TITLE PAGE
CELLULAR MECHANISMS UNDERLYING GLUTAMATERGIC CALCIUM
RESPONSES IN DEVELOPING AUDITORY BRAINSTEM NEURONS

by

Florenta Aura Negoita

BS, Bucharest University, Romania, 1995

MS, Bucharest University, Romania, 1996

Submitted to the Graduate School of

Medicine, Department of Neurobiology in partial fulfillment

of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh

2003

COMMITTEE MEMBERSHIP
UNIVERSITY OF PITTSBURGH
SCHOOL OF MEDICINE

This dissertation was presented

by

Florenta Aura Negoita

It was defended on

November 18 2003
and approved by

Stephen D. Meriney, PhD, Associate Professor, Department of Neurobiology

Elias Aizenman, PhD, Professor, Department of Neurobiology

Guo-Qiang Bi, PhD, Assistant Professor, Department of Neurobiology

Major advisor: Karl Kandler, PhD, Assistant Professor, Department of Neurobiology

Committee chairperson: Peter W. Land, PhD, Associate Professor, Department of Neurobiology
Dissertation Director

ii

ABSTRACT
CELLULAR MECHANISMS UNDERLYING GLUTAMATERGIC CALCIUM RESPONSES
IN DEVELOPING AUDITORY BRAINSTEM NEURONS

Florenta Aura Negoita, PhD

University of Pittsburgh, 2003

Spontaneous and sound-driven activity, glutamatergic synaptic transmission and Ca2+
signaling are critical for formation, maturation, refinement and survival of neuronal circuits
including the auditory system. The present study investigated the mechanisms by which
glutamatergic inputs from the cochlear nucleus regulate intracellular calcium concentration
([Ca2+]i) in developing lateral superior olive (LSO) neurons, using Ca2+ imaging in fura-2AM
labeled brainstem slices.
AMPA/kainate receptors primarily mediated Ca2+ responses elicited by single stimuli and
contributed to Ca2+ responses elicited by low and high frequency bursts by approximately 75%
and 50% respectively. Both AMPAR and kainate receptors were Ca2+ impermeable and
increased [Ca2+]i via membrane depolarization and activation of voltage gated calcium channels
(VGCCs). NMDARs contributed approximately 50% to Ca2+ responses independent of the
stimulus frequency. Their high contribution to Ca2+ responses was consistent with their
contribution (30-60%) to EPSPs triggered by stimulation of AVCN-LSO synapses. mGluRs
contributed to Ca2+ responses only under high frequency stimulation (>20Hz). Group I mGluR-
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mediated Ca2+ responses had two components: release from internal stores and influx from the
extracellular milieu. The influx was mediated by a channel sensitive to Ni2+, La3+ and 2-APB,
consistent with it being a member of the TRP family. During development, the contribution of
this channel decreased and it was lost after hearing onset, suggesting that it might be
downregulated by auditory experience.
In summary, distinct temporal patterns of synaptic activity in the LSO activate distinct
GluR types and each receptor type employs a distinct Ca2+ entry pathway. This could possibly
lead to activation of distinct intracellular cascades and distinct gene expression programs (West
et al., 2001) that may be involved in distinct developmental aspects.
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1.

INTRODUCTION

Glutamatergic neurotransmission is the basic mechanism for encoding, transmission and
processing of sensory information in the auditory system, including the auditory brainstem of
mammals (Rhode and Greenberg, 1992; Sanes and Walsh, 1998).
In the developing auditory system, glutamatergic synaptic transmission is elicited by
spontaneous activity and by sensory-evoked activity after hearing onset (review: Rubel et al.,
1990; Sanes and Friauf, 2000). Spontaneous and sensory driven neuronal activity play an
important role in the correct formation, maturation, refinement and survival of neuronal circuits
including those in the auditory system (review auditory: Rubel et al., 1990, Sanes and Friauf,
2000; other systems: Hubel and Wiesel, 1970; Van der Loos and Woolsey, 1973; ConstantinePaton et al., 1990; Shatz 1990; Brunjes, 1994; Katz and Shatz, 1996; Corriveau 1999; but for a
different view see also Crowley and Katz, 2002). In the auditory system, altering the afferent
input by cochlea removal or blockade of spontaneous activity of the auditory nerve, induces
changes in the morphology and physiology of anteroventral cochlear nucleus (AVCN) neurons
and their targets (Rubel et al., 1990; Moore, 1993; Moore et al., 1993; Parks, 1997), including
the lateral superior olive (LSO) in which cochlea removal alters glutamatergic neurotransmission
(Kotak and Sanes, 1996; 1997).
One way by which glutamatergic neurotransmission accomplishes its functions is via
elevation of the postsynaptic intracellular calcium concentration ([Ca2+]i). Ca2+ is a ubiquitous
second messenger that is critically involved in development and plasticity in the CNS (reviews:
Ghosh and Greenberg, 1995; Gallin and Greenberg, 1995; Berridge, 1998). How can specific
pathways be triggered using a ubiquitous ion? Neurons use an extensive repertoire of Ca2+ entry
pathways and intracellular signaling components that can be assembled in different combinations
to maintain the individuality of each incoming signal and at the same time to decipher the
meaning of each signal. Maturational changes in glutamatergic neurotransmission, which involve
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changes in the expression of glutamate receptors (GluRs) (Hunter et al., 1993; Caicedo and
Eybalin, 1999) or changes in glutamate (Glu) transmitter levels (Sanes and Walsh, 1998), are
therefore likely to affect Ca2+ signaling in auditory brainstem nuclei. Specific Ca2+ signaling
cascades may affect specific aspects of the LSO maturation. Thus, a clear understanding of Ca2+
entry routes during development is critical.
The aim of this study is to determine the Ca2+ entry routes and of the mechanisms that
affect [Ca2+]i during development by investigating GluR-mediated Ca2+ responses in developing
LSO neurons.

1.1.

LSO CIRCUITRY AND FUNCTION

The lateral superior olive, LSO, is a binaural nucleus in the auditory brainstem involved
in sound localization (Irvine, 1992). The LSO receives anatomically separated excitatory input
from the ipsilateral ear and inhibitory input from the contralateral ear (Figure 1) (Boudreau and
Tsuchitani, 1968). The excitatory input arises from the spherical bushy cells in the anteroventral
cochlear nucleus (AVCN) via ventral acoustic stria (VAS) and is mediated by Glu (Irvine, 1992;
review: Thompson and Schofield, 2000). The inhibitory input arises from principal cells in the
medial nucleus of the trapezoid body (MNTB) and is mediated by glycine (Gly; Kandler and
Friauf, 1995a) in adulthood and by GABA and Gly during development (Kotak et al., 1998,
Kullmann et al., 2002; review: Thompson and Schofield, 2000). The primary target of LSO
neurons is the inferior colliculus (IC). The projections to the ipsilateral IC are excitatory and
mediated by Glu; the projections to the contralateral IC are mainly inhibitory and mediated by
Gly, with a smaller proportion presumably excitatory (review: Thompson and Schofield, 2000).
Inputs to the LSO are tonotopically organized and match perfectly along the LSO tonotopic axis
in adults (i.e. neurons in the medial limb of the LSO are tuned to high frequencies while neurons
in the lateral limb are tuned to low frequencies; Boudreau and Tsuchitani, 1968; Irvine, 1992).
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This arrangement allows LSO neurons to detect interaural sound level differences, reflecting
azimuthal position of the sound source, by comparing the amount of excitation and inhibition
from each ear (Irvine, 1992).

Figure 1. LSO circuitry.
Green - excitatory glutamatergic input from the ipsilateral ear via AVCN.
Red - inhibitory glycinergic/GABAergic input from the contralateral ear via MNTB.
Adapted from Friauf and Lohmann, 1999.

1.2.

CELL TYPES IN THE LSO

The adult LSO contains several cell types (5-7 types; mouse: Ollo and Schwartz, 1979;
gerbil: Helfert and Schwartz, 1987; rat: Rietzel and Friauf, 1998). Because they have been
described in different species and the nomenclature is slightly different, I summarize here
findings from several species. The principal cells comprise approximately 75% of LSO neurons
(mouse: Ollo and Schwartz, 1979; gerbil: Helfert and Schwartz, 1987; rat: Rietzel and Friauf,
3

1998). These cells are fusiform, described as multipolar (gerbil: Helfert and Schwartz, 1987) or
bipolar and multipolar (rat: Rietzel and Friauf, 1998), with the dendritic arbor oriented
dorsoventrally (rat: Rietzel and Friauf, 1998). The other classes of LSO neurons include small
multipolar cells (~11%), marginal cells (~6%), bushy cells, unipolar cells and banana-like cells
(mouse: Ollo and Schwartz, 1979; gerbil: Helfert and Schwartz, 1987; rat: Rietzel and Friauf
1998). In this study recordings are most likely from principal cells of the LSO as they represent
the predominant population of this nucleus. Small multipolar cells and marginal cells identified
based soma size and on their location, most likely made no considerable contribution to the data
as they represent a very small percentage of the entire LSO population.

1.3.

DEVELOPMNENT OF LSO NEURONS AND CIRCUITRY

The development of the LSO circuitry, including anatomy and physiology, has been
largely investigated in rodents (reviews: Cant, 1998; Sanes and Friauf, 2000). Figure 2 presents a
summary of major events taking place during development of the LSO circuitry. Data presented
here are from both mice and rats since development follows similar time lines in both species.
Many steps in the development of LSO circuitry take place before hearing onset (P12 in
mice: Ehret, 1976). Cell number in the LSO does not change significantly during postnatal
development but the packing density decreases to about 50% from the first postnatal week to
adult (mouse: Ollo and Schwartz, 1979). Synaptic connections are established and become
functional during fetal life (E18 rat: Kandler and Friauf, 1993; 1995a). The establishment of
crude tonotopy, i.e. neurons located in high frequency areas of the cochlear nucleus (CN) project
to neurons located in the high frequency areas of LSO, occurs before birth (rat: Kandler and
Friauf, 1993; chick: Jhaveri and Morest, 1982; reviews: Friauf and Lohmann, 1999; Sanes and
Friauf, 2000). Dendritic and axonal growth takes place also during postnatal development,
peaking before hearing onset (quantified by dendritic length and branching points: Sanes et al.,
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1992). Drastic remodeling of synaptic connections also takes place during the first three to four
postnatal weeks. Axonal projections from the MNTB to the LSO and the dendritic tree of LSO
neurons undergo an activity-dependent refinement (gerbil: Sanes and Takacs, 1993; Sanes and
Siverls, 1991; Sanes et al., 1992; review: Sanes and Friauf, 2000). This refinement is
accompanied by massive elimination of functional inhibitory synapses such that LSO neurons
lose ~ 75 % of their inputs from the MNTB (rat: Kim and Kandler, 2003), and results in
sharpening of functional tonotopic organization of auditory connections. Excitatory and
2+

inhibitory synapses to LSO are depolarizing and can increase [Ca ]i early in development
(Kandler and Friauf 1995a; Ehrlich et al., 1999; Kullmann et al., 2002; Ene et al., 2003). The
glycinergic/GABAergic input becomes hyperpolarizing around P3/4 in mice (Kullmann and
Kandler, 2001) and around P7/8 in rats (Kandler and Friauf, 1995a). The depolarizing phase of
2+

glycinergic/GABAergic inputs may allow these inputs to use Ca -dependent signal transduction
pathways similar to those used by the excitatory inputs for their refinement (Kandler et al.,
2003).

E18

P0

Functional
synapse
formation

Birth

P3/4

P12

MNTB-LSO input
changes from depolarizing to
hyperpolarizing

Figure 2. Major events in the development of LSO.
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Hearing
onset

P18-28

Adult-like

Morphologically, the most dramatic change occurs in the dendritic tree of the LSO
neurons, where the number of dendritic endpoints is drastically reduced (by about 80% from P4
toP36) by selective pruning of the distal dendrites (rat: Rietzel and Friauf, 1998). The number of
dendritic branches and endpoints decreases mostly because of the elimination of small thin
dendrites. As a result, the complexity of the dendritic tree decreases and the arbors become
visibly bipolar shaped. Despite this loss of dendrites, the dendritic field increases (from P4-36
with most of the increase taking place after P22). However, the relative size of the dendritic field
decreases due to a large increase in the LSO area (rat: Rietzel and Friauf, 1998).
It is not known whether the axonal projections of the excitatory inputs from AVCN to
LSO undergo a functional and morphological refinement process similar to that of the inhibitory
input. Since in other developing sensory systems the excitatory inputs are remodeled in order to
achieve precise synaptic connectivity (Goodman and Shatz, 1993; Shatz, 1996) it is very likely
that the input from the AVCN to the LSO undergo refinement. Supposing that there is
refinement, it will be interesting to know the time course in relationship to the refinement of the
inhibitory synapses.
Maturation of LSO neurons includes the expression of different transmitter receptors and
receptor subunits (Caicedo and Eybalin, 1999; Korada and Schwartz, 1999). In the following, I
will summarize data from several species including mouse, rat and gerbils, concerning the
expression of glutamate receptors (GluRs: AMPARs, kainate receptors, NMDARs, mGluRs).
AMPARs are assembled from a variety of subunits (GluR1 to GluR4), splice variants and
mRNA editing combinations that confer diverse functional properties (Borges and Dingledine,
1998; Parks, 2000). The expression of AMPAR subunits in developing rat LSO was investigated
using immunohistochemistry (Figure 3A adapted from Caicedo and Eybalin, 1999). According
to this study, the expression of the GluR1 subunit decreases to the adult level during the first 3
postnatal weeks. The GluR2 subunit, which confers Ca2+ impermeability to AMPARs (Hollmann
et al., 1991; Verdoorn et al., 1991), is expressed early in development and its expression level
decreases after hearing onset. The GluR4 subunit, whose incorporation results in a receptor with
faster kinetics (review: Trussell, 1999) is expressed mostly after hearing onset. Other studies
found that GluR1-GluR4 mRNA and/or protein are expressed in adult rat LSO (Sato et al., 2000;
Schmid et al., 2001) and gerbil LSO (Schwartz and Eager, 1999). The cellular localization of
GluRs was studied in adult gerbils and found along dendrites of principal cells of LSO and on
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their somata. Functionally, AMPARs were investigated using electrophysiology. These studies
indicate that synaptic transmission between AVCN and LSO is mostly mediated by AMPARs
(Caspary and Faingold, 1989; Kotak and Sanes, 1996; Wu and Kelly, 1992).
Kainate receptors are homomeric or heteromeric receptors composed of several subunits:
GluR5-7, KA1, and KA2 (review: Chittajallu et al., 1999). In the auditory brainstem, kainate
receptor subunits are expressed in several nuclei including nucleus magnocellularis (NM) of
chick (Lachica et al., 1998), MNTB of developing to adult rat (P2-59; Lohrke and Friauf, 2002),
CN of adult rat (Petralia et al., 1994; 1996; review: Petralia et al., 2000). To date no anatomical
study investigated the expression of kainate receptors in the LSO, although their presence was
suggested by electrophysiological experiments. These experiments show a kainate-evoked
current, resistant to the AMPAR antagonist GYKI 52466, thus most likely mediated by kainate
2+

receptors (Vitten et al., 1999). Also Ca imaging experiments (this study) indicate the presence
of kainate receptors in the developing LSO.
NMDARs are composed of different combinations of subunits NR1, NR2A-D and NR3.
Functional channels are produced when the NR1 subunit is assembled together with one of the
four NR2 subunits (reviews: Mori and Mishina, 1995; Dingledine et al., 1999). Their expression
has been investigated in the developing LSO of rat (P4-30; Caicedo and Eybalin, 1999).
According to this study, all subunits are detected and the expression of the NR1 subunit
decreases after hearing onset (Figure 3B adapted from Caicedo and Eybalin, 1999). In other
brainstem nuclei, NMDARs are involved in synaptic transmission (developing rat IC: Ma et al.,
2002). In developing LSO neurons, previous electrophysiological studies suggested that
NMDARs do not participate in synaptic transmission under normal circumstances (Caspary and
Faingold, 1989; Wu and Kelly, 1992; Kotak and Sanes, 1996; Kandler and Friauf, 1995).
However, in experiments in which neuronal activity was blocked by cochlea ablation, the
ipsilateral evoked EPSP had an NMDAR component, suggesting that NMDARs participate to
synaptic transmission under these circumstances (Kotak and Sanes, 1995).
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Figure 3. Developmental changes in the expression of GluRs.
Expression of GluRs subunits in developing rat LSO, assessed using antibody.
- = no detection; + = low levels; ++ = moderate levels; +++ = high levels of expression.
Data points before hearing onset (P12) are in black while data points after hearing onset are in
gray. A. AMPARs. B. NMDARs. Adapted from Caicedo and Eybalin, 1999.

Metabotropic glutamate receptors (mGluRs) are a family of proteins that have seven
transmembrane segments and are coupled to G proteins. They differ from ionotropic glutamate
receptors in that they do not form ion channels but instead activate intracellular signaltransduction cascades (reviews: Pin and Duvoisin, 1995; Conn and Pin, 1997; De Blasi et al.,
2001). To date, eight genes coding for different subtypes of mGluRs have been identified,
mGluR1 to 8 (reviews: Pin and Duvoisin, 1995; Conn and Pin, 1997; De Blasi et al., 2001).
Based on primary amino acid sequence homology, pharmacology, and second-messenger
coupling the family of mGluRs has been subdivided in three main groups: group I (mGluR1, 5),
group II (mGluR2, 3) group III (mGlu R4, 6, 7, 8). Intracellular signaling pathways through
8

mGluRs are very complex and thus mGluRs are implicated in a variety of functions including
synaptic plasticity (review: Holscher et al., 1999), modulation of ion channels (review: Anwyl,
1999), and neurodegeneration (reviews: Bruno et al., 1998; Holscher et al., 1999).
The

expression

of

mGluRs

has

been

poorly

investigated

in

the

LSO.

Immunohistochemistry studies indicate the expression of mGluR2/3 in a small population of
LSO neurons and their processes (adult rat: Petralia et al., 1996). Electrophysiological studies
indicate the presence of group II and/or group III mGluRs on presynaptic glutamatergic
terminals (mouse: Wu and Fu, 1998) and group I mGluR on postsynaptic LSO neurons (gerbil:
Kotak and Sanes, 1995).
GABARs and GlyRs also undergo developmental changes. For example, in developing
rat LSO GABARs expression markedly decreases with age, especially in the neuropil (Korada
and Schwartz, 1999). GlyRs undergo a change in the subunit composition from the neonatal α2
to the adult α1, resulting in a receptor with faster kinetics (Rajendra et al., 1997), ensuring fast
neurotransmission. In addition, an increasing expression of the glycine transporter GLYT2,
which is involved in the re-uptake of Gly from the synaptic cleft, contribute to fast glycinergic
neurotransmission (Friauf et al., 1999; review: Sanes and Friauf, 2000). Other maturational
processes of LSO neurons include changes in membrane properties (Kandler and Friauf, 1995b)
2+

and changes in the expression of Ca binding proteins (Friauf, 1993; 1994; Lohmann and Friauf,
1996).
Most of the developmental changes described above occur before hearing onset. After
hearing onset, the functional properties of LSO neurons refine further until the adult-like
connectivity and functionality is achieved in the third to fourth postnatal week (reviews: Sanes
and Walsh, 1998; Cant, 1998; Sanes and Friauf, 2000). The ability of LSO neurons to encode the
intensity of the sound improves. This has been characterized by the dynamic range (dB),
maximum possible output (discharge rate) and the resolution of the response (discharges/dB)
(Sanes and Rubel, 1988). Also, binaural properties improve. For example, topographical
alignment characterized by the degree of matching of the characteristic frequencies of excitatory
and inhibitory inputs which is present at birth it refines (Sanes and Rubel, 1988).
In summary, the developing LSO circuitry undergoes an array of maturational processes.
At the level of circuitry, there is an activity dependent pruning of MNTB inputs to LSO and of
the dendritic tree of LSO, taking place over the first three postnatal weeks. At the functional
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level there is synapse elimination such that the LSO lose approximately 75% of their MNTB
inputs which takes place mostly before hearing onset. At the level of receptors, AMPARs and
GlyRs expression undergo developmental changes that result in faster synaptic transmission.

1.4.

ROLE OF NEURONAL ACTIVITY IN DEVELOPMENT OF LSO

Numerous studies in different sensory systems have established that neuronal activity
plays an important role in the correct formation, maturation and refinement of neuronal circuits
(reviews: Constantine-Paton et al., 1990; Shatz, 1990; Katz and Shatz, 1996; Corriveau, 1999;
but for a different view see also Crowley and Katz, 2002). The integrity of presynaptic inputs is
crucial for maintaining and shaping the organization and function of target neurons (Hubel and
Wiesel, 1970; Van der Loos and Woolsey, 1973; Brunjes, 1994). Early experiments in different
sensory systems have shown that removal of the presynaptic input or altering the activity of the
presynaptic input during a certain “critical period” of development induces profound changes in
the physiology, morphology, and function of the target neurons (Hubel and Wiesel, 1970; Van
der Loos and Woolsey, 1973; Brunjes, 1994).
In the auditory brainstem, evidence from both chick and mammals suggests that neuronal
activity plays a critical role in development. It influences cell survival, it affects dendritic and
axonal growth, and it influences fine-tuning of circuits (reviews: Rubel et al., 1990; Friauf and
Lohmann, 1999; Sanes and Friauf, 2000). Because many developmental steps take place before
hearing onset, it is important to distinguish between the role of neuronal activity before and after
hearing onset.
Spontaneous activity before hearing onset has been found to originate in the cochlea
since removal of the cochlea results in cessation of spontaneous activity in CN neurons (Born
and Rubel, 1985; Pasic and Rubel, 1989). In vivo recordings from different auditory brainstem
nuclei have shown that the average activity level is low (below 1 Hz), but spontaneous spike
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activity is sustained and rhythmic, consisting of brief bursts interrupted by periods of quiescence
(Romand and Ehret, 1990; Lippe, 1994; Gummer and Mark, 1994; Kotak and Sanes, 1995; Kros
et al., 1998; Glowatzki and Fuchs, 2000). The meaning of these bursts is not understood. There is
some evidence that interfering with patterned activity affects the development of the auditory
circuitry (Sanes and Constantine-Patton, 1985, Ehrlich et al., 1998). For example, in organotypic
cultures of brainstem slices containing LSO and MNTB, where the level and the pattern of
spontaneous activity is completely different from in vivo, glycinergic synaptic transmission
remains in an immature state (Ehrlich et al., 1998). Most likely, the change in the subunit
composition of GlyRs (neonatal α2 to adult α1) is impaired, while the development of other
membrane properties of LSO or MNTB neurons appears not to be affected (Ehrlich et al., 1999).
Manipulations intended to decrease or eliminate spontaneous activity, i.e. cochlea
ablation or inhibition of the auditory nerve activity by TTX, revealed a critical role of
spontaneous activity for the correct formation of auditory circuitry (review: Sanes and Friauf,
2000) and for survival (review: Rubel et al., 1990). For the LSO circuitry, unilateral cochlea
ablation before hearing onset prevents synaptic refinement of MNTB to LSO input. As a
consequence, the dendritic length of LSO neurons and the number of branch points do not
decrease and an immature-like connectivity pattern is retained in adults (Sanes and Takacs, 1993;
Sanes and Siverls, 1991; Sanes et al., 1992; review: Sanes and Friauf, 2000). For the
development of the AVCN to LSO input, experimental evidence suggests that glutamatergic
transmission weakens, such that fewer neurons respond to ipsilateral stimulation and their EPSP
amplitude decreases (Kotak and Sanes, 1997). There are also morphological effects including
atrophy of LSO soma and dendrites (Sanes et al., 1992), suggesting that spontaneous activity and
the integrity of presynaptic input are critical for correct development of the LSO circuitry and
thus for the correct functioning of these neurons.
A large number of studies demonstrate the necessity of neuronal activity for the survival
of CN and NM neurons. Cochlear removal or inhibition of auditory nerve activity results in
massive death of CN and NM neurons in the ablated side, significant reduction in soma size of
the surviving neurons (in chick: Born and Rubel, 1985; review: Rubel et al., 1990; in gerbil:
Tierney et al., 1997; in mouse: Trune, 1982a, b, 1983; Mostafapour et al., 2000; in rat: Moore,
1998; in ferret: Moore, 1990), decreased protein synthesis (Durham and Rubel, 1985; Steward
and Rubel, 1985; Garden et al., 1994; review: Rubel et al., 1990), upregulation of mitochondrial
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metabolism (Hyde and Durham, 1990; 1994 a, b), and increases in intracellular calcium (Zirpel
et al., 1995a). An interesting observation is the existence of a “sensitive period” in which these
effects are more pronounced. In both avian and mammalian auditory brainstem this period is
related to the hearing onset (P12 in rodents and E12-14 in chick; Rubel and Parks, 1988; Tierney
et al., 1997; Mostafapour et al., 2000). For example, cell death in the AVCN of mice is
approximately 40 % when the cochlea is removed at P7, it decreases to 5-10 % when the cochlea
is removed is at P11 and to less than 1 % when the cochlea is removed at P14 (Mostafapour et
al., 2000). Effects of cochlea ablation are also seen trans-synaptically in nuclei receiving input
from the deprived CN. These effects include ectopic projections from the intact CN to the
deinnervated nuclei LSO, MSO, MNTB and IC (Rubel et al., 1981; Nordeen et al., 1983; Moore
and Kitzes, 1985; Russell and Moore, 1995; Kitzes et al., 1995; Moore and Kowalchuk, 1988),
dendritic changes (atrophy and/or hypertrophy; LSO: Sanes et al., 1992; Russell and Moore,
1999), changes in the receptors and membrane properties of neurons (LSO: Kotak and Sanes,
1996; 1997; review: Sanes and Friauf, 2000) and changes in soma size (LSO: Sanes et al., 1992;
MNTB: Pasic et al., 1994). Although there was no assay for cell death in the LSO following
cochlea ablation, the size of the nucleus was smaller and a general atrophic condition was
observed (i.e. the entire area of LSO was reduced), suggesting that there might be cell loss
(Sanes et al., 1992).
Taken together these studies indicate that afferent activity is not only important for
correct circuitry formation but also has a trophic role during development. In addition, there is a
“sensitive period” when spontaneous activity and the integrity of presynaptic input are much
more critical for normal development and maturation of target neurons than it is for maintenance
after neurons have matured.
Sensory-driven activity after hearing onset also has been shown to play a critical role in
development and plasticity of the auditory brainstem (review: Friauf and Lohmann, 1999). It has
been suggested that acoustically driven activity is involved in dendritic and somatic growth and
refinement (Feng and Rogowski, 1980; Conlee and Parks, 1981; 1983). For example, in rats,
monaural occlusion, which drastically reduces the level of auditory input (noise attenuation by
approximately 40dB) impairs the MSO dendritic remodeling corresponding to the deprived side
(Feng and Rogowski, 1980). In chickens, monaural occlusion retards of the continuous growth of
soma of NM neurons corresponding to the deprived side (Conlee and Parks, 1981) and changes
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the dendritic length of neurons from nucleus laminaris corresponding to the plugged ear (Gray et
al., 1982; Smith et al., 1983). Other studies have shown that sensory driven activity, especially
the pattern of activity, is involved in the sharpening of frequency tuning curves in IC neurons
(Sanes and Constantine-Paton, 1983; 1985).
In summary, neuronal activity before and after hearing onset plays an important role in
the development of auditory brainstem nuclei. In the LSO, the role of spontaneous activity before
hearing onset has been investigated in studies concerning the development of the inhibitory
glycinergic/GABAergic input and has shown that the refinement of these inputs is prevented.
The role of activity for the development of glutamatergic input to LSO has been much less
examined.

1.5.

ROLE OF CALCIUM AND CALCIUM ENTRY ROUTES FOR THE
DEVELOPMENT OF LSO NEURONS

Glutamatergic neurotransmission can induce morphological changes and many of these
changes involve intracellular calcium signaling. Numerous studies have shown that increases in
2+

the [Ca ]i in neurons affect processes that are central to the development and plasticity of the
nervous system, including activity-dependent cell survival, modulation of synaptic strength, and
calcium-mediated cell death (reviews: Ghosh and Greenberg, 1995; Gallin and Greenberg, 1995,
Berridge, 1998; West et al., 2001).
For the auditory brainstem nuclei, several lines of evidence from both chick and rodents
indicate that calcium plays a critical role for survival and development. First, removal of cochlea
2+

in embryonic chicken results in an increase in [Ca ]i in nucleus magnocellularis (NM; the avian
equivalent of the mammalian cochlear nucleus), a nucleus receiving direct input from the
auditory nerve (Zirpel et al., 1995a). This increase in Ca2+ is toxic and contributes to the massive
cell death occurring after deafferentiation. It can be prevented if neurons are stimulated
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orthodromically or if mGluRs are activated (Zirpel et al., 1995a, b; Zirpel and Rubel, 1996;
Zirpel et al., 1998). These experiments suggest that glutamatergic transmission via mGluRs plays
protective role for auditory neurons. Second, cultured organotypic rat brainstem slices containing
the LSO develop normally only when an optimal level of calcium is provided via activation of L2+

type voltage gated Ca channels (Lohmann et al., 1998).
Not only is the amount of calcium critical but also the route of entry. Many studies
2+

suggest that distinct Ca entry routes affect distinct intracellular pathways which in turn affect
distinct cellular processes and distinct gene expression important for survival, development or
synaptic plasticity (reviews: Ghosh and Greenberg, 1995; Gallin and Greenberg, 1995, Berridge,
2+

1998; West et al., 2001). Sources of [Ca ]i increases consist of: a) influx of calcium from the
extracellular milieu through ligand-gated channels (i.e. NMDARs, AMPARs, kainate receptors),
voltage-gated calcium channels (VGCCs) or store-operated channels (SOC), and b) release of
calcium from internal stores. Immature LSO neurons express all major classes of GluRs (Kandler
and Friauf, 1995a; Kotak and Sanes, 1996) but whether and under what stimulus conditions
2+

specific GluRs contribute to synaptic Ca responses and moreover the mechanisms underlying
2+

Ca responses during development are unknown.

1.6.

TRP CHANNELS

The mechanisms of calcium signaling through GluRs have been investigated in different
systems and it is well documented that calcium signaling through GluRs plays critical role in
development, synaptic plasticity and cell death (reviews: Hardingham and Bading, 2003; Wong
and Ghosh, 2002; West et al., 2001; Kullmann et al., 2000; Tanaka et al., 2000; Konig et al.,
2001). Much less is known about the mechanisms of calcium signaling through internal stores
and through calcium channels activated by internal stores. Moreover, the relevance of this
signaling for cellular processes is largely unknown. In this section I will review some of the
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literature concerning store-operated calcium channels and transient receptor potential (TRP)
channels, as they might be expressed in the LSO neurons during development and perhaps in
adulthood.

1.6.1.

A short history of discovery of TRP channels

The concept of "store-operated calcium entry" (SOC) or “capacitive calcium entry”
(CCE) was based on a series of experiments conducted in parotid acinar and smooth muscle cells
(Putney, 1976a, b). Application of the muscarinic receptor agonist carbachol triggered a biphasic
release of

86

2+

Rb+, used to monitor Ca efflux from these cells. The first efflux component was
2+

unaffected by the removal of the extracellular Ca

while the second, sustained phase, was

2+

3+

abolished by either removal of the extracellular Ca or by incubation with La (Putney, 1976a,
b). Independent experiments conducted by Casteels and Droogmans (1981) in vascular smooth
muscle cells, showed that depletion of intracellular stores stimulated the rate of

45

2+

Ca uptake

2+

from the extracellular solution. This Ca entry pathway differed pharmacologically from other
2+

Ca entry pathways in that it was coupled to Ca

2+

stores and blocked by manganese ions

(Casteels and Droogmans, 1981). Similar mechanisms were later found in many cell types
including pancreatic cells, lymphocytes, mast cells (review: Putney, 1997), cerebellar granule
cells (Simpson et al., 1995), astrocytes (Lo et al., 2002), and recently in neurons in the neocortex
(Prothero et al., 2000) and hippocampus (Baba et al., 2003).
Based on these experiments, Putney proposed a model of SOC activation: ligand binding
to G-protein linked membrane receptors initiates a sequence of events resulting in generation of
inositol-1,4,5-trisphosphate (IP3), which, in turn, leads to an initial emptying of the intracellular
2+

2+

Ca stores followed by a rapid influx of Ca from the extracellular milieu and refilling of the
stores (reviews: Putney, 1986; 1990). The first electrical measurement of SOCs was achieved in
2+

2+

mast cells, where depletion of intracellular Ca stores induced a sustained Ca inward current
through a very low conductance channel (~0.02pS; ~ three orders of magnitude smaller than
single channel conductance of most ionic channels; Zweifach and Lewis, 1993; Hoth and Penner,
2+

2+

2+

2+

1992). The current was highly selective for Ca ions over Ba , Sr and Mn , was not voltage15

2+

activated (Hoth and Penner, 1992) and was blocked by Mg , by micromolar concentrations of
2+

2+

2+

lanthanides and by micromolar concentrations of divalent ions including Zn , Co , Ni , Cd

2+

2+

and Mn (Hoth and Penner, 1992; Lepple-Wienhues and Cahalan, 1996; review: Parekh and
Penner, 1997). This current was termed "calcium-release-activated calcium current" (CRAC)
(Hoth and Penner, 1992). Since then ICRAC has been characterized in many cell types (review:
Parekh and Penner, 1997). It was found that ICRAC could be activated by a variety of procedures
that empty the intracellular IP3 sensitive stores, such as application of thapsigargin or muscarinic
2+

agonists. However, store operated Ca entry might not occur solely through ICRAC channels.
Although the SOC currents were characterized physiologically and pharmacologically,
the molecular nature of the store-operated channels and their activation mechanisms remained
elusive. A considerable advance has come from investigations of a Drosophila mutant that
exhibited defects in the visual signal transduction pathway (Hardie and Minke, 1995;
Ranganathan et al., 1995). In the fly rhabdomeres (and other invertebrates), light activates
rhodopsin which in turn activates a heterotrimeric Gq-type protein. Subsequent stimulation of
2+

phospholipase C (PLC) causes an increase in intracellular IP3 followed by release of Ca from
2+

intracellular stores and capacitive Ca influx. This process is associated with activation of a Ca2+
conductance called the receptor potential. In the rhabdomeres of the mutant fly, light induces a
2+

transient rather than a sustained, plateau-like increase in intracellular Ca . The mutant was
therefore termed trp, for transient receptor potential (Cosens and Manning, 1969; review Hardie
2+

and Minke, 1993; Minke and Selinger, 1996; Hardie, 1996). The defect in Ca entry in trp
mutant flies suggested the trp gene products, TRP proteins, as candidates for the plasma
2+

membrane channel activated by Ca store depletion. The Drosophila trp gene was cloned in
2+

1989 (Montell and Rubin, 1989) and subsequently shown to code for a Ca permeable cation
channel (Hardie and Minke, 1992). Evidence that TRPs function as ion channels comes from
studies of insect Sf9 cells where TRPs expression increases store-operated Ca
membrane conductance (Vaca et al., 1994).
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2+

entry and

1.6.2.

Structure of TRP channels

Homologues of TRPs have been found, cloned and characterized in flies, worms and
mammals including humans (reviews: Harteneck et al., 2000; Clapham et al., 2001; Zitt et al.,
2002). To date, the mammalian TRP family comprises at least 21 unique proteins. They are
tetramers, assembled from subunits with 6 transmembranare domains (TM1–6), cytoplasmic Nand C-termini and a pore region between TM5 and TM6 (Clapham, et al., 2001). Based on
sequence homology TRP channels have been divided into three subfamilies (Clapham et al.,
2001): TRPC (C for Canonical), TRPV (V for Vanilloid) and TRPM (M for Melastatin). Each
subfamily contains several members numbered in the order of their discovery: TRPC1-7,
TRPV1-2, 4-6 and TRPM1-7 (reviews: Clapham et al., 2001; Zitt et al., 2002). Furthermore,
based on the sequence homology and functional similarities, each subfamily is divided in
subgroups. The TRPC subfamily was divided into four subgroups: TRPC1, TRPC4,-5, TRPC3,6,-7 and TRPC2. Particular members of a family exhibit high sequence similarity between
species (i.e. TRPC1 shows 95% sequence similarity between bovine, murine and human
species). Functional channels tend to assemble from subunits from the same subgroup (review:
Clapham et al., 2001).

1.6.3.

Tissue expression of TRP channels

The expression of TRP channels seems to be ubiquitous among tissue type including
brain, liver, muscle, heart, kidney, and many other (reviews: Hofmann et al., 2000; Clapham et
al., 2001; Montell, 2001; Riccio et al., 2002). Members of the TRPC family have been found in a
variety of tissues including brain (TRPC1-7), heart (TRPC1, 3, 4, 6, 7), testis (TRPC1-6), kidney
(TRPC1, 3, 6), lung (TRPC1, 3, 4, 7), vomeronasal organ (TRPC2) and eye (TRPC7) (reviews:
Montell, 2001 and Garcia and Schilling, 1997). In the CNS, mRNA of all TRPC1-7 is widely
distributed with TRPC3 and 5 highly enhanced (Riccio et al., 2002). Detailed studies show that
TRPC3 protein is predominantly expressed in neurons in brainstem (perhaps LSO) and cortex,
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during a narrow period of development (from ~E18 to P20 in rat and mice; Li et al., 1999).
TRPC1 is highly expressed in all layers of the hippocampus and amygdala and in the Purkinje
cell layer of the cerebellum. Here, it seems to co-assemble with TRPC5 to form a distinct
channel (Strubing et al., 2001). TRPC4 is found in the olfactory bulb in the internal granular
layer, and in the hippocampus in CA1 pyramidal cells where it is co-expressed with TRPC5
(Philipp et al., 1998).
In summary, TRPC channels are widely expressed in the brain. To date, only TRPC3
expression was shown to be developmentally regulated such that the channel is expressed in a
narrow window around birth (Li et al., 1999).

1.6.4.

Signal transduction and activation of TRPs

The signal transduction pathways for the activation of TRPs have been investigated in
numerous heterologous systems and in different cell types (review: Hoffmann et al., 2000). Two
main questions are still largely unanswered. One of them is whether TRPs are the channels that
mediate store-operated calcium entry (TRP=SOC)? Some studies suggest that a number of TRPs
are activated as a result of internal stores depletion while other TRPs are activated independently
of stores. For example, TRPC4 (Phillip et al., 1996) and TRPC1 (Zitt et al., 1996; Sinkins et al.,
1998) have been implicated in store-operated calcium entry. However, for TRPC3 the evidence
is contradictory. In COS M6 and HEK 239 cells TRPC3 was activated by agonist-promoted store
depletion, suggesting TRPC3 as an SOC (Zhu et al., 1996; Kiselyov et al., 1998). In contrast, in
CHO cells it was found that TRPC3 is a nonselective cation channel independent of store
depletion (Zitt et al., 1997), which can be activated by diacylglycerol (DAG) (Hofmann et al.,
1999). The disparate observations may reflect differences in the cell types used for the
expression studies. Recently, it was suggested that TRPs are associated with other proteins
forming signaling complexes (review: Harteneck, 2003). Thus, differences in the association of
TRPs with these proteins in different heterologous systems may also account for the observed
discrepancies.
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Another open question is what exactly activates TRP channels? The most common
pathway involves metabotropic receptors coupled to Gq proteins which stimulate PLC. This in
turn hydrolyses phosphatidylinositol-4,5-bisphosphate (PIP2), which is further cleaved into two
second messengers, the membrane-bound diacylglycerol (DAG) and soluble IP3. Signaling
2+

downstream of these initial steps involves mobilization of Ca from IP3 sensitive intracellular
2+

stores and Ca influx through the plasma membrane (reviews: Montell 2001, Zitt et al., 2002).
From here, how exactly the TRP channels are activated is unclear. Three dominant hypotheses
have been proposed: (i) diffusible messengers (cGMP, IP3, DAG, a small G protein, arachidonic
acid derivatives) or calcium influx factors (CIFs) generated by store depletion (Parekh et al.,
1993; Randriamampita and Tsien, 1993); (ii) exocytotic insertion of vesicular channels into the
plasma membrane (Kanzaki et al., 1999); and (iii) direct interaction (“conformational coupling”)
between proteins in organellar and plasma membranes (Berridge, 1995). To date, there is
evidence to support all three hypotheses though none has yet been proven conclusively (reviews:
Montell, 2001; Hoffmann et al., 2000; Zitt et al., 2002).
In summary TRPs comprise a diverse family of Ca2+ channels, some of which are
receptor-operated other store-operated. The mechanism(s) of TRPs activation and TRPs
properties in native cells and in vivo remain to be studied.

1.6.5.

Function of TRP channels

TRPs have been involved in a variety of functions including vision, temperature
detection, pheromone detection, touch, sound, taste and pain (review: Voets and Nilius, 2003).
Members of the TRPC subfamily have functions in signal transduction. TRPC2 was
found to be a transduction channel for sensing pheromone in the vomeronasal organ (Liman et
al., 1999). TRPC2-deficient mice do not show the normal aggressive behavior towards other
males. Instead they display sexual behavior towards male intruders, indicating that the absence
of TRPC2 resulted in loss of sexual discrimination (Leypold et al., 2002; Stowers et al., 2002).
TRPC3 may be involved in activity-dependent changes occurring early in CNS
development (Li et al., 1999). Protein expression of TRPC3 was found in a narrow window
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during development (rat E18-P20) and expression paralleled that of the transmembrane receptor
protein tyrosine kinase TrkB (Li et al., 1999). Activation of TRPC3 involved TrkB activation by
the neurotrophin BDNF (Li et al., 1999). Since BDNF is involved in a variety of processes
during development, including neuronal differentiation, survival and synaptic plasticity (review:
Huang and Reichardt, 2001), it is possible that some of its effects are mediated by BDNFstimulated Ca2+ influx through TRPC3.
Members of the TRPV subfamily are mostly expressed in sensory neurons and have been
identified as primary sensors of both physical (heat, cold, mechanical stress) and chemical (pH,
pheromones, “hot pepper” compounds) external stimuli (review: Voets and Nilius, 2003).
TRPV1, the best characterized member of the family, was found to be a Ca2+-permeable channel
activated by vanilloids such as capsaicin and other pungent pepper compounds, and also by
temperatures above 43°C, and it is believed to be involved in pain pathways (Caterina et al.,
1997).
The TRPM family seems to have a role in cell-cycle regulation, as it has been shown that
the downregulation of TRPM1 gene expression is related to skin cancer (Duncan et al., 1998)
and TRPM8 is upregulated in prostate cancer, breast, colon, lung and skin tumors (Tsavaler et
al., 2001).
TRPs may also be involved in neurodegenerative diseases. Recent studies suggest that
reductions in the activity of TRP channels might be an early event leading to Alzheimer's disease
(Leissring et al., 2000; Yoo et al., 2000; review: Montell, 2001). Oxidative stress could result in
2+

2+

constitutive activation of TRP proteins. Since TRPs function as Ca channels, increase in Ca

influx may account for cell death (review: Montell, 2001). Support for these conclusions comes
from studies of the Drosophila photoreceptor cells, where mutations that cause constitutive
activation of TRP result in neurodegeneration (Yoon et al., 2000).
Taken together, mammalian TRP channels function as Ca2+ permeable channels activated
by a multitude of factors that have in common activation of PLC. In CNS, TRPC channels are
expressed in individual neurons and their subunit expression pattern is region and cell-type
specific. In the brainstem area, the expression of TRPC3 has been found during development
only (Li et al., 1999).
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1.7.

SUMMARY AND SIGNIFICANCE

In summary, evidence from the auditory system and other sensory systems suggests that
afferent activity via glutamatergic synaptic transmission (triggered either spontaneously or by
sensory input) induces changes in the intracellular calcium levels that affect survival, growth and
refinement. Thus, a clear understanding of the Ca2+ entry routes and of the mechanisms that
affect [Ca2+]i during development is critical. These questions are addressed in this study. The
first chapter investigates the Ca2+ entry pathways activated by synaptic stimulation of AVCNLSO synapses in developing neurons. The second chapter investigates the mechanisms by which
GluRs increase [Ca2+]i in neonatal LSO neurons. The last chapter investigates developmental
changes of mGluR-evoked Ca2+ responses and the possible involvement of a TRPC channel in
mediating Ca2+ influx in LSO neurons. Together, this study provides a comprehensive
understanding of Ca2+ entry routes and cellular mechanisms activated during development. These
mechanisms may underlie morphological and physiological changes occurring in the LSO during
that period.
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2.

2.1.

METHODS

ANIMALS AND SLICE PREPARATION

Experiments were performed in vitro in acute brainstem slices of mice (C57Bl/6J from
Jackson Laboratory, Bar Harbor, ME; Harlan, Indianapolis, IN; Charles River, Wilmington,
MA), males or females aged between postnatal day 0 (P0 - the day of birth) and P19.
Experimental procedures were in accordance with NIH guidelines and were approved by the
IACUC at the University of Pittsburgh. Animals between P0 to P7 were anesthetized by
hypothermia and older animals were anesthetized using isofluorane. Animals were quickly
decapitated, the brains removed and placed into cold (4-8 °C) artificial cerebrospinal fluid with
kynurenic acid (ACSF with KA, composition in mM: NaCl 124, NaHCO3 26, Glucose 10, KCl
5, KH2PO4 1.25, MgSO4 1.3, CaCl2 2, kynurenic acid 1, pH 7.4 when aerated with 95% O2/5%
CO2). Transversal slices (200-300 µm thickness) were cut using a vibrotome (DTK-1500E, Ted
Pella, Redding, CA). Slices in which the LSO could be identified were transferred into a holding
chamber for labeling.
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2.2.

FURA-2AM BULK-LABELING

This method relies on the ability of the acetoxy-methyl-ester of Fura-2 (Fura-2AM) to
passively diffuse across cell membranes into the cytosol, where it is cleaved by endogenous
esterases to release the cell-impermeant fluorescent dye. The labeling protocol included two
steps. First, slices were incubated in a concentrated Fura-2AM solution (100 µM; Molecular
Probes, Eugene, OR; Tefflabs, TX) for 2-5 minutes. Slices were then immersed in aerated ACSF
containing 10 µM Fura-2AM, for 2-5 hours at 30-32ºC (Peterlin et al., 2000). Stock solutions of
1mM Fura-2AM were prepared by dissolving Fura-2AM in DMSO with 20% (w/v) pluronic
acid. This method ensured labeling of numerous neurons per LSO (20-80 cells in a camera view)
in slices up to P8 (example in Figure 4). Older slices were poorly or not at all labeled most likely
because of poor penetration of Fura-2AM through the dense extracellular matrix.

Figure 4. Fura-2 staining of LSO neurons in brainstem slices from neonatal mice.
A. Bright field image of the LSO from a P3 mouse. B. Fluorescence image with 380 nm
excitation of the same LSO shown in A. Numerous cells along the extent of the LSO are labeled
(10x objective). C. Higher magnification (20x objective) reveals that most labeled cells have a
typical neuron-like appearance. D-dorsal, M-medial.
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2.3.

RETROGRADE LABELING OF LSO NEURONS

In order to establish that Fura-2AM-labeled cells were neurons as opposed to glia,
rhodamine labeled beads (40 nl, Red Retrobeads, Lumafluor, Naples, FL) were injected
bilaterally into the inferior colliculus (IC; the primary target of LSO neurons) of P1 rats, using a
nanoliter injector (Nanoejector II, Drummond, Broomall, PA). During the procedure, pups were
anesthetized by hypothermia. After injection, rats were sutured, kept under observation until they
recovered and returned to their mothers. Brainstem slices (300 µm) were prepared at P3 and
labeled with Fura-2AM as described above. Beads were visualized with 548 nm excitation
(Monochromator Polychrome II, T.I.L.L. Photonics, Martinsried, Germany) and a 590 nm long
pass emission filter (Chroma Technology, Brattleboro, VT). Double labeling was verified in n =
11 cells in N = 3 slices from 2 animals (Figure 5).

A

2
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B

1

1

2

V
M

Figure 5. Fura-2 stains neurons in the LSO.
A. Fluorescence image with 380 nm excitation of Fura-2 labeled cells in a P3 rat. B. In the same
slice some cells are retrogradelly labeled with rhodamine beads, identifying them as IC projecting neurons. V-ventral, M-medial. Figure adapted from Kullmann et al., 2002.
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2.4.

FURA-2AM SPIN-LABELING: A NOVEL METHOD FOR JUVENILE MOUSE
SLICES

For slices from older animals (>P10) a new method was developed: spin-labeling. This
method uses centrifugation to force Fura-2AM to pass through the slice. For this, slices
containing the LSO were cut in half and each hemisphere was placed on filter paper (12 µm
pores; Corning Incorporated Life Sciences, Acton, MA) in an interface chamber to allow
recovery for 15-30 minutes. Slices were then placed into a centrifugal filter device containing a
10 kDa cutoff molecular filter (molecular weight of Fura-2AM is 1001.86Da). The filter was
inserted in a 1.5 ml microcentrifuge tube (Amicon, Milipore Corporation, Bedford, MA). Slices
were covered with 75 µl Fura - 2AM (100 µM; dissolved in ACSF with KA) and aerated with
95% O2/5% CO2. The 1.5 ml microcentrifuge tube was placed into a 50ml plastic tube and then
centrifuged for 15-20 min at 428g (IEC Clinical Centrifuge, International Equipment Company,
USA) so that most of the Fura-2AM solution passed through the filter. Slices were returned to
the interface chamber until they were used for calcium imaging. This method ensures labeling of
several cells (>5) per slice while preserving the synaptic connections from the AVCN to the
LSO.
To characterize the efficiency of the spin-labeling method versus the bulk-labeling
method, two parameters were used: the number of labeled cells per area and the average
fluorescence intensity of the cells at 360 nm. The reason for the first parameter is trivial: more
labeled cells mean more data per slice, and therefore fewer animals are needed. The reason for
the second parameter was to establish that by using this method cells are not too weakly labeled
nor are they overloaded with calcium indicator. Although Fura-2 is a ratiometric dye and
2+

therefore the concentration of the dye in the cell should have no effect on [Ca ]i estimation, it
was found that in high concentrations the dye can disturb the intracellular physiology of cells. It
can also interfere with the endogenous buffering capacity of the cell leading to errors in
2+

estimation of Ca concentrations (Neher and Augustine, 1992). The measurement at 360 nm was
chosen since it is the isosbestic point of Fura-2 where the fluorescence is not affected by changes
2+

in Ca concentration.
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To determine the optimal conditions for spin-labeling several parameters were tested:
Fura-2 concentration, ACSF osmolarity and the presence of TEA.
The effect of Fura-2AM concentration was tested in slices from P13-15 animals. Four
concentrations were tested: 50µM (N=2 slices), 100µM (N=8 slices), 200µM (N=2 slices) and
500µM (N=2 slices). It was found that the number of labeled cells per area was independent of
the Fura-2AM concentration above 100µM (ANOVA between groups, p>0.05; Figure 6). Given
these results 100µM Fura-2AM was used as standard labeling protocol in subsequent
experiments.

Figure 6. The effect of Fura-2AM concentration on the number of labeled cells.
For concentrations above 100µM the number of cells is not significantly different (ANOVA
p>0.05). 50 µM is significantly different from 100µM (ANOVA p<0.05). Slices are from P13-15
animals, N= 2, 8, 2, 2 slices respectively.
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The effect of osmolarity was also evaluated in slices from P13-15 animals. It was thought
that a hyperosmotic shock produces shrinkage of cells and allows better Fura-2 penetration
through the tissue, such that more Fura-2 gains access to the cell membrane. To test whether
producing an osmolarity shock increases the quality of labeling, 100µM Fura-2 was suspended in
300 mOsm and 400 mOsm ACSF. At higher osmolarity, the number of cells per area decreased
slightly but not significantly (from 2.2 ± 0.1 to 1.6 ± 0.1 cells/100 µm2; t-test p= 0.0378, N=8
slices for 300 mOsm and N=4 slices for 400 mOsm). These results indicate that high osmolarity
does not increase the quality of labeling. Subsequent experiments were performed with
300mOsm ACSF, the same osmolarity as used for bulk-labeling.
Finally, the effect of 10mM TEA was tested in two slices at P15 and P19. TEA has been
shown to increase the labeling quality in cortical slices older than P10, though the mechanism is
unknown (Peinado, 2001). In my hands, the labeling quality did not improve. In addition in the
P19 slice, the few labeled cells failed to respond to 60mM KCl, suggesting that TEA might have
deleterious effects on cell healthiness. Therefore subsequent experiments were performed
without TEA.
After these tests, the standard protocol for labeling used 100µM Fura-2AM in 300mOsm
ACSF + KA, without TEA. The following results (Figure 7; Figure 8) illustrate the efficiency of
spin-labeling versus bulk-labeling. Data are from 3-11 slices per each age group. At younger
ages (P0-5) both methods yield similar numbers of labeled cells. With age, the number of labeled
cells decreases using both methods. However, the decrease is slower using spin-labeling
(compare black trace with grey trace in Figure 7 A) and therefore enabled us to extend Ca2+
imaging up to P18-20. Slices older than P23 were poorly labeled (1-2 cells per slice). The
fluorescence values measured at 360 nm were similar across ages (Figure 7 B). Examples from
individual slices are shown in Figure 8 A-F.
2+

2+

Two additional controls were performed for Ca profiles and resting Ca concentrations.
2+

Figure 9 shows that Ca responses after stimulation with the group I mGluR agonist DHPG
(50µM, 90s) or with KCl (60mM, 30s) are similar (examples from P3 for spinning and P4 for
incubation). Resting Ca2+ concentrations at the beginning of the experiment were not
significantly different (spin-labeling: 109.2±57.6 nM, n=70 cells, N=3 slices, P3; bulk-labeling:
94.2 ± 47.6 nM, n=96 cells, N=4 slices, P2-4; t-test p>0.01).
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Spin-labeling, similar to bulk-labeling, preserves the synaptic connections between
2+

AVCN and LSO. Figure 10 shows an example of Ca response to electrical stimulation of the
ventral acoustic stria (VAS) in a P11 slice. However due to the small number of labeled cells at
older ages the number of cells responding to synaptic stimulation is very low (in average less
than 1 cell/slice).
In summary, with limitations described above, this method can be used for labeling
juvenile brainstem slices.

Figure 7. Bulk-labeling versus spin-labeling.
A. Number of labeled cells per area as a function of age. Grey data points are from bulk labeled
slices; black data points are from spin-labeled slices. Data were fitted with a single exponential.
Note the slower decrease in the case of the spin-labeling method. B. Fluorescence at 360 nm as a
function of age (exposure time 20msec, 20x objective). Data are average ± SEM.
P0-5: N=7 slices for bulk-labeling; N=3 slices for spin-labeling,
P10: N=3 slices for bulk-labeling; N=8 slices for spin-labeling,
P15: N=11 slices for spin-labeling,
P18: N=3 slices for bulk-labeling; N=6 slices for spin-labeling.
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Figure 8. Examples of LSO slices labeled using bulk-(A-C) and spin-labeling (D-E).
Slices are at ages P0, P9, P17 respectively. The number of labeled cells in older slices is higher
using the spin-labeling method (E, F). All images show fluorescence at 360 nm, exposure time
20msec, and 20 x objective. Yellow dotted lines outline the LSO. V-ventral, M-medial.
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Figure 9. Ca2+ profiles in response to mGluR agonists and to KCl are similar using both
labeling methods.
Ca2+ responses are elicited by bath application of DHPG (50µM, 90s) and KCl (60mM, 30s).
A. Spin-labeling: example from a P3 slice. B. Bulk-labeling: example from a P4 slice. C.
Average amplitude of Ca2+ responses to 60mM KCl; Summary from n=32 cells at P3 for spinlabeling and from n=48 cells at P2-4 for bulk-labeling.

Figure 10. Spin-labeling preserves synaptic connections from AVCN to LSO.
Example of a P11 cell responding to electrical stimulation of the ipsilateral ventral acoustic stria.
Arrowhead marks the beginning of stimulation. Stimulus consists of 10 pulses at 50Hz.
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2.5.

CALCIUM IMAGING

Individual slices were transferred into a recording chamber continuously perfused with
oxygenated ACSF (30 - 32 ºC, perfusion rate 2-3 ml/min) for 15-20 minutes to wash out
kynurenic acid and to remove excess Fura-2AM. To prevent photodamage of the cells the ACSF
used during imaging contained a cell-permeant antioxidant, Trolox, (100µM prepared from
100mM stock solution in 0.1 N NaOH; Scheenen et al., 1996). Imaging was performed using
either an upright epifluorescence microscope (BX50WI, Olympus America, Melville, NY)
equipped with 10x and 20x water-immersion objectives (NA: 0.3 and 0.5 respectively; Olympus
America, Melville, NY), or with an inverted epifluorescence microscope (Eclipse TE200 Nikon,
Japan) equipped with 10x and 20x air objectives (NA: 0.5 and 0.75 respectively; Nikon, Japan).
The LSO was identified using transmission images (Figure 4). Fura-2-loaded neurons (Figure 4
B, C) were alternately excited with UV light at 340 nm and 380 nm (bandwidth 15 nm) using a
computer controlled monochromator (Polychrome II, T.I.L.L. Photonics, Martinsried, Germany).
Image pairs were acquired every 1 to 20 s using an exposure time between 20 and 60 ms.
Fluorescence emission was filtered (510/80 nm band pass filter, Chroma Technology Corp.,
Brattleboro, VT) and detected with a 12 bit, cooled, interline-transfer CCD camera (IMAGO,
T.I.L.L. Photonics). Wavelength selection, timing of excitation, acquisition of images, and
triggering of stimulating devices were controlled using the program Tillvision (T.I.L.L.
Photonics) running on a Pentium based computer. Digital images were stored on hard disk for
2+

off-line analysis. The intensity of fluorescence was converted to [Ca ]i using the ratio (R) of the
fluorescence recorded at 340 nm and 380 nm, in accordance to the Grynkiewicz equation
(Grynkiewicz et al., 1985): [Ca ]i=Kdβ(R-Rmin)/(Rmax-R), where Rmin is the fluorescence ratio of
2+

Ca - free Fura-2, Rmax is the ratio of Ca - bound Fura-2, β is the ratio of the fluorescence
2+

2+

2+

2+

intensity of Ca - free Fura-2 at 380 nm to the fluorescence intensity of Ca -bound Fura-2 at 380
nm. Rmin, Rmax and β were determined using a calibration procedure carried out in slices as
2+

2+

described in Kao (1994). In short, slices were first incubated in Ca - free ACSF (Ca was
2+

replaced by Mg

and 2 mM EGTA was added) and 4 µM Ca
2+

2+

ionophore Br-A23187 to

determine Rmin. The Ca - free ACSF was then replaced with ACSF containing 10 mM CaCl2 to
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determine Rmax. Finally, 5 mM manganese was added to quench the fluorescence of Fura-2 in
order to determine background values at 340 and 380 nm, which were than subtracted from all
other measurements. Over the course of this study the system was calibrated repeatedly to
correct for variations in the intensity of the light (i.e. aging of the fluorescence lamp). The values
for Rmin ranged from 0.25 - 0.31, for Rmax from 1.22 - 1.8, and for β from 2.3 - 3.7.

2.6.

ELECTRICAL STIMULATION

Excitatory afferents from the AVCN to the LSO were stimulated using bipolar electrodes
(manufactured from two stainless steel microelectrodes, insulated except at the tip; tip distance
100–200 µm; FHC, Bowdoingham, ME). Stimulation electrodes were placed in the ipsilateral
ventral acoustic stria (VAS; which carries the majority of excitatory afferents from the AVCN;
review: Thompson and Schofield, 2000), lateral to the LSO (Figure 11). Current pulses were
produced using a programmable pulse generator (Master-8; A.M.P.I., Israel) and an isolation unit
2+

(ISO-Flex; A.M.P.I., Israel). Ca responses were evoked in LSO neurons using single pulses (S;
pulse duration 100 µs) and trains of pulses at low frequencies (LF; 10 pulses at 5 Hz-10 Hz) and
high frequencies (HF; 10 pulses at 20 Hz-100 Hz). The stimulus intensity ranged from 50 - 300
µA.
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Figure 11. Electrical stimulation of the ipsilateral ventral acoustic stria.
Brightfield image of a brainstem slice from a P3 mouse, illustrating the position of the
stimulation electrode relative to the LSO. D-dorsal, M-medial. Figure adapted from Ene et al.,
2003.

2.7.

ELECTROPHYSIOLOGY

These experiments were carried out in collaboration with Dr. Deda Gillespie.
a) For AMPA ionophoresis, visualized whole-cell patch clamp recordings were performed in
voltage clamp mode (Vhold: –65mV) at room temperature. Recording electrodes had resistances
of 2–3 MΩ and were filled with a solution containing (in mM): 110 d-gluconic acid, 110 CsOHH2O, 11 EGTA, 10 CsCl, 1 MgCl2, 1 CaCl2, 10 HEPES, 0.3 Na-GTP, and 2 Mg-ATP-3.5H20. To
isolate AMPAR-mediated currents, DL - APV (50µM), MCPG (1mM), bicuculline (10µM),
strychnine (5µM), and TTX (1µM) were added to the ACSF. Desensitization of AMPARs was
prevented with CTZ (50µM). AMPA (10mM in 0.15 M NaCl, pH 7.5) was ionophoretically
applied close to the soma using pipettes with resistances ~ 70 MΩ. Retaining current was 20-50
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nA (BVC-700, Dagan Corp., Minneapolis, MN) and ejection current was 30-50 nA for 2s.
Membrane currents were filtered at 1 kHz (Axopatch 1D, Axon Instruments), digitized (National
Instrument AD board), and stored for off-line analysis. Data acquisition and analysis was
performed using custom-written software running under the LabVIEW environment (National
Instruments, Austin, TX), Origin (OriginLab Corporation; Northampton, MA) and Excel
(Microsoft product).
b) For recordings of excitatory postsynaptic potentials (EPSP), the internal solution contained (in
mM): 110 K-gluconate, 11 EGTA, 10 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, 0.3 Na-GTP, and 2
Mg-ATP-3.5H20 and QX-314 (5mM), which was added to prevent cell spiking. Recordings were
performed in current clamp, adjusting current injection to yield a Vm of ~ -60mV. The ipsilateral
pathway was stimulated as described in section 2.6, using low and high intensity single stimuli
and low frequency stimulus trains. The minimal current that elicited reliable EPSPs (failure rate
< 10%) was used for low intensity stimuli. An amplitude 3x threshold was used for high intensity
stimulation. For low frequency stimulus trains, 10 stimuli were applied at 10 Hz with low
stimulus intensities.

2.8.

DRUG APPLICATION

Drugs were dissolved in ACSF from concentrated stock solutions and delivered via bath
application or via pressure application using short pressure pulses (10 psi, 100 – 1000 ms
duration; PV 820 picopump, WPI, Sarasota, FL).
Several categories of drugs were used in this study and they are listed in the following
table (Table 1):
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Table 1. Drugs used in this study.

Receptors/channels

Drug

Concentration Effect

Source

NMDAR

NMDA

50 µM

agonist

Tocris, Ballwin, MO

NMDAR

D-L APV

50-100 µM

antagonist

Tocris, Ballwin, MO

AMPAR

AMPA

20 µM; 1mM

agonist

Sigma, St. Louis, MO

AMPAR

GYKI

50 µM

antagonist

Gift

52466
AMPAR

CTZ

from

Dr.

E.

Aizenman
50 µM

prevents

RBI, Natick, MA

receptor
desensitization
AMPAR,

kainate CNQX

10-20 µM

antagonist

Tocris, Ballwin, MO

receptor
kainate receptor

kainic acid

25 µM

agonist

Sigma, St. Louis, MO

group I mGluR

DHPG

10-20 µM

agonist

Tocris, Ballwin, MO

group II mGluR

4C3HPG

200 µM

agonist

Tocris, Ballwin, MO

group III mGluR

L-AP4

200 µM

agonist

Tocris, Ballwin, MO

group I, II mGluR

ACPD

20-50 µM

agonist

Tocris, Ballwin, MO

group I, II mGluR

MCPG

1 mM

antagonist

Tocris, Ballwin, MO

GABAAR

Bicuculline

10 µM

antagonist

Tocris, Ballwin, MO

GlyR

Strychnine

2-10 µM

antagonist

Sigma, St. Louis, MO

2-5 mM

nonspecific

Sigma, St. Louis, MO

VGCCs

and

TRP Ni2+

channels

blocker of all
VGCCs

and

nonspecific
blocker

of

TRP channels
L-type VGCC

nifedipine

10 µM

specific
inhibitor
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Tocris, Ballwin, MO

Table 1 (continued).
N - type VGCC

P/Q - type VGCC

VGCCs

TRP channels

ω-Conotoxin

50-1000

irreversible

Alomone Labs, Jerusalem,

GVIA

nM

inhibitor

Israel

ω - Agatoxin 50 nM

irreversible

Alomone Labs, Jerusalem,

TK

inhibitor

Israel

KCl
La3+

30-

60 Activates

Sigma, St. Louis, MO

mM

VGCCs

100-

nonspecific

2000

blocker

µM

TRP

Sigma, St. Louis, MO

of

channels
TRP channels

2-APB

1-100

nonspecific

µM

blocker

Calbiochem, San Diego,

of CA

TRP
channels;
inhibitor of
IP3Rs
PLC inhibitor

U73122

10µM

inhibitor

RBIChemicals,Natick,MA

Na+-channel

tetrodotoxin

1 µM

blocker

Alomone Labs, Jerusalem,

(TTX)
endoplasmatic

thapsigargin

Israel
10 µM

reticulum ATPases

inhibitor

Alomone Labs, Jerusalem,
Israel

Experiments using electrical stimulation of the excitatory afferents were performed in the
presence of bicuculline (10 µM) and strychnine (10 µM) to block possible ipsilateral glycinergic
and GABAergic synaptic responses (Wu and Kelly, 1994). Bath applications of agonists of
GluRs were performed in TTX (1 µM) to block spike-dependent neurotransmitter release. In
experiments performed in the absence of external calcium, calcium was exchanged for
magnesium and 2mM EGTA was added (ACSF composition in mM: NaCl 124, NaHCO3 26,
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Glucose 10, KCl 5, KH2PO4 1.25, MgSO4 1.3, MgCl2 2, EGTA 2, pH 7.4 when aerated with
95% O2/5% CO2). In experiments performed in the absence of external magnesium, magnesium
was removed from the ACSF.

2.9.

HISTOLOGY

Histology using Nissl stain was performed to verify that recordings were from LSO
neurons. At the end of each experiment slices were fixed in 4% PFA and stored at 4 ºC. Slices
were placed in 30% sucrose overnight (until they sank completely; at 4 ºC), and sectioned to 50 –
60 µm using a freezing microtome (American Optical Company, Buffalo, NY). Sections were
collected in 0.1M PBS and Nissl-stained following a routine lab protocol. Data from slices in
which the LSO was not clearly identified were discarded.

2.10.

2.10.1.

DATA ANALYSIS

Imaging data analysis

Image analysis was performed using the program Tillvision (T.I.L.L. Photonics). Data to
be analyzed constituted a series of image pairs acquired at 340 and 380 nm excitation, before,
during, and after drug application. Digital images were smoothed with a low-pass, Gaussian 3x3
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kernel filter and the background was subtracted. The background subtraction was aimed to
eliminate the camera dark noise and the tissue autofluorescence. To perform similar background
subtraction for all experiments an empirical method similar to Betz and Bewick (1993) was
employed. From each 380 nm image in a series, the lowest pixel value was subtracted. From the
340 nm images in a series, histograms of all pixel values in that series were constructed. The
peak of the histogram, the mode, was determined for each image. An average of the mode values
of images constituting the baseline was determined and 80% of this value was subtracted from
all 340 nm images in that series. Using this procedure most of the cell bodies were visible against
the background. Measurements were obtained from the soma of LSO neurons. An area of interest
was drawn around the soma and the average value of all pixels included in this area was taken as
2+

one measurement. The intensity of fluorescence was converted in absolute [Ca ]i using the
Grynkiewicz equation (as described above). Cells which were out of focus, cells with high
2+

resting [Ca ]i (>250nM; indicating sick cells; Zirpel and Rubel, 1996), cells in which the
amplitude of Ca

2+

2+

responses saturated the Fura-2 signal ([Ca ]i >1500 nM; Fura-2 does not

reliably report [Ca ]i above 1.5-2 µM), and cells which did not return to resting [Ca ]i after
2+

2+

stimulation were excluded from further analysis. Excel and Origin were used for data analysis.

2.10.2.

Electrophysiological data analysis

Five to ten EPSP traces were averaged and peak amplitude and area of the response were
measured. The latter was determined by fitting a monoexponential curve to the decaying phase
of responses, using the intersection of the fit with the baseline Vm as the end point of the
response. Excel and Origin were used for data analysis.
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2.10.3.

Pharmacology data analysis

a) Quantification of Ca2+ responses elicited by electrical stimulation of the VAS. Baseline
2+

Ca concentration was determined from the average of at least three measurements obtained in a
2+

time window of 2 s before electrical stimulation. Amplitude of Ca responses was computed as
the difference between the peak value and the baseline value. Peak value was measured in a time
2+

2+

window of 1-2 s after stimulation. In order to count as Ca responses, changes in [Ca ]i had to
occur immediately after stimulation, and their amplitudes had to exceed 2 standard deviations
(SD) of the baseline.
b) Quantification of Ca2+ responses elicited by the group I mGluR agonist DHPG (50uM,
90) during development. Traces were aligned to the onset of the response (time 0) and the
following parameters were measured: baseline, peak amplitude, plateau amplitude, duration, area
and decay time constant. Baseline was measured as an average of at least 5 measurements before
drug application, in the window -50s to 0s. Peak amplitude was measured as the maximum
response in the window 0 to 40s. Plateau amplitude was measured as average of 5 data points in
the window 80 to100s (Figure 12 A). Duration was measured from the onset of the response until
the response returned to baseline. Area was calculated as area under the curve (Figure 12 B). For
decay time constant, baseline was subtracted and traces were fitted a single exponential to the
falling phase of the response from peak to baseline (Figure 12 C). Additional parameters
including ratio between peak amplitude and plateau amplitude, ratio between peak amplitude and
area were calculated to better categorize the responses. Cells were classified in three groups:
peak and plateau (pp), peak small plateau (psp) and peak no plateau (pnp). The following criteria
were imposed when assigning cells to a certain group:
1. the existence of a plateau phase, which was quantified by the amplitude of the plateau.
2. duration of the response
3. ratio peak/plateau
4. decay time constant.
Using these criteria, responses without plateau phase (pnp) were immediately sorted out.
For distinguishing between pp and psp cells additional criteria were imposed. These criteria were
established empirically based on parameters from pp cells at P0-5. The constraints imposed were
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that traces have a clear peak and plateau phase and all parameters (peak, plateau amplitude, and
area) are at least 25% smaller than those of pp cells at P0-5. All cells could be easily assigned to
a group, with the exception of 11 cells from the P17-19 age group. Four of these cells had a clear
peak and plateau, long duration, long decay time constant, though the amplitudes of peak and
plateau were smaller than the established criteria. They were assigned to the pp group. The
remaining 7 cells did not have a clear peak and plateau and the duration was shorter; they were
assigned to the psp group.
c) Dose response curves were fitted with the sigmoid function (already built in Origin):
y= A2 + (A1-A2) / (1 + (x/x0)p), where x0 = center, p = power, A1 = initial y value, A2 = final y
value. The y value at x0 is half way between the two limiting values A1, A2:
y(x)= (A1+A2)/2.
d) [Ca2+]i oscillations. To determine the frequency of oscillations the number of local
peaks occurring after the agonist application was counted and divided by the time interval. The
first peak considered being the response to the agonist was not counted. The time interval was
taken from the first to the last spike in a recorded sweep.

2.10.4.

Statistics

Statistical significance of the data was analyzed, using paired t-test, ANOVA followed by
Student Newman-Keuls post-hoc test, Fisher’s exact test and linear (Pearson) correlation test. If
data were not normally distributed, the Mann-Whitney non-parametric statistical test was used.
Results are expressed as arithmetic mean ± SEM. GraphPad InStat software was used for
statistical tests.
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Figure 12. Measurements for response type classification.
A. Measurement of baseline, peak and plateau amplitude. Traces show pp, psp and pnp profiles
aligned to the stimulus onset. Shadowed areas represent the windows in which baseline, peak and
plateau amplitude were measured, respectively. B. Measurement of area under the curve (AUC).
Dotted line represents baseline and grey area represents area of the response. C. Measurement of
the decay time constants. Baseline was subtracted from each trace and the falling phase of the
trace was fitted with a single exponential.
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3.

CHAPTER 3. CONTRIBUTION OF GLUTAMATE RECEPTORS TO

SYNAPTICALLY ELICITED CALCIUM RESPONSES IN NEONATAL LSO
NEURONS

3.1.

INTRODUCTION

Spontaneous activity originating in the cochlea plays a critical role in the development of
LSO circuitry prior to hearing onset (review: Sanes and Friauf, 2000). Manipulations intended to
decrease or eliminate spontaneous activity, i.e. cochlea removal or inhibition of auditory nerve
activity, results in profound alterations in the physiology and pathology of neurons and their
circuitry (review: Sanes and Friauf, 2000). For example, unilateral cochlea ablation before
hearing onset weakens glutamatergic transmission at synapses from AVCN to LSO (Kotak and
Sanes, 1997). In the LSO ipsilateral to the ablated cochlea, maximum amplitude of the
ipsilaterally elicited EPSP is significantly smaller in manipulated animals. Furthermore, the
number of neurons responding with an EPSP decreases from over 90% in control animals to
approximately 60% in ablated animals (Kotak and Sanes, 1997), most likely as a consequence of
cell death in the AVCN (review: Rubel et al., 1990; Mostafapour et al., 2000). In the LSO
contralateral to the ablated cochlea, the amplitude and duration of evoked EPSPs increases in
manipulated neurons compared to age-matched controls. The duration of the EPSPs is reduced
by hyperpolarizing the neurons and by the NMDAR antagonist APV, suggesting an increase in
NMDAR expression (Kotak and Sanes, 1996). An interesting property of the spontaneous
activity in the auditory system prior to hearing onset is its pattern which consists of bursts
followed by periods of quiescence (Lippe 1994, Kotak and Sanes, 1995). Interfering with the
pattern of activity has effects on development (see Introduction Section 1.4). In addition,
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glutamate may also be a trophic factor early in ontogeny, regulating growth, differentiation and
migration (review: Mattson, 1988; LoTurco et al., 1995; Gallo et al., 1996). Thus determining
the nature of GluRs that mediate these effects is of great interest. Altogether, there is evidence
that both spontaneous activity and glutamatergic transmission are crucial for the development
and survival of auditory LSO neurons.
Neuronal activity is translated into morphological changes through intracellular calcium
signaling. Several lines of evidence, from both chick and rodents, indicate that calcium plays a
critical role for survival and development of auditory brainstem nuclei. For example, removal of
cochlea in embryonic chicken results in an increase in [Ca2+]i in nucleus magnocellularis,
increase which is toxic and contributes to cell death occurring after deafferentiation (Zirpel et al.,
1995a). Also, cultured organotypic brainstem slices containing the LSO develop normally only
when an optimal level of calcium is provided via activation of L-type voltage gated Ca2+
channels (Lohmann et al., 1998).
In summary, spontaneous activity, glutamatergic transmission and intracellular calcium
signaling play critical roles in development. However, the mechanisms by which glutamatergic
synaptic activity affects [Ca2+]i in the LSO are poorly understood. To address this question this
study investigates the routes of Ca2+ entry into LSO neurons in response to stimulation of the
excitatory synapses from the AVCN to the LSO.
Anatomical and electrophysiological data indicate that developing LSO neurons express
all major classes of ionotropic and metabotropic glutamate receptors (Caspary and Faingold,
1989; Wu and Kelly, 1992; Kandler and Friauf, 1995a; Kotak and Sanes, 1995; Kotak and Sanes,
1996; Caicedo and Eybalin, 1999). Thus glutamatergic synapses could elicit calcium responses
by activating ionotropic receptors (iGluRs: NMDARs, AMPARs, kainate receptors) and
metabotropic glutamate receptors (mGluRs). In turn, activation of iGluRs can lead to membrane
depolarizations and activation of VGCCs. Ca2+ responses were measured at the some of LSO
neurons. However, in mature LSO neurons most glutamatergic inputs are located on dendrites
(Cant and Casseday, 1986; Glendenning et al., 1985). Caution must be taken when interpreting
these data. Using a combination of Ca2+ imaging, electrophysiology and pharmacology the
following experiments were designed to assess the participation of each GluR type to changes in
the [Ca2+]i.
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3.2.

RESULTS

Results presented here include data from 186 neurons from 16 slices from animals aged
between P0-P7.

3.2.1.

Synaptically elicited calcium responses

Electrical stimulation of the ipsilateral ventral acoustic stria (VAS) consistently evoked
Ca2+ responses in neurons throughout the LSO (Figure 13 A). Consistent with previous
electrophysiological studies (Caspary and Faingold, 1989; Wu and Kelly, 1992; Kandler and
Friauf, 1995a; Kotak and Sanes, 1995), these responses were mediated by glutamate via
activation of NMDA, AMPA and mGlu receptors. These responses were abolished by a mixture
of the GluR antagonists, APV (50 - 100 µM), CNQX (20 µM), and MCPG (1 mM), and
recovered after washout of all antagonists (n = 45 cells; Figure 13 B). The profile of these
responses was dependent on the stimulation frequency (Figure 13 A, C). Ca2+ responses evoked
by single stimuli were characterized by small amplitudes (51 ± 7 nM, n = 54 cells; Figure 13 A,
C) and relative short durations, returning to the baseline within 2 - 5 s. Ca2+ responses evoked by
low frequency stimulation (5, 10 Hz) were characterized by intermediate amplitudes (138 ± 13
nM, n = 66 cells; Figure 13 A, C) and longer durations, returning to the baseline within 5 - 15 s.
Finally, Ca2+ responses evoked by high frequency stimulation (20-100 Hz) were characterized by
large amplitudes (232 ± 19 nM, n = 66 cells; Figure 13 A, C) and long durations, returning
slowly to the baseline (more than 15 s).
The effects of stimulus frequency on response amplitude and duration could be due to
frequency-dependent recruitment of the number of GluRs and/or the type of ionotropic and
metabotropic GluRs. To address these possibilities, the recruitment of different GluR types as a
function of stimulation frequency was investigated next.
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Figure 13. Synaptically elicited Ca2+ responses in LSO.
2+

A. Examples of synaptically elicited Ca

2+

responses. Upper row: Ca

concentrations before

(baseline) and following electrical stimulation of the VAS with a single stimulus, low frequency
(5 Hz), or high frequency (50 Hz) stimulus train. Lower row: Time course of Ca
from the cells delineated above. Arrowheads mark stimulation. B. Ca

2+

2+

responses

responses are mediated

by Glu via activation of NMDARs, AMPARs and mGluRs. Traces show examples from a single
cell in response to 50Hz stimulation in control and in the presence of the GluR antagonists APV
(50 µM), CNQX (20 µM), MCPG (1 mM). C. Average peak changes in [Ca ]i elicited by single
2+

pulses, low frequency and high frequency stimulation. S - single stimulus, LF - low frequency
stimulation (10 pulses at 5 - 10 Hz), HF - high frequency stimulation (10 pulses at 20 - 100 Hz).
Figure adapted from Ene et al., 2003.
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3.2.2.

Contribution of AMPA and kainate receptors

Previous electrophysiological studies have shown that VAS inputs to the LSO are
mediated primarily by AMPARs (Caspary and Faingold, 1989; Wu and Kelly, 1992; Kandler
and Friauf, 1995a). To determine the contribution of AMPARs to the observed Ca2+ signals, the
VAS was stimulated in the presence of the AMPA/kainate receptor antagonist CNQX (20 µM).
Under these conditions, responses elicited by a single stimulus were almost abolished (reduction
92 ± 2 %; peak amplitudes in control: 55 ± 8 nM, in CNQX: 4 ± 1 nM, n = 40 cells; paired t-test,
p < 0.01; Figure 14). Responses to low frequency trains were reduced by 73 ± 3 % (control: 170
± 17 nM, CNQX: 54 ± 11 nM, n = 43 cells; paired t-test, p < 0.01; Figure 14). Responses elicited
by high frequency stimulation were the least affected by CNQX and were reduced by 48 ± 3 %
(control: 277 ± 27 nM, CNQX: 148 ± 27 nM, n = 43 cells; paired t-test, p < 0.01; Figure 14).
These data indicate that the relative contribution of AMPA/kainate receptors to Ca2+ responses
decreases with increasing stimulus frequency (Figure 14 B). Ca2+ responses elicited by single
stimuli were almost completely mediated by AMPA/kainate receptors, while Ca2+ responses
elicited by bursts have an additional component which increases with stimulation frequency,
suggesting that other receptor types might be recruited.
Electrophysiological data indicated that LSO neurons express kainate receptors (Vitten et
al., 1999). Because the available AMPAR antagonists block also kainate receptors (i.e. CNQX)
or do not completely block AMPARs (i.e. GYKI 52466), further dissection of AMPA and
kainate receptors mediated Ca2+ responses contribution using electrical stimulation was not
attempted. Instead, the presence of kainate receptors in the LSO and their involvement in
mediating Ca2+ responses was tested using bath application of the specific agonist kainic acid
(see chapter 4).
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Figure 14. Contribution of AMPA/kainate receptors to synaptically elicited Ca2+ responses.
2+

A. Average peak amplitude of changes in [Ca ]i, elicited by single electrical stimuli (S), low
frequency (LF) and high frequency stimulus trains (HF). Application of the AMPA/kainate
receptor antagonist CNQX (20 µM) significantly reduces response amplitudes (black bars;
Asterisks - p < 0.01; paired t-test). B. Reduction of Ca

2+

responses by CNQX. Responses

elicited by single stimuli are almost abolished by CNQX. Responses elicited by low frequency
and high frequency stimulation are reduced approximately 70 % and 50 %, respectively.
Asterisks – p < 0.01, ANOVA followed by Student-Newman-Keuls. C. Example from a single
cell in response to S (upper panel), LF (middle panel) and HF (lower panel) stimulation under
control conditions and in the presence of the AMPA/kainate receptor antagonist CNQX (20µM).
Figure adapted from Ene et al., 2003.
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3.2.3.

Contribution of NMDARs

To examine the contribution of NMDARs to Ca2+ signals, the VAS was stimulated in the
presence of the NMDAR antagonist APV (50 -100 µM; Figure 15 A, B). Ca2+ responses evoked
by single stimuli were differentially affected by APV (Figure 15). In 42% of the cells (6 out of
14) APV did not have a significant effect on the Ca2+ responses, while in the remaining 58% of
cells it considerably reduced the responses. A close analysis revealed that in the unaffected cells
the initial Ca2+ responses were characterized by small amplitudes. The average amplitude in
these cells varied from 8 ± 2 nM in control conditions to 10 ± 4 nM in the presence of APV (n =
6 cells; paired t-test, p > 0.01). In contrast, in cells in which APV had an effect, the initial Ca2+
responses were characterized by larger amplitudes. On average these responses decreased from
66 ± 13 nM to 28 ± 5 nM in the presence of APV (n = 8 cells; paired t-test, p < 0.01; Figure 15),
a reduction of 55.1 ± 3.1 %. Responses evoked by stimulus trains at both low and high
frequencies were always significantly affected by APV. The amplitudes of responses elicited by
low frequency stimuli were reduced from 131 ± 20 nM to 48 ± 9 nM (n = 32 cells; paired t-test,
p< 0.01; Figure 15), an averaged reduction of 60 ± 4%. The amplitudes of responses elicited by
high frequency stimuli were reduced from to 220 ± 27 nM to 99 ± 16 nM (n = 32 cells; paired ttest, p< 0.01), an averaged reduction of 56 ± 3 %. There was no statistical significance between
the percentage reduction of Ca2+ responses elicited by strong single stimuli or low and high
frequency bursts of stimuli (Figure 15 B) indicating that recruitment of NMDARs occurs
independent of the stimulus parameters as long as it elicits a strong response in LSO neurons.
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Figure 15. Contribution of NMDARs to synaptically elicited Ca2+ responses.
A. Average peak amplitudes elicited by single, low frequency and high frequency stimuli, before
(gray) and after (black) application of the NMDAR antagonist APV (50 -100 µM). Small
responses elicited by single stimuli (Ss) are not affected by APV. Larger responses to single
stimuli (Sl) and responses to low frequency and high frequency stimulus trains are reduced
2+

approximately 50 %. Asterisks – p < 0.01, paired t-test. B. Percent reduction of Ca

responses

by APV. Asterisks indicate significant difference from Ss (ANOVA followed by StudentNewman-Keuls, p < 0.01). C. Example from individual cells in response to Ss, Sl (left side
traces), LF and HF (right side traces) stimulation under control conditions and in the presence of
the NMDAR antagonist APV (100 µM). D. Contribution of NMDARs to postsynaptic potentials.
Upper panel: Traces of postsynaptic responses to a single stimulus at low intensity (Slow) and at
high intensity (Shigh) and to a train of low frequency stimuli (LF) before (black) and after (gray)
APV. Lower panel: Mean reduction of EPSP amplitude and area by APV (100 µM). Asterisks
indicate significant difference from control (paired t-test, p<0.05, n=5 cells). Recordings are
from P 3-5 mice. Figure adapted from Ene et al., 2003.
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The ~50% contribution of NMDARs to calcium responses was higher than expected, as
previous electrophysiological studies indicated that ipsilateral excitation to LSO neurons is
mediated primarily or exclusively by non-NMDARs (Caspary and Faingold, 1989; Wu and
Kelly, 1992; Kandler and Friauf, 1995a). Therefore, the contribution of NMDARs to ipsilaterally
elicited EPSPs in this preparation was investigated using electrophysiological methods (whole
cell patch clamp). These experiments revealed that in neonatal mice (P3-P5), NMDARs
contribute to EPSP amplitudes between 35% and 64%, and to response areas between 56% and
67%, depending on stimulus conditions (Table 2, Figure 15 D). Taken together, these results
demonstrate that in neonatal mice, NMDARs contribute considerably to ipsilaterally elicited
calcium and voltage responses.

Table 2. Contribution of NMDA receptors to ipsilateral elicited EPSPs.
Asterisks: p<0.05, Paired t-test, compared to control. N=5 cells from 4 animals.

EPSP Area (mV*ms)

EPSP Amplitude (mV)
Stim control

APV

% reduction

control

1.9 ± 0.4 34.0 ± 6.5 * 343.5 ± 43.9

APV

% reduction

141.6 ± 34.7

55.9 ± 10.9 *

Slow

2.9 ± 1.6

Shigh

11.3 ± 2.7 7.4 ± 1.7 34.9 ± 6.3 * 1523.6 ± 321.3 559.6 ± 181.8

LF

6.1 ± 1.0

66.7 ± 5.2 *

2.7 ± 1.3 53.8 ± 6.5 * 4730.6 ± 884.1 1720.8 ± 280.2 60.1 ± 7.5 *
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3.2.4.

Contribution of mGluRs

To examine whether and to what extent mGluRs contribute to synaptic Ca2+ responses,
the VAS was stimulated while blocking ionotropic GluRs with APV (50 - 100 µM) and CNQX
(20 µM). These antagonists abolished Ca2+ responses elicited by single stimuli in all cells and
abolished responses to low-frequency trains in about half of the cells (51 %, 23 out of 45 cells).
Responses to high-frequency trains were abolished in significantly less cells, 13 % (6 cells out of
the same 45 cells; Fisher’s exact test, p = 0.0002). Consistent with this, application of the mGluR
antagonist MCPG (1 mM) significantly reduced responses elicited by high frequency bursts that
were still present in APV/CNQX by approximately 57 % (from 31 ± 3 nM to 13 ± 2 nM, n = 39
cells; paired t-test, p < 0.01; Figure 16). MCPG slightly but not significantly reduced Ca2+
responses elicited by low frequency bursts, by approximately 29 % (from 16 ± 3 nM to 11 ± 2
nM, n = 22 cells; paired t-test, p > 0.01; Figure 16). The relative contribution of mGluRs to total
changes in [Ca2+]i was 1.3 % ± 2.1 % at low frequency bursts and 6.3 ± 1.4 % at high frequency
stimuli (t-test, p = 0.0489). These results indicate that mGluRs in LSO neurons are recruited by
high-frequency stimulus trains. For individual cells, there was no correlation between the
response amplitude and the contribution of mGluRs (Pearson correlation coefficient r = 0.18),
suggesting that stimulation frequency determines mGluR activation and that response amplitude
is not indicative for mGluR activation.
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Figure 16. Contribution of mGluRs to synaptic Ca2+ responses.
2+

A. Average peak amplitude of Ca

responses elicited by low frequency and high frequency

stimulus trains in control conditions (white), in the presence of APV (50 - 100 µM) and CNQX
2+

(20 µM) (gray), and in the presence of MCPG (1 mM; black). B. Comparison of Ca responses
in the presence of APV/CNQX before and after application of MCPG. Responses to low
frequency stimulus trains are slightly, but not significantly, reduced by MCPG, while Ca

2+

responses to high frequency stimulus trains are significantly reduced. Asterisks - p < 0.01, paired
t-test. C. Example from a single cell in response to LF (upper panel) and HF (lower panel)
stimulation in control, in the presence of iGluR antagonists APV (100 µM) and CNQX (20µM)
and in the presence of the mGluR antagonist MCPG (1mM). Figure adapted from Ene et al.,
2003.
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3.3.

SUMMARY AND DISCUSSION

In summary, in neonatal LSO neurons, both ionotropic and metabotropic glutamate
receptors mediate Ca2+ responses elicited by electrical stimulation of AVCN to LSO synapses.
The recruitment of different types of GluRs was dependent on the stimulus frequency.
AMPA/kainate receptors primarily mediate Ca2+ responses elicited by single stimuli (S) and
contribute to Ca2+ responses elicited by low (LF) and high frequency (HF) bursts by
approximately 75% and 50% respectively. NMDARs mediate large amplitude Ca2+ responses
(defined as Ca2+ responses with amplitudes higher than 50nM) triggered by single stimuli (Sl)
and bursts of stimuli (~ 50% contribution) but have no contribution to small amplitude Ca2+
responses (defined as Ca2+ responses with amplitudes smaller than 50nM) elicited by single
stimuli (Ss). Finally, mGluRs contribute to Ca2+ responses triggered only by high frequency
stimulation (20-100 Hz). Thus, a specific pattern of activity stimulates a specific set of GluRs,
suggesting that the associated Ca2+ responses might represent a way by which the temporal
pattern of spontaneous activity is detected by neonatal LSO neurons.

3.3.1.

Ca2+ responses mediated by iGluRs

The participation of AMPA/kainate receptors to synaptically elicited Ca2+ responses is in
accordance with previous electrophysiological studies that indicate that synaptic transmission is
mediated by non-NMDARs (Caspary and Faingold, 1989; Wu and Kelly, 1992; Kandler and
Friauf, 1995a). Their contribution was detected for any stimulus frequency (Figure 14 and
summary above), suggesting synaptic transmission greatly relies on AMPA/kainate receptors.
The Ca2+ entry pathways triggered by these receptors are dissected in chapter 4 and they most
likely involve VGCCs. This study did not distinguished between AMPARs and kainate receptors
but evidence that kainate receptors mediate Ca2+ responses in the LSO are presented in the next
chapter, in which the mechanisms of AMPA and kainate receptors mediated [Ca2+]i increases are
investigated.
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In neonatal LSO, NMDARs mediate ~ 50% of Ca2+ influx resulting from synaptic
activation of GluRs at the AVCN-LSO synapses. They also contribute by ~50% to the EPSPs
evoked by electrical stimulation of AVCN-LSO synapses. This is in contrast to previous studies
which suggested that synaptic transmission is mediated almost exclusively by AMPA/kainate
receptors (Caspary and Faingold, 1989; Wu and Kelly, 1992; Kandler and Friauf, 1995a). The
differences could due to the fact that these studies were performed in different species and/or at
different ages (mice >P21: Wu and Kelly 1992; rat E18-P17: Kandler and Friauf, 1995a). During
development there is an age dependent increase in the Gly transporter GLYT2 in LSO (rat:
Friauf et al., 1999), that could explain why in older preparation the NMDARs were not detected.
A similar high contribution of NMDARs to Ca2+ responses triggered by synaptic stimulation has
also been found in developing MNTB (rat P8-10: Bollmann et al., 1998) and in developing
neocortex (~ 75% in rat P1-7: Yuste and Katz, 1991).
In this study, the contribution of NMDARs to both Ca2+ and EPSPs was similar for high
intensity single stimuli and stimulus trains. In these conditions, the participation of NMDARs to
Ca2+ responses was independent of the stimulus intensity and frequency, as long as the stimulus
was able to relieve the Mg2+ block. For single small stimuli, no Ca2+ responses were detected at
the soma although in electrophysiological experiments NMDARs participated by about 30% to
EPSPs (Figure 15). In these conditions, Ca2+ responses were probably elicited locally in the
dendrites, where NMDARs may be located, and remained undetected in the soma. Such local
Ca2+ signals could be important for the stabilization of dendritic branches (review: Wong and
Ghosh, 2002) or synaptic plasticity involving local mRNA synthesis (review: Steward and
Schuman, 2001). The presumably undetected NMDAR-mediated Ca2+ responses reveal one of
the limitations of the Ca2+ imaging method used here. Confocal imaging of dendrites, where
most likely the glutamatergic synapses are located (Cant and Casseday, 1986; Glendenning et al.,
1985), will provide detailed information on local Ca2+ entry. Low and high frequency stimuli
triggered Ca2+ responses that spread throughout the neuron, resulting in global Ca2+ signals. Such
global signals might be useful for processes where signals have to reach the nucleus, i.e.
transcription factors that translocate to nucleus to alter gene expression (reviews: Bootman et al.,
2001; Bradley and Finkbeiner 2002; Verkhratsky, 2002).
NMDARs have been implicated in multiple forms of synaptic plasticity during
development and in the adult (reviews: Goodman and Shatz, 1993; Malenka and Nicoll, 1993;
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Constantine-Paton and Cline, 1998). Morphological changes mediated via Ca2+ entry through
NMDARs include dendritic growth in Xenopus tectum (Rajan and Cline, 1998) and in supraoptic
nucleus (rat: Chevaleyre et al., 2002) and synapse elimination (rat cerebellum: Rabacchi et al.,
1992). Since in the first postnatal week LSO neurons undergo major dendritic remodeling, it is
possible that synaptic activation of NMDARs and Ca2+ influx via these receptors contribute to
some of these developmental processes.
Glutamatergic inputs are mainly located in the dendrites in adult LSO neurons (Cant and
Casseday, 1986; Glendenning et al., 1985), and most likely they are also located in the dendrites
in developing LSO neurons. Developing principal LSO neurons have 2-6 primary dendrites and
many small thin dendrites and appendages (rat: Rietzel and Friauf, 1998). The length of primary
dendrites ranges from 100-400 µM and they are oriented dorsoventrally. During development the
thin dendrites are eliminated and the dendritic tree increases mostly by increasing the length of
the primary dendrites. In experiments presented here Ca2+ responses are measured at the soma
while the inputs may be as far as 400 µM away from the soma. Thus, these Ca2+ responses are
global responses that propagate through the entire cell. They involve Ca2+ entry via VGCCs
activated by membrane depolarization. In support for this, as it will be shown in Chapter 4,
AMPARs are not Ca2+ permeable and they increase [Ca2+]i via VGCCs activation. Whether these
depolarizations elicited an action potential it is not demonstrated here, as the membrane potential
is not known in these types of Ca2+ imaging experiments. However, LSO neurons receive
inhibitory input from the MNTB and during the first postnatal week this input is depolarizing
and can induce [Ca2+]i increases (Kullmann et al., 2002). Stimulation of these inputs with suprathreshold stimuli that elicit action potentials in LSO neurons results in Ca2+ responses that spread
throughout the dendritic arbor. These global Ca2+ responses are due to the back-propagation of
the action potential into the dendrites. Stimulation with sub-threshold stimuli induces restricted
Ca2+ responses in dendrites (Kullmann and Kandler, 2002). Thus, at the MNTB-LSO synapses
sub-threshold inputs are encoded by local Ca2+ responses while supra-threshold inputs are
encoded by global Ca2+ responses. Similar encoding may take place at the AVCN to LSO inputs;
future studies are necessary to perform simultaneous electrophysiological recordings and Ca2+
imaging to elucidate the involvement of action potentials and VGCCs in Ca2+ responses elicited
by stimulation of the AVCN to LSO synapses.
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3.3.2.

Ca2+ responses mediated by mGluRs

In neonatal LSO neurons, mGluRs contributed to Ca2+ responses that spread at the soma
when synapses were stimulated with high frequency stimuli (Figure 16). The equivalent of such
stimuli in vivo might by the bursts of spontaneous activity encountered in electrophysiological
recordings (Lippe 1994, Kotak and Sanes, 1995). The discharge rate in a burst varies around a
mean of 37 spikes/s and it can increase to 180 spikes/s (gerbil IC P9-13: Kotak and Sanes, 1995).
The functional significance of bursts is poorly understood. However they seem to play a special
role in synaptic plasticity and information processing in other systems (review: Lisman, 1997).
For example, single bursts are sufficient to produce LTP and LTD in hippocampus during
cholinergic modulation (Huerta and Lisman, 1995; review Lisman, 1997). Thus, it makes sense
to have specialized detection mechanisms for bursts, such as mGluRs.
The activation of mGluRs only with high frequency stimulation is also in accordance
with the known perisynaptic location of these receptors (Takumi et al., 1999) and activation by
glutamate spillover (reviews: Huang, 1998; Isaacson, 2000). Selective activation of mGluRs by
high frequency stimuli was found in cerebellum of adult rat, where is likely to be involved in
LTD at the parallel fiber-Purkinje cells synapses (Batchelor and Garthwaite, 1997). In other
systems, mGluRs plays important role during development in dendritic growth (Catania et al.,
2001) differentiation, maturation and survival of neurons (Flint et al., 1999; Catania et al., 2001),
thus it is possible they play similar roles in developing LSO neurons.
In conclusion, each stimulation pattern activates different sets of GluRs. As Ca2+ entry
through these receptors activates different intracellular pathways (reviews: Gallin and
Greenberg, 1995, Berridge, 1998, West et al., 2001), this could represent a way by which the
temporal pattern of synaptic activity is detected and interpreted by neonatal LSO neurons.
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4.

CHAPTER 4. MECHANISMS OF IONOTROPIC AND METABOTROPIC

GLUTAMATE RECEPTOR-MEDIATED CACLIUM RESPONSES IN NEONATAL
LSO NEURONS

4.1.

INTRODUCTION

Ca2+ entry pathways are of critical importance for a variety of cellular processes including
survival, development and homeostasis (reviews: Gallin and Greenberg, 1995; Berridge et al.,
1998; 2000; 2003; West et al., 2001). The exact entry route determines what processes are
triggered, what genes are expressed, and ultimately, survival or death of a neuron. For example,
the neurotrophin BDNF plays a significant role in development, survival and synaptic plasticity
(review: Huang and Reichardt, 2001). Its transcription is preferentially driven by calcium entry
through L-type voltage gated calcium channel (VGCC) whereas it is poorly induced by calcium
entry through NMDARs (Ghosh et al., 1994; review: West et al., 2001).
There are two main sources of Ca2+ in neurons: influx from the extracellular milieu, and
release from internal stores. Influx takes place through ligand-gated channels and voltage-gated
channels, VGCCs. Ligand-gated channels include the ionotropic glutamate receptor (iGluR)
NMDARs, AMPARs and kainate receptors, which are activated by Glu released during synaptic
transmission. VGCCs are activated by membrane depolarizations resulting from Glu action on
iGluRs, among other processes. Release from intracellular stores, usually from the endoplasmatic
reticulum (ER) can be activated as a result of group I and group II mGluR stimulation. In
addition to Ca2+ release from internal stores, emptying of internal stores results in capacitive
calcium entry. This is taking place through store-operated channels. It is now believed that many
store-operated channels are members of the newly discovered TRP family (reviews: Montell,
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2001; 2003; Clapham et al., 2001; Zitt et al., 2002; Nilius, 2003; and INTRODUCTION section
1.6).
The permeability of iGluRs to calcium depends on the subunit composition of each
receptor type. AMPAR subunits, GluR1 to – 4 are expressed differentially at different postnatal
ages in developing LSO (see INTRODUCTION section 1.3 and Figure 3 A). GluR2 subunit,
which confers Ca2+ impermeability to AMPARs (Hollmann et al., 1991; Verdoorn et al., 1991) is
expressed early in development and its expression level decreases after hearing onset. GluR4
subunit, which affects the receptor kinetics (review: Trussell, 1999), is expressed mostly after
hearing onset. These anatomical studies suggest that the mechanism by which AMPARs increase
[Ca2+]i may be age dependent such that early in development AMPARs are Ca2+ impermeable
and they become Ca2+ permeable after hearing onset. Their kinetics become also faster, suitable
for the function they serve: fast synaptic transmission.
Kainate receptors may be present in the LSO (Vitten et al., 1999), though their expression
pattern has been less studied. Structure-function relationships studies indicate that a glutamine
(Q) or arginine (R) residue located in the membrane domain II of kainate receptors determines
ion selectivity. Post-transcriptional editing replaces glutamine by arginine in GluR5 and GluR6
pre-RNA (process called Q/R-editing), and the unedited and edited versions of these receptors
confer distinct Ca2+ permeability to kainate receptors. Receptors incorporating the Q/R-unedited
form of GluR5 and GluR6 subunits are Ca2+ permeable (Bernard and Khrestchatisky, 1994;
Burnashev et al., 1995; Paschen et al., 1995; Lee et al., 2001). Q/R- editing begins during
embryonic development throughout the nervous system, and the adult CNS expresses different
levels of edited and unedited receptors (Bernard and Khrestchatisky, 1994; Paschen et al., 1995;
Bernard et al., 1999), suggesting the permeability of kainate receptors to Ca2+ changes during
development. Indeed, in DRG neurons the permeability of kainate receptors to Ca2+ decreases
dramatically between E18 and P6 (rat: Lee et al., 2001).
The NMDARs are highly permeable to calcium (Ascher and Nowak, 1986; MacDermott
et al., 1986; reviews: Mori and Mishina, 1995; Dingledine et al., 1999) and sensitive to Mg2+
(reviews: Dingledine et al., 1999, Mori and Mishina, 1995). They also can depolarize the
membrane and activate VGCCs. All subunits are expressed in neonatal LSO neurons (developing
rat: Caicedo and Eybalin, 1999) and the expression of the NR1 subunit decreases after hearing
onset (see INTRODUCTION section 1.3. and Figure 3 B).
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Activation of all iGluRs can results in membrane depolarization and consequent
activation of postsynaptic VGCCs followed by Ca2+ influx. The VGCCs activated by
depolarizations include L-type N-type and P/Q type (review: Catterall 2000). L-type channel is
mostly expressed postsynaptically while N-type and P/Q type are mostly expressed
presynaptically (Soong et al., 1993; Yokoyama et al., 1995; Westenbroek et al., 1995, 1998). In
developing LSO neurons L-type VGCCs mediate GABAergic/Glycinergic Ca2+ responses
(Kullmann et al., 2003).
Metabotropic GluRs have been less studied in the developing LSO. Group I and group II
mGluRs are expressed in postsynaptic LSO neurons and their activation induces long-lasting
membrane depolarizations (gerbil P8-14: Kotak and Sanes, 1995). Group I mGluRs are coupled
preferentially to Gq/11 proteins (review: Hermans and Challiss, 2001). They activate
phospholipase Cβ (PLCβ) resulting in phosphoinositide (PI) hydrolysis, IP3 production and
consequent release of calcium from the internal stores (review: Conn and Pin, 1997). In turn,
Ca2+ release activates Ca2+ permeable channels located in the cell membrane, possibly members
of TRP channels (reviews: Montell, 2001; 2003; Clapham et al., 2001; Zitt et al., 2002; Nilius,
2003; and INTRODUCTION section 1.6.). In addition, PIP2 hydrolysis results in production of
DAG which further activates PKC and PKC dependent signaling pathways (Abe et al., 1992;
review: De Blasi et al., 2001). PKC pathways are involved in receptor desensitization and in
mGluR elicited Ca2+ oscillations (review: Alagarsamy et al., 2001). For example, translocation of
PKCγ from the cytosol to the plasma membrane mediates group I mGluR-stimulated Ca2+
oscillations, suggesting that PKC works as a “decoding machine” (Oancea et al., 1998, Oancea
and Meyer, 1998; Dale et al., 2001; review: Alagarsamy et al., 2001). Anatomically, group I
mGluRs are largely located on the postsynaptic site, usually peri and/or extra-synaptic (Martin et
al., 1992; review: Takumi et al., 1998). They are activated by spillover of glutamate which
mostly occurs during high frequency stimulation (Huang, 1998; Isaacson, 2000).
Group II and III mGluRs are negatively coupled to adenylate cyclase (AC; Nakajima et
al., 1993; Okamoto et al., 1994; reviews: Conn and Pin, 1997; De Blasi et al., 2001) and it is
thought that they do not increase [Ca2+]i. However, recently, it has been shown that group II
mGluRs can increase [Ca2+]i via PLC activation and this mechanism is involved in long term
depression (LTD) in prefrontal cortical neurons of rat (Otani et. al., 2002). Group II mGluRs are
preferentially located outside the synapses in both pre and postsynaptic sites while group III
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mGluRs are largely located on the presynaptic site (review: Takumi et al., 1998). They are
mostly involved in modulating synaptic transmission (review: Anwyl, 1999).
In summary, numerous studies established that Ca2+ entry routes are critical for neuronal
development, maturation, survival and synaptic plasticity. Previous studies attest the presence of
iGluRs and mGluRs in developing LSO. Despite the importance of Ca2+ signaling through GluRs
in development, no systematic study investigated the Ca2+ sources in neonatal LSO neurons. The
following experiments use Ca2+ imaging combined with pharmacology to analyze the
mechanisms of glutamatergic Ca2+ responses in developing LSO neurons.

4.2.

RESULTS

Results presented here include data from 1361 neurons from 73 slices from animals aged
between P0-P7.

4.2.1.

Control experiments

To determine the specific doses for slices and to test the specificity of drugs used in this
study, several control experiments were performed.
a) Dose response curves for KA were constructed in slices. Concentrations above 25 µM
KA evoked Ca2+ responses that saturated Fura-2 (>2µM; n=18 cells) and therefore
concentrations up to 25 µM were used in this study. These values were in the range of IC50
values reported in other neurons (EC50: 6-23 µM; review Lerma, 2003).
b) To separate the kainate receptor component from the AMPAR component, GYKI
52466, a selective non-competitive antagonist of AMPARs was used (Tarnawa et al., 1989;
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review: Bleakman and Lodge, 1998). AMPA (25 µM, 30s) mediated Ca2+ responses were
reduced to 9.6 ± 1.9 % (paired t-test p<0.01, n=53 cells, P0-7) by GYKI 52466 (25 µM). In
contrast, KA (25 µM, 30s) mediated Ca2+ responses were not affected by GYKI (25-50 µM)
(103.4 ± 3.3 %, paired t-test p>0.01, n=51 cells, P0-3), suggesting that at this concentration KA
activates mostly kainate receptor and not AMPARs.
c) Dose response relations were also determined for the mGluR agonists ACPD and
DHPG in order to find the appropriate concentration in this preparation. 50-100 µM ACPD
produced maximal responses (n= 47 cells, P2). For DHPG, 20- 50 µM produced maximal
responses (n=31 cells, P2).
d) The efficacy of antagonists was also tested. Responses elicited by ACPD (50 µM, 30s)
were greatly reduced by 1mM MCPG (peak reduced by 86.3 ± 0.92 % and area reduced by 92.3
± 1.2 % n=45 cells, P3). Responses elicited by DHPG (20 µM, 30s) were completely blocked in
the presence of 1mM MCPG (peak reduced by 96.1 ± 2.6 % and area reduced by 98.5 ± 0.9 %,
n=18 cells, P2).
e) Because DHPG was used extensively (see chapter 5) as an agonist for group I mGluRs,
it was tested whether DHPG might activate other receptor types present in the LSO. Responses
mediated by DHPG were neither affected by APV (50 µM, peak: 88.1 ± 11.8 %, area: 79.6 ±
14.8, n=27cells, P0-4, paired t-test p> 0.01), nor by CNQX (20 µM, peak: 93.4 ± 7.8 %, area:
94.0 ± 4.2, n=34cells, P2, paired t-test p> 0.01), suggesting that DHPG elicits Ca2+ responses via
activation of mGluRs only. Also, Bic (10 µM; a GABAAR antagonist) and Stry (10 µM, a GlyR
antagonist) applied together had no effect on DHPG-mediated responses (peak: 115.8 ± 11.9 %,
area: 111.9 ± 9.9 %, n=20cells, P0, paired t-test p> 0.01), suggesting that DHPG does not
activate GABAAR or GlyRs.
All other methods are as described in chapter 2 with the following specifications. AMPA
(bath and pressure application) was applied in the presence of a cocktail of Stry (10µM), Bic
(10µM) and TTX (1µM). For AMPA ionophoresis in electrophysiological recordings NMDARs
and mGluRs were blocked with APV (50 µM) and MCPG (1mM), respectively. CTZ (50 µM)
was also added to prevent AMPARs desensitization (Partin et al., 1993).
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4.2.2.

Pharmacological analysis of AMPA and kainate receptor mediated responses

AMPARs can increase [Ca2+]i by two mechanisms: AMPARs can either depolarize the
membrane and activate VGCCs, or depending on the subunit composition they mediate calcium
influx themselves. To distinguish between these two possibilities, AMPAR-mediated Ca2+
responses were compared before and after blockade of VGCCs with Ni2+ (2-5 mM, Gu et al.,
1994; Figure 17). Responses elicited by either pressure application of AMPA (1mM, 50 ms,
n=16 cells; Figure 17 A) or by bath application of AMPA (20µM, 10s, n=15 cells) were
completely abolished by Ni2+ (2-5 mM; reduced to 2.3 ± 0.6 % of control, n=31 cells; paired ttest p<0.01; Figure 17 A, B). After Ni2+ was washed out AMPA elicited responses recovered
(Figure 17 A). These results indicate that AMPARs in neonatal LSO neurons are not Ca2+
permeable and thus increase [Ca2+]i through VGCC activation. However, it has been reported
that Ni2+ can block AMPARs in cultured astrocytes (Telgkamp et al., 1996). Therefore,
electrophysiological recordings were performed to determine whether Ni2+ blocks AMPARmediated currents in LSO neurons. Ni2+ (2 mM) had no effect on AMPA-elicited whole-cell
currents (control: 154.1 ± 38.1 pA, in Ni2+: 127.5 ± 42.9 pA; n=4 cells; paired t-test p = 0.39;
n=4 cells; Figure 17 C). In conclusion, AMPARs of LSO neurons are not calcium permeable
during the first postnatal week.
Several nuclei in the mature and developing auditory brainstem express kainate receptors
(Lachica et al., 1998; Lohrke and Friauf, 2002; Petralia et al., 1994; 1996; review: Petralia et al.,
2000). In the LSO, the presence of kainate receptors has been suggested in a single report
(abstract: Vitten et al., 1999). To address the possibility that kainate receptors are present and
contribute to increases in intracellular calcium, kainic acid was applied in the presence of GYKI
52466 (25 - 50 µM), a selective AMPAR antagonist (Tarnawa et al., 1989; review: Bleakman
and Lodge, 1998). Under these conditions, KA (5 - 25 µM, 30 s) increased [Ca2+]i (157 ± 23 nM,
n=37 cells) and the AMPA/kainate receptor antagonist CNQX (20 µM) reduced these responses
to 28 ± 5 % of control (54 ± 14 nM, n = 37 cells, P0 - P3; paired t-test p < 0.01) (Figure 18). The
incomplete inhibition of the KA elicited response by CNQX might be due to poor efficiency of
CNQX on kainate receptors (Paternain et al., 1996). Similar to AMPARs, kainate receptors can
increase [Ca2+]i by activating VGCCs and/or they may be Ca2+ permeable. Kainate receptor66

mediated responses were tested before and after blockade of VGCCs with Ni2+ (2mM). Ni2+
completely blocked KA (10µM, 30s; in the presence of 50 µM GYKI 52466) evoked responses
(reduced by 95.2 ± 1.3 %; n = 8 cells; paired t-test p < 0.01; Figure 18 C). In summary, these
results indicate that kainate receptors are present in neonatal LSO, they are Ca2+ impermeable
and increase [Ca2+]i by activating VGCCs.

Figure 17. AMPARs in neonatal LSO neurons of mice are Ca2+ - impermeable.
A. Pressure application of AMPA (1 mM, 50 ms) induces a Ca
by blocking VGCCs with Ni

2+

2+

response reversibly abolished

(5 mM). B. Summary of data from 31 neurons between P0 and

P4. Asterisk- p < 0.01, paired t-test. C. Whole cell currents through AMPAR are not affected by
2+

2 mM Ni . Traces are single responses to AMPA iontophoresis. Bar indicates AMPA
application. Graph shows average response from 4 cells. Figure adapted from Ene et al., 2003.
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Figure 18. Kainate receptors are expressed in neonatal LSO neurons of mice.
Ca

2+

response elicited by kainic acid (25 µM, 30s) in the presence of the selective AMPAR

antagonist GYKI 52466 (50µM). Subsequent application of the AMPA/kainate receptor
antagonist CNQX (20 µM) decreases the response. B. Summary from 37 cells (P0 - P3). C.
2+

kainate receptors neonatal LSO neurons of mice are Ca

2+

impermeable. Ca responses elicited

by kainic acid (25 µM, 30s) in the presence of GYKI 52466 (50µM) are abolished by blocking
VGCCs with Ni

2+

(2 mM). Summary from 8 cells (P1). Asterisk - p < 0.01; paired t-test. Figure

adapted from Ene et al., 2003.

4.2.3.

Pharmacological analysis of NMDAR-mediated responses

As shown in chapter 3, NMDARs do not contribute to synaptically elicited Ca2+
responses evoked by single stimuli and associated with small response amplitudes. However,
Ca2+ responses elicited by trains of stimuli always have a NMDAR-mediated component. This
suggests that NMDARs in neonatal LSO neurons are blocked by magnesium (Mayer et al., 1984;
Nowak et al., 1984). In support of this, application of NMDA (50 µM, 60 s) fails to elicit Ca2+
responses at physiological Mg2+ concentrations (1.3 mM) (n = 83 cells, P1 - P4; Figure 19) but
elicits strong Ca2+ responses in Mg2+-free ACSF (467 ± 87 nM, n=83 cells); these responses are
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completely blocked by APV (50 µM). The NMDARs are Ca2+ permeable (Ascher and Nowak,
1996; MacDermott et al., 1986; reviews: Mori and Mishina, 1995; Dingledine et al., 1999) and
they also can depolarize the membrane and activate VGCCs. The contribution of VGCCs to
NMDAR-mediated Ca responses in neonatal LSO neurons was not tested in this study.

Figure 19. NMDARs are blocked by Mg2+.
2+

Bath application of NMDA (50 µM, 60 sec) in the presence of 1.3 mM Mg
2+

Ca response. In the absence of Mg

2+

(0 mM), NMDA evokes a large Ca

2+

fails to elicit a

response, which is

subsequently blocked by addition of APV (50 µM). Figure adapted from Ene et al., 2003.

4.2.4.

Pharmacological analysis of mGluR-mediated responses

In the developing LSO, mGluRs have been poorly investigated. Electrophysiological
evidence indicates that activation of mGluRs results in prolonged depolarizations in the LSO of
gerbils (8-14 days old: Kotak and Sanes, 1995). However, no systematic study has been
performed to identify what groups of mGluRs are present during development and, furthermore,
how are they involved in Ca2+ signaling. Thus, in the following experiments it was determined
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first which specific groups of mGluRs affect [Ca2+]i. The calcium entry routes and the
mechanisms of Ca2+ responses were than dissected using pharmacological tools and calcium
imaging.

4.2.4.1.

Group I and II mGluRs but not group III mGluRs elicit Ca2+ responses

Group I mGluRs: Activation of group I mGluRs by the specific agonist DHPG (10-20 µM; Ito et
al., 1992) consistently increased [Ca2+]i (Figure 20 A). These responses had a distinctive profile
consisting of a rapid, initial increase in [Ca2+]i (peak response) followed by a long-lasting
increase (plateau response). The amplitude of the plateau was approximately 35% of the
amplitude of the peak response (average peak amplitude: 463 ± 26 nM, plateau amplitude: 162 ±
9 nM, n = 83 cells). The duration of the response was proportional to the duration of drug
application (see inset Figure 20 A).
Group II mGluRs: Activation of group II mGluRs by LCCG-I (5-10 µM; Keele et al., 1999;
Maiese et al., 1999) or by the group II agonist/group I antagonist 4C3HPG (200 µM; Hayashi et
al., 1994; Keele et al., 1999), elicited Ca2+ responses with similar profiles as those elicited by
group I mGluRs, i.e. a distinct peak and a plateau (Figure 20 B). Compared to group I responses,
peak responses elicited by group II were significantly smaller (group II: 265 ± 28 nM, n = 45
cells; t-test p< 0.01) while plateau responses had similar amplitudes (group II: 183 ± 17 nM, n =
45 cells; t-test p> 0.01).
Group III mGluRs: The group III mGluR agonist L-AP4 (100 - 500 µM for 30 - 90s; Tanabe et
al., 1993) never elicited Ca2+ responses (n = 42 cells; Figure 20 C). In the same slices, LSO
neurons responded vigorously to KCl depolarizations (60 mM, 30 s) indicating that the absence
of a response to L-AP4 was not due to decreased viability of these cells.
These results indicate that immature LSO neurons express group I and group II mGluRs,
whose activation increases [Ca2+]i. Group III mGluRs, however, are either not expressed in LSO
neurons or are not coupled to intracellular calcium mobilization.
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Figure 20. Ca2+ responses elicited by mGluRs.
2+

A. Stimulation of group I mGluRs by the specific agonist DHPG (20 µM) induces Ca

responses consisting of a peak followed by a plateau phase. Inset shows that duration of plateau
response is proportional to the duration of the agonist application (DHPG was applied for 300s).
2+

B, C. Stimulation of group II mGluRs by the agonist 4C3HPG (200 µM, 30 s) induces Ca

responses with a profile similar to those elicited by the group I mGluR agonist DHPG. C.
2+

Stimulation of group III mGluRs by the agonist L-AP4 (200 µM, 90 sec) fails to elicit Ca

responses. The same cells responded strongly to depolarization with KCl (60 mM, 30 s),
indicating that their failure to respond to L-AP4 is not due to cell deterioration. Figure adapted
from Ene et al., 2003.
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4.2.4.2.

Mechanisms of mGluR-mediated Ca2+ responses

The best characterized pathway by which mGluRs increase [Ca2+]i is through activation of
phospholipase C (PLC) and the production of IP3, which, in turn, releases calcium from internal
stores (Conn and Pin, 1997).

PLC involvement in mGluR-elicited Ca2+ responses
To test whether PLC is involved in mGluR-elicited Ca2+ responses in neonatal LSO neurons, a
specific inhibitor of this enzyme, U73122 (Bleasdale et al., 1989), was used. In initial
experiments, slices were first imaged for control responses and then incubated for 30 min to 1h
in U73122 (10µM). In these conditions, U73122 had in most cases no effect on peak amplitude
and duration of DHPG (10 µM, 30s) mediated responses (peak amplitude: 104 ± 19 %; control:
414 ± 46 nM, U73122: 426 ± 78 nM; duration: 89 ± 10 %, n= 32 cells, N=2 slices, paired t-test,
p>0.01). The plateau response and area were slightly reduced to 76 ± 12 % (paired t-test p<0.01)
and 73 ± 6 % (paired t-test p=0.0169), respectively (Figure 21 A). Given these results and
because the drug incubation was performed in the recording chamber during continuous
perfusion (2-3 ml/min), I thought that the incubation period might not have been long enough to
allow diffusion of the drug through the membrane. Therefore, slices were placed in 10µM
U73122 in the incubation chamber immediately after slicing for 2 to 5 hours. Because there were
no control responses to DHPG prior to PLC inhibition, KCl was used as a control and as an
indicator for cell healthiness. In 3 slices (P3) tested, a much smaller number of cells responding
to DHPG than to KCl was observed. Only about 30% (28 out of 94) of cells that increased Ca2+
upon KCl application also responded to DHPG. In slices of similar age, this percentage was
significantly higher, about 92 % (n= 240 cells, N=7 slices, P0-5; Fisher exact test p<0.0001).
However, in the responding cells, Ca2+ profiles and amplitudes were not different from controls
(Figure 21 C; peak amplitude: 401 ± 54 nM, plateau amplitude: 182 ± 22 nM; n = 28 cells).
Although there was no good control, I believe that the U73122 drug might not have been
effective in these cells (for presently unknown reasons: i.e. poor penetration, different cell types,
and/or different coupling mechanisms). With these concerns and limitations, I interpret these
results in the following way: in cells that did not respond to mGluR agonists the inhibition of
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PLC was sufficient to abolish Ca2+ responses mediated by group I mGluRs. These results suggest
that PLC represents a key step in group I mGluR-mediated Ca2+ responses in neonatal LSO
neurons.

Figure 21. The effect of PLC inhibition on mGluR-mediated Ca2+ responses.
A. In slices incubated for 30-60 minutes with the PLC inhibitor U73122 (10µM) DHPG
responses are only weakly affected. Bar graphs show peak amplitude, area, plateau and duration
of responses relative to control. Summary from 32 cells. B. In slices incubated for 2-5h most
cells (~70%) are unresponsive to DHPG. The same cells responded strongly to depolarization
with KCl (60 mM, 30 s), indicating that their failure to respond to DHPG is not due to cell
deterioration. C. In the same slices a small percentage (~30%) of cells still respond to DHPG and
the response profile is not affected by U73122.

Dissection of Ca2+ sources: release from the internal stores and influx from the
extracellular milieu
To test the contribution of internal calcium stores to mGluR-elicited Ca2+ responses in LSO
neurons, calcium was depleted from the endoplasmatic reticulum with thapsigargin (10 µM, 1 2h incubation). This treatment completely blocked calcium responses following application of
ACPD (100 µM). Upon application of KCl (60mM, 20s) cells were still able to increase [Ca2+]i
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(n = 33 cells, N=2 slices; Figure 22). These results indicate that Ca2+ release from intracellular
stores is necessary for mGluR-mediated Ca2+ responses. To test the possible contribution of
extracellular calcium to mGluR-mediate Ca2+ responses, mGluRs were activated in Ca2+- free
ACSF. Under this condition, ACPD still increased [Ca2+]i, but the initial peak was greatly
reduced and the plateau phase was almost completely abolished (peak reduced to 31 ± 8 %; area
reduced to 18 ± 5 %, n = 9 cells, Figure 23). Similar results were also observed with the group I
specific agonists DHPG (peak reduced to 32 ± 2 %, area reduced to 12 ± 1 %, n = 82 cells;
paired t-test p<0.01) and the group II specific agonist 4C3HPG (peak reduced to 16 ± 2 %, area
reduced to 23 ± 3 %, n = 19 cells; paired t-test p<0.01). These results indicate that Ca2+ release
from internal stores contributes only ~ 30 % to the peak response whereas extracellular Ca2+
contributes ~ 70% to the peak response and is the sole source of the plateau phase.

Thapsigargin
[Ca2+]i (nM)

500

250

0

ACPD

30s

ACPD

KCl

ACPD

30s

Figure 22. Internal stores are necessary for the mGluR-mediated Ca2+ responses.
2+

Typical Ca

response elicited by the group I/II mGluR agonist ACPD (100 µM, for 60 s) in a

control slice (left trace) and in a thapsigargin-treated slice (right traces; 10 µM). The neuron
responds to KCl (60 mM, 30s), indicating that failure to respond to ACPD is not due to cell
deterioration. Figure adapted from Ene et al., 2003.
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Figure 23. Influx from the extracellular milieu contributes to mGluR-mediated Ca2+
responses.
2+

A. Example of ACPD-elicited responses (50 µM, for 60 s) in 2 mM and 0 mM external Ca . In
2+

0 mM Ca , the peak response is greatly reduced and the plateau phase is completely abolished.
B. Summary of ACPD responses from 9 cells. Figure adapted from Ene et al., 2003.

PKC involvement in group I mGluR-elicited Ca2+ responses
Activation of PLC results in hydrolysis of PIP2 into DAG and IP3. DAG activates PKC and thus
the signaling cascades coupled to PKC (Conn and Pin, 1997). To test the involvement of the
PKC pathway in group I mGluR-mediated Ca2+ responses, PKC was inhibited with chelerythrine
(10µM). DHPG (10µM, 30s) elicited Ca2+ responses were compared in control and in the
presence of the PKC inhibitor (Figure 24 A). In P4-5 slices, 10µM chelerythrine slightly
increased the amplitude of Ca2+ responses (peak: 275 ± 12 nM to 365 ± 29 nM; n = 69cells, N=2
slices; paired t-test p<0.01; plateau: 133 ± 5 nM to 147 ± 6 nM; n = 69cells, paired t-test p<0.01).
Baseline Ca2+ increased immediately after chelerythrine incubation (from 42 ± 1 nM to 117 ± 5
nM; n = 69cells, paired t-test p<0.01). Higher doses of chelerythrine (50µM) caused more drastic
increases in the resting calcium levels and sustained Ca2+ elevations after DGPG stimulation
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(Figure 24 B; n=18 cells, N=1 slice). Taken together, these experiments suggest that PKC is
important for maintaining low resting Ca2+ levels and in the clearance process after an mGluR
induced Ca2+ increase.

Figure 24. mGluR evoked Ca2+ responses are not mediated by PKC.
A. Responses elicited by DHPG (10 µM, 30s) are not significantly affected by inhibition of PKC
with 10 µM chelerythrine. The main effect of PKC inhibition is an increase in resting [Ca2+]i. B.
Cells treated with 50 µM chelerythrine are not able to maintain their low resting [Ca2+]i and
show sustained Ca2+ elevations after DHPG stimulation.

Voltage gated Ca2+ channels do not contribute to mGluR-mediated Ca2+ responses
Previous electrophysiological studies demonstrated that stimulation of mGluRs can induce longlasting membrane depolarizations of neonatal LSO neurons (Kotak and Sanes, 1995). For this
reason and because the plateau phase involves influx of extracellular calcium, the involvement of
VGCCs in mGluR-mediated Ca2+ responses was examined next. ACPD (20 µM) was applied in
the presence of specific antagonists for L - type (10 µM nifedipine), N - type (50 -1000 nM ω -
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Conotoxin GVIA), and P/Q - type calcium channels (50 nM ω - Agatoxin TK; review
conotoxins: Favreau et al., 1999). None of these VGCC blockers significantly decreased the
amplitudes of the peak or the plateau (Figure 25) indicating that mGluR-activated influx of
extracellular calcium does not involve VGCCs. Similar results were obtained using the group I
specific agonist DHPG (20 µM, 30s) in the presence of the L-type Ca2+ channel inhibitor
calcicludine (5-10nM: peak 103 ± 3 %, area 125 ± 10 % from control; n=89 cells, P1-3; t-test
p>0.01) or nimodipine (20µM; peak 92 ± 6 %, area 131 ± 7 % from control, n=33 cells, P4; t-test
p>0.01). These results indicate that mGluR activated influx of extracellular calcium does not
involve VGCCs.

Figure 25. Voltage-gated calcium channels do not contribute to mGluR-elicited Ca2+
responses.
A-C. Effects of voltage-gated calcium channel antagonists on normalized areas and peak
amplitudes of responses elicited by ACPD (20 µM, 90 s). A. Effects of the L-type Ca2+ channel
antagonist nifedipine (10 µM). B. Additional application of the N-type Ca2+ channel antagonist
ω-Conotoxin GVIA (0.05-1 µM) does not reduce responses in the presence of nifedipine
(control). C. The P/Q-type Ca2+ channel antagonist ω -Agatoxin TK (50nM) slightly reduces
ACPD-elicited responses elicited in the presence of nifedipine and ω-Conotoxin GVIA (control).
Figure adapted from Ene et al., 2003.
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4.3.

SUMMARY AND DISCUSSION

This study investigated changes in the [Ca2+]i following activation of ionotropic and
metabotropic GluRs in developing LSO neurons. AMPA and kainate receptors are not calcium
permeable and they mediate Ca2+ responses via membrane depolarization and activation of
VGCCs. NMDARs are highly Ca2+ permeable and sensitive to Mg2+ block. Group I and group II
mGluRs mediate Ca2+ responses that have two components: release from internal stores and
influx from the extracellular milieu. Group III mGluRs never elicited Ca2+ responses in
developing LSO neurons. The implications of these findings for the LSO development are
discussed bellow.

4.3.1.

Ca2+ responses mediated by AMPARs

Previous studies have shown the expression pattern of AMPAR subunits in LSO neurons
(Caicedo and Eybalin, 1999; see Figure 3 A INTRODUCTION). The GluR2 subunit, which
confers Ca2+ impermeability to AMPARs (Hollmann et al., 1991; Verdoorn et al., 1991; review
Pellegrini-Giampietro et al., 1997), is present in neonatal LSO neurons and it becomes downregulated after hearing onset (Caicedo et al., 1998; Caicedo and Eybalin, 1999). Consistent with
these studies, results presented here indicate that AMPARs are not calcium permeable early in
development (Figure 17). AMPARs impermeable to Ca2+ are not very common during
development. In general, Ca2+-permeable AMPARs, lacking GluR2, are encountered early in
development and are implicated in synaptogenesis, cell migration and formation of neuronal
circuitry (review: Konig et al., 2001). Ca2+-impermeable AMPARs are expressed in the adult
mammalian central nervous system under physiological conditions and are implicated mostly in
mediating fast synaptic transmission (review: Riedel et al., 2003). Thus, developing LSO and
other auditory nuclei that express GluR2 (including DCN, MSO and IC: Caicedo and Eybalin,
1999), are somehow special. Indeed, within particular auditory pathways specialized in encoding
the temporal properties of sound, the speed of transmission is crucial and thus the function of
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AMPARs is critical. Consequently, auditory neurons express unique AMPARs whose structure
and biophysical properties are tightly correlated with their function (reviews: Trussell 1997;
1999). For example, the desensitization time constant of auditory AMPARs is less than 2ms
(review: Trussell, 1997), much smaller than those of other nonauditory neurons (Partin et al.,
1996). To achieve this rapid gating, the ideal receptors should contain the GluR4flop subunit and
should lack the GluR2 subunit. Indeed, in the LSO, after hearing onset, (and also in the MNTB),
anatomical evidence indicates high expression levels of GluR4flop and low expression levels of
GluR2 (Caicedo et al., 1998; Caicedo and Eybalin, 1999; Geiger et al., 1995; Hunter et al., 1993;
Sato et al., 1993; review: Trussell, 1997).
What would then be the function of AMPARs impermeable to Ca2+ in the neonatal LSO?
Early in development they mediate synaptic transmission (Caspary and Faingold 1989; Kotak
and Sanes 1996; Wu and Kelly, 1992) triggered by spontaneous activity. At this time when
[Ca2+]i in LSO neurons can be increased by all iGluRs and also by mGluRs, the Ca2+
impermeability of AMPARs could represent a way to avoid accumulation of dangerous
intracellular calcium levels.

4.3.2.

Ca2+ responses mediated by kainate receptors

Kainate receptors are expressed in several auditory brainstem nuclei including NM of
chick (Lachica et al., 1998), MNTB of developing to adult rat (P2-59; Lohrke and Friauf, 2002)
and CN of adult rat (Petralia et al., 1994; 1996; review: Petralia et al., 2000). Previous studies
suggested that kainate receptors may be present in developing LSO neurons (Vitten et al., 1999).
The present results demonstrate that immature LSO neurons express functional kainate receptors
that can increase [Ca2+]i via activation of VGCCs (Figure 18). These receptors are calcium
impermeable and thus most likely composed of the Q/R-edited forms of GluR5 and GluR6
subunits (Bernard and Khrestchatisky, 1994; Burnashev et al., 1995; Paschen et al., 1995; Lee et
al., 2001). In support for this, the GluR5 agonist ATPA elicited currents in developing LSO of
rat (P2-10: Vitten et al., 1999). The present study did not distinguish whether these receptors are
synaptic and/or extrasynaptic, thus it remains to be shown to what extent they participate in
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glutamatergic synaptic transmission. Also, it remains to be shown whether kainate receptors
undergo developmental changes in the subunit composition similar to AMPARs, and to what
extent these changes affect Ca2+ permeability of these receptors and consequently their function.

4.3.3.

Ca2+ responses mediated by NMDARs

The NMDAR is a unique Glu receptor because it is activated by both ligand and voltage;
it functions as a coincidence detector between pre- and postsynaptic cells (Mori and Mishina,
1995). NMDARs are highly permeable to calcium (Asher and Nowak, 1986; MacDermott et al.,
1986; reviews: Mori and Mishina, 1995; Dingledine et al., 1999) and sensitive to Mg2+. The
sensitivity to voltage dependent Mg2+ block depends on the incorporation of specific NR2
subunits: NMDAR containing NR2A and NR2B subunits are more sensitive to Mg2+ than the
NR2C- and NR2D- containing receptors (reviews: Dingledine et al., 1999; Mori and Mishina,
1995; Yamakura and Shimoji, 1999). In this study NMDARs were Mg2+ sensitive, thus most
likely composed of NR2A and NR2B subunits. In support, previous anatomical data indicate the
presence of these subunits in immature LSO neurons (rat: Caicedo and Eybalin, 1999; see Figure
3 B INTRODUCTION).
Early in development, Ca2+ entry through NMDARs is thought to play a role in neurite
outgrowth (Pearce et al., 1987; Brewer and Cotman, 1989; Matson and Kater, 1989), dendritic
growth (in Xenopus tectum: Rajan and Cline, 1998; rat supraoptic nucleus: Chevaleyre et al.,
2002), synaptic connectivity (optic tectum of tadpoles: Cline et al., 1987; cat cortex:
Kleinschmidt et al., 1987), synapse elimination (developing cerebellum: Rabacchi et al., 1992),
synaptic plasticity, and cell death (reviews: West et al., 2001; Wong and Ghosh 2002). Thus,
NMDARs could play similar roles in LSO development.
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4.3.4.

Ca2+ responses mediated by mGluRs

Previous studies indicate the presence of group I/II mGluR on postsynaptic LSO neurons
(gerbil: Kotak and Sanes, 1995). In this study, activation of group I and group II mGluRs in
neonatal LSO neurons induces biphasic Ca2+ responses characterized by a peak increase
followed by a long lasting plateau increase (Figure 20). Activation of group III mGluRs did not
affect [Ca2+]i (Figure 20), suggesting that these receptors are either not expressed
postsynaptically in LSO neurons or are not coupled to intracellular Ca2+ pathways. Group I
mGluRs are known to activate the PLC dependent intracellular pathway resulting in production
of IP3 and [Ca2+]i increase from the IS (review: Conn and Pin, 1997). The present results indicate
that a similar cascade is used in the immature LSO, as PLC inhibition blocked Ca2+ responses in
a high percentage of cells (Figure 21). These results are in line with studies in other systems,
including interneurons in stratum oriens in developing hippocampus of rat (P14-21; Woodhall et
al., 1999) or in Purkinje cells in mouse cerebellum (P18-29; Tempia et al., 2001), where similar
PLC dependent group I/II mGluRs mediated Ca2+ responses were detected.
The biphasic Ca2+ responses mediated by group I and II mGluRs are composed of:
release from internal stores (Figure 22) and influx from the extracellular milieu (Figure 23). Ca2+
release from the internal stores is a prerequisite for the influx component, as stimulation of
mGluRs after depleting the internal stores with thapsigargin results in no Ca2+ response.
However, it only represents about 30% of the peak Ca2+ response. The remaining peak response
and the entire plateau response are due to Ca2+ influx from the extracellular milieu. The channel
mediating the influx is different from conventional VGCCs, as blockers of L-, N-, P/Q-type
VGCCs have no effect on ACPD-evoked Ca2+ responses (Figure 25). Further investigation of the
nature of this channel and its contribution to Ca2+ responses during development is presented in
chapter 5. Similar Ca2+ profiles, peak followed by plateau response mediated by group I mGluRs
have been observed in dopaminergic neurons of rat Substantia Niagra (Choi et al., 2003).
The responses elicited by group II mGluR agonists were unexpected because group II
mGluRs are linked to the adenylate cyclase pathway rather than the PLC-IP3 pathway. It is
unlikely that these responses are due to nonspecific activation of group I mGluRs because [Ca2+]i
also increased upon application of 4C3HPG, which is not only an agonist for group II mGluRs
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but also a potent antagonist for group I mGluRs (Hayashi et al., 1994). Although the exact
intracellular pathways that underlie group II-elicited calcium responses remain to be
investigated, its similarity to group I responses suggests the involvement of IP3 - dependent
calcium mobilization. Recently, group II mGluR-mediated activation of the PLC- IP3 pathway
has been demonstrated in prefrontal cortex neurons (Otani et al., 2002), in which group II
mGluRs are critically involved in mediating activity-dependent synaptic plasticity.
In other auditory brainstem nuclei, mGluR expression has been detected early in
development and also in adult in chick, rat, gerbil (Zirpel et al., 2000; Schwartz and Eager 1999;
Elezgarai et al., 1999, 2001; Jars et al., 1998; review: Petralia et al., 2000). Group I and II
mGluRs expression was investigated in CN and MNTB of rat and/or mouse and NM of chick
(CN rat: Shigemoto et al., 1992; mouse CN: Bilak and Morest, 1998; Elezgarai et al., 1999,
2001; Jars et al., 1998; DCN: Molitor and Manis, 1997 Schwartz and Eager 1999; Takahashi et
al., 1996; NM: Zirpel et al., 2000; review: Petralia, 2000). Their function was not investigated in
detail. In NM neurons mGluRs play a role in survival of neurons after deafferentiation. Lethal
increases in the [Ca2+]i caused by deafferentiation (Zirpel et al., 1995a) can be prevented by
activation of mGluRs (Zirpel and Rubel, 1996) linked to protein kinase A (PKA) and protein
kinase C (PKC) signal transduction pathways (Lachica et al., 1995; Zirpel et al., 1995a,b, 1998).
In this study, inhibition of PKC resulted in large increases in resting calcium levels (Figure 24),
suggesting a similar protective role for the mGluR-PKC pathway in LSO neurons.
In other systems, mGluRs play a role in survival (review: Holscher et al., 1999), synaptic
plasticity (reviews: Con and Pin, 1997; Holscher et al., 1999; Cartmell and Schoepp, 2000),
learning and memory (review: Riedel et al., 2003). Also, activation of mGluRs triggers gene
expression (cultured rat striatal neurons: Mao and Wang, 2003), and induces morphological
changes (spine elongation in dendrites of hippocampus cells: Vanderklish and Edelman, 2002). It
is possible that in neonatal LSO neurons mGluRs might serve similar functions.
In conclusion, Ca2+ entry routes in neonatal LSO neurons are distinct for each GluR type:
AMPA/kainate receptors induce Ca2+ influx via activation of VGCCs, NMDARs are Ca2+
permeable and group I and group II mGluRs induce biphasic Ca2+ responses involving release
from internal stores and influx from the extracellular milieu. Given that specific Ca2+ entry
routes can activate distinct intracellular pathways, it is possible that LSO neurons use these
specific pathways for different developmental aspects.
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5.

CHAPTER 5. DEVELOPMENT OF GROUP I METABOTROPIC GLUTAMATE
RECEPTOR-MEDIATED CALCIUM RESPONSES. INVOLVEMENT OF TRP
CHANNEL(S)

5.1.

INTRODUCTION

Group I mGluRs (mGluR1 and -5) play an important role in survival, neural growth and
cell death (Vincent and Maiese, 2000; Hannan et al., 2001; reviews: Bordi and Ugolini, 1999;
Hermans and Challiss, 2001; Valenti et al., 2002). Evidence from other systems suggests that the
expression pattern of group I mGluRs changes during development (Catania et al., 1994;
Romano et al., 1996; Lopez-Bendito et al., 2002). For example, in neocortex and hippocampus
the expression levels of mGluR1 increases while the expression of mGluR5 decreases (Catania et
al., 1994; Romano et al., 1996; Lopez-Bendito et al., 2002). In addition, these receptors localize
differently: during late prenatal development mGluR1 is found mainly in neuropil and mGluR5
mainly in the soma, while during postnatal development the opposite is true (Lopez-Bendito et
al., 2002). Although nothing is known about the developmental expression of group I mGluRs in
the LSO, it is possible that they undergo developmental changes in their expression levels and/or
their cellular localization similar as in cortex. Much less is known about mGluR signaling
pathways during development, whether there are developmental changes in these pathways and
if so what functional implications they might have. The mechanisms by which group I mGluRs
affect [Ca2+]i is complex and it has been described in chapter 4. In short, group I mGluRs are
coupled to Gq/11 proteins and activate PLC resulting in IP3 and DAG production. IP3 diffuses
through the cytosol and activates IP3Rs causing release of calcium from internal stores (review:
Conn and Pin, 1997). Ca2+ release can activate store-operated channels, possibly members of the
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TRP channel family (reviews: Montell, 2001; 2003; Clapham et al., 2001; Zitt et al., 2002;
Nilius, 2003; and INTRODUCTION section 1.6). Also DAG, which is membrane-bound lipid,
can activate TRP channels. For example, the membrane permeable analogue of DAG, OAG,
activates TRPC3 and TRPC6 in CHO-KI cells (Hoffmann et al., 1999); however, it fails to
activate IBDNF currents presumably mediated by TRPC3 in pontine nuclei from neonatal rat (Li
et. al., 1999). Ca2+ signaling triggered by group I mGluRs via release from intracellular stores
can activate downstream pathways coupled to activation of caspases, activation of transcription
factors and activation of many other signals necessary for regulation of cellular functions such as
synaptic plasticity, neuronal excitability or apoptosis (reviews: Berridge, 1995; 2002; Corbett
and Michalak, 2000; Bootman et al., 2001; Verkhratsky, 2002; Verkhratsky and Petersen, 2002).
Changes in group I mGluRs signaling pathways can affect all these processes. Thus it is of
interest to know whether there are developmental changes and what the influences on cellular
processes are. To begin addressing these questions, this study investigates Ca2+ responses
mediated by group I mGluRs in developing LSO neurons.
Results from the previous chapter, indicated that in neonatal LSO neurons (P0-7), group I
mGluRs trigger Ca2+ release from internal stores and this in turn triggers Ca2+ influx through a
store-operated Ca2+ permeable channel. In this chapter the sources of Ca2+ responses mediated by
mGluRs and the nature of the store-operated calcium channel are investigated in more detail,
expanding the developmental window to P19. This period covers the two important stages in the
development of the auditory system: before hearing onset, when neuronal activity is spontaneous
and after hearing onset when neuronal activity is sound-driven. The methods used here are Ca2+
imaging combined with pharmacology.
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5.2.

RESULTS

Results presented here are from 1057 neurons in 81 slices prepared from P0-19 animals.

5.2.1.

Group I mGluR-mediated responses during development

This section presents a general overview of DHPG elicited responses during
development.
Group I mGluR-mediated responses were analyzed in P0-19 slices in n= 739 cells, N= 58
slices, from 57 animals. Data were grouped by age: neonatal P0-5 (n=240 cells, N=7 slices from
7 animals), before hearing onset P9-12 (n=194 cells, N=14 slices from 14 animals), immediately
after hearing onset P13-16 (n=191 cells, N=23 slices from 22 animals), and later after hearing
onset P17-19 (n=114 cells, N=14 slices from 14 animals).
Resting [Ca2+]i was in the ranges of 50 – 250 µM and it did not vary significantly during
development (Figure 26 A1, ANOVA p>0.01; average of all cells 93 ± 2 nM, n= 739). A
histogram of all cells grouped by age did not indicate that the four groups form four different
populations (Figure 26 A2). Comparison between groups P0-12 and P13-19 showed a statistical
significant difference (P0-12: 83 ± 2 nM, n= 432, P13-19 106 ± 3 nM, n= 307, t-test p< 0.01).
However, a histogram plotting the baseline of all cells in each age group does not indicate two
different populations (Figure 26 A3). All cells included in the analysis responded to KCl
depolarizations (60mM, 90s). The profile of KCl responses was similar at all ages; peak
amplitudes ranged from around 100 nM to saturating responses (>2µM). At younger ages more
cells tended to have saturated responses to 60mM KCl (52% at P0-5 compared to 24% at P9-19).
Metabotropic GluR-mediated Ca2+ responses changed quantitatively and qualitatively
during development. Qualitatively, three types of responses were encountered: increase, no
change and decrease of [Ca2+]i (Figure 26 B). The response type correlated with age. The
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percentage of cells that increase [Ca2+]i diminished from about 95% at P0 to about 50% at P19
(Figure 26 C). At the same time, the percentage of cells responding with decrease in [Ca2+]i rose
from 0% at P0 to about 30 % at P19 (Figure 26 C). Similarly, the percentage of cells responding
with no change in [Ca2+]i rose from about 5% at P0 to about 20% at P19 (Figure 26 C). The
distribution of different response types (increase, decrease of [Ca2+]i) in individual slices as a
function of age showed that cells that decrease [Ca2+]i appeared around hearing onset (P12 in
mice). Their percentage increased after hearing onset (red circles in Figure 27). At P13-16 in a
given slice responses were in general mixed, increase and decrease (black and red symbols in
Figure 27), while at other ages responses were either increase or decrease of [Ca2+]i.
These results suggest that Ca2+ signaling trough group I mGluRs may involve more than
one mechanism. During early development a mechanism resulting in [Ca2+]i increase prevails,
while after hearing onset this mechanism might be replaced by one that decreases [Ca2+]i. To
understand the mechanisms underlying these Ca2+ responses, DHPG-evoked responses were
investigated in more detail. Results are presented separately for the increase and the decrease
type of responses.
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Figure 26. mGluR-mediated Ca2+ responses during development.
A1. Resting [Ca2+]i concentrations are similar across age groups. A2. Histograms of resting
[Ca2+]i for each age group. A3. Histograms of [Ca2+]i for cells grouped from P0-12 (black) and
P13-19 (grey), illustrating that they are not two different populations. Bin size was 25 nM for A2
and A3. B. Three types of DHPG (50µM, 90s)-evoked Ca2+ responses are encountered during
development: increase, no change and decrease. Examples are from single cells at P0, P14 and
P18. Dotted line represents baseline. C. Age dependence of group I mGluR-mediated Ca2+
responses. During development, the number of cells responding to DHPG with a [Ca2+]i increase
(filled squares) diminishes while the number of cells responding with a [Ca2+]i decrease (empty
squares) or no change (triangles) increases. 100% represents the number of cells responding to
KCl (60mM, 90s). Numbers on top represent total number of cells for each age group.

87

88

Figure 27. Distribution of peak amplitude of DHPG-induced responses as a function of age
in individual slices.
Ca2+ responses were elicited by bath application of DHPG (50 µM, 90s). Each square represents
a single cell and each column represents an individual slice. Black squares are cells responding
with a Ca2+ increase; red circles are cells responding with a Ca2+ decrease. Cells showing no
change in [Ca2+]i are not plotted. Dotted line indicates 0. Note that the amplitude of the peak
response decreases with age. Inset shows average amplitudes grouped by age. Cells that respond
with a Ca2+ decrease are prominent after hearing onset. n= 222 cells for P0-5 age group; n=184
cells for P9-12 age group, n=177 cells for P13-16 age group, and n=89 cells for P17-19 age
group.
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5.2.2.

Group I mGluR-mediated responses that increase [Ca2+]i during development

During development mGluRs responses became progressively smaller and their profile
changed. There was a transition from a Ca2+ profile characterized by a clear peak and a plateau
encountered in neonatal cells, to a profile characterized by a peak only (Figure 28). This was
quantified by determining the amplitude, area, and duration of the response (as described in the
method section 2.10.3). By the end of the third week peak amplitude and area of the responses
were reduced by ~80%, duration was reduced by ~60%, and the plateau phase mostly abolished
(Figure 29). To further quantify changes in Ca2+ profiles, Ca2+ responses were classified in three
groups: peak and plateau (pp), peak small plateau (psp) and peak no plateau (pnp), as described
in method section 2.10.3. Pp responses were characterized by a clear peak and plateau phase,
long duration and long decay time constant (Figure 30 A-E and values of parameters
characterizing these cells for each age group are given in Table 3). Psp responses were
characterized by smaller peak and plateau amplitudes and/or shorter duration of responses. Pnp
responses completely missed the plateau phase and also had smaller peak amplitudes, shorter
duration and shorter decay time constants. As shown in Figure 30 F in the first postnatal week pp
cells were prevalent. Their number decreased starting before hearing onset. At the same time the
number of psp cells increased. Around hearing onset there is a mixture of pp, psp and pnp cells
and by the end of the 3rd postnatal week the pp and psp cells disappear.
A possible explanation for these results is that the group I mGluR signaling pathway
undergoes developmental changes. As shown in Chapter 4, in neonatal neurons the sources of
calcium are Ca2+ release from the internal stores and Ca2+ influx through an unknown channel.
This channel might be a member of the TRP family. Because the Ca2+ influx is the sole source of
the plateau phase, one hypothesis is that the presumed TRP channel is downregulated during
development. Thus, in the following experiments the sources of Ca2+during development are
further investigated.
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Figure 28. Group I mGluR-mediated Ca2+ responses during development.
Ca2+ profiles undergo a transition from a peak and plateau to a peak only profile.
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Figure 29. Quantitative changes in Ca2+ responses during development.
Summary of all cells that increase [Ca2+]i in response to DHPG (50 µM, 90s). P0-5 age group
includes 222 cells, P9-12: 165 cells, P13-16: 135 cells, and P17-19: 54 cells.
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Figure 30. Quantification of parameters for all pp, pnp and psp cells.
A. Examples of pp, psp and pnp responses. B-E. Quantification of peak and plateau amplitude
(B), area (C), duration (D), decay time constant (E). Responses are pooled across age groups. F.
Distribution of cells that increase [Ca2+]i as a function of response type and age. The percentage
of pp cells decreases during development while the percentage of pnp cells increases. Number of
cells: P0-5 n=222; P9-12 n=165; P13-16 n=135; P17-19 n=54. Data were fitted with single
exponentials for pp and pnp cells and with bell-shaped curve function for psp cells. n - number of
cells.
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Table 3. Parameters describing DHPG-evoked Ca2+ responses during development.
Responses were elicited by DHPG (50µM, 90s). N = total number of cells that increase [Ca2+]i; n
= number of cells in a certain group; % = percentage of cells in a group from the total number of
cells that increase [Ca2+]i. x = indefinite; the plateau amplitude is zero, the ration between the
peak and plateau is indefinite. For details for cell classification see methods section 2.10.3.

Response

pp

psp

pnp

type
Age group

P0-5

P9-

P13-

P17-

P9-

P13-

P17-

P9-

P13-

P17-

12

16

19

12

16

19

12

16

19

N

222

178

132

54

178

132

54

178

132

54

n

222

46

15

4

75

42

7

59

75

43

n/N (%)

100

24

11

7

42

32

12

32

57

80

Peak

304

247

304

90

106

138

84

56

76

51

amplitude

±15

±27

±51

±6

±13

±10

±15

±9

±6

±5

Plateau

157

97

121

51

51

46

65

-

-

-

amplitude

±7

±11

±20

±3

±4

±6

±13

Duration

190

157

167

215

129

122

172

65

76

65

(s)

±3

±5

±6

±8

±3

±4

±22

±3

±2

±3

Decay time

242

154

160

224

83

56

179

34

31

25

cst (s)

±10

±19

±20

±64

±12

±6

±74

±3

±4

±3

Area

25.9

16.0

26.3

11.6

8.3

9.2

11.9

2.1

3.1

2.5

(mM*s)

±1.0

±1.8

±4.2

±0.3

±0.7

±0.7

±1.5

±0.3

±0.3

±0.4

Ratio

1.88

2.47

3.27

1.8

2.36

4.98

1.3

x

x

x

peak/plateau

±0.04 ±0.2

±0.7

±0.2

±0.18 ±0.75

(nM)

(nM)

94

±0.2

5.2.3.

Developmental changes in the Ca2+ sources of group I mGluR-mediated Ca

2+

increases

To determine the contribution of Ca2+ influx, mGluRs were activated in 0 mM external
calcium. As shown in Figure 31A (and absolute Ca2+values given in Table 4), the contribution of
Ca2+ influx from the extracellular medium in pp (P0-5) and psp cells (P9-13, P13-16) was about
70 to 85% of the total Ca2+ response quantified by the peak amplitude and the area. In contrast,
in pnp cells (P13-16, P17-18) the contribution was much smaller, about 10 to 25%. Extracellular
calcium contributed differently to the two components of the response: peak and plateau phase.
In the absence of extracellular calcium, the peak response of pp and psp cells was greatly
reduced, revealing the contribution of the internal stores, while the plateau response was
completely abolished, in pp and psp cells (Figure 31 B). Thus, the internal stores contributed to
DHPG-mediated responses at all ages tested while the Ca2+ influx component diminished during
development. Interestingly, removal of external calcium unmasked Ca2+ release from the internal
stores in cells that show no response to DHPG (n=7 cells; Figure 31 C), or a decrease of [Ca2+]i
in the presence of extracellular Ca2+ (Figure 31 D).
In summary, Ca2+ influx from the extracellular medium diminished during development
while the release from the internal stores was present in all cells at all ages. This suggests that the
mGluR - PLC - IP3 - internal stores pathway is unaffected by development. Thus, either the link
between the internal stores and the channel responsible for Ca2+ influx or the channel itself is
developmentally downregulated.
As shown in chapter 4, the channel mediating Ca2+ influx in the LSO is different from
conventional VGCCs and it is dependent on Ca2+ release from internal stores. Potential
candidates are members of the transient receptor potential channels (TRP) some of which are
activated by mobilization of intracellular calcium (review: Clapham et al., 2001). Although
specific agonists and antagonists for the large family of TRP channels are currently unavailable,
many TRP channels can be blocked by Ni2+, La3+ and 2-APB (review: Clapham et al., 2001).
Thus, these drugs were tested to verify whether the channel expressed in the LSO neurons is part
of the TRP family.
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Figure 31. The contribution of Ca2+ influx to mGluR-mediated Ca2+ responses decreases
during development.
A. In pp (P0-5) and psp (P10-11) cells influx of extracellular calcium contributes significantly to
the mGluR-mediated response. In pnp (P17-18) cells the contribution is drastically reduced.
Asterisks indicate significant contribution (p < 0.01; paired t-test). B-D. Examples from
individual cells of DHPG-elicited responses in 2mM [Ca2+]e (left traces) and in 0 mM [Ca2+]e
(right traces). In pp (P1) and psp (P10) cells removal of external calcium, reduces the peak
response and abolished the plateau phase. The profile of the pnp (P17) response is mostly not
2+

affected in 0 Ca .
96

Table 4.Contribution of Ca2+ influx to DHPG-elicited Ca2+ responses during development.
Asterisk - significant changes, paired t-test p<0.01; n-number of cells; %=percentage
contribution to Ca2+ influx.

Peak (nM)

Area (mM*s)

n

Age/group

Control

0[Ca2+]e

%

Control

0[Ca2+]e

%

P0-5 pp

417±19

117±7

68 ± 2 *

19.8±0.6

2.4±0.1

88 ± 1 *

82

P9-12 psp

115±16

22±3

76 ± 4 *

6.6±0.9

0.8±0.03

82 ± 4 *

14

P13-16 psp

109±11

38±8

57±10 *

6.0±0.6

1.5±0.3

72 ± 6 *

22

P13-16 pnp

50±6

33±8

37±10 *

2.7±0.4

2.2±0.3

19± 12

19

P17-19 pnp

48±6

37±9

28±11

2.6±0.4

2.1±0.4

11± 14

16

P14-17

0

29±15

*

0

1.4±0.7

*

7

-23±5

53±15

*

4.6±0.9

2.3±0.6

*

11

no change in
[Ca2+]i
P14-17
decrease

in

2+

[Ca ]i

5.2.4.

Influx of extracellular Ca2+ is sensitive to Ni2+

Some store-operated channels and TRP channels are inhibited by millimolar
concentration of Ni2+ (Villalobos and Garcia-Sancho, 1995). Thus, the sensitivity of DHPGmediated responses to Ni2+ in the LSO was tested. Short application of Ni2+ (2 mM for 2 min;
Figure 32 A) during the plateau response induced by DHPG (20 µM) transiently decreased the
response to the baseline, indicating the contribution of Ni2+-sensitive channels to the entire
plateau phase. Short application of Ni2+ during the peak response evoked by DHPG resulted in a
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significant decrease of the peak amplitude, to about 14 ± 2 % (n = 10 cells, P5; Figure 32 A),
indicating the contribution of Ni2+-sensitive channels to the initial peak. Washout of Ni2+, in the
continued presence of DHPG resulted in a peak followed by a plateau, suggesting that Ni2+
blockade is reversible. In slices pretreated with Ni2+, DHPG responses of pp and psp type (P0-5,
P9-13, P13-16) closely resembled responses observed in the absence of the external calcium i.e.
the plateau response was abolished and the peak response was greatly reduced (example in
Figure 32 B and absolute Ca2+ values given in Table 5). DHPG responses of the pnp type (P1316 and P17-18) were mostly unaffected by Ni2+ (example in Figure 32 C). In the same cells, Ni2+
reduced Ca2+ responses elicited with KCl (60mM, 30s) by about 75% (last column of Table 5),
demonstrating that the absence of an effect is not due to the fact that Ni2+ might not have worked
properly. Quantification of peak and area of responses in control and in the presence of Ni2+
indicate that in pp and psp cells the Ni2+-sensitive channel accounts for most or all Ca2+ influx
from the extracellular space (compare Figure 32 D with Figure 31 A). In pnp cells Ni2+-sensitive
channel has no significant contribution. (Figure 32 D)
It is noteworthy that in a small group of pnp cells at P13-16 (n=7 cells, N=3 slices)
responses were potentiated approximately 4 fold by Ni2+. These cells were not included in the
above analysis and data are shown in the last row of Table 5. These cells could represent
different cell types that may possibly express different channel types. The mechanism underlying
this effect remains to be investigated.

98

Figure 32. mGluR-mediated Ca2+ responses involve calcium influx through Ni2+-sensitive
channels.
A. Left trace: short application of Ni2+ (2 mM, 2 min) during the plateau phase of a calcium
response elicited by DHPG (20 µM, 10 min) reduces the response to baseline. Right trace:
application of Ni2+ (2 mM, 2 min) together with DHPG reduces the amplitude of the initial peak
response. P5 neuron. B. Psp responses are greatly reduced in the presence of Ni2+. Example is
from P10 neuron. C. Pnp responses are the least affected by Ni2+. Example is from a P15 neuron.
D. Quantification of the effects of Ni2+. Bar graphs show percentage of peak (black) and area
(gray) of the DHPG-evoked response in 2mM Ni2+. Data are grouped by age and response type.
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Table 5. Effect of Ni2+ on DHPG-evoked Ca2+ responses during development.
Asterisk – significant changes; paired t-test p<0.01. The last row includes cells that were
potentiated by Ni2+ and in this case % represents percentage potentiation by Ni2+.

Peak (nM)
Age/group

P0-5 pp

Control

Ni2+

416

174±

±40

19

115

22

±16

±3

136

40

±18

±12

57

86

±7

±17

48

27

±7

±3

124

273

potentiation ±22

±41

P9-12 psp

P13-16 psp

P13-16 pnp

P17-19 pnp

P13-16 psp

5.2.5.

Area (mM*s)
%

Control

Ni2+

%

n

%

reduction

reduction

reduction

by Ni2+

by Ni2

of KCl

69 ± 3 *

27.3

6.3

±2.6

±0.7

6.6

0.8

±0.9

±0.03

11.8

1.4

±1.7

±0.5

2.2

2.2

±0.3

±0.3

1.8

0.9

±0.2

±0.1

429±126

5.1

*

±0.9

60 ± 4 *

74 ± 3*

-27 ± 20

22 ± 15

80 ± 2 *

37

65±5 *

66 ± 17 *

10

62±8 *

88 ± 2 *

31

72±6 *

-3 ± 14

38

66±7 *

27± 18

23

80±2 *

11.6

405±200

7

73±3 *

±1.7

*

DHPG-mediated responses are sensitive to 2-APB

2-APB is a nonspecific blocker of TRP channels acting from the extracellular site. It is
also a membrane permeant IP3 receptor (IP3R) inhibitor. The effects are dependent on the doses
of 2-APB and these doses depend on cell type, species, and age. In general, at lower doses (5-20
µM) 2-APB acts mostly on TRP channels while at higher doses (50-100 µM) it inhibits the
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function of IP3Rs (Ascher-Landsberg et al., 1999; Prakriya and Lewis, 2001; Soulsby and
Wojcikiewicz, 2002; review: Bootman et al., 2002). In the hypothesis that the plateau response is
mediated by a TRP channel, one can therefore expect that 2-APB at lower concentration inhibits
the plateau component more than the peak component.
Figure 33 A shows an example from a single cell (P4) responding to DHPG in the
presence of increasing concentrations of 2-APB, illustrating the dose dependent inhibition of
plateau and peak components. Controls included washout of 2-APB (for more than 30 minutes)
and KCl (60mM, 30s) depolarizations. After washout of 2-APB (50µM) the peak component
recovered to 87 ± 3% while the plateau recovered only to 16 ± 2% (n=65 cells), indicating that 2APB did not kill the cells (Figure 33 B). The almost irreversible inhibition of the plateau phase is
consistent with other studies of 2-APB action (Peppiatt et al., 2003).
Because effective doses of 2-APB vary in different cell types (review: Bootman et al.,
2002), increasing concentrations of 2-APB (similar to dose-response relations) were tested in
each slice and results are presented as average of cells of the same type (i.e. pp, psp, pnp) from
all slices in an age group. At concentrations between 2-5 µM, 2-APB potentiated most DHPG
responses, typically the peak component (Figure 34 A-G upper panels; see Table 6 for statistical
significance of each data point compared to control; paired t-test). This potentiation was
approximately1.3 to 3 fold and it was observed at all ages and in all types of responses (pp, psp,
pnp). While the mechanism of this 2-APB effect is still unclear, similar observations have been
made in Jurkat cells, leukemia cells (Prakriya and Lewis, 2001; review: Bootman et al., 2002),
and recently in dopaminergic neurons (Tozzi et. al., 2003). At the other end of the concentration
range used, 100µM 2-APB completely abolished the response most likely because of inhibition
of IP3R function. As shown in Figure 34, in pp and psp cells, both peak and plateau are reduced
by 10-50 µM 2-APB; nevertheless the effect was more pronounced on the plateau response.
This differential effect is better illustrated in Figure 34 panel H, where the percentage reduction
of peak and plateau components is plotted for a single 2-APB concentration, 20µM (for actual
values see Table 7). In all slices, KCl (60mM, 90s) was also applied in the presence of each 2APB concentration (Figure 34) as a control for cell healthiness and as a control for the effect of
2-APB. In general, 2-APB had either no effect or increased the amplitude of KCl responses. The
effect was mostly random, there was no obvious pattern (i.e. a certain 2-APB concentration
causes increase of the response; or after a certain time period the response increases). This
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suggests that DHPG and KCl-elicited responses are mediated through different sources and 2APB does not block VGCCs (Maruyama et al., 1997; Asher-Landsberg et al., 1999; Potocnik and
Hill, 2001; review: Bootman et al., 2002). Taken together these results are consistent with the
hypothesis that the plateau component is mediated by TRP channels.

Figure 33. 2-APB effect on DHPG-evoked responses.
Responses are elicited by bath application of DHPG (50 µM, 90s) A. Example of the effect of
increasing doses of 2-APB on plateau and peak response. Lower doses inhibit the plateau more
then the peak. Example is from a P1 cell. B. Partial recovery from 2-APB (50 µM) inhibition.
Example is from a P4 cell.

102

Table 6. Statistical significance of 2-APB effect on peak and plateau components of DHPGelicited Ca2+ responses.
Statistical significance tested with ANOVA:

ns = not statistically significant, p>0.01; *

=statistically significant, p<0.01.

2 µM 5 µM 10 µM 20 µM 50 µM 100 µM n

Age
P0-5 pp

ns

ns

*

*

*

125

Plateau *

*

*

*

*

*

125

peak

ns

ns

ns

ns

*

13

plateau ns

ns

*

*

*

*

13

peak

ns

ns

ns

ns

*

38

plateau *

*

*

*

*

*

38

P9-12 pnp

peak

*

*

ns

*

ns

*

37

P13-16 pp

peak

ns

ns

ns

ns

*

*

10

plateau ns

ns

*

*

*

*

10

peak

ns

ns

ns

*

*

16

*

*

*

*

*

16

ns

ns

ns

ns

*

20

P9-12 pp

P9-12 psp

P13-16 psp

Peak

ns

*

*

ns

plateau *
P13-16 pnp peak

*
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Table 7. Percentage reduction of peak and plateau phases of DHPG-elicited Ca2+ responses
by 20 µM 2-APB.
n= cells; N= slices; Values are mean ± SEM.

pp

Age

psp

reduction

reduction

peak (%)

plateau

n

pnp

N reduction
peak (%)

(%)
40.2±2.9

reduction

n

N reduction

plateau

n

N

peak (%)

(%)

P0-5

73.9±3.5

125 3

P9-

67.5±23.2 25.5±12.7

13

2

77.6±13.9 43.4±10.0

38 4

102.3±30.5 37 3

64.0±12.4 4.04±2.9

10

2

60.1±8.0

16 2

58.5±16.0

12
P1316

104

1.5±1.1

20 2

105

Figure 34. Peak and plateau components of DHPG-evoked responses are affected
differently by 2-APB.
Upper panels in A-G: Peak (black) and plateau (red) of DHPG (50µM, 90s)-evoked responses as
a function of 2-APB concentration. Lower panels in A-G: Amplitude of KCl-evoked responses
for the same cells. A. Summary from n=125 P0-5 pp cells. B. Summary from n=13 P9-12 pp
cells. C. Summary from n=38 P9-12 psp cells. D. Summary from n=10 P13-16 pp cells. E.
Summary from n=16 P13-16 psp cells. F. Summary from n=37 P9-12 pnp cells. G. Summary
from n=20 P13-16 pnp cells. H. Reduction of the peak and plateau phases of DHPG (50µM,
90s)-evoked responses by 20µΜ 2-APB for pp and psp cells shown in A-E.
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5.2.6.

The effect of La3+ on DHPG-elicited responses

Most TRPs are inhibited by micromolar concentrations of La3+ (Zhu et al., 1998;
Kamouchi et al., 1999; Okada et al., 1999; Halaszovich et al., 2000; Inoue et al., 2001; Riccio et
al., 2002b; Jung et al., 2002). Some TRPs, in particular TRPC4 & 5 are potentiated by lower
concentrations of La3+ (~100 µM: Schaefer et al., 2000; 2002; Strubing et al., 2001; Jung et al.,
2002). In order to further bring evidence that the channel mediating Ca2+ influx upon activation
of mGluRs in LSO neurons is part of the TRP family, the sensitivity of DHPG-evoked responses
to La3+ was tested. DHPG (50 µM, 90s) was applied in the presence of increasing concentrations
of La3+ (100-2000 µM). Because prolonged applications of La3+ resulted in precipitation, only 23 concentrations were tested in each slice. Results are summarized by pooling together all cells
(within a certain response type and within a certain age group) tested for a particular
concentration of La3+.
In neonatal cells (N=4 slices, P2-4), DHPG responses were reduced in a dose-dependent
manner and were completely abolished by 1mM La3+ (Figure 35 A; and for absolute calcium
values see Table 8). 1mM La3+ also completely abolished KCl responses (n=49 cells, N=2
slices), consistent with the known effect of La3+ on VGCCs (Ozawa et al., 1989).
In older slices (P10 and P15), La3+ had different effects depending on the concentrations.
DHPG-evoked responses were potentiated up to 4 folds by 100 µM and 500 µM La3+, and not
affected by 1mM La3+ (Figure 35 B-E). The only exception was in P15 psp cells, where La3+ had
mostly no effect. 2mM La3+ abolished responses but there was precipitation and data were not
included in analysis.
In summary, in neonatal cells La3+ reduced DHPG responses in a dose-dependent
manner, while at later ages La3+ potentiated DHPG responses in all cell types. Because La3+ has
inhibitory and potentiating effects on different TRPs, these results suggest that different TRP
subunits might be expressed at different ages in LSO neurons.

107

Figure 35. Effect of La3+ on mGluR-mediated Ca2+ responses during development.
A. In neonatal cells (P0-5) La3+ reduced peak (black) and area (gray) of DHPG (50µM, 90s)
evoked responses in a dose dependent manner. B-C. In P9-12 cells of psp and pnp type lower
doses of La3+ (100-500 µM) potentiated responses while 1mM had mostly no effect. D. In P1316 psp cells La3+ was mostly ineffective in the concentration range tested. E. In P13-16 pnp cells
La3+ potentiated DHPG-evoked responses at all concentrations tested. Dotted line represents
100%.
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Table 8. Effect of La3+ on DHPG-elicited Ca2+ responses.
All responses were elicited by bath application of DHPG (50µM, 90s). n-cells; N-slices; Asterisk
– p<0.01. % = percentage change after La3+.

Peak amplitude (nM)
Age

[La3+] control

Area (mM*s)

La3+

%

control

La3+

%

n

N

466

358.6

90.1

33.5

28.2

93.5

7

4

±125

± 77.5

±11.2

± 7.4

± 4.3

±9.2

225

109.2

59.3

18.4

8.5

51.7

± 42

± 13

±2.6 *

±2.6

±0.9

±3.5 *

250

3.0 ±2.7

1.6

27.5

0.097

0.6

±1.4 *

±2.5

± 0.097

±0.6 *

(µM)
P0-5

100

pp
500

1000

±31
P9-12 100

62

147

331

2.4

6.8

334

psp

±20

± 37

±40*

± 0.5

± 1.7

±35 *

43

145

340

2.0

7.2

379

±10

±36

±28 *

±0.6

±1.5

±24 *

123

172

110

10.3

9.1

85

±18

±36

±14

±2.0

± 1.0

±10

P9-12 100

39

133

347

1.7

7.2

421

pnp

±4

±15

±26 *

±0.2

±0.8

±30

49

78

206

1.9

3.3

197

±15

±14

±45 *

±0.2

±0.8

±47 *

39

58

145

2.3

3.4

105

±3

±13

±30 *

±0.3

±1.2

±23 *

52

73

136

5.3

5.8

108

±8

±18

±12

±1.0

±0.6

±17

500

1000

500

1000

P1316

100

psp

109

38 4

49 4

14 5

16 5

71 5

10 5

20 5

16 5

10 2

Table 8 (continued).
500

1000

P13-

100

16

50

40

85

5.5

2.0

34

±5

±9

±19

±0.6

±0.5

±8 *

52

72

125

5.4

5.3

93

±8

±15

±7

±1.0

±1.8

±12

13

37

329

1.0

2.1

260

±2

±8

±122 *

±0.4

±0.5

±116 *

14

21

166

0.9

1.2

233

±2

±4

±39 *

±0.2

0.2

±89 *

13

39

329

1.0

1.9

240

±2

±13

±120 *

±0.4

±0.7

±120 *

10 2

10 2

8

2

8

2

8

2

pnp
500

1000

Other types of mGluR-mediated Ca2+ responses

5.2.7.

5.2.7.1.

Ca2+ decrease: age dependence and pharmacology

DHPG-evoked responses that resulted in a decrease of [Ca2+]i were encountered
predominantly after hearing onset (Figure 27). In general, these responses were smaller in both
amplitude and area compared to responses that increase [Ca2+]i in the same age group (Figure 27
inset).
To determine whether there is a correlation between resting [Ca2+]i values and the
response to DHPG (i.e., increase or decrease of [Ca2+]i), histograms of baseline [Ca2+]i values for
all cells were constructed (Figure 37). Cells that increased and decreased [Ca2+]i did not appear
to fall into two different populations (compare black with hatched bars). Averaging all cells in an
age group (Table 9) show that cells from P9-12 and P17-19 had slightly higher resting [Ca2+]i
while cells in P13-16 group showed no significant differences. However, because in the
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histograms cells do not fall into two different populations, it is unlikely that cells that have
higher baseline are the cells that decrease [Ca2+]i in response to activation of the mGluR1s.

Table 9. Resting [Ca2+]i in cells that decrease [Ca2+]i and in cells that increase [Ca2+]i in
response to DHPG.

Cells that decrease [Ca2+]i Cells that increase [Ca2+]i
Age group Baseline

n

[Ca2+]i (nM)

Baseline

n

[Ca2+]i (nM)

P9-12

141.9±19

6

84.6±3.6

178

P13-16

97.5±6.7

43

114.0±5.5

132

P17-19

137.9±11

35

70.73±7.2

54

Comparison among the three age groups of cells that decrease [Ca2+]i shows that the
amplitude was slightly smaller for the P13-16 age group (Figure 36; ANOVA followed by
Student-Newman-Keuls post hoc test p<0.01), while area was similar in all groups.
Intracellular stores contribute to responses that decrease [Ca2+]i as shown in experiments
performed in the absence of external calcium (peak response: control –23 ± 5 nM; 0Ca2+ 53 ± 15
nM; area: control 4.6 ± 0.9 mM*s, 0Ca2+: 2.3 ± 0.4 mM*s, n=11 cells, pooled data from P14-18,
N= 2 slices; Figure 38). Removal of external calcium Ca2+ did not affect resting [Ca2+]i (before:
80.6±9.3 nM; after: 92.9±11.5 nM; n=11 cells, p>0.01, paired t-test).
Ni2+ did not affect amplitude or area of DHPG-evoked responses (peak: 118 ± 12 % and
area: 141 ± 19 %; n = 37 cells, N = 4 slices, P14-19; paired t-test p > 0.01; Figure 39). Baseline
calcium slightly increased in the presence of Ni2+ (before: 97.2 ± 4 nM; after: 132.6 ± 8.2 nM; n
= 37 cells, paired t-test p < 0.01). These results suggest that responses that decrease [Ca2+]i are
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not due to closure of a VGCC or a TRP open at rest. Other possibilities include a Na2+/Ca2+
exchanger as demonstrated in cerebellar Purkinje cells or neurons in the amygdala (Staub et al.,
1992; Mercuri et al., 1993; Linden et al, 1994; Keele, 1997).

Figure 36. Group I mGluR-elicited responses that decrease [Ca2+]i.
Peak amplitude (A) and area (B) of DHPG (50µM, 90s)-elicited Ca2+ responses as a function of
age.
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Figure 37. Resting [Ca2+]i for cells that increase and decrease [Ca2+]i in response to DHPG.
Histograms of resting [Ca2+]i values for all cells that increase and decrease [Ca2+]i in response to
DHPG (50mM, 90s). A. P9-12 age group. B. P13-16 age group. C. P17-19 age group. Black
represents baseline of cells that decrease [Ca2+]i and hatched represents baseline of cells that
increase [Ca2+]i. Bin size is 25.
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Figure 38. Internal stores contribute to group I mGluR-mediated Ca2+ responses in cells
that decrease [Ca2+]i.
A. Peak and area of responses in control and after removal of extracellular calcium. Summary
from 11 cells at P14-18. B. Examples from a P17 neuron, of a DHPG-elicited response in 2mM
[Ca2+]e (left trace) and in 0 mM [Ca2+]e (right trace).
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Figure 39. Group I mGluR-mediated responses that decrease [Ca2+]i are insensitive to Ni2+.
A, B. Peak amplitude and area of DHPG (50µM, 90s)-mediated responses in control and in 2mM
Ni2+. C. Percentage change of peak (black) and area (gray) of DHPG-mediated responses in
2mM Ni2+. Summary from 37 neurons at P14-17. D. Example from a single cell at P15.
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5.2.7.2.

Oscillations

In a small percentage of LSO neurons, DHPG application induced [Ca2+]i oscillations in the
presence of TTX (1µM). The percentage of oscillating cells increased more than double from P05 group to P9-12 group (Fisher’s exact test p<0.05), then it remained constant (Figure 40 A and
Table 10). The frequency of oscillations increased slightly but not significantly as a function of
age (Figure 40 B; ANOVA, p<0.01). The amplitude varied from approximately 30 nM to 300
nM but there was no obvious systematic correlation with age (examples of large amplitudes are
illustrated in Figure 40 C, E and small amplitudes in Figure 40 D, F). In neonatal cells the
oscillations lasted mostly as long as the response to the agonist lasted (Figure 40 C) while in
older cells, the oscillations tended to outlast the agonist application (Figure 40 D-F).

Table 10. Group I mGluR-mediated [Ca2+]i oscillations.

Age

# of slices with

Total nr of

# of oscillating

Total nr

%

F (spikes/s)

oscillating cells

slices

cells

of cells

P 0-5

10

28

21

709

2.96

0.023±0.002

P 9-12

6

14

13

186

6.98

0.032±0.004

P 13-16

8

25

13

180

7.2

0.033±0.004

P 17-19

4

15

8

115

6.95

0.046±0.011
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Figure 40. mGluR-mediated [Ca2+]i oscillations.
A. Percentage of cells that show [Ca2+]i oscillations in response to DHPG (20-50 µM). B.
Frequency of oscillations in each age group. C. Example of large amplitude oscillations from a
P5 cell. D. Example of small amplitude oscillations from a P10 cell. E. Example of large
amplitude oscillations from a P15 cell. F. Example of small amplitude oscillations from a P18
cell.
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5.3.

SUMMARY

1. mGluR-mediated Ca2+ responses change during development. Before hearing onset a
mechanism that increases [Ca2+]i prevails while after hearing onset this mechanism is replaced
by one that decreases [Ca2+]i (Figure 26). Ca2+ from internal stores contributes to both
mechanisms (Figure 31).
2. The amplitude of Ca2+ increases diminishes during development, suggesting changes in the
mechanism responsible for the increase in [Ca2+]i. The increase mechanism involves Ca2+ release
from internal stores followed by influx of extracellular Ca2+ possibly through a channel from the
TRP family. Ni2+, 2-APB and La3+ sensitivity of the Ca2+ influx early in development is
consistent with a TRP channel. This channel contributes to the peak phase and it is the sole
source of the plateau phase. This was shown in experiments performed in the absence of external
calcium (Figure 31), and experiments in the presence of Ni2+ (Figure 32), where the peak was
greatly reduced and the plateau phase was abolished. In addition, 2-APB inhibition of the plateau
phase is also consistent with the contribution of this channel to the plateau phase (Figure 33).
After hearing onset data suggest that the contribution of this channel decreases and it is
completely absent in the third postnatal week (Figure 31, Figure 32). Whether the channel is
developmentally regulated or the link between internal stores and the channel is affected during
development remains to be determined.
3. At older ages, especially after hearing onset, DHPG-elicited responses are potentiated by La3+,
suggesting that TRPC4 and -5 may be expressed in the LSO (Figure 35; Schaefer et al., 2000,
2002; Strubing et al., 2001; Jung et al., 2002).
4. In the third postnatal week responses that decrease [Ca2+]i are encountered. The mechanism
responsible for the decrease of [Ca2+]i cannot be explained by closure of a VGCC open at resting
membrane potential as suggested in hippocampus neurons (Magee et al., 1996), because Ni2+, a
general blocker of VGCCs, has no effect.
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5.4.

5.4.1.

DISCUSSION

Group I mGluR-evoked responses in neonatal LSO neurons: involvement of

TRPC channels

The best characterized pathway by which group I mGluRs increase [Ca2+]i is through
activation of PLC which in turn hydrolyses PIP2 to DAG and IP3. DAG can further activate PKC
and signaling cascades coupled to this kinase. IP3 diffuses through the cytosol and activates
IP3Rs located on the internal stores (endoplasmatic reticulum), resulting in calcium release from
the internal stores (Conn and Pin, 1997). This in turn activates store-operated channels
permeable to calcium that allow calcium influx into the cytosol in order to refill the stores.
Candidates for these channels are members of the TRP family (reviews: Clapham, 1996; 2001;
Zhu and Birnbaumer, 1998; Hofmann et al., 2000; Zitt et al., 2002; Minke and Cook, 2002).
First, members of the TRPC family (TRPC1 to –7) are expressed in the brain (review: Montell,
2001, Garcia and Schilling, 1997; Riccio et al., 2002a). Second, several members of the TRP
family including TRPC3 (Zitt et al., 1997; Zhu et al., 1998), TRPC4 (Schaefer et al., 2000),
TRPC5 (Okada et al., 1998; Schaefer et al., 2000) and TRPC6 (Boulay et al., 1997) are activated
after stimulation of Gq/11-coupled receptors and can thus be activated by group I mGluRs. In
developing LSO neurons, stimulation of group I mGluRs induced Ca2+ responses characterized
by an initial peak followed by a long-lasting plateau. The pharmacological data presented here
are consistent with group I mGluR dependent activation of a TRP channel. In the absence of
external calcium, the peak amplitude of these responses was greatly reduced and the plateau
phase was abolished, consistent with a store-operated channel (review: Putney, 1997). The
activation of this channel was dependent on Ca2+ release from internal stores, as shown that after
depletion of internal stores with thapsigargin mGluR stimulation failed to induce [Ca2+]i
increases. To date, the activation mechanism of TRP channels is still controversial. A
conformational model was proposed for activation of TRPC3. This was based on experiments
that suggest direct interaction between TRPC3 and IP3R, confirmed by in vitro binding studies
and identification of two interaction domains in the N-terminus of IP3R and one in the C119

terminus of TRPC3 (Boulay et al., 1999). Other studies suggest DAG as a mechanism for
activation of TRPC3 (in CHO-KI cells: Hoffmann et al., 1999). However, in pontine nuclei in
slices from neonatal rat, DAG analogue fail to activate IBDNF currents presumably mediated by
TRPC3 (Li et. al., 1999). These contradictory results suggest that the activation mechanisms
described in heterologous systems may not be the exact same activation mechanisms found in
native cells, most likely due to interaction between TRPs and other proteins (review: Harteneck,
2003).
The TRP family is large and newly discovered, and to date no specific antagonists are
available for individual TRP channels. General blockers of store-operated channels, including
Ni2+ and La3+, have been proved effective (Ni2+: Villalobos and Garcia-Sancho, 1995; La3+: Zhu
et al., 1998; Okada et al., 1999; Kamouchi et al., 1999; Halaszovich et al., 2000; Inoue et al.,
2001; Riccio et al., 2002; Jung et al., 2002). These unspecific blockers were also affecting the
mGluR-mediated Ca2+ responses in neonatal LSO neurons. For example, 2mM Ni2+ greatly
reduced the peak of DHPG evoked response and inhibited completely the plateau. La3+ also
abolished the response. The concentration of La3+ necessary for response inhibition was in the
high micromolar range (1000 µM). This suggests TRPC3 as a candidate because in HEK293
cells TRPC3 was inhibited by similarly high concentrations of La3+ (Zhu et al., 1996) while other
TRPCs and store-operated channels were inhibited by low micromolar concentrations (Aussel et
al., 1996; i.e. EC50 for TRPC6 is 6.2µM in Jung et al., 2002). 2-APB is another nonspecific
inhibitor of TRPs and store-operated channels at low doses (5-20 µM) and an inhibitor of IP3Rs
function at high doses (50-100 µM; Landsberg et al., 1999; Prakriya and Lewis, 2001; Soulsby
and Wojcikiewicz, 2002; review: Bootman et al., 2002). Consistent with this, DHPG-mediated
responses were inhibited by 2-APB in a dose-dependent manner in developing LSO neurons.
Moreover, the plateau response was always blocked by lower concentrations than the peak
response, supporting the hypothesis that a TRP channel mediates the plateau.
In summary, the pharmacological data presented here are consistent with a TRP channel,
perhaps TRPC3, mediating the DHPG-evoked Ca2+ responses in neonatal LSO neurons.
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5.4.2.

Group I mGluR-evoked responses in developing LSO neurons: downregulation of

the TRPC channel

The pharmacological data suggest that the TRPC channel may be developmentally downregulated. Several lines of evidence suggest this possibility. First, mGlu-mediated Ca2+ responses
become smaller during development: peak and plateau diminish until the plateau vanishes. The
internal stores contribute to DHPG responses throughout the development while the influx
component vanishes. Second, Ni2+ reduces responses that have a peak and plateau but has no
effect on cells that had no plateau, consistent with the idea that the channel may not be present.
Third, La3+ becomes ineffective. The decrease in the contribution of the TRPC channel takes
place around hearing onset (P12 in mice): it starts before P12 and it ends soon after, before P18.
It will be interesting to determine whether the downregulation of this channel depends on
neuronal activity. As TRPC channels are involved in signal transduction pathways (review:
Voets and Nilius, 2003) it may be possible that downregulation of this channel may be involved
in discriminating effects triggered by sensory and spontaneous activity.
Among the TRPC subgroup of TRP channels TRPC3 is most likely candidate for
mediating Ca2+ influx triggered by mGluRs activation, for several reasons. First, it has been
shown that TRPC3 is expressed in the brainstem during development from E18 to P20 (Li et al.,
1999). This period mirrors the progressive decrease of group I mGluR-mediated Ca2+ responses
in LSO neurons. Second, as mentioned before, DHPG-evoked responses in neonatal LSO
neurons were inhibited by millimolar concentrations of La3+ (Figure 35), concentration which is
in the range of TRPC3 sensitivity to La3+ (Zhu et al., 1996). Third, TRPC3 was suggested as a
likely channel for group I mGluR-mediated Ca2+ responses in retinal amacrine cells (Sosa et al.,
2002). However, immunostaining for the TRPC3 in mouse LSO resulted in no detectable level of
expression at any developmental stage (Figure 42, Figure 43, see APENDIX). Further studies are
required to identify the exact TRPC channel(s), its role in LSO neurons and the relationship with
sensory activity.
After hearing onset either other or additional TRPC channels appear to be expressed in
the LSO, as suggested by La3+ potentiation of DHPG-evoked responses (Figure 35). The
potentiating effect of La3+ has been previously observed in other systems and it is attributed to
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La3+ acting on TRPC4 & 5 (Schaefer et al., 2000; 2002; Strubing et al., 2001; Jung et al., 2002).
It was shown that 10 to 1000 µM La3+ produces a three-fold increase in TRPC4 & 5 mediated
current (Schaefer et al., 2000; 2002; Strubing et al., 2001; Jung et al., 2002), similar to the
increases in Ca2+ responses described here (Figure 35).
In conclusion, it appears that different TRP subunits are expressed at different stages of
LSO development. Further studies are necessary to identify these channels and their functions.

5.4.3.

5.4.3.1.

Other mechanisms involved in group I mGluRs mediated Ca2+ responses

[Ca2+]i decrease

In the third postnatal week, activation of group I mGluRs decreased [Ca2+]i in some LSO neurons
(Figure 39), suggesting that this may be the case in adult neurons. There was no correlation
between the resting calcium values and the response type. Such correlations might suggest that
activation of group I mGluRs in cells with higher resting calcium values acts to decrease [Ca2+]i
to prevent accumulation of toxic calcium levels. However, this was not the case. This decrease
was not mediated by closure of a VGCC open at rest, as Ni2+, a general blocker of VGCCs (Gu
et al., 1994) had no effect. Other mechanisms that could explain the decrease include mGluRdependent activation of Na+/Ca2+ exchanger (Staub et al., 1992; Mercuri et al., 1993; Linden et
al, 1994; Keele, 1997). Electrogenic Na+/Ca2+ exchange brings Na+ from the extracellular space
and extrude intracellular Ca2+, with a Na+: Ca2+ stoichiometry of 3:1 (Kimura et al., 1987; Ehara
et al., 1989). In cerebellar Purkinje cells (Staub et al., 1992; Linden et al., 1994), in neurons in
the basolateral amygdala (Keele, 1997) and in mesencephalic dopaminergic neurons (Mercuri et
al., 1993) this mechanism was activated by group I mGluRs, it required intracellular Ca2+, and it
was dependent on extracellular Ca2+. In LSO neurons the response was dependent on external
Ca2+ (Figure 38) and calcium from the intracellular stores contributed to the response. The
requirement of calcium from the intracellular stores for the mechanism inducing DHPGmediated [Ca2+]i, decreases was not tested in the present experiments. The involvement of an
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electrogenic Na+/Ca2+ exchanger could be tested by lowering the extracellular concentration of
Na2+ to block the transporter.
Functionally, the decrease in [Ca2+]i, could represent a mechanism for protecting against
the accumulation of lethal intracellular calcium levels. At this age (>P12), the excitatory input to
LSO neurons is presumably strong because of sensory activity. Thus, iGluR-mediated
depolarizations could easily lead to high calcium influx through VGCCs. At the same time,
AMPARs become Ca2+ permeable (Caicedo et al., 1998), providing an additional calcium influx
route. Therefore activation of mGluRs might be a mechanism of reducing intracellular calcium
levels and preventing calcium toxicity. In support for this, although the mechanism may differ, in
chick NM activation of mGluRs prevents accumulation of toxic calcium levels induced by
deafferentiation (Zirpel et al., 1995a, b; Zirpel and Rubel, 1996; Zirpel et al., 1998). In these
neurons, mGluRs stimulate a second messenger system involving PKA and PKC-mediated
inhibition of a VGCC (Zirpel et al., 1995a, b; Zirpel and Rubel, 1996; Lachica et al., 1995;
Zirpel et al., 1998).
Similar decreases in [Ca2+]i were triggered by GABAA and GABAB stimulation in LSO
neurons after hearing onset (Kullmann et al., 2002), suggesting that mGluR and GABAergic
intracellular pathways may converge.

5.4.3.2.

[Ca2+]i oscillations

DHPG-induced [Ca2+]i oscillations were present in some developing LSO neurons. Although the
percentage of cells showing oscillations did not change significantly with age, there was a trend
towards higher percentages at older ages. Stimulation of both, mGluR1 and mGluR5, can induce
Ca2+oscillations (Kawabata et al., 1998). However, activation of mGluR5 results more often in
oscillations while activation of mGluR1 results mostly in a Ca2+ response characterized by a
peak and plateau (Nakanishi et al., 1998; Kawabata et al., 1998; Nash et al., 2002). Recent
studies show that the density of mGluR5 receptors is proportional to the frequency of oscillations
(Nash et al., 2002). In LSO neurons, the percentage of cells oscillating increased with age while
the frequency increases slightly but not significantly (Figure 40). Thus, results presented here
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may indicate an increase in the expression of mGluR5 with age. Further anatomical studies
using specific antibodies against mGluR1 and mGluR5 are necessary to confirm this possibility.
Similar mGluR-triggered Ca2+ oscillations are encountered in immature neuronal
cultures, developing neocortex, developing hippocampus, astrocytes, and heterologous cell
cultures (Aniksztejn et al., 1995; Kawabata et al., 1996, 1998; Nakahara et al., 1997; Flint et al.,
1999; Woodhall et al., 1999), and are thought to be important in signal transduction, regulation of
gene expression and during development for neuronal differentiation (Berridge 1997; Gu and
Spitzer, 1997; Berridge et al., 1998; Spitzer, 2000). mGluR-triggered [Ca2+]i oscillations may
serve similar roles in developing LSO neurons.
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6.

GENERAL DISCUSSION

The present study used Fura-2 Ca2+ imaging in brainstem slices to investigate the
mechanisms by which glutamatergic inputs from the cochlear nucleus regulate [Ca2+]i in
developing LSO neurons.
In neonatal LSO neurons, iGluRs, group I and group II mGluRs were involved in
mediating synaptically elicited calcium responses. Their contribution to [Ca2+]i increases
depended on the stimulus frequency.
AMPA/kainate receptors primarily mediated Ca2+ responses elicited by single stimuli and
contributed to Ca2+ responses elicited by low and high frequency bursts by approximately 75%
and 50% respectively. Both AMPAR and kainate receptors were Ca2+ impermeable and
increased [Ca2+]i via membrane depolarization and activation of VGCCs.
NMDARs contributed approximately 50% to Ca2+ responses independent of the stimulus
frequency as long as the stimulus was strong enough to relieve the Mg2+ block. Their high
contribution to Ca2+ responses was consistent with their contribution (30-60%) to EPSPs
triggered by stimulation of AVCN-LSO synapses.
mGluRs contributed to Ca2+ responses only under high frequency stimulation (>20Hz).
Pharmacological dissection revealed that group I mGluR-mediated Ca2+ responses had two
components: release from internal stores and influx from the extracellular milieu. The influx was
mediated by a channel sensitive to Ni2+, La3+ and 2-APB, consistent with it being a member of
the TRP family. During development, the contribution of this channel decreased and it was lost
after hearing onset. This suggests that this channel might be downregulated by auditory
experience. The most likely candidate was TRPC3 for several reasons. TRPC3 is expressed in
the brainstem during development from E18 to P20 rat (Li et al., 1999) and this period mirrors
the decrease of group I mGluR-mediated Ca2+ responses in mouse LSO neurons. In addition,
DHPG-evoked responses in neonatal LSO neurons were inhibited by millimolar concentrations
of La3+, which is in the range of La3+ sensitivity of TRPC3 (Zhu et al., 1996). However,
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immunostaining for TRPC3 in mouse LSO resulted in no detectable level of expression at any
age (see APENDIX). Further studies are required to identify the exact TRPC channel(s), its role
in neonatal LSO neurons and its relationship with sensory activity.
After hearing onset additional TRP subunits, TRPC4 and -5 might be present in the LSO
as indicated by the potentiation of DHPG-evoked responses by small doses of La3+ (Schaefer et
al., 2000, 2002; Strubing et al., 2001; Jung et al., 2002).
Group II mGluR mediated [Ca2+]i increases in developing LSO neurons. Although the
intracellular pathways and the role remain to be unveiled by future studies, evidence from other
systems suggest that they may be involved in synaptic plasticity. Similar [Ca2+]i increases were
found in prefrontal cortical neurons, where stimulation of group II mGluR induces LTD through
activation of the PLC- IP3 pathway.
In conclusion, distinct temporal patterns of synaptic activity in the LSO activate distinct
GluR types and each receptor type employs a distinct Ca2+ entry pathway (Figure 41). This could
possibly lead to activation of distinct intracellular cascades and distinct gene expression
programs (West et al., 2001) that may be involved in distinct developmental aspects.
While the results have been discussed in the context of each chapter, here an attempt is
made to examine them in relationship to each other and in relationship with developmental
events taking place in the LSO.
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Figure 41. Distinct temporal patterns of synaptic activity triggers Ca2+ responses with
distinct profiles mediated by distinct sets of GluRs via distinct Ca2+ entry pathways.
Figure adapted from Ene et al., 2003.

Technical considerations and alternative methods
In this study, calcium measurements were made exclusively from cell bodies due to the
relatively high background staining in bulk-labeled slices and the thin diameter of LSO
dendrites, both of which increased the difficulty to reliably detect small fluorescent changes in
dendritic segments.
Since in mature LSO neurons most glutamatergic inputs are located on dendrites (Cant
and Casseday, 1986; Glendenning et al., 1985), caution must be used in applying calcium
measurements obtained from the soma to the dendrites. For example, due to the smaller
intracellular volume of dendrites, the same amount of calcium influx will produce a larger
increase in [Ca2+]i in dendrites than in cell bodies. As seen in other neuronal types (Berridge,
1998; Magee et al., 1998), VGCCs and intracellular calcium mobilization mechanisms might be
unequally distributed within LSO neurons, resulting in locally distinct calcium responses. Thus,
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while this approach allows drawing basic conclusions about specific GluR activation and the
Ca2+ entry pathways, detailed dendritic calcium imaging combined with electrophysiology are
necessary to understand the properties of synapse-specific calcium responses as well as synaptic
interaction and integration from the standpoint of local calcium dynamics.

Functional significance
In this part the relevance of GluR-mediated Ca2+ responses is discussed in relationship
with spontaneous and sound-driven activity, and morphological and functional changes
occurring in developing LSO neurons.

Stimulus-dependent recruitment of different classes of GluRs
Distinct temporal patterns of synaptic activity in the LSO activate distinct calcium entry
pathways (Figure 41) and, most likely, distinct cellular pathways and gene expression patterns
(West et al., 2001). What could they be and how are they connected?
Spontaneous activity is present in the avian and mammalian central auditory pathway
prior to hearing onset (Romand and Ehret, 1990; Lippe, 1994; Gummer and Mark, 1994; Kotak
and Sanes, 1995; Kros et al., 1998; Glowatzki and Fuchs, 2000; reviews: Rubel et al., 1990;
Sanes and Friauf, 2000) and it plays a critical role during development, affecting cell survival
(Zirpel et al., 1995a, b; Zirpel and Rubel, 1996; Zirpel et al., 1998), dendritic and axonal growth
and refinement (Sanes and Siverls, 1991; Sanes et al., 1992; Sanes and Takacs, 1993; reviews:
Rubel et al., 1990; Friauf and Lohmann, 1999; Sanes and Friauf, 2000), that lead to fine-tuning
of the mature circuits.
How spontaneous activity is translated into gene expression is not yet understood.
Synaptic activity via glutamatergic transmission activates different GluRs types and causes Ca2+
influx through different routes (Figure 41). A generally accepted model for activity-regulated
gene expression is via Ca2+-dependent activation of the cAMP response element-binding protein
(CREB; Yamamoto et al., 1988; Deisseroth, 1996; Kornhauser et al., 2002; reviews: Montminy
et al., 1990; Shaywitz and Greenberg, 1999). CREB phosphorylation promotes transcription of
genes controlled by the CRE element (Montminy, 1997), many of which may be involved in
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neuronal growth and plasticity (e.g., BDNF, CaMKIV, synapsin I, somatostatin, voltage-gated
potassium channels, Fos, and Jun; Sauerwald et al., 1990; Mori et al., 1993; Sassone-Corsi, 1995;
Shieh et al., 1998; Silva et al., 1998; Lonze et al., 2002). The selection of a certain program of
gene expression depends on the sites at which CREB is phosphorylated and/or the length of the
phosphorylated CREB (Kornhauser et al., 2002; Impey et al., 2002; review: West et al., 2001).
This is determined by several factors including the Ca2+ entry route, the pattern and the duration
of the stimulus (Bito et al., 1996; 1997; Choe and Wang, 2001; Wu et al., 2001; reviews: Gallin
and Greenberg, 1995; Berridge et al, 1998; West et al., 2001).
a) Ca2+ entry route
AMPARs. Results from this study demonstrate that in neonatal LSO neurons,
AMPA/kainate receptors causes Ca2+ entry via activation of VGCCs. Evidence from experiments
in organotypic brainstem slice cultures containing LSO and MNTB, indicate that Ca2+ entry
through VGCCs is necessary for development of normal neuronal morphology and physiology
and for the formation of specific topographic connections from MNTB to LSO (Lohmann et al.,
1998; Lohrke et al., 1998). Evidence from other systems indicates that depolarizations that
activate VGCCs and induce Ca2+ influx promote dendritic growth in cortical slice cultures
(Redmond et al., 2002). The mechanism of Ca2+ action is not completely understood. It is
mediated

via

CaMKIV,

a

calcium/calmodulin-regulated

serine/threonine

kinase

and

phosphorylation of CREB which in turn controls the expression of the neurotrophin BDNF
(Shieh et al., 1998; review: Wong and Ghosh, 2002). BDNF is involved in a variety of processes
during development, including neuronal growth and differentiation, survival and synaptic
plasticity (review: Huang and Reichardt, 2001). In the LSO, BDNF and its receptor TrkB are
expressed starting around the first postnatal week; they peak around hearing onset and reach
adult levels in the third postnatal week (rat: Hafidi, 1999; gerbil: Tierney et al., 2001; Hafidi et
al., 1996). This period mirrors the period of dendritic growth which peaks before hearing onset
(quantified by dendritic length and branching points: Sanes et al., 1992). Taken together these
studies suggest that Ca2+ influx due to activation of AMPARs may be involved in BDNFmediated cytoarchitectural and functional changes.
NMDARs. In neonatal LSO neurons, NMDARs have a significant contribution to Ca2+
responses. Accumulating evidence from different systems indicate that Ca2+ entry through
NMDARs affects many cellular processes including neuronal survival (review: Hardingham and
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Bading 2003), dendritic growth and refinement (Rajan and Cline, 1998; Chevaleyre et al., 2002),
synapse elimination (Rabacchi et al., 1992) and synaptic plasticity (reviews: Goodman and
Shatz, 1993; Malenka and Nicoll, 1993; Constantine-Paton and Cline, 1998). For example, Ca2+
entry through NMDARs is thought to account for the some of the neuroprotective effects of
neuronal activity during development, as in vivo blockade of NMDARs causes extensive
apoptosis in many brain regions (Ikonomidou et al., 1999; rat dentate gyrus: Gould et al., 1994;
cerebellum: Monti and Contestabile, 2000). The mechanisms by which Ca2+ entry via NMDARs
has a protective effect are not yet clear. There is evidence that Ca2+ influx via NMDARs can
trigger pro-survival genes including the nuclear factor kappa B (NF-kB; Lipsky et al., 2001;
Mattson et al., 2000) or BDNF (Hardingham et al., 2002; reviews: West et al., 2001;
Hardingham and Bading, 2003; review BDNF: Huang and Reichardt, 2001).
Ca2+ entry through NMDARs is also involved in dendritic growth as pharmacological
blockade of NMDARs markedly reduces dendritic growth in Xenopus optical tectum neurons
(Rajan and Cline, 1998). The underlying mechanisms may involve CREB as NMDARs
activation in hippocampal cultured neurons trigger robust CREB phosphorylation at Ser-133
(Sala et al., 2000). Interestingly, this is developmentally regulated such that younger neurons
(<7DIV) are able to drive robust CREB expression while older neurons are unable (Sala et al.,
2000). This suggests that NMDARs activate CREB at critical stages during development, i.e. at
the time when synapses are established and strengthened or eliminated (Sala et al., 2000).
Although it involves CREB phosphorylation this pathway is different from the pathway activated
by Ca2+ entry through L-type VGCCs as immediate early genes were differentially activated by
these distinct Ca2+ entry pathways (Bading et al., 1993; review: Gallin and Greenberg, 1995).
Taken together it is possible that Ca2+ influx via NMDARs serves protective and instructive roles
in developing LSO neurons.
mGluRs. In developing LSO neurons mGluR-mediated increases of [Ca2+]i involve
release of Ca2+ from intracellular stores. Studies in developing retinal ganglion cells show that
blocking Ca2+ release from internal stores results in rapid retraction of dendrites (Lohmann et al.,
2002). Thus, it is possible that mGluRs serve a role in dendritic maintenance and this could also
be the case in developing LSO neurons. In addition to Ca2+ release from internal stores mGluRmediated Ca2+ increases also involve Ca2+ entry from the extracellular space, possibly through
TRP channels. TRPC channels have low conductance (review: Clapham, et al., 2001) and
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therefore can operate over longer time scales without swamping the cell with too much calcium.
This property together with their ubiquitous tissue expression suggests that they may serve
critical functions. For example, it has been suggested that TRPC3 may be involved in activitydependent changes that occur in early development of the brain (Li et al., 1999). In pontine
nuclei, TRPC3 expression is found in a narrow window during development (rat E18-P20) and
the expression parallels that of the transmembrane receptor protein tyrosine kinase TrkB (Li et
al., 1999). Application of BDNF activates a current most likely mediated by TRPC3 (Li et al.,
1999). Since BDNF is critically involved in survival and synaptic plasticity (review: Huang and
Reichardt, 2001) it is possible that some of its effects are mediated by Ca2+ influx through
TRPC3.
In the LSO, pharmacological data indicate the participation of TRPC channel(s) to Ca2+
influx triggered by group I mGluRs, suggesting that similar intracellular cascades may contribute
to LSO development.

b) Pattern and duration of stimulus
In vivo recordings from different auditory brainstem nuclei have shown that spontaneous
activity prior to hearing is sustained and rhythmic, consisting of brief bursts interrupted by
periods of quiescence (Lippe, 1994; Kotak and Sanes, 1995; reviews: Rubel et al., 1990; Sanes
and Friauf, 2000). The mean spontaneous activity is low, around 0.4 spikes/s, though the
discharge rate in a burst varies around a mean of 37 spikes/s and it can go up to 180 spikes/s
(gerbil IC at P9-13: Kotak and Sanes, 1995). The functional meaning of this pattern is not
understood. Similar patterns, i.e. burst-like synaptic activity are present in other developing
sensory systems and they are thought to play an important role during development (review:
Cline, 2001).
Results of the present study demonstrate that distinct temporal patterns of synaptic
activity in the LSO activate distinct calcium entry routes resulting in distinct Ca2+ response
profiles (Figure 41). Cells use sophisticated machinery to decipher the information encoded into
the duration and the frequency of Ca2+ transients. For example, different frequencies of Ca2+
oscillations are optimal for the expression of different genes. In lymphocytes oscillations of
[Ca2+]i at low frequency activate the transcription factor NF-kB whereas oscillations at high
frequency activate the transcription factor NF-AT (Dolmetsch et al., 1998; Li et al., 1998;
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review: Berridge et al., 2000). Also, IP3-dependent [Ca2+]i oscillations were more effective in
promoting gene transcription than prolonged increases in [Ca2+]i (Li et al., 1998). Ca2+
oscillations are common in developing systems where they are implicated in many vital
processes (reviews: Berridge et al., 1998; 2003) including neuronal migration (Komuro and
Rakic, 1996), differentiation (Gu and Spitzer, 1994; review: Spitzer, 2000), axonal growth (Hong
et al., 2000) and development of neurotransmitter phenotype (Ciccolini et al., 2003). In
developing LSO neurons Ca2+ oscillations were triggered by activation of group I mGluRs,
suggesting that these receptors may play similar roles in developing LSO neurons. Studies in
cultured rat striatal neurons show that group I mGluR-mediated Ca2+ responses can trigger
immediate early gene expression (Mao and Wang, 2003). Moreover, specificity of gene
programs is achieved using different Ca2+ profiles such that Ca2+ oscillations elicited by mGluR5
trigger a different extracellular signal-regulated kinase (ERK) cascade than that triggered by
peak/plateau Ca2+ increases elicited by mGluR1 (Thandi et al., 2002). ERK mediated cascades
are regarded as key regulating factors in gene expression, cell proliferation, differentiation and
cell survival (review: Chang and Karin, 2001), suggesting that mGluRs play critical roles in
altering gene expression.
In LSO neurons group I mGluRs elicited Ca2+ responses whose duration decreased during
development. In hippocampal neurons, lengthening the stimulus duration prolongs residual
nuclear phosphorylated CREB and also produces an increase in the expression of CRE-regulated
gene products c-Fos and SS-14 (Bito et al., 1996). Thus, it is possible that the developmental
changes in group I mGluR-mediated Ca2+ responses in LSO neurons result in similar changes in
gene expression pattern.
In summary, evidence from many systems suggests that Ca2+ entry through distinct entry
routes can activate distinct cellular pathways and distinct gene expression (West et al., 2001).
Similar processes can take place in developing LSO neurons. Although the exact nature of these
intracellular events remains to be shown, these results are consistent with the idea that different
patterns of afferent activity serve distinct developmental roles, highlighting the importance of the
temporal pattern of spontaneous activity and Ca2+ signaling in the immature auditory system.
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LSO development and Ca2+ requirement
Evidence from different systems suggests that during development neurons require
greater Ca2+ fluxes and higher [Ca2+]i then after they mature, to facilitate survival, synapse
formation, synapse refinement, dendritic growth and remodeling and other intracellular functions
(reviews: Franklin and Johnson, 1992; Ghosh and Greenberg, 1995; Spitzer, 1995; Spitzer et al.,
1995). This seems to be also true for LSO neurons. Prior to hearing onset, activation of iGluRs
and mGluRs increases [Ca2+]i. In addition, glycinergic/GABAergic input is depolarizing and can
2+

increase [Ca ]i (Kandler and Friauf, 1995a; Kullmann et al., 2002). Thus, LSO neurons seem to
be exposed to high Ca2+ fluxes. How do they protect themselves against toxicity? Anatomical
studies indicate that LSO neurons express different calcium binding proteins (calretinin,
calbindin and parvalbumin) at different times in their development (Friauf, 1993; 1994;
Lohmann and Friauf, 1996). Calretinin is expressed from E20 to P8. Calbindin is prominent
during early postnatal development E20-P11, while parvalbumin expression starts around P8 and
increases until around P28 when adult levels are reached. Thus, in the first postnatal week
calretinin and calbindin overlap suggesting that this is a period when the neurons have a strong
demand for calcium buffering. This period corresponds to the period when maximal Ca2+ fluxes
can be elicited via glutamatergic and glycinergic/GABAergic inputs to the LSO (Ene et al., 2003;
Kullmann et al., 2002).
This high Ca2+ demand period before hearing onset coincides with an array of
morphological and functional changes that take place in the LSO, events that shape the system in
order to make it ready for high speed/high fidelity transmission necessary for sound transduction.
The dendritic growth of LSO neurons peaks before hearing onset (quantified by dendritic length
and branching points: Sanes et al., 1992) and refinement of both dendrites and axonal arbors
starts before hearing onset. Most of the functional refinement of MNTB inputs takes place before
hearing onset, as a high percentage of functional inhibitory synapses (~75%) from the MNTB are
eliminated (Kim and Kandler, 2003). Although there is nothing known about the growth and
refinement of AVCN-LSO synapses it is very likely that it occurs around the same time as
suggested by in vivo recordings from LSO neurons at the onset of hearing (Sanes and Rubel,
1988). These studies found that several parameters including sound detection threshold and
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frequency selectivity of both excitatory and inhibitory inputs were equally poor at hearing onset,
suggesting that maturation of both inputs has similar time course (Sanes and Rubel, 1988).
After

hearing

onset,

it

seems

that

the

requirement

for

Ca2+

diminishes.

2+

Glycinergic/GABAergic inputs become hyperpolarizing and decrease [Ca ]i (Kandler and
Friauf, 1995a; Kullmann et al., 2002). mGluRs become less effective in elevating [Ca2+]i as the
influx of calcium through TRPC channel(s) diminishes. There are still developmental changes
during this period. Refinement of the dendritic tree takes place during the third postnatal week
(gerbil: Sanes et al., 1992; rat: Rietzel and Friauf, 1998). Functionally, there is a fine-tuning of
LSO neuronal properties. The ability of LSO neurons to encode sound intensity, as characterized
by the dynamic range (dB) and maximum possible output (discharge rate), mature during the
third postnatal week (Sanes and Rubel, 1988). Binaural properties such as topographical
alignment exemplified by the degree of matching of characteristic frequencies of excitatory and
inhibitory inputs also mature during this time (Sanes and Rubel, 1988). These events are mostly
dependent on sound-driven activity.

For example, dendritic remodeling is impaired in the

absence of sensory neuronal activity: monaural deprivation results in shortening of laminar
nucleus dendrites that correspond to the plugged ear (Gray et al., 1982; Smith et al., 1983).
Taken together these studies highlight the importance of Ca2+ and neuronal activity for
development of auditory neurons.
In summary, an array of events that shape and fine-tune LSO circuitry take place during
postnatal development.

These include growth and refinement of synaptic connections,

elimination of functional synapses and maturation of functional properties (Sanes and Rubel,
1988; Sanes and Siverls, 1991; Sanes et al., 1992; Sanes and Takacs, 1993; Rietzel and Friauf,
1998; Caicedo and Eybalin, 1999; Korada and Schwartz, 1999; Kim and Kandler, 2003; reviews:
Rubel et al., 1990; Sanes and Walsh, 1998; Cant, 1998; Sanes and Friauf, 2000).

These

processes are accomplished through an interplay of spontaneous and sound-driven activity,
glutamatergic and glycinergic/GABAergic synaptic transmission and Ca2+ signaling. The present
study investigated the mechanisms by which glutamatergic inputs from the cochlear nucleus
regulate [Ca2+]i in developing LSO neurons and revealed that distinct temporal patterns of
synaptic activity in the LSO activate distinct GluR types and distinct Ca2+ entry pathways. This
could lead to activation of distinct intracellular cascades and distinct gene expression programs
(West et al., 2001) that may be involved in distinct developmental aspects. Thus, this study
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provides a direction for future research to investigate the molecular and genetic mechanisms
underlying the array of events that take place during development not only in the auditory system
but also in other sensory systems.
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APPENDIX A

IMMUNOSTAINING FOR TRPC3

INTRODUCTION

Pharmacological data suggested a TRPC channel as the channel mediating the influx of
calcium triggered by mGluRs activation. The most likely candidate was TRPC3 because it is
transiently expressed in brainstem neurons (Li et al., 1999) during a period of development that
mirrors the changes in mGluR-mediated Ca2+ responses. Moreover, it has been suggested as the
channel mediating group I mGluR-evoked Ca2+ responses in retinal amacrine cells (Sosa et al.,
2002).
To determine the expression of TRPC3 in the LSO, antibody staining was performed in
tissue from neonatal to adult mice and rats.

MATERIALS AND METHODS

Animals were anesthetized by hypothermia (P0-7) and with isofluorane (>P7), and
perfused through the left ventricle with 0.1M PBS at room temperature (RT), followed by 4%
PFA with 4% sucrose in PB (4 ºC; perfusion rate 2.5-3 ml/min; pump from Fisher Scientific).
The brains were removed, postfixed for 4h at 4 ºC and placed in 30% sucrose overnight (until
they sank completely; at 4 ºC). Sections (30 - 40µm) were cut using a freezing microtome
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(American Optical Company, Buffalo, NY) and collected in 0.1M PBS as free-floating sections.
To minimize variations in staining from one experiment to another, tissue was collected at
different

days,

cryoprotected

after

sectioning

(in

40%

ethylene

glycol

and

1%

polyvinylpyrolidone in 0.1 M Acetate buffer, pH 6.5; storage at -20 ºC) and processed for
TRPC3 immunostaining all at a later time. Sections were washed with 0.1M PBS, incubated in
blocker (PBS / 5% goat serum or 4% non-fat milk / 0.15% Triton X-100/ 0.05 % Tween 20) for
2h at RT and then incubated in primary Ab for 2h at RT followed by overnight incubation at 4
ºC. Primary antibody, rabbit-anti-mouse TRPC3 (polyclonal; gift from Dr. W.P. Schilling; Case
Western University) was diluted to 1:1000 in blocker. On the next day, sections were washed
with 0.1M PBS and incubated in biotinylated anti-rabbit secondary Ab raised in goat (Jackson
Laboratories, USA; dilution 1:250 in blocker) for 2h at RT. After that a standard detection
protocol was used. In short, sections were incubated in avidin biotin peroxidase complex (ABC
Elite, Vector Laboratories, USA), followed by incubation in 3, 3’-diaminobenzidine tetrachloride
and 0.015% hydrogen peroxide. Finally, sections were washed with 0.1M PBS, mounted on
gelatin subbed slides, dried overnight and coversliped using DPX (Fluka).
Controls included sections in which the primary Ab was omitted and sections from the
ventral tegmental area (VTA) where TRPC3 was found to be strongly expressed. Images were
acquired using an upright microscope (Nikon) equipped with 10x (NA 0.25), 20x (NA: 0.5) and
40x (NA: 0.75) air objectives.
In the initial studies a commercially available antibody (Alomone labs) was used. This
Ab produced unspecific staining. In subsequent studies, a new TRPC3 antibody obtained from
Dr W.P. Schilling (Goel et al., 2002) was used. The results presented here show data using the
new antibody.

RESULTS

Results are from mice aged between P5 and adult: 4 P5, 3 P10-11, 3 P15-16 and 1 adult
(>6 weeks). At least two sections per animal were stained with primary antibody and at least one
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section per animal served as control. Immunostaining was also performed in sections containing
LSO from 2 rats at P12, one of which was performed by Dr. Land.
In mouse LSO tissue TRPC3 expression was not detected at any developmental stage
(Figure 42). At the same time TRPC3 expression was clearly evident in VTA (last column in
Figure 42). Also in rat P12 TRPC3 expression was detected throughout the LSO (Figure 43 from
Dr. Land).
The results of these experiments suggest that mouse LSO neurons do not express TRPC3
or that the expression level is bellow the detection threshold of the method used here.
Alternatively, as TRPCs associate with other proteins to form a signaling complex, it could be
that the epitope was masked by one of these proteins.

CONCLUSIONS

Present immunohistochemistry data do not support the hypothesis that TRPC3 is the
channel mediating DHPG-induced Ca2+ influx in developing LSO neurons. Future studies are
necessary to determine which TRP channels are expressed in LSO neurons and their
developmental expression pattern.
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Figure 42. Immunostaining for TRPC3 in mouse.
Panels A, D, G, J: TRPC3 expression in the LSO at P5, P11, P16 and adult, respectively. Panels
B, E, H, K: Negative controls in which the primary Ab was omitted. Panels C, F, I, L: Positive
control tissue from the ventral tegmental area (VTA). Dotted line outlines the LSO. V-ventral;
M-medial.
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Rat LSO - TRPC3

V
100 µm

M

25µm

Figure 43. Immunostaining for TRPC3 in rat.
A. P12 rat LSO. B. Higher magnification of the area underlined in A. V-ventral; M-medial.
TRPC3 immunostaining illustrated in this figure was performed by Dr. Land.
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APENDIX B

ABBREVIATIONS

AC = adenylate cyclase
ACPD = 1S, 3R,-aminocyclopentane-trans-dicarboxylate
AMPA = α-amino-3-hydroxy-5-methyl-4-isoxazole propionate
AMPAR= AMPA receptor
APV = 2-Amino-5-phosphonopentanoic acid
AVCN = anteroventral cochlear nucleus
BDNF = brain-derived-neurotrophic factor
Bic = Bicuculline
[Ca2+]i = intracellular calcium concentration
CaMKII = Ca2+/calmodulin dependent protein kinase II
CaMKIV = Ca2+/calmodulin dependent protein kinase IV
CA= cochlea ablation
CCE = capacitive calcium entry
CHO = Chinese Hamster Ovary
CN = cochlear nucleus
CNQX = 6-Cyano-7-nitroquinoxaline-2,3-dione disodium
CRAC = calcium-release-activated current
CREB= cAMP-response-element-binding-protein
DAG = diacylglycerol
DHPG=(S)-3,5-dihydroxyphenylglycine
ER = endoplasmatic reticulum
ERK = extracellular signal-regulated kinase
Glu= glutamate
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GluR = glutamate receptor
GYKI =1-(4-Aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-benzodiazepine hydrochloride
IC = inferior colliculus
IP3= inositol-1,4,5-trisphosphate
IS = internal stores
KA=kainic acid
LSO = lateral superior olivary nucleus
L-AP4 = L (+)-2-amino-4-posphonobutyric acid
MCPG = α-Methyl-4-carboxyphenylglycine
mGluR=metabotropic glutamate receptor
MNTB = medial nucleus of trapezoidal body
NMDA = N-Methyl-D-Aspartate
NMDAR = NMDA receptor
OAG = 1-oleoyl-2-acetyl-sn-glycerol
PtdIns4P = phosphatidylinositol-4-phosphate
PIP2 = phosphatidylinositol-4,5-bisphosphate
PLC = phospholipase C
RT = room temperature
SD = standard deviation
SEM = standard error of the mean
SOC = store operated channels
Stry = Strychnine
TM = transmembranare spanning subunit
TRP=transient receptor potential
TRPC=transient receptor potential canonic
TTX = tetrodotoxin
VAS = via ventral acoustic stria
4C3HPG = 4-carboxy-3-hydroxyphenylglycine
2- APB = 2-aminoethoxydiphenylborane
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