 (Huang, 2009; Soghomo-
nian and Martin, 1998). GABA can exert its effects by binding to the metabotropic
GABA g receptors or to ionotropic GABA 4 or GABA receptors (Bormann, 2000).
Ionotropic GABA 4 receptors are permeable to chloride ions and to a lesser extent,
bicarbonate ions while metabotropic G-protein coupled GABA g receptor activation
causes changes in membrane conductance (Ben-Ari et al., 2007).

The fast inhibitory activity of GABAergic transmission mainly occurs via post-
synaptic GABA 4Rs which are heteropentameric chloride channels with several sub-
unit classes (Huang, 2009; Michels and Moss, 2007). The subunit composition of
GABA 4Rs vary extensively with age and tissue (Fritschy et al., 1994; Sieghart et al.,
1999). Most of the postsynaptic receptors are composed of two « , two 8 , and one
v subunit (McKernan and Whiting, 1996). In the mammalian brain, there are 19
different genes (« 1-6, 5 1-3, v 1-3, 0 , €, p 1-3, 7 ) encoding different subunits which
assemble to form functional receptors of various subunit combinations (Mohler et al.,
1998; Olsen and Sieghart, 2009; Sarto-Jackson and Sieghart, 2008). The presence of
an « and a [ subunit has been shown to be essential for the expression of functional
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GABA4Rs (Mohler et al., 1998). In the immature brain, a2 subunit containing
GABA 4Rs are most predominant which are later replaced by a1 subunit containing
GABA4Rs as the circuit matures to adult configuration (Fritschy et al., 1994). In
contrast, staining for 5 2,3 subunit is ubiquitous at all developmental stages (Fritschy

et al., 1994).

Depolarizing-hyperpolarizing switch

In adult neurons, on ligand binding, the GABA 4 receptors open to allow influx of
Cl1™ into the cell causing hyperpolarization of the postsynaptic neuronal membrane
preventing activation of the postsynaptic cell due to excitatory inputs. However,
in the early stages of development, ionotropic GABA receptor activation mediates
depolarizing currents resulting from chloride ion efflux, activating calcium sensitive
signaling pathways that may cause synaptic changes in the postsynaptic cell (Huang,
2009; Galanopoulou, 2008; Ben-Ari et al., 2007; Leinekugel et al., 1995; Ben-Ari,
2002). The depolarizing nature of the GABAergic transmission in the early devel-
opmental stages is due to high levels of intracellular chloride maintained by high
NKCCI1 expression. The nature of GABAergic signaling changes from depolarizing
to hyperpolarizing current during the course of development due to increased extru-
sion of intracellular chloride resulting from upregulation of KCC2 chloride transporter
expression (Huang, 2009; Rivera et al., 2005). This change (depolarizing to hyper-
polarizing) is found to be tightly correlated to the time course of the maturation of
developing neurons. Thus the depolarizing action of GABA has been hypothesized
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to be very important for proper maturation of neuronal circuits.

Study of the role of GABA in refinement

In certain inhibitory circuits (including the MNTB-LSO circuit in the auditory
brainstem), transient co-release of two inhibitory neurotransmitters, GABA and Glycine,
is seen during the early developmental stages (Jonas et al., 1998; Nabekura et al.,
2003) even though after maturation of these circuits, the inhibitory transmission sys-
tem switches to primarily glycinergic neurotransmission (Kotak et al., 1998; Korada
and Schwartz, 1999). Hence the MNTB-LSO circuit is ideal for the study of the sig-
nificance of such additional GABAergic signaling during development and would help
to elucidate the role of GABAergic signaling in the maturation of inhibitory neuronal
synapses.

In the adult animal, the MNTB-LSO inhibitory circuit is predominantly glycin-
ergic. But in the earliest postnatal stages, GABA is the primary neurotransmitter
in this circuit. As the GABAergic component declines from postnatal day 1 (P 1)
to postnatal day 14 (P 14) (Fig 5.1, 5.2 bottom panel), the glycinergic component
gradually grows stronger such that after P 14 the circuit becomes mainly glyciner-
gic (Kotak et al., 1998; Korada and Schwartz, 1999). This change in the nature of
inhibitory transmission in the MNTB-LSO circuitry is reflected in the decrease in
GABA containing terminals as seen by a decrease in staining for GAD65 and (52/3
subunit containing GABA 4Rs while gephyrin and GlyR immunoreactivity increases
(Kotak et al., 1998). The transient duration of GABA co-release also coincides with
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the stage of functional refinement of the MNTB-LSO circuit. During this period (P 1
to P 14) functional silencing of inputs and strengthening of maintained inputs occur,
thus narrowing and refining the tonotopic arrangement of the MNTB projections to
the LSO cells. This produces 2-fold sharper tonotopic specificity equivalent to that
found in adult (Kim and Kandler, 2003). Thus it seems likely that the transient

GABAergic signaling may play a key role in the maturation of this inhibitory circuit.

The role of GABAergic neurotransmission has been demonstrated in the pro-
cess of refinement of excitatory as well as inhibitory circuits in different brain areas.
GABAergic signaling is known to be crucial for the proper refinement of the excita-
tory climbing fiber- Purkinje cell (CF-PC) circuit in the cerebellum (Nakayama et al.,
2012). In the cerebellum, the Purkinje cell receives robust GABA 4 receptor mediated
somatic inhibition from the molecular layer interneurons. The proper strength of this
heterosynaptic inhibition is crucial for the elimination of supernumerary synapses
of climbing fibers on to single Purkinje cells that occurs between P 10 and P 16.
In the cerebellum, at P 5-9, each Purkinje cell (PC) receives numerous excitatory
climbing fibers. During P 10-12 one of these climbing fibers (CF) become stronger
than the others and causes large influxes of calcium into the postsynaptic PC via
P/Q type voltage gated calcium channels (VDCCs). As the disparity in strengths
of climbing fibers emerges, the PC receives inhibitory GABAergic input from basket
cells and stellate cells in the molecular layer as well as recurrent projections from
PCs. The GABAergic input, specifically from the basket cells, inhibits the small
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calcium influxes from the weak climbing fibers and this may help in depressing them
(Nakayama et al., 2012). In absence of this Gad67 dependent GABAergic input, even
weak climbing fibers generate enough calcium response in the PC to survive, leading

to multiple innervation in the mature CF-PC circuit.

The requirement of proper GABAergic signaling has also been elucidated in shap-
ing the innervation patterns present in the inhibitory circuits in the visual cortex. In
the visual cortex, the pyramidal cells receive extensive perisomatic inhibitory innerva-
tion from the basket interneurons. This perisomatic innervation is highly dependent
on neuronal activity as evident by its significant retardation upon blocking of activity
by tetrodotoxin application (Chattopadhyaya et al., 2004, 2007). Neuronal activity
regulates Gad67 mediated GABA synthesis in the basket cell synapses by regulating
levels of Gad67 expression and activity (Chattopadhyaya et al., 2007). Low GABA
release in the basket cell synapses has been implicated in the impaired regulation of

the GABAergic axonal and synaptic morphogenesis in these inhibitory circuits.

In view of the above evidences of the major role of GABA in the synaptic organi-
zation of excitatory as well as inhibitory circuits, the presence of transient GABAergic
neurotransmission in the MNTB-LSO circuit during the period of its pre-hearing re-
finement (Fig 5.1) suggests a regulatory role of GABA in the process of refinement in
this circuit. One way to investigate the role of GABAergic signaling in the MNTB-
LSO circuit is to quantify the effects of the absence of GABAergic signaling on the
refinement of this circuit. But GABAergic transmission has been shown to be very
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Figure 5.1: Transient GABAergic transmission in the medial and lateral
MNTB-LSO projections

(a) Average example traces before (black) and after (grey) pharmacological block of
GABA 4 receptors in medial and lateral LSO cells .

(b) Population data showing the mean peak amplitude of GABAergic transmission in
medial and lateral LSO in response to maximal MNTB stimulation at different ages.
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important for the early stages of the development of the nervous system (Ben-Ari
et al., 2007). Gad67 mediated GABA synthesis constitutes almost 90% of GABA
production in the developing neurons (Asada et al., 1997). Gad65 mediated GABA
synthesis is restricted to more mature nerve terminals and is recruited only during
enhanced synaptic activity (Dupuy and Houser, 1996; Namchuk et al., 1997; Kauf-
man et al., 1991). Global knockout of GABA transmission (GAD67 knockouts) in the
brain causes lethality at birth by causing birth defects like cleft palate (Asada et al.,
1997). However no other structural abnormalities are found in the gross histology
of the brains of these knockout animals (Asada et al., 1997). This indicates that
GABA transmission may be more important for proper functioning of neurons and
their synapses than their initial formation. Thus to study the role of GABA in the
neonatal brain but avoid lethality at birth, transgenic mice with conditional or tissue
specific knockout of GABA transmission in the brain are required. Thus to study
the role of GABA in the refinement of the MNTB-LSO circuit, it would be helpful
to have GABA transmission knocked out specifically in this circuit. In this study, I
have used three approaches to knockout GABAergic transmission in the MNTB-LSO
circuit which are discussed in the result section below. The conditional LSO specific
knockout animals were then used for electrophysiology and immunohistochemistry
experiments to elucidate the role of GABA in the developmental refinement of the

MNTB-LSO circuit.
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5.2 Results

5.2.1 Conditional knockout of GABAergic transmission in
MNTB-LSO circuit using Sert-Cre mice

Global knockouts of GABAergic signaling lead to lethal phenotypes. Thus to

study the role of GABA in the developmental refinement of the MNTB-LSO circuit,

it was important to create conditional LSO specific GABA4 R knockouts by LSO

specific expression of Cre and targeting the 53 subunit of the GABA 4R in the LSO.

Conditional knockout of GABA 4R (33 subunit in LSO cells is possible using mice
in which the exon 3 of the 3 subunit is flanked by LoxP sites (floxed) (Fergu-
son et al., 2007). Genetic breeding of such floxed mice with strains of mice ex-
pressing Cre enzyme in an LSO specific manner will result in LSO specific knock-
out of GABA R A3 subunit in the progeny. LSO cells are known to accumulate
serotonin, another important neurotrophic neurotransmitter, with the help of ex-
pression of serotonin transporters during the first two postnatal weeks (Thomp-
son, 2008; Thompson and Thompson, 2009a,b). Mice strains expressing Cre enzyme
under the serotonin promoter have been developed (Zhuang et al., 2005). These
mice (Sert-Cre mice) produce Cre enzyme only in cells that express serotonin trans-
porters. Thus a part of the progeny of a cross between the floxed GABA4 R (3
mice and Sert-Cre mice will lack GABA 4R (3 subunits in the neuronal cell popu-
lations that express serotonin transporters. In the auditory system, LSO is known
to express high levels of serotonin transporter during P 1 - P 14, and hence should
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Sert-Cre-eGFP

GABA A R beta 2/3

Figure 5.2: Expression of eGFP in the LSO under the promoter for sero-
tonin transporter

(Top panel) DAB stained brainstem sections of Sert-Cre-eGFP mice showing expres-
sion of Sert-Cre at different ages (Kandler lab, unpublished data). Darkly stained
cells are GFP positive.

(Bottom panel) DAB stained sections of gerbil LSO showing expression of GABA 4R
[£2/3 subunit at different ages (modified from Kotak et al, 1998). Dark staining
represents GABA 4R 52/3 subunit expression.
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be affected by Cre expression under the serotonin transporter promoter (Thomp-
son, 2008). Thus in these mice, LSO cells will lack the GABA 4R during the precise
period when the GABA transmission is most abundant in the MNTB-LSO circuit.
Other serotonergic cells in other parts of brain may also have GABA4R 3 sub-
units knocked out but they are not expected to influence the results of my inves-
tigation. To identify the cells lacking GABA R (3 subunits, a floxed GABA4R
mouse carrying a marker gene is needed for the crosses. To generate GABA 4RKO
mice with a reporter, the floxed GABA 4R mice were crossed with Rosa-tomato
(Gt(ROSA)26Sor!mHACTB-tdTomato,~EGFP)Lue | 1) (Jaxson Mice) mice which carries floxed
td-Tomato reporter gene. A part of the progeny of such a cross was expected to carry
the floxed GABA4R (3 gene as well as the floxed tdTomato and eGFP gene. When
these mice were crossed to Sert-Cre mice, some of the progeny would have Cre ex-
pressing cells which have floxed out td-Tomato gene and floxed out GABA R 33 gene
and were now expressing the eGFP gene (Fig 4.2 top panel).

However, I encountered difficulties in genotyping the floxed GABA 4R mice. The

inability to positively genotype the homozygous floxed GABA 4R mice forced me to

abandon this approach of creating the conditional knockouts for GABA 4R in LSO.

5.2.2 Conditional knockout of GABAergic transmission in
MNTB-LSO circuit using adenoviral injection in the
IC

As an alternative approach to creating a GABA 4R knockout using Mendelian
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breeding, I used viral injection of adenovirus to express Cre directly in the LSO cells
of the floxed GABA 4R mice. Retrograde transport of recombinant adenovirus in the
central nervous system has been shown in previous studies (Kuo et al., 1995). I took
advantage of the retrograde transport of the adenovirus and injected the adenovirus
carrying Cre and GFP into the Inferior Colliculus (IC). The retrograde transport of
the virus facilitated uptake of the virus through the synapses of LSO cells projecting
to the IC. The viral DNA was then transported to the nucleus of the LSO projection
neurons and integrated into the rodent DNA. The expression of this viral genome
by the LSO cell’s own cellular machinery led to expression of Cre and GFP in the
LSO cells that assimilated the virus. The Cre expression in the LSO cells of floxed
GABA 4R mice was hypothesized to cause excision of the floxed genome and cause
knockout of the GABA 4R (3 subunit leading to GABA 4R knockout. The cells
expressing the adenoviral Cre were identified by their GFP expression seen as dark

staining in the DAB stained slices.

Since the injections were done in P1 pups, their survival after the injection mostly
depended on the nursing by the mother. The acceptance rate of injected pups by
the mother was very low. Thus the survival rate of the injected pups was also very
low. Different positions for injections within the IC were also tested so that maximum
number of LSO cells would get labelled. I observed that small focal injections targeted
towards the LSO projection area in the central nucleus of the IC did not label any LSO
cells. So I injected the whole IC using a Hamilton syringe which caused a large area
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of injury in the IC. The injury in the projection endings in the IC greatly facilitated

the uptake of virus.

GFP expression was observed in retrogradely labeled cells within 3 days post
injection. With the adenoviral injections in the IC, I found a few cells in the LSO
that were positive for GFP expression (Fig 5.3). However, other auditory nuclei which
are known to have more abundant projections to the IC were also found to be labeled.
For example, we found intense labeling in the deep layer of dorsal cochlear nucleus
(DCN) and anterior ventral cochlear nucleus(AVCN) as well as the dorsal nucleus of

lateral leminscus (DNLL) (See Fig. 5.3).

LSO receives inhibitory input from the MNTB and direct excitatory synaptic in-
put from the AVCN. The expression of GFP (and hence Cre) in the AVCN was not
desirable because AVCN cells would also lose the GABAergic activity in their circuit.
This may lead to aberrant synaptic activity in the AVCN-LSO projections causing
undesired effects on the development and refinement of the MNTB-LSO projections.
Such upstream effects on the refinement of the MNTB-LSO projections would com-
plicate the interpretations of the changes in the refinement of the circuit due to loss
of GABAergic component of the MNTB inputs. In view of these possible problems
in circuit activity and extremely low yield of GFP positive LSO cells, the approach
of adenoviral injections in the IC was abandoned.
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Figure 5.3: Retrograde expression of eGFP in the LSO after injection of
Ad-Cre virus in the IC at P 1

DAB stained sections of different nuclei in the auditory brainstem of mice at different
ages . The darkly stained cells in the different auditory nuclei are positive for GFP
expression due to retrograde expression of the recombinant Adenovirus injected in
the IC. The top panel shows the injection site in the central nucleus of the IC.
The lower panels show GFP positive cells in different auditory nuclei upstream and
downstream of LSO.
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5.2.3 Conditional knockout of GABAergic transmission in
the MNTB-LSO circuit using Vglut3-Cre and gad1/!//!
mice

To knockout the GABAergic component specifically in the LSO, a third approach
was taken. A transgenic mouse graciously gifted by Dr. Rebecca Seal (University of

Pittsburgh) showed expression of Cre recombinase under the promoter of the gluta-

mate transporter VGlut-3. VGlut-3 is expressed in the GABA /glycinergic terminals

of MNTB during the first two weeks of postnatal development (Gillespie et al.,

2005; Noh et al., 2010). After crossing the VGlut-3-Cre mouse with a reporter mouse

(Gt(ROSA)26Sorm4(ACTB—tdTomato)Luo / 1) " the progeny mice showed robust Cre ex-

pression in the MNTB cells which turned red due to expression of td-Tomato (See

Fig. 5.4). Numerous tdTomato expressing projections, presumably of these Cre ex-

pressing MNTB neurons, were also found in the LSO.

Although the whole MNTB looked red due to expression of td-Tomato, there
seemed to be a gradient of expression of Cre along the tonotopic axis of the MNTB.
The lateral MNTB cells seemed to be expressing Cre (and hence td-Tomato) to a
greater degree than the medial cells. This medial (low) to lateral (high) gradient of
expression was also evident in the td-Tomato filled neuronal terminals in the LSO.
The lateral part of the LSO showed greater td-Tomato expression than the darker
medial part (Fig. 5.4). This pattern of expression was reminiscent of the VGlut-3

expression pattern in the LSO as seen by immunohistochemistry (Fig. 4.1).

Cre expression under VGlut-3 promoter was also noted in cells of DCN, cerebel-
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d Breeding scheme for creating LSO specific Gad1 knockout

P Cvglut3-[Cre 1X Coadi Yoo ¥ X | L A
[vg3 cre +-, gad1 +/+ || vg3 cre /-, gad1 ffl | [vg3 cre +-, gad1 i || vg3 cre -+~ tdT i |

| |

F1 (Gad1 +/fl) | vg3 cre +/ , gad1 fi/+ |)(| vg3 cre +/-, gad1 fl/+| | vg3 cre -/-, gad1 fi/+, tdT fi/+ |X| vg3 cre /-, gad1 fi/+, tdT fi/+
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F2 (Gad1 fi/f) vg3 cre +/-, gad1 fi/f X vg3 cre /-, gad1 fi/fl , tdT fi/+

F3 (Gad1 -/- tdT+/-) [ vg3 cre +/-, gad1 fff, tdT fi+|

Figure 5.4: LSO specific Gadl knockout using VGlut3-Cre mice

(a) Fluorescent sections of auditory brainstem of VGlut3-Cre-td-Tomato mice at P30
showing tdTomato expression in the MNTB and LSO.

(b) Higher magnification images of MNTB of VGlut3-Cre-td-Tomato mice showing
medio-lateral gradient of tdTomato expression.

(c) 60X confocal images of MNTB cells in the white boxes in (b). Left: MNTB cells

showing low expression of tdTomato, Right: MNTB cells showing higher expression
of tdTomato.

(d) Schematic representation of the breeding scheme for creating LSO specific Gadl
knockout mice. 108



lum, and the serotonergic raphe. The IC also showed neuropil filled with fluorescent
td-Tomato. However, the AVCN-LSO projections did not express the VGlut-3-Cre.
No cells in the AVCN showed any td-Tomato expression. Thus this transgenic mouse
expressing Cre under the VGlut-3 promoter was chosen to create a tissue specific

conditional GABA knockout in the MNTB-LSO projections.

To create the conditional knockout of GABA in the MNTB-LSO projections from
the presynaptic MNTB terminals, we needed a mouse where the genes for GABA
producing enzymes were floxed. We obtained a transgenic mouse from Dr. Richard
Palmiter (Janelia farm) which had loxP sequences flanking the exon 2 of the gadl
(Gad67 enzyme) gene (Chattopadhyaya et al., 2007). Thus, when crossed with
the VGlut3-Cre mouse, 50% of the progeny would would express Cre in the MNTB
effectively floxing out the gadl gene leading to a deletion of Gadl or Gad67 enzyme
in the MNTB cells. For easy identification of Cre expressing animals, a reporter gene
was included while breeding the VGlut3-Cre mice with the gad1 '%//°* mice. The

complex breeding scheme of creating the triple transgenic is shown in Fig. 5.4 (d).

5.2.4 GABAergic transmission is intact in the medial MNTB-
LSO circuit of gad1-/- (Gad1KO) mice

From the breeding scheme mentioned in Fig 5.4 (d), I obtained transgenic animals

which were genotypically Cre positive, homozygous for floxed gadl gene (gadi-/-)

and tdTomato positive. To test if the GABAergic component of the MNTB input

was deleted or decreased, I recorded maximal synaptic responses of the LSO cells to
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MNTB stimulation before and after addition of the GABA 4R blocker SR95530 (also
known as Gabazine). I recorded the Gabazine sensitive component of the MNTB
input in the medial LSO cells for both wildtype and the Cre +ve animals at P 2-
3 and P 9-13 age points. I found no significant difference in the percentage of the
maximal synaptic response that was Gabazine sensitive in wildtype and Cre +ve
animals. The gabazine sensitive components in the medial LSO cells of different ages

are summarized in Table 1 and Figure 5.5.

The decay constant of a GABAergic synaptic response is much longer than that
of a purely glycinergic response (Nabekura et al., 2003). The decay constant of the
synaptic response in LSO is much longer at P 2-3 when the synapses are primarily
GABAergic. Gradually as the synapses become primarily glycinergic, at P 9-12, the
decay constants of the responses become much shorter. So if there is any change
in the proportion of GABA and glycine in the MNTB-LSO projections, it should
be reflected in the decay constants of the maximal responses. I analyzed the decay
constants of the maximal synaptic responses of the medial LSO cells in the wildtype
and Gadl1KO mice at P 2-3 and P 9-13. At P 2-3, the decay constant (tau) of the
maximal response in the wild type animals was 101.2 + 22.16 (n=12). The tau of
Gad1KO animals was found to be 43.20 &+ 4.779 (n=6). However the littermates of
the transgenic gad! fl/fl mice which were Cre -ve (hence with wildtype expression of
Gadl) also showed a decay constant of 37.87 + 14.70 (n=2). Thus it seems that the
low decay constant is not specific to the Cre+ve animals and hence probably does
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Figure 5.5: GABAergic transmission is unchanged in the medial MNTB-
LSO projections in gad1-/- mice

(a) Average traces of synaptic responses of medial LSO cells for maximal MNTB
stimulation.

(b) Population data of Gabazine sensitive component of the maximal synaptic
response of medial LSO cells of wildtype and Gad1KO animals.

(c) Decay constants of maximal responses of medial LSO cells of wild type, Cre-ve
and Cre+ve animals at different ages.
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not correlate to any change in composition of the synaptic input. At P 9-13, the
decay constant of the maximal synaptic input for the wild type animals was 16.34
+ 3.081 (n=15) which was not significantly different from the decay constant for
GadlKO animals (14.33 + 3.007 , n=13, p value= 0.64, Mann-Whitney test). Since
there was no significant difference in the kinetics of the maximal synaptic responses
of medial LSO cells between Cre -ve (wildtype expression of Gadl) and Cre +ve
(Gad1KO) animals at P 2-3, the observed difference between the decay constants of
wildtype animals and Cre +ve or Cre-ve animals is attributed to a difference in strain.
Thus there was no indication of decrease in Gadl evident from examining the decay

constants.

Thus it is evident that even though the obtained transgenic mice progeny shows
the presence of the genes for VGlut-3-Cre and floxed gad1 alleles, phenotypically the
release of GABA is not altered in these mice. Such absence of phenotype can be
seen if there is compensation for GABA production by the over expression of Gad2
(Gad65) enzyme. Since GABA is a very important neurotrophic molecule which is
essential for the proper development of the brain, the loss of Gadl enzyme may have
been compensated for in the surviving members of the litter. Thus from the recording
experiments it was clear that there was no significant loss of GABAergic component
of the MNTB input to the medial LSO in the genotypically Gadl knockout (Gad1KO)
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Table 5.1: Summary of Gabazine sensitive component of medial MNTB-
LSO projections at different ages for wild type and Gadl-/- animals. The
p values represent comparisons between wild type and Gadl-/- LSO cells.

Genotype H Medial P2-3 \ Medial P9-13

Gadl +/+ 40.39 + 4.894% | 27.14 £ 6.59%
(n=11) (n=6)

Gadl -/- 33.12 + 3.40% | 19.79 + 7.33%
(n=7) (n=5)

P Values 0.29 (Student’s t | 0.53 (Mann-
test) Whitney test)

mice.

5.2.5 Medial MNTB inputs strengthen normally in the
gad1-/- mice

The strengths of single MNTB inputs are known to increase by almost 4 fold
during the first two weeks of development. The transient GABAergic input in the
MNTB-LSO circuit before hearing onset is hypothesized to help in the pre-hearing
strengthening of these MNTB inputs. It was unclear whether the Gad1KO animals
showed any deficits in the strengthening of individual MNTB inputs. Even though
there was no significant difference in the GABAergic component in the Gad1KO mice
compared to the wildtype mice, I recorded the strengths of the single inputs in the
medial MNTB-LSO projections as a part of the blind study. The strength of the
single input was estimated from the synaptic amplitude of the postsynaptic LSO cell
in response to minimal stimulation of the MNTB in wild type and Gad1KO animals
of age P 9-13, i.e around hearing onset (Fig 5.6).

The minimal amplitude of the synaptic responses of medial LSO cells at P 9-13 in
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Figure 5.6: Minimal stimulation responses of medial and lateral MINTB-
LSO projections in wildtype and gad1-/- mice

(a) Average example traces before (black) and after (grey) pharacological block of
glutamate receptors in medial and lateral LSO cells .

(b) Population data showing the mean peak amplitude of glutamatergic transmission
in medial and lateral LSO in response to maximal MNTB stimulation at different
ages.
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wild type animals was 309.2 &+ 67.76 pA (n=17). The minimal synaptic responses in
the medial LSO cells of Gad1KO animals was 244.0 + 50.76 (n=19). Thus there was
no significant difference in the amplitudes of the single input responses in the medial

MNTB-LSO projections (p value= 0.65, Mann-Whitney test) (Fig 5.6).

There was no difference in the strengths of single MNTB inputs to the medial LSO
cells between the wildtype and Gad1KO animals. Since there was no difference in the
GABAergic component of the MNTB input between the wildtype and Gad1KO cells,
the role of GABA in the strengthening of MNTB inputs in the first two postnatal
weeks remains inconclusive from these experiments. Future studies with a transgenic
animal with significantly reduced GABAergic signaling in the MNTB-LSO circuit will
be required to address the role of the transient GABAergic signaling in the refinement

of the MNTB-LSO circuit during pre-hearing ages.

5.2.6 Maximal input or the convergence ratio in the medial
MNTB-LSO circuit is not different in gad1-/- mice

The peak amplitude of the synaptic response of the LSO cells to maximal MNTB
stimulation gives an estimate of the cumulative input of all the MNTB inputs on
to a single LSO cell. The peak amplitude of the maximal synaptic response in wild
type animals increases from 1.5 nA at P 2-3 to approximately 3nA at P 9-13. This
increase in synaptic amplitude is commensurate with the increase in the strength
of each synaptic input that occurs during the first two postnatal weeks. The ratio
between the minimal synaptic response and the maximal synaptic response gives an
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estimate of the number of MNTB inputs that converge on to a single LSO cell. The
convergence ratio of medial MNTB-LSO projections in wildtype animals is 19:1 at
P 2-3 but become 9:1 by the time of hearing onset. This decrease in convergence
ratio occurs due to functional elimination of synaptic inputs and is crucial for proper

refinement of the MNTB input map to the LSO.
Table 5.2: Summary of maximal synaptic amplitudes of the medial LSO

cells of wild type and Gadl-/- animals. The p values represent comparisons
between wild type and Gadl-/- LSO cells.

Genotype H Medial P2-3 \ Medial P9-13

Gadl +/+ 219 + 049 nA | 297 £+ 0.78
(n=12) (n=16)

Gadl -/- 1.56 + 0.49 nA | 2.64 + 0.61 nA
(n="7) (n=16)

P Values 0.42 (Mann- | 0.83 (Mann-
Whitney test) Whitney test)

Table 5.2 summarizes the maximal synaptic amplitudes recorded from the medial
LSO cells of wildtype and Gad1KO mice at P 2-3 and P 9-13. T observed that the
maximal amplitude increased from P 2-3 to P 9-13 in both wildtype and Gad1KO
animals (Fig. 5.7a,b). There was no significant difference in the mean peak ampli-
tudes between the wildtype and Gad1KO animals at either of the ages. Thus from the
data presented in the previous section and the present one together suggest that the
strengthening of synaptic inputs occur in both wildtype and the genotypic Gad1KO
to a similar extent.

Furthermore, the convergence ratios were calculated for medial LSO cells of wild
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type and GadlKO animals at P 9-13 . The convergence ratio of the wildtype ani-
mals was low (8.27 + 1.24 (n=18)) at P 9-13 due to extensive functional elimination
occurring between P 2-3 and P 5-6. The convergence ratio of the medial LSO cells
of GadlKO animals at the same age was also found to be 9.02+ 1.83 (n=15) (Fig.
5.7¢). So in both wildtype and Gad1KO animals the convergence ratios at P 9-13
were found to be low and approximately 9:1. Thus functional elimination occurred
normally in both wild type and GadlKO animals leading to low convergence ratios
at P 9-13.

The above data together shows that the strengthening of individual inputs and
functional elimination of inputs that occur in the wildtype MNTB-LSO projections
was not altered in the Gad1KO animals. Since alterations in the levels of GABA
release were not observed in the Gad1KO animals, the role of GABA in the strength-
ening and elimination of synaptic inputs during pre-hearing refinement can neither

be confirmed nor denied conclusively.

5.2.7 No change in Gadl expression in the LSO of gad1-/-
mice

The electrophysiology experiments of the auditory brainstem of gadI-/- mice

showed that there was no significant difference in the Gabazine sensitive compo-

nent of the medial MNTB inputs compared to the wild type mice. There was also no

difference in the strengthening and functional elimination in the medial MNTB-LSO

circuit in the gadi-/- mice. All the above information suggested that the gadi-/-
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Figure 5.7: Maximal stimulation responses of medial and lateral MNTB-
LSO projections in wildtype and gad1-/- mice

(a) Average example traces of maximal stimulation responses of medial LSO cells in
wildtype and gadI-/- mice at different ages.

(b) Population data showing the mean peak amplitudes of in medial LSO in response
to maximal MNTB stimulation at different ages.

(c) Population data showing the convergence ratios of medial LSO cells in wildtype
and gadl1-/- mice at P9-13.
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mice, though genotypically a knockout, did not show a phenotype of knockout of
Gad1l production in the MNTB cells. To confirm this observation, brainstem sections
from gad1-/- mice were subjected to immunofluorescence using antibodies against
the Gadl enzyme (antibodies graciously gifted by Dr. Rebecca Seal, University of

Pittsburgh).

Wildtype animals and gadi-/- mice expressing a reporter gene tdTomato were
perfused and their brains were fixed in 4% PFA and sectioned carefully. The sections
were then stained with antibodies against Gadl enzyme (Fig 5.8 a, b). The red
fluorescence was due to tdTomato expression in the cells expressing Cre recombinase.

The green fluorescence was due to Gadl staining.

Firstly, I found only a few tdTomato expressing cells in the lateral MNTB. This
suggested that the MNTB cells were not expressing Cre recombinase in the gadi-/-
animals. Since tdTomato expressing cells had been found in the MN'TB of the VGlut-
3-Cre animals (Fig 5.4), it is possible that the MNTB specific Cre expression was lost
in the subsequent generations of breeding. The VGlut-3 directed Cre expression was
however preserved in the other parts of the brain like cerebellum, and the serotonergic
raphe as evident from the tdTomato expression in the respective cells in the brain

sections.

Secondly, the Gadl staining for the specific antibody used seemed to label the
terminals of neurons instead of the cytoplasm of the whole neuron. Thus I did not
see any Gadl labeled cell bodies in the MNTB. So I analyzed the intensity of the
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Figure 5.8: Fluorescent immunolabelled images of P5 gad1-/- and wildtype
mice stained for Gadl expression

(a) Fluorescent sections of auditory brainstem of P5 wildtype mice .

(b) Fluorescent sections of auditory brainstem of P5 gadI-/- mice.

(c) Grayscale image of the fluorescent section showing the selection of region of interest
(ROI) for absolute grey value (AGV) measurements. The formula on the right is used
to estimate the normalized relative grey values (RGV) of the ROI.

(d) Barplot showing differences in intensity of Gadl staining in the whole LSO in
wildtype (Cre -ve) and gadI-/- mice (Cre +ve) mice.

(e) Barplot showing differences in intensity of Gadl staining along the tonotopic axis
in the LSO in wildtype (Cre -ve) and gad-/- mice (Cre +ve) mice.

(f) Selection of the most lateral part of LSO as ROI. (g) Comparision of the grey
values in the selected ROI in the most lateral part of LSO with the rest of the LSO
in Cre +ve and Cre -ve animals. 120



fluorescent labeling in the neuron terminals present in the LSO of wildtype and gad1-
/- animals. T outlined regions of interest as shown in Fig 5.8c both in and outside the
LSO and calculated the relative grey values (RGV) of the regions of interest. Then I
normalized the fluorescence intensity of Gadl staining in the LSO to the intensity of a
region of interest outside the LSO to control for nonspecific staining. The normalized

RGVs were then compared between wildtype and Cre+ve animals.

The mean normalized RGVs of the whole LSO was not different between wildtype
(black bar) and Cre +ve gadI-/- animals (red bar). I also calculated the normalized
RGVs of the medial and lateral parts of the LSO separately. I did not see any
significant difference in Gadl staining along the tonotopic axis of the LSO (Fig 5.8
e). A closer look at the LSO revealed a greater number of tdTomato expressing
terminals in the most lateral part of the LSO. So I selectively outlined the area of
the lateral LSO showing high intensity of tdTomato fluorescence and calculated the
intensity of Gadl staining in this restricted region of interest (ROI) (Fig 5.8 f,g).
There was no significant difference in the Gadl staining intensity in the restricted
ROI as compared to the rest of the LSO in wild type (Cre-ve) and gadi-/- (Cre+ve)

animals.

The above results together suggest that there was a loss of MNTB specific expres-
sion of Cre recombinase under the VGlut-3 promoter. The VGlut-3 promoter directed
Cre expression was however intact in other parts of the brain like the cerebellum and
the serotonergic raphe in the brainstem. I also observed no difference in the fluores-
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cence intensities of Gadl enzyme staining in the wild type and gad1-/- LSO. This
suggests that the lack of alteration in the Gabazine sensitive component as seen from
electrophysiology results is not due to a compensation of GABA production by Gad65
enzyme. The lack of a GABA knockout effect is due to the presence of native levels
of Gadl enzyme in the gadi-/- animals in the MNTB. Thus the immunofluorescence
study conclusively proves that the Gadl enzyme could not be knocked out successfully
in the MNTB in the gadI-/- animal. Though the presence of Cre recombinase gene
was confirmed in the gadl-/- animals from the tdTomato expression, it was evident

that this phenotype was lost from the MNTB specifically.

5.3 Discussion

In the present study I attempted to knockout GABAergic neurotransmission in
the MNTB-LSO circuit to elucidate the role of GABA in the pre-hearing refinement of
this circuit. I used transgenic mice which expressed Cre under the VGlut-3 promoter
in cells containing homozygous floxed gadl alleles and a reporter gene tdTomato
in specific cell populations. Unfortunately, the cells in the MNTB did not show
expression of Cre recombinase and hence there was no deletion of the floxed gadi
gene. This lack of deletion of gadl gene was evident in the unaltered expression of
Gadl enzyme (Fig 5.8) and also in the unaltered Gabazine sensitive component of
the maximal MNTB input to the LSO cells (Fig. 5.5). There was also no discernible
change in the pre-hearing strengthening and functional elimination of synaptic inputs
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that is characteristic in the medial MNTB-LSO circuit.

After its discovery as a principal inhibitory neurotransmitter, GABA has been
implicated in various aspects of neuronal development. The trophic role of GABA is
undeniable in cell proliferation, growth cone formation, migration and synapse forma-
tion. Gad65 (Gad2) and Gad67 (Gadl) are the two enzymes that control production
of GABA in the neurons. While Gad65 is restricted to more mature neuronal ter-
minals, the major component of GABA in the developing brain is synthesized by
Gad67. Thus, it is comprehensible that any perturbation in the Gad67 levels is not
well tolerated in the brain. Universal Gad67KO show lethal phenotype (Asada et al.,
1997). In the VGlut-3-Cre mice, expression of Cre recombinase was evident in the
MNTB. However, when crossed with the floxed gadl animals, the Cre expression phe-
notype was specifically lost in the MNTB but not from the other parts of the brain
like cerebellum or raphe. This may be due to the survival of only those littermates
who could keep the GABAergic input intact in the MNTB during development. The
littermates in which there was Cre expression in the MNTB leading to knockout of

Gad1 expression may not have survived.

This observation points to an even more important role of GABA in the develop-
mental stages of the MNTB-LSO circuit than previously envisioned. The MNTB in
the embryo originates from the basal plate of the neural tube (Marrs et al., 2013).
Specifically, rhombomere 4 and 5 (r4 and r5) contribute to the origin of the MNTB
and the rest of SOC (Marrs et al., 2013). Embryonic fate mapping studies have
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revealed that r5 may also have a critical role in suppressing high frequency firing in
r6, 17, r8 post-otic segments during embryonic development. The 16, r7, r8 segments
are capable of generating high frequency activity analogous to the fetal respiratory
behavior by the age of E12. However the low frequency activity of r5 (and maybe r4
too) suppresses the high frequency firing of the post-otic segments until E15 (Borday
et al., 2006). This low frequency activity at this early age is probably GABAergic,
nicotinic or glycinergic as seen for activity in the embryonic spinal cord (Hanson and
Landmesser, 2003). VGlut-3(slc17a8) RNA expression is present in the r4 and r5 as
early as E13.5 (Allen Developing Mouse Brain Atlas). Thus it is possible that the
gadl gene in the transgenic mice is floxed out as early as E13.5 due to expression
of Cre recombinase under the VGlut-3 promoter. This may lead to downregulation
of GABA levels in the r4 and r5 at E13.5 onwards. The lack of GABAergic activity
in r4 and r5 may cause premature high frequency firing and pattern generation in
the 16, 7, r8 segments. Although speculative, it is possible that the premature ap-
pearance of high frequency activity in these fetal pattern generator centers may have
negative consequences on the survival of the animal leading to survival of only those
littermates where the GABAergic transmission in the MNTB was intact.

Thus from the present study, using Cre positive gad1'//" animals, the role of
GABA in the pre-hearing refinement of the MNTB-LSO circuit was inconclusive.
Future studies using MNTB-LSO specific GABA knockouts would be necessary to

pinpoint the function of the transient co-release of GABA in this circuit.
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Chapter 6

Discussion
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6.1 Different phases of refinement in the MNTB-
LSO circuit

In rodents, hearing begins almost two weeks after birth (P 12 in mice (Ehret,
1976) and P 14 in rats (Uziel et al., 1981)). Thus the auditory brainstem undergoes
a pre-hearing and post-hearing phase of development. Both the pre-hearing as well
as post-hearing phases of development are important for mature circuit function. In
the present study I have done fine-grained study of the course of refinement of the
MNTB-LSO connections in their pre-hearing phase of development in both the high

frequency sensitive as well as low frequency sensitive part of the circuit.

6.1.1 Pre-hearing refinement of the MNTB-LSO circuit

The pre-hearing development phase begins prenatally (Fig. 6.1). The pre-hearing
development can be subdivided into three temporally segregated phases. The first
phase or the proliferation phase occurs between E 18 and P 3. This phase coincides
with the depolarizing phase of GABA/Glycine when the release of GABA or glycine
can elicit prolonged depolarizations (Kandler and Friauf, 1995a) and action potentials
in the LSO cells (Kullmann and Kandler, 2001) causing calcium influx into the cell
(Kullmann et al., 2002). Weak MNTB inputs are gradually added leading to an
increase in the convergence ratio of the MNTB-LSO connections.

The second phase or the functional elimination phase occurs between P 3 and P
5, as the GABA/ glycine responses begin to turn hyperpolarizing (Kullmann and
Kandler, 2001; Ehrlich et al., 1999; Lohrke et al., 2005; Kandler and Friauf, 1995a).
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This switch from depolarization to hyperpolarization probably acts as “brakes” to
the proliferation phase. As GABA /glycine become hyperpolarizing, GABA g receptor
mediated long term depression (LTD) mechanisms may become activated leading to
silencing of inputs (Kotak and Sanes, 2000; Chang et al., 2003; Kotak et al., 2001).
Such silencing of synaptic inputs between P 3 and P 5 is reflected in the significant
decrease in convergence ratio during the functional elimination phase. Since the
individual MNTB inputs are of similar strength at these ages, the underlying principle
of selectively retaining few inputs while silencing the rest is not clear yet. This
elimination phase results in almost 50% reduction in the MNTB input map to the

LSO and possibly forms a template for later post-hearing refinement (Kim and

Kandler, 2003).

The third phase of pre-hearing refinement is the strengthening phase (between P
6 and P 13) whereby each single MNTB input is strengthened significantly so that
at hearing onset each MNTB input is 3-4 times stronger than that at P 2-3. This
phase of strengthening occurs mostly in the hyperpolarizing phase of GABA /glycine
response. The connections not only strengthen but also become more glycinergic
(Kotak et al., 1998) as evident from their smaller decay constants (Jonas et al.,

1998).

6.1.2 Post-hearing refinement of the MNTB-LSO circuit

After hearing onset at P 12-14, extensive pruning of MNTB axonal boutons is
evident in the LSO (Sanes and Takdacs, 1993; Sanes et al., 1992a). This structural
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refinement phase of MNTB axonal boutons is complimented with a decrease in den-
dritic arbor of the LSO cells (Sanes et al., 1992b; Sanes and Siverls, 1991). The
temporal segregation of the functional elimination phase in the pre-hearing period
from the post-hearing structural refinement phase suggests that the structural prun-
ing phase is driven by sound-evoked activity (Sanes and Takécs, 1993; Kapfer et al.,
2002). Sensory activity also modulates different physiological properties of the LSO
cells making them well equipped to function as mature circuits (Hassfurth et al.,

2009; Ene et al., 2007) in adult animals.

6.2 Functional elimination of synaptic inputs and
their strengthening are independent processes

A surprising observation in the present study was the presence of the elimination
phase of inputs in the medial part of the developing MNTB-LSO circuit but not in
the lateral part. In the medial part of the circuit, as mentioned above, the phase
of significant functional elimination of synaptic inputs (between P 2-3 and P 5-6)
preceded the phase of significant strengthening of the inputs (between P 5-6 and P
9-13). This suggests that the functional elimination phase may not be dependent
on the change in strength of the inputs. This chronological arrangement of phases
raises the question whether the strengthening phase is dependent on the elimination
phase. However, the observation that significant strengthening of inputs occur in the
lateral MN'TB-LSO connections even in the absence of a preceding phase of functional
elimination, suggests that the two phases are independent of one another. This shows
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that the phase of elimination is not a pre-requisite for the proper strengthening of

the retained inputs.

Spontaneous bursts of spike trains in the developing cochlea have been hypothe-
sized to provide structured activity patterns that may guide the synaptic refinement
in the downstream auditory nuclei (Tritsch and Bergles, 2010; Tritsch et al., 2007).
This spontaneous activity coupled with the depolarizing GABA /glycine responses
before P 3 in the medial part of the MNTB-LSO circuit may help in extensive pro-
liferation of the synaptic inputs leading to very high convergence ratios. However, in
addition to being spontaneously active, the immature cochlea also undergoes struc-
tural maturation in a base (high frequency) to apex (low frequency) gradient (Sato
et al., 1999; Lim and Rueda, 1992). Thus the presence of spontaneous activity in the
lateral LSO cells may lag behind the medial cells. Thus the lateral cells may experi-
ence spontaneous activity only after they have entered the hyperpolarizing phase of
GABA /glycine and thus do not show the extensive proliferation phase and later elim-
ination phase characteristic of the medial cells. The high frequency of spontaneous
activity bursts driven by the cochlear inner hair cells (Tritsch and Bergles, 2010) as
well as increase in the synchronization of the MNTB spiking due to the phasic firing
of the mono-innervated MNTB neurons (Hoffpauir et al., 2010, 2006; Holcomb et al.,
2013) after P 4, may then help in strengthening the retained MNTB inputs in both

medial and lateral parts of the circuit to a similar degree.

From the above interpretation of data, it is clear that the functional elimination
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phase and the strengthening phase of MNTB-LSO connections are two independent

events with different possible underlying mechanisms.

6.3 Role of transient neurotransmitter co-release
in the refinement of the MNTB-LSO circuit

Previous studies have shown the transient release of GABA (Kotak et al., 1998)
and glutamate (Gillespie et al., 2005) in addition to glycine in the developing MNTB-
LSO circuit during the first two postnatal weeks. The presence of two additional
neurotransmitters exactly during the period when the circuit is undergoing numerous
physiological changes suggests that they might play important roles in the these
changes. In the present study I examined the role of glutamate and GABA co-release

during this pre-hearing period of development.

According to previous reports, glutamate plays a critical role in the strengthening
and functional elimination of medial MNTB-LSO inputs (Noh et al., 2010). In
the absence of glutamate co-release during the first two postnatal weeks, the single
medial MNTB inputs showed 2 fold instead of 8 fold increase in strength due to a
reduction in quantal content as well as a lack of addition of release sites. The absence
of glutamate co-release further impaired the functional elimination of medial MNTB-
LSO connections during the first two postnatal weeks leading to high convergence
ratios even at P 9-12 (Noh et al., 2010). In the present study I examined the role
of glutamate in refinement and strengthening of both medial and lateral MNTB-LSO
connections. My observations agree with previous reports that the lack of glutamate
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co-release in the medial part of the circuit causes impairment of both strengthening
and elimination of inputs. I also examined the effect of lack of glutamate co-release
in the strengthening phase in the lateral LSO cells. The strengthening phase of
the lateral MNTB-LSO connections did not seem to be affected by the absence of
glutamate. Thus it seems that the process of strengthening in the lateral MNTB-LSO
connections occurs in a glutamate-independent pathway. A closer examination of the
medial cells shows that at least a two fold increase in the strength occurs even in the
medial cells of vglut3-/- mice (Noh et al., 2010). Thus there seems to be a glutamate
dependent as well as a glutamate independent process of strengthening. While the
lateral cells seem to strengthen by only the glutamate independent process, the medial
cells may undergo both the glutamate dependent and independent processes. Thus
it is evident that the transient co-release of glutamate seems to play different roles in

different parts of the same nucleus.

In this study I also attempted to study the role of transient GABA co-release in
this circuit by using a conditional Gadl knockout mouse. However, the study was
inconclusive due to a lack of phenotype in the transgenic animal. Further investigation
is necessary to ascertain the role of GABA in the developmental refinement of this
circuit.
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6.4 Role of the timing of the intracellular chloride
shift in the refinement of the MNTB-LSO
circuit

A distinguishing feature of inhibitory neurons is the shift of the GABA /glycinergic
responses from depolarizing to hyperpolarizing due to a shift in the intracellular
chloride concentration (Ben-Ari et al., 2012, 2007; Leinekugel et al., 1995). The
present study suggests that the timing of the chloride shift may be important for
the refinement of the MNTB-LSO circuit. A closer look at the timings of chloride
shifts of major brain regions in rodents show a gradient of development. The earliest
hyperpolarizing responses occur in the spinal cord (P 0- P 7) (Fellippa-Marques
et al., 2000), followed by brainstem (Kullmann and Kandler, 2001; Ehrlich et al.,

1999; Lohrke et al., 2005; Kandler and Friauf, 1995a), cerebellum (Brickley et al.,

1996), and visual neocortex (P 3 - P 8) (Lin et al., 1994) then basal ganglia (P 10 -

P 17) (Kyrozis et al., 2006) and finally neocortex including hippocampus (P 11- P

16) (Rivera et al., 1999; Marandi et al., 2002; Luhmann and Prince, 1991; Yamada

et al., 2004). The timings of the chloride shifts in the different brain areas seem to

reflect the relevance of these areas during the life of an organism eg. while the spinal
cord reflexes are mature at birth, memory formation and cognitive abilities become
relevant only later in life. It is also intriguing to notice that the chloride shift in the
visual neocortex occurs along with the auditory brainstem rather than other parts of
the neocortex. A possible explanation may be that hearing onset in rodents (P 12-
P14) occurs right before eye opening (P 15) and thus both these circuits need to be
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ready for maturity at similar times. Thus it seems that the timing of the chloride

shift is correlated with the maturity of the circuits.

The timing of the chloride shift coupled with the base-apex gradient of structural
maturity of the cochlea also seems to be a reason for the differences in the refinement
in the medial versus the lateral MNTB-LSO circuit. The relevance of this difference
is not yet clear and would require further studies in which the timing of the chloride

shift is manipulated possibly using KCC2 knockout mice.

6.5 Refinement in the GABA /Glycinergic MNTB-
LSO circuit differs from the refinement of model
excitatory circuits

The detailed study of the MN'TB-LSO circuit shows that neural circuit refinement
is a common phenomenon between excitatory and inhibitory circuits. They share
certain features like strengthening of few selected synaptic inputs in the MNTB-
LSO circuit is analogous to the strengthening of the “winner” motor neuron in the
neuromuscular junction (Colman et al., 1997) or that of one of the climbing fibers
in the cerebellar circuit (Hashimoto et al., 2009). This strengthening occurs by
increase in quantal content as well as addition of release sites (Kim and Kandler,
2003, 2010) as seen in retinogeniculate connections (Chen and Regehr, 2000). The
structural pruning of synaptic inputs in the MNTB-LSO circuit after hearing onset
is another feature that this inhibitory circuit has in common with other excitatory
circuits like the neuromuscular junctions (Colman et al., 1997) and the cerebellar
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circuit (Hashimoto et al., 2009).

However, the refinement of the MN'TB-LSO circuit also differs from the refinement
of excitatory circuits in various ways. First of all, the synaptic inputs in the MNTB-
LSO circuit undergoes a period of silencing before the structural pruning while the
synapses in the neuromuscular junction are functional until they are pruned (Balice-
Gordon et al., 1993; Balice-Gordon and Lichtman, 1993; Purves and Lichtman, 1985).
The period of synaptic silencing and synaptic pruning, in the MNTB-LSO circuit, is
separated by a week, while in excitatory circuits, synaptic weakening is promptly

followed by axonal pruning (Colman et al., 1997; Antonini et al., 1993).

Second of all, in the neuromuscular junction (Colman et al., 1997) or the cere-
bellar circuit (Hashimoto and Kano, 2005, 2003), one or a few of the synaptic inputs
increase in strength (by an increase in quantal content or release probability) creat-
ing a disparity of strengths among the inputs which is thought to be key in selecting
the inputs that are maintained. However from my study, it is clear that the silenc-
ing or functional elimination step occurs at a point when the inputs are still very
weak. Significant strengthening of inputs occur after the completion of the functional
elimination. Furthermore, in the lateral LSO cells it is evident that the synaptic
strengthening step occurs even in the absence of the preceding functional elimination

step showing the independence of the two processes.

Whether the above mentioned differences in the refinement of MNTB-LSO cir-
cuit and the excitatory circuits is true for all inhibitory circuits in the brain will
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need further study. However given characteristic similarities between different in-
hibitory circuits like the depolarizing activity of GABA, the shift in intracellular
chloride concentrations and the importance of intracellular calcium influx for plas-
ticity mechanism, it seems highly likely that there would be substantial similarity

between refinement of other inhibitory circuits and the MNTB-LSO circuit.

6.6 Evolutionary significance of the differential re-
finement in the MNTB-LSO circuit

The difference in the developmental refinement of the medial and the lateral parts
of the same LSO nucleus is intriguing. What possible advantage could such a phe-
nomenon impart to the survival of the animal? Most mouse vocalizations like mating
calls (Maggio et al., 1983), same sex agonistic social calls (Gourbal et al., 2004), and
pup separation calls (Branchi et al., 1998) all occur in the high frequency range. One
possible reason for the evolution of the vocalizations specifically in the high frequency
range could be that it provided better chances to avoid predators like birds whose
auditory perception range is within the audible range (Dooling, 1982). Another rea-
son for the dependence on higher frequencies could be that due to the smaller width
of the mouse head, the ILD for high frequency sound becomes a more accurate cue
for sound localization than ITDs of low frequency sound (Masterton et al., 2005),
possibly leading to better chances of spotting and avoiding the predator. Thus it can
be assumed that a mouse with an auditory brainstem wiring optimum for high fre-
quency sound discrimination would be better equipped to avoid predators and have
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better chances of survival.

The medio-lateral tonotopic map of the MNTB-LSO circuit is highly organized,
so that the medial part of the circuit responds to high frequency sound stimulus and
the lateral part of the circuit responds to low frequency sound stimulus (Friauf, 1992;
Kandler and Friauf, 1993; Kil et al., 1995; Tsuchitani, 1977; Sanes et al., 1989; Sanes
and Siverls, 1991). While the medial LSO cells rely only on interaural level difference
(ILD) for sound source localization in the high frequency spectrum, the lateral LSO
cells respond to ILD as well as interaural phase or time differences (IPD or ITD) for
low frequency stimulus (Spitzer and Semple, 1995; Joris and Yin, 1995; Tollin and
Yin, 2005). The lateral cells can respond to the ITD since the low frequency afferents
from both the cochlear nucleus and the MNTB preserve the temporal fine structure
of the incoming sound (Joris et al., 1994; Smith et al., 1998). The lateral LSO cells

can also phase lock to low frequency ipsilateral stimulation (Tollin and Yin, 2005).

The pre-hearing changes in the medial LSO leads to a sharpening of the tonotopic
map (Kim and Kandler, 2003) which probably forms a template helping in the
structural pruning of the circuit guided by sound evoked activity. This pre-hearing
refinement may be essential for proper convergence of the frequency specific excitatory
and inhibitory inputs onto the same postsynaptic cell, preparing the circuit for mature
function at hearing onset to ensure best chances of survival. Optimal wiring in the
medial part of the LSO is probably a pre-requisite for the survival of a mouse with a
later dependence on mostly ILDs of high frequency sound stimuli. Thus a mouse with
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a more precise degree of discrimination and a wider range of high frequency sound
source localization probably survived more often. The higher degree of refinement in
the medial LSO is probably a reminder of this evolutionary advantage.

The lesser used low frequency sensitive lateral part of the LSO responds to ITDs
similar to the MSO in animals specializing in low frequency hearing. In the MSO, sub-
cellular reorganization of the glycinergic synapses occur after hearing onset (Kapfer
et al., 2002) in contrast to the elaborate pre-hearing proliferation and functional elim-
ination phases common in the LSO. Thus post hearing subcellular reorganization of
the lateral MNTB-LSO connections may be more relevant for optimum low frequency
sound source localizations by the lateral LSO. This may explain why extensive pro-
liferation and functional elimination of inputs do not occur in the lateral LSO during
pre-hearing development. Further investigation of the subcellular locations of the
lateral MN'TB-LSO synapses before and after hearing onset would be necessary to

confirm this hypothesis.
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Chapter 7

Future Work
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7.1 Hypothetical model of pre-hearing changes in
the MNTB-LSO circuit

Integrating all the physiological changes occurring in the MNTB-LSO circuit dur-
ing the first two postnatal weeks, the following hypothetical model of the refinement

can be constructed.

Proliferation phase: E 18 - P 2-3

Between E18 and P 2-3, GABA /glycine are depolarizing and excitatory along
with glutamate. At this age, the MNTB receives sparse stimulation from the up-
stream auditory nuclei (possibly from the spiral ganglion cells and inner hair cells).
Upon such sparse stimulation MNTB releases GABA /Glycine/Glutamate that ac-
tivate GABA4 R, GlyR and AMPARs respectively. The cumulative depolarization
from these receptors may cause magnesium release from NMDARs which are then
activated by homosynaptically released glutamate. Under sparse stimulation, the re-
leased GABA /Glycine and glutamate may cause spatially restricted calcium influx
(Kullmann and Kandler, 2008) into the cell which may lead to recruitment of recep-
tors to the cell surface (Kneussel and Betz, 2000) and maintenance and addition
of synapses. This calcium influx may also help in retrograde release of GABA from
LSO cells (Magnusson et al., 2008) themselves leading to a retrograde trophic effect
causing numerous MNTB inputs to make synapses on each LSO cells.
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Elimination phase: P 2-3 - P 5-6

At around P 4, GABA/Glycine begins to turn hyperpolarizing. Thus the over-
whelming depolarization induced by depolarizing GABA /Glycine is lost. But, GABA
released from the MN'TB may still act on GABA g receptors causing LTD due to cal-
cium release from the intracellular stores. Such GABAgR mediated LTD may cause
silencing of many MNTB inputs. The inadequate depolarization due to AMPAR
activation by glutamate released from MNTB may not be sufficient for NMDAR ac-
tivation anymore. However not knowing the exact plasticity mechanism recruited by
glutamate in this circuit, it is hard to explain why lack of glutamate release from
MNTB affects the elimination phase of the refinement in the medial part of this

circuit.

Strengthening phase: P 5-6 - P 9-13

At P 2-3, high levels of GABA released due to activation of MNTB cells may
activate GABAgRs leading to synaptic depression and hence inputs of low strength.
Synaptic depression at these ages may also be facilitated by the presence of endo-
cannabinoids (Chi and Kandler, 2012) as well as neurotrophin-TrkB (Kotak et al.,
2001) signaling. At P 5-6, the MNTB activity becomes phasic and also stronger due
to repeated bursting of upstream spontaneously active cells (spiral ganglion cells).
Presence of high levels of GABA at P 5-6 may lead to low strength of the inputs
due to GABAgR activation, creating the lag between elimination and strengthen-
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ing. [Here high levels of GABA transmission has been assumed until P 9 (based on
data from present study). The Gabazine sensitive component should be ascertained
between ages P 3 and P 9 to support this assumption.] At P 9-13, as GABA levels
diminish and glycine levels increase, the stronger MNTB activity (guided by repeated
bursting of SGCs, frequency of bursting peaks at P 8 (Tritsch and Bergles, 2010))
may help in addition of release sites post synaptically leading to strengthening of
inputs.

From the above model, the following hypotheses can be tested:

7.1.1 Role of GABA and GABAR on strengthening and
elimination of inputs

From the model of MNTB-LSO circuit refinement described above, I predict a
major role of GABA and GABABR mediated activity in the strengthening as well
as elimination of the MNTB-LSO connections. The role of GABAgR activation
may be addressed using a LSO specific or universal GABAgR knockout mouse. In
GABAgR knockout mouse, at P 2-3, I would expect to see many strong connections
(in the absence of LTD, each connection should become stronger prematurely). At
P 5-6, T would expect absence of LTD mediated silencing of synapses leading to
many strong connections at this age. At P 9-13, in the presence of low GABA, all
the maintained strong synapses would become even stronger guided by patterned
spontaneous activity.

Alternatively, in a wild type mouse, if the GABAgR activation is kept high by
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injecting baclofen after P 3 until P 13, I would predict the presence of few weak

connections at P 9-13 age point due to excessive depression of synapses by GABAgR

mediated LTD.

The role of GABA may be assessed by knocking out GABA production specifically
in the MNTB. This will decrease the cumulative depolarization of LSO at P 2-3 lead-
ing to failure to activate NMDARs even in the presence of glutamate. Additionally
the GABABR activation will also be absent. The retrograde release of GABA though
intact, may not be activated due to low depolarization of postsynaptic LSO cells. So
I would expect few weak connections at P 2-3. Then at P 5-6, due to lack of GABA
mediated LTD, I would expect a lack of elimination as well as an immediate increase
in strength guided by patterned spontaneous activity. In the absence of GABA, the

lag between elimination and strengthening should be abolished.

To ascertain if there is a retrograde trophic release of GABA involved in the initial
stages of circuit refinement (between E 18 and P 2-3), an LSO specific Gad1KO is
needed. In an LSO specific Gad1KO, the retrograde trophic release of GABA would
be absent even in the presence of high levels of depolarizations at the ages between
E 18 and P 2-3. If we observe only few weak active MNTB inputs at P 2-3 in the
absence of this putative retrograde GABA release, it would suggest the involvement

of a retrograde trophic activity of GABA in these synapses.

7.1.2 Role of chloride switch on the elimination phase

The possible role of the timing of chloride switch on the elimination phase of the
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MNTB-LSO connections can be tested in two ways. An LSO specific knockout of chlo-
ride transporter KCC2 would be ideal to keep the intracellular chloride concentration
higher in the LSO cells and delay the switch of GABA/Glycine from depolarizing
to hyperpolarizing. At P 2-3; GABA/Glycine /glutamate released from MNTB ac-
tivates GABA R, GABAgR, GlyRs as well as AMPAR and NMDARs leading to
the initial high convergence. In the continued presence of high intracellular chloride
in the LSO cells at P 5-6, I would predict that GABA /Glycine/glutamate mediated
depolarization would lead to retention of all inputs as well as keep the inputs weak
due to high GABAR activation. At P 9-13, however, as GABA content reduces, I
would expect all the maintained inputs to strengthen under SGC mediated patterned
spontaneous activity. So at P 9-13 I would expect many strong inputs leading to a

high maximal response of LSO cells than in the wild type animals.

A second way to test the role of chloride switch would be to constitutively express
KCC2 in the LSO cells before P 2-3 (possibly by viral vector injection). KCC2 ex-
pression would prematurely lower the intracellular chloride concentration in the LSO
leading to hyperpolarization by GABA /Glycine release at P 2-3. But the GABAgR
activation would be intact and will be more prominent even at P 2-3 leading to early
elimination. In that case I would expect few weak inputs at P 2-3 and P 5-6, and few
strong inputs at P 9-13 (strengthening would occur normally after P 5-6). This result
would help explain the tight correlation between intracellular chloride concentration
and the elimination step in the MNTB-LSO refinement.
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7.1.3 Role of patterned activity in strengthening

From studies on Pachanga and otoferlin-/- mice (where inner hair cells do not re-
lease glutamate and hence cannot give rise to spontaneous activity) it is evident that
IHC mediated spontaneous activity may not be crucial for MNTB-LSO refinement
(Noh et al., 2010). However, the results of recent studies suggest that the loss of
structured spontaneous activity in alpha 9 KO mice leads to impaired strengthening
as well as elimination in the developing MNTB-LSO circuit. From my hypothesized
model, I also predict an important role of patterned activity on the strengthening
of both medial and lateral MNTB-LSO connections. I predict that the spontaneous
firing of spiral ganglion cells that begins at around P 2-3 and becomes burst like and
more frequent at around P 8 guides the strengthening of the MN'TB-LSO connections
between P 5-6 and P 9-13. If we knockout VGlutl (specifically expressed in audi-
tory nerve endings) in the spiral ganglion cells, we can disrupt the SGC mediated
spontaneous activity. In absence of such spontaneous activity, I expect to see weak
inputs even at P 9-13 implicating the role of spontaneous bursting activity in the

strengthening phase of pre-hearing refinement in the MNTB-LSO circuit.
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Table 7.1: Summary of future experiments and their expected results

Experimental | P 2-3 P 5-6 P 9-13 Inference
manipulation
GABAgR many strong | many strong | many strong | GABAgR
KO in LSO connections connections connections mediated LTD
required for
elimination as
well as keeping
input strength
low
Baclofen in- || many weak | few weak con- | few weak con- | GABAgR
jections in || connections nections nections mediated
wild type LTD keeps
after P 3 connections
weak
MNTB spe- | few weak con- | few  stronger | few strong con- | role of GABA
cific  GABA | nections connections nections in the lag
KO between elim-
ination and
strengthening
LSO specific | few weak con- | few weak con- | few strong con- | possible
GABA KO nections nections nections trophic  role
of retrograde
GABA release
from LSO
Chloride many weak | many weak | many  strong | low  intracel-
switch after P | connections connections connections lular chloride
9 (LSO spe- needed for
cific ~ KCC2 proper  elimi-
KO) nation
Chloride few weak con- | few weak con- | few strong con- | low  intracel-
switch before || nections nections nections lular chlo-
P 2-3 (consti- ride causes
tutive KCC2 premature
expression) elimination
SGC specific | many weak | few weak con- | few weak con- | spontaneous
VGlutl KO connections nections nections activity re-
quired for
strengthening

of connections
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