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Abstract and Keywords

The auditory brainstem carries out sound localization functions that require an
extraordinary degree of precision. While many of the specializations needed for these
functions reside in auditory neurons, additional adaptations are made possible by the
functions of glial cells. Astrocytes, once thought to have mainly a supporting role in
nervous system function, are now known to participate in synaptic function. In the
auditory brainstem, they contribute to development of specialized synapses and to mature
synaptic function. Oligodendrocytes play critical roles in regulating timing in sound
localization circuitry. Microglia enter the central nervous system early in development,
and also have important functions in the auditory system’s response to injury. This
chapter highlights the unique functions of these non-neuronal cells in the auditory
system.
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Glial Cells in the Auditory Brainstem

Auditory brainstem function emerges from precise and highly specialized neural circuits.
Recent studies have demonstrated the remarkable extent to which the development and
function of neuronal circuitry rely on multiple functions of glial cells. Notably, astrocytes (
Allen & Eroglu 2017; Chung et al., 2015), oligodendrocytes (Micu et al., 2017), and
microglia (Mosser et al., 2017) are known to communicate closely with neurons during
development, plasticity, and in response to brain injury. Astrocytes and oligodendrocytes
are derived from neural lineages and, like neurons, display diversity appropriate for their
specialized functions (Dimou & Simons, 2017; Farmer & Murai, 2017). In addition, they
share some unexpected properties with neurons, including the ability to release and
respond to neurotransmitters and, in some cases, excitability (Berret et al., 2017; Micu et
al., 2017; Perea et al., 2014). Microglia, the immune cells of the brain, are derived from
the myeloid lineage and migrate into the central nervous system early in development
(Mosser et al., 2017). The highly motile branches of these cells interact dynamically with
their environment (Gomez-Nicola & Perry, 2015). However, their gene expression profiles
vary with brain region (Grabert et al., 2016), suggesting region-specific functions for
subpopulations of microglia.

In this chapter, these aspects of glial cell function are explored in the context of the
unique circuits of the auditory brainstem. We consider glial contributions to the formation
of auditory brainstem circuits, to the function of synapses and circuits, and to the
response of auditory nuclei to injury.

Sound Localization Pathways in Birds and
Mammals

Both avian and mammalian animal models have led to insights on auditory brainstem
function and on the roles of glial cells. The avian auditory brainstem (Figure 1) displays a
well-characterized neuronal pathway from nucleus magnocellularis (NM) to nucleus
laminaris (NL). NM, which is homologous to the anteroventral cochlear nucleus, receives
input from central projections of cochlear ganglion cells (Rubel & Fritzsch, 2002). NM
axons branch and project bilaterally and tonotopically to NL, a laminated nucleus with
bitufted dendrites oriented dorsally and ventrally (Figure 1A). The ipsilateral branch
makes contacts with dorsal NL dendrites, while the contralateral branch contacts ventral
NL dendrites (Hackett et al., 1982; Parks & Rubel, 1975; ; Young & Rubel, 1983).
Coincidence detection by NL neurons together with axonal delay lines in the contralateral
NM axon are used to reveal interaural time differences (ITDs), which are used to estimate
the location of sound sources (Hyson, 2005; Koppl & Carr, 2008; Overholt et al., 1992;.
Coincidence detection in NL is improved with inhibitory input, which arises from the
superior olivary nucleus (SON) (Burger et al., 2011; Lachica et al., 1994; Ohmori, 2014;
Yang et al., 1999). In the developing chick embryo, NL is a single cell thick, and the cell
body layer is surrounded by a region of neuropil free of cell bodies (Figure 1B). At the

Page 2 of 31

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). © Oxford University Press, 2018. All Rights
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in
Oxford Handbooks Online for personal use (for details see Privacy Policy and Legal Notice).

Subscriber: UC - Irvine; date: 18 September 2018



Glial Cells in the Auditory Brainstem

outer margins of the neuropil, the nucleus is surrounded by a tightly packed layer of glial
cells (Figure 1B-E).

In mammals, ITDs are
computed in the medial
superior olive (MSO),
which is analogous to NL
(Grothe, 2003). Lateral
MSO dendrites receive
ipsilateral input from the
ventral cochlear nucleus
(VCN) and medial MSO
dendrites receive

Click to view larger contralateral VCN input.

Figure 1. A: Auditory pathways in the chick. Nucleus Unlike the chick NL, MSO
magnocellularis (NM) receives VIIIth nerve input. 1 isel
NM axons branch and innervate nucleus laminaris neurons rely on precisely

(NL) bilaterally, with ipsilateral inputs on dorsal timed inhibitory input in
dendr¥tes and .cgntrallateral inputs gn ventral order to compute ITDs
dendrites. Inhibitory input to NL arises from the

superior olivary nucleus (SON). B: Glial cell bodies (Brand et al., 2002; Myoga
can be seen in Nissl stained sections in a margin et al., 2014; Pecka et al.,

(myheads)sarrounding th coll e sone rouna 2008). n addition to ITDs,

around NL is evident at E10 with bisbenzimide auditory brainstem nuclei

staining (bis) and ALDH1L1. Scale bar, 100 pm. are used to compute

interaural level differences

(ILDs). VCN neurons project contralaterally to the medial nucleus of the trapezoid body
(MNTB). The axon terminates in the large calyx of Held, encapsulating the MNTB neuron
(Held, 1893; Kuwabara & Zook, 1992; Nakamura & Cramer 2011). MNTB provides
inhibitory input to the lateral superior olive (LSO), which receives tonotopically matched
excitatory input from VCN. The balance of excitation and inhibition in LSO neurons is
used to compute ILDs, which are used to determine the locations of sound sources
(Glendenning et al., 1992; Kandler & Gillespie, 2005; Sanes, 1990; Tollin, 2003).

Glial Cells in Auditory Brainstem Development

Astrocytes, microglia, and oligodendrocytes arise in the auditory brainstem with a
characteristic time course and morphological features. In some cases, their functions
have been critically tested.

Astrocytes and Development of the Chick Auditory Brainstem
Pathways
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Glial Cells in the Auditory Brainstem

The emergence of glial cells in the developing chick auditory brainstem is evident at the
time when NM-NL synapses are forming, at about embryonic day (E)10. Small cells
expressing aldehyde dehydrogenase 1, family L1 (ALDH1L1), a marker for astrocytes ()
are seen in the glial margin around NL (Cahoy et al., 2008; Rotschafer et al., 2016; Figure
1C-E). At this age distinct populations of glial cells are present in the dorsal versus
ventral regions of NL during the time of synaptic maturation. Astrocytes expressing glial
fibrillary acidic protein (GFAP) emerge after the formation of excitatory connections and
just prior to the maturation of inhibitory synapses in NL (Korn & Cramer, 2008) and at
the beginning of a period of extensive dendritic remodeling (Smith & Rubel, 1979).

Late appearing GFAP-positive astrocytes may play a role in the maturation of inhibitory
inputs. Organotypic slice cultures of the auditory brainstem from an age prior to the
maturation of astrocytes were exposed to astrocyte-conditioned medium (ACM) from
older brainstems taken at an age when GFAP-positive astrocytes were present. This
treatment accelerated the formation of inhibitory inputs, whereas control cultures
showed very little change in inhibitory inputs (Korn et al., 2012). These results suggest
that astrocytes secrete factors needed for inhibitory synaptogenesis.

A second major role for astrocytes in chick auditory brainstem development appears to be
the regulation of dendritic arbor morphology. Dendritic arbor size varies with the
tonotopic location of NL neurons, whereby high frequency neurons have numerous short
dendrites and low frequency neurons have fewer primary dendrites with longer branches
(Smith & Rubel, 1979). This arrangement is thought to optimize the ability of NL neurons
to perform computation of ITDs (Agmon-Snir et al., 1998). This gradient of dendritic
arbor size emerges from a fairly uniform distribution at a relatively late stage of
embryonic development, after the formation of synaptic connections and just after the
emergence of GFAP-positive astrocytes. ACM derived from late brainstem astrocytes
promoted maturation of these dendritic arbors in organotypic slices (Korn et al., 2011). In
this study, the effects varied along the tonotopic axis, suggesting that elements that
respond to astrocyte-derived cues reside in the dendrites in tonotopic gradients.

During chick auditory brainstem development, there appears to be significant
communication between NM axons, NL dendrites, and the glial cells surrounding NL. We
recently showed that cleaved caspase-3 is expressed in axons of the auditory pathway
(Rotschafer et al., 2016). When caspase-3 was pharmacologically inhibited in the
brainstem in whole embryo cultures, contralateral NM axon branches were mistargeted
to dorsal regions of NL. In addition, there was disruption of both the NL cell lamination
and the glial cell margin, with numerous ALDH1L1-positive astrocytes found in the
normally cell-free NL neuropil region. The mechanism through which axonal caspase-3
non-cell-autonomously influences NL glial cells is not known. Entry of these glial cells
into the neuropil region is also seen when the crossed fibers are experimentally severed
(Rubel et al., 1981); in this case the disruption is accompanied by rapid atrophy of ventral
dendrites. Together, these experiments highlight the importance of signaling between NM
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Glial Cells in the Auditory Brainstem

axons and glia surrounding NL. They further suggest that the integrity of both the NL cell
lamina and the NL glial margin relies on cues from NM axons.

Glial Cells in the Developing Mammalian Auditory Brainstem

ALDH1L1-positive astrocytes are seen in VCN and MNTB at PO (Dinh et al., 2014) and
their populations increase over the next two weeks. Another marker for astrocytes, the
calcium binding protein, S1008, is evident in VCN and MNTB by P6 (Dinh et al., 2014;
Saliu et al., 2014), and the expression of GFAP is seen in these nuclei at later postnatal
ages. Several studies have demonstrated the presence of astrocytes in the developing
calyx of Held. At late ages, when the calyx of Held has formed, ALDH1L1 immunolabeling
is associated with the encapsulating calyx around MNTB neurons (Dinh et al., 2014), and
ultrastructural studies have demonstrated the interposition of astrocytes between the
developing calyx and MNTB neurons (Holcomb et al., 2013). During postnatal
development, astrocytic processes invade the calyx, producing numerous fenestrations in
a time course that varies with tonotopic position (Ford et al. 2009). Microglia are also
evident in the auditory brainstem during early postnatal development. Within MNTRB,
their branches are seen in close apposition with developing calyces, and their numbers
peak at about two postnatal weeks in mice (Dinh et al., 2014). During the first postnatal
week in mice, oligodendrocytes are present in both VCN and MNTB (Dinh et al., 2014;
Kolson et al., 2016). Myelin basic protein in VCN fibers projecting to MNTB is first
expressed at P9 in the rat (Saliu et al., 2014) and P8 in the mouse (Sinclair et al., 2017).
Myelin thickness continues to increase until P35, and its maturation is dependent on
auditory input (Sinclair et al., 2017). Together these studies highlight the development of
glial cells alongside the developing neuronal circuitry in the postnatal auditory brainstem.

Synaptic Functions of Astrocytes in the
Auditory Brainstem

Astrocytes have important roles in synaptogenesis and synaptic function. Interestingly,
the timing of synaptogenesis has been shown to be related to the arrival of astrocytes in
the developing brain (Miller & Gauthier, 2007; Ullian et al., 2001). The involvement of
astrocytes in synaptic function is captured in the concept of the “tripartite synapse,”
which includes close communication and apposition of the pre- and postsynaptic neurons
as well as the astrocyte (Araque et al., 1999; Bosworth & Allen, 2017). Astrocytes respond
to neurotransmitter release by elevating the intracellular Ca?* concentration (Cornell-Bell
et al., 1990; Cornell-Bell & Finkbeiner, 1991) and releasing their own chemical
transmitters (Bezzi et al., 1998; Guthrie et al., 1999). Calcium increase is a necessary
step for gliotransmission (Stout & Charles 2003), which results in feedback modulation of
neurons and synaptic activity. This tripartite communication system enables astrocytic
signals to control the timing, location, and strength of developing synapses (Allen, 2013;
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Glial Cells in the Auditory Brainstem

Ullian et al., 2001). Astrocytic molecules including thrombospondins and hevin induce
silent synapses (Eroglu et al., 2009; Singh et al., 2016), while glypicans 4 and 6 prompt
the formation of active synapses (Allen et al., 2012). In addition to their role in
development, astrocytes regulate synaptic maturation through selective strengthening
and weakening as well as refinement of neural connections (Risher et al., 2014; van Deijk
et al., 2017). Astrocytes can directly phagocytose or remove synapses that have been
tagged by microglia, thus contributing to synaptic pruning (Hakim et al., 2014; Tasdemir-
Yilmaz & Freeman, 2014).

The involvement of astrocytes in synaptogenesis is facilitated by their location adjacent to
synapses in various parts of the brain including the cerebellum, cortex, hippocampus, and
brainstem (Satzler et al., 2002; Spacek, 1985; Ventura & Harris, 1999). This strategic
positioning allows astrocytes to react rapidly to changes in synaptic activity. Increased
synaptic activity leads to expansion of astrocytic volume, growth of astrocytic processes,
followed by augmented ensheathment of synapses (Anderson et al., 1994; Genoud et al.,
2006; Hawrylak et al., 1993; Jones & Greenough, 1996; Wenzel et al., 1991; Witcher et al.,
2007). Astrocytic apposition to pre- and postsynaptic regions facilitates sequestering,
releasing, and recycling of neurotransmitters and neuromodulators (Bardoni et al., 2010;
Henneberger et al., 2010; Perea & Araque, 2007).

Like principal neurons in the MNTB, glial cells express both ionotropic and metabotropic
glutamate receptors (Meguro et al., 1999; Reyes-Haro et al., 2010; Steinhauser & Gallo,
1996). These glial receptors mediate neuron-glia signaling in developing and mature
animals (Steinhauser & Gallo, 1996; Vernadakis, 1996), in turn regulating neuronal
maturation and synaptic plasticity as well as glial proliferation, differentiation, and gene
expression (Condorelli et al., 1993; Gallo et al., 1996). Expression of different types of
glutamate receptors can change throughout development and maturation, with
occasional overlap. Studies in rats showed that metabotropic glutamate receptor
mGluR4a is expressed in calyces of Held prior to hearing onset and expression declines
thereafter (Elezgarai et al., 1999; Kandler & Friauf, 1993). The onset of hearing also
appears to regulate mGluR3 localization, which shifts from the neuropil toward the cell
bodies, in parallel with GFAP immunolabeling (Elezgarai et al., 2001). Taken together,
these studies showed that mGIluR3 expression in astrocytic processes parallels that of the
mGluR4a in calyx of Held synapses and follows the same rise, peak, and decline timeline
(Elezgarai et al., 1999). It is possible that astrocytic mGIluR3 activates several
intracellular mechanisms relevant for the development and maturation of both the
neurons and the astrocytes. Additionally, it has been proposed that activation of mGIluR3
could function as a way of maintaining glycogen stores for the high-energy levels
required for developing and maturing CNS and, in particular, the calyx of Held (Elezgarai
et al., 2001; Magistretti et al., 1993; Sorg & Magistretti, 1991).

Some literature suggests that glial transporters are left out of synaptic clefts in the calyx
of Held and thus are not necessary for the control of the postsynaptic response (Renden

et al., 2005). These data are further supported by the lack of glutamate-mediated uptake
currents observed in astrocytes after the stimulation of presynaptic afferents. The slow
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Glial Cells in the Auditory Brainstem

inward currents in MNTB astrocytes may be due to increased extracellular potassium
levels that follow neuronal activity (Reyes-Haro et al., 2010). Astrocytes in MNTB appear
to signal to neurons through D-serine (Panatier et al., 2006), which acts as a co-agonist to
evoke NMDA-mediated neuronal slow inward currents (Reyes-Haro et al., 2010). D-serine
is only released by astrocytes (Panatier et al., 2006) and its content correlates with the
distribution of NMDA receptors (Schell et al., 1995; Schell et al., 1997). These studies
highlight the communication between astrocytes and the calyx of Held synapse.

In addition to neuron-glial communication via glutamate receptors, astrocytes are
essential for glutamate recycling, which is imperative for the maintenance of
neurotransmitter availability (Hertz et al., 1999; Laake et al., 1995; Pow & Robinson,
1994). Glutamate is released in the synaptic cleft and taken up by high-affinity excitatory
amino acid transporters (Bak et al., 2006; Danbolt, 2001; Leke & Schousboe, 2016).
Glutamate is then converted to glutamine by glutamine synthetase (Norenberg &
Martinez-Hernandez, 1979), released from astrocytes and taken up by neurons (Chaudhry
et al., 2002) that convert it back to glutamate (Kvamme et al., 2000). This glutamate-
glutamine-glutamate cycle ensures a constant supply of glutamate, which is essential for
fast and temporally precise high firing frequency (Hermann et al., 2007; Kopp-
Scheinpflug et al., 2008) such as that which occurs between the calyx of Held and the
MNTB principal neuron (Uwechue et al., 2012). The fenestrated morphology of the calyx
of Held allows astroglial processes to closely appose the active sites where glutamate is
released and subsequently taken up by astrocytic glutamate transporters terminating the
synaptic events (Ford et al., 2009; Gegelashvili & Schousboe, 1997). Inhibition of
astrocyte glutamate recycling cycle leads to altered synaptic transmission (Otis et al.,
1996; Renden et al., 2005) and disrupts neuronal-glial communication pathway (Uwechue
et al., 2012).
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Glial Cells in the Auditory Brainstem

Oligodendrocytes and Control of Conduction
Time

Auditory brainstem pathways are exquisitely sensitive to the timing of action potentials.
In the chick auditory brainstem, coincident input in NL from ipsilateral and contralateral
NM occurs for a range of interaural time delays and frequencies. However, NM and NL
on each side reside in close proximity, after emerging from a common structure known as
the auditory anlage (Book & Morest, 1990; Cramer et al., 2000; Harkmark, 1954).
Consequently, the distance from NM to contralateral NL is much greater than the
distance to ipsilateral NL. Early studies demonstrated the presence of a looped trajectory
in the ipsilateral NM axon branch, and it was postulated that this circuitous pathway
brought the conduction times into similar ranges (Young & Rubel, 1983). However,
subsequent studies using careful reconstructions demonstrated that in fact, the
contralateral axon branch is about twice the length of the ipsilateral axon branch (Seidl
et al., 2014). Analysis of the internode distance (between nodes of Ranvier) and axon
diameter, both of which are positively correlated with conduction velocity (Brill et al.,
1977), revealed differences between the ipsilateral and contralateral NM axon branches
that compensate for the disparities in length (Seidl, 2014; Seidl et al., 2014). Long
projection segments of axon branches displayed longer internode distances and larger
axon diameters than short projection regions. These differences suggest careful
regulation of myelination at a subcellular, regional level, and further suggest close
communication between axons and myelinating oligodendrocytes.

Adaptations to control conduction time are also evident in the excitatory ITD circuitry in
the mammalian auditory brainstem. In gerbils, regulation of internode distance and axon
diameter was similarly found to compensate for length disparities in the projection of
spherical bushy cells (SBCs) in the VCN to lateral and medial dendrites in ipsilateral and
contralateral MSO, respectively (Seidl & Rubel, 2016). While the differences in axon
diameter only became evident at about P20, the differences in internodal distance were
already established at P10, prior to the time of hearing onset (Woolf & Ryan, 1984).
Mechanisms that regulate timing in the inhibitory inputs are not known.

Auditory brainstem circuitry to detect ILDs also relies on precise timing of action
potentials. LSO neurons compare excitatory input from the ipsilateral side and inhibitory
input from the contralateral side. They receive excitatory input from SBCs in the
ipsilateral VCN and tonotopically matched inhibitory input from the ipsilateral MNTB,
which is stimulated through the calyx of Held arising in globular bushy cells (GBCs) in
contralateral VCN. These inhibitory inputs arise in close temporal proximity, in spite of
the longer distance and synaptic delay (Grothe et al., 2010). Morphometric analysis of
axons and myelination in SBCs and GBCs in gerbils revealed some new insights into
regulation of conduction time (Ford et al., 2015). GBCs showed larger diameter axons and
greater internode distance than SBCs. However, GBCs varied according to whether they
projected to low frequency, lateral regions of MNTB, or high frequency, medial regions of
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Glial Cells in the Auditory Brainstem

MNTB. Lateral GBCs had larger axon diameters and larger node of Ranvier diameters,
but shorter internode length. Simulations of conduction time predict that lateral
projecting GBCs conduct faster than medial GBCs, consistent with the longer path length
of these axons. In addition, spatial aspects of nodes and axon diameter varied with
distance from the axon termination; these were found to be optimized for fast, reliable
propagation of action potentials to MTNB (Ford et al., 2015).

In the mouse trapezoid body, which includes axons projecting to MNTB, myelination, axon
diameter, and conduction velocity mature after hearing onset (Sinclair et al., 2017). While
auditory input is needed for normal development of these fibers, reducing input with ear
plugs in adult animals resulted in a reduction in large diameter axons and myelin
thickness (Sinclair et al., 2017). This study suggests that axon and myelin specializations
are regulated in an activity-dependent way throughout the lifespan.

There are several molecular pathways through which axons communicate with
myelinating oligodendrocytes. They include neurotransmitters, such as glutamate, which
is released from axons and taken up by glutamate receptors in oligodendrocytes (Bergles
et al., 2000; Kukley et al., 2007). Additionally, the extracellular signal-regulated kinases 1
and 2 (ERK1/2) are crucial parts of the signal transduction pathway that initiates
myelination during development, and sustained activation of ERK1/2 can reinstate
myelination processes and increase auditory brainstem conduction velocity in adult mice
(Jeffries et al., 2016). Oligodendrocyte precursor cells (OPCs) are excitable (De Biase et
al., 2010) and later transition to immature pre-myelinating oligodendrocytes (pre-OLs),
which attach to axons and retain excitable properties (Bakiri et al., 2011). Recent
electrophysiological studies (Berret et al., 2017) demonstrated that pre-OLs in the
developing rat MNTB displayed strong sodium currents, expressed Nay1.2, and fired
action potentials. This group further showed that a subpopulation of these cells remained
through adulthood. Knockdown of Nay1.2 using virally delivered RNA interference led to
impaired morphological development of the pre-OLs and a reduction in myelination
(Berret et al., 2017). These studies highlight the importance of ongoing neuron-
oligodendrocyte communication throughout development.

Glial Cells in Auditory Brainstem Injury

Sensorineural hearing loss can result from a multitude of causes—genetics, exposure to
ototoxic drugs, tumors, or other injuries—that compromise the function of hair cells in the
cochlea and result in reduced neuronal input to spiral ganglion neurons (SGN). The most
commonly used models of sensorineural hearing loss in animals are mechanical cochlear
ablation, acoustic trauma or exposure to ototoxic drugs. All of these approaches allow for
the study of degenerative and reparative mechanisms in the auditory system.
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Glial Cells in the Auditory Brainstem

Loss of Afferent Input

Degeneration of SGNs starts with the loss of acoustic stimulation and initiates a cascade
of activity-dependent changes along the auditory ascending pathway (Syka, 2002).
Degenerating afferents are seen in the cochlear nucleus (CN) as early as 12-48 hours and
disappear between ten days and one month after the lesion (Gentschev & Sotelo, 1973;
Morest et al., 1997). As a consequence of reduced or absent stimulation, cell atrophy has
been observed in the CN (Moore, 1990; Tierney et al., 1997), as well as alterations to
intracellular calcium signaling pathways (Caicedo et al., 1997; Fuentes-Santamaria et al.,
2005; Lohmann & Friauf, 1996) and synaptic rearrangements (Du et al., 2012; Muly et al.,
2002; Sie & Rubel, 1992). Following injury, synaptogenesis and initiation of axonal
sprouting overlaps with degeneration. Recovery of synaptophysin (Benson et al., 1997)
and upregulation of growth associated protein 43 (GAP-43), a marker of axonal sprouting,
were observed one week after cochlear removal (Fredrich & Illing, 2010). Additionally,
deafferentation caused glial proliferation and hypertrophy in the CN of a variety of animal
species (Campos Torres et al., 1999; de Waele et al., 1996; Fuentes-Santamaria et al.,
2012; Lurie & Durham, 2000; Lurie & Rubel, 1994; Insausti et al., 1999). It is still not
entirely clear whether glial cells react to the injury as scavengers, removing the debris
from degenerating axons, or whether they act to facilitate reorganization and formation
of new synaptic connections and axonal sprouting, or both.

Microglia are activated early in the response to injury (Baizer et al., 2015; Colonna &
Butovsky, 2017; Hanisch & Kettenmann, 2007). The microglial response leading to
phagocytosis and plasticity has been studied in an experimental model of acoustic
trauma. In this study, Baizer et al., (2015) exposed rats to prolonged loud sounds that
resulted in the degeneration of the auditory nerve and the subsequent loss of synapses in
the CN. The authors used antibodies that selectively identify resting versus activated
microglia to characterize microglia in the CN and in the auditory nerve, labeled using
silver stain to identify degenerating axons. While there were only minimal numbers of
activated microglia in control animals, CN in experimental animals stained strongly for
markers of activated microglia, and there was significant overlap between these markers
and silver stained degenerating afferents at 30 days after acoustic trauma. This overlap is
consistent with a phagocytic scavenging role for microglia, in which microglia act to
remove dysfunctional inputs and clear the area for establishment of new synaptic
connections (Kettenmann et al., 2013). Degenerating axons and activated microglia
remained and showed overlapping regions at 60 days following acoustic trauma. At a six-
month time point, evidence for degeneration remained, but the overlap with the activated
microglial marker was reduced. At nine months after noise exposure, silver staining was
still observed with an overlapping microglial region, but the microglia had shifted their
marker profiles. Interestingly, many more activated microglia were observed in the
adjacent brainstem (Baizer et al., 2015). These findings support the role of microglia as
scavengers in response to injury. However, they do not rule out a role for microglia in
plastic changes that occur during and after the time of nerve degeneration. Afferent
degeneration and subsequent plasticity occur over a prolonged time course after acoustic
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Glial Cells in the Auditory Brainstem

trauma in comparison to the rapid responses after cochlear ablation, suggesting that
these injury responses and recovery may be mediated by different mechanisms (Baizer et
al., 2015; Morest et al., 1998).

Following bilateral cochlear ablation, a morphological transition in microglia from a
quiescent surveying state to an activated amoeboid state was observed as early as 16
hours in the AVCN and PVCN (anterior and posterior VCN) in rats. The activation was
characterized by an increase in cross-sectional area of microglial cells and in expression
levels of the ionized calcium-binding molecule 1 (Iba-1). The activation peaked at 24
hours post-ablation, gradually declined thereafter, but remained statistically significant
until 100 days later (Fuentes-Santamaria et al., 2012). In the unilateral cochlear ablation
model, morphological changes in microglia, including compact cell bodies, thickened
processes and decreased numbers of distal ramifications, were milder than in bilateral
ablation (Janz & Illing, 2014). Microglial cells were observed in close apposition to the
CN neurons after unilateral or bilateral cochlear ablations, (Fuentes-Santamaria et al.,
2012). This juxtaposition may be related to a role for microglia in synaptic reorganization
(Bruce-Keller, 1999; Hildebrandt et al., 2011; Muly et al., 2002) which includes synaptic
stripping (Cullheim & Thams, 2007). Activated microglial processes contacted both
excitatory and inhibitory synapses in deafferented ipsilateral AVCN and LSO but the cup-
like structures partially surrounding the presynaptic endings favored glutamatergic
synapses (Janz & Illing, 2014). This proximity is consistent with a role for microglia in a
rapid response to neuronal signals following injury and possibly for facilitating axonal
sprouting to reinstate synaptic homeostasis (Cullheim & Thams, 2007; Fuentes-
Santamaria et al., 2012; Janz & Illing, 2014). It should be noted that microglia
dynamically contact synapses in the normal course of surveying their microenvironment,
and this contact lasts on the order of minutes (Wake et al., 2009). This contact enables
microglia to rapidly detect and respond to any homeostatic deviations in the adult
mammalian brain (Janz & Illing, 2014). The frequency and specificity of these ongoing
contacts has yet to be compared in control versus experimentally lesioned animals. Such
an analysis will be valuable in determining whether microglia-synapse interactions are
features of the response to injury.

Microglial activation in response to auditory brainstem denervation is often accompanied
by astrocytic activation (Canady & Rubel, 1992; Fuentes-Santamaria et al., 2012;
Fuentes-Santamaria et al., 2013) and has been observed in rats (Campos-Torres et al.,
2005; Fuentes-Santamaria et al., 2013), chickens ( Lurie & Durham, 2000; Lurie & Rubel,
1994) and monkeys (Insausti et al., 1999). GFAP immunostaining peaks one week after
bilateral cochlear ablation in rats (Fuentes-Santamaria et al., 2013). It appears that both
glial cell types play a part in alteration and repair of auditory brainstem circuitry
following cochlear damage, albeit with temporally distinct responses. Microglial
transformation usually precedes astroglial changes (Fuentes-Santamaria et al., 2012;
Fuentes-Santamaria et al., 2013; ; Fuentes-Santamaria et al., 2017; Janz & Illing, 2014),
which may reflect their involvement in different parts of synaptic removal and
reorganization. Work in other areas of the nervous system has shown that while
microglial cells remove presynaptic boutons, astrocytes may facilitate the formation of
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new connections in areas denervated by the lesion ( Cullheim & Thams, 2007; Jinno &
Yamada, 2011; Reisert et al., 1984; Schiefer et al., 1999). Moreover, in cultured retinal
ganglion cells, astrocyte-derived molecular signals were shown to be required for the
formation of new functional synapses (Pfrieger & Barres, 1997; Ullian et al., 2001). This
view is consistent with the close apposition of microglia and astrocytic processes in
deafferented auditory neurons (Fuentes-Santamaria et al., 2012; Fuentes-Santamaria et
al., 2013). Taken together, this evidence suggests the critical and coordinated roles of
glial cells in synaptic degeneration and repair processes following the loss of afferent
input.

Astrocytes have been shown to phagocytose cellular debris in the dentate gyrus and optic
nerve as a response to degenerative processes (Bechmann & Nitsch, 1997; Vaughn &
Pease, 1970). Numerous proteins become upregulated in response to injury, including
some of the matrix metalloproteinases (MMPs). These molecules can cleave the
extracellular matrix, altering the environment around neurons and allowing reinnervation
to occur ( Michaluk & Kaczmarek, 2007; Szklarczyk et al., 2002; Werb, 1997). MMP-9 was
found to be upregulated in activated astrocytes following CN deafferentation in rats and
occurred early in the degeneration phase (Fredrich et al., 2013). MMP-2 and polysialic
acid, which is essential for activity-dependent plasticity (Dityatev et al., 2004; Muller et
al., 1996), have been shown to be upregulated during reinnervation. Upregulation was
similarly reported for ezrin, a protein that links the cell membrane with the actin
cytoskeleton (Fredrich et al. 2013; Tsukita & Yonemura, 1997; Vaheri et al., 1997).
Elevated expression of both MMP-9 and ezrin continued independently of the arrival of
new GAP-43 positive axons in the denervated areas (Fredrich et al., 2013). GAP-43 has
been known to be expressed by newly formed cholinergic collaterals that arrive from the
ventral nucleus of the trapezoid body (VNTB) during the regenerative process (Fredrich
et al,. 2013; Meidinger et al., 2006) and is thought of as a marker of synaptogenesis
(Benowitz & Routtenberg, 1997; Grasselli et al., 2011). When VNTB was lesioned by
injections of kainic acid, GAP-43 reactivity in AVCN in response to cochlear ablation was
prevented, and reinnervation of the nucleus did not occur. Similarly, MMP-2 did not show
its characteristic upregulation. In contrast, VNTB lesion did not affect MMP-9 and ezrin
levels. It was thus concluded that these proteins take part in degenerative processes after
injury. Astrocytes thus have multiple functions in injury and in regulation of axonal
growth and synaptogenesis.

Cochlear ablation leads to effects along the auditory pathway in the CNS. The CN
complex is the first auditory structure in the CNS and receives direct input from the
auditory nerve. Accordingly, the CN is the first site where the pathological changes in
response to the loss of auditory stimulus occur (Fuentes-Santamaria et al. 2012; Fuentes-
Santamaria et al. 2013; Janz & Illing 2014). Downstream from the CN, morphological
changes of microglia were present in the LSO, with a milder manifestation than that seen
in the AVCN at 1 day after the cochlear ablation. By the 7th day, the changes were
significant for microglial and astrocytic activation (Janz & Illing, 2014). The ripple of
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microglial response along the auditory pathway implies that trans-synaptic effects play a
big part in response to the loss of auditory nerve input.

Activation of glial cells after an auditory insult induces the expression of various cellular
mediators such as cytokines, consistent with restoration in synaptic homeostasis (Bruce-
Keller, 1999; Cullheim & Thams, 2007; Hanisch & Kettenmann, 2007). However, some of
these cytokines can have damaging roles and further contribute to inflammatory response
(Fujioka et al., 2006; Touzani et al., 2002; Vezzani et al., 2002). It has been shown that
blocking certain cytokines synthesized by microglia in the cochlea after noise exposure
reduces subsequent hearing impairment in mice (Fujioka et al., 2006; Wakabayashi et al.,
2010). Interestingly, not all activity-dependent signaling molecules become upregulated
and changes in expression depend on the location of the injury site. Proinflammatory
cytokine IL-1B is produced and expressed by activated microglial cells in response to
cellular damage (Vezzani et al., 1999; Hanisch, 2002) but does not get upregulated in the
VCN after cochlear ablation. Instead, increased expression is observed in deafferented
VCN neurons. The same effect is seen with insulin-growth factor 1 (IGF-1) synthesis
(Fuentes-Santamaria et al., 2013) in which expression increases after traumatic brain
injury or ischemia (Hwang et al., 2004; Madathil et al., 2010; Touzani et al., 1999). Thus,
not only glial cells but neurons themselves may augment the production of various
activity-dependent signaling molecules in an attempt to re-establish functional
connections (Fuentes-Santamaria et al., 2007).

Similar discoveries were made in a rat model of conductive hearing loss in which the
tympanic membrane was punctured and the malleus and incus were removed unilaterally.
This procedure disrupted the transmission of sound from the middle ear into the cochlea
as evidenced by elevated auditory brainstem response (ABR) thresholds and reduction in
auditory responses (Fuentes-Santamaria et al., 2014). Activation of microglia was evident
one day after surgery, reached its peak by day 4 and microglia resumed their quiescent
state by day 15. Surprisingly, activation of astrocytes was not detected. The neurotrophin
NT-3, a neurotrophic survival factor expressed in developing and adult auditory system
(Hafidi, 1999; Tierney et al., 2001), was found to be upregulated by day 4 in AVCN
neurons rather than glial cells. The increased expression of NT-3 coincided with the peak
of microglial activation suggesting but only few microglia and astrocytes co-localized
NT-3 both in control and experimental groups (Fuentes-Santamaria et al., 2014). Several
important conclusions are evident from this study. First, injury to middle ear resulting in
reduced auditory input is enough to activate microglia. Second, an astrocytic response
may require more severe auditory degeneration (as the one seen in cochlear ablation
studies). Third, microglia may be functioning as broad responders, independent of the
severity of the injury, e.g., conductive versus sensorineural hearing loss.

Demyelination
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The auditory system relies on the precise and rapid neurotransmission that allows the
comparison of the arrival of binaural signals on submillisecond scale (Carr et al., 2001).
As noted previously, well-timed conduction is normally achieved through regulation of
axon diameter and myelination and requires ongoing communication between axons and
myelinating oligodendrocytes. However, in a number of neurodegenerative disorders the
myelin sheath is disrupted, resulting in impaired nerve conduction and slowed
conductance velocity (Kim et al., 2013b; Utzschneider et al., 1994).

Hearing loss is a common comorbid complaint in individuals with multiple sclerosis,
which is associated with demyelination (Lewis et al., 2010; Noffsinger et al., 1972;
Peyvandi et al., 2010). The Long Evans shaker (LES) rat is genetically predisposed to loss
of myelin basic protein (MBP) and thus serves as an animal model for dysmyelination. In a
study to investigate the effect of myelin loss on hearing status, ABRs were recorded in
P15-P30 rats and showed increased threshold to high-frequency tone stimulation. These
measurements demonstrated the loss of waves II and III in LES when compared to control
rats and the latencies of waves I and IV were increased (Kim et al., 2013b). Waves I, II,
III, and IV represent auditory response in the cochlea/AN, CN, SOC, and lateral
lemniscus, respectively (Hall, 2007). Additionally, the action potential (AP) latency,
measured as the time between the stimulation of the presynaptic afferent which
terminates in the calyx of Held and the peak of postsynaptic AP in the MNTB neuron, was
twofold longer and displayed often failures in LES rats (Kim et al., 2013b). The rate of
failure was severely affected when firing at high frequencies (> 300 Hz) but could follow
trains of APs up to 100 Hz without conduction problems (Kim et al. 2013a). The authors
did not observe any difference in the pool of available neurotransmitter and no difference
in the AP waveform in the stimulated MNTB neuron as well as the structure of the initial
segments of MNTB neuron axons in control and LES rats. Taken together, these results
indicate that the loss of myelin causes a defect in signal transduction in the auditory
brainstem by increasing the conduction time and the rate of presynaptic failures (Kim et
al., 2013D).

Myelin also contributes to ion channels clustering such as relocation of Nay at the axon
initial segment (AIS). A high density of Na, channels at the AIS and sustained resurgent
Na™ current at axon heminodes is required for a reliable and precise AP propagation
(Berret et al., 2016; Hamada & Kole, 2015). Due to the fact that dysmyelination reduces
the reliability and precision of signal transduction (Kim et al., 2013a; Kim et al., 2013b),
this group tested the hypothesis that myelin is essential for the final tuning of the AP at
the last heminode (Berret et al., 2016). In the calyx of Held, Nay, channels form clusters at
the nodes of Ranvier as well as at the last heminode, which separates the myelinated
portion of the axon from the non-myelinated calyceal terminal (Leao et al., 2005). In
control rats, following the AP Na™ currents entered at the heminode first and then
diffused to the terminal. In contrast, Na* currents in LES rats entered at the heminode
and the terminal at the same time. The general increase of [Na*]; was significantly higher
at axon heminodes in control than in LES rats. However, the decay of Na™ transient was
much slower at heminodes and terminals of LES rats. Normally, Nay channels are
clustered in the heminode (10-20 pm away from the terminal) but in LES rats this cluster
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was much longer and invaded the calyx nerve terminal. The authors showed that it is the
loss of NayB4 subunit at the last heminode that actually underlies the disruption of Nay
(Berret et al. 2016). Both K, 1.2 and K3.1 are essential for a consistent AP firing at the
calyx of Held (Ishikawa et al., 2003; Johnston et al., 2010) and are located at nodes and
perinodes, and at juxtaparanodes, respectively, in wild type rats. K;3.1 expression was
increased and dispersed at the heminode and the presynaptic calyceal terminal and Ky11.2
expression at juxtaparanodes was completely disrupted in LES rats (Berret et al., 2016).
The disruption of myelin thus affects not only conduction velocity, but also axonal
excitability and reliability, factors that are critical for AP propagation in the auditory
system.

Concluding Remarks

The auditory brainstem is a unique and specialized region of the nervous system with
exceptionally high demands for synaptic precision and accurate timing. Its development
is carefully orchestrated and its circuits are maintained for stable and reliable
transmission of nerve impulses. We are now beginning to understand how astrocytes,
microglia, and oligodendrocytes contribute to the specificity and specialized features
needed for auditory brainstem function. Glial cells have been shown to guide multiple
aspects of development. In the auditory brainstem astrocytes assist in the formation of
appropriate synapses and in the regulation of dendritic arbors. Both astrocytes and
microglia accompany the developing calyx of Held. Astrocytes contribute to auditory
synaptic function, and oligodendrocytes communicate with neurons to adjust conduction
times to obtain synchrony in sound localization circuits. Glial cells provide support for
neural circuits and protect them from injury. In the auditory brainstem, they respond to
denervation and acoustic trauma, likely contributing both to elimination of harmful
elements and to adaptive generation of novel synapses.
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