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Abstract

The ability to localize sound rapidly and accurately depends on the precise organization of
inhibitory neuronal circuits in the auditory brainstem. However, the rules and mechanisms by
which this precision is established during development are still poorly understood. Although
activity-dependent reorganization has been known for over a decade to have a central role in this
process, more recent studies have revealed an unanticipated degree of reorganization that occurs
on levels ranging from cellular phenotype to network connectivity. These results suggest novel
mechanisms by which immature inhibitory sound-localization circuits become optimized. Lessons
from auditory brainstem circuits thus could provide insight into inhibitory development in other
brain areas, where inhibitory networks are less experimentally accessible.

Introduction

Establishing correctly organized and appropriately adjusted synaptic circuits is a crucial
event during brain development. The past few decades have seen tremendous progress in
deciphering the mechanisms used to remodel developing excitatory circuits [1,2]. However,
despite the central role of inhibition in calibrating and fine-tuning neuronal activity, the
processes by which inhibitory circuits are established remain poorly understood. Several
recent studies have taken advantage of the precise organization of inhibitory pathways in the
auditory system, providing new information about the sequence of events by which
inhibitory networks are assembled and giving rise to an emerging conceptual framework for
understanding inhibitory circuit development. This short review will focus on studies of
developing inhibitory connections in auditory sound-localization circuits. After a brief
introduction to the organization of primary sound-localization circuits in the mammalian
brain, we will illustrate key processes by which these circuits are optimized during
development. We will focus on very recent work and emphasize studies of direct relevance
to the issues discussed. For a more comprehensive treatment of auditory development, the
reader is referred to previously published reviews [3-5].
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Inhibition in primary sound-localization circuits

Animals determine the azimuthal location of incoming sound primarily through interaural
level differences (ILDs) and interaural time differences (ITDs). Neurons sensitive to ILDs
and/or ITDs are found at almost all levels in the mammalian central auditory system, but are
encountered for the first time by incoming sound information in the superior olivary
complex (SOC), a collection of about nine auditory nuclei in the ventral brainstem. In the
SOC, neurons specialized for encoding ILDs are located in the lateral superior olive (LSO),
a nucleus easily recognized in most mammals by its characteristic S-shape [6,7] (Figure 1a).
LSO neurons process ILDs by integrating excitatory inputs from the ipsilateral ear with
inhibitory inputs from the contralateral ear. The ipsilateral excitatory input is carried by
glutamatergic fibers from the cochlear nucleus, whereas the inhibitory contralateral input is
carried by glycinergic fibers from the sign-inverting medial nucleus of the trapezoid body
(MNTB). The precise tonotopic convergence of these inputs onto individual cells of the
LSO enables LSO neurons to extract ILDs in a frequency-specific manner [6].

Neurons specialized for processing ITDs are located in the medial superior olive (MSQ)
(Figure 1b). Mammalian MSO neurons, or their analogs in the avian nucleus laminaris,
receive tonotopically matched excitatory inputs from both ears and are sensitive to the
relative arrival time of these inputs on a submillisecond scale [8]. This extraordinary
temporal resolution is achieved through such specializations as axonal delay lines [9],
termination of inputs on opposing dendritic trees [10] and properties of voltage-gated
conductances [11,12]. Recently, Grothe and colleagues demonstrated that in mammals,
encoding ITDs in the physiological range also depends on fast and precisely timed bilateral
inhibition [8,13]. This inhibition is provided by glycinergic neurons in the lateral nucleus of
the trapezoid body and the MNTB. In low-frequency-hearing mammals, which localize
sound primarily using ITDs, the glycinergic synapses are almost exclusively targeted to
somata of MSO neurons — an organization that optimizes fast and temporally precise
inhibition.

From excitation to inhibition

Developing GABAergic and glycinergic synapses in the MNTB and LSO, as elsewhere in
the brain, undergo a striking switch from a depolarizing to a hyperpolarizing phenotype [14-
16]. Depolarization mediated by GABA and glycine results from a high intracellular CI~
concentration ([CI7];) that sets the CI™ equilibrium potential (E¢)) as positive relative to the
resting membrane potential (V,est) [17,18]. Consequently, activation of GABAA or glycine
receptors causes CI™ efflux and resulting membrane depolarization. In the neonatal LSO,
GABA and glycine are not only depolarizing but also excitatory, because glycine application
or MNTB stimulation increase the intracellular Ca2* concentration through activation of
voltage-gated Ca2* channels, and can trigger Na*-mediated action potentials [18-20]. This
excitatory action of GABA and glycine is restricted to the first postnatal week, during which
the progressive shift of E¢| towards more negative values gradually converts GABA and
glycine into hyperpolarizing neurotransmitters [14,15,17,18,21].
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The cellular mechanisms by which immature LSO neurons accumulate CI™ to establish and
maintain a high [CI7]; are incompletely understood. In contrast to its role in many other
neuron types [16], the Na*—2CI™—K* cotransporter NKCC1 cannot be responsible for the
high [CI7]; of neonatal LSO neurons, because it is not expressed during the depolarizing
period [22,23]. A recent study [22] points to the HCO3 ™—CI~ exchanger AE3 as a potential
candidate, although further functional studies are necessary to establish whether AE3 indeed
elevates [CI7]; in neonatal LSO neurons.

The low [CI7]; in mature LSO neurons is created and maintained by the K*-CI~
cotransporter KCC2 [23]. Strong evidence for this comes from KCC2-knockdown mice, in
which glycine remains a depolarizing neurotransmitter after the normal depolarizing period
[23,24]. A major current question is how KCC2 activity is regulated during LSO maturation.
Single-cell RT-PCR has shown upregulation of KCC2 mRNA in LSO neurons during the
first two postnatal weeks [25]. However, post-translational modification of KCC2 might be
the principal determinant of KCC2 activity, because a separate study demonstrated high
levels of KCC2 mRNA and protein already in newborn animals. Because this KCC2 protein
was located primarily in the cytosol and not in the plasma membrane, KCC2 protein is
unlikely to be functional at this age. Concomitant with the switch to hyperpolarization,
KCC2 protein translocates to the cell membrane and presumably becomes functional.

The regulation of KCC2 activity through neuronal activity, membrane trafficking and
phosphorylation [26—28] raises the possibility that developmental changes in spontaneous
activity before hearing onset control KCC2 function [29]. In accordance with this view,
ablation of the cochlea, which is thought to abolish spontaneous bursting activity present
before hearing onset, decreases KCC2 activity and phosphorylation in auditory midbrain
neurons [30]. In LSO neurons, cochlea ablation or systemic application of the glycine
receptor antagonist strychnine impedes upregulation of KCC2 mRNA and impairs the
switch to hyperpolarizing glycine responses [25,31].

What is the role of excitatory GABA and glycine in SOC neurons? Through the activation of
voltage-gated Ca2* channels, depolarizing GABAergic and glycinergic synapses gain access
to various intracellular Ca2* signaling pathways that have central roles in nearly all major
developmental events of the SOC [32-34]. Excitation mediated by GABA and glycine might
also be important for synaptic reorganization of the MNTB-LSO pathway [35] and for the
processes by which inhibitory and excitatory inputs become tonotopically aligned. Our
ability to address the latter possibility will greatly benefit from a better understanding of the
spatial and temporal characteristics of glutamate- and glycine-mediated Ca2* responses and
their mutual interactions.

Elimination of GABAergic and glycinergic connections sharpens tonotopic

maps

Neurons in the LSO, MSO and MNTB receive synaptic inputs before or around birth, one-
to-two weeks before the onset of hearing [11,36—38]. From the outset, these early inputs are
topographically organized, suggesting that the basic tonotopic organization of auditory
nuclei is achieved using guidance molecules [36,39-42]. The initial topographic patterns,
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however, lack the precise tonotopy of the mature system, which is achieved through
processes that include additional synapse formation and elimination.

Pioneering studies by Sanes and colleagues in the MNTB-LSO pathway of gerbils
demonstrated that the axonal arbors of MNTB neurons and the dendritic trees of LSO
neurons both become restricted to tonotopically narrower bands during development [43,44]
(Figure 2). The timing of these structural changes during the third postnatal week — the week
after hearing onset — suggests that auditory experience has a role in these processes. In
support of this view, deafening by cochlea ablation interferes with this pruning and gives
rise to less precise MNTB-LSO topography [39,45]. Using focal photolysis of caged
glutamate to map MNTB-LSO connectivity in rat brainstem slices, this pruning was
recently found to be preceded by functional synaptic refinement [35] (Figure 2). Individual
LSO neurons in newborn rats receive synaptic inputs from ~40% of the MNTB cross-
sectional area, but one week later receive inputs from only ~8%. Along with the functional
loss of most inputs, the synaptic conductance of the remaining inputs increases
approximately twelvefold. The contraction of input maps along the tonotopic axis translates
to a twofold increase in topographic accuracy — a degree of refinement comparable to that
achieved after hearing onset through pruning.

Functional weakening of synapses followed quickly by structural elimination is a common
sequence during excitatory-circuit refinement [46]. The MNTB-LSO system is unusual in
that these two processes appear to be separated by at least a week — a long period in the
rapidly developing auditory system of rats. Consequently, functional and structural
refinement in the LSO occur in two qualitatively distinct contexts. Functional refinement
takes place when MNTB-LSO synapses are excitatory and probably driven by spontaneous
activity [29,47,48]. Structural refinement occurs when MNTB-LSO synapses are
hyperpolarizing and are driven by auditory experience. Perhaps the functionally defined map
provides a default ‘best guess’ topography to guide subsequent pruning. The delay of
pruning predicts a transient, functionally silent, inhibitory network [49-51]. Retention of a
broadly tuned silent network might allow the system to correct for slight differences in the
frequency-place code between the two cochleae [52] by providing room for fine-tuning
tonotopic convergence of inputs from the MNTB and cochlear nucleus.

Experience-dependent subcellular repositioning of glycinergic synapses

That sensory experience can direct subcellular location of inhibitory synapses was first
demonstrated in the MSO [53]. Before hearing onset, glycinergic synapses are distributed
with equal density on somata and dendrites. In gerbils and other low-frequency-hearing
animals, glycinergic synapses on dendrites are eliminated after hearing onset, whereas
synapses on the soma are maintained, resulting in an age-dependent decrease in the ratio of
the number of synapses on dendrites to that of synapses on somata. This synaptic
redistribution requires normal auditory experience. If normal binaural cues are destroyed by
raising gerbils in omnidirectional white noise, or if one cochlea is ablated, specific
elimination of dendritic glycinergic synapses fails to occur. As in the LSO, activity-
dependent pruning of glycinergic synapses occurs after glycine becomes hyperpolarizing.
Because individual MNTB axons project to both the MSO and LSO, it will be interesting to
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discover whether depolarizing MNTB-MSO synapses undergo functional changes similar to
MNTB-LSO synapses, or whether terminals on different axon collaterals are refined by
different mechanisms and on timescales depending on the postsynaptic target.

inhibitory synaptic strength

Another necessary step in fine-tuning inhibitory circuits is adjusting synaptic strength. The
postsynaptic current is influenced by number of release sites, by probability of release, and
by quantal size at GABAergic and glycinergic synapses; it is also influenced by CI~
concentration. In the rat MNTB, inhibitory postsynaptic currents (IPSCs) increase fivefold
during the second postnatal week, and continue to increase into the fourth postnatal week by
as much as two orders of magnitude [14]. The large increase after hearing onset is due
primarily to an increase of glycinergic current caused by more synchronized release and by
an increase in quantal amplitude, which probably reflects an increase in size of glycine
receptor clusters [54]. This increase is regulated by auditory experience, because glycinergic
synapses in the MNTB of congenitally deaf mice fail to achieve normal synaptic strength
and exhibit more synaptic sites with fewer receptors at each [55]. In addition, IPSCs in these
mice show relatively slower decay times, suggesting that the normal developmental
substitution of glycine receptor subunit al for a2 is compromised. It will be interesting to
determine the synaptic mechanisms that strengthen MNTB-LSO connections during the
period of map refinement [35].

Activity-dependent changes in synaptic efficacy, such as long-term potentiation (LTP) and
long-term depression (LTD), are understood to be important processes in the developmental
reorganization of synaptic circuits. In the LSO of one-to-three-week-old gerbils, low-
frequency stimulation of MNTB inputs induces a form of LTD (LFS-LTD) that is expressed
postsynaptically, as indicated by the fact that both GABA-receptor-mediated and glycine-
receptor-mediated currents are reduced [34,56]. The mechanisms underlying LTD induced
by high-frequency stimulation (HFS-LTD) are complex and likely to involve activation of
several signaling pathways. Induction of HFS-LTD requires an increase in intracellular Ca2*
concentration but not depolarization of the membrane or activation of voltage-gated Ca2*
channels. Induction of HFS-LTD also depends on the activation of GABARg receptors and
tyrosine kinase receptors, which are activated by brain-derived neurotrophic factor (BDNF)
and neurotrophin 3 (NT-3). These receptors activate the CAMP-dependent protein kinase
(PKA), protein kinase C (PKC) and Ca?*/calmodulin-dependent protein kinase Il
(CAMKII), each of which participates in the expression of HFS-LTD, perhaps by
phosphorylation of GABA, and glycine receptors [57]. Consistent with the hypothesis that
HFS-LTD participates in MNTB-LSO refinement, HFS-LTD is greatest around hearing
onset, during the period when tonotopic precision is increased through experience-dependent
processes involving axonal and dendritic pruning. It is currently unclear whether MNTB-
LSO synapses can express additional forms of LTD, or perhaps any forms of LTP [27,58],
that might mediate early refinement of depolarizing MNTB-LSO synapses.
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Changing neurotransmitter phenotype at MNTB-LSO synapses

Although mature MNTB-LSO synapses are glycinergic [36,59,60], immature MNTB-LSO
synapses are primarily GABAergic before hearing onset [20,21,61]. In neonatal gerbils and
rats, MNTB-elicited postsynaptic currents and Ca2* responses are blocked to a large extent
by the GABA receptor antagonist bicuculline [20,21,61] (Figure 3). Both postsynaptic and
presynaptic changes appear to mediate the transition from a primarily GABAergic
phenotype to a glycinergic phenotype. Postsynaptically, GABA receptor subunits B2 and
33 are down-regulated, whereas the glycine-receptor-anchoring protein gephyrin is
upregulated [62]. Presynaptically, there is a shift in vesicle content. In neonatal MNTB
terminals, a majority of the synaptic vesicles contain GABA, whereas by P16 most vesicles
contain glycine only [61]. At all ages there are also mixed GABA~—glycine vesicles.
Although the function of this mixed GABA-glycine phenotype is unknown in the LSO or
elsewhere [63,64], GABA—glycine cotransmission does provide the postsynaptic neuron
with various options for regulating inhibitory input through relative receptor number and
distribution. The longer decay times of GABA-receptor-mediated currents might also
create a broader window for coincidence detection and allow the interaction of more loosely
correlated inputs at the beginning of hearing. Finally, and perhaps most importantly,
activation of GABAGR receptors(which, as will be discussed in the following paragraph, is
necessary for inducing activity-dependent synaptic depression at MNTB-LSO synapses
[56]), could enable GABA release to constitute a central mechanism for synapse-specific
refinement.

Recently, MNTB-LSO synapses were found to release not only GABA and glycine, but also
glutamate [65]. The glutamate component was revealed by recording in Mg?*-free solution,
and in fact much of the response was mediated by NMDA receptors. Interestingly, the
glutamatergic response was most prominent during the first postnatal week, when the
vesicular glutamate transporter VGLUTS3 is highly expressed in the SOC [65,66] (Figure 3).
These findings suggest that VGLUT3 expression enables glutamate release at nascent
inhibitory synapses during the period of functional refinement. Because GABA and glycine
are depolarizing during this period, we hypothesize that depolarizing GABA and glycine
could relieve Mg2*-block at NMDA receptors, whereas glutamate release at the same
synapse activates those receptors. During the early depolarizing period, this would enable
inhibitory synapses to borrow mechanisms of excitatory synaptic plasticity, modulating the
activity and stability not of AMPA receptors but instead of GABA and glycine receptors
[67]. If so, glutamate release could then mediate tonotopic sharpening in the inhibitory
MNTB-LSO pathway. Intriguingly, VGLUT3 expression in the SOC falls during the week
after hearing onset [66], suggesting that auditory-evoked activity might downregulate
VGLUT3 expression and glutamate release. Indeed, changing neurotransmitter phenotype
and modulation of transmitter phenotype by neural activity has been shown in other systems
[66,68,69], and it will be interesting to know whether neuronal activity or auditory
experience regulates the multiple transmitter release seen in the MNTB-LSO pathway.
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Concluding remarks

Results from studies in primary sound-localization circuits are giving rise to a framework for
conceptualizing the events and mechanisms by which these highly precise inhibitory circuits
develop. For example, activity-dependent sharpening of MNTB-LSO topography appears to
entail a series of events that fall into two qualitatively distinct phases. The first phase is
characterized by functional elimination (silencing) of MNTB-LSO connections during the
period of depolarization. This process might use mechanisms that rely on depolarizing
GABA and glycine to enable NMDA receptor activation by glutamate that is also released
during this time, allowing spontaneous activity to guide synapse refinement before hearing
onset. The second phase could use the functionally defined topography as a scaffold for
tonotopic sharpening via the axonal and dendritic pruning that occurs after GABA and
glycine become hyperpolarizing. This process might use mechanisms that include GABA-
dependent and neurotrophin-dependent synaptic depression, enabling auditory experience to
drive fine-adjustment of tonotopy.

Many crucial questions remain unanswered. In addition to testing working models, we need
to understand better the properties and abilities of immature inhibitory synapses, and their
mutual interaction with excitatory synapses. Another burning question concerns what
specific physiological and morphological changes during circuit development and tonotopic
refinement are influenced by spontaneous versus auditory-evoked activity. Because the
processes that translate synaptic activity into circuits must operate first on depolarizing and
then on hyperpolarizing synapses, it is possible that some of these processes will involve
unexpected mechanisms, such as perhaps glutamate release from GABAergic and
glycinergic synapses. Whatever the answers to these questions, the auditory brainstem
should continue to yield exciting new insights into the development and plasticity of
inhibitory circuits — stay tuned.
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(a) Interaural intensity differences (b) Interaural time differences
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Figure 1.
Synaptic organization of primary sound localization circuits. (a) Neurons in the lateral

superior olive (LSO) encode interaural intensity differences by integrating excitatory
glutamatergic inputs from the ipsilateral cochlea nucleus (CN) with inhibitory glycinergic
inputs from the medial nucleus of the trapezoid body (MNTB), which in turn is activated by
the contralateral cochlea nucleus. (b) Neurons in the medial superior olive (MSQO) encode
interaural time differences by integrating bilateral excitatory inputs from both cochlear
nuclei and bilateral inhibitory inputs from the lateral nucleus of the trapezoid body (LNTB)
and the MNTB. All of these auditory nuclei are tonotopically organized, as indicated by
color gradients. Additional abbreviations: Hf, high frequency; Lf, low frequency.
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Figure2.
Functional and anatomical refinement of the developing MNTB-LSO pathway. (a)

Developmental decrease in the size of MNTB input area to individual rat LSO neurons. (i)
Example input maps as revealed by focal glutamate uncaging in the MNTB at postnatal day
along the tonotopic axis (iii). Modified, with permission, from Ref. [35]. (b) Developmental
refinement of MNTB axonal arbors in the LSO. Red dots indicate the distribution of boutons
relative to the tonotopic axis indicated by the 100 um scale bar. Modified, with permission,
from Ref. [5]. (c) Developmental refinement of dendritic arbors of LSO neurons. The
‘tonotopic width’ is defined as the percentage of the mediolateral tonotopic axis over which
dendritic trees of single LSO neurons spread. Note the absence of wide dendritic trees after
hearing onset (~P14). Modified from Ref. [70], with permission of Wiley-Liss Inc., a
subsidiary of John Wiley & Sons, Inc.
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Figure 3.
Multiple neurotransmitters in immature MNTB-LSO synapses. (a) In neonatal gerbils,

MNTB-evoked (vertical arrow) synaptic currents are predominantly GABAergic and are
blocked by bicuculline (BIC). At P14, these synaptic currents are predominantly glycinergic
and are blocked by strychnine (SN). Modified, with permission, from Ref. [21] © (1998) the
Society for Neuroscience. (b). Synaptic vesicles in MNTB terminals contain GABA, glycine
or both, as distinguished by the decay kinetics of miniature inhibitory postsynaptic currents
(mIPSCs). In neonates, most vesicles are purely GABAergic whereas, after hearing onset
(P16-P17), most vesicles are purely glycinergic. Modified, with permission, from Ref. [61].
(c) In Mg?*-free solution, blocking GABA and glycine receptors using bicuculline (bic) and
strychnine (str) uncovers an MNTB-evoked (arrow) glutamatergic component that is
blocked by the glutamate receptor antagonists D-2-amino-5-phosphonopentanoic acid (D-
APV) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). In identified MNTB axons in the
LSO, labeled extracellularly using Alexa (red), the vesicular glutamate transporter VGLUT3
(blue) colocalizes with the presynaptic marker synaptic vesicle protein SV2 (green; overlay
of all three colors results in white color). Modified, with permission, from Ref. [65].
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