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ABSTRACT OF THE DISSERTATION 

Glial cells promote calyceal maturation in the developing auditory brainstem  

By 

Minhan Lynn Dinh 

Doctor of Philosophy in Biological Sciences 

University of California, Irvine, 2016 

Professor Karina S. Cramer, Chair 

The formation and maturation of precise synapses are a central question in the field of 

developmental neuroscience. This dissertation focuses on investigating the 

mechanisms underlying appropriate synapse growth within the mammalian brainstem. 

This region is comprised of several precisely wired connections that allows an organism 

to process auditory stimuli and to perform sound localization. This dissertation 

investigates glial mechanisms important for mediating development of the pathway from 

the ventral cochlear nucleus (VCN) to the medial nucleus of the trapezoid body (MNTB), 

a contralateral projection that terminates in the calyx of Held.  Glial mechanisms are 

considered both in normal developmental and in lesion-induced plasticity. 

In Chapter 2, we found that several glial markers are present in the auditory brainstem 

regions of VCN and MNTB during early postnatal development. In particular, astrocytes 

and microglia were found in direct apposition to the developing calyx. Following 

cochlear removal, in which ectopic calyces form from the intact VCN, microglia and 

astrocytes can be found within close proximity of the new calyces. 
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The subsequent chapters further investigate the role of microglia in shaping the VCN-

MNTB circuitry during normal development (Chapter 3). Here, two microglial mutant 

mouse lines (Cx3cr1 and Csf1R) were used. Both mutant mice exhibited a decreased 

calyx size, decreased MNTB area, in addition to pruning deficits. High-resolution 

imaging demonstrated that mutant Cx3cr1 mice had decreased levels of VGLUT1/2, 

suggesting that microglia may mediate overall amount of synaptic proteins. Additionally, 

we observed that activation of microglia activity, through LPS injections, resulted in an 

increase in VGLUT1/2 levels, further supporting our data.  

Finally, we tested the role of microglia in lesion-induced synaptic plasticity in the 

brainstem (Chapter 4). Following unilateral cochlear removal, we observed that 

microglia were associated with newly formed calyces that formed following injury. In 

addition, mutant Cx3cr1 mice exhibited decreased plasticity compared to their littermate 

controls.  

Collectively, these results point to the importance of non-neuronal mechanisms that 

help form and maintain synapses within the brainstem and support the overarching 

hypothesis that both astrocytes and microglia are important for mediating development 

of the VCN-MNTB pathway in development and in lesion-induced plasticity.  
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CHAPTER 1: GENERAL INTRODUCTION 

 The nervous system is comprised of an intricate network of neural connections 

that enables an organism to process and experience its environment.  These complex 

synapses are precisely wired together early in development and can potentially be 

modified through experience over the course of an animal’s life span.  Establishing the 

appropriate connections as well as refining the number and strength of functioning 

synapses are essential steps for proper nervous system function.   

 An understanding of the coordinated signals that lead to the formation of precise 

and functional neural networks is a central focus of developmental neurobiology.  

Further, determining the processes and molecular signals needed for proper synapse 

formation will significantly aid our understanding of neurodevelopmental disorders and 

their potential treatments, and will contribute to identification of strategies for improving 

nervous system recovery following injury.  This dissertation focuses on neural pathway 

formation and lesion-induced plasticity in regions of the auditory brainstem that use 

highly precise and specialized connections to compute information about sound source 

locations.  Taking advantage of selective molecular and genetic tools accessible within 

the mouse, my dissertation focuses on mouse lines with impaired microglial signaling.  I 

report on studies that critically test the roles of microglia and their signaling pathways on 

circuit formation and maturation in the auditory brainstem. 

1.1 THE MAMMALIAN AUDITORY BRAINSTEM 

1.1.1 Overview 

Our ability to perform sound localization is dependent upon the precise and 

highly specialized circuitry within the auditory brainstem.  As described in this 
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Introduction, the auditory brainstem provides an elegant model system in which to study 

mechanisms of circuit formation and maturation, including target selection and 

innervation, synaptic competition, and synapse elimination.  As these connections 

ultimately come together to help an organism compute and react to complex sounds in 

their environment, the formation of synapses within this system must be properly wired 

together.  Anatomical and physiological observations of this circuitry have demonstrated 

specialized pathways and synapses that provide high fidelity synaptic transmission.  

The mechanisms underlying circuit formation during development remain an active area 

of research.   

The sensory epithelium in the cochlea displays an orderly progression of best 

frequencies, with high frequencies detected in the base and low frequencies in the 

apex.  Like many pathways, the projections from the cochlea are topographic, so that 

neighboring regions of the cochlea project to neighboring regions of the target nucleus.  

This topography preserves a map of frequency representation, or tonotopy.  Thus while 

other sensory epithelia primarily map space, the cochlea maps frequency.  Auditory 

space information is extracted through circuitry at early processing stages in the 

brainstem.  Sound localization relies primarily on interaural time differences (ITD) and 

interaural level differences (ILD) (reviewed in (Grothe et al., 2010, Ashida and Carr, 

2011).  In mammals, four main brainstem nuclei form circuits to compute cues for sound 

localization: the cochlear nucleus (CN), medial nucleus of the trapezoid body (MNTB), 

lateral superior olive (LSO), and medial superior olive (MSO) (Kandler et al., 2009).  

After sound enters the ear, sound information is transduced by inner hair cells, which 

synapse onto spiral ganglion cells.  The central processes of these ganglion cells enter 
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the brainstem through the VIIIth cranial nerve and form synapses centrally onto cells of 

the cochlear nucleus.  The cochlear nucleus is comprised of the dorsal cochlear nucleus 

(DCN) and ventral cochlear nucleus (VCN) (Fekete et al., 1984).  Axons from VCN 

globular bushy cells provide glutamatergic innervation to the contralateral MNTB (Banks 

and Smith, 1992).  These terminations are highly specialized and are considered the 

largest axon terminations in the mammalian brain (Morest, 1968, Friauf and Ostwald, 

1988, Spirou et al., 1990, Kuwabara et al., 1991, Kuwabara and Zook, 1991, Kandler 

and Friauf, 1993, Kil et al., 1995).  My dissertation focuses on this synaptic termination, 

known as the calyx of Held, and the mechanisms that guide its formation and its lesion-

induced plasticity.  MNTB neurons provide a major source of glycinergic inhibition to the 

ipsilateral LSO, where the balance of excitation and inhibition is used for determining 

ILDs.  (Cant, 1984, Smith et al., 1998, Grothe et al., 2010).  Along with neurons from the 

lateral nucleus of the trapezoid body (LNTB), MNTB also provides inhibitory input to 

MSO, the major nucleus used to compute ITDs in mammals (Spangler et al., 1985, 

Banks and Smith, 1992).  A schematic illustration of the mammalian auditory brainstem 

is shown in Figure 1.1.   

 

 

Figure 1.1.  Schematic of mammalian auditory brainstem.  Tonotopy is preserved from the 

cochlea, auditory nerve (AN), and throughout the brainstem nuclei, ranging from high frequency 

(HF) to low frequency (LF) regions.  Excitatory pathways are labeled in green; inhibitory pathways 

are labeled in red.  From Kandler et al., 2009.  
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1.1.2 VCN-MNTB circuitry 

The development of the VCN-MNTB pathway spans from embryonic day 13 

(E13) to postnatal (P) day 21 (P21) (Nakamura and Cramer, 2011, Borst and Soria van 

Hoeve, 2012).  A schematic illustration of the key developmental events is shown in 

Figure 1.2.   

 

During embryogenesis, VCN axons grow towards the contralateral MNTB and 

cross the midline by E15 (Howell et al., 2007).  Multiple axons provide immature 

connections and terminate onto a single MNTB (Borst and Soria van Hoeve, 2012).  By 

the first postnatal week, many changes occur in the calyces during maturation of the 

MNTB (Saliu et al., 2014).  At P0, rudimentary calyces are seen with several inputs on 

each MNTB neuron.  At P2-4, a protocalyx appears as a cup-shaped presynaptic 

termination onto the MNTB neuron.  By P4, the immature calyx is functional with AMPA- 

and NMDA-mediated neurotransmission (Hoffpauir et al., 2006).  At this age, several 

 

Figure 1.2.  VCN axons innervate contralateral MNTB neurons during normal development.   

Axons begin to grow towards their respective targets during embryonic age.  Pruning of synapses 

occurs postnatally such that every MNTB neuron receives synaptic input from a single calyx. 
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collateral branches are actively competing to become the dominant input onto an MNTB 

neuron.  By P6, most MNTB neurons have a single dominant input.  Bone 

morphogenetic protein (BMP) signaling has been shown to influence overall calyx 

growth, as conditional deletion of BMPR1a and BMPR1b results in impaired synaptic 

morphology of the calyx (Xiao et al., 2013).  By hearing onset, the VCN collaterals are 

refined and a mature calyx provides a single excitatory input onto an MNTB neuron 

(Hoffpauir et al., 2006, Rodriguez-Contreras et al., 2006, Rodriguez-Contreras et al., 

2008, Holcomb et al., 2013).  After the first postnatal week, the calyx also assumes a 

complex reticulated structure, with numerous fingerlike processes encapsulating the 

postsynaptic cell.  Fenestration in the mature calyx is associated with astrocytic fiber 

inclusions and develops along the tonotopic axis, with the medial high frequency region 

first affected, followed by the lateral, low frequency region (Ford et al., 2009).  Once 

mature, the calyx can provide high fidelity synaptic transmission due to the numerous 

synaptic contacts made by each calyx (Figure 1.3).   

 

Figure 1.3.   Postnatal calyceal development in mouse.  Beginning at P2, MNTB neurons receive 

many inputs actively competing to be the dominant input.  Pruning and refinement of the calyx occurs 

by hearing onset, with a shift in calyx morphology from spoon shaped to highly fenestrated with multiple 

processes encapsulating the postsynaptic cell.  
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Several properties enable the calyx to provide high fidelity synaptic transmission 

to the postsynaptic cell such as an increased vesicular pool size, exocytotic efficiency, 

and number of active release zones (Taschenberger et al., 2002).  Glial cells have also 

been proposed to contribute to the fast neurotransmission by collecting excess 

glutamate at the synaptic cleft (Ford et al., 2009).  While the calyx terminates solely 

onto the contralateral MNTB target, this circuitry can be reorganized during critical 

periods of lesion-induced plasticity. 

1.1.3 Alterations in circuitry following lesion-induced plasticity 

Following early postnatal unilateral cochlear removal, the deafferented cochlear 

nucleus undergoes extensive cell death, leading to a massive reduction in VCN size 

and neuron number in turn resulting in significant denervation of the contralateral MNTB 

(Figure 1.4, (Trune, 1982, Hashisaki and Rubel, 1989, Mostafapour et al., 2000, Hsieh 

and Cramer, 2006).   

Axons from the intact VCN subsequently branch and form new calyceal 

connections, so that they innervate the denervated ipsilateral MNTB in addition to their 

normal contralateral target.  (Moore and Kowalchuk, 1988, Kitzes et al., 1995, Russell 

 

Figure 1.4.  Cochlear removal prior to hearing onset leads to ectopic projections onto 

ipsilateral MNTB.  A) VCN on the lesioned side undergoes cell death after early cochlear removal.  

B) VCN on the unoperated side appears normal.  C and D) Calyces form normally on the ipsilateral 

side in addition to normally developing calyces on the contralateral side.  CR: cochlea removal; VCN: 

ventral cochlear nucleus; c: contralateral; i: ipsilateral.  From Hsieh and Cramer, 2006.  
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and Moore, 1995, Hsieh and Cramer, 2006, Hsieh et al., 2007).  Despite their 

inappropriate location in ipsilateral MNTB, the newly formed calyces have normal 

synaptic properties and are sustained through adulthood (Hsieh et al., 2010).  Ipsilateral 

projections are only induced if the cochlea is removed within the first postnatal week in 

mice, or later if the cochlear nucleus is removed directly (Hsieh and Cramer, 2006, 

Nakamura and Cramer, 2013).   

1.1.4 Role of axon guidance molecules in development of VCN-MNTB pathway 

Several axon guidance molecules have been implicated in determining proper 

VCN-MNTB circuitry formation.  For instance, EphB/ephrin-B signaling was shown to be 

important for preventing ipsilateral projections during development and following 

unilateral cochlear removal (Hsieh et al., 2007, Hsieh et al., 2010, Nakamura et al., 

2012, Nakamura and Cramer, 2013).  More recently, ephrin-A2 and ephrin-A5 have 

been shown to contribute towards the development of contralateral VCN axon targeting 

(Abdul-Latif et al., 2015).  Other axon guidance molecules such as Robo/Slit and 

Netrin/DCC are also needed for normal VCN-MNTB development (Figure 1.5).   

 

Figure 1.5.  Robo mutant VCN axons terminate onto ipsilateral, not contralateral targets of 

MNTB.  A) Schematic comparing brainstem circuitry in control versus Robo mutant mice – instead 

of terminating onto contralateral MNTB targets, VCN axons synapse onto ipsilateral MNTB.  B) 

Coronal sections of DiI or DiA labelled samples – dye was placed into cochlear nucleus.  From 

Michalski et al., 2013.  
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Robo3 deficient mutant mice have VCN axons that fail to cross the midline and 

synapse only onto the ipsilateral MNTB.  These mice also exhibit impaired synaptic 

transmission, suggesting the calyx has not matured (Figure 1.5, (Michalski et al., 

2013)).  In DCC knockout mice, VCN axons fail to reach any target and lack axonal 

outgrowth (Howell et al., 2007).  The literature suggests that the interplay between 

many axon guidance molecules governs normal VCN-MNTB circuitry.  Orchestrating 

proper synapse development of this pathway however, likely depends on various 

molecules that can originate in a number of cell sources.  Notably, glial cells may 

contribute cues that would affect normal development and lesion-induced plasticity 

(Nakamura et al., 2012, Nakamura and Cramer, 2013).   

1.2 GLIAL INFLUENCES ON SYNAPSE FUNCTION 

1.2.1 Overview of glial cell types 

Synapse formation and pruning have been shown to involve several forms of 

cell-cell communication (Chung and Barres, 2012).  Glial cells, non-neuronal cells that 

make up the majority of the brain, have been implicated in synapse formation and 

synaptic refinement both in development and following injury (Ullian et al., 2001, 

Stellwagen and Malenka, 2006, Barres, 2008, Chung and Barres, 2012, Karimi-

Abdolrezaee and Billakanti, 2012, Schafer et al., 2012, Wake et al., 2013).  One of the 

earliest studies showing how glial cells could influence synaptic activity was done in 

retinal ganglion cell cultures (RGCs; Figure 1.6).  RGCs cultured together with glia 
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showed a large increase in synaptic activity demonstrating the synaptogenic potential of 

these glial cells (Pfrieger and Barres, 1997). 

Three main glial cell types are found in the nervous system: 1) astrocytes, known 

to provide metabolic support to neurons and secrete neurotrophic factors, 2) microglia, 

known to be recruited in response to injury, and 3) oligodendrocytes, cells that serve as 

the primary myelin source (reviewed in (Bacci et al., 1999, Barres, 2008).  As this 

dissertation focuses primarily on the role of astrocytes and microglia in shaping 

postnatal circuits in the auditory brainstem, the latter portion of this introduction 

describes the influences of astrocytes and microglia on synapse maturation.   

1.2.2 Astrocytes 

Astrocytes are derived from radial glia or neuronal precursor cells.  Radial glia 

give rise to both neurons as well as astrocytes and oligodendrocytes.  Astrogenesis 

normally occurs postnatally and is initiated through the JAK/STAT pathway, a pathway 

repressed during neurogenesis (Freeman, 2010).  Originally thought to play purely a 

 

Figure 1.6.  Spontaneous activity observed in RGC culture upon treatment with glia.  A) RGCs 
were cultured in the absence (left panel) or presence (right panel) of glia.  B) Whole-cell patch-
clamp recordings were performed to assess synaptic activity - spontaneous activity was only 
generated in cells cultured with glia. Scale bar for micrographs of RGCs is 50 μm.  From Pfrieger 
and Barres, 1997. 
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supporting role in the nervous system, astrocytes are localized near active synapses 

and are highly mobile, often surveying the environment, transiently extending their 

filopodia (Hirrlinger et al., 2004).  Astrocytes occupy distinct domains – it is estimated 

that a single astrocyte may make up to 600 contacts onto dendrites (Bushong et al., 

2002, Halassa et al., 2007).  The function of astrocytes in synaptogenesis seems to be 

conserved across many vertebrate species, ranging from Drosophila to mice.  In 

Drosophila, glia are important for clearance of axonal debris following injury (Ziegenfuss 

et al., 2012).  Astrocytes are also known to secrete neurotrophic factors and 

neurotransmitters that are important for synapse maturation.  One of the earliest studies 

identifying astrocytic influences on neuronal cultures showed that neurons co-cultured 

with neuroglia led to fewer synaptic transmission failures and increased amplitude of 

spontaneous postsynaptic currents (Pfrieger and Barres, 1997).  Following this seminal 

study, various astrocyte-secreted factors such as thrombospondin, brain-derived 

neurotrophic factor, and SPARC have been implicated as being important for 

establishing synapse number, structure, and function in both excitatory and inhibitory 

synapses in normal development (Mauch et al., 2001, Christopherson et al., 2005, 

Elmariah et al., 2005, Garcia et al., 2010, Hughes et al., 2010, Korn et al., 2011, 

Kucukdereli et al., 2011, Allen et al., 2012, Korn et al., 2012, Zhu et al., 2016).  For 

example, Allen and colleagues found an astrocyte-secreted factor, Glypican-4, to be 

sufficient for promoting synapse strengthening and recruitment of surface AMPA 

receptors (Allen et al., 2012).  Astrocyte-derived signals can also dictate the neuronal 

phenotype in several neurodevelopmental disease models.  Deficiency in MeCP2, the 

gene mutated in Rett syndrome, is associated with severe neuronal abnormalities.  In 
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one study, co-cultures of MeCP2-null astrocytes with wildtype neurons exhibited several 

deficiencies in dendrite outgrowth and secretion of growth factors, and  

demonstrated a non-cell autonomous mechanism (Maezawa et al., 2009).  In addition to 

synapse formation, astrocytes are also important for synaptic pruning, an event critical 

for proper nervous system circuit maturation (Chung et al., 2013).  In a study performed 

by Hakim and colleagues, mushroom body pruning in Drosophila was found to be 

dictated solely by astrocytes through the apoptotic cell engulfment receptor Draper 

(Hakim et al., 2014).  While much literature has pointed to astrocytes influencing 

synapse formation, microglia have recently emerged as another glial population that can 

mediate synaptic pruning and affect overall network connectivity (Chung and Barres, 

2012, Zhan et al., 2014).   

1.2.3 Microglia 

In contrast to astrocytes and oligodendrocytes, microglia share a common 

lineage with macrophages and come from the myeloid lineage.  Microglia originate from 

the yolk sac, and migrate to the brain and proliferate within the first two postnatal weeks 

(Alliot et al., 1999, Kettenmann et al., 2011).  These glial cells were first identified in 

1932 by Del Rio-Hortega and are known as highly motile, dynamically scanning the 

microenvironment for injury, often making several contacts with synapses (Nimmerjahn 

et al., 2005, Tremblay et al., 2010, Kettenmann et al., 2011).  Microglial development is 

dependent on Pu.1, Irf8 and colony stimulating factor 1 receptor (Csf1R), and 

communicate with neurons via fractalkine signaling (Kierdorf et al., 2013, Elmore et al., 

2014, Pagani et al., 2015).  As active surveyors or their environments, microglia are 

able to detect and gather at sites of neuronal insult (Rappert et al., 2004).  Microglial 
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activity also is linked to neuronal activity, as studies in the visual cortex have shown that 

microglial movement is reduced following binocular enucleation (Wake et al., 2009).   

1.2.4 Microglial role in synaptic pruning 

More recently, microglia have been shown to be important for synaptic pruning, 

constantly scanning their environment and phagocytosing synaptic material.  Three 

molecular mechanisms have been shown to mediate synaptic pruning by microglia 

(Paolicelli et al., 2011, Schafer et al., 2012, Preissler et al., 2015).  One potential 

mechanism is through the fractalkine pathway.  Fractalkine, the chemokine Cx3Cl, is 

released from neurons and binds to the CX3C chemokine receptor 1 (Cx3cr1).  Genetic 

deletion of Cx3cr1 in mice results in increased synaptic puncta and higher spine density 

(Paolicelli et al., 2011).  Follow-up studies have shown that Cx3cr1-/- mice have fewer 

microglia during postnatal development, show persistent synaptic connectivity 

problems, possess reduced brain connectivity, and display deficits in social behavior 

paralleling the phenotype of various autism like spectrum disorders (Zhan et al., 2014).  

Fractalkine signaling also affects normal physiological properties of the microglia – 

Cx3cr1-/- mice have decreased voltage-gated K-currents and also have reduced 

processes (Pagani et al., 2015).  Microglia can also engulf synapses through 

complement-mediated pathways (Rappert et al., 2004).  In the study conducted by 

Schafer and colleagues, microglia engulfment of excitatory presynaptic terminals was 

observed at its highest level during the peak synaptic pruning age in the dorsolateral 

geniculate nucleus (Figure 1.7).   
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Engulfment is decreased in complement receptor 3 (CR3) knockout mice and 

these mutant mice had higher synaptic density (Schafer et al., 2012).  Expression of a 

Gi/o protein-coupled receptor (GPR34) has also been implicated as essential for 

microglial phagocytosis (Preissler et al., 2015). 

1.2.5 Microglial role in synaptic plasticity 

 Microglia have also been implicated in synaptic plasticity in different neural 

regions (reviewed in (Schafer and Stevens, 2015).  Similar to astrocytes, microglia can 

secrete neurotrophic factors important for neuronal survival.  Microglia extracted from 

MeCP2 null mice have increased glutamate synthesis, which produces excitotoxicity in 

neurons.  Furthermore, neurons cultured with MeCP2-null microglia exhibit stunted 

dendritic morphology and have a beaded appearance compared to controls (Maezawa 

and Jin, 2010).  More recently, a 2013 study conducted by Parkhurst and colleagues 

found that Cx3cr1-/- mice have decreased spine formation, impaired performance in a 

rotarod motor task as well as reduced learning in other behavioral tasks including an 

 

Figure 1.7.  Microglia engulf synaptic inputs during peak pruning period in dLGN.  A) 

Immunostain of P5 dLGN featuring ipsilateral (blue) and contralateral inputs (red). Bi-ii) Microglia 

(green) stained for synaptic input shows synaptic inputs inside cell.  C) Across postnatal ages, 

highest synaptic engulfment by microglia is observed at P5.  D) Microglia engulf predominantly 

synaptic inputs.  Scale bar 100 μm.  From Schafer et al., 2012.  
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auditory cued fear conditioning paradigm by impairments in microglial-BDNF signaling 

(Parkhurst et al., 2013).  Within the barrel cortex, Cx3cr1 signaling has been shown to 

be important for the maturation of thalamocortical excitatory synapses.  In normal 

development, maturation of excitatory synapses occurs with a gradual increase in 

AMPA receptors by the first postnatal week, in addition to a shift in NMDAR subtype.  In 

this study, researchers found that the mutants had a reduced ratio of AMPA/NMDA 

expression and had a greater presence of the immature GluN2B synapses (Hoshiko et 

al., 2012).   

 In addition to fractalkine signaling, other microglial receptors have been shown to 

regulate plasticity.  The purinergic receptor P2Y12 was identified as an important factor 

in ocular dominance plasticity – mutant mice lacking this key receptor exhibited 

microglia with fewer processes and, significantly, did not display shifts in their visual 

preference following monodeprivation (Sipe et al., 2016).   

In addition to their neuroprotective roles in development, microglia are also able 

to shift to a reactive state in which these cells can secrete excitotoxic substances and 

incur extensive damage to the injured brain (Kettenmann et al., 2011).  While reactive 

microglia are usually associated with negative consequences on synapse function, 

some studies have shown that LPS activation of microglia leads to enhanced food 

aversive learning through secretion of ATP (Delpech et al., 2015).   

 Given the importance of astrocytes and microglia in synapse formation, my 

dissertation research sought to identify potential glial cell populations that affect auditory 

brainstem development.  Despite the wealth of knowledge known on the auditory 

brainstem circuitry, the mechanisms that dictate proper synapse formation and 
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maintenance remain an active question in auditory neuroscience.  The high degree of 

precision and the specialized synapses seen in the auditory brainstem pose a need for 

highly regulated and coordinated molecular signals.  Glial cells have the potential to 

serve these developmental functions.  In the following three chapters, I provide data to 

support my overarching hypothesis that glia are important for refinement and maturation 

of the Calyx of Held synapse.  In Chapter 2 I present data that demonstrate the 

presence of different classes of glial cells during key developmental time points during 

maturation of the Calyx of Held.  In this project, I found two classes of astrocytes 

expressed at different time points in calyceal development.  Oligodendrocytes were 

seen throughout the ages examined. Microglia were also present in the brainstem, and 

shifted from an ameboid immature morphology to highly ramified processes by hearing 

onset.  We also investigated glial markers during calyx formation and following lesion-

induced plasticity, and found that both astrocytes and microglia are directly apposed to 

the newly developing calyces.  In Chapter 3, I examined synapse formation in Cx3cr1 

mutant mice that have impaired microglial signaling.  My data suggest that impaired 

microglial communication results in an overall immature calyx phenotype in which the 

calyx is smaller in size, the MNTB neuron is decreased in size, and there are pruning 

deficits.  Interestingly, Csf1R mutant mice also exhibited similar phenotype with smaller 

calyx area and pruning deficits.  We performed high resolution imaging and found that 

Cx3cr1 mutants exhibited decreased levels of VGLUT1/2 compared to controls.  

Additionally, we found that enhanced microglial signaling by LPS administration resulted 

in increased levels of VGLUT1/2.  In Chapter 4 I examined the effects of microglia and 

their signaling pathways on synapse formation during plastic events and provide 
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evidence that following cochlear removal, animals with impairments in microglial 

signaling exhibited decreased plasticity with less ectopic projections compared to their 

control littermates.  Lastly, Chapter 5 provides overall conclusions from these studies 

and outlines potential future studies that will address some of the new questions raised 

by my results.  Collectively, this dissertation provides a framework suggesting that 

within the brainstem, microglia primarily act to sculpt and refine various parameters 

necessary for efficient synaptogenesis such as synapse size, cell size, and synapse 

maturation.   
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CHAPTER 2: Distribution of glial cells in the auditory brainstem:  Normal 

development and effects of unilateral lesion 

This work has been published in Neuroscience 278:237-252, October 10, 2014 

2.1 SUMMARY 

  Auditory brainstem networks facilitate sound source localization through binaural 

integration.  A key component is the projection from the ventral cochlear nucleus (VCN) 

to the medial nucleus of the trapezoid body (MNTB), a relay nucleus that provides 

inhibition to the superior olivary complex.  This strictly contralateral VCN projection 

terminates in the large calyx of Held synapse.  The formation of this pathway requires 

spatiotemporal coordination of cues that promote cell maturation, axon growth, and 

synaptogenesis.  Here we have examined the emergence of distinct classes of glial 

cells, which are known to function in development and in response to injury. 

Immunofluorescence for several astrocyte markers revealed unique expression 

patterns. ALDH1L1 was expressed earliest in both nuclei, followed by S100ß, during the 

first postnatal week.  GFAP expression was seen in the second postnatal week.  GFAP-

positive cell bodies remained outside the boundaries of VCN and MNTB, with a limited 

number of labeled fibers penetrating into the margins of the nuclei.  OLIG3 expression 

revealed the presence of oligodendrocytes in VCN and MNTB from birth until after 

hearing onset.  In addition, IBA1-positive microglia were observed after the first 

postnatal week.  Following hearing onset, all glial populations were found in MNTB.  We 

then determined the distribution of glial cells following early (P2) unilateral cochlear 

removal, which results in formation of ectopic projections from the intact VCN to 



18 
 

ipsilateral MNTB. We found that following perturbation, astrocytic and microglial 

markers showed expression near the ectopic ipsilateral calyx.  Taken together, the 

developmental expression patterns are consistent with a role for glial cells in the 

maturation of the calyx of Held and suggest that these cells may have a similar role in 

maturation of lesion-induced connections. 

2.2 INTRODUCTION 

Precise neural circuits in the auditory brainstem compute binaural timing and 

intensity disparities that are used to localize sound sources.  In mammals, auditory 

information is carried by the VIIIth cranial nerve into the central nervous system (CNS), 

where branches of VIIIth nerve fibers terminate onto targets in the ventral cochlear 

nucleus (VCN). VCN globular bushy cells project to the contralateral medial nucleus of 

the trapezoid body (MNTB) where their large reticulated terminations, the calyces of 

Held, synapse onto principle neurons (Kuwabara et al., 1991, Kuwabara and Zook, 

1991, Kandler and Friauf, 1993, Kil et al., 1995).  MNTB neurons in turn provide 

glycinergic inhibition to the medial superior olive (MSO) and the lateral superior olive 

(LSO), which integrate excitation and inhibition to compute interaural time differences 

and interaural level differences, respectively.   

This unique projection matures over a protracted period of development 

(Nakamura and Cramer, 2011).  Axons reach the target and form immature connections 

by embryonic day (E) 17 (Borst and Soria van Hoeve, 2012).  At postnatal day (P) 0, 

rudimentary calyces are seen with several inputs on each MNTB neuron.  As the 

terminations expand, the number of VCN inputs is reduced until a single input 
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encapsulates each MNTB neuron by P4 (Hoffpauir et al., 2006, Holcomb et al., 2013). 

Synapse formation and pruning have been shown to involve several forms of cell-cell 

communication.  Notably, glial-secreted factors play a role in synaptic maturation 

(Mauch et al., 2001, Christopherson et al., 2005, Garcia et al., 2010, Hughes et al., 

2010, Kucukdereli et al., 2011, Allen et al., 2012, Korn et al., 2012).  In addition, several 

types of glial cells have been shown to be important for synaptic refinement both in 

development and in response to injury (Chung and Barres, 2012, Karimi-Abdolrezaee 

and Billakanti, 2012, Schafer et al., 2012, Wake et al., 2013).   

While the contribution of glial cells to the maturation of the central auditory 

circuitry is not known, recent studies have reported that astrocytes contact both the pre- 

and postsynaptic membranes of the calyx of Held (Elezgarai et al., 2001).  These 

astrocytes elicit slow inward currents in the postsynaptic MNTB neuron via 

gliotransmission in the mature animal (Reyes-Haro et al., 2010).  The close apposition 

of astrocytes to the calyx suggests a potential role for astrocytes in the development 

and function of this pathway. 

To explore the role(s) of glial cells in the maturation of auditory circuits, we 

characterized the spatiotemporal emergence of glial subtypes in the VCN and MNTB. 

We used several markers to identify multiple astrocyte-specific proteins, including the 

intermediate filament glial fibrillary acidic protein (GFAP), the calcium binding protein 

S100β, and aldehyde dehydrogenase 1 family member L1 (ALDH1L1) (Cahoy et al., 

2008).  Oligodendrocytes were identified by expression of oligodendrocyte transcription 

factor 3 (OLIG3).  Microglia development was assessed by expression of the ionized 

calcium binding adaptor molecule 1 (IBA1).   
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Additional clues to mechanisms of neural circuit formation may be obtained from 

experimentally induced reorganization of synapses.  Following early postnatal unilateral 

cochlear removal, the cochlear nucleus on the deafferented side undergoes substantial 

cell death (Trune, 1982, Hashisaki and Rubel, 1989, Mostafapour et al., 2000).  Axons 

from the intact VCN subsequently branch and contact the ipsilateral, denervated MNTB, 

in addition to their normal contralateral target (Moore and Kowalchuk, 1988, Kitzes et 

al., 1995, Hsieh and Cramer, 2006, Hsieh et al., 2007).  Here we examined the 

expression of glial markers in denervated and intact MNTB after cochlear removal.  

During normal development we found a diversity of patterns for development of 

glial cell types in VCN and MNTB from birth to the time of hearing onset.  We found that 

expression of astrocyte and oligodendrocyte markers following cochlear removal was 

similar to the distribution of these glial markers during normal development.  In addition, 

glial cells and their processes were seen in close proximity to the emerging ipsilateral 

calyx; as in normal development, these populations were primarily astrocytes and 

microglia.  Taken together with our developmental expression data, we posit that glial 

cells may be important for the development and early plasticity of the mammalian 

auditory circuit, and that different glial cell types may serve distinct functions in this 

pathway. 

2.3 MATERIALS AND METHODS 

2.3.1 Animals 

All procedures were approved by the University of California, Irvine Institutional 

Animal Care and Use Committee.  Wild-type mice on CD-1 background were used for 
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these studies.  Expression studies included animals at several developmental ages, 

including postnatal day (P)0, P6, P14, and P23.  Cochlear removal (CR) was performed 

at P2 and animals survived until P4 or P9.   

2.3.2 Immunohistochemistry 

Pups were euthanized with isoflurane and perfused with 0.9% saline in 

phosphate buffer saline (PBS, 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, and1.8mM 

KH2PO4) followed by 4% paraformaldehyde (PFA). Brainstems were fixed for 2 hours in 

PFA and cryoprotected in 30% sucrose in PBS overnight at 4° C.  Tissue was sectioned 

coronally on a cryostat (Leica Microsystems) at 18-20 µm thickness onto chrome-alum 

coated slides.  Sections were outlined in PAP pen (Binding Site) to provide a 

hydrophobic layer and heated on a slide warmer at 37°C for 30 minutes.  Slides were 

rinsed in PBS and blocked with 4% bovine serum albumin (BSA) in 0.1% Triton-X100 in 

PBS for 1 hour at room temperature.  Slides were incubated in primary antibodies 

diluted in blocking solution overnight at room temperature in a humid chamber.  The 

following day, slides were rinsed with PBS and incubated with secondary antibody that 

was either goat anti-rabbit, goat anti-mouse, or donkey anti-chicken (1:300, Alexa Fluor, 

Invitrogen) at room temperature for 1 hour.  Slides were then rinsed with PBS and cover 

slipped with Prolong Gold Anti-Fade reagent with DAPI mounting medium (Invitrogen).  

For immunofluorescence we used primary antibodies to identify five different glial 

markers for astrocytes, oligodendrocytes and microglia.  For astrocytes, we used three 

antibodies: S100β, GFAP, and ALDH1L1. Rabbit S100β (1:500, Abcam) is a 

monoclonal antibody generated from a synthetic peptide corresponding to C-terminus 

human S100β. S100β is an 11 kDa calcium binding protein found in mature CNS 
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astrocytes.  Anti-GFAP chicken polyclonal antibody (1:1000, Abcam) was generated 

against the full length native bovine protein (50 kDa).  GFAP antibody was purified from 

a Triton-X100 extract of myelin associated material, and purified by centrifugation and 

ion exchange chromatography.  The GFAP antibody stains for both reactive and resting 

state astrocytes.   Anti-ALDH1L1 rabbit polyclonal antibody (1:500, Abcam) was 

generated from a synthetic peptide conjugated to KLH derived from a peptide sequence 

within amino acid residues 300-400 of mouse ALDH1L1.  Anti-Olig3 was used as an 

oligodendrocyte-specific marker (1:100, Millipore).  The polyclonal rabbit antibody was 

generated against a linear peptide corresponding to amino acids 32-45 of human Olig3 

(MMGKMSGESLSRAG).  Microglia specific populations were stained using rabbit anti-

Iba1 polyclonal antibody (1:1000, Wako).  The antibody was generated from a synthetic 

peptide (PTGPPAKKAISELP) corresponding to the C-terminus fraction of the protein 

and purified by antigen affinity chromatography from rabbit antisera. 

2.3.3 Cochlear removal 

Unilateral cochlear removal (CR) was performed at P2 using previously 

published methods (Hsieh and Cramer, 2006, Hsieh et al., 2007, Nakamura et al., 2012, 

Nakamura and Cramer, 2013).  Animals were anesthetized with hypothermia and a 

small incision was made ventral to the pinna to expose the tympanic membrane.  A 

sterile glass pipette was used to aspirate out the cochlea.  In sham-operated animals, 

all procedures were performed except the aspiration.  Surgery was performed under a 

stereomicroscope with heat-sterilized instruments (Germinator 500, Cell Point 

Scientific).  After surgery, pups were returned to their mother and allowed to recover two 

or seven days before perfusion.  Flunixin, a local analgesic, was administered at 2.5 
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mg/kg for two days, beginning with the day of surgery.  Pups were used for 

neuroanatomical labeling of VCN-MNTB projections and expression of glial markers 

following lesion.  Cochlear removal efficiency was evaluated by a decrease in size of 

deafferented VCN together with neuronal tracing to visualize ipsilateral VCN-MNTB 

projections. 

2.3.4 Neuroanatomical labeling 

Axonal projections from VCN to MNTB were visualized using rhodamine dextran 

amine (RDA, MW: 3000, Invitrogen) dye injections.  The injection solution included 

6.35% RDA with 0.4% Triton-X100 in PBS.  Brainstems were isolated and submerged in 

artificial cerebrospinal fluid (aCSF; 130mM NaCl, 3mM KCl, 1.2mM KH2PO4, 20mM 

NaHCO3, 3mM HEPES, 10mM glucose, 2mM CaCl2, 1.3mM MgSO4 perfused with 95% 

O2 and 5% CO2).  A pulled glass micropipette was filled with RDA and pulses of RDA 

were injected medial to the cochlear nucleus using a Picospritzer at 25 ms.  The region 

surrounding the injection site was electroporated at a rate of 5 pulses per second (pps) 

at 40 volts (V) for 50 milliseconds (ms). The tissue was immersed in aCSF for 2 hours 

under continuous oxygenation to allow labeling of axonal projections, and then prepared 

for histological staining by fixation for two hours in PFA, rinsing, and incubation in 30% 

sucrose overnight. 

2.3.5 Imaging 

All images were examined and analyzed using the Zeiss Axioskop microscope, 

Axiocam camera, and Axiovision software.  Images were imported into Adobe 

Photoshop to adjust brightness and contrast of the image collectively, and subsequently 
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uploaded into Adobe Illustrator for further editing.  We used DAPI nuclear labeling to 

assist in the identification of the cochlear nucleus and MNTB. 

2.3.6 Image Analysis 

Relative levels of expression of astrocyte and microglia markers on the two sides 

of the brain were analyzed using optical density measurements or cell counts, 

respectively.  All analyses were performed blind to treatment group. MNTB was outlined 

using Zeiss Axioskop imaging software and optical density measurements were taken 

with average optical density subtracted by background intensity.  For all animals, at 

least 3 sections per side were analyzed and values were averaged.  To assess effects 

of unilateral cochlear removal, we obtained measurements from the MNTB contralateral 

to the lesion (the denervated MNTB) and from the MNTB ipsilateral to the lesion (the 

innervated MNTB).  A ratio of these measurements, the D/I ratio, was compared 

between cochlear removal animals and sham operated controls.  For IBA1, microglial 

cell density was determined by counting the number of immunopositive cells within 

MNTB and a D/I ratio similar to optical density measurements was used for 

comparisons.  We quantified GFAP-positive processes using confocal images analyzed 

using a filament tracing program on the Imaris Software.  Statistical comparisons were 

made with a nonparametric one-way ANOVA.  Values reported in text were denoted as 

mean ± standard error of the mean (SEM). 

To determine the extent to which glial cells surround or appose developing 

calyceal terminations, we analyzed images of RDA-labeled projections in CR animals. 

All of the labeled ipsilateral calyces were evaluated for immunofluorescent label in 

proximity to the calyx.  We expressed a percentage of these calyces that had glial 
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marker expression nearby.  In each section examined, we also selected at least five 

labeled calyces on the normal, contralateral side using the red channel alone, then 

ascertained the percent of these calyces with apposing glial marker expression. 

2.4 RESULTS 

2.4.1 Expression of glial markers during the first postnatal week 

As early as P0, glial markers were evident within the VCN, with notable variability 

in the expression of astrocyte proteins.  GFAP at this age was sparse, limited to the 

ventral portion and in the central projection of the auditory nerve (Fig. 2.1A). ALDH1L1 

(Fig. 2.1B) levels were abundant in VCN, with less expression in the dorsal cochlear 

nucleus (DCN).  S100β displayed a pattern similar to that seen with GFAP (Fig. 2.1C).    

The oligodendrocyte marker OLIG3 was expressed throughout VCN and in the auditory 

nerve (Fig. 2.1D).  IBA1 immunofluorescence revealed sparsely distributed microglial 

cells in the VCN (Fig. 2.1E).  These microglia were amoeboid in shape and exhibited 

few short processes consistent with active microglia (Fig. 2.1E’).  
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All astrocyte markers were expressed in the mouse auditory brainstem except 

GFAP, which was sparsely distributed along the ventral border of the brainstem, but 

was not found in MNTB (Fig. 2.2A).  S100β was expressed in MNTB fibers to a limited 

extent, and did not share the ventral expression patterns seen with the other astrocyte 

markers (Fig. 2.2B).  ALDH1L1 was distributed throughout the auditory level of the 

brainstem with strong expression at the ventral border with many fibrous processes 

labeled within MNTB (Figure 2.2C – C′).  The oligodendrocyte marker OLIG2 was 

 

Figure 2.1. Expression of glial markers in VCN at P0. (A) At P0, GFAP showed minimal 

expression in VCN but was evident in the adjacent central projection from the auditory 

nerve.  (B) ALDH1L1 is expressed throughout VCN with less expression in DCN. (C) Similar to 

GFAP, S100β was expressed in the auditory nerve but excluded from VCN.  (D) OLIG2 

expression revealed limited cells along the ventral aspect of VCN and in the auditory nerve.  (E 

and E′) IBA1 was expressed in a small number of cells in VCN that were mostly amoeboid in 

shape with few processes (panel E′ another representative section).  Scale bar in E: 100 μm, 

applies to Panels A–E.  Scale bar in E′: 50 μm. N = 6. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F2/
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sparsely along the ventral aspect of the brainstem with few cells inside MNTB (Fig. 

2.2D).  Staining for the microglial marker IBA1 showed characteristic microglial 

morphology with thin radial processes in a sparse distribution spread throughout the 

auditory level of the brainstem.  While labeling in MNTB was minimal, the brainstem 

border ventral to MNTB showed high levels of expression of IBA1 (Fig. 2.2E). 

By the end of the first postnatal week (P6), GFAP expression remained evident in 

the auditory nerve and low in VCN (Fig. 2.3A).  ALDH1L1 and S100β showed similar 

expression patterns with fibrous processes in VCN.  ALDH1L1 showed more limited 

expression in the auditory nerve compared to the other astrocyte markers (Fig. 2.3B 

 

Figure 2.2. Expression of glial markers in MNTB at P0.  (A) GFAP expression was limited to 

the ventral portion of the brainstem outside MNTB.  (B) S100β expression was minimal and 

limited to the dorsal region of MNTB.  (C) ALDH1L1 was expressed by fibers surrounding 

MNTB principal neurons, and more generally throughout the brainstem.  ALDH1L1 cells had 

several processes (C′).  (D) OLIG2-positive cells were seen along the ventral 

brainstem.  (E) IBA1- positive cells were found in brainstem, but not found in MNTB. Scale bar 

in E: 100 μm, applies to all panels except panel C′ (scale bar: 50 μm).  N = 6. 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F3/
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and C).  Compared to P0, there were many S100β-positive cells found surrounding 

globular bushy cells (Fig. 2.3C′).  OLIG2-positive cells were observed in VCN, but few 

IBA1-positive cells were seen at this age (Fig. 2.3D–E).  In comparison to P0, microglia 

at P6 had many complex processes with several radiating processes. 

 

Figure 2.3. Expression of glial markers in VCN at P6.  (A) Similar to P0, GFAP expression 

is limited to the auditory nerve.  (B–C) ALDH1L1 and S100β have similar expression patterns 

in VCN, including the presence of immunopositive fibrous processes. S100β-positive cells 

are seen in auditory nerve and in VCN encapsulating the globular bushy cells (C′).  

(D)OLIG2-positive cells were seen throughout VCN.  (E) Few IBA1-positive cells could be 

observed throughout the VCN.  Scale bar in F: 100μm, applies to all panels except C′ (scale 

bar: 50 μm).  N = 9. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F3/
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GFAP-positive fibers were present in the brainstem at P6, with significantly more 

processes within MNTB than at P0 (p=0.03, Fig. 2.4A).  ALDH1L1 and S100β-positive 

astrocytes were found throughout the MNTB nucleus (Fig. 2.4B–C), in contrast to the 

limited expression of GFAP.   OLIG2 and IBA1 expression patterns showed more cells 

inside MNTB than at P0 (Fig. 2.4D–E).  At this age, microglia had smaller cell bodies 

with more intricate processes (Fig. 2.4E′). 

 

 

Figure 2.4. Expression of glial markers in MNTB at P6.  (A) While all other astrocytic markers 

were present throughout brainstem, GFAP expression was limited to fibers in the ventral region of 

brainstem with more processes in MNTB than at younger age (GFAP at P6 was 595.54 ± 70.14 

was significantly higher than GFAP at P0 (143.12 ± 68.79, p = 0.03).  (B–C) Expression of 

ALDH1L1 and S100β revealed processes throughout MNTB. (D) OLIG2 immunofluorescence was 

seen in spherical cells within MNTB.  (E)IBA1-positive cells were found throughout the brainstem, 

particularly at the ventral margin. IBA1-positive cells in MNTB mostly had small cell bodies with 

elongated processes (E′). Scale bar in F: 100 μm, applies to panels A–E. Scale bar in E′ is 50 μm. 

N = 9. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F4/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F4/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F4/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F4/
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2.4.2 Expression of glial markers during the second and third postnatal weeks 

We examined expression patterns of glial markers at P14, after hearing onset. By 

P14, all glial markers were expressed in VCN (Fig. 2.5).   

 

Figure 2.5. Expression of glial markers in VCN at P14.  (A) At P14, an increase in GFAP-

positive fibers was seen in VCN in comparison to earlier ages (p=0.05; the GFAP O.D. at P0 was 

294.74 ± 3.41 while the GFAP O.D. at P14 was 1158.50 ± 165.08).  (B–E) Astrocytic markers, 

S100β and ALDH1L1 were all expressed in VCN.  (E) Cellular OLIG3 expression was seen 

throughout VCN.  (F) Several IBA1 expressing cells could be identified within VCN.  Scale bar 

in F: 100 μm, applies to all panels. N = 10. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F5/
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There was a significant increase in GFAP-positive fibers in VCN compared to P0 

(p < 0.05), but in contrast to earlier ages, GFAP labeling was not observed in central 

auditory nerve fibers (Fig.2.5A).  S100β and ALDH1L1 continued to show expression in 

VCN, with diminished expression in the auditory nerve (Fig. 2.5C–D). Olig2 expression 

appeared throughout VCN (Fig. 5E).  At this age VCN showed substantial expression of 

IBA1 (Fig. 2.5F).  Similar to VCN, MNTB showed an increase in the density of GFAP-

positive fibers at P14 compared to P0 (p < 0.001, Fig. 2.6A–B).  The expression 

patterns of S100β and ALDH1L1 in MNTB were similar to those observed at earlier 

ages (Fig. 2.6C–D). OLIG2 cells were found inside MNTB (Fig. 2.6E).  At P14 numerous 

IBA1-positive fibers present within MNTB (Fig. 2.6F).  Microglial processes at P14 were 

the most complex of all the ages analyzed, exhibiting many intricate, complex 

processes (Fig. 2.6F inset).   

We next examined expression of glial markers in the auditory brainstem of 

animals at P23, when the auditory brainstem pathways are mature. GFAP expression 

was upregulated at this age compared to prior time points with several cell processes 

within VCN (Fig. 2.7A–A′).   

The expression of ALDH1L1 and S100β within VCN was decreased by P23 (Fig. 

2.7B–C). OLIG2-positive cells remained prominent throughout VCN (Fig. 2.7D). IBA1 

expression was sparsely distributed at P23 (Fig. 2.7E). 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F5/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F5/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F5/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F5/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F6/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F6/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F6/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F6/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F6/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F7/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F7/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F7/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F7/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F7/
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Figure 2.6. Expression of glial markers in MNTB at P14.  (A and B) GFAP-positive fibers 

were observed penetrating MNTB from the ventral boundary and was significantly increased 

compared to P0 (p = 0.001; GFAP at P14 was 821.08 ± 23.11 compared to GFAP at P0 (143.12 

± 68.79). (C–D) Similar to younger ages, S100β and ALDH1L1 were expressed throughout the 

brainstem and inside MNTB, surrounding principal neurons. (E) OLIG2 expression showed few 

cells in MNTB. (F) IBA1 expression had cell bodies penetrating MNTB with many cells 

possessing intricate processes (inset). Scale bar in F: 100 μm, applies to all panels. N = 10. 
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Figure 2.7. Expression of glial markers in VCN at P23.  (A) At P23, an increase in GFAP-positive 

fibers observed inside VCN with several processes (highlighted in A′ from a representative 

section). (B–C) Relatively low levels of expression were seen for S100β and ALDH1L1 surrounding 

VCN neurons. (D) VCN was populated with OLIG2-positive cells, (E) IBA1-positive cells were 

considerably less numerous than at earlier ages. Scale bar in E: 100 μm, applies to all panels. except 

for A′, which has a scale bar of 50 μm. N = 7. 



34 
 

 

GFAP-positive fibers remained numerous in MNTB, albeit expression levels were 

decreased compared to P14 (p = 0.02, Fig. 2.8A).  S100β showed an expression profile 

similar to earlier time points (Fig. 2.8B).  

ALDH1L1 expression was high in MNTB and showed dense labeling around 

principal neurons rather than the fibrous labeling seen at earlier ages (Fig. 2.8C–C′). 

OLIG2 expression showed cells predominantly located along the ventral portion of 

 

Figure 2.8. Expression of glial markers in MNTB at P23.  (A) At P23 there was significantly less 

GFAP-positive processes found in MNTB compared to at P14 (p = 0.02; GFAP at P23 was 368.97 ± 

37.02 and GFAP at P14 was 821.08 ± 23.11).  (B) S100β had low level of expression in brainstem.  In 

contrast, many ALDH1L1- positive cells were surrounding individual MNTB principal neurons (C–C′).  

(D) OLIG2 expression was located ventral to MNTB.  (E) IBA1-positive microglia were observed in a 

sparse distribution throughout MNTB.  Scale bar in E: 100μm, applies to all panels except 

panel C′ (scale bar: 50 μm).  N = 7. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F8/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F8/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F8/
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MNTB (Fig. 2.8D).  IBA1 expression remained in MNTB, although it appeared reduced 

relative to that seen at P14.  IBA1-positive cells at P23 were also smaller in size 

compared to the amoeboid cells observed at P0 (Fig. 2.8E).  

2.4.3 Glial subtypes apposed with the developing calyx  

To investigate the extent to which glial cells associate with the developing calyx 

of Held, we traced VCN-MNTB projections with unilateral RDA injections and stained for 

glial markers (Fig. 2.9).  At P6, the calyx is maturing and elaborating its morphological 

structure, while additional inputs to MNTB neurons are being eliminated (Holcomb et al., 

2013).  Both ALDH1L1 and S100β-positive astrocytes were found within the MNTB 

region in between principal neurons, often adjacent to labeled calyces (Fig. 2.9A–B).  

No GFAP processes were found adjacent to developing synapses, consistent with the 

paucity of GFAP-positive fibers at this age (Fig. 2.9C).  Microglia were distributed 

sparsely across MNTB, often nearby developing calyces (Fig. 2.9D).  In relation to the 

calyx, some OLIG2-positive cells were located near the principal neuron, occasionally 

overlapping with the developing calyx (Fig. 2.9E).    

We next examined the association between glial cells in MNTB and the relatively 

mature calyx after hearing onset at P14 (Fig. 2.9).  ALDH1L1-positive astrocytes were 

closely aligned along the contours of MNTB principal neurons, often situated in 

apposition to the calyx (Fig. 2.9F), filling in spaces not occupied by the terminal.  S100β-

positive astrocytes showed an even distribution across MNTB, and were interleaved on 

the postsynaptic cell not taken up by the calyx (Fig. 2.9G).  At this age, GFAP-positive 

astrocytes were found in MNTB, with astrocytic processes present near calyces (Fig. 

2.9H).  Microglia were distributed throughout MNTB at this age, with occasional fibers in 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F8/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F8/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F9/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F9/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F9/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F9/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F9/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F10/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F9/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F9/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F9/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F9/
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the vicinity of calyceal endings (Fig. 2.9I).  Oligodendrocyte staining revealed a similar 

expression pattern to younger ages, with OLIG2-positive cells near the MNTB neurons 

(Fig. 2.9J). 

 

2.4.4 Expression of Glial Proteins in MNTB Following Unilateral Cochlear Lesion. 

The dynamic expression patterns of astrocyte and microglial cell populations 

during formation of auditory system connections prompted us to assess how these 

populations respond during deafferentation-induced formation of new connections.  We 

performed unilateral cochlear ablation to induce ipsilateral sprouting.  Tissue was 

collected at two time points after surgery, P4 and P9, and we performed subsequent 

 

 

Figure 2.9. Expression of glial markers in relation to the calyx at P6 and P14.  (A–E) Glial cell 

types near P6 calyx.  (A–B) Cells positive for ALDH1L1 and S100β were in close apposition to 

labeled calyces (calyces indicated with arrows).  (C) Few GFAP-positive populations found within 

MNTB.  (D) IBA1-positive cells were found scattered across MNTB, often close to the labeled 

calyx.  (E) Oligodendrocytes fully surround postsynaptic neurons.  (F–J) Glial cell types near P14 

calyx.  (F–G) All astrocytic markers found expressed close to developing calyx.  ALDH1L1 and 

S100β-positive astrocytes were in close proximity to calyx and appeared to align closely to the 

MNTB neuron.  (H) Several GFAP processes extended into MNTB and in some cases were seen 

in proximity to labeled calyces.  (I) IBA1-positive cells were located near calyx and had larger cell 

bodies compared to younger age.  (J) OLIG2-positive staining looked similar to younger age, often 

near the MNTB neuron.  Scale bar in J, 25 μm; applies to all panels. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F9/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F9/
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immunofluorescence and dextran dye labeling to assess expression of glial markers 

during the maturation of the newly formed calyx (Fig. 2.10).  We observed ALDH1L1- 

positive astrocytes positioned closely to the majority of normal, contralateral calyces 

(95%) and lesion-induced ipsilateral calyces (94%; Fig. 2.10A). Similarly, S100β–positive 

astrocytes surrounded the new calyx with several processes invading the postsynaptic 

space (Fig. 4.2B).  S100β–positive astrocytes were observed in proximity to 94% of 

normal contralateral calyces and 96% of induced ipsilateral calyces.  In addition, GFAP-

positive processes coursed throughout the MNTB, with some processes along the newly 

formed calyx (74%, Fig. 2.10C).  In contrast to the astrocyte labeling, microglial staining 

showed minimal microglia near the ectopic calyx, in which only half of the calyces had 

apposition of IBA1-positive expression (Fig. 2.10D).  Lastly, staining for oligodendrocytes 

revealed a similar expression pattern to normal development, in which OLIG2-positive 

staining were minimally expressed around postsynaptic cells in MNTB – in this case, less 

than half of the calyces observed had oligodendrocyte apposition (Fig. 2.10E). 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F10/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F10/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F10/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F10/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172487/figure/F10/
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Figure 2.10. Expression of glial markers in relation to ectopic calyx following Cochlea removal.  

(A) ALDH1L1-positive astrocytes located along postsynaptic space unoccupied by newly formed calyx, 

similar to contralateral calyx (calyces indicated with arrows).  (B) S100β cells and processes situated 

around MNTB neurons in both contralateral and ectopic ipsilateral calyx.  (C) Several GFAP-positive 

processes extended into MNTB region, with a majority of cells contacting both contralateral and ectopic 

calyces (example of close apposition in C″).  (D)Unlike astrocytic populations, few microglia found near 

calyx.  (E) Very few OLIG2-positive expression near calyces.  Scale bar in E; 25 μm; applies to all panels.  

N = 17 CR and 11 Sham. 
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We quantitatively assessed the density of glial cells using optical density for all 

markers except IBA1, for which we used cell counts, and GFAP, for which we measured 

total process length.  For each of the measures we computed a ratio, the D/I ratio, which 

was compared to similar counts in unilaterally sham-operated animals. Analysis revealed 

that after a two-day survival period, these ratios were not significantly different (n=9 for 

both groups; ANOVA, p = 0.23; Fig. 2.11, panel A–E). Similarly, D/I ratios did not differ 

 

 

Figure 2.11. Expression of glial markers two days following unilateral Cochlea removal.  (A) No 

significant difference in expression pattern of glial markers two days after CR (N = 9 CR and 9 Sham; 

ANOVA, p = 0.23).  ALDH1L1 staining in CR animals had a mean D/I ratio of 1.06 ± 0.03 compared to 

sham animals (1.05 ± 0.05).  (B) Expression of S100β cells for CR groups had a D/I ratio of 1.0 ± 0.05 

compared to sham group (0.96 ± 0.03).  (C) OLIG2 expression had a similar result when comparing CR 

groups to sham (1.14 ± 0.07 and 0.77 ± 0.13, respectively).  (D) Number of GFAP-positive processes was 

not different - the CR group had a mean D/I ratio of 0.85 ± 0.15 processes compared to sham operated 

animals, which had a D/I ratio of 1.38 ± 0.41.  (E) Number of microglial cells comparing CR animals to 

sham was not significant (0.86 ± 0.09 compared to 0.88 ± 0.05).  (F) One week after CR, no differences in 

glial marker distribution seen when comparing sham to CR groups (N = 17 CR and 11 Sham; ANOVA, p = 

0.13).  Staining of ALDH1L1 showed that CR groups had a mean D/I ratio of 0.82 ± 0.06 and were not 

significantly different compared to the sham group (0.94 ± 0.07).  (G) S100β expression between CR and 

sham was not different (0.9 ± 0.03 and 0.92 ± 0.03, respectively).  (H) OLIG2 expression between CR and 

sham groups was not different with the CR group D/I ratio of 1.03 ± 0.07 and sham group D/I ratio of 1.04 

± 0.12.  (I) When comparing GFAP processes, animals subjected to unilateral CR had a D/I ratio of 1.12 ± 

0.17, a value greater than sham-operated animals but not significantly different (0.71 ± 0.15).  (J) No 

change in between was seen in IBA1-positive cell density D/I ratio between CR and sham groups (1.0 ± 

0.01 and 0.99 ± 0.01).  Values are reported as mean ± SEM. 
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between CR and sham controls after seven days post-operative (n = 17 CR and n = 11 

sham; ANOVA, p = 0.13; Fig. 2.11, panel F–J). 

2.5 DISCUSSION 

We have characterized the developmental emergence of distinct glial populations 

in the auditory brainstem, focusing on the projection from VCN to MNTB in relation to 

the developing calyx of Held.  Additionally, we performed similar studies on lesion-

induced ipsilateral projections.  These studies provide clues to the function of glial cells 

in auditory synaptogenesis, and suggest that induced calyces share similar glial 

involvement with normal contralateral calyces. 

2.5.1 Glial distribution in brainstem postnatal development – connection to 

developmental events 

In this study we explored the developmental expression pattern of several glial 

markers in the mouse auditory brainstem during normal postnatal development and 

following early unilateral CR.  To explore the role of glial cells in the establishment of 

auditory connections, we examined the expression of glial markers during maturation of 

the auditory pathway (Borst and Soria van Hoeve, 2012).  At P0, VCN axons in MNTB 

synapse onto multiple postsynaptic targets through collateral branches (Rodriguez-

Contreras et al., 2008).  We found distinct temporal expression profiles of astrocytes, 

oligodendrocytes, and microglia.  GFAP and S100β expression appeared at low levels 

beginning at P0 along the ventral border of the brainstem and VCN, with high 

expression in the auditory nerve.  Expression was robust for ALDH1L1 in VCN and 

MNTB.  Like GFAP-positive astrocytes, IBA1-positive microglia were present sparsely in 
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VCN, but not in MNTB. OLIG2 expression revealed minimal labeling in VCN and MNTB, 

with many cells located in the auditory nerve.  At P6, an early protocalyx has formed 

and collaterals are extensively pruned so that each MNTB principal neuron receives a 

single calyceal input (Rodriguez-Contreras et al., 2008).  With the exception of GFAP, 

all astrocytic markers screened were expressed in VCN and MNTB at this age. Few 

IBA1-positive cells were seen in VCN and MNTB at P6.  

We examined glial marker expression at P14, after the period of hearing onset 

(Mikaelian et al., 1965).  Synaptic function and structure change at this stage as the 

calyx of Held matures.  The calyx undergoes a transformation from spoon-shaped to 

having many finger-like processes; this fenestration is associated with interdigitated 

astrocytes (Taschenberger et al., 2002, Ford et al., 2009).   At this age, we found 

GFAP-positive fibrous processes that extended into both VCN and MNTB, while the cell 

bodies of these cells remained outside these auditory nuclei.  Other astrocytic markers 

demonstrated similar staining to earlier ages.  In addition, IBA1 staining revealed the 

presence of numerous microglia in VCN and MNTB.  In our survey, GFAP-positive 

fibers were seen in MNTB only after hearing onset.  By P23, while all other glial markers 

had similar staining patterns to previous ages, ALDH1L1 staining appeared more 

punctate in MNTB.  The change in appearance of ALDH1L1 expression coincides with 

the developmental age at which all the calyces have undergone a period of fenestration 

(Ford et al., 2009).  In addition, the close apposition of ALDH1L1-positive astrocytes 

suggests that this particular astrocytic population may be important for the facilitation of 

glutamate uptake that is necessary for the calyx to have high fidelity synaptic 

transmission onto the principal neurons.  



42 
 

2.5.2 Oligodendrocytes expressed during brainstem development 

We used an antibody that recognizes OLIG3, a known marker for embryonic, 

young, and mature oligodendrocytes (Takebayashi et al., 2000), to examine the 

developmental expression of oligodendrocytes.  In all the ages we examined, 

oligodendrocytes were present throughout VCN and MNTB.  Previously published 

studies using an alternate oligodendrocyte marker, myelin basic protein, have shown a 

similar expression pattern in rodent brainstem (Delassalle et al., 1981, Foran and 

Peterson, 1992, Richardson et al., 2006).  These observations suggest the presence of 

oligodendrocytes well in advance of myelination, which occurs in this pathway in rats 

after P8 (Leao et al., 2005). 

2.5.3 Temporally and spatially distinct classes of astrocytes 

Our results suggest the presence of a heterogeneous population of astrocytes.  

Classically there are considered to be two astrocytic populations: fibrous and 

protoplasmic astrocytes.  While fibrous astrocytes have more elongated processes and 

are largely located in white matter; protoplasmic astrocytes are more globular with fewer 

glial processes and are localized to gray matter (Miller and Raff, 1984).  In our studies, 

we found that GFAP-expressing astrocytes appeared later in the brainstem compared to 

non-GFAP astrocytic markers, suggesting that distinct classes of astrocytes could have 

differing functions in brainstem development.  In our study, GFAP-expressing astrocytes 

may represent the fibrous astrocytic population, as these astrocytes fit the criteria for 

having more elaborate processes and are found coursing along the VCN axon tracts to 

MNTB.  In contrast, the morphology of ALDH1L1- and S100β-positive astrocytes was 

more consistent with protoplasmic astrocytic population; these cells were more rounded 
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and while not found within the fiber tracts, were localized predominantly to the gray 

matter, surrounding the principal neurons.  The early astrocytes are positioned to play a 

role in synaptogenesis.  GFAP expression at later ages showed astrocytes in close 

apposition to the calyx of Held as well as localized to the VCN-MNTB fiber tracts, in 

parallel to studies done in the mature rat brain and cat visual cortex (Ghandour et al., 

1980, Hajos and Kalman, 1989, Muller, 1992, Reyes-Haro et al., 2010).  While we did 

not assess astrocyte function within the brainstem, the localization of these cells is 

consistent with a possible role in regulating neurotransmission and facilitation of 

glutamatergic clearance (Renden et al., 2005, Reyes-Haro et al., 2010).  

2.5.4 Delayed expression of GFAP-positive astrocytes and IBA1-positive 

microglia in MNTB 

The early expression of the astrocyte markers ALDH1L1 and S100β contrasts 

with expression of GFAP in MNTB, which was not seen upregulated until after hearing 

onset.  Minimal IBA1 expression was seen inside MNTB at P6.  The appearance of 

GFAP-positive astrocytic fibers and IBA1-positive microglia within the MNTB occurs 

after formation of the calyx of Held, but during a time of maturation of the calyx (Ford et 

al., 2009, Borst and Soria van Hoeve, 2012).  Our results are consistent with similar 

findings in chick auditory brainstem development, where GFAP-positive processes were 

observed entering the n. laminaris (NL) cell body layer late in embryonic development, 

after excitatory inputs to the nucleus have formed (Saunders et al., 1973, Jackson and 

Parks, 1982, Young and Rubel, 1986, Korn and Cramer, 2008).  The delayed 

expression of GFAP in chick astrocytes coincides with dendritic reorganization of NL 

neurons and inhibitory synapse maturation.  Furthermore, astrocyte-secreted factors 
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were shown to mediate these developmental events using an in vitro preparation (Korn 

et al., 2011, Korn et al., 2012).  While we did not look at astrocyte-secreted factors in 

the present study, the importance and identity of these factors will be of interest in the 

study of circuit formation in the mammalian auditory brainstem. 

2.5.5 Morphological changes in microglia during postnatal brainstem 

development 

IBA1 immunofluorescence showed that brainstem microglia undergo 

morphological changes early in postnatal development.  At P0 we observed both 

amoeboid microglial cells with no processes and cells with few processes emanating 

from the cell bodies.  These microglia appeared more rounded, similar to previously 

described embryonic forms found in the rat hippocampus (Dalmau et al., 1997).  IBA1 

microglia observed at older postnatal ages were more dense and exhibited slightly 

ovoid cell bodies with complex, elongated radial processes, characteristic of the 

ramified forms observed during the second postnatal week of rat hippocampal 

development (Dalmau et al., 1998).  At three postnatal weeks, microglia were numerous 

and demonstrated a diversity of types, ranging from only cell bodies to cells with various 

processes (Lawson et al., 1990).  

2.5.6 Distribution of astrocytes and microglia following unilateral CR 

After unilateral CR during the early postnatal period, intact VCN axons branch 

and make aberrant connections with the denervated ipsilateral MNTB (Kitzes et al., 

1995, Russell and Moore, 1995, Hsieh et al., 2007).  Similar molecular cues limit 

ipsilateral projections both during normal development and after CR (Nakamura et al., 
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2012, Nakamura and Cramer, 2013).  To further explore the similarities of these 

mechanisms, we examined the extent to which glial distributions in denervated MNTB 

resemble those seen during normal development. We found that CR was not associated 

with overall significant increases in glial cell density in MNTB compared to the 

unlesioned side.  Nevertheless, distinct populations of glial cells were closely localized 

to the newly developing ectopic calyx, similar to those seen in normal development.  

IBA1-positive microglia were not preferentially located near nascent calyces, either 

during normal development or after unilateral lesion.  The similarity in the spatial 

distribution of glial cells during developmental and induced synaptogenesis in MNTB is 

consistent with the view that these processes share molecular and cellular mechanisms. 

A number of studies have shown increases in glial reactivity following 

deafferentation in the adult cochlear nucleus.  An increase in astrocytes was found in 

chick brainstem after CR in n. magnocellularis, the avian homolog of the anteroventral 

cochlear nucleus (Rubel and MacDonald, 1992, Lurie and Rubel, 1994).  Prior studies in 

mammals have also shown that both microglia and astrocytes are upregulated in the 

cochlear nucleus in response to unilateral inner ear lesions in adult rats (de Waele et 

al., 1996, Campos Torres et al., 1999, Campos-Torres et al., 2005, Fuentes-Santamaria 

et al., 2012).  These studies showed changes in the cochlear nucleus, the primary 

target denervated by CR.  In our studies, we explored changes in the MNTB, a 

secondary site of denervation.  It is possible that changes in glial cell density are not 

reflected in this secondary site.  Consistent with this possibility, unilateral CR did not 

alter proliferation in P9 rat MNTB (Saliu et al., 2014).  Alternatively, it may be that 

changes in glial cell density require a longer time to emerge.  Because we were 
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interested in the formation of calyceal terminations, we limited our examination of glial 

markers to a time window after lesion when the new calyces form (Kitzes et al., 1995; 

Hsieh et al., 2007).  Our findings suggest that glial cell configurations near induced 

projections are similar to those of normal projections, but that increases in glial number, 

through proliferation or migration, do not seem to be required for the induction of 

ipsilateral projections. 

2.5.7 Concluding remarks 

Our data show distinct expression profiles of glial markers in the developing 

mouse brainstem.  Specifically, we found that glial cells are found early in development, 

during synaptogenesis of the VCN-MNTB circuit, and that these populations shift and 

change overtime.  The results are consistent with a role for glial cells and their 

associated proteins in synapse formation and maturation in the auditory brainstem.  

Following CR, we found that the expression of glial markers after surgery was largely 

similar to that of normal development, with astrocytes and microglia surrounding both 

normal and lesion-induced calyces.  These observations support the view that induction 

of new synapses after lesion relies on the same glial populations needed for normal 

development. 
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CHAPTER 3: Impaired microglial signaling effects on Calyx of Held normal 

development 

3.1 SUMMARY 

Proper synapse formation requires the orchestration of appropriate cell-cell 

communication. Abnormalities in synapse development may result in impairments in 

synaptic connectivity and have been implicated in neurodevelopmental disorders.  

In the auditory brainstem, precise circuitry is essential for processing sound 

localization.  The mammalian auditory brainstem provides an excellent model to study 

various mechanisms of synapse formation such as competition and maturation of 

synapses.  In this study, we focused our work on studying the VCN-MNTB circuit within 

the mammalian brainstem that provides inhibition to nearby brainstem nuclei.  The VCN 

provides contralateral projections onto MNTB, known as the calyx of Held, and are one 

of the largest synapses found in the brain (Spirou et al., 1990).  While the circuitry has 

been well characterized, understanding what molecular mechanisms guide proper 

synapse formation in the brainstem remains a challenge for developmental 

neuroscience.  Here, we investigated what glial influences can affect synapse formation 

in the auditory brainstem.  As glial cells have been documented to promote synapse 

formation and maturation, we focused on microglial influences.  Microglia have been 

implicated in various aspects of synapse formation and pruning.  Initially thought to 

serve as the immune cells of the nervous system, microglia have emerged as active 

surveyors of the microenvironment, regulating the number of synapses, and modulating 

synaptic efficacy.    
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For this study, we used two mutant mouse lines that have impaired microglial 

signaling – the Cx3cr1-/- and Csf1R-/- strains.  We examined calyx form and number in 

P8 mice, at an age when most MNTB neurons have a single dominant input (Holcomb 

et al., 2013).  We measured calyx size, MNTB cell size, and pruning deficits.  Our 

results showed that compared to their wildtype littermates, both Cx3cr1 and Csf1R 

mutant mice exhibited smaller calyx size, smaller MNTB cell area, and impairment of 

synaptic pruning.  Additionally, we conducted a preliminary assessment that sought to 

identify a potential mechanism for the immature synapse phenotype observed in the 

mutant mice.  Using super resolution STORM imaging, we observed a reduction in 

VGLUT1/2 levels in the calyces of mutant Cx3cr1-/-  mice compared to control mice.  

Finally, we looked at LPS injected mice and found increased levels of VGLUT1/2 

expression. 

 Overall, our data suggest that impaired microglial signaling influences normal 

development of the calyx of Held and as a result, influences the target MNTB cell size.  

These impairments persist through to adulthood and can potentially influence sound 

localization ability of the animals.  Furthermore, we sought to identify what 

consequences occur due to a reduced calyx size and found that Cx3cr1-/- mice have 

less VGLUT1/2 molecules within the developing calyx compared to controls.  

Collectively, this data points to microglia serving as an active gatekeeper in mediating 

key synaptic events in the VCN-MNTB pathway. 
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3.2 INTRODUCTION 

Neuronal communication relies on the proper wiring of neural networks.  The 

precision and remarkable connectivity of the central nervous system is first preceded by 

a wave of exuberant synapses that occurs during early development.  Selective pruning, 

often mediated by neural activity-dependent mechanisms, ensures that weaker 

synapses are removed and the remaining synapses are stabilized and strengthened.  In 

the mammalian auditory brainstem, connections important for sound localization are 

similarly pruned (Holcomb et al., 2013).  In this pathway, spiral ganglion cells in the 

cochlea send central projections into the brainstem where they form synapses the 

ventral cochlear nucleus (VCN).  Axons from VCN globular bushy cells provide 

excitatory, glutamatergic innervation to the contralateral medial nucleus of the trapezoid 

body (MNTB), the main inhibitory nucleus in the auditory brainstem (Banks and Smith, 

1992, Kandler and Friauf, 1993).  This VCN-MNTB projection covers each MNTB 

neuron in a large encapsulating termination known as the calyx of Held (Friauf and 

Ostwald, 1988, Kuwabara et al., 1991, Kuwabara and Zook, 1991, Kandler and Friauf, 

1993).  These inputs are specialized synapses that provide fast neurotransmission to 

the MNTB neuron, which in turn modulates other brainstem nuclei through glycinergic 

innervation.  During early postnatal development, many small calyces terminate onto a 

single MNTB neuron providing relatively weak synaptic input (Rodriguez-Contreras et 

al., 2006).  Eventually, a dominant input outcompetes weaker synapses by the first 

postnatal week and the remaining calyx develops into a mature, large reticulated 

structure (Rodriguez-Contreras et al., 2008, Ford et al., 2009, Holcomb et al., 2013).  

The mechanisms underlying this progression of developmental events that ensure 
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proper synaptic pruning remain a significant challenge in developmental auditory 

research. 

Recently, microglia have been shown to mediate many synaptogenic events, 

including developmental pruning of excess synapses.  These glial cells actively survey 

the microenvironment and make numerous and brief contacts at developing synapses 

(Nimmerjahn et al., 2005, Wake et al., 2009, Tremblay et al., 2010).  In normal 

development, microglia serve to regulate the appropriate number of synapses through 

various mechanisms.  Evidence for microglial pruning first emerged within the visual 

system where they were shown to prune synapses terminating in the lateral geniculate 

nucleus (LGN) through the complement receptor 3 (CR3) and ligand C3 pathway 

(Schafer et al., 2012).   

Impaired microglial signaling through the fractalkine receptor, Cx3cr1, also 

influences synaptogenesis.  Cx3cr1-/- mice have excess synapses and impaired circuit 

connectivity (Paolicelli et al., 2011, Zhan et al., 2014).  In addition, Cx3cr1-/- mice exhibit 

behavioral abnormalities similar to those seen in animal models of autism (Zhan et al., 

2014).   

 Numerous factors released from microglia have the potential to influence 

synapse maturation.  For example, these cells secrete cytokines such as tumor necrosis 

factor α (TNF-α), which can influence synaptic strength through the upregulation of 

glutamate receptors (Beattie et al., 2002).  Additionally, microglia secretion of brain 

derived neurotrophic factor (BDNF) is important for mediating cortical synapse formation 

required for motor learning (Parkhurst et al., 2013).  While microglia can secrete trophic 
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factors in normal development, impaired or diseased microglia can secrete toxic levels 

of glutamate that cause dendritic and synaptic damage onto neurons (Maezawa and 

Jin, 2010).   

 In this study, we investigated microglial influences on the development of 

synapses in the VCN-MNTB pathway, focusing on maturation of the Calyx of Held.  We 

examined the effects of mutations in Cx3cr1-/- mice, which result in impaired microglial 

signaling.  In addition, we examined effects of mutations in colony stimulating factor 1 

receptor (Csf1R), in which no microglia develop.  We hypothesized that loss of microglia 

or impaired microglial communication would result in either lack of pruning or a delayed 

pruning phenotype.  Conversely, enhancement of microglial signaling was hypothesized 

to result in an augmentation of pruning.  We found that mutant mice had decreased 

calyx morphology, decreased MNTB cell size, and pruning deficits.  Additionally, we 

quantified the number of presynaptic excitatory VGLUT1/2 molecules and found an 

overall decrease in the Cx3cr1-/- mice, but an increase in VGLUT1/2 expression in LPS-

injected mice.  Our results suggest that impaired microglial signaling potentially affects 

synapse development through an immature calyx that has a decreased release of 

excitatory synaptic molecules.   

3.3 MATERIALS AND METHODS 

3.3.1 Animals 

All procedures were approved by the University of California, Irvine Institutional 

Animal Care and Use Committee. 
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To investigate microglial effects on brainstem synapse formation, two mouse 

lines were used, both on the C57BL/6 background and obtained from Jackson 

Laboratory.  The first has a null mutation in the Cx3c chemokine receptor 1 (Cx3cr1).   

The Cx3cr1 protein is a receptor expressed in microglia that interacts with a chemokine 

ligand, fractalkine, which is expressed in neurons.  The Cx3cr1-/-  mouse line thus has 

impaired neuron-microglia signaling.   In addition, these mice have enhanced green 

fluorescent protein (EGFP) inserted into exon 2, resulting in GFP-positive microglial 

cells (Jung et al., 2000).   

A second mouse line Csf1rfloxed/floxed have loxP sites flanking exon 5 of the Csf1r 

gene, which encodes colony stimulating factor 1 receptor, a factor essential for 

microglial survival.  These mice were crossed with the B6.FVB-Tg (Zp3-cre)3Mrt/J 

mouse line that has Cre expressed exclusively in the oocytes to produce Cre-

Csf1Rflox/flox mice.  Heterozygotes (Csf1Rflox/-) were generated by crossing Cre-

Csf1Rflox/flox mice with C57BL/6 males.  Heterozygotes were bred together in order to 

generate mutant Csf1R-/- mice.  In contrast to the Cx3cr1-/- mice, the Csf1r-/- mice have 

various physical abnormalities including small body size, lack of teeth, osteoporosis, 

and premature death by 6 weeks of age (Li et al., 2006, Erblich et al., 2011).  It has also 

been previously shown that Csf1R is important for microglia viability, as targeted 

pharmacological agents inhibiting this receptor result in depletion of microglial 

populations (Elmore et al., 2014).  In additional experiments using wild type C57bl/6 

mice, we induced microglial activation with lipopolysaccharide (LPS) injected 

intraperitoneally at a dose of 2mg/ml from P2-P7.  Mice were perfused at P8. 
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Studies investigating calyx formation, cell size, and synaptic function were 

performed on both pups aged postnatal day 7-9 (P7-9).  Adult mice were used for 

calculations of MNTB neuron size was (2 months). 

Brainstem tissue was extracted after mice were transcardially perfused with 0.5% 

saline followed by 4% PFA as outlined in Chapter 2.  Tissue was fixed in 4% PFA for 2 

hours at 4ºC and dehydrated in 30% sucrose overnight.  Tissue was placed in OCT and 

coronally sectioned at 18-micron thickness onto chrom-alum subbed slides for 

immunohistochemistry.   

3.3.2 Immunohistochemistry and STORM VGLUT labeling 

 Slides were rinsed and treated with an antigen retrieval step in 0.1% SDS in 1X 

phosphate buffer saline (PBS, 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, and1.8mM 

KH2PO4) for 5 minutes.  Slides were then rinsed in PBS solution 3 times at 10 minutes 

each.  Slides were blocked with 4% bovine serum albumin (BSA) in 0.1% triton-x-100 

PBS solution for 1 hour at room temperature, followed by primary antibody incubation 

overnight at room temperature.  The following day, slides were rinsed with PBS and 

incubated in secondary antibody (Alexa Fluor, Invitrogen) for 1 hour at room 

temperature before rinsing in PBS and were coverslipped with Glycergel (Dako).   

 Presynaptic excitatory synapses were stained using the VGLUT1/2 antibody 

(anti-guinea pig, Millipore) at a 1:2500 dilution.  The NeuN antibody was used to 

visualize neuronal cell bodies (anti-mouse, Millipore) at a 1:500 dilution.  AlexaFluor 

secondary antibodies were used at a dilution of 1:500.   
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For STORM imaging experiments, slides were first cleared in Sca/e buffer for a 

minimum of 3 days at 4ºC to reduce background autofluorescence.  Sca/e2 clearing 

buffer was prepared with 4M urea, 10% glycerol and 0.01% triton-x-100 as previously 

published (Hama et al., 2011).  Slides were then incubated in sodium borohydride 

(1mg/ml in PBS) for 5 minutes at room temperature, followed by performing the 

standard immunolabeling for VGLUT1/2 as described above.  Slides were incubated in 

STORM imaging buffer detailed in the protocol below.   

3.3.3 Neuroanatomical labeling 

Rhodamine dextran amine (RDA) dye injections were used to visualize calyces.  

The RDA (MW: 3000, Invitrogen) dye injection solution included 6.35% RDA with 0.4% 

Triton-X100 in PBS.  Brainstems were extracted and placed in artificial cerebrospinal 

fluid (aCSF; 130mM NaCl, 3mM KCl, 1.2mM KH2PO4, 20mM NaHCO3, 3mM HEPES, 

10mM glucose, 2mM CaCl2, 1.3mM MgSO4 perfused with 95% O2 and 5% CO2).  A 

pulled glass micropipette was filled with RDA and short pulses of dye were injected 

using a Picospritzer at 25 ms along the medial extent of the ventral brainstem in order to 

visualize projections terminating onto both MNTB regions.  The region surrounding the 

injection site was electroporated at a rate of 5 pulses per second (pps) at 40 volts (V) for 

50 milliseconds (ms).  The brainstem was dissected out and immersed in aCSF for 2 

hours under continuous oxygenation and fixed for two hours in PFA for histology, 

rinsed, and incubated in 30% sucrose overnight.   
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3.3.4 Imaging  

 Images were captured using a fluorescent and confocal microscope (Zeiss 

Axioskop and Leica Confocal microscope, respectively).  Adobe Photoshop was used to 

adjust images for appropriate brightness and contrast and edited using Adobe 

Illustrator.   

 To quantify individual VGLUT1/2 molecules, we used super resolution STORM 

imaging (Rust et al., 2006).  By using this technique, individual VGLUT molecules can 

be selectively activated and quantified.  Following immunohistochemistry, slides were 

placed in freshly prepared STORM imaging buffer (SIB).  Three solutions were used in 

order to create SIB, which consisted of 98% Imaging Buffer Base (10% glucose, 50mM 

Tris, 10mM NaCl), 2% β-mercaptoethanol (14.3M), and 2% 100x Glox solution (14 mg 

glucose oxidase, 50 µl catalase, 8mM Tris, 40mM NaCl).  ANDOR software was used to 

acquire calyx images in addition to expression of VGLUT molecules.  The total number 

of VGLUT molecules within a particular section were analyzed using the ANDOR 

NStorm Analysis panel, and a Python program was developed in order to selectively 

measure VGLUT molecules within calyceal regions (script created by Brett Settle from 

the lab of Dr. Ian Parker). 

3.3.5 Imaging analysis 

 Quantification of calyx size, neuronal size, VGLUT expression levels, and 

pruning assessments were performed using ImageJ software and Axiovision.   All 

calyces were quantified to ensure sufficient sampling.  Calyceal size was determined by 
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thresholding images to highlight regions of interest.  The ImageJ wand tracing tool was 

used to individually select calyces and area measurements were taken.   

Axiovision software was used to measure MNTB cell size and VGLUT1/2 

expression levels.  Area was measured by using the Outline Spline tool to trace 

individual cells.  Measurements of cell area were taken on 10 randomly selected cells 

on at least 3 MNTB sections.  VGLUT1/2 levels were quantified by performing an optical 

density analysis that was subtracted to background staining levels on 3 randomly 

selected MNTB sections.   

To quantify pruning effects, we used VGLUT immunolabel as a marker for 

presynaptic input onto principal neurons together with sparse RDA labeling of calyces.  

We performed this analysis on all MNTB neurons with an RDA-labeled calyx.  Using 

ImageJ, we measured VGLUT coverage that coincided with the labeled calyces 

(presynaptic input derived from the labeled calyx, denoted as VGLUTRDA) in addition to 

total VGLUT coverage of the MNTB cell (value representing all presynaptic inputs on 

MNTB neuron, known as the VGLUTtotal) and calculated a ratio (VGLUTRDA / 

VGLUTtotal).  Values above 0.8 were indicative of complete pruning (i.e., the only 

presynaptic input onto MNTB was from the labeled calyx), whereas a value closer below 

0.8 suggested additional inputs, observable as regions of VGLUT immunolabel not 

associated with the labeled calyx, and thus associated with other inputs to the MNTB 

neuron.  From the VGLUTRDA / VGLUTtotal ratio, we quantified the percentage of 

monoinnervated synapses. 
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STORM data analysis was performed using ANDOR-STORM software.  Images 

were analyzed for individually activated VGLUT molecules using the ANDOR NStorm 

Analysis software and a Python script was created to calculate VGLUT molecules within 

a calyceal region (script written by Brett Settle from Dr.  Ian Parker’s lab).  

For multiple comparisons, ANOVA with post-hoc Tukey analysis was performed.  

In comparing wildtype groups to mutant mice groups, a student’s t-test with a Bonferroni 

correction was performed for determining significantly different means. 

3.4 RESULTS 

3.4.1 Csf1R-/- mice lack microglia in brainstem 

To observe microglial effects on brainstem development, we focused on the 

VCN-MNTB pathway.  Maturation of this pathway entails several morphological 

changes that affect both the calyx and principal MNTB neuron.  By the first postnatal 

week, multiple calyceal inputs synapse on a single MNTB neuron and actively compete 

to become the predominant input.  In addition, neurogenesis of MNTB cells occurs with 

MNTB neurons increasing in size (Holcomb et al., 2013).  To this extent, we focused on 

microglial effects on calyx size, MNTB cell size, and pruning.  Two mouse models were 

used in order to investigate microglial mechanisms within the brainstem – the Cx3cr1 

and Csf1R mouse lines.  While it was previously shown that Csf1R -/-  mice have 

complete elimination of microglia within the cortex, we first determined if microglia were 

also eliminated in the brainstem.  Compared to littermate controls, Csf1R -/-  mice have 

no microglia (Figure 3.1).   
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3.4.2 Cx3cr1-/- and Csf1r-/- mice exhibit immature calyx morphology and defects in 

MNTB cell size 

We then looked at calyx size by measuring overall calyx area. We performed 

sparse RDA midline injections along the ventral brainstem in order to visualize calyces 

terminating onto both MNTB regions (Figure 3.2).  

 

 

 

 
Figure 3.1 Csf1R-/- mice have no microglia in brainstem.  (Left panels) Compared to 

wildtype mice, Csf1R-/- mice (right panels) have no microglia, as documented in Erblich et al., 

2011.  Scale bar represents 100µm. 

 



59 
 

 

The mean calyx size of wildtype mice was 50.05 ± 3.92 µm2 (n = 13, Figure 

3.3A), which was significantly larger than the mean calyx size Cx3cr1-/- mice (Figure 

3.3B; 37.09 ± 2.44 µm2; n = 9, p=0.014 using ANOVA test with post-hoc Tukey).  

Interestingly, the decreased calyx size was also observed in the Csf1r-/- mice compared 

to their littermate controls.  While the mean calyx size of the wildtype mice was 48.05 ± 

2.645 µm2 (n=11), Csf1r-/- mice had significantly smaller calyx area compared to their 

 

 
Figure 3.2 Illustration of sparse labeling technique.  Top, Schematic diagram shows 

location of dye injections.  Small volumes of RDA dye were injected into the midline of the 

ventral brainstem. Bottom, inset shows calyceal labeling from both MNTB regions.  Scale bar, 

100µm. 
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wildtype littermates (Figure 3.3C; 30.46±4.36 µm2; p=0.007 using t-test with Bonferroni 

correction; n=4).    

We next measured the size of MNTB principal neurons.  We found that Cx3cr1-/- 

mice had a smaller mean cell size in MNTB compared to control mice in which wildtype 

mice had a mean cell size of 107.07 ± 1.85 µm2 (Figure 3.4A, n=8).  The mean cell size 

of Cx3cr1-/- mice was 119.85 ± 3.67 µm2 (Figure 3.4B, n = 13; p=0.021; ANOVA test 

 
Figure 3.3 Calyx morphology in Cx3cr1 -/- and Csf1R -/- mutant mice.  Compared to wildtype 

mice (A), Cx3cr1 -/- and Csf1R -/- mice have significantly smaller calyces (B, C).  Scale bar, 10µm.  

Quantifications of calyceal area in both mouse lines shown in panel (D).  For the Cx3cr1 study, 13 

wildtype and 9 mutant mice were used.  For the Csf1R study, 11 wildtype and 4 mutants were 

used. 
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with post-hoc Tukey analysis).  To determine whether the decreased MNTB cell area 

was attributable to a delay in development, we also measured MNTB cell size in adult 

Cx3cr1-/-  mice and found the decrease in cell size persisted through to adulthood.  

Compared to Cx3cr1+/-  which had an average MNTB cell size of 84.53 ± 2.36 µm2, the 

average cell size in mutants was 102.78 ± 7.04 µm2 (data not shown, p=0.008, t-test 

with Bonferroni correction).  We also measured cell size in Csf1R mice and found no 

differences between control and mutant mice (p=0.55, n = 3 per group). 

3.4.3 Cx3cr1-/- and Csf1r-/- mice have impaired pruning 

While we observed a decrease in both calyceal size and MNTB cell area, we 

were interested in determining if impaired microglial signaling would affect synaptic 

pruning.  We assessed pruning by comparing the VGLUT associated with the labelled 

RDA presynaptic input (VGLUTRDA), against the overall VGLUT levels of the total cell 

(VGLUTtotal).  By calculating the ratio of VGLUTRDA /  VGLUTtotal, we could differentiate 

between single versus multiple inputs onto a single MNTB neuron.  Using this ratio, we 

quantified the number of pruned synapses by using ratio values that were above 0.8 as 

 

 

Figure 3.4.  Cell area in Cx3cr1
-/-

 mice. (A) NeuN immunofluorescence in wild type mice.  (B) 

Compared to heterozygote control mice, mutant mice have smaller MNTB cell area.  (C) 

Quantifications of cell area are depicted (p = 0.021, n = 8 wildtype and 13 mutant mice).  Scale bar, 

50 µm.  
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indicative of complete pruning, in which a single calyx innervates one MNTB neuron.  

Values smaller than 0.8 would suggest incomplete pruning, with multiple cells providing 

synaptic input to an MNTB neuron.  We hypothesized that compared to wildtype mice, 

both Cx3cr1-/- and Csf1R-/-  mice would exhibit either delayed pruning or no pruning 

(Figure 3.5).    

 
 

Figure 3.5 Schematic of microglial signaling on VCN-MNTB pathway.  (Top row) In normal 

development, several calyces terminate onto a single MNTB neuron and actively compete until a 

dominant input is established.  (Middle row) We hypothesize that with reduced microglial numbers or 

impaired signaling, pruning would either be delayed or prevented altogether.  Delayed pruning would 

be observed by comparing VGLUT1/2 expression coinciding with RDA labelled calyx against overall 

VGLUT1/2 levels.  (Bottom row) With enhancement of microglial signaling, we hypothesize that the 

mechanisms underlying pruning would be enhanced. 
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We first investigated the Cx3cr1-/- mice for pruning deficits by staining for 

VGLUT1/2 (Figure 3.6).  We examined the proportion of VGLUT1/2 immunolabel 

associated with individual labeled calyces to identify monoinnervated versus 

polyinnervated MNTB neurons (Figure 3.6A-B; see Methods).   In control mice (Figure 

3.6A’-B’), we found that 66.67 ± 7.89% of MNTB neurons studied were determined to be 

monoinnvervated (Figure 3.6E).  In contrast, immunolabel for VGLUT1/2 in the Cx3cr1-/-  

showed many areas of VGLUT1/2 labeling that did not coincide with the labeled calyx 

(Figure 3.6C’-D’), suggesting additional calyceal inputs were present (Figure 3.6C’’-D’’, 

3.6F).  Using our criteria, we found that on average 34.32 ± 8.48% of MNTB neurons 

studied were monoinnervated.  This value was significantly less than that obtained in 

control mice (Figure 3.6E; p = 0.01 using t-test with Bonferroni correction, n = 9 

wildtypes and 10 mutants).   

Additionally, we investigated if there were any pruning deficits in the Csf1R-/- 

mutant mice (Figure 3.7).   We found that control mice had high overlap of VGLUT1/2 

expression localized with the labeled calyx (Figure 3.7 A -A’’) with a mean of 83.33 ± 

6.86% of MNTB neurons monoinnervated (n=8).  Similar to the Cx3cr1-/- mice, the 

Csf1R-/- mutants had significantly fewer monoinnervated MNTB neurons (Figure 3.7B-

B’’; 33.33 ± 13.61, p = 0.004 using t-test with Bonferroni correction, n = 4). 

 

 

 



64 
 

 

 

 

 

 
 

Figure 3.6. Cx3cr1-/- mice exhibit pruning deficits.  (A -B) Representative images from wildtype 

Cx3cr1 mice showing VGLUT immunolabel (A, B); RDA-labeled calyces (A’, B’); and merged 

images (A”, B”).  (C - D) represent Cx3cr1-/-  mice of RDA labeled calyces (C’ and D’) and VGLUT 

staining showing areas of VGLUT labeling that may be competing inputs (indicated by white 

arrows).  Merged images of both VGLUT and RDA shown in (A’’ – D’’).  (E) Compared to wildtype 

mice, Cx3cr1-/- had significantly less pruned synapses (p = 0.01; n = 9 wildtype and 10 mutant).  (F) 

shows a schematic comparing pruning efficiency between wildtype and mutant mice.  Scale bar, 10 

µm. 
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3.4.4 High resolution imaging reveals decrease in synaptic VGLUT1/2 protein in 

Cx3cr1-/- mice  

After observing a reduction in size of both the calx and postsynaptic MNTB 

neuron, we then quantified the synaptic proteins in mutants compared to control mice 

using super resolution STORM imaging.  The use of STORM imaging allows the 

advantage of measuring individual VGLUT molecules within a given calyx.  We were 

able to acquire high magnification images of calyces of both the wildtype and mutant 

 

 

Figure 3.7 Csf1R-/- mutant mice exhibit pruning deficits. (A) Representative images from wildtype 

Csf1R mice of VGLUT expression (A and B); RDA-labeled calyces (A’ and B’); and merged images (A” 

and B”). (B - C) VLUT expression, RDA labeled calyces (B’, C”), and merged images (B”, C”) in Csf1R-/- 

mutant mice.  White arrows denote areas immunolabeled for VGLUT that are do not coincide with calyx 

labeling. (D) Csf1R1-/-  mice exhibited fewer pruned synapses compared to control mice (p < 0.005; n = 8 

wildtype and 4 mutant), suggesting an impairment in pruning. Scale bar, 10 µm. 
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mice (Figure 3.8A and B, respectively) in relation to the expression of VGLUT1/2 

(Figure 3.8A’ and B’, respectively).  We found that compared to the wildtype mice, 

Cx3cr1-/- mutants had significantly less VGLUT1/2 molecules within the calyx (Figure 

3.8 B-B’).  The control mice had 10463.80 ± 3798.78 VGLUT1/2 molecules, whereas 

mutant mice had 3079.41 ± 631.32 (Figure 3.8, p=0.03, n = 4 wildtype and 4 mutants; 

Mann-Whitney rank sum test). 

 

 

 

 
 

Figure 3.8 STORM analysis of Cx3cr1-/- mice.  (A) represents RDA labeled calyx from wildtype 

mouse with VGLUT STORM imaging (A’).  (B) represents RDA labelled calyces from Cx3cr1-/-  

mouse with VGLUT STORM imaging (B’).  (C) Quantification of single VGLUT molecule activation 

between wildtype and Cx3cr1-/- show fewer VGLUT molecules within calyx in mutant mice 

(p=0.03; n = 4 wildtype and 4 mutants).  Scale bar, 10 µm. 
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3.4.5 LPS-induced microglial activation results in increased VGLUT1/2 levels  

While the previous experiments investigated effects on brainstem development 

using mutations with decreased microglial signaling and activity, we also explored 

synaptic changes associated with activation of microglia.  Specifically, we used 

lipopolysaccharide (LPS) injections.  We hypothesized that compared to controls, LPS 

injected animals would exhibit an increase in synaptic proteins, suggesting enhanced 

pruning (Figure 3.5).  Compared to saline treated mice, LPS injected mice had 

significantly more IBA1-positive microglia (Figure 3.9A-B).   

 
 

Figure 3.9 LPS injected mice exhibit more microglia and increased VGLUT expression. 

(A and B) represents IBA1 staining of microglial cells in LPS versus Saline injected mice. (C 

and D) shows VGLUT1/2 suggests an increase in VGLUT levels in LPS injected mice 

(quantifications in panel E) (p=0.06, n=3 wildtype and 3 mutants). Scale bar represents 100 µm 

in panel (B) and 50 µm in panel (D). 
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Following LPS treatment, brainstems were collected and immunolabelled with 

VGLUT1/2 (Figure 3.9C-D).  We found that compared to their control, saline injected 

littermates, mice injected with saline had an increased VGLUT1/2 expression (Figure 

3.9, p=0.06, student t-test).  Whereas LPS injected mice had 3639.20±748.84 optical 

density, their saline injected cohort had 1657.80±210.68 (n = 3 wildtype and 3 mutants).   

3.5 DISCUSSION 

3.5.1 Decreased presynaptic and postsynaptic targets 

 Our data investigated the microglial influences on VCN-MNTB development.  

Using both the fractalkine and Csf1R signaling pathways, we found that mutant mice 

had impaired calyx growth and decreased MNTB cell size compared to their control 

littermates.  While previous work in the lab has shown the presence of IBA-1 positive 

microglia in the brainstem as early as postnatal day 0 (P0), microglia appear in the 

cortex as early as E11.5 (Verney et al., 2010, Swinnen et al., 2013, Dinh et al., 2014).  

During this embryonic period, microglia may be poised to influence development of VCN 

axons that have already made weak contacts onto MNTB.  In postnatal development 

however, microglia may provide critical information for determining the synaptic strength 

of the calyx, and in turn, influence the overall neural input onto MNTB neurons.  In the 

cortex, microglia are important for mediating synaptic development of thalamocortical 

synapses (Hoshiko et al., 2012).  In this study, impaired Cx3cr1 signaling led to the 

reduced migration of microglia into the barrel cortex and as a result, a decrease in 

postsynaptic glutamate receptor expression (Hoshiko et al., 2012).  In the hippocampus, 
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Cx3cr1-/- mice exhibited decreased excitatory postsynaptic potentials (EPSPs), further 

demonstrating the role of microglia in synapse maturation (Paolicelli et al., 2011).  

Despite the neural region, it seems that microglial signaling is important for mediating 

synaptic maturation.  In order to determine if the microglia are important for promoting 

synaptic maturation, we could look at in adult mice to determine if the smaller calyces 

actually develop into a mature, fully fenestrated structure.  If microglia determine 

calyceal maturation, then impaired microglial signaling would result in poor synaptic 

maturation of the calyx.  Preliminary work in the lab has shown that adult Cx3cr1-/- mice 

have a delay in auditory brainstem responses (unpublished work from S.  Rotschafer). 

 While we observed synaptic deficits in our Cx3cr1-/- and Csf1R-/- mutant mice, we 

did not investigate any influences microglia may have on other glial cells, such as 

astrocytes.  As part of the quad-partite synapse (presynaptic, postsynaptic, astrocyte 

and microglial cell), microglia can work alongside astrocytes to mediate excitatory 

neurotransmission.  Specifically, microglia can secrete adenosine triphosphate (ATP) to 

bind onto the astrocytic purinergic receptor, P2Y1R, which in turn leads to astrocytic 

release of glutamate to upregulate mGLUR expression (Pascual et al., 2012).  As 

astrocytic populations such as ALDH1L1 or S100β are expressed as early as P0, 

microglia and astrocytes may be communicating together in order to mediate maturation 

of the calyx (Dinh et al., 2014).  In our studies, astrocytes are more closely positioned to 

the developing calyx than microglia.  While we looked at ALDH1L1-positive cells within 

the Cx3cr1 wildtypes and mutant mice and observed no difference in expression pattern 

(Figure 3.10), deficient microglial signaling may result in astrocyte secretion of fewer 
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trophic molecules.  Future work would look at the expression of glial secreted factors in 

the wildtype and microglial deficient mice.   

In addition to ATP, microglia may secrete other trophic factors.  In other systems 

microglial secretion of glutamate and chemokines such as interleukin-10 mediate 

synaptic transmission through upregulation of dendritic spines (Lim et al., 2013).  Unlike 

cortical neurons, MNTB neurons are aspiny; however, microglia may be regulating other 

synaptic conditions such as calyx growth or levels of synaptic proteins.  If microglia are 

secreting trophic growth molecules, then having a reduced number or lack of microglia 

such as seen in the Cx3cr1 and Csf1R mutant mice would result in an overall decrease 

in synaptic growth factors, affecting presynaptic and postsynaptic targets (Erblich et al., 

2011, Paolicelli et al., 2011).  In the cortex for instance, Cx3cr1 signaling mediates 

 

 
Figure 3.10 Astrocytes have similar expression patterns in Cx3cr1-/- mutants compared to 

control mice.  (A) shows ALDH1L1 expression in wildtype mice, which is similar to expression 

pattern observed in Cx3cr1-/- mutants (B).  Scale bar represents 20 µm. 
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neuronal survival, as mutant mice exhibited increased cell death in layer V neurons 

(Ueno et al., 2013).  In our studies, we observed a decrease in MNTB cell size – as the 

first postnatal week of brainstem development consists of an increase in MNTB 

neurogenesis, an interesting follow up study would look at if Cx3cr1-/- mice exhibit 

neuronal loss in MNTB.   

3.5.2 Microglia mediate pruning the calyx of Held 

 In our studies, we have demonstrated that deficits in fractalkine and Csf1R 

receptor signaling result in pruning deficits of the calyx of Held.  Aside from fractalkine 

signaling, complement-dependent pathways have also been mediated in synaptic 

pruning (Paolicelli et al., 2011, Schafer et al., 2012).  It has been shown that the 

microglia MerTK and P2Y6 receptors trigger microglia to phagocytose synaptic material 

(Koizumi et al., 2007, Caberoy et al., 2012).   

Both mutant mouse lines have impairments in microglial signaling or number.  If 

microglia are actively surveying the environment and making contacts onto several 

synapses, an impairment in microglia would result in fewer neurons receiving the 

appropriate signals to mature or prune.  Previous work by Holcomb and colleagues 

have suggested the idea of glial cells as additionally controlling the boundary for calyx 

formation.  In early development, calyces terminate onto open regions of MNTB that are 

uninhabited by glial cells (Holcomb et al., 2013).  If microglia are necessary for 

determining boundaries for calyceal formation, then having impairments in this glial 

populations would result in more potential areas for calyces to terminate.  Additionally, 
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the lack of growth factors being secreted by microglia would further promote an 

immature calyx phenotype.   

3.5.3 Impaired or enhanced microglial signaling 

Our results point to parallel functions between the fractalkine and Csf1R 

dependent signaling pathways.  In particular, our results show that impaired microglial 

signaling and lack of microglia result in a similar immature developmental phenotype 

that results in smaller presynaptic and postsynaptic targets.  When we compare overall 

calyx growth between both mutants, the Csf1R-/- mice seem to have smaller calyces.  

While both mutant mouse models are a form of impaired microglial signaling, it is 

important to note that only the Csf1R-/- mice completely lack microglia (Li et al., 2006, 

Erblich et al., 2011).  In contrast, the Cx3cr1-/- mice impaired microglial signaling, but 

still show similar phenotypic deficits, albeit not as large (Paolicelli et al., 2011).   

Interestingly, our study of microglial activation using LPS suggests an 

enhancement of glutamatergic innervation.  Our data show a trend for an increase in 

overall VGLUT1/2 levels in the LPS injected mice compared to the control mice.  In a 

state with activated microglia, these glial cells may be secreting trophic factors that 

either could directly influence their neural targets, or indirectly influence 

neurotransmission by working with another glial cell.  Other neural regions have shown 

a potentiation in synaptic activity following LPS injection.  For instance, in the CA1, LPS 

injections led to enhanced astrocytic release of glutamate (Pascual et al., 2012).  A 

future study would look at if LPS injected mice have an enhanced rate of synaptic 

maturation, such as faster pruning and quicker calyx development.  Additionally, we 
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could investigate whether LPS mediated effects on synapses are through microglia 

directly communicating with neurons, or if microglia affect neuronal function through 

other glial cells.   

3.5.4 Concluding remarks 

 Collectively, our results point to an importance of microglial signaling in mediating 

several synaptic properties occurring during normal VCN-MNTB circuitry development. 

Our results show that Cx3cr1 mutant mice exhibited immature calyx morphology, 

smaller MNTB cell size, and pruning deficits.  The Csf1R mutant mice also had smaller 

calyces and pruning deficits.  Additionally, our results suggest that microglia may be 

mediating synaptic development by regulating synaptic molecules such as VGLUT1/2 to 

the synapse.  

3.6 ACKNOWLEDGEMENTS 

I would like to thank Veronica Veksler and Thao Pham for their technical 

assistance with the tissue preparation, immunohistochemistry, and analysis.  

Additionally, I would like to thank Allison Haskell and Dr.  Kim Green for their assistance 

with confocal imaging.  Lastly, the STORM data would not be possible without the help 

of Dr.  Ian Smith and Brett Settle, who assisted in STORM image acquisition and 

designing software to analyze VGLUT molecules, respectively.   

 

 

 



74 
 

CHAPTER 4: Microglial contributions to lesion-induced plasticity 

4.1 SUMMARY 

A fundamental question in neuroscience is how synapses can be maintained and 

modified throughout life.  Early development marks a unique time during which 

synapses are highly plastic and susceptible to extensive reorganization.  In this study, 

we investigated the mechanisms that contribute to lesion-induced reorganization of 

synapses in the mammalian auditory brainstem.  We focused on the pathway from the 

ventral cochlear nucleus (VCN) to the medial nucleus of the trapezoid body (MNTB), 

part of a brainstem circuit that contributes to sound localization.  VCN axons project to 

contralateral MNTB where they terminate in a highly specialized synapse known as the 

calyx of Held.  While the projection is normally strictly contralateral, it can branch and 

make additional ipsilateral terminations following early removal of the cochlea on the 

opposite side.  As microglia have been shown to mediate synaptic plasticity in other 

neural circuits, we investigated if microglia could also contribute towards regulating 

synaptic induction within the brainstem.  Our previous work investigated the distribution 

of glial cells following early (P2) unilateral cochlear removal.  We found that following 

perturbation, astrocytic and microglial markers showed expression near the ectopic 

ipsilateral calyx.  In this study, we used the Cx3cr1-/- mouse line in order to assess 

microglial contributions to synaptic plasticity.  We observed that microglia were 

observed around the normal contralateral calyces as well as the lesion-induced 

ipsilateral calyces in both control and mutant mice.  In addition, we found that compared 

to control mice, Cx3cr1-/- mutant mice had significantly fewer induced ipsilateral 

connections to the denervated MNTB compared to their littermate controls.  These 
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studies show that microglia are localized near lesion-induced calyces, where they 

contribute to synapse formation following injury through Cx3cr1 mediated signaling.   

4.2 INTRODUCTION 

During development, synapses are dynamically established, modified, and 

strengthened.  Large scale structural reorganization of connections in response to 

denervation is in some instances limited to a developmental time window, or critical 

period.  An example of this type of plasticity is found in the mammalian auditory 

brainstem.  Globular bushy cells from the ventral cochlear nucleus (VCN) project to the 

contralateral medial nucleus of the trapezoid body (MNTB).  The VCN axon ending 

forms one of the largest synaptic terminations in the brain, the calyx of Held (Tolbert et 

al., 1982, Kuwabara et al., 1991).  The calyx of Held is a highly reticulated structure, 

providing a single encapsulating input onto the MNTB neuron, and plays an integral role 

in sound localization (reviewed in (Borst and Soria van Hoeve, 2012).  Whereas the 

calyx of Held normally terminates onto the contralateral MNTB neuron, the VCN-MNTB 

circuitry exhibits remarkable plasticity during development.  After early postnatal 

unilateral cochlear removal, VCN cells on the lesioned side undergo cell death and in 

turn result in denervation of the contralateral MNTB.  Axons from the VCN on the intact 

side rapidly branch and form a new, ipsilateral calyceal input in the MNTB denervated 

by the lesion (Moore and Kowalchuk, 1988, Hashisaki and Rubel, 1989, Kitzes et al., 

1995, Russell and Moore, 1995, Mostafapour et al., 2000). 

Previous work has looked at the role of several axon guidance molecules in 

determining the mechanism behind lesion-induced ipsilateral calyces (Hsieh et al., 

2007, Nakamura et al., 2012, Nakamura and Cramer, 2013).  An additional mechanism 
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involves glial cells.  Astrocytes and microglia are found near developing calyces and 

may play a role in mediating communication between pre- and postsynaptic neurons 

during lesion-induced synaptogenesis (Dinh et al., 2014).  Glial signaling pathways have 

been implicated in synaptic plasticity (reviewed in (Bacci et al., 1999, Allen and Barres, 

2005, Schafer and Stevens, 2015)).  The focus of this study was on microglia, immune 

responsive cells within the brain that rapidly survey the environment and are found in 

dynamic contact with synapses (Nimmerjahn et al., 2005).   

Microglial cells are unique in their origin, as they derive from the yolk sac and 

migrate into the brain during development (Alliot et al., 1999).  Microglia are implicated 

in several aspects of synapse development and refinement.  For example, following 

cochlear perturbation, microglia become reactive and are localized near excitatory 

synapses within VCN (Campos Torres et al., 1999, Janz and Illing, 2014).  Moreover, 

microglia are important for neuron survival, as mutations in the fractalkine – chemokine 

receptor signaling pathway have resulted in decreased survival of neurons (Ueno et al., 

2013).  In addition to a neuroprotective role, microglia survey the synaptic environment 

and are also responsible for removing damaged synapses (Kettenmann et al., 2013).  

Lastly, through either a complement-dependent or fractalkine-chemokine receptor 

mediated pathway, microglia are able to phagocytose synaptic material in development 

and mediate synaptic reorganization and overall connectivity (Schafer et al., 2012, Zhan 

et al., 2014).   

In this study, we investigated whether lesion-induced VCN-MNTB synaptic 

reorganization is influenced by microglial cells.  Our hypothesis was that microglial cells 

have similar roles in synapse development as in lesion-induced synaptic reorganization.  
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As described in Chapter 3, microglia promote synapse maturation and may contribute to 

refinement, which relies on activity-mediated competition (Holcomb et al., 2013).  

Lesion-induced calyx growth similarly requires assembly of synaptic proteins, 

elaboration of the synaptic termination, and cues arising from denervation.  Specifically, 

we hypothesized that if microglia are important for mediating synaptic development, 

then these cells would be in communication with normal developing calyces as well as 

with ectopically induced calyces.  Furthermore, if glial cells are important for controlling 

the number of newly formed calyces following lesion, then perturbing microglial 

signaling would result in a decreased number of new synapses formed.  We first 

examined the presence of microglial cells in denervated versus intact MNTB seven days 

following cochlear removal.   We found that microglial cells were observed in close 

proximity to the emerging ipsilateral calyces, similar to our developmental studies.  We 

investigated whether microglial signaling was needed for synaptic plasticity following 

cochlear removal.  We found that fractalkine receptor deficient mice (Cx3cr1-/-) 

displayed fewer induced calyceal terminations than their littermate controls.  Our data 

suggest that microglial cells play a critical role both in early postnatal plasticity of the 

mammalian auditory circuit.   

4.3 MATERIALS AND METHODS 

4.3.1 Animals 

All procedures were approved by the University of California, Irvine Institutional 

Animal Care and Use Committee.  To observe plasticity effects following impaired 

microglial signaling, we used the Cx3c chemokine receptor 1 (Cx3cr1) mutant mice on 

the C57BL/6 from Jackson Laboratory.  This strain has enhanced green fluorescent 
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protein (EGFP) inserted into exon 2, resulting in impaired communication between 

neurons and microglial cells, which are GFP-positive (Jung et al., 2000).  Cx3cr1-/- 

mutant mice were compared to their littermate heterozygote controls (denoted as 

Cx3cr1+/-).   

Mice were perfused initially with 0.5% saline followed by 4% paraformaldehyde 

(PFA).  The brainstem was extracted and fixed in 4% PFA for 2 hours at 4ºC and 

submerged in 30% sucrose in phosphate buffer saline (PBS; 137mM NaCl, 2.7mM KCl, 

10mM Na2HPO4, and1.8mM KH2PO4) overnight.  Samples were sectioned in the 

coronal plane at 18 µm thickness and thawed onto chrome-alum subbed slides. 

4.3.2 Cochlear removal 

Unilateral cochlear removal was performed at P2 using previously published 

methods (Hsieh and Cramer, 2006, Hsieh et al., 2007, Nakamura et al., 2012, 

Nakamura and Cramer, 2013, Dinh et al., 2014).  Surgery was performed under a 

dissecting microscope using heat sterilized instruments (Germinator 500, Cell Point 

Scientific).  Briefly, animals were anesthetized under hypothermic conditions and a 

small incision was made ventral to the pinna to expose the tympanic membrane.  A 

sterilized glass pipette was used to aspirate the cochlea.  After surgery, pups were 

placed on a heated pad to recover and were returned to their mother.  Pups were 

allowed 7 days to recover prior to tissue collection.  Pups were given a local analgesic 

(Flunixin, Western Medical Supply) at a dosage of 2.5mg/kg for two days including the 

day of surgery.  For sham-operated animals, all procedures were performed except 

aspiration of the cochlea.  Following perfusion, animals were used for neuroanatomical 

tracing of induced and normally developing calyces.  The VCN was examined upon 
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careful dissection.  Cochlea removal was ascertained when VCN on the lesioned side 

was less than half of the volume of the intact VCN. 

4.3.3 Neuroanatomical labeling 

Two methods were used to trace VCN axons projecting to MNTB.  Rhodamine 

dextran amine (RDA; Invitrogen) served the purpose of visualizing expression of 

microglia in relation to calyces.  The RDA (MW: 3000) dye injection solution included 

6.35% RDA with 0.4% Triton-X100 in PBS.  Brainstems were isolated and submerged in 

artificial cerebrospinal fluid (aCSF; 130mM NaCl, 3mM KCl, 1.2mM KH2PO4, 20mM 

NaHCO3, 3mM HEPES, 10mM glucose, 2mM CaCl2, 1.3mM MgSO4 perfused with 95% 

O2 and 5% CO2).  A pulled glass micropipette was filled with RDA and pulses of RDA 

were injected medial to the cochlear nucleus using a Picospritzer at 25 msec.  The 

region surrounding the injection site was electroporated at a rate of 5 pulses per second 

(pps) at 40 volts (V) for 50 msec.  The tissue was immersed in aCSF for 2 hours under 

continuous oxygenation to allow axonal transport of the dye, then fixed for two hours in 

4% PFA, rinsed, and incubated in 30% sucrose overnight.  Brainstem samples were 

placed in OCT solution in cryomolds and coronally sectioned on the cryostat (Leica) at 

18 µm thickness.  Samples were collected on chrome-alum subbed slides and used for 

histology purposes.   

In another set of tracing experiments we used NeuroVue (PTI Research, Inc.), a 

lipophilic dye that can be used for bulk label of the majority of VCN axons, thus allowing 

quantification of ipsilateral and contralateral calyces following cochlear removal as 

previously reported (Fritzsch et al., 2005, Hsieh and Cramer, 2006, Hsieh et al., 2007, 

Nakamura et al., 2012, Nakamura and Cramer, 2013).  A small piece of dye was placed 
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in the intact VCN (on the non-lesioned side) and brainstems were incubated in 4% PFA 

for 2 weeks in a 37ºC incubator.  Samples were sectioned at 100 µm thickness on a 

Vibratome (Leica) and coverslipped with Glycergel (Dako).   

4.3.4 Imaging 

Fluorescent images were taken using a Zeiss Axioskop microscope, Axiocam 

camera, and Axiovision software.  Confocal microscopy was used to capture high 

magnification images of microglial apposition in relation to the calyx.  Images were 

adjusted for brightness and contrast accordingly using Adobe Photoshop and edited 

using Adobe Illustrator. 

4.3.5 Image Analysis   

In our initial studies, we calculated microglial density by counting the number of 

microglia in at least 3 randomly selected images per animal. Microglia were counted in 

MNTB, VCN and LSO brain regions in both Cx3cr1+/+ and Cx3cr1-/- mice.  Statistical 

comparisons in microglial density within different brainstem regions was performed 

using ANOVA analysis. 

To determine if microglial signaling influences lesion-induced plasticity, we 

quantified the number of calyceal projections terminating onto the ipsilateral MNTB 

(ipsilateral to NeuroVue dye placement) or contralateral MNTB (contralateral to 

NeuroVue dye placement), as previously described (Fritzsch et al., 2005, Hsieh and 

Cramer, 2006).  A ratio of total calyces from the ipsilateral side to the total calyces on 

the contralateral MNTB (I/C ratio) was used to normalize for variations in the numbers of 

labeled fibers.  Values were then compared between Cx3cr1-/- mutant mice and 

Cx3cr1+/-  littermate controls.  Because the projection is normally contralateral, an I/C 
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ration close to zero signifies little or no lesion-induced plasticity.  In contrast, larger 

numbers signify a greater extent of plasticity.  Statistical comparisons across the 

cochlear removal groups were made using student t-tests using the SigmaStat software.   

4.4 RESULTS 

4.4.1 Microglial density within brainstem nuclei in Cx3cr1 mice 

Aside from impaired microglial-neuronal communication, the Cx3cr1-/- mice also 

exhibit a decrease in microglial number within the hippocampus (Paolicelli et al., 2011).  

We first investigated microglia morphology and calculated microglial density within 

MNTB, VCN and LSO nuclei regions of the Cx3cr1-/- mice.  We observed that microglia 

within the Cx3cr1+/- mice exhibited highly complex processes that radiated out from the 

cell body (Figure 4.1 A – B).  In addition, microglia from the mutant mice also had highly 

ramified processes (Figure 4.1 C).  We then quantified the number of microglia in these 

mice (Figure 4.1 D).  In MNTB, the Cx3cr1+/+ littermate controls had a mean of 20.09 ± 

3.24 cells.  The Cx3cr1-/- mice had a mean microglia number of 17.06 ± 3.24 cells and 

was not significantly different (Figure 4.1; p = 0.15, n = 3 controls and 17 mutants).  We 

also measured microglial density within VCN and LSO and found no significant 

difference in microglial number when comparing littermate controls to mutant mice 

(p=0.75 and 0.34, respectively).  Within VCN, while Cx3cr1+/+ littermate controls had a 

mean microglial number of 24.03 ± 5.86 cells, the Cx3cr1-/- mice had a mean microglial 

number of 25.6 ± 8.05 cells.  The microglial density in LSO from the Cx3cr1+/+ littermate 

controls had a mean microglial number of 21.62 ± 2.86 cells.  The Cx3cr1-/- mice had a 

mean LSO microglial number of 19.30 ± 3.92 cells (data not shown).  
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Figure 4.1. Microglia morphology and density in the Cx3cr1-/- mice.  (A-B) Microglia within MNTB in 
wildtype mice exhibit complex processes.  (C) In Cx3cr1-/- mice, microglia exhibit ramified, intricate 
processes. (D) Quantification of microglia within MNTB was not different between wildtype and mutant mice 
(p=0.9; n = 3 wildtype and 17 mutants). Scale bar = 50 μm. 
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4.4.2 Microglia are found in apposition with lesion-induced calyces 

We then performed cochlear removal at P2 in Cx3cr1+/-  and Cx3cr1-/- mice and 

examined the distribution of microglia in MNTB both ipsilateral and contralateral to the 

lesion.  We found that in heterozygote control mice, microglia were apposed near the 

induced and normally developing calyces (Figure 4.2A – B).  The Cx3cr1-/- mutant mice 

also had microglia nearby the ipsilateral and contralateral developing calyces (Figure 

4.2 C – D). 

 

 
Figure 4.2. Microglia are associated with contralateral and ipsilateral calyces.   (A – B) In 
heterozygote mice, microglia establish contacts onto ipsilaterally induced (A) and contralateral 
calyces (B). Like control mice, Cx3cr1-/- microglia are near ipsilateral calyces (C) and apposed near 
contralateral calyces (D). Scale bar = 50 μm 
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When we viewed the lesion-induced calyces arising from the intact VCN at a 

higher magnification, we were able to identify microglial processes in close proximity to 

the induced calyces (Figure 4.3).  In the littermate controls, the microglial cells were in 

close proximity to the induced calyx (Figure 4.3A – C).  These results were similar to our 

previous work showing microglial cells in close proximity to both normally developing 

and lesion-induced calyces (see Figure 2.10, (Dinh et al., 2014).  While microglia were 

apposed near the induced calyces in heterozygotes, we also observed that the 

microglia from the Cx3cr1-/-  mice also had microglial processes that contacted the calyx 

(Figure 4.3D, arrow).   

 
 

Figure 4.3. Following cochlear removal, microglia are localized near ipsilaterally induced 
calyces.  (A – C) In Cx3cr1+/- control mice, microglia are directly apposed to newly formed calyces 
(indicated by white arrows). (D) Cx3cr1-/- microglia are also localized near induced calyces. Scale 
bar, 25 μm. 

Cx3cr1 +/- Cx3cr1 +/-

Cx3cr1 +/- Cx3cr1 -/-
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From our observations and previous work demonstrating the neuroprotective role 

of microglia, we investigated how impairments in the microglial-dependent Cx3cr1 

signaling pathway would affect synaptic plasticity.  In normal development, many new 

calyces are formed from the ipsilateral, innervated VCN following unilateral cochlear 

removal (Figure 4.4, panels A and B; (Kitzes et al., 1995, Hsieh and Cramer, 2006).   

 
 

Figure 4.4. Schematic depicting expected outcomes from unilateral cochlea removal 
experiments.  (A) In normal development, VCN axons terminate onto contralateral MNTB neurons and 
form the calyces of Held.  (B) Following a unilateral cochlea removal, the denervated VCN (right side) 
loses neurons and decreases in size. New calyceal projections arise from the intact VCN (left side) 
forming ectopic calyces.  We propose that the Cx3cr1-/- mice would have normal contralateral calyceal 
terminations during development (C), but exhibit reduced plasticity following unilateral cochlea removal. 
Mutant mice would have a reduced number of ipsilaterally induced calyces forming from the intact, 
innervated VCN (D).   
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In contrast, we hypothesized that impairments in microglial signaling would result 

in an overall decrease in plasticity, resulting in fewer ipsilateral calyces being formed 

following cochlea deafferentation (Figure 4.4, panels C and D). 

4.4.3 Decreased plasticity observed in Cx3cr1 mutant mice following cochlear 

removal 

To investigate if microglia are important for determining plasticity following 

cochlear removal, we counted calyceal terminations from the ipsilateral and 

contralateral MNTB.  In order to normalize the amount of dye labeling, we calculated a 

ratio of the total number of calyces from the ipsilateral MNTB in comparison to the total 

number of calyces in the contralateral MNTB (I/C ratio).  The mean I/C ratio of Cx3cr1+/- 

was 0.35 ± 0.04 (n = 5; Figure 4.5A-B).  The Cx3cr1+/-  mice mean total ipsilateral and 

contralateral calyces labelled was 22.4 ± 3.42 and 70 ± 13.52, respectively.  In contrast, 

the mean I/C ratio for Cx3cr1-/- mutant mice was significantly less with a value of 0.14 ± 

0.02 (n = 4; p < 0.005, Student’s t-test; Figure 4.5C-F).  The mean total ipsilateral and 

contralateral calyces labelled for the Cx3cr1-/-  was 17.75 ± 3.5 and 130.5 ± 23.68, 

respectively. 

4.5 DISCUSSION 

4.5.1 Cx3cr1-/- microglia localization near ipsilateral calyces after cochlear lesion 

To investigate potential mechanisms that promote novel synaptogenesis in tissue 

denervated following a lesion, we focused on the impact of microglial cells on the VCN-

MNTB pathway.  Our studies used the Cx3cr1 mouse line that has previously been 
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shown to have reduced microglia and impaired microglial signaling the hippocampal and 

cortical region of the brain (Paolicelli et al., 2011, Pagani et al., 2015).   

 

Following unilateral cochlear removal, we observed that both control and mutant 

mice had microglial cells that were situated near the ipsilaterally induced calyces.  While 

both the heterozygotes and mutant mice had microglia near the new synapses, it is 

possible that the impaired microglia-neuronal signaling in the mutant mice would hinder 

calyceal growth following cochlear removal.  Electron microscopy work has shown that 

calyx formation during normal development occurs on regions of the MNTB neuron that 

 
 

Figure 4.5. Cx3cr1-/- mice exhibit reduced plasticity compared to littermate controls.  Cochlear 
removal was performed on Cx3cr1r+/-  and Cx3cr1-/- mice.  After a recovery of 7 days, calyces were 
labeled using NeuroVue dye to label induced calyces terminating in denervated MNTB (MNTBd 
shown in panel A, arrows indicate calyces), and normally developing calyces terminating in the 
innervated MNTB (MNTBi, panel B).  Compared to their littermate controls, Cx3cr1-/- mice had 
significantly fewer induced calyces (panel C/E and D/F showing induced and normally developing 
calyces, respectively). Quantifications for the total number of calyces in the denervated compared to 
innervated MNTB is are shown in panel G (p < 0.005).  Scale bar, 50 μm. 
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are uninhabited by glial cells (Holcomb et al., 2013).  If the mutant microglia have 

impaired microglial-neuron communication, deficient signaling may result in a lack of 

growth or inhibition of calyceal formation at the ipsilateral MNTB.  Furthermore, the 

Cx3cr1-/-  microglia may be ineffective at promoting synapse growth.  The Cx3cr1-/- mice 

may also have smaller points of contact on the calyx compared to littermate controls.  

As microglia are constantly surveying their environment for synaptic damage or 

clearing, having fewer points of microglial contact onto neurons would prevent synapses 

from becoming strengthened.  Microglia can affect synapse formation through the 

secretion of neurotrophic factors (Parkhurst et al., 2013).  It would be interesting to 

investigate if the actual number of contacts made by microglia was reduced in Cx3cr1-/- 

mice compared to controls.   

4.5.2 Reduced plasticity in Cx3cr1-/- mutant mice following cochlear lesion 

Our studies demonstrated a reduction in plasticity in the Cx3cr1-/-  mice.  

Following cochlear removal, Cx3cr1-/- mice exhibited a smaller I/C ratio compared to 

littermate controls.  Microglial involvement in synaptic plasticity has also been 

demonstrated in the visual system by acting through a purinergic receptor P2Y12 (Sipe 

et al., 2016).  Our results investigated microglial mechanisms at a time when the critical 

period for synaptic plasticity is still open.  Following cochlear ablation, ipsilateral calyces 

form within 24 hours (Kitzes et al., 1995).  Ectopic calyceal formation following cochlear 

removal only occurs if lesions are done prior to postnatal day 10.  In addition, synaptic 

plasticity decreases with age of cochlear removal with the number of ectopic calyces 

decreasing (P10, (Hsieh and Cramer, 2006)).  In normal development however, 

microglia predominantly enter MNTB beginning at P6, a time when synapses are 
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becoming refined (see Figure 3.4).  As microglia are more abundant at a time period 

near the end of the critical period for lesion-induced reorganization, microglia may have 

dual roles in synapse formation during development, and synapse strengthening once 

normal calyces have developed.   If this is the case, we would expect that impaired 

microglial signaling would result in weaker induced calyces formed after cochlear 

removal.  A future study would look at if lesion-induced calyces are weaker in the 

mutant mice.  In our studies, we looked at lesion-induced synapses 7 days after 

cochlear removal.  If microglia are important for strengthening of synapses, then the 

number of ipsilaterally induced calyces formed initially after cochlear removal should be 

the same in both control mice and mutant mice.  Additionally, it would be interesting to 

look at the stability of induced calyces and see if the Cx3cr1-/-  induced calyces are 

stabilized enough to be maintained through adulthood. 

4.5.3 Potential microglial mechanism of lesion-induced plasticity 

 Several studies have pointed to microglia as important for synaptic connectivity 

and wiring (Zhan et al., 2014).  Microglial reactivity has been observed at VCN following 

cochlear ablation (Janz and Illing, 2014), but interestingly, we did not observe changes 

in microglial number in MNTB after cochlear lesion (Dinh et al., 2014).  These data 

suggest that microglia play a role through their signaling pathways and not through 

modulating their numbers per se.  Our finding of reduced lesion-induced plasticity in 

Cx3cr1-/- mice suggests that signaling from neurons to microglia through the Cx3cr1 

receptor provides one means of microglial response to changes in innervation.  The 

downstream events effecting changes in plasticity are yet to be characterized. 
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One potential target of microglial signals is the formation of branching in 

contralaterally projecting VCN axons toward the ipsilateral MNTB targets.  Several 

microglial mutants aside from the Cx3cr1-/- have reduced outgrowth of dopaminergic 

axons (Squarzoni et al., 2014).  Additionally, microglia can act as “synaptic strippers” in 

clearing damaged or dysfunctional synapses (Kettenmann et al., 2013).  During lesion-

induced synaptic reorganization, microglia may be important for mediating synaptic 

clearance of degenerating axons originating from the denervated VCN.  In the Cx3cr1-/- 

mutants however, impaired microglial signaling would result in a decrease in synaptic 

clearing, resulting in less area for new, ectopic calyces to form.   

We have previously examined microglial influences on normal development of 

calyceal formation.  In these studies, we found that Cx3cr1-/- and Csf1R-/- mice exhibit 

smaller calyx size and pruning deficits (Chapter 3).  Our present results suggest a 

similar role for microglia in lesion-induced plasticity, a time when normal developing 

calyces have already been established.  Collectively, our studies point microglia as 

being diverse with variable roles in synapse development and synapse maintenance. 

4.5.4 Concluding remarks 

This study aimed to identify how microglial mechanisms may coordinate proper 

brainstem circuitry during a lesion-induced plastic event.  We used the Cx3cr1 mutant 

mouse line in order to investigate microglial influences on lesion-induced synapse 

formation and found that deficient microglial signaling reduces the number of new 

calyces formed.  These results point to a role for microglia in affecting synaptic 

plasticity. 
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CHAPTER 5: SUMMARY AND CONCLUSIONS 

A significant challenge in neuroscience is to understand how vast arrays of 

networks and synapses are correctly assembled and precisely wired.  In development, 

synaptic formation relies on a myriad of molecular cues that can originate from neurons, 

glial cells, or other cues in the local environment.  Understanding the processes that 

mediate synapse formation during normal development and in lesion-induced plasticity 

can uncover additional mechanisms underlying neurodevelopmental disorders and may 

suggest strategies for brain repair.    

The focus of this dissertation has been to identify how synapses are properly 

wired and formed in the auditory brainstem, a region that enables an organism to 

determine a sound source.  This well-characterized brainstem circuitry provides a 

unique model to study several parameters of synapse development, such as network 

connectivity, pruning, and strengthening.  In this pathway, VCN axons terminate onto 

the contralateral MNTB principal neuron.  Initially in development, several VCN axons 

terminate onto MNTB – these synapses actively compete until a dominant input remains 

and forms the Calyx of Held.  The Calyx of Held is a highly reticulated, specialized 

termination that is one of the largest mammalian synapses (Spirou et al., 1990, 

Kuwabara et al., 1991, Kandler and Friauf, 1993, Kil et al., 1995, Holcomb et al., 2013).  

This dissertation focuses on the role of glial cells in the VCN-MNTB circuit. 

Prior literature has suggested a growing importance for glial cells and their 

trophic secreted factors in the function and maintenance of synapses both in the 

developing systems, as well as in repair following injury.  This dissertation provides 

evidence in support of a role for glial cells, in particular, microglia, as being important for 
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mediating several synaptic events such as pruning, calyx growth, and plasticity following 

injury.  In addition, this dissertation offers support in the coordinated cross-talk between 

neurons and glial cells in assembling complex circuitry within the brainstem. 

In Chapter 2, we first characterized glial development in the mammalian auditory 

brainstem and identified a spatiotemporal pattern of glial marker expression for 

astrocytes, oligodendrocytes, and microglia.  We tested the hypothesis that if glial cells 

were important for mediating synapse formation in the brainstem, then different glial 

markers would be present within the VCN and MNTB region during periods of synaptic 

development.  We found that two populations of astrocytes (protoplasmic and fibrous) 

emerge within the brainstem during birth in addition to following hearing onset.  

Microglial cells were also present in the brainstem at birth, with many microglial 

processes entering MNTB between P6 to P14.  The microglia observed at P0 displayed 

an immature, amoeboid phenotype in comparison to microglia at the older 

developmental ages examined.  At the time of hearing onset, for example, microglia 

displayed highly ramified, intricate processes that were interspersed throughout MNTB, 

potentially interacting with the developing calyces or postsynaptic neurons.  

Oligodendrocytes were present throughout the brainstem from all ages we surveyed.  

We performed axon tracing in order to visualize the calyx at different ages in addition to 

following unilateral cochlear removal.  Astrocytic and microglial cells were observed in 

close apposition to the developing calyx, in addition to calyces that were induced 

following unilateral cochlear removal.  Collectively, the expression data suggest that the 

close proximity of glial cells to the developing calyx can provide molecular cues 

necessary for calyceal growth in normal development in addition to lesion-induced 
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reorganization.  The results from Chapter 2 served as the foundation for the subsequent 

experiments outlined in Chapters 3 and 4. 

In our second study (Chapter 3), we investigated microglial influences on normal 

development of the VCN-MNTB circuitry, with a focus on calyx of Held development.  

During postnatal development, the calyx of Held undergoes synaptic refinement such 

that only one calyx innervates a single MNTB neuron (Holcomb et al., 2013).  Our 

hypothesis that microglia are necessary for calyx maturation was supported by our 

findings that mutant mice with impairments in microglial function displayed an immature 

calyceal phenotype.  Our results used both the Cx3cr1-/- and Csf1R-/- mutant mice in 

order to assess the effects of impaired microglial signaling and loss of microglia 

phenotype, respectively.  These mice have several connectivity and pruning 

impairments in the hippocampus and other cortical regions (Erblich et al., 2011, 

Paolicelli et al., 2011, Squarzoni et al., 2014, Zhan et al., 2014).  We found that the 

mutant mice exhibited a decreased calyx size, decreased postsynaptic MNTB cell size, 

and pruning deficits.  Upon further investigation, we performed high-resolution imaging 

in order to quantify synaptic proteins and found that Cx3cr1-/- mutants had a decrease in 

VGLUT1/2 levels compared to control.  Interestingly, we performed LPS injections on 

wildtype mice and observed that microglial activation resulted in an increase in 

VGLUT1/2 levels, further supporting the idea that microglia mediate excitatory synapse 

formation by potentially regulating the number of synaptic proteins localized to the calyx.  

While we focused on excitatory synaptic proteins, an informative future study would be 

to investigate the role of microglial signaling in inhibitory synapse formation.  MNTB 

provides glycinergic inhibition to the LSO and MSO region, which has a major influence 
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on the calculation of interaural level and timing differences, respectively.  The 

mechanisms by which microglia influence synapse growth remain to be determined.  

Studies have pointed to microglial secretion of neurotrophic factors in addition to 

phagocytosis – future directions could entail parsing out the mechanisms using 

microarray analysis and high-resolution live-cell imaging, respectively.   

An important issue regarding calyx phenotype in the microglial mutant mice is 

whether it leads to hearing or communication problems in adulthood.  A future study 

would entail looking at adult mice and seeing if the developmental problems are still 

present, and if this synaptic deficit results in behavioral impairments in sound 

localization.  Ongoing research in the laboratory is currently addressing these 

questions.  Our results from Chapter 3 demonstrate the effects of impaired microglial 

signaling on calyceal development.  Other glial populations, such as astrocytes, may 

also play a role.  As we have shown ALDH1L1- and S100β- positive astrocytes to be 

localized to the developing calyx, microglia and astrocytes may be interacting together 

in order to construct and stabilize the calyx.  Use of astrocyte- and microglial-specific 

double mutants would be helpful in determining the collective contributions of these two 

glial populations in brainstem development. 

Collectively, our results from Chapter 2 and 3 offer a potential role for both 

microglia and astrocytes in mediating calyx formation (Figure 5.1). In early 

development, multiple inputs innervate a MNTB neuron – this age coincides with 

astrocyte-specific markers expressed within MNTB. During the first postnatal week, a 

dominant input innervates the MNTB neuron, and begins to mature. At this age, 

microglia were found within MNTB and could serve to secrete trophic factors supporting 
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growth of the calyx. After hearing onset, the calyx becomes a reticulated structure, with 

astrocytes found directly apposed to the calyx.  

 

Lastly, Chapter 4 investigated whether microglia contribute to synaptic plasticity 

following a lesion-induced reorganization event.  Following cochlear removal, calyces 

from the intact VCN ectopically branch and terminate onto the denervated MNTB.  We 

observed that microglia are apposed to both normally developing and lesion-induced 

 
 

Figure 5.1. Schematic depicting microglia and astrocyte role during calyx development.  

During early development, astrocytes are present in MNTB at a time when multiple, immature 

calyceal inputs innervate a single MNTB neuron.  By the first postnatal week, the weak inputs are 

eliminated and a dominant calyx innervates the MNTB neuron.  Microglia may potentially promote 

calyx growth by secretion of trophic molecules.  After hearing onset, the calyx becomes reticulated, 

with many processes innervating the MNTB neuron – areas on the MNTB neuron that are not 

occupied by the calyx have astrocytic processes. 
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calyces in both control and mutant mice.  Furthermore, the Cx3cr1-/- mutant mice had a 

decreased I/C ratio compared to their control littermates.  It is important to note that 

several coordinated processes are occurring following a cochlear removal – there is cell 

death due to deafferentation, axonal degeneration, stabilization of normally developing 

calyces, and induction of new, ipsilateral calyces.  While our data showed a decrease in 

plasticity, in the form of the total number of new calyces, it is unclear what role microglia 

may actually have in injury-induced plasticity.  For instance, microglia may be 

phagocytosing damaged synaptic material or providing trophic support to signal new 

calyces to form (Figure 5.2).  In the Cx3cr1-/- mutants however, impaired microglial 

signaling would result in a decrease in synaptic clearing, resulting in less area for new, 

ectopic calyces to form.  One potential way to investigate this theory would be to image 

axons from the intact VCN and see if there is a change in the number of ipsilateral 

branches between mutant and control mice.  If impaired microglial signaling prevents 

new calyces from forming after cochlear removal, then we would see the same number 

of ipsilateral branches occurring in both groups, but fewer calyces actually forming on 

the ipsilateral MNTB.    

Alternatively, microglia may be regulating the critical period of lesion-induced 

reorganization.  In Chapter 3, we observed that microglial activation by LPS resulted in 

an increase in VGLUT1/2 levels.  If microglia serve to stabilize synapses by the 

assembly of synaptic proteins, then increasing microglia activity within the brain would 

serve to extend the critical period allowed for lesion-induced calyces to form, or allow 

the lesion-induced calyces to mature faster.   
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Figure 5.2. Microglia may act to clear synaptic debris following cochlear removal.  (Top 

panel) In normal development, calyces terminate strictly onto contralateral MNTB neurons.  (Middle 

panel) Following cochlear removal, neurons secrete molecules that signal for microglia to clear 

degenerating synaptic material. Microglia may also secrete trophic molecules that support new 

calyx formation from the ipsilateral target.  (Bottom row) In the Cx3cr1-/- mice, microglia have 

reduced motility and may not clear synaptic debris as efficiently.  In addition, lack of trophic 

molecules may prevent new calyx formation, leading to reduced plasticity. 
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