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ABSTRACT 

 

 

 
Development of the central nervous system is guided by patterns of molecular 

expression and by cellular interactions.  One important component of the cellular 

interactions that guide development of neural pathways relates to the electrical activity of 

neurons and the chemical signals released from active nerve fibers.  A role of neural 

activity in guiding development is especially important in the development of sensory 

pathways. The elimination of afferent activity results in cell death and atrophy in a 

variety of sensory systems and many of these effects are most pronounced in developing 

systems.  The purpose of this report is to further the understanding of the activity-

dependent signals that are necessary for maintaining healthy neurons and to examine the 

sequence of events that lead towards death following the loss of afferent activity.  

 

The chick auditory brain stem has been a useful model system for examining the 

afferent-dependent signals that regulate postsynaptic neurons. Like other sensory 

systems, compromised afferent input results in rapid death and atrophy of postsynaptic 

neurons.  To understand the afferent regulation of cell viability, one must examine: 1) the 

intercellular signals that serve as trophic factors, and 2) the intracellular chain of events 

that lead towards cell death.  The studies in this dissertation explore aspects of both 

issues.  First, anatomical techniques are used to evaluate the expression of a receptor 

called metabotropic glutamate receptor (mGluR) that is believed to play a role in 

maintaining the health of auditory neurons. Second, the possible contributions of an 

oxidative stress pathway in determining neuronal fate following deafferentation were also 

explored. Towards this end, levels of reactive oxygen species (ROS), lipid damage 

measured by 4-hydroxynonenal (4-HNE) formation, and a compensatory ROS response 

regulated by glutathione s transferase M1 (GSTM1) and the ROS-sensitive transcriptional 

factor, nuclear respiratory factor 1  (Nfr1) were examined.  Unilateral cochlea removal 

surgery was performed on chicks ages P0-P1 and P7-P10.  Opposite sides of the same 



 ix

tissue sections were compared for analysis.  These studies confirmed that mGluRs are 

located in the auditory system and their expression appears to increase early following 

cochlea removal.  Evidence was also provided to support a role for oxidative stress in 

determining neuronal survival following deafferentation. A dramatic increase in ROS 

was accompanied by lipid damage and a compensatory upregulation of both GSTM1 and 

Nrf1 following cochlea removal. Together, these data identify some anatomical features 

of mGluR localization and suggest an oxidative pathway that might be significant in 

determining whether a given neuron survives following deafferentation. 
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 CHAPTER 1  

INTRODUCTION 

            Normal development of sensory systems involves both sensory-independent and 

sensory-dependent processes.  Sensory-independent molecular cues may forge 

developmental paths, but developing neural circuitries are modified through afferent 

activity (Hubel and Wiesel, 1963; Hashisaki and Rubel, 1989; Oppenheim, 1991). 

Sensory deprivation during development produces aberrant connections, compromises 

function, and reduces cell number in all sensory systems examined.  Perhaps the most 

widely known example of the effects of sensory experience in development comes from 

the classic work of Hubel and Wiesel (1963) on the activity-dependent reorganization in 

the visual system. Numerous reports have documented the profound effects of sensory 

deprivation across sensory systems. For example, in the olfactory system, unilateral naris 

occlusion results in a significant and permanent loss of mitral and tufted cells throughout 

the olfactory bulb (Meisami and Safari, 1981; Trune, 1982; Frazier and Brunjes, 1988).   

Likewise, loss of auditory experience early in development can cause cell death and 

atrophy, (Levi-Montalcini, 1949; Webster and Webster, 1977; Hashisaki and Rubel, 

1989) and decreased dendritic length (Feng and Rogowski, 1980; Gray and Rubel, 1982) 

in the brain stem auditory neurons.  Despite being a widely observed phenomenon during 

development, the activity-dependent transneuronal signals that regulate sensory 

development and the cascades of events that lead to these activity-dependent changes in 

neurons remain unclear. 

 

          This dissertation focuses on the activity-dependent regulation of cell death in the 

auditory system.  I will first describe some of the activity-dependent changes that occur 

in brain stem auditory neurons following the loss of sensory input.  I will then present 

studies on a receptor system that I have previously shown to be important for maintaining 

the health of developing auditory neurons (Chapter 2).  The sequence of changes that 
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have been observed in deafferented auditory neurons suggested to me that a possible 

contributor to cell death in this system is the control of reactive oxygen species.  In 

Chapter 3, I will present a series of studies that test this hypothesis. Together, these 

studies will utilize the chick auditory brain stem to elucidate the critical signals necessary 

for regulating developing systems. 

    

The Brain Stem Auditory System of the Chick 

          The chick auditory brain stem has been a valuable model for examining the 

activity-dependent regulation of postsynaptic neurons.  Much is known about the normal 

function and developmental progression of this system (Rubel et al., 1976; 1990).   The 

general organization of the chick brain stem auditory system is schematically represented 

in Figure 1.  The auditory nerve enters the brain stem and bifurcates, sending one 

projection to nucleus magnocellularis (NM) and a second to nucleus angularis (NA).  NM 

is homologous to the mammalian anteroventral cochlear nucleus, and these neurons are 

the focus of the studies contained in this dissertation.  Neurons in NM receive their sole 

excitatory input from the ipsilateral auditory nerve in the form of two to three large 

synapses known as end bulbs of Held, or calyxes.  These synapses cover as much as 66% 

of the somatic surface, a characteristic necessary to preserve the temporal pattern of 

information received from the auditory nerve (Rubel et al.,1990). Neurons in NM send a 

bilateral projection to a monolayer of cells called nucleus laminaris, which is similar to 

the mammalian medial superior olive. This relatively simple and bilaterally symmetrical 

organization of the chick brain stem allows for within-subject comparative analysis 

following unilateral manipulations that affect auditory nerve activity.  The most common 

manipulation has been to perform a unilateral cochlea removal surgery, which results in 

complete loss of excitatory input to the ipsilateral NM but leaves the contralateral side 

unaffected.    
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Figure 1. Schematic of the chick brain stem emphasizing the auditory 

system.  Nucleus magnocellularis (NM) and nucleus angularis (NA) 

receive unilateral excitatory input from the auditory nerve (n. VIII).    

n.VIII 

NM 

NA 
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Afferent Regulation  

Numerous changes in NM neurons have been documented following 

deafferentation.  Within 2-3 days following cochlea removal, approximately 20-30% of 

the deafferented NM neurons die, while the remaining neurons show a reduction in soma 

size (Born and Rubel, 1985). Two important and related issues regarding this 

deafferentation-induced cell death remain unresolved: 1) what is the precise chain of 

events that leads toward cell death, and 2) what factors determine which cells live and 

which cells die?  Efforts to address these issues have focused on the activity-dependent 

changes in two cellular organelles, the ribosomes and the mitochondria.   

 

One of the earliest changes in NM neurons is a disruption in ribosomal integrity.  

As early as one hour following cochlea removal there is decreased protein synthesis and 

immunolabeling for Y10b, an antibody that recognizes ribosomal RNA (Steward and 

Rubel, 1985; Hyson and Rubel, 1989; Garden et al., 1994; Hyson, 1995).  Approximately 

6 hours (hrs) following deafferentation, assays for protein synthesis separate NM neurons 

into two distinct sub-populations. One population shows a reduced level of protein 

synthesis compared to neurons on the innervated side of the brain while the other, 

approximately 20-30% of the neurons, shows complete cessation of protein synthesis 

(Steward and Rubel, 1985). This sorting of cells into two populations following 

deafferentation can also be observed using the Y10b antibody (Hyson and Rubel, 1989; 

Garden et al., 1994; Hyson, 1995).  The initial decrease in Y10b labeling is uniform 

across all deafferented NM neurons, but 6 hrs following deafferentation a subpopulation 

emerges with approximately 70% of NM neurons showing a partial recovery of Y10b 

immunolabeling and the other 30% of neurons showing a severe reduction of labeling 

(Garden et al., 1994; 1995). The more darkly labeled neurons are believed to survive the 

deleterious effects of deafferentation, while the remaining 30% of neurons are presumed 

to be destined to die (Rubel et al., 1991; Garden et al., 1994).   
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Mitochondrial changes can also be observed following cochlea removal in NM 

neurons.  These changes appear to be biphasic and coincide with cells dividing into two 

populations based on analyses of protein synthesis.  Between 6-12 hrs following 

deafferentation, the mitochondria dramatically proliferate in deafferented NM neurons 

(Hyde and Durham, 1994). Correspondingly, these neurons show an increase in the 

capacity for mitochondrial enzymes succinate dehydrogenase and cytochrome oxidase as 

early as 8 hrs following cochlea removal. By two days following deafferentation, 

however, mitochondria show an overall decrease in enzyme capacity (Durham et al., 

1985; Hyde and Durham, 1990). Unlike protein synthesis, the mitochondrial changes do 

not identify two distinct populations of deafferented neurons.   Nevertheless, the 

mitochondria do appear to play a role in regulating cell death.  When mitochondrial 

proliferation is prevented (by treatment with the antibiotic chloramphenicol), there is a 

dramatic increase in deafferentation-induced cell death (Hyde and Durham, 1994).  More 

recent findings from our laboratory further implicate mitochondrial intracellular signaling 

in the regulation of cell death in NM following deafferentation. For instance, 

proapoptotic molecules such cytochrome c and caspase-9 are upregulated following 

cochlea removal (Wilkinson et al., 2003). The release of cytochome c from the 

mitochondria into the cytosol is believed to initiate cell death in a variety of conditions.  

This release results in the activation of caspases, which are proteolytic molecules that 

could lead to cell death.  The anti-apoptotic molecule bcl2 is also upregulated, but only in 

a subpopulation of deafferented neurons (Wilkinson et al., 2002).  Bcl2 is located in the 

mitochondrial membrane and appears to play a role in regulating the release of possible 

cell death signals (such as cytochrome c) from the mitochondria.  While the exact 

mechanism responsible for bcl2 differential expression in NM is currently under 

investigation, these data suggest a central role for the mitochondria in regulating the life 

or death of deafferented neurons.    
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Calcium in NM 

Although changes in the organelles of NM neurons provide clues to the chain of 

events that may determine which cells live and die following deafferentation, the link 

between the loss of afferent activity and the changes in these organelles is not 

understood.  One possible initiator is the loss of calcium homeostasis in deafferented NM 

neurons. Deafferented NM neurons exhibit an early and dramatic rise in intracellular 

calcium across the entire population (Zirpel and Rubel, 1996).  This rise occurs as early 

as an hour and persists for approximately 12 hrs following deafferentation (Zirpel et al., 

1995).  In vitro stimulation of the auditory nerve appears to suppress the disruption of 

calcium homeostasis (Zirpel and Rubel, 1996). Corresponding studies have shown that 

activation of metabotropic glutamate receptors (mGluRs) is required to maintain calcium 

homeostasis in stimulated NM neurons (Zirpel and Rubel, 1996).  While it is known that 

activation of mGluRs is necessary for maintaining calcium homeostasis in NM neurons, 

the possible secondary cascades that are initiated by the early rise in calcium is still 

undetermined. The dramatic loss of calcium homeostasis is reminiscent of other apoptotic 

cascades in hypoxia, ischemia and excitotoxicity (review Choi, 1992; Nicoletti et al., 

1999).  Reports from other systems have shown that the uncontrolled increase in calcium 

is linked to several disease states and could result in a secondary rise in levels of reactive 

oxygen species (ROS) (Yu et al., 1999, Ekinci et al., 2000; Petersen et al., 2000).  

 

Reactive Oxygen Species  

          A possible consequence of the deafferentation-induced rise in cytosolic calcium is 

an elevation in levels of ROS.  Briefly, the electron transport chain (ETC) is the energy-

producing machinery in the mitochondria in which oxygen is the final electron acceptor.  

During oxidative phosphorylation, hydrogen is transported from nicotinamide adenine 

dinucleotide (NADH), a product of the Kreb cycle, to flavin mononucleotide (FMN), the 

first electron acceptor in the ETC.  As hydrogen ions are transferred to FMN, the 

electrons and protons separate from each other. As a separate ion, H
+ 

ion is pumped from 

the mitochondrial matrix to inter mitochondrial space leaving OH
-
 to build-up inside, 

thereby creating a proton gradient across the inner mitochondrial membrane. Eventually, 

the proton gradient drives ATP-synthase production of ATP.  While protons are being 
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expelled from the matrix, electrons are shuffled down the mitochondrial membrane by 

several distinct protein carriers, such as ubiquinone, NADH dehydrogenase, cytochrome 

c and O2.  However, not every electron is efficiently transported down the ETC. 

Occasionally, some electrons escape prematurely and react with oxygen, ultimately 

forming a ROS.  

 

ROS are a normal by-product of aerobic respiration, and the cell employs several 

defense mechanisms against a potentially harmful rise in ROS levels.   Various 

checkpoints regulate the efficient transfer down the ETC. For example, superoxide 

dismutase (SOD), catalases, and peroxidases defend against ROS production by 

converting O2 to H2O2. Peroxide is subsequently converted to water and molecular 

oxygen by catalases.  Furthermore, other antioxidants, such as glutathione (GSH), 

vitamin E, carotenoids and ascorbic acid, will react with most oxidants and could prevent 

the potentially toxic effects.  

 

The early and robust increase in intracellular calcium (Zirpel and Rubel, 1996) 

followed by a dramatic mitochondrial proliferation (Hyde and Durham, 1994) suggest 

that ROS could become elevated in deafferented NM neurons. This is accomplished by 

the transport of calcium between the cytosol and mitochondrial matrix in response to an 

increase in intracellular calcium.  Elevated cytosolic calcium opens the permeability 

transition pore (PTP) and results in a breakdown of the mitochondrial membrane 

potential (review, Brookes et al., 2004). The opening of PTP has been shown to be 

followed by a burst in ROS (Green and Reed, 1998).  However, it is important to keep in 

mind that a rise in mitochondrial matrix calcium is also necessary to increase ATP 

synthesis in response to an increase in energy demand.  It is the coupling of toxic signals 

with a dramatic increase in cytosolic calcium that produces elevated levels of ROS and 

consequently death.  
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Table 1. Time Course of Deafferentation-induced Changes in NM Neurons 

 

 

 

 

 

 

   It is important to keep in mind that while 30% of NM neurons die following 

deafferentation, the remaining 70% survive, suggesting a compensatory pathway that 

TIME Down-regulation of  

Cellular constituents 

Upregulation of  

cellular constituents 

1-3  

hours 

protein synthesis, RNA synthesis across  

the entire  NM, glucose uptake 

 

 

 

intracellular calcium,  

proliferation of astrocytic  

processes 

6-12 

Hours 

Y10b labeling ,  nissl staining, 

segregation into living and dying 

populations, subpopulation of neurons 

regain ability to synthesize protein and 

RNA, degradation of ribosomes,    

bcl-2 mRNA   cytochrome-c 

immunoreactivity,  oxidative 

metabolism,  mitochondrial 

proliferation, GSTM1 

immunolabeling,  lipid 

peroxidation,   reactive 

oxygen species 

24+ 

Hours 

 oxidative metabolism, surviving neurons 

show atrophy with 20-30% neuronal  

death in NM. 
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rescues most neurons.  One possible pathway might be a GST-mediated protection 

against oxidative stress. In response to this stress, cells utilize antioxidants like 

glutathione (GSH) and enzymes such as glutathione s transferase (GST) to remove 

deleterious contents such as ROS to promote cell survival (Kodym et al., 1999; Cumming 

et al., 2001). This dissertation will test the hypothesis that ROS levels rise in NM neurons 

following deafferentation and that molecules such as glutathione s transferase (GST) may 

also rise as a compensatory oxidative defense mechanism. 

 

Metabotropic Glutamate Receptors  

The activity-dependent activation of metabotropic glutamate receptors (mGluRs) 

appears to be a signal that regulates both calcium and ribosomal integrity in postsynaptic 

neurons (Zirpel et al., 1996; Hyson, 1998; Nicholas and Hyson, 2004). These are G-

protein coupled receptors that activate second messenger cascades.  The mGluRs are 

divided into three groups, based on sequence homology, pharmacology, and coupling to 

second messenger systems.  Group I (mGluR1&5) receptors activate phosphatidylinositol 

hydrolysis, which leads to the generation of Inositol 1,4,5-triphosphate (IP3) and 

diacylglycerol (DAG) (Conn and Pinn, 1997; Hermans and Challiss, 2001), while group 

II and group III receptors inhibit cAMP synthesis (Tanabe et al., 1992; Conn and Pinn, 

1997). 

        My previous work focused on identifying transneuronal signals that are necessary 

for maintaining healthy NM neurons (Nicholas and Hyson, 2004).   In that report, the 

goal was to determine if group I and/or II mGluRs are necessary for the activity-

dependent regulation of ribosomal integrity.  This was accomplished by selectively 

blocking group I or II receptors while unilaterally stimulating the auditory nerve in vitro.  

Y10b immunolabeling served as the marker for ribosomal integrity.  In normal media, 

unilateral stimulation of the auditory nerve resulted in darker Y10b labeling of NM 

neurons on the stimulated side of the slice.  The group I antagonist (RS)-1-aminoindan-

1,5-dicarboxylic acid (AIDA) and the group II antagonists LY341495 and (S)-α-

ethylglutamic acid  (EGLU) all prevented the activity-dependent difference in 

immunolabeling. These data suggest that both group I and II mGluRs play vital roles in 

the activity-dependent maintenance of ribosomal integrity in NM.   Group I mGluRs role 
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in regulating neuronal viability is generally appreciated (Hyson, 1998; Zirpel et al., 2000; 

Zirpel and Parks, 2001) but my previous studies, coupled with reports  that show group II 

effectors such as PKA and cAMP contribute to maintaining calcium homeostasis, provide 

evidence to support a neuroprotective role for  group II mGluRs.  As a follow-up to my 

Masters thesis work, the studies presented in Chapter 2 of this dissertation will report on 

the presence and regulation of group II receptors in NM (Nicholas and Hyson, 2004). 
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CHAPTER 2 

ACTIVITY-DEPENDENT CHANGES IN MGLUR2/3 EXPRESSION IN THE CHICK 

COCHLEAR NUCLEUS 

 

Introduction 

A disruption in afferent activity produces dramatic changes in the central nervous 

system (CNS) postsynaptic neurons.  These effects are especially pronounced in 

developing sensory systems.  Numerous changes in morphology, such as dendritic length, 

cell size, and survival of postsynaptic neurons have been documented (Levi-Montalcini, 

1949; Webster and Webster, 1977; Feng and Rogowski, 1980; Gray and Rubel, 1982).  

Although activity-dependent phenomena have been amply documented in a variety of 

systems, an understanding of the cellular mechanisms that produce these activity-

dependent changes has been somewhat elusive.  An initial step towards understanding 

these cellular mechanisms is to identify possible transneuronal signals that are released in 

an activity-dependent manner and determine if these substances influence the 

morphology or survival of the postsynaptic neuron. 

 

One useful model system for studying deafferentation-induced changes in the 

CNS is the brain stem auditory system of the chick.  In this system, the ipsilateral 

auditory nerve provides the sole source of excitatory input to the cochlear nucleus, 

nucleus magnocellularis (NM).  Thus, unilateral cochlea removal results in complete loss 

of excitatory input to the ipsilateral NM but leaves the contralateral side unaffected, 

allowing within-subject comparison of NM neurons on the intact side versus the 

deafferented side of the brain. 
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Eliminating eighth nerve activity results in the death of approximately 30% of the 

neurons in NM.  Experiments directed at identifying the transynaptic signals responsible 

for this activity-dependent regulation of cell death have been performed using a brain-

slice preparation of the chick brain stem auditory system.  This is possible because many 

of the changes in cellular function in this system occur within a few hours after 

eliminating afferent activity.  Experiments by Hyson (1989; 1998) and Zirpel et al., 

(1996) have demonstrated that protein synthesis, ribosomal integrity and calcium 

homeostasis of NM neurons require auditory nerve activity.  This was done by 

stimulating the auditory nerve on one side of the brain slice and comparing NM neurons 

on the stimulated and unstimulated sides of the same slice. These studies further showed 

that the activity-dependent release of some trophic factor from the auditory nerve, not 

simply action potentials, per se, is required to preserve the health of NM neurons.  This 

was shown by producing action potentials in the postsynaptic NM neurons independent 

of receptor activation by antidromically stimulating the NM fibers.  Additionally, the 

health of NM neurons was not preserved when the auditory nerve was stimulated but 

synaptic transmission was blocked by maintaining the slice in a low calcium/high 

magnesium medium (Hyson and Rubel, 1989).  Together, these studies suggested that the 

action of some substance that was released from active auditory nerve fibers was required 

for maintaining NM neurons.   

 

The neurotransmitter at the auditory nerve to NM synapse is the excitatory amino 

acid, glutamate (Nemeth et al., 1983).  Glutamate interacts with both ionotropic 

glutamate receptors (iGluRs), which provide fast excitatory synaptic transmission from 

the auditory nerve to NM, and metabotropic glutamate receptors (mGluRs), which 

activate second messenger cascades (Conn and Pinn, 1997).   There are multiple forms of 

both iGluRs and mGluRs.   The mGluRs are subdivided into three groups based on 

sequence similarities, pharmacology, and intracellular signaling mechanism.  Group I is 

known to stimulate phosphatidyl inositol hydrolysis whereas group II and III are 

negatively coupled to cyclic AMP production (Conn and Pinn, 1997; Hermans and 

Challiss, 2001).   
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The importance of group I mGluRs in regulating neuronal viability was 

established in the chick brain stem (Hyson, 1998; Zirpel et al., 2000; Zirpel and Parks, 

2001).  Using the slice preparation, the auditory nerve was stimulated in the presence of 

mGluR antagonists.  These antagonists did not block synaptic transmission from the 

auditory nerve to NM neurons, but did prevent the activity-dependent regulation of both 

calcium homeostasis (Zirpel and Rubel, 1996; Zirpel et al., 1998) and ribosomal integrity, 

as measured using an antibody to ribosomal RNA (Hyson, 1998).  Blockade of iGluRs, 

on the other hand, did block synaptic transmission across the synapse as recorded 

electrophysiologically, but did not block the activity-dependent regulation of ribosomes 

(Hyson, 1997).  More recent studies from our laboratory have demonstrated that the 

activation of both groups I and II mGluRs are necessary for maintaining ribosomal 

integrity in NM (Nicholas and Hyson, 2004).  This was shown by stimulating the 

auditory nerve in the presence of subtype-specific antagonists.  Blockade of either group I 

or group II mGluRs prevented the activity-dependent difference in immunoreactivity for 

the ribosomal RNA antibody (Y10b).  Zirpel et al., (1998) have shown that group II 

mGluR effectors such as PKA and cAMP also contribute to maintenance of calcium 

homeostasis.  These studies suggest that group II mGluRs ability to promote healthy 

neurons may be attributed to a postsynaptic localization.  In other systems, the data are 

mixed regarding group II mechanism of protection.  For instance, some studies show that 

the activation of group II mGluRs is negatively linked to cAMP (Tanabe et al., 1992) 

while another shows cAMP accumulation (Reid et al., 1996).  This study provides 

anatomical data supporting previous works from our laboratory regarding a protective 

role of group II mGluRs in NM neurons.  

 

Receptor systems are often regulated by the levels of activity they receive.  In 

some systems, the expression of mGluRs is up-regulated following a change in activity 

(Aronica et al., 2000; Matrisciano et al., 2002). This upregulation could have functional 

consequences.  For example, Chiechio and colleagues (2002) showed that l-

acetylcarnitine induces analgesia by selectively up-regulating mGlu2 receptors in rats.  

Since it is known that mGluR activation is necessary for the maintenance of NM neurons, 

and only a portion of the neurons die following deafferentation, it is possible that this 
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neuroprotective molecule is upregulated as a compensatory response to deafferentation.  

If so, it may provide a mechanism for preserving the majority of NM neurons following 

cochlea removal.  The present experiment evaluates the localization of group II mGluRs 

in the brain stem auditory system and tests whether the level of expression changes in 

response to the loss of activity. 

 

Experimental Procedures 

Subjects 

All subjects (n=12) were Ross X Ross 7-10 day old post-hatched chickens that were 

hatched and reared at Florida State University.   

 

Cochlea removal 

All procedures were approved by the institutional animal care and use committee. 

A unilateral cochlear ablation was performed under halothane anesthesia. The ear canal 

was enlarged with small scissors then the tympanic membrane was punctured with 

forceps.  The columella was removed and the basilar papilla was extracted through the 

oval window using forceps.  Finally, the middle ear cavity was packed with gelfoam and 

the incision was closed with surgical adhesive.  After recovery from anesthesia, the 

animals were placed back in their housing unit and allowed to survive for 1 (n=3), 6 

(n=3), 12 (n=3), or 24 (n=3) hrs.  The purpose of this surgical procedure was to eliminate 

all afferent drive to the ipsilateral NM while leaving the innervations to the contralateral 

NM intact. 

 

Immunocytochemistry 

Chicks were perfused with room temperature 0.1 M phosphate buffer saline (PBS) 

followed by ice cold 4% paraformaldehyde.  After perfusion, the brain stem was removed 

from the skull, postfixed in 4% paraformaldehyde for 4 hours then cryoprotected in 30% 

sucrose in PBS overnight.  The following day, the chick brain stems were frozen and 

allowed to equilibrate for 30 minutes prior to cutting.  Using a cryostat (Leica CM 1850), 

20 µm coronal sections were obtained and placed in phosphate buffed saline (PBS).  The 

sections were rinsed 3X in  PBS for 10 minutes, preincubated in 1% normal goat serum, 
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1% triton X-100, and 1% bovine serum albumin (BSA) for 30 minutes, and then 

incubated in anti-mGluR2/3  (1:200) overnight at 4°C. On the final day,  sections were 

once again washed 3X in PBS then incubated in 1:200 biotinylated goat anti-rabbit 

secondary antibody, 1% normal goat serum, 1% triton X-100, and 1% BSA for an hour.  

Sections then underwent another round of washing with PBS for 10 min and were 

subsequently incubated in an Avidin-Biotin Complex (Vector Laboratories, Burlingame, 

CA) for one hour.  Finally, sections were reacted using 0.5-mg/ml diaminobenzidine and 

0.009% hydrogen peroxide in PBS for approximately 20 min. For control studies, the 

primary antibody was omitted. 

 

Data Analysis 

For objective analysis of immunolabeling, densitometric measurements of NM 

neurons were obtained using ImageJ.  The staining densities of NM neurons on the intact 

side of the brain were compared with those on the deafferented side of the brain in the 

same tissue section.  For these analyses, tissue sections were viewed under a 40X 

objective.  Light levels and contrast setting remained constant throughout analysis.  

Approximately, 30-40 cells in NM were selected per side.  Neurons with an observable 

intact cell membrane were analyzed beginning with the most medial region of NM and 

proceeding laterally.  To prevent bias, the identities of the intact and deafferented sides of 

the brain were only revealed after measurements were obtained.  All data compilation and 

analyses were done using Microsoft Excel and SPSS. 

 

Results 

Metabotropic Glutamate Receptors Group II 

NM neurons showed cytoplasmic labeling with a darker annular staining around 

the soma for anti-mGluR2/3.  Examples of this labeling pattern are displayed in Figure 2. 

NM neurons are virtually adendritic and are contacted by large calyx synapses that 

surround the soma (Rubel 1976; 1990).  Control sections, processed by omitting the 

primary antibody incubation, showed no labeling.   Deafferentation induced early 

changes in mGluR2/3 expression in NM neurons with the cytoplasmic and the annular 

labeling appearing darker on the cochlea removal side of the brain.  This difference in 
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labeling was more consistent at 1 hour following cochlea removal and was relatively 

modest in size.  An example of this effect is seen in Figure 3.  

 

Objective analyses of staining density confirmed these visual impressions.  A 

two-way mixed analysis of variance (ANOVA) was performed on the gray scale density 

measurements using side of the brain as the within-subjects variable and the survival time 

as the between-subjects variable.  Neither main effect of time [F (3, 8) = 1.4 p > 0.05] nor 

the Group X Side interaction was statistically significant [F (3, 8) = 1.5, p > 0.05].  The 

main effect of Side, however, was statistically reliable [F (1, 8) = 7.5, p = 0.02].  Post-hoc 

(Student Newman-Keuls) pair-wise comparisons showed no reliable difference (p < 0.05) 

between the intact and cochlea removal side following deafferentation at any particular 

time point.  To further examine the between-group differences, density measurements 

were normalized across sections and brains by transforming gray scale scores to percent 

difference [(mean cochlea removal-mean intact) / mean intact * 100].  These percent 

difference data are summarized in Figure 4, in which positive numbers indicate that NM 

neurons on the cochlea removal were more darkly labeled than those on the intact side of 

the brain.  A one-way ANOVA on these percent difference scores revealed that there was 

not a statistically reliable between-group effect. [F (3, 8) = .98 p >.05].  

 

 

Figure 2.  mGluR2/3 expression.  Photomicrograph illustrating the cytoplasmic annular 

immunolabeling of mGluR2/3 expression in NM neurons.  
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1 HR 

24 HR 

Figure 3. Deafferentation increases mGluR2/3 Expression in NM. Photomicrograph depicts a 

deafferentation  increase in mGluR2/3 expression 1 hr following cochlea removal and this increase 

attenuates 24 hrs following deafferentation.

Cochlea removal Intact 
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Figure 4. Changes in mGluR2/3 Expression. Percent difference in immunolabeling 

in NM neurons on opposite sides of the same sections.  Positive numbers indicate that 

the deafferented side is darker than the intact side of the brain.  Using ANOVA there 

was a statistically reliable difference between sides, but this difference was quite 

variable.  Survival times were 1 (n=3), 6 (n=3), 12 (n=3), or 24 (n=3) hrs. 
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Deafferentation-induced changes in mGluR2/3 expression 
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Discussion 

Disruption of afferent activity to the chick auditory brain stem compromises 

cellular function and results in the death of a subset of neurons.  The action of some 

substance(s) released from an active auditory nerve terminal provides trophic support 

necessary for the development of healthy neurons in the cochlear nucleus, NM.  Previous 

studies suggest that the neurotransmitter glutamate provides this trophic support and that 

activation of metabotropic glutamate receptors (mGluRs) is necessary for maintaining 

ribosomal integrity and calcium homeostasis in NM neurons (Hyson, 1998; Zirpel, 1998; 

Nicholas and Hyson, 2004).  The present study confirms that group II mGluRs are 

located in NM and suggest that the expression of mGluRs themselves is regulated by 

afferent activity.  

 

mGluR2/3 and localization in NM 

It has been established that the activation of group II mGluRs is necessary for the 

afferent regulation of cell viability in NM (Nicholas and Hyson, 2004), still unknown is 

the mechanism by which group II mGluRs activation promotes survival. A first step 

towards understanding the mechanism is to determine the cellular localization of these 

receptors. The present study examined the localization of group II mGluRs using an 

antibody that recognizes subunits mGluR2 and mGluR3. 

 

Both annular and cytoplasmic immunolabeling were evident in NM on the intact 

side of the brain and in the deafferented NM across all survival times. It is not possible to 

determine if the annular labeling observed was on the presynaptic or postsynaptic 

membrane using light microscopy, but this pattern of labeling suggests that it is possible 

that mGluR2/3 may be located on both sites. This pattern of labeling is consistent with 

reports from electron microscopy that revealed mGluR2/3 immunoreactivity in both 

postsynaptic and presynaptic elements, as well as in glial processes in mouse (Askew et 

al., 2000; Tamaru et al., 2001). More specific analysis revealed that mGluR2 was 
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expressed in both pre- and postsynaptic elements, having no close association with 

synapses, while mGluR3 is expressed primarily presynaptically and on glial cells.  These 

findings are significant because it provides the anatomical bases for mGluR2/3 to play a 

significant role in postsynaptic signaling in NM. Traditionally, mGluR2/3 are thought of 

as presynaptic regulators that provide neuroprotection by inhibiting glutamate release. 

This mechanism is unlikely in NM given that the release of glutamate appears to be 

necessary for maintaining neuronal viability (Hyson, 1998; Nicholas and Hyson, 2004). 

Consequently, if mGluRs reduced glutamate release in our system, this activation would 

be expected to be detrimental, not neuroprotective.  In addition, there is no evidence that 

mGluRs reduce synaptic transmission from the auditory nerve to NM neurons.  

Stimulation of the auditory nerve in an in vitro slice preparation produces excitatory 

postsynaptic potentials (EPSPs) in NM neurons, however blocking mGluRs with receptor 

antagonists results in no observable reduction in EPSPs (Hyson, 1997; 1998; Nicholas 

and Hyson, 2004).  

 

The subcellular localization of mGluR2/3 depends on brain region and stage of 

development.  Tamaru and colleagues (2001) suggest localization of mGluR3 is similar 

to that of group I mGluRs in the postsynaptic elements, which suggests a unique 

functional role of mGluR3 in glutamatergic neurotransmission in the CNS.    In 

presynaptic elements, mGluR2/3 labeling was often found in extrasynaptic sites remote 

from the active zone in the preterminal portion of axons and axon terminals in the 

hippocampus (Yokoi et al., 1996) and cerebellum (Lujan et al., 1997).  Developmentally, 

in rats there appears to be a switch in the occurrence of mGluR2/3 from glial to neuronal 

compartments. A preferential localization of mGluR2/3 immunoreactivity was observed 

in astrocytic processes surrounding the calyces of Held of the medial nucleus of the 

trapezoid body (MNTB) during the early postnatal development (Elezgarai, et al. 2001). 

In contrast, in the medial nucleus of trapezoid body, group II mGluRs have been 

observed in presynaptic calyces of Held and postsynaptic principal globular cells in adult 

rats (Elezgarai, et al. 2001).  
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Deafferentation resulted in increased immunolabeling for mGluR2/3 in NM.  One 

possible explanation for the deafferentation-induced increased mGluR2/3 expression is 

that the change in afferent activity results in the internalization of surface receptors.  If, 

for example, the annular labeling reflects a high concentration of receptors on the 

postsynaptic membrane, it is possible that the movement of receptors from the membrane 

to the cytosol produced darker immunolabeling of the cell as a whole.  This explanation, 

however, would be difficult to reconcile with classic receptor internalization models.   

Increased activity or the activation of receptors is usually central to receptor 

internalization.  Since cochlea removal silences activity to NM the shuffling of receptors 

to the surface is more likely (Turrigiano et al., 2000). Secondly, while no measures were 

taken to determine internalization, visual impressions suggest that both cytoplamic and 

annular labeling increased following deafferentation (illustrated in Figure 2). A second 

possible explanation for this increase in labeling following cochlea removal is a change 

in access of the antibody to the epitope. Perhaps changes in the membrane following 

cochlea removal allow for greater penetration of the antibody or some molecule masking 

the epitope is removed.  Finally, it is possible that the increase in immunolabeling reflects 

a true increase in the levels of mGluR2/3 protein present in the cell.  This would be 

somewhat surprising in that overall protein synthesis is depressed by 50% one hour 

following cochlea removal (Steward and Rubel, 1985).  Western analyses could answer 

this question, but it was not pursued in these experiments.  First, the Western analysis 

would require pooling a number of subjects and microdissecting NM from each side of 

the brain.  This would likely result in a great deal of variance.  NM is not readily 

dissected away from surrounding fibers and these outside tissues could dramatically 

influence the results when looking for concentrations of a particular protein.  A second 

reason that the quantitative analysis was not pursued further is because the magnitude of 

the effect was relatively small.   

 

The literature appears to be mixed relative to determining the functional 

significance of change in mGluR2/3 expression.  Aronica et al. (2000) examined a mouse 

model of seizure formation and found that mGluR2/3 was upregulated in glial cells in the 

hippocampal region one week following an hour of electrical stimulation. This 
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upregulation was believed to be neuroprotective through glial-neuronal communication in 

the course of epileptogenesis. Matrisciano et al., (2002) reported that imipramine 

(antidepressant) treatment also upregulates the expression and function of mGluR2/3 in 

the hippocampus.  Interestingly, the activation of group II receptors was shown to 

potentiate the group I polyphosphoinositide hydrolysis.  This study provides evidence to 

support another mechanism in which group II mGluRs might influence neuronal survival 

in NM neurons.   

 

Limitations  

While the present study provides valuable information about the localization of 

mGluRs in NM, there are important limitations to techniques utilized to localize these 

receptors.  First, the annular labeling in this study could be interpreted as pre and/or post-

synaptic.  Light microscopy does not allow for resolution that would distinguish between 

both labeling patterns. Moreover, it is important to keep in mind that anti-mGluR2/3 have 

a greater affinity for mGluR2 than for mGluR3. Consequently, the degree to which each 

subtype is expressed cannot be ascertained from this study. Future studies that examine 

each subtype at the EM level will be needed to fully understand the subcellular 

localization of these receptors.  Finally, although there was a trend towards an 

upregulation of mGluR2/3 expression following cochlea removal in NM neurons across 

all time points although there was no reliable overall group effect.   This failure to find a 

group effect is likely a result of low statistical power.  The high group variability coupled 

with a small sample size would likely account for the failure to reject the null hypothesis.  
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CHAPTER 3 

 

AFFERENT REGULATION OF OXIDATIVE STRESS IN THE CHICK COCHLEAR 

NUCLEUS 

 

Introduction 

Oxidative stress is the production of reactive oxygen species (ROS) beyond the 

cell’s antioxidant capacity. While potentially toxic, ROS are necessary for normal 

cellular activities and are kept in balance by an antioxidant system.  If the equilibrium 

between antioxidants and ROS is perturbed in favor of the latter, critical proteins, lipids 

and nucleic acids, essential to cellular homeostasis are oxidized (Ohinata et al., 2000; 

Cheng et al., 2001; Kelada et al., 2003).  Often, these altered products initiate cellular 

cascades that culminate in apoptosis or necrosis (Tjalkens et al., 1998; Cheng et al., 

2001).  Although the relationship between oxidative stress and cell death is well 

documented in neurodegenerative diseases, such as Alzheimer's, Huntington's, and 

muscular dystrophies (Andersen, 2004; Cui et al., 2004), its role in the cascades of events 

that determine survival following deafferentation remains a mystery.    

 

The chick auditory brain stem has been a useful model for examining the factors 

that regulate life and death in postsynaptic central nervous system (CNS) neurons 

following deafferentation.  Its relatively simple and bilaterally symmetrical organization 

allows for within-subject comparative analysis.   In this system, the ipsilateral auditory 

nerve provides the sole source of excitatory input to the cochlear nucleus, nucleus 

magnocellularis (NM).  Thus, unilateral cochlea removal results in complete loss of 

excitatory input to the ipsilateral NM but leaves the contralateral side unaffected, thereby 

allowing within-subject comparison of NM neurons on the intact side versus the 

deafferented side of the brain.    

 

The elimination of sensory experience by cochlea ablation produces several 

dramatic changes in NM neurons.  A few days (2-3) following cochlea removal, 
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approximately 20-30% of NM neurons die, while the remaining show a reduction in soma 

size (Born and Rubel, 1985). Approximately 6 hours following deafferentation, protein 

synthesis assays show two diverging and distinct pathways in NM.  One population of 

NM neurons shows a reduce level of protein synthesis while the other, approximately 20-

30% of the neurons, shows complete cessation of protein synthesis (Steward and Rubel, 

1985).  Similar effects of deafferentation can also be observed using Y10b, an antibody 

that recognizes ribosomal RNA (Garden et al., 1994).  Prior to dissociating into two 

populations, decreased protein synthesis and Y10b labeling across all NM neurons can be 

visualized as early as one hour following deafferentation (Hyson and Rubel, 1989; 

Garden et al., 1994; Hyson, 1995).   These early changes occur across the entire 

population of deafferented cells, therefore the factors that determine whether a given NM 

neuron will follow the survival pathway or the death pathway is still unknown.  It is 

possible that the balance between pro-survival and pro-death mechanisms approaches a 

threshold that leaves some cells incapable of recovery.  The precise nature of these pro-

survival and pro-death influences, however, is also uncertain.  

 

One possibility is that the control of the oxidative stress threshold contributes to 

the division of cells into surviving and dying populations.  A few studies have reported 

changes that suggest a perturbation of ROS homeostasis in NM. First, intracellular 

calcium is elevated within an hour of deafferentation (Zirpel et al., 1995). This rise in 

calcium can cause mitochondrial dysfunction that increases levels of ROS (review, 

Brookes et al., 2004).  Additionally, 6 hrs following deafferentation, the mitochondria 

dramatically proliferate (Hyde and Durham, 1994).  This is accompanied by a transient 

increase in oxidative enzyme capacity (Durham et al., 1985, Hyde and Durham, 1990).  

Given that the mitochondrion is the major source of ROS production, a robust increase 

could cause elevated levels of ROS.  Increases in ROS, however, can be counterbalanced 

by compensatory increases in antioxidant mechanisms.  Perhaps the balance between 

ROS production and these compensatory responses determine whether an NM neuron 

will survive or die following deafferentation. 
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 Typically, ROS indiscriminately attack polyunsaturated fatty acids of membranes 

consequently disrupting cellular integrity. Lipid peroxidation can be determined by a 

measure of 4-hydroxynonenal (4-HNE), an α,β-unsaturated aldehyde that is produced 

from the reaction of ROS with the n-6 polyunsaturated lipids in the cellular membrane. 

Previous studies have shown that the elevation of intracellular 4-HNE activates the jun 

N-terminal kinase (JNK) pathway (Dickinson, 2002) was reported to cause cell cycle 

arrest (Yang et al., 2003) and apoptosis (Awasthi et al., 2003). On the other hand, studies 

have shown that the normal formation of 4-HNE can initiate differentiation and 

proliferation (Cheng et al., 1999), whereas the rise in levels of 4-HNE leads to the 

synthesis of the antioxidant, glutathione (Liu et al., 1998).  

 

  Glutathione-S-transferases (GSTs) are one group of antioxidant effectors that 

respond to a variety of stresses (review, Hayes et al., 2005).  These enzymes are 

classified into five classes (alpha, mu, pi, theta and zeta) based upon protein sequence, 

substrate specificity, and immunological properties (Clark et al., 1989; Rouimi et al., 

1996).  GSTs protect cellular macromolecules from electrophilic attack through the 

conjugation of glutathione (GSH) to oxidized molecules such as 4-HNE.  There is an 

emerging body of literature documenting the integral roles of GSTs in cell survival and 

death. For instance, numerous laboratories have shown that elevated levels of GST are 

associated with resistance to apoptosis (Kodym et al 1999; Cumming et al., 2001).  

Moreover, forced expression of GSTM1 blocked the apoptosis signal-regulating kinase 

(ASK1) - dependent cell death in cultured cells (Cho et al., 2001). Studies by Singhai et 

al. (1999) suggest that the induction of GST is an early adaptive response to oxidative 

stress; a response that is conserved across various species (review, Hayes et al., 2005).   

 

Changes in GST expression have been shown to be regulated by Nrf1, the ROS-

sensitive transcription factor.  The increase in levels of ROS causes the translocation of 

Nrf1 into the nucleus resulting in the upregulation of detoxifying genes (Kang et al., 

2004).  The relevance of Nrf1 in this pathway is underscored by a study that showed Nrf1 

deficiency results in early embryonic lethality and severe oxidative stress (Leung et al., 

2003).  The aim of the present study is to determine whether deafferentation inflicts 
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oxidative damage and induces a compensatory change in GSTM1 expression in NM 

neurons.  Toward this end, changes in ROS, 4-HNE, GSTM1, and Nrf1 were examined in 

NM following deafferentation.   The results from this study support a role for an 

oxidative signaling pathway in the control of cell death following deafferentation. 

 

Experimental Procedures 

Changes in ROS: 

All subjects were one day old post-hatched Ross X Ross chickens that were 

hatched and reared at Florida State University.  A unilateral cochlea ablation was 

performed under halothane anesthesia, as described in Chapter 2 Experimental 

Procedures. The animals were placed back in their housing unit after recovery from 

anesthesia, and they were allowed to survive for 1 (n=4), 6 (n=7), or 12 hrs (n=3) 

following deafferentation. This surgical procedure eliminated all afferent activity to the 

ipsilateral NM while leaving the contralateral NM intact.   

 

Brain slicing for ROS detection 

Following the survival period, subjects were anesthetized with halothane and 

decapitated. The brainstem was rapidly dissected from the cranium and mounted onto a 

custom-built stage for slicing using a vibrating-blade microtome. Dissecting and slicing 

were done in an artificial cerebral spinal fluid (ACSF) bath.  The standard ACSF 

contained (in mM) NaCl, 130; KCl, 3; CaCl2, 2; MgCl2, 2; NaHCO3, 26; NaH2PO4, 1.25; 

D-glucose, 10 and was oxygenated using a 95% O2, and 5% CO2 gas mixture.  Care was 

taken during the dissection to preserve the auditory nerve on both sides of the brainstem. 

The brainstem was affixed to the microtome stage using cyanoacrylate glue and a 30% 

gelatin compound was placed under the lateral edges of the brainstem to provide 

additional support.  A 150-µm, bilaterally symmetrical, coronal slice was obtained 

containing nucleus magnocellularis (NM) and the auditory nerve on both sides.  

 

Dye Loading  

Intracellular production of ROS was detected with the ROS-sensitive fluorescent 

dye, carboxyl -2, 7-dichlorodihydrofluorescin diacetate (H2DCFDA, Molecular Probes).  
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Slices were incubated for 30 mins at 37°C in 5µM H2DCFDA, dissolved in dimethyl 

sulfoxide (DMSO).  Following incubation, slices were fixed in 4% paraformaldehyde for 

10 mins, washed 3X for 10 min in PBS then immediately mounted on electrostatically-

charged microscope slides, immediately coverslipped with fluorescence media (Vector 

Laboratories) and sealed with commercially available nail polish.  To minimize 

quenching, this procedure was done under restricted lighting. 

 

Data Analysis 

Levels of H2DCFDA fluorescence were objectively analyzed using ImageJ. The 

slice was viewed under a 10X objective and a digital image was captured for data 

analysis.  Densitometric measurements compared fluorescence intensity on the cochlea 

removal side to fluorescence intensity on the opposite (intact) side of the same slice. The 

group effect was determined with a one-way ANOVA and individual within-group 

effects were analyzed by t-test using Microsoft Excel and SPSS.       

 

Immunocytochemistry: 

Surgery and Sectioning 

A unilateral cochlea ablation was performed on subjects P7-10 under halothane 

anesthesia, as described in Chapter 2. The animals were placed back in their housing unit 

following recovery from anesthesia and allowed to survive for differing durations as 

specified below. This surgical procedure eliminated all afferent activity to the ipsilateral 

NM while leaving the contralateral NM intact. At the end of their survival period, chicks 

were anesthetized with pentobarbital and perfused with room temperature 0.1 M 

phosphate buffer saline followed by ice cold 4% paraformaldehyde.  After perfusion, the 

brain stem was removed from the skull, postfixed in 4% paraformaldehyde for 5 hours 

then cryoprotected in 30% sucrose in PBS overnight.  The following day, brain stems 

were frozen and sectioned at 20 µm on a cryostat, and these sections were collected into 

0.1 M PBS. 

 

Immunolabeling of Lipid Peroxidation 
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Anti-4-HNE was obtained from Chemicon International. Survival times were 1 

(n=3), 6 (n=4), 12 (n=5), or 24 hrs (n=3 ). Sections were rinsed 3X in  PBS for 10 

minutes, then  preincubated in 1% normal goat serum, 1% triton, and 1% BSA for 30 

minutes, and then incubated in anti-4-HNE, (1:500 in blocking solution) overnight at 

4°C. On the final day,  sections were once again washed 3X PBS, then incubated in 1:200 

biotinylated goat anti-rabbit secondary antibody, 1% normal goat serum, 1% triton X-

100, and 1% BSA for an hour.  Sections then underwent another round of washing with 

PBS for 10 min and were then incubated in an Avidin-Biotin Complex (Vector 

Laboratories, Burlingame, CA) for one hour.  Finally, for visualization, sections were 

reacted using 0.5-mg/ml diaminobenzidine and 0.009% hydrogen peroxide in phosphate 

buffer solution for approximately 20 min.   Sections were then mounted on 

electrostatically charged microscope slides and allowed to dry overnight.  The following 

day, sections were dehydrated in ascending series of alcohol concentrations (70%, 95% 

and 100%), cleared with xylenes, and coverslipped with DPX mounting media. No 

labeling was observed in control studies where the primary antibody was omitted. 

 

Immunolabeling of GSTM1 

Anti-GSTM1 was obtained from Upstate Biotechnology (Lake Placid), NY.  

Survival times were 1 (n=3), 6 (n=4), 12 (n=3), or 24 hrs (n=3). Brainstem sections were 

rinsed 3X in  PBS for 10 minutes, then  preincubated in 1% normal goat serum, 1% triton 

X-100, and 1% BSA for 30 minutes, and then incubated in anti-GSTM1 overnight at 4°C. 

On the final day,  sections were once again washed 3X PBS then incubated in 1:200 

biotinylated goat anti-rabbit secondary antibody, 1% normal goat serum, 1% triton, and 

1% BSA for an hour.  Sections then underwent another round of washing with PBS for 

10 min and were then incubated in an Avidin-Biotin Complex (Vector Laboratories, 

Burlingame, CA) for one hour.  Finally, for visualization, sections were reacted using 

0.5-mg/ml diaminobenzidine (DAB) and 0.009% hydrogen peroxide in phosphate buffer 

solution for approximately 20 min. The following day, sections were dehydrated in 

ascending series of alcohol concentrations (70%, 95% and 100%), cleared with xylenes, 
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and coverslipped with DPX mounting media. No labeling was observed in control studies 

that omitted the primary antibody incubation. 

 

 

Fluorescence Double-labeling with GSTM1 and Y10b 

Changes in immunolabeling with anti-GSTM1 and the ribosomal antibody, Y10b 

were directly compared using double-label immunohisotchemistry. Cochlea removal was 

performed and subjefrcts (n = 4) were allowed to survive 12 hr following surgery.  Free-

floating sections were collected in PBS,washed 3X in PBS, blocked with 1% normal 

horse and goat serum  and then incubated overnight in both primary antibodies (GSTM1, 

1:800 and Y10b, 1:250).  The following day, sections were washed with in PBS then 

incubated with two secondary antibodies: horse-anti-mouse FITC (1:100) for Y10b 

(Vector Laboratories) and goat anti-rabbit Cy3 (1:100) (Jackson Immunoresearch 

Laboratories) for GSTM1. After 3X in PBS, immediately mounted on electrostatically 

charged microscope slides, immediately coverslipped with fluorescence media (Vector 

Laboratories) and sealed with commercially available nail polish.  To minimize 

quenching, this procedure was done under restricted lighting. 

 

Immunolabeling of Nrf1 

Anti-Nrf1 was obtained from Santa Cruz Biotechnology. Subjects (n=3) were 

allowed to survive for 6 hrs following surgery. After sectioning, sections were rinsed 3X 

in  PBS for 10 minutes, then  preincubated in 1% normal goat serum, 1% triton X-100, 

and 1% BSA for 30 minutes, and then incubated in anti-Nrf1 (1:4000 in the blocking 

solution) overnight at 4°C. On the final day,  sections were once again washed 3X PBS 

then incubated in 1:200 biotinylated goat anti-rabbit secondary, 1% normal goat serum, 

1% triton, and 1%BSA  antibody for an hour.  Sections then underwent another round of 

washing with PBS for 10 min and were then incubated in an Avidin-Biotin Complex 

(Vector Laboratories, Burlingame, CA) for one hour.  Finally, for visualization, sections 

were reacted using 0.5-mg/ml diaminobenzidine and 0.009% hydrogen peroxide in 

phosphate buffer solution for approximately 20 min. The following day, sections were 

dehydrated in ascending series of alcohol concentrations (70%, 95% and 100%), cleared 
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with xylenes, and coverslipped with DPX mounting media. No labeling was observed in 

control studies that omitted the primary antibody incubation.  

 

 

 

Data Analysis 

For objective analysis of immunolabeling, densitometric measurements of NM 

neurons were obtained using ImageJ.  The staining densities of NM neurons on the intact 

side of the NM were compared with those on the deafferented side of the brain in the 

same tissue section.  For these analyses, the digital image of the tissue was viewed under 

a 40X objective.  Light levels and contrast setting remained constant throughout analysis.  

Neurons with an observable intact cell membrane were analyzed beginning from the most 

medial region of NM and proceeding laterally. Approximately, 30-40 cells in NM were 

selected per side. To prevent bias, the identities of the intact and deafferented sides of the 

brain were only revealed after measurements were obtained.  All data compilation and 

analyses were done using Microsoft Excel and SPSS. 

 

Matched pairs of photomicrographs of the deafferented NM were used for 

objective analysis of the double-label immunohistochemistry.  Photomicrographs of the 

same field using the two different fluorescent filter cubes were captured and the gray 

scale image of each was analyzed using NIH ImageJ.  Anti-Y10b immunolabeling was 

determined by a densitometric measure of 30-40 cells from medial to lateral NM on the 

cochlea removal side of the brain while anti-GSTM1 immunolabeling was determined by 

a densitometric measure of the nucleus in those same neurons. The cytoplasmic labeling 

using Y10b and the nuclear labeling using anti-GSTM1 were analyzed in individual 

neurons and correlations were calculated using Microsoft Excel. 

 

Results 

Deafferentation-induced Elevation in Levels of ROS  

Unilateral cochlea removal resulted in a transient rise in levels of ROS in the NM 

neurons.  An example of this effect is shown in Figure 5. Approximately 6 hours 
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following cochlea removal, deafferented neurons exhibit elevated levels of ROS in NM. 

Opposite sides of the same tissue section were compared for analysis and these objective 

analyses of staining density confirmed the visual impressions.  A two-way mixed analysis 

of variance (ANOVA) was performed on the gray scale density measurements using side 

of the brain as the within-subjects variable and time of survival as the between-subjects 

variable.  This analysis did show a reliable main effect of time [F (2, 11) = 6.2, p < 0.05], 

but the overall main effect of Side was not statistically reliable [F (1, 11) = .19, p = >.05].  

The Group X Side interaction was statistically significant [F (2, 11) = 9.57, p < 0.05].  

Post-hoc (Student Newman-Keuls) pair-wise comparisons revealed reliable (p < 0.05) 

differences between the intact and cochlea removal side of the brain at 6 hr following 

deafferentation.  The between-group differences were further analyzed by transforming 

gray scale scores to percent difference [(mean cochlea removal-mean intact) / mean intact 

* 100]. A one-way ANOVA on these percent difference scores revealed that there was a 

statistically reliable between-group effect. [F (2, 10) = 4.3, p < 0.05].  Post hoc pair-wise 

comparisons (Student Newman-Keuls) showed that 6 hr differed reliably (p < 0. 05) from 

both 1 and 12 hr survival times.  These percent differences are illustrated in Figure 6 in 

which positive numbers indicate that NM neurons on the cochlea removal were more 

brightly labeled with fluorescent dye than those on the intact side of the brain. 

Cochlea Removal Intact 

Figure 5. Cochlea removal results in a transient rise in levels of ROS in NM neurons.  Photomicrograph 

depicts change in levels of ROS 6 hrs following deafferentation. Opposite sides of the same tissue section were 

compared for analysis.   
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Figure 6. Increase in levels of ROS. Percent difference in ROS labeling in NM neurons on 

opposite sides of the same sections.  Positive numbers indicate that the cochlear removal side is 

more brightly labeled than the intact side of the brain.  The asterisk indicates that there is a 

statistically reliable difference between the deafferented and intact sides of the brain.  Survive 

time were  1 (n=4), 6 (n=7), or 12 hrs (n=3).  A significant difference was observed 6 hrs 

following deafferentation. 
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Deafferentation- induced Lipid Peroxidation 

To determine whether the increase in levels of ROS leads to lipid peroxidation in 

NM, neurons were immunolabeling with anti-4-HNE.  Deafferentation led to an increase 

in lipid damage 6 hr following cochlea removal. An example of this effect can be seen in 

Figure 7.  Once again, objective analyses of staining density confirmed these visual 

impressions.  A two-way mixed analysis of variance (ANOVA) was performed on the 

gray scale density measurements using side of the brain as the within-subjects variable 

and time of survival as the between-subjects variable.  This analysis revealed that the 

main effect of time was not reliable [F(3, 11) = .98, p > .05], however the  overall main 

effect of Side was statistically reliable [F(1, 11) = 34.13, p < 0.01] and the Group X Side 

interaction was also statistically significant [F (3, 11) = 4.7, p < 0.05].  Post-hoc (Student 

Newman-Keuls) pair-wise comparisons revealed reliable (p < 0.05) differences between 

the intact and the cochlea removal side of the brain only at 6 and 12 hr following 

deafferentation.   

 

To further examine the between-group differences, density measurements were 

normalized across sections and slices by transforming gray scale scores to percent 

difference [(mean cochlea removal-mean intact) / mean intact * 100].  These percent 

difference data are summarized in Figure 8, in which positive numbers indicate that NM 

neurons on the cochlea removal were more darkly labeled than those on the intact side of 

the brain.  A one-way ANOVA on these percent difference scores revealed that there was 

a statistically reliable between-group effect. [F (3, 11) = 3.6, p < 0.05].  Post-hoc pair-

wise comparisons (Student Newman-Keuls) showed that 1 hr differed reliably (p < 0. 05) 

from both 6 and 12 hr survival times but not 24 hr survival time.  

.  
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Figure 7. Increase Lipid Peroxidation.  Photomicrograph depicts a deafferentation-induced increase in levels of 

oxidized lipids 6 hrs following cochlea removal.  Opposite sides are compared for analysis. 

Cochlea Removal Intact 
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Figure 8. Deafferentation-induced lipid peroxidation.  Percent difference in 

immunolabeling in NM neurons on opposite sides of the same sections.  Positive 

numbers indicate that the cochlea removal side is darker than the intact side of the brain.  

Asterisks indicate that there is a statistically reliable difference between the deafferented 

and intact sides of the brain. Survival times were 1 (n=3), 6 (n=4), 12 (n=5), or 24 hrs  

(n=3 ).  A statistical difference between sides is evident at 6 and 12 hrs following 

cochlea removal but by 24 hrs, the difference is no longer statistically reliable. 
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Deafferentation-induced increase in levels of GSTM1 

Cochlea removal results in an upregulation of GSTM1 on the deafferented side of 

the brain.  An analysis of the time course of this change showed increased expression by 

approximately 6 hrs following cochlea removal.  An example of this effect is shown in 

Figure 9.  

Objective analyses of staining density confirmed these visual impressions.  A 

two-way mixed analysis of variance (ANOVA) was performed on the gray scale density 

measurements using side of the brain as the within-subjects variable and survival time as 

the between-subjects variable.  This analysis revealed main effect of time was not reliable 

[F (3, 9) = 1.3, p >.05].  The main effect of Side was statistically reliable [F (1, 9) = 

19.03, p = 0.02] and the Group X Side interaction was also statistically significant [F (3, 

9) = 6.7, p < 0.01].  Post-hoc (Student Newman-Keuls) pair-wise comparisons revealed 

reliable (p < 0.05) differences between the intact and cochlea removal side of the brain at 

6 and 12 hrs following cochlea removal.  To further examine the between-group 

differences, density measurements were normalized across sections and slices by 

transforming gray scale scores to percent difference [(mean cochlea removal-mean intact) 

/ mean intact * 100].  These percent difference data are summarized in Figure 10, in 

which positive numbers indicate that NM neurons on the cochlea removal side were more 

darkly labeled than those on the intact side of the brain.  A large between-side difference 

is observed at 6 hr, which subsides by 24 hr following deafferentation. A one-way 

ANOVA on these percent difference scores revealed that there was a statistically reliable 

between-group effect. [F (4, 11) = 7.8, p < 0.01].  Post-hoc pair-wise comparisons 

(Student Newman-Keuls) showed that 1 hr differed reliably (p < 0. 05) from both 6 and 

12 hr but not 24 hr survival times, and 6 hr was reliably differed from 24hr survival time.  

 

Deafferentation-induced increase nuclear GSTM1 immunolabeling 

Deafferented NM neurons also show a greater level of GSTM1 nuclear labeling 

than neurons on the intact side of the brain.  A paired sample t-test comparing mean 

GSTM1 nuclear labeling 6 hr following deafferentation confirmed that this difference 

was statistically reliable (t (2) = -6.9, p < .05).  An example of this effect can be seen in 
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Figure 11. To assess whether GSTM1 was more heavily expressed in healthy or dying 

NM neurons,  sections were double labeled with Y10b (a marker for ribosomal integrity) 

and GSTM1.  A correlation analysis was performed with levels of Y10b cytoplasmic 

labeling and levels of GSTM1 nuclear labeling.  Analysis revealed a strong positive 

correlation (r = .83), suggesting that neurons which express greater Y10b 

immunolabeling are also likely to express darker GSTM1 nuclear labeling. An example 

of this effect can be seen in Figures 12 and 13. 

 

Deafferentation-induced upregulation of Nrf1 

Possible changes in the ROS-sensitive transcriptional factor, Nrf1, were evaluated 

6 hr following cochlea removal. Nrf1 labeling was greater on the deafferented side of the 

brain. The mean Nrf1 labeling of NM neurons on each side of the brain was compared 

using a paired sample t-test. This analysis confirmed that the observed difference in Nrf1 

labeling was statistically reliable (t (df) = -6.4, p < 0.05).  

Cochlea Removal Intact 

Figure 9. Upregulation of GSTM1. Photomicrograph depicts the upregulation of GSTM1 

expression in NM neurons 6 hours following deafferentation suggesting a compensatory response.  
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Figure 10. Increase GSTM1 Expression following deafferentation. Percent difference in 

immunolabeling in NM neurons on opposite sides of the same sections.  Positive numbers indicate 

that the deafferented side is darker than the intact side of the brain. Survival times were 1 (n=3), 6 

(n=4), 12 (n=5), or 24 hrs (n=3).  Asterisks indicate that there is a statistically reliable difference 

between the deafferented and intact sides of the brain.   

 Deafferentation induces an upregulation in GSTM1 enzymes 

*
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Cochlea Removal Intact 

Figure 11.  Deafferentation-induced GSTM1 expression in NM. Cochlea removal results in a dramatic 

upregulation in GSTM1nuclear immunolabeling 6 hours following deafferentation.  This suggests a 

compensatory mechanism in response to elevated levels of ROS. 
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Figure 12. Fluorescence immunolabeling for GSTM1 and Y10b in deafferented NM neurons

GSTM1 Y10b 
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Figure 13. Immunolabeling fluorescence doubling labeling.  This photomicrograph 

depicts the colocalization of GSTM1 and Y10b in NM neurons.  These data indicates a 

positive correlation in that neurons that were more darkly labeled with Y10b also express 

darker GSTM1 nuclear labeling.     
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Discussion 

The chick brain stem provides a unique model to explore a possible novel 

pathway in which ROS could potentially influence cell survival and death following the 

loss of afferent input.  The primary rationale for pursuing the present study is that 

previous reports indicate a rapid increase in intracellular calcium and a dramatic 

mitochondrial proliferation in NM following deafferentation (Hyde and Durham, 1994; 

Zirpel at al., 1996). It was then hypothesized that deafferentation will lead to a rise in 

levels of ROS. While not surprising, it is a rather intriguing phenomenon considering 

ROS are typically a by-product of increased cellular activity (review, Brookes et al., 

2004) whereas the overall activity in NM decreases following deafferentation (Lippe et 

al., 1980). Additionally, mitochondrial proliferation typically occurs in muscle tissue in 

response to elevated activity (Moyes et al., 1998), but proliferation occurs in NM neurons 

following the loss of activity.  The literature has very few examples in which the removal 

of afferent input produces an increase in levels of ROS (Miller et al., 2002). Therefore, 

the chick auditory brain stem is unusual in that neurons showed a deafferentation-induced 

increase in levels of ROS.   

 

A population of neurons in NM dies within a few days following the removal of 

auditory nerve activity. Studies aimed at elucidating the nature of the activity-dependent 

trophic influence suggest that activation of metabotropic glutamate receptors (mGluRs) is 

required to maintain calcium homeostasis in NM neurons (Zirpel et al., 1996, 1998).  Still 

unknown, however, is the precise sequence of events that leads toward cell death 

following the loss of mGluR activation.  Additionally, it is not known what determines 

whether or not an individual NM neuron will die.  Only 20-30% of the neurons die 

following deafferentation despite the fact that all of the neurons are completely deprived 

of auditory nerve input.  The results from the present set of experiments suggest that 

oxidative stress and compensatory responses to this stress may play a role in cell death 

following deafferentation. 
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It is possible that an early increase in calcium initiates a secondary rise in levels 

of ROS (Kruman et al., 1998; review, Waring, 2005).  In the present study, deafferented 

NM neurons exhibited elevated levels of ROS by 6 hrs following cochlea removal.  

Interestingly, this early rise coincides with mitochondrial proliferation (Hyde and 

Durham, 1994) and the separation of NM neurons into living and dying populations 

based on analyses of ribosomal structure and function (Steward and Rubel, 1985; Garden 

et al., 1994).  While suggestive of a causal role, it must be acknowledged that it is not 

known if the rise in ROS initiates a cascade of events culminating in cell death, or if the 

rise is simply an indicator of compromised cellular activity. The compromised NM 

neurons, however, are still capable of producing compensatory changes that may offset 

the possibility of oxidative damage.   GSTM1 enzymes were robustly upregulated in both 

the cytoplasm and the nucleus of NM neurons between 6-12 hrs following 

deafferentation.  To determine if this compensatory response might be involved in 

determining which neurons will survive following deafferentation, NM neurons were 

double-labeled with Y10b and GSTM1.  Y10b labels ribosomal RNA, and the level of 

Y10b labeling is related to ribosomal dissociation (Garden et al., 1994), which is believed 

to be an early indicator of cell death (Hyson, 1995; 1998; Nicholas and Hyson, 2004).  

The strong correlation between Y10b and GSTM1 immunolabeling suggests that GSTM1 

expression is upregulated to a greater extent in surviving neurons than in those neurons 

that are destined to die.  The rise in GSTM1 may be induced by the ROS-sensitive 

transcriptional factor, Nrf1, which is also upregulated during this time.  

 

Calcium and ROS 

Converging evidence suggest that loss of calcium homeostasis is the critical factor 

that leads to the increase in levels of ROS in NM.  This assertion is supported by studies 

that show cytoplasmic calcium overload results in nonspecific permeabilization of the 

mitochondrial inner membrane which consequently leads to the elevation in ROS 

(Brookes, 2005). In the chick brain stem, intracellular calcium is elevated within an hour 

of deafferentation (Zirpel et al., 1998) whereas in the present study, ROS increase occurs 

6 hrs following deafferentation. This sequence of changes suggests, as is the case in other 
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systems, the early calcium rise could be the initiator of the subsequent increase in levels 

of ROS in NM.  

 

GST is Neuroprotective 

It is possible that the protection afforded by GST enzymes may be the critical 

factor that determines whether a given NM neuron will survive or die following 

deafferentation. The primary function of GST is to detoxify cells through a glutathione 

conjugation of altered cellular products (Kodym et al., 1999; Cumming et al., 2001). 

Between 6-12 hrs following deafferentation, there is a robust upregulation of GSTM1 

enzymes, not only in the cytoplasm, but particularly in the nucleus of NM neurons.  

Further probing with a double labeling assay for both Y10b, a marker of neuronal 

viability, and GSTM1 antibodies revealed a strong positive correlation between levels of 

Y10b and GSTM1 immunolabeling in that darker labeled Y10b neurons also expressed 

darker GSTM1 nuclear immunolabeling.  These results suggest that the 70% of NM 

neurons that eventually survive deafferentation may posses a greater capacity to combat 

elevated levels of ROS.   

 

Although not heavily explored in neurons, GSTs’ possible protective effect in NM 

is consistent in several reported studies. For instance, elevated levels of GST have been 

shown to be associated with increased resistance to apoptosis initiated by a variety of 

stimuli in lymphoma and hematopoitic cells (Kodym et al., 1999; Cumming et al., 2001).  

Cytosolic glutathione transferases, other protective enzymes, and glutathione synthesis 

(Venugopal and Jaiswal, 1996; Hayes and McMahon, 2001) are up-regulated by 

electrophiles through the Nrf1.  The present study also documents a relationship between 

the upregulation of Nrf1 and a corresponding rise in nuclear GSTM1. 

 

Compensatory antioxidant activity could be neuroprotective in cases where 

compromised calcium homeostasis is the initiator of cell death.  The cell permeant 

antioxidant MnTBAP reduced cell death induced by the calcium ionophore, A23187, in 

cultures and embryonic striatal neurons (Petersen et al., 2000). Although the present 

study only examines GSTM1, the contribution of other GST enzymes such as GSTO1 to 
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calcium signaling is documented.  For instance, GSTO1 has been shown to plays a novel 

role in regulating intracellular calcium, potentially protecting cells containing RyR2 

(ryanodine receptor) from radiation damage  and apoptosis induced by calcium 

mobilization from intracellular stores (Dulhunty et al., 2001). Taken together, data 

suggest that while ROS may not initiate the process, it is central to propagating the 

calcium-induced cell death.  As noted above, a rise in intracellular calcium might be an 

initiating step in cell death of NM neurons following deafferentation.  Consequently the 

compensatory rise in GST in NM neurons might contribute to the survival of the majority 

of neurons following deafferentation. 

 

Bcl2 

Another potential neuroprotective mechanism in NM may be mediated by the 

upregulation of the anti-apoptotic molecule bcl2. Part of bcl2’s pro-survival influence 

might be through the regulation of oxidative stress. For example, Hochman and 

colleagues (2000) examined brains from bcl2 knockout mice and found an increased 

amount of oxidized protein and fewer cerebral cells when compared with control animals.  

Bcl2 prevents mitochondria membrane potential collapse, ROS burst and the decrease in 

glutathione caused by oxidants (Paul and Arrigo, 2000). It has been shown to protect cells 

by preventing the leakage of hydrogen peroxide through compartmentalization of these 

molecules (Lee et al., 2001).  Preventing hydrogen peroxide release inhibited the signal 

transduction that lead to the release of cytochrome c, thus suppressing a death cascade.  

Bcl2 has been implicated as playing a neuroprotective role following deafferentation in 

the mammalian cochlear nucleus (Moustafapour et al., 2002).  Our laboratory has shown 

that cochlea removal produces a robust upregulation of bcl2 mRNA in a subpopulation of 

NM neurons 6-12 hours following cochlea removal (Wilkinson et al., 2002). Perhaps the 

upregulation of bcl-2 is part of the cell’s compensatory response to oxidative damage.   

 

Other Mechanisms of GST Neuroprotection  

While GST typically detoxifies cells by catalyzing GSH conjugation to 

electrophiles, it should be noted that other pathways of protection have also been 

observed.  For instance, GSTM1 has been shown to inhibit MEKK1 activity induced by 
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UV and H2O2 (Ryoo et al., 2004). The overexpression of GSTM1 interfered with the 

induction into an apoptotic pathway  in a manner independent of glutathione catalytic 

activity. In addition, GSTM1 functions as an endogenous inhibitor of apoptosis signal-

regulating kinase 1 (ASK1), a MAP3K of the JNK/SAPK and p38 mitogen-activated 

protein kinase pathway, thereby suppressing ASK1-mediated cell death (Cho et al., 

2001).  

Although the present study implicates a possible role for GSTM1 in NM neurons, 

it should not be assumed that this is the only GST enzyme that contributes to the 

neuroprotection in NM nor that GSTM1 is the primary catalyst in NM. For example, 

GSTP has also been shown to regulate toxicity in cells (Cumming et al., 2001).  The 

multitude of ROS detoxification pathways underscores the critical role oxidative stress 

plays in normal cellular functioning. GSTs do not singly detoxify cells, but rather, are a 

part of an orchestrated pathway. Its effectiveness depends on the combined action of 

other major players such as glutamate cysteine ligase and glutathione synthase to supply 

GSH, and the action of transporters to remove the glutathione conjugates from the cell.   

 

Metabotropic Glutamate Receptors  

The transneuronal activation of metabotropic glutamate receptors (mGluRs) 

appears to be a central factor that regulates viability in NM neurons (Hyson, 1998; Zirpel 

et al. 1998; Nicholas and Hyson, 2004).  These receptors are G-protein coupled receptors 

that are divided into three groups based on sequence homology, pharmacology and 

intracellular signaling pathways.  Group I is known to stimulate phosphatidyl inositol 

hydrolysis whereas group II and III are negatively coupled to cyclic AMP production 

(Conn and Pin, 1997).  In the chick auditory brain stem, group I mGluRs’ role in 

regulating neuronal viability is generally appreciated.  For instance, the activation of 

group I mGluRs have been shown to be necessary for neuronal survival (Nicholas and 

Hyson, 2004), which is likely through its ability to regulate calcium homeostasis in NM 

(Zirpel et al., 1996; 1998).  Specifically, the group I second messenger, protein kinase c 

(PKC) to influence the rise in calcium has clearly been demonstrated by Zirpel and 

colleagues (1998).   Therefore, in principle, PKC could also be a regulator of levels in 

ROS.  This assertion is supported by previous studies that have shown the loss of PKC 
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activity leads to cell death in neurons exposed to oxidative stress whereas the 

maintenance of PKC activity protects nerve cells from oxidative stress-induced cell death 

(Maher, 2001). These data suggest that the documented protective effect of mGluR 

activation may be partially due to a suppression of the secondary rise in levels of ROS 

observed in NM. 
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CHAPTER 4 

 

GENERAL DISSCUSSION 

 

      The chick auditory brain stem has been a successful model for examining questions 

regarding activity-dependent plasticity in the CNS. The silencing of afferent activity 

results in relatively rapid death and atrophy of neurons in the cochlear nucleus, nucleus 

magnocellaris (NM).  The goals of these studies were to continue to examine the 

intercellular signaling systems that serve to provide trophic support to NM neurons and to 

explore a possible sequence of events that culminate in death following deafferentation of 

NM neurons. Toward this end, this report first examined afferent regulation of mGluR2/3 

expression. This receptor is believed to be part of the system that provides the trophic 

influence of activity on NM. Anatomical analyses confirmed the presence of mGluR2/3 

in NM and showed a small increase in expression following deafferentation.  The second 

series of experiments examined the possible role of oxidative stress in the sequence of 

events leading toward cell death following the loss of afferent activity.  These studies 

examined the production of reactive oxygen species (ROS), lipid damage produced by 

ROS (4-HNE), the regulation of a compensatory antioxidant system (GSTM1) and the 

regulation of a ROS-sensitive transcription factor (Nrf1).  These analyses suggest that an 

oxidative stress pathway might contribute to determining which cells in NM live or die 

following deafferentation.   

 

Afferent Regulation of mGluR2/3 Expression 

One goal of the present studies was to examine the distribution and regulation of 

metabotropic glutamate receptors (mGluRs).  Previous research suggests the activation of 

mGluRs is necessary to maintain healthy neurons in NM (Nicholas and Hyson, 2004).   

Historically, most studies have focused on the ability of group I mGluRs to regulate 

neuronal viability, however, there is also evidence that suggests that group II mGluRs 

also provide neuroprotection.  Zirpel et al., (1998) have shown that the activation of 

mGluR2/3 effectors PKA and cAMP contribute the regulation of calcium homeostasis in 
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NM.  Additionally, reports from our laboratory have shown that group II is necessary for 

maintaining ribosomal integrity in NM neurons (Nicholas and Hyson, 2004).   One 

purpose of the studies of mGluRs was to confirm the location of group II mGluRs in NM.  

Additionally, the possible mechanism underlying the neuroprotective effect of mGluRs 

activation depends on whether the mGluRs are located on the presynaptic or postsynaptic 

side of the auditory nerve—NM synapse.  Finally, studies of other systems suggest that 

the expression of receptors is often regulated by afferent activity.  The experiments 

presented in Chapter 2 begin to answer these questions.  

 

 Both annular and cytoplasmic immunolabeling were evident in NM, suggesting 

that mGluR 2/3 is expressed on both the presynaptic and postsynaptic neurons. While 

precise localization cannot be determined with light microscopy, this pattern of labeling 

is consistent with reports from electron microscopy that revealed mGluR2/3 

immunoreactivity in both presynaptic and postsynaptic elements in other systems (Askew 

et al., 2000; Tamaru et al., 2001).  MGluRs are also expressed on glial processes (Petralia 

and Wang, 1996), but this was not explored in the current experiments. Deafferentation 

produced an early upregulation in mGluR2/3 expression in NM neurons. This difference 

was most consistently observed at early time points (1 hr) following cochlea removal.  

While the analysis did not distinguish side by side differences in annular and cytoplasmic 

staining intensity, visual impressions suggest that both areas showed increased labeling. 

These results are opposite to previous unpublished studies from our laboratory that 

showed both group I mGluRs (1 and 5) expressions were suppressed 6 hr following 

deafferentation (Nicholas and Hyson, 2002).   

 

While the functional significance of an activity-dependent change in expression is 

uncertain, studies from other systems have suggested a neuroprotective role (Aronica et 

al., 2000; Matrisciano et al., 2002).  Another intriguing possibility stems from a study 

that showed   the activation of group II receptors is necessary to potentiated the group I 

mGluRs polyphosphoinositide hydrolysis (Matrisciano et al., 2002). Since it is unlikely 

that the activation mGluR2/3 inhibit glutamate release in our system, a secondary 

function of these receptors might be to potentiate the group I mGluR response in NM.  If 
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so, then mGluR2/3 may provide neuroprotection in NM by a mechanism that is 

independent of cAMP and PKA activity, per se.  

 

Increase in Levels of ROS  

Deafferentation disrupts metabolic activity and produces death in a subpopulation 

of neurons in NM (Born and Rubel, 1985).  Upon the loss of afferent activity, neuronal 

death is not immediate; it is likely a result of a series of events over course of hours to 

days. One goal of these experiments was to provide insight into the cascade of events that 

culminates in cell death following deafferentation.  One possible pathway that might be 

involved in determining neuronal fate following cochlea removal is a change in levels of 

ROS. Since ROS are typically a by-product of energy production, and deafferentation 

reduces the overall metabolic rate in NM (Lippe et al 1980), it is counter-intuitive to 

predict a rise in ROS.   However, previous studies that show deafferentation leads to 

elevated intracellular calcium (Zirpel and Rubel, 1996; Zirpel et al.,1998), mitochondrial 

proliferation (Hyde and Durham, 1994) and increased oxidative enzyme capacity 

(Durham et al., 1985; Hyde and Durham 1990) in NM suggest that ROS signaling might 

be relevant to intracellular cascades that determine the fate of neurons following the loss 

of afferent activity. 

 

The literature has an abundance of reports in which environmental toxins such as 

noise, chemicals agents, aging, and disease states causes oxidative stress (Ekinci et al., 

2000; Ohinata et al., 2000; Niwa et al., 2003; Sahin et al., 2004), but studies that show a 

role of oxidative stress in deafferentation-induce cell death are sparse (Altshuler et al., 

1999; Miller et al., 2002). The auditory brain stem provides a unique opportunity to 

examine deafferentation-induced changes in postsynaptic neurons. The present report 

showed that deafferentation increases levels of ROS approximately 6 hours following 

surgery.  This finding is significant because it coincides with previous reports that show 

dramatic mitochondrial proliferation (Hyde and Durham, 1994) and increase oxidative 

enzyme capacity (Durham et al., 1985; Hyde and Durham 1990).  Additionally, it appears 

that neurons begin to divide into living and dying populations at approximately 6 hrs 

following cochlea removal, based on analyses of ribosomal structure and function 
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(Steward and Rubel, 1985; Garden et al., 1994).  Consequently, the timing of the change 

in levels of  ROS is consistent with a possible role in the cascade of events leading 

toward cell death in this system. 

  

A number of studies have implicated changes in intracellular calcium as the 

culprit for the increase in levels of ROS.  Some studies have shown that the elevation in 

ROS can be suppressed by controlling levels of intracellular calcium (review, Brookes et 

al., 2004).   Kruman and colleagues (1998) demonstrated that staurosporine-induced 

apoptosis in PC12 cells was preceded by an early in increase intracellular calcium, a rise 

in ROS and lipid peroxidation. These events were blocked by pretreating cells with the 

calcium chelator, BAPTA.  Similar findings were reported when calcium ions were 

removed with calcium chelator, EGTA (Atlante, 2001). These findings support the 

hypothesis that an early increase in intracellular calcium could lead to a secondary rise in 

ROS.  Such a sequence is possible in NM following deafferentation.   A rise in 

intracellular calcium levels is observed by approximately 1 hr following deafferentation 

(Zirpel and Rubel, 1996), but the rise in ROS was observed approximately 6 hr following 

deafferentation.   

 

While the increase in calcium may play a significant role in initiating the rise in 

ROS, other factors may also contribute to ROS deregulation. Deafferentation induces a 

rapid decrease in overall protein synthesis (Stewart and Rubel, 1985). This down 

regulation in protein synthesis could result in a failure to synthesize detoxifying enzymes 

such as GSTs, UDP-glucuronosyl tranferase and quinine oxidoreductase to regulate 

levels of ROS (review, Motohashi and Yamamoto, 2004).    

 

4-HNE  

Having shown that deafferentation induces an increase in levels of ROS, it 

became important to determine if this increased oxidative stress is consequential, leading 

to cellular damage. Brain tissue contains a large amount of polyunsaturated fatty acids, 

which are particularly vulnerable to ROS attack (Bromont and Bralet, 1989). Dramatic 

increased lipid peroxidation, evident by the formation of 4-hydroxynonenal (4-HNE), 
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was observed in NM neurons between 6-12 hrs following deafferentation. The timing of 

these changes was consistent with the transient rise in ROS (6 hrs following 

deafferentation).  Additionally, the lipid peroxidation occurs at the time that cells separate 

into living and dying populations, based on analyses of protein synthesis.   

  

One important issue that remains to be addressed is determining whether the 

increased levels of 4-HNE leads to the activation of a compensatory response or leads to 

activation of an apoptotic pathway. The literature appears rather mixed in this regard. 

While the production of 4-HNE is a normal cellular by-product, beyond a particular 

threshold it has been shown to be death signaling (Sharma et al., 2004).  A few reports 

suggested a role for 4-HNE in apoptosis and cell arrest (Esterbauer et al., 1991; Cheng et 

al., 1999).  On the other hand, 4-HNE is also a signaling molecule that induces the 

glutathione cysteine ligase, the rate limiting enzyme in glutathione synthesis and leads to 

an increase in glutathione production (Dickinson et al., 2002). Since only a subpopulation 

of cells die in NM following deafferentation, either one of these mechanisms could be 

involved in determining the fate of NM neurons following the loss of afferent input.  

 

GST 

The fact that potentially harmful molecules such as calcium (Zirpel et al., 1998), 

ROS, cytochrome c (Wilkinson et al., 2003) and 4-HNE are upregulated across the entire 

NM population at a time when neurons are dividing into living and dying populations 

suggests that factors that combat the deleterious effects of deafferentation may determine 

whether a given neuron lives or dies following deafferentation.  One possible class of 

molecules, which may combat these toxic effects of ROS are GSTs.  GSTs are classic 

phase II detoxification enzymes that protect against oxidative stress by conjugating 

glutathione to electrophilic species.  A number of studies have documented the protective 

effects of GSTs in the liver (Satoh and Hatayama, 2002; Lupp et al., 2003) and kidney 

(review, Artru, 1998), however, their possible role in deafferentation-induced protection 

is largely unexplored.   
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To determine if GSTs might play a compensatory neuroprotective role in NM 

following deafferentation, levels of GSTM1 were examined by immunocytochemistry.  

Cochlea removal resulted in the upregulation of GSTM1 in NM neurons 6 hrs following 

surgery. Importantly, the rise is GSTM1 occurs at the same time that ROS levels and 

lipid peroxidation is taking place.  This suggests that the rise in GSTM1 may be a 

compensatory response to oxidative damage.   Interestingly, GSTM1 immunolabeling 

was also more darkly labeled in the nuclei of deafferented neurons.  This pattern of 

labeling is consistent with other reports that show increased nuclear expression following 

exposure to stress (Kodym et al., 1999; Goto et al., 2002). A likely candidate molecule 

for promoting the ROS-induced upregulation of GSTM1 appears to be the ROS-sensitive 

transcriptional factor Nrf1. In present report, Nrf1 was shown to be upregulated 6 hrs 

following deafferentation, suggesting that it could be promoting the expression of 

GSTM1 in NM.  

 

To evaluate whether GSTM1 upregulation might contribute to neuroprotection in 

NM following deafferentation, GSTM1 immunoreactivity was compared to levels of 

immunolabeling with Y10b, a marker ribosomal integrity (Garden et al 1994).  A strong 

positive correlation was observed between GSTM1 and Y10b immunolabeling, 

suggesting that neurons presumed to survive deafferentation are those that express higher 

GSTM1 nuclear labeling in NM than those destined to die.  These data are consistent 

with studies showing a protective role of GST in various systems following stress 

(Kodym et al., 1999; Cumming et al., 2001; Townsend and Tew, 2003). 

  

Unanswered Questions 

The studies in this report identify potentially important changes that occur during 

a period of time that deafferented neurons differentiate into living and dying populations.  

These studies suggest that changes in GSTM1 contribute to this differentiation, but to 

determine if GSTM1 really play a determining role will require experiments that 

manipulate the expression of these molecules and assess the effects of those 

manipulations on cell survival.  For example, the rise in GSTM1 in the nucleus of 

relatively healthy deafferented NM neurons raises the hypothesis that its antioxidant 
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action may help preserve the health of the neuron.  To test this hypothesis it will require a 

manipulation of GSTM1 expression followed by observation of the ultimate survival of 

NM neurons after cochlea removal.  Similarly, the trend towards change in mGluR2/3 

expression following cochlea removal suggests that this might be a compensatory 

neuroprotective response, but this hypothesis remains to be tested directly.  This 

dissertation, therefore, sets the stage by identifying compensatory changes in NM 

neurons following deafferentation. This has led to the formation of hypotheses that will 

hopefully be tested in the future.  
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