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Terminal Schwann cells that cap neuromuscular junctions (NMJs) are proposed to 

play important roles in the formation, maintenance and regeneration of peripheral motor 

synapses.  At adult NMJs, terminal Schwann cells and their processes cover precisely 

axon terminal branches that lie juxtaposed to acetylcholine receptors located on the 

postsynaptic muscle fiber membrane.  Following muscle denervation, normally quiescent 

terminal Schwann cells (SCs) become ‘reactive’ a phenotype characterized by the growth 

of SC processes, SC proliferation, SC migration from synapses and the induction of nerve 

terminal sprouting. These morphological changes greatly enhance the re-establishment of 

severed motor synapses by creating a microenvironment that supports the efficient 

regeneration of motor axons.  Uncovering the molecular mechanisms that allows these 

cells to switch from the quiescent, nerve bound SC to the reactive, denervated SC is the 

focus of my investigation.  One strategy for increasing understanding of the roles of SCs 

in regeneration is to manipulate the expression of genes known to regulate SC function. 



 vii 

In this study, I have used the Tet-On system of gene expression to conditionally 

regulate the expression of a constitutively active form of the Nrg receptor, ErbB2 thus 

allowing me to artificially drive neuregulin signaling selectively in SCs of transgenic 

mice. My results show that Nrg signaling in SCs can account for many of the 

morphological changes observed in terminal SCs following muscle denervation. In 

addition, I show that rescue of neonatal SCs from denervation induced apoptosis involves 

autocrine signaling by Nrg. Taken together, my results suggest that SCs can dramatically 

alter synaptic architecture and that Nrg is the likely signal causing the reactive SC 

phenotype following muscle denervation.
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CHAPTER 1 

 

 

INTRODUCTION 

 

This study examined the molecular mechanisms that contribute to the generation of the 

reactive Schwann cell (SC) phenotype that greatly enhances synapse regeneration 

following muscle denervation.  For this purpose, mice were generated based on the Tet-

On conditional gene expression system that allowed me to manipulate the expression of 

genes known to be involved in SC function. 

 One of the main functions of the nervous system is the integration and 

transmission of electric signals to and from the brain.  In the peripheral nervous system 

(PNS), electric signals are sent along the axons of sensory and motor neurons.  In the 

adult PNS, axons are ensheathed by glial cells called Schwann cells (SCs).  SCs are 

important for the fast, efficient conduction of electric potentials along axons. SCs also 

play pivotal roles in the formation, maintenance and in particular, the regeneration of the 

specialized connection made between the axon of a motor neuron and a muscle fiber, i.e. 
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the neuromuscular synapse.  Unlike neurons of the central nervous system (CNS) 

peripheral neurons retain a capacity to regenerate following nerve injury.  This ability is 

due in large part to Schwann cells.  When motor axons are injured (by cut or crush), SCs 

located distal to the injury site become ‘reactive,’ a phenotype that is characterized by 

dramatic changes in cell morphology, behavior, and gene expression.  These changes in 

SCs are thought to make ready an environment that is conducive for the regeneration of 

axons and the re-establishment of neuromuscular synapses.  Previous work in the 

Thompson lab using repeated in vivo imaging of denervated neuromuscular synapses has 

revealed that reactive SCs grow long processes and are the preferred growth substrate for 

regenerating motor axons.  For example following the cutting of a nerve, axons begin to 

degenerate and SCs at the synapse and at the site of injury begin to sprout processes.  The 

processes of SCs at the cut site form a conduit the spans the gap between the old nerve 

stump and the cut ends of intact axons and is used by regenerating axons to grow across 

and re-enter the old nerve stump.  Regenerating axons then grow along SCs located along 

the old endoneurial tubes until they reach the denervated muscle fiber and innervate the 

synaptic site.  In many cases the processes of a terminal SCs located at nearby denervated 

synapse will make contact with the re-innervated synapse forming a ‘bridge’ between the 

two, thus allowing the nerve fiber to grow across and innervate a second muscle fiber.  

Another example of the powerful influence SCs have on axons can be appreciated from 

experiments showing that a regenerating axon entering an old synaptic site will prefer to 

re-innervate only those portions of the acetylcholine receptor plaque that are covered by 

the process of a SC.  This preference is so strong that portions of the re-innervated 
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receptor plaque, not covered by a SC process, will remain un-innervated.  Over time, 

these unoccupied portions of receptor plaque are lost.  Together, these findings show that 

SCs are not only instrumental in guiding regenerating motor axons back to their synaptic 

sites but were the first to demonstrate that SCs play a role in the physical shape of 

regenerated synapses.  Other studies have shown that reactive SC processes have a strong 

influence on un-injured axons as well.  In cases of partial nerve injury, reactive SC 

processes from denervated muscle fibers can induce motor nerve terminals at intact 

neuromuscular synapses to sprout.  These nerve terminal sprouts can then grow across the 

extended processes of SCs located at the junction of a denervated muscle fiber and 

quickly restore synaptic input to the denuded synapse.  At the time these findings were 

made, the general school of thought was that SCs played little if any role in guidance of 

regenerating axons.  This dogma was likely seeded by developmental studies showing 

that nascent axons projecting from the somites toward their muscle fiber targets lead 

rather than followed SCs and their processes. Nonetheless, the in vivo studies from the 

Thompson laboratory have shown clearly that SCs and their processes have a unique 

ability to promote and direct the growth of injured and intact axons.  However, a key 

question not yet answered is what are the molecular signals that contribute to the 

generation of the reactive SC phenotype?  One likely candidate is neuregulin-1 (Nrg-1).  

 Neuregulin-1 is a growth and differentiation factor that signals via tyrosine kinase 

receptors known as ErbB receptors.  Activation of ErbB receptors by Nrg-1 is known to 

be responsible for the proliferation, migration, survival and differentiation of many cell 

types including SCs.  Studies have shown that not only is the expression of Nrg-1 and its 
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ErbB receptors upregulated in the distal segment of denervated sciatic nerve but that 

these receptors also become activated. More compelling are experiments previously 

initiated in the Thompson lab that have shown that exogenous application of Nrg-1 to 

adult rat muscles produces morphological changes in SCs that mimic those seen in 

denervated SCs:  these changes include growth of SC processes, sprouting of nerve 

terminals, SC proliferation and migration. Knowing where Nrg-1 is working to produce 

these profound changes in synapse morphology was difficult to assess because ErbB 

receptors are synthesized by muscle fibers, motor neurons and SCs.  One possibility is 

that Nrg-1 activated ErbB receptors on muscle or nerve fibers, which go on to produce 

factor(s) that instruct SCs to take on the reactive phenotype.  Alternatively, Nrg-1 was 

activating ErbB receptors directly on SCs. One might be able to determine if the changes 

seen following exogenous application of Nrg-1 were due the action of Nrg-1 solely on 

SCs if only the ErbB receptors on SC could be selectively activated. 

 My dissertation examines the role that SCs play in the regeneration of 

neuromuscular synapses following nerve injury.  The data presented suggest that we can 

turn on and turn off the expression of transgenes selectively in the Schwann cells of 

living mice.  In this way I was able to test predictions about the molecular mechanisms 

used by SCs in promoting the regeneration of motor axons and the re-establishment of 

neuromuscular synapses.  By the end of this treatise, I hope you come to appreciate, like I 

have, that one of the molecular mechanisms used in the generation of the reactive SC 

phenotype is autocrine neuregulin signaling in SCs.  

     The major findings of this dissertation are: 
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1. Regulatory elements of the human S100B promoter confer doxycycline- 

 inducible regulation of a LacZ reporter transgene in mouse Schwann cells. 

2. A mutant, constitutively active ErbB2 receptor (caErbB2) can be expressed 

selectively and reversibly in Schwann cell. 

3. Neuregulin signaling in Schwann cells alters the relationship between Schwann 

cells and nerve terminals at neuromuscular junctions. 

  • Growth of Schwann cell processes 

  • Sprouting of motor axon nerve terminals 

  • Migration of Schwann cells 

  • Proliferation of Schwann cells 

4. The signaling provided by caErbB2 in Schwann cells causes the upregulation    

of Nestin, a cytoskeletal marker for the reactive state found in Schwann cells 

after nerve damage. 

5. Withdrawal of the doxycycline inducer reverses the expression of 

  caErbB2 in Schwann cells and the reverses the caErbB2-induced changes in   

Schwann cells and nerve sprouting. 

6. Doxycycline-induced expression of caErbB2 in Schwann cells rescues neonatal 

Schwann cells from denervation induced apoptosis. 

 

Neuromuscular junctions 

 The formation and function of the chemical synapse has been the focus of 

rigorous study in neurobiology for decades. Identifying the cellular components and the 
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intricate molecular communications taking place between them is critical for uncovering 

the basic mechanisms underlying the formation, function and regeneration of the 

vertebrate chemical synapse. Because of its large size, well-characterized architecture and 

accessibility, the vertebrate neuromuscular junction (NMJ) has traditionally been the 

model synapse for these investigations.  The NMJ is composed of three elements: a 

presynaptic motor nerve terminal, a postsynaptic muscle fiber, and terminal Schwann 

cells (Sanes and Lichtman, 1999). At normal NMJs, terminal SCs and their processes cap 

nerve terminal arbors that make synaptic contact with clusters of acetylcholine receptors 

(AChRs) embedded in the surface of the muscle fiber membrane. Synaptic transmission 

is mediated by the neurotransmitter molecule, acetylcholine (ACh). Synaptic 

transmission occurs with the arrival of an action potential into the nerve terminal that sets 

in motion a series of events that includes ACh release into the synaptic cleft, the binding 

of ACh to ACh receptors on the postsynaptic muscle fiber that ultimately leads to muscle 

fiber contraction.  Recent advances in molecular biology have shed new insights into 

what has traditionally been the least understood component of this synapse, the terminal 

SC.   
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General overview of Schwann cells 

 Schwann cells are the principal glial cells of the peripheral nervous system (PNS) 

(Lemke, 1992).  Shortly after their genesis from the neural crest, SCs migrate along 

nascent axons projecting out to their peripheral targets and eventually segregate and wrap 

these axons and in the case of motor nerve fibers, position themselves above 

neuromuscular synapses. At maturity, SCs take on one of three different phenotypes 

based on the type of axons they associate with, location along axons, morphology and 

biochemical repertoire (Corfas et al., 2004). Traditionally, one of the major distinctions 

made between SCs along nerve fibers is whether the wrappings they make around axons 

contain the protein myelin.  Multiple small caliber axons are ensheathed by SC wrappings 

that do not contain this protein, whereas single large caliber axons are wrapped several 

layers thick with a SC sheath that contains myelin. These two types of SCs are called 

myelinating and non-myelinating SCs.  Because of their location to synapses, terminal 

SCs have recently been appreciated as a third type of SC. Terminal SCs cap motor nerve 

terminal branches at NMJs and have a non-myelinating phenotype.  All SCs are derived 

from a common pool of neural crest precursor cells yet they possess uniquely different 

patterns of gene expression. For example, all SCs express S100, a low molecular weight 

calcium binding protein, whereas myelinating SCs express genes that encode for myelin 

specific proteins like protein zero (P0) and myelin-basic protein (MBP) and non-

myelinating SCs express genes for glial fibrillary acidic protein (GFAP) and the low-

affinity nerve growth-factor receptor p75 (Jessen et al., 1990; Jessen and Mirsky, 1991; 

Zorick and Lemke, 1996).  
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Not surprisingly, these three types of SCs have different functions and the most 

studied and well understood is the myelinating SC. The multilammelar myelin sheaths 

produced by these cells are critical for ensuring rapid saltatory propagation of action 

potentials down axons. Myelinating SCs also play a major role in the differentiation of 

the nodes of Ranvier (for review see Scherer et al., 2004).  Recent studies have shown 

that myelinating SCs modulate the activity, spacing and numbers of neurofilaments 

within the myelinated axonal segments causing them to be larger in diameter compared to 

the much narrower node of Ranvier (Hsieh et al., 1994).  Although much less is known 

about the function of non–myelinating SCs, genetic studies in mice suggest that non-

myelinating SCs play a similar role as myelinating SCs in the conduction of electrical 

signals along sensory axons and that non-myelinating SCs provide nutritive signals 

needed for sensory neuron survival in adult mice (Chen et al., 2003).  

 

Maintaining ionic balance   

In the mid 1960’s, Kuffler and Nicholls (1966) demonstrated that glial cells are 

highly permeable to potassium ions (K+). Following repetitive nerve impulses a slow 

inward K+ depolarization can be recorded in glial cells. Kuffler and Nicholls proposed 

that by taking up excess extracellular K+, glial cells could buffer the extracellular 

environment from increases in K+ ions and thus protect surrounding neuronal membranes 

from K+-induced depolarization and thus excitation. Support for this proposal came 

several years later when it was shown that Müller cells (specialized glial cells located in 

the retina) could remove high concentrations of extracellular K+ and ‘siphon’ these ions 
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to places of lower concentration (Newman et al., 1979).  In the PNS, myelinating SCs 

express potassium channels that are concentrated in finger-like extensions called 

microvilli that are located near the ends of internodes. These structures are thought to 

play a similar role in buffering extracellular K+ at nodes of Ranvier following nerve 

impulses (Wilson et al., 1990; Mi et al., 1996). Schwann cells also express voltage-gated 

sodium channels (Shrager et al., 1985; Chiu, 1991) and though functional roles for these 

channels in terminal SCs have yet to be determined, in CNS glia it has been suggested 

that entry of Na+ at resting membrane potentials fuels Na+/K+-ATPase activity. By having 

a steady-state level of Na+/K+-ATPase activity this helps to ready the cell so it can 

quickly re-establish internal and external Na+ and K+ concentrations following a 

depolarizing event.  Other proposed roles involve synthesizing Na+ channels for donation 

to adjacent axons and in axon-glia communication (for review see Sontheimer et al., 

1996). Recently voltage-dependent sodium channels have been detected in terminal SCs 

by radiolabeled scorpion-toxins, immuno-fluorescence and in-situ hybridization (Boudier 

et al 1988; Musarella et al., 2006). Mice with an autosomal recessive mutation in Scn8a, 

a gene that codes for one of the -subunits of voltage-gated sodium channels, have a 

phenotype characterized by “motor endplate disease” (Burgess et al., 1995). Because of 

this mutation, these mice do not express the voltage-gated sodium channel Nav1.6 in 

their SCs and, though action potentials are able to propagate along myelinating nerve 

fibers down to the intramuscular nerve branches, these electric potentials fail to invade 

the nerve terminal and these mice display hind limb paralysis (Duchen and Stefani, 

1971). Interestingly, many of the NMJs are devoid of, or have a diminished number of 



 10

terminal SCs at endplates and excessive axonal sprouting from the last heminode 

(Musarella et al., 2006). Although, no definitive role for voltage-gated sodium channels 

in normal terminal SC physiology is known, it is clear from mice lacking functional 

Nav1.6 sodium channels that Na+ may be important for terminal SC survival or their 

proliferation. Amphibian terminal SCs have voltage dependent Ca2+ channels (Robitaille, 

1995; Robitaille et al., 1996).  However, there is little convincing evidence that 

mammalian SCs express voltage gated calcium channels (but see Day et al., 1997; Pagani 

et al., 2004).  In general, glia in the CNS and PNS play an important role in maintaining 

ionic homeostasis. Whether terminal SCs regulate ionic homeostasis at the NMJ remains 

an open question. 

 

Schwann cells detect synaptic activity  

 Due to their intimate association with synapses, terminal SCs are uniquely 

positioned to detect neurotransmission and signal back to nerve endings to influence 

synaptic function. Experiments using Ca2+ indicator dyes that become fluorescent in the 

presence of Ca2+ show that SCs increase cytoplasmic levels of Ca2+ in response to motor 

axon stimulation (Jahromi et al., 1992; Reist and Smith, 1992; Rochon et al., 2001). 

These responses are mediated by G-protein coupled (muscarinic AChRs) and ionotropic 

(purinergic) receptors located on the cell surface (Rochon et al., 2001; Rousse et al., 

2003). In frog terminal SCs, activation of these receptors initiates second messenger 

signaling cascades that can ultimately influence synaptic transmission (Robittaille, 1998).  

Although it remains to be determined if mammalian terminal SCs can modulate synaptic 
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activity or influence short-term synaptic plasticity like amphibian terminal SCs, it is clear 

that SCs in both species can sense the interaction occurring between the nerve terminal 

and the muscle fiber (Robitaille, 1998).  

 

Schwann cell trophic activity  

In general, glial cells have been ascribed trophic functions and are believed to be 

critical determinants in the survival and growth of neurons.  An appreciation for the role 

of SCs in promoting the growth and regeneration of peripheral axons dates back to the 

days of the eminent histologist, Santiago Ramon y Cajal who in the early part of the 20th 

century appreciated the morphological changes that occurred in denervated nerve stumps 

prior to nerve regeneration.  Uncovering the molecular mechanisms involved in SC 

trophic activity has been the major focus of recent investigations. Schwann cells express 

an abundance of cell growth, trophic and survival factors as well as receptors for these 

factors (for review see Scherrer and Salzer, 1996). Many of these molecules are 

important for the growth and survival of neurons and much of what is known about them 

has come through in-vitro bio-assays.  In these experiments, culture conditions can be 

varied to determine what molecules and/or substrates promote neuron survival and 

neurite outgrowth (Tomaselli et al., 1986; Bixby et al., 1988, Henderson et al., 1994, 

Gerecke et al 2004). Equally important are the trophic factors that promote SC survival, 

migration and extension of processes (Anton et al., 1994, Mahanthappa et al., 1996).  

Studies have verified the trophic effects that neurotrophins and neuregulins have on 

neurons and SCs in vivo raising the possibility that these agents could be used in a 
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therapeutic fashion (Li et al., 1995; Oppenhein et al., 1995; Kopp et al., 1997). In 

addition to SC derived factors that sustain and nourish neurons, motor neurons also 

supply SCs with reciprocal trophic support. For example, without neuronal supply of 

neuregulin, developing SCs would not survive or differentiate (Dong et al., 1995; Jessen 

and Mirsky, 1997; Trachtenberg and Thompson, 1996). 

 

The pleomorphic Schwann cell 

 Interestingly, that SCs could switch phenotypes was suggested by ultrastructural 

and radiographic techniques. In a unique set of experiments, a section of non-myelinated 

nerve from a radiolabeled animal was grafted onto the regenerating end of a myelinated 

nerve in a second, unlabeled animal. After several weeks, axons from the myelinated 

nerve began to regenerate through the non-myelinated nerve graft and surprisingly these 

axons became myelinated.  Because the SCs in the non-myelinated nerve graft were 

radiolabled, it was determined that these cells had switched to a myelinating phenotype 

(Aguayo et al., 1976). If instead, a section of myelinated nerve is grafted onto the 

regenerating end of a non-myelinated nerve, the opposite occurs, namely, the normally 

non-myelinated axons that regenerate into the myelinated nerve section remain 

unmyelinated (Aguayo et. al. 1976).  These studies illustrate that axons provide 

instructive signals that direct SCs toward their fully differentiated state. More recent 

evidence suggests that neuregulin-1 is the neuron-derived signal that instructs SCs to take 

on a myelinating phenotype (Taveggia et al., 2005) and that motor neuron derived 



 13

neuregulin-1 regulates SC myelin thickness in adult peripheral nerves (Michailov et al., 

2004).  

 

Axon removal induces a reactive Schwann cell phenotype 

In addition to axonally derived signals that instruct SC differentiation, SCs also 

respond to the removal of axonal signals.   

Perhaps the most striking feature of PNS neurons is their ability to regenerate 

following nerve damage, a quality not shared by CNS neurons.  Following nerve damage, 

distal portions of axons and their myelin sheaths rapidly degenerate (Ramon y Cajal, 

1928). Terminal SCs and myelinating SCs located along these denervated axonal lengths 

become phagocytic and play a large role in the removal of axonal and myelin debris 

(Miledi and Slater, 1970). In 1992, Reynolds and Wolf reported that terminal SCs extend 

long elaborate processes and migrate away from NMJs following muscle denervation. 

Schwann cells that lose axonal contact have commonly been referred to as, ‘reactive’, a 

phenotype characterized by the growth of processes, migration and proliferation. 

Although these researchers discounted any role of the processes extended by reactive SCs 

in directing axons back to their synaptic targets, nonetheless, these observations set in 

motion our own investigations into the cellular and molecular mechanisms that command 

the dynamic interactions between terminal SCs and regenerating motor axons. 
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Nestin is a marker for reactive Schwann cells 

 Prior to the development of fluorescent proteins and their use in transgenic mice, 

the Thompson lab generated antibodies against cellular components of the NMJ in an 

effort to gain a more detailed description of the morphological changes that occur at 

regenerating rat NMJs.  One of these monoclonal antibodies (mAbs) labeled areas around 

the edges of AChR gutters and structures that attach to the contractile elements of the 

muscle fiber that lie directly adjacent to motor endplates. This mAb was named 4E2 and 

has been used as a postsynaptic marker of NMJs (Astrow et al., 1994).  To our surprise 

however, 4E2 also labeled SCs but only after removal of the motor axon by denervation 

(Astrow et al., 1994). Using our 4E2 antibody on denervated and partially denervated 

muscle preparations it was proposed that 4E2 could be used as a marker for reactive 

terminal SCs and that these cells extended processes following denervation that serve as 

substrates for regenerating motor axons (Son and Thompson, 1995a). In addition, the 

processes extended by reactive terminal SCs at denervated endplates could induce the 

sprouting of motor nerve terminals at nearby innervated junctions and guide those 

processes back to the denervated endplate (Son and Thompson, 1995b; Love and 

Thompson, 1998). Recently, it has been demonstrated that SC processes can reshape the 

pretzel-like structure of receptor plaques by directing the growth of regenerating axons 

away from underlying acetylcholine receptors resulting in receptor loss (Kang at al., 

2003). Later studies in our lab strongly suggested that the 4E2 epitope is located on an 

intermediate filament known as nestin (unpublished data) and that reactive SCs 

upregulate nestin expression following denervation (Kopp and Thompson, 1998; 
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Vaittinen et al., 1999). A summary of the proposed roles of terminal SCs processes in the 

regeneration of neuromuscular synapses is illustrated in figure 1.1 and figure 1.2.  

  

Figure 1.1 The proposed role of Schwann cells in nerve regeneration 

(A) The myelinated axons (in red) innervating three muscle fibers.  (B) Following 
resection of the innervating nerve fibers, axons begin to degenerate (indicated by dashed 
red line) and Schwann cells (SCs) (in green) at the junction and at the site of resection 
begin to extend processes. (C) During regeneration, SCs at the resection site form a 
conduit used by regenerating axons to cross the gap between the old nerve stump and the 
cut ends of intact axons.  Regenerating axons then grow along SCs that line the old 
endoneurial tubes until they reach the denervated muscle fiber and innervate the synaptic 
site. (D) Nerve fibers can continue to grow along “bridges” made by the processes of 
terminal SCs and innervate nearby denervated junctions. Interestingly, these nerve fibers 
can continue to grow along incoming endoneurial tubes at adjacent endplates to innervate 
junctions at sites much further away. (Tian and Thompson 2003; Kang et al., 2004) 
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Figure 1.2 The proposed role for Schwann cells in inducing and guiding nerve sprouting 

in partially denervated muscle. 

(A) Two myelinated axons (in red) innervating two muscle fibers. Terminal 
Schwann cells (SCs) (in green) cover the nerve terminal processes at each junction. (B) 
During cases of partial denervation, only some axons degenerate (top muscle fiber) and the 
terminal SCs at these denervated sites begin to sprout processes some of which grow out and 
toward innervated junctions. (C) In some cases, these SC processes contact innervated 
junctions inducing the nerve terminal to sprout. The SC process serves as a bridge to guide 
the nerve sprout across the space between the two fibers and upon reaching the other fiber the 
nerve terminal innervates the vacant synaptic site. (from Son et al. 1996) 
 

S100B promoter confers GFP expression in Schwann cells 

 The observations with 4E2 were based on static images from immunostained 

junctions in muscles removed at various time points following denervation, therefore, we 

could not definitively conclude whether terminal SC processes induced and guided 

axonal sprouting. However, advances in genetic and molecular techniques fostered new 

ways to label tissues in the living animal using tissue specific promoters to drive the 

expression of fluorescent proteins.  With the help of Dr. Paul Krieg (now at the 

University of Arizona) we constructed a transgene that contained sequences coding for 

EGFP driven by the human S100B promoter. Later, with the help of Shan Maika, in the 

transgenic mouse facility at the University of Texas at Austin, the S100-EGFP construct 

was injected into mouse embryos. This resulted in the generation of several lines of 
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transgenic mice. One of these lines of mice displayed robust GFP expression only in SCs 

at NMJs and myelinating SCs along motor axons and was designated S100-GFP.  With 

the S100-GFP transgenics we were able to repeatedly image and catalogue the 

morphological and physical interactions that take place between SCs and regenerating 

motor axons at the nerve-muscle synapse (Kang et al., 2003). Not only did these studies 

confirm our previously proposed roles for reactive SCs in nerve regeneration but they 

demonstrated for the first time the feasibility of using the S100B promoter to drive 

transgene expression specifically in terminal SCs at the nerve-muscle synapse.  

 I wanted to bring these transgenic resources to bear on a specific question that 

extended the theme of the Thompson Lab, namely: What are the molecular mechanisms 

that allow normally quiescent SCs to switch to a reactive SC phenotype following 

denervation? To get at this question, I sought to stimulate neuregulin signaling selectively 

in SCs using the S100B promoter and then ask the question, “Can activation of 

neuregulin signaling account for the reactive SC phenotype seen following denervation?” 

 

Neuregulins are ligands for ErbB receptors 

Neuregulin-1 (Nrg-1) is a family of alternatively spliced growth and 

differentiation factors that signal through the ErbB family of receptor tyrosine kinases. 

Although genes for Nrg-2, -3 and -4 are known to exist, the most thoroughly 

characterized is the Nrg-1 gene. Nrg-1 is important for the growth, differentiation, 

migration and survival of many cell types including SCs (Buonanno and Fischbach, 

2001).  Several lines of research, many of which were based on bioassays, led to the 
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identification of the Nrg-1 gene and discovery of the first Nrg-1 isoforms. The first of 

these, called heuregulin (Hrg) (Holmes et al., 1992) or neu differentiation factor (NDF) 

(Pelles et al., 1992; Wen et al., 1992), was discovered when researchers were looking for 

ligands that bound the oncogene ErbB2. A second group of researchers were looking for 

factors that promoted the growth and survival of SCs in culture and one of these factors 

was called glial growth factor (GGF) (Marchionni et al., 1993). A third group sought a 

factor that induced AChR expression when added to cultured myofibers and was called 

acetylcholine receptor inducing activity or ARIA (Falls et al., 1993). Still another form of 

Nrg-1, sensory and motor neuron-derived factor (SMDF), was discovered by screening 

cDNA libraries (Ho et al., 1995). Since these initial studies some 20 Nrg-1 isoforms have 

been discovered and are thought to result from the differential activity of many promoters 

and alternative gene splicing.   

 

Structure of Neuregulins 

Most Nrg-1 isoforms are synthesized as pro-proteins that have a variable N-

terminal domain, a conserved transmembrane domain (TM) and a cytoplasmic tail. All 

Nrg-1 isoforms have an epidermal growth-like factor (EGF) domain that is necessary and 

sufficient for ErbB receptor activity (for review see Falls, 2003). Until recently, three 

categories of Nrg-1 isoforms could be distinguished based upon sequences located N-

terminal to the EGF domain (for review see Falls, 2003). Nrg-1 types I and II contain an 

immunoglobin-like domain (Ig-Nrg-1) located N-terminal to the EGF domain.  This Ig 

domain is thought to be important for binding to proteoglycans in the extracellular matrix 
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at NMJs (Loeb & Fischbach, 1995; Loeb et al., 1999).  The majority of type I and II Nrg-

1s are membrane bound through a single TM domain.  Separating the TM domain from 

the N-terminal domain is a protein ‘stalk’ that is susceptible to proteolytic cleavage by 

metalloproteases resulting in the release of a soluble N-terminal fragment that contains 

the Ig and EGF domains (Burgess et al., 1995; Han & Fischbach, 1999; Montero et al., 

2000). Most Nrg-1 isoforms also have a cytoplasmic tail located C-terminal to the TM 

domain (an exception is GGF which is a secreted form of Nrg-1 and contains neither a 

TM or cytoplasmic domain). Type III Nrg-1s are structurally similar to type I and II Nrg-

1s but instead of an Ig domain these Nrg-1 isoforms contain a cysteine-rich domain 

(CRD-Nrg-1). In addition, CRD-Nrg-1 has a hydrophobic N-terminus that tethers it to the 

plasma membrane suggesting that this membrane bound Nrg-1 isoform signals through 

direct cell-cell contacts (Wang et al., 2002).  

 

Neuregulin-1 expression 

Because so many Nrg-1 isoforms are expressed, the task of localizing Nrg-1 

protein and mRNA and determining expression patterns has been daunting. However, a 

great deal of information has been obtained from nucleic acid hybridization and 

immunohistochemical studies. These investigations have revealed that Nrg-1 is uniquely 

poised to influence NMJ development and maintenance. Nrg-1 mRNA is synthesized in 

prenatal dorsal root ganglion neurons as well as in motor neuron cell bodies in the spinal 

cord (Corfas et al., 1995). There is strong evidence that the concentration of the soluble 

Nrg-1 isoform, ARIA is also located in the synaptic basal lamina at NMJs (Goodearl et 
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al., 1995).  ARIA has been shown to steadily increase in concentration in the basal lamina 

and in motor nerve terminals from late embryogenesis into the first week of postnatal life 

(Sandrock et al., 1995).  This high concentration of Nrg-1 in the synaptic basal lamina is 

thought necessary for sustained ErbB receptor activation required for AChR synthesis in 

muscle fibers at developing NMJs (Li and Loeb, 2001). The presence of ARIA in adult 

nerve terminals suggests that it may be important for maintaining endplate structure 

during synaptic remodeling that occurs in the adult NMJ (Sandrock et al., 1995). In 

addition the synaptic Nrg-1 derived from motor nerve terminals, muscle fibers may also 

be synthesizing their own Nrg-1. Experiments have shown that Nrg-1 and ErbB receptors 

are aggregated together at receptor plaques that were ectopically induced to form on 

muscle fibers devoid of nerve terminals. These studies suggest that the muscle fiber has 

an intrinsic ability to regulate the expression of AChR subunits via an autocrine 

neuregulin/ErbB pathway (Rimer et al., 1996).  That is, NMJs may not require a nerve-

derived Nrg-1 for the high concentrations of AChR observed here.   

 The presence of ARIA in adult nerve terminals suggests that it may be important 

for maintaining endplate structure during synaptic remodeling that occurs in the adult 

NMJ (Sandrock et al., 1995).   For example, there are reported to be defects in AChR 

accumulation in endplates in animals that are heterozygous for a null mutation in the Ig 

forms of Nrg-1 

Nrg-1 is also expressed in SCs and studies on denervated rat sciatic nerves show 

that GGF expression (an isoform of Nrg-1) is upregulated in SCs located in the distal 

portion of denervated axons (Carroll et al., 1997).  On the other side of the synapse, 
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muscle derived Nrg-1 isoforms have been detected in developing myofibers (Rimer et al., 

1998).  This latter observation raises the possibility that Nrgs located in the synaptic basal 

lamina may originate postsynaptically. Although the source(s) and relative contributions 

of synaptic Nrg remains unanswered, these studies do illustrate that Nrgs are uniquely 

positioned to influence the cellular components at the NMJ at many developmental 

stages. 

 

Signaling by Neuregulins 

As stated earlier, the majority of Nrg-1s are synthesized as pro-proteins and can 

undergo a considerable amount of proteolytic processing before reaching their final state. 

Whether Nrg-1 signals in paracrine or juxtacrine fashion is dependent upon the site of 

proteolysis. Generation of secreted forms of Ig-Nrg-1s occurs with the cleavage of the 

protein ‘stalk’ between the EGF and TM domains. This cleavage is mediated by 

metalloproteases and results in the release of the entire N-terminal fragment (Ig and EGF 

domains) allowing soluble Nrg-1 to bind and activate ErbB receptors on nearby cells 

membranes via their EGF domain.  On the other hand, the Ig domain of soluble Nrg-1 

serves as a binding domain for heparin containing proteoglycans. The extracellular matrix 

of the NMJ contains many heparin proteoglycans, allowing soluble Ig-Nrg-1 to 

accumulate in the synapse. More recent works suggest that at the NMJ, proteolytic 

processing and release of Nrg-1 into the synapse is regulated by cell activity and growth 

factors (for review see Loeb, 2003; Ozaki et al., 2004).  Some Nrg-1 mRNAs code for 
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proteins that lack a TM domain and are either secreted (e.g. GGF) or remain in the 

cytosol  (Wen et al., 1994).  

Type III Nrg-1s are structurally similar to type I and II Nrg-1s but instead of an Ig 

domain these Nrg-1 isoforms contain a hydrophobic, N-terminal, cysteine-rich domain 

and are also called CRD-Nrg-1s. This hydrophobic domain tethers the ligand to the cell 

membrane even after cleavage of the TM domain. Because CRD-Nrg-1s remain 

membrane bound they are thought to signal in a cell-cell fashion activating ErbB 

receptors on cell membranes that are in direct contact with each other (e.g. SCs along 

axons) (Falls, 2003a; Falls, 2003b; Wang et al., 2001). Recent in-vitro studies suggest 

that Nrg-1 signaling is not limited to the EGF domain but that the intracellular C-terminal 

domain can provide a retrograde signal that regulates the expression of genes involved in 

cell survival (Bao et al., 2003).  

That numerous Nrg-1 isoftorms exist, many of which can undergo multiple 

posttranslational modifications and cleavages, underscores the complexity of these 

molecules in providing cells with numerous channels of cellular communication.   

 

ErbB2 activation by Neuregulin 

 Receptors for Nrgs come from the EGF receptor family of receptor tyrosine 

kinases known as the ErbBs.  To date, there are 4 known ErbB receptors (ErbB1-4) that 

dimerize to form a functional receptor (for review see Peles and Yarden, 1993). ErbB2 

lacks any known ligand.  However, ErbB2 does possess the ability to function as a 

tyrosine kinase; for this kinase to be activated by Nrg ligand, ErbB2 must dimerize with 
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either ErBb3 or ErbB4 receptors that are able to bind Nrg-1. Although many 

heterodimeric combinations exist, the ErbB2/3 and ErbB2/4 heterodimers are the high 

affinity receptors for Nrg-1 (Pinkas-Kramarski et al., 1998; Jones et al., 1999b). 

Following Nrg-1 binding, tyrosine residues in the cytoplasmic domain become 

autophosphorylated thus creating docking sites for intracellular adaptor proteins like Shc, 

Grb2 and the p85 regulatory subunit of Phosphotidylinositol-3 kinase (PI3-kinase). These 

adaptor proteins go on to activate the mitogen-activated protein kinase (Si et al., 1996; 

Tansey et al., 1996; Altiok et al., 1997) and the PI3-kinase pathways that regulate gene 

transcription (Tansey et al., 1996), (for reviews see Yarden and Sliwkowski, 2001; 

Murphy et al., 2002; Citri et al., 2003).   

ErbB receptors are expressed in muscle fibers, sensory and motor neurons and in 

SCs (Moscoso et al., 1995, Carroll et al., 1997; Pearson and Carroll, 2004, Michailov et 

al., 2004).  Schwann cells express ErbB2 and ErbB3 receptors (Cohen et al. 1992, Meyer 

et al., 1995), and like GGF, their expression is upregulated in SCs following denervation.  

Not surprisingly, denervation leads to a concomitant increase in ErbB2 phosphorylation 

(Kwon et al., 1997).  That SCs also begin to proliferate during this time of ErbB2 

activation, suggests that neuregulin signaling may be playing an autocrine role in SCs 

following denervation (Kwon et al., 1997).  Moreover, that denervated SCs switch to the 

reactive phenotype, begs the question of whether Nrg signaling in these cells could be 

responsible for inducing the reactive SC state. 
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Neuregulin signaling and the neuromuscular junction 

 The formation and maintenance of chemical synapses depends on the reciprocal 

exchange of signals between the pre- and postsynaptic cells and the expression of 

synapse specific genes that serve to strengthen these connections. A common defining 

feature of chemical synapses is the accumulation of neurotransmitter receptors at the site 

where the nerve terminals make contact with the muscle. For example, the selective 

transcription of AChR mRNA in the subsynaptic nuclei of developing muscle fibers and 

the accumulation of AChRs at developing synapses is thought to be the result of nerve 

derived Nrg-1 isoform, ARIA (Falls et al., 1993, Usdin and Fischbach, 1986; Fischbach 

and Rosen, 1997). More recent investigations however, suggest that muscle derived Nrgs 

may be the primary signals for inducing transcription of AChR subunit mRNA (for 

review see Rimer, 2003).   

Given the fact that Nrgs are concentrated at NMJs, it comes as no surprise that 

SCs express ErbB receptors and are also greatly influenced by Nrg-1.  When exposed to 

the Nrg-1 isoform glial growth factor (GGF), neural crest progenitor cells are restricted to 

a glial fate (Shah et al., 1994).  Later in neonatal development, axonally derived Nrg-1 is 

known to regulate the thickness of peripheral nerve myelin (Michailov et al., 2004).  

Other genetic studies aimed at the conditional ablation of the ErbB2 gene in mouse SCs 

show that these mice have few SC precursors and adult peripheral nerves are thinly 

myelinated due to an incomplete number of SC wraps around each axon (Garratt et al., 

2000).  Treatment of neuron-Schwann cell cocultures with Nrg-1 inhibits myelination by 
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preventing SC segregation and ensheathment of axons and causes de-myelination in 

cocultures that previously formed myelin (Zanazzi and Salzer, 2001).  

 

Exogenous Neuregulin-1 application to mouse muscles 

In the Thompson lab, investigations with neuregulin began in 1996 with 

regeneration studies on denervated neonatal rat soleus muscles.  Unlike damaged adult 

nerves, neonatal nerves are unable to regenerate following nerve damage.  In addition, 

SCs along distal denervated nerve segments including the terminal SCs at NMJs die 

following denervation of the neonate (Trachtenberg and Thompson, 1996).  Therefore, 

believing that neonatal nerves would regenerate provided that SCs remained, we sought 

ways to prevent the death of these cells.  With exogenous application of the soluble Nrg-1 

isoform glial growth factor II (GGFII), neonatal SCs can be rescued from apoptosis 

following muscle denervation (Grinspan et al., 1996; Kopp et al., 1997; Trachtenberg and 

Thompson, 1996).   However, reinnervation of such muscle was much poorer than 

untreated muscles. Further studies revealed that administration of exogenous Nrg-1 to 

intact neonatal rat muscle disrupted NMJs; nerve terminals withdrew from synapses and 

AChRs dispersed and stained weakly at the synaptic site (Trachtenberg and Thompson, 

1997).  In addition, nerve terminals were induced to grow beyond the central endplate 

zone where the vast majority of synapses are located. Lastly, SCs migrated, proliferated 

and their processes extended beyond the endplate zone along the muscle fibers.  

Functionally, these neonatal muscles contracted normally when stimulated with 

supramaximal pulses to the belly of the muscle using a stimulating electrode.  However, 
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when the nerve innervating the muscle was stimulated via a suction electrode these Nrg-1 

treated muscles did not contract suggesting a synaptic defect. 

In adult muscles, exogenous application of Nrg-1 resulted in a slightly different 

phenotype. Like the neonatal muscles, exogenous Nrg-1 administration to intact adult 

muscles caused the growth of nerve terminals outside the synaptic zone in addition to SC 

migration, proliferation and process growth. However, unlike the neonatal animals, 

exogenous Nrg-1 did not result in the dispersion in AChRs or the withdrawal of nerve 

terminals from synapses. Functionally, adult muscles appeared normal with only a slight 

decrease in muscle contraction when the innervating nerve was stimulated via a suction 

electrode. Although these results suggest that Nrg has a potent ability to alter NMJs, they 

do not prove that the changes seen in adult and neonatal animals were due solely to the 

action of Nrg-1 on SCs since postsynaptic muscle fibers and motor neurons also express 

ErbB neuregulin receptors. 

The results presented above are important for my study because, in both 

experiments, SCs appeared to take on a phenotype that is strikingly similar to the reactive 

phenotype seen in SCs that have lost contact with axons.  One could determine the 

importance of SCs in this response if it were possible to activate ErbB2 receptors only on 

SCs and avoid activating Nrg receptors on muscle fibers and axons. 

 

Conditional gene expression in Schwann cells 

 The expression of specific genes at the right time and in the right cells is critical 

for normal development and sustained biological function.  Genetic manipulations of the 
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mouse genome have made possible the direct assessment of gene function in the intact 

animal. The effects of ubiquitous transgene expression or gene knock-out can often be 

lethal or activate compensatory mechanisms especially if the genetic manipulation is 

present from the earliest stages of development. Avoiding these complications is feasible 

if stringent control over transgene expression or timing of the knock-out is possible. 

Several promising systems for conditionally expressing genes in specific tissues are 

available (Lewandoski 2001, Toniatti et al., 2004) and the system described in this 

dissertation is the Tet-On conditional gene expression system.  The Tet-On system 

facilitates the ability to ‘switch on’ or ‘off’ genes of interest in select tissues using cell 

specific promoters. Developed by Bujard and colleagues (1992), the system’s use has 

quickly spread from plants, yeast and mammalian cells in culture (Urlinger et al., 2000) 

to Drosophila, mice and rats (for review see Baron and Bujard, 2000). The system has 

been improved to achieve lower background levels of expression in the absence of 

doxycycline (off state) and greater inducibility in the presence of doxycycline (on state) 

(Baron, Gossen and Bujard, 2000; Lamartina et al., 2002).  The Tet-On regulatory system 

has been used successfully to regulate gene expression in a number of studies in a variety 

of tissues: Fibroblast growth factor-7 (FGF-7) in respiratory epithelial cells in the 

developing and mature lung (Tichelaar et al., 2000), calcineurin in the mouse 

hippocampus (Mansuy et al., 1998), ErbB-2 neuregulin receptor in developing mouse 

hair follicles (Xie et al., 1999), luciferase in mouse skeletal muscle (Grill et al., 2003), 

NeuNT (which codes for a constitutively active form of the ErbB2) receptor in mouse 
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mammary epithelium (Moody et al., 2002) and NeuNT in mouse skeletal muscle 

(Ponomareva et al., 2006).  

 

Significance of the Present Study 

 This study examined the role of neuregulin signaling in Schwann cells using a 

conditional gene expression system to drive neuregulin signaling selectively in SCs. The 

results from this study provide strong evidence that, following induced activation of 

neuregulin signaling in SCs, these cells switch to a reactive phenotype that is 

characterized by axonal sprouting and Schwann cell migration, proliferation and process 

extension. The reactive SC phenotype is believed to be important for creating a 

microenvironment conducive for nerve regeneration. 

These transgenetic studies provide further evidence that Nrg signaling is involved 

in Schwann cell function in the intact animal and provide support for a mechanism by 

which Schwann cells influence the development and stability of neuromuscular synapses. 
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CHAPTER 2 

 

 

GENERAL MATERIALS AND METHODS 

 

Animals 

 For this investigation I used 6 different lines of transgenic mice. These transgenic 

lines were generated in our laboratory, purchased commercially or obtained through the 

generosity of other investigators. 

One way of achieving tight control of gene expression in Schwann cells is by 

using the “Tet-On conditional gene expression system” developed by Bujard and 

colleagues (Baron et al. 1997). The Tet-On system requires three items. A tissue or cell 

specific promoter is used to drive constitutive expression of a transcription factor, the 

reverse tetracycline transactivator (rtTA). A second transgene is also needed called the 

tetracycline response element (TRE). The TRE contains binding sequences for rtTA (a 

heptameric sequence separated by linker sequences placed immediately upstream of a 

minimal cytomegalovirus promoter (mCMV) and a gene of interest). The final ingredient 

is doxycycline, a tetracycline derivative. In the presence of doxycycline the rtTA 
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transcription factor binds strongly to the TetO promoter allowing the downstream 

transgene to be expressed. 

 

Construction of S100-rtTA transgenic mice  

 A 9.4 kb portion of the upstream regulatory sequence for human S100B was 

inserted upstream of the coding sequence for the reverse tetracycline transactivator 

(rtTA) and human growth hormone polyadenylation sequences.  The coding sequence for 

the rtTA was optimized for codon usage in the mouse (Valencik and McDonald, 2001) 

and kindly provided by Dr. John McDonald.  The 10.9 kb transgene was isolated from a 

vector backbone, gel purified, and used to prepare transgenic mice (see Zuo et al., 2004).  

Founders and their transgenic offspring were identified by PCR for a 201 bp sequence in 

the rtTA, using the primers: forward 5’-ACTGGAGAACGCCCTGTATG-3’; reverse 3’-

ATCAATTCAAGGCCGAACAG-5’.  Each of the five founders identified were then 

backcrossed to C57BL/6 mice. 

 

LacZ reporter transgenic mice 

 To determine which of the founder mice were capable of doxycycline-regulated 

expression of target transgenes in Schwann cells, each was crossed to a “transponder” 

mouse, a line designated G9 (Krestel et al., 2001) kindly provided by Dr. Hans Krestel,  

In these mice the TetO operator sequence is linked bicistronically through the minimal 

CMV promoter to each, the coding sequence for beta galactosidase and the coding 
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sequence for a humanized version of the S65T mutant of GFP both of which are localized 

in the cytoplasm. For simplicity, these mice were designated TetO-LacZc-gfp.   

 In addition to the TetO-LacZc-gfp line a second responder line that expressed a 

nuclear-localized -galactosidase (Furth et al., 1994) was used to confirm the tissue 

specific regulation of the S100-rtTA transgene. This transgenic line was designated TetO-

LacZn. In both cases, mice carrying either of the transponder transgenes were identified 

by PCR using primers for TetO-LacZ forward, (5’-ATCCTCTGCATGGTCAGGTC-3’) 

and reverse, (3’-CGTGGCCTGATTCATTCC-5’) previously described (Furth et al., 

1994). 

 

TetO-NeuNT transgenic mice 

 The TetO-NeuNT transgene codes for a point mutant form of the ErbB2 receptor 

that renders the receptor constitutively active.  In addition, this transgene has an internal 

ribosome entry site (IRES) and the coding sequences for luciferase that serves as a 

surrogate reporter for transgene expression. TetO-NeuNT transgenic mice have been 

described previously (Moody et al., 2002).  Mice bearing this transgene were identified 

by PCR for a 295 bp product using primers for the luciferase portion of the transgene: 

forward 5'-CTTCTTCGCCAAAAGCACTC-3'; reverse 3'-

CACACAGTTCGCCTCTTTGA-5.' 

 

S100-EGFP and Thy1-ECFP transgenic mice 
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 Transgenic mouse lines that expressed fluorescent proteins in SCs and motor 

axons were also used. This first transgenic line expressed enhanced green fluorescent 

protein (EGFP) driven by the S100B promoter in SCs. This line was generated previously 

in our lab and designated S100-GFP (Zuo et al., 2004). The second transgenic line 

expressed a spectral variant of EGFP known as cyan fluorescent protein (CFP) driven by 

the Thy-1.1 promoter in motor axons (Feng et al., 2000) and designated Thy-1-CPF.  Drs. 

Jeff Lichtman and Joshua Sanes who are currently at Harvard University provided these 

Thy-1-CFP transgenic mice.  

   

Animal husbandry 

 The Tet-On system used here requires the generation of double transgenic mice. 

We generated two lines of mice capable of conditional LacZ reporter gene expression for 

the purpose of identifying a S100-rtTA founder line capable of inducing SC specific gene 

regulation. The first reporter line was designated S100-rtTA/TetO-LacZ. GFP and the 

second LacZ reporter line was called S100-rtTA/TetO-nLacZ.  

To conditionally regulate the expression of a constitutively active form of ErbB2 

(NeuNT) in SCs of transgenic mice we crossed our S100-rtTA mice with the TetO-

NeuNT mice to generate double transgenic S100-rtTA/TetO-NeuNT mice. In this way, I 

could conditionally drive Neuregulin signaling selectively in SCs. 

To facilitate fluorescence imaging of terminal Schwann cells and motor nerve 

terminals, the S100-rtTA/TetO-NeuNT mice were mated with mice doubly transgenic for 

S100-GFP and Thy-1-CFP (Kang et al., 2003).  These quadruple transgenic mice were 
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not given a special designation but when used were explicitly stated in the figures and 

text. 

 

Doxycycline administration  

 For induction in adult animals, 600mg Doxycycline HCL (Dox) (Hovione, 

Macau) and 5g sucrose were first dissolved in 60ml of water then mixed with 100g 

pulverized mouse breeder chow.  Mice were fed ad libitum and Dox food was made fresh 

2-3 times/wk.  Adult S100-rtTA/TetO-NeuNT mice (ca. 1 month old) were fed Dox food 

for 3d, 5d, 7d or 10d. For studies in neonatal mice, pups were given intraperitoneal (ip) 

injections once daily for three consecutive days beginning at P3 with 20μl of 10mg/ml 

Dox in 0.9% sterile saline (200ug Dox/injection). 

 

Bromodeoxyuridine administration 

 Bromodeoxyuridine (BrdU) (203806; Calbiochem, La Jolla, CA) dissolved in 

0.9% NaCl containing 0.007N NaOH was administered via 3 ip injections given at 

intervals of 4 hours at a dose of 1mg/10g of body weight.  BrdU was detected by 

immunostaining as described previously (Love and Thompson, 1998).   

 

Whole mount immunostaining  

 Muscles were processed as reported previously (Trachtenberg and Thompson, 

1997). Muscles were removed and Schwann cells were labeled with rabbit anti-cow S100 

(Dako, Carpinteria, CA; Z0311 used at 1:400) and an anti-rabbit secondary antibody 
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conjugated to FITC (Cappel, West Chester, PA; 55671, 1:400).  Beta-galactosidase was 

detected using either rabbit anti-beta-Gal (Rockland, Gilbertsville, PA; 200-4136,1:200) 

and an anti-rabbit secondary antibody conjugated to Cy5 (Jackson ImmunoResearch, 

West Grove, PA, 111-175-144, 1:100) or a mouse monoclonal 40-1a (Developmental 

Studies Hybridoma Bank [DSHB], University of Iowa, IA, 1:10) and an anti-mouse 

secondary conjugated to TRITC (Cappel, West Chester, PA, 2211-0231, 1:100).  

Synaptic vesicles and axons were co-labeled with antibodies to SV2 and a 200kDA 

neurofilament protein respectively (DSHB, SV2, 1:500 and 2H3, 1:200). Reactive 

Schwann cells were labeled with a rabbit polyclonal anti-nestin, (ATCC, Manassas, VA, 

SCRR-1001, 1:200) and anti-rabbit secondary antibody conjugated to TRITC (Cappel, 

West Chester, PA; 55671, 1:400).  Cells that incorporated BrdU were labeled with a 

mouse monoclonal antibody to BrdU (G3G4 supernatant, DSHB. 1:5) and a anti-mouse 

secondary antibody conjugated to Cy-5.  AChRs were visualized using alpha-

bungarotoxin conjugated to TRITC or Cy5 (Molecular Probes, Eugene OR; used at 

1:500). Triple labeling was accomplished by use of all three fluorochromes.  

 

Microscopy and Image analysis 

 Images were acquired using a Leica epifluorescence microscope and a 10x (NA= 

0.60) or a 20x (NA=0.30) air objective and a 40X (NA = 1.0) or a 63X (NA = 1.32) oil 

immersion objective. The attenuation of light intensity from a 100 watt mercury light 

source was not needed in this study. Filters for exciting and viewing the different 

fluorochromes were as follows: Rhodamine (535/50x, 565LP, 610/75m); Cy5 (620/60X, 
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660LP, 700/75m); DAPI (360/40x, 400DCLP, 450/60m); GFP (495/30x, 515LP, 

535/30m) and CFP (436/20x, 455DCLP, 470/40m) (Chroma).  Images were acquired 

using a CoolSnap HQ integrating CCD camera (Photometrics), coupled to a Macintosh 

computer using IP Lab 3.5 imaging software (Scanalytics, Fairfax, V.A.).  Generally, 

images were collected with 200ms-2000ms exposure times.  Colored superpositions were 

constructed using Adobe Photoshop with adjustments made only in image brightness and 

contrast. 

 

Electrophysiology on soleus muscles 

 Soleus muscles were dissected and anchored to a Sylgard-coated dish by the 

tendon and head of the fibula using an insect pin. The muscle was superfused 

continuously with oxygenated Ringer’s solution containing 2mM Ca2+ at room 

temperature. Muscle tension recordings were made at optimal muscle length by attaching 

one end of the muscle to a sensitive strain gauge (408A, Cambridge Technology). Nerves 

were stimulated with supramaximal pulses (0.2msec duration) using a suction electrode. 

Direct muscle stimulation was accomplished by passing 100V pulses of 1-2msec in 

duration between two platinum electrodes located on each side of the muscle belly.  

 

Luciferase assays 

 Luciferase activity was analyzed using the Luciferase Assay System following 

manufacturer’s instructions (Promega, Madison, WI; E4030). Snap frozen tissues were 

dounce homogenized in 500ul or 1000ul 1X Reporter Lysis Buffer. Tissue lysates were 
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centrifuged at 12,000rpm for 5min at 40C and supernatants were pipetted into new tubes. 

20ul of supernatant was injected with Luciferase Assay Substrate and luciferase activity 

was read in a Luminex luminometer.  Luciferase activity levels were normalized to total 

protein as determined using the Bradford method per manufacturer’s instructions (Bio-

Rad, Hercules, CA).   

 

Histochemical detection of beta-galactosidase 

 Animals were perfused through the heart with PBS, pH 7.4.  The sternomastoid 

and soleus muscles were dissected, fixed in 4% phosphate buffered paraformaldehyde pH 

7.4 for 15min, and rinsed in 3 changes, 10 min each, PBS.  The muscles were then 

incubated at 370C in PBS solution containing 1mg/ml X-gal (FisherBiotech, Fair Lawn, 

NJ; BP1615-100), 4mM K3Fe(CN)6, 4mM K4Fe(CN)6 H2O and 2mM MgCl2. 1hr, 3hr or 

21-24hrs later muscles were washed in 3 changes of PBS of 10 min each. Images of 

surface and interior muscle fibers were made using a dissecting Leica microscope 

equipped with a CCD camera. 

Quantification of X-gal labeling in SCs at endplates was performed by labeling AChRs 

with TRITC-alpha-bungarotoxin to identify endplates.  A sheet of the upper 2-3 fiber 

layers was then dissected from each of the muscles and mounted as whole mounts on 

glass slides and coverslipped using aqueous fluorescence mounting medium.  

 

TUNEL assay  
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 Schwann cell apoptosis was determined using the ApopTag Red In Situ Apoptosis 

Detection Kit (S7165) (Chemicon, Temucula, CA) per manufacturer’s instruction.  This 

kit detects DNA nicks by TdT-mediated dUTP end labeling (TUNEL).  For quantitative 

assessment of SC apotosis, TUNEL+ nuclei were counted only if they were present in 

cells identified as SCs by their GFP expression from the S100-EGFP transgene. 

 

Neonatal denervation 

 To denervate the soleus muscle, I first made a short 2mm incision along the 

lateral thigh of the right hindlimb to expose the right sciatic nerve that was then cut using 

microscissors. These denervations were conducted on postnatal day 5 (P5) and animals 

were sacrificed 24hr later. 

 

Preparation of plastic section for light and electron microscopy 

 Hindlimb nerves including the sciatic, tibial, sural, and soleus were incubated in-

situ for 1-2hr with a 2%PFA and 3% gluteraldehyde fix solution made in 1x Tyrodes 

buffer pH7.4 then removed and post-fixed overnight in the same fixative at 4°C. 

Postfixation in OsO4, dehydrated in graded EtOH dilutions from 25%-100% over 2hrs, 

dehydrated in EM grade acetone overnight at room temp, and then embedded in Eponate. 

For light microscopy 750nm-900nm semithin sections were stained with 1% toluidine 

blue dye. For electron microscopy 90nm-150nm thin sections were stained with uranyl 

acetate and lead citrate. 
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Analysis 

 The length of terminal Schwann cell processes (SCPs) was determined by 

measuring computer images using IPLab software.  In cases where endplates contained 

multiple SCPs only the longest process was included in the analysis.  SCPs that had nerve 

sprouts associated with them were included in the analysis.  

 To determine SC migration from endplates all of the following criteria were 

applied: (1) the SC s were at least one cell body away from an endplate, and (2) extended 

a SCP connecting it to the endplate from which it was presumed to have migrated; (3) the 

SC was required to be positioned along the same muscle fiber as the endplate.  

 Proliferation of SCs at neuromuscular junctions was determined by counting the 

number of SCs directly above endplates that were double immunostained for BrdU and 

S100 (marker of SCs).   

 To determine rescue of SCs from denervation-induced apoptosis, the average 

number of TUNEL+ and GFP+ cells or cell fragments above or directly adjacent to an 

endplate were computed as a fraction of the total number of en face endplates observed 

per muscle. 
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CHAPTER 3 

 

 

CONDITIONAL EXPRESSION OF LacZ AND GFP REPORTER GENES IN 

SCHWANN CELLS OF TRANSGENIC MICE 

 

Introduction 

 All biological phenomena, including nerve regeneration, are an emergent property 

of the integrated activity of many diverse physiological processes. Recent advances in 

molecular and genetic techniques have introduced conditional gene expression systems to 

control when and where genes are expressed in the living animal. In this way, the genetic 

activities that contribute to nerve regeneration can be explored at a refined level of detail. 

 In this study, I generated several lines of transgenic mice capable of constitutive 

rtTA expression under the control of regulatory elements of the S100B promoter.  I then 

conducted a series of experiments to determine which of these transgenic mouse lines 

conferred temporal transgene regulation in SCs.  Results from this study show that I can 

regulate the expression of reporter transgenes selectively in SCs at the NMJ.  
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Results 

Strategy for Conditional Gene expression in Mouse Schwann Cells in vivo 

 I chose to use the Tet-on system developed by Bujard and colleagues (Kistner et 

al., 1996) in an attempt to regulate transgene expression in an inducible fashion in SCs. 

This system requires that an animal carry two transgenes: one to drive the constitutive 

expression of a transcription factor called, reverse tetracycline transactivator (rtTA) using 

a cell specific promoter and a second transgene containing a gene of interest located 

downstream of a TetO-operator element that binds rtTA in the presence of doxycycline (a 

tetracycline analogue).  Regulatory elements of the human S100B promoter have been 

shown to drive the constitutive expression of fluorescent proteins selectively in SCs 

(S100B-GFP) (Kang et al., 2003; Zuo et al. 2004) suggesting that this promoter might 

also be useful for constitutively expressing rtTA in SCs.  The strategy used for obtaining 

conditional gene expression in SCs is illustrated (Figure 3.1). 
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Figure 3.1 Strategy for conditional gene expression in Schwann cells using the Tet-

On system.  

(A) Single transgenic S100-rtTA mouse that constitutively expresses the reverse 
tetracycline transactivator (rtTA) under regulatory elements of S100B promoter is mated 
with a second mouse (B) that expresses a LacZ reporter gene under the control of the 
tetracycline response element (TetO). Gene transcription occurs when Dox binds rtTA 
which then allows rtTA to bind and activate TRE (B). In the absence of Dox, rtTA is 
unable to bind TRE because it is not in the correct conformational shape producing little 
or no downstream transcription of LacZ. 
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First, several founder lines of mice were generated that were transgenic for a construct in 

which the S100B promoter was inserted upstream of the coding sequence for rtTA (S100-

rtTA). These potential founder lines were then outbred to C57/BL6 mice and the 

offspring from these crosses were screened by PCR to determine which founder lines the 

S100-rtTA transgene had inserted into the germ cells. From these screens, we obtained 

five S100-rtTA founders capable of passing the transgene to their offspring. These S100-

rtTA lines were designated T1, T2 T3, T4 and T5 (Figure 3.2).  

 

Figure 3.2  T1-T5 founder lines pass the S100-rtTA transgene through their 

germline. 
Image of a representative gel in which genomic DNA was isolated from T1-T5 S100-
rtTA X wildtype offspring and screened for the presence of rtTA. (lane1 100bp 
m.w.DNA ladder), (lane2 waterblank), (lane3 +control rtTA), (lane4 – control), (lanes 5,6 
T4 S100-rtTA), (lanes 7,8 T2 S100-rtTA), (lanes 9,10 T3 S100-rtTA), (lanes 11,12 T1 
S100-rtTA), (lanes 13-16 T5 S100-rtTA). PCR product for S100-rtTA is 201bp. Note that 
some littermates were negative for the transgene (lanes 10, 12, 14-16) 
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Doxycycline dependant LacZ expression in neonatal T2 and T4 S100-rtTA founder lines 

 

 In these preliminary studies, it was necessary to determine which lines of S100-

rtTA mice conferred expression of rtTA in SCs. For this purpose, each of the five S100-

rtTA founder lines (T1-T5) was crossed with a TetO-LacZ-gfp reporter mouse (Krestel et 

al., 2001) to generate S100-rtTA/TetO-LacZ-gfp double transgenics.  

 Double transgenic T1 S100-rtTA/TetO-LacZ-gfp, T2 S100-rtTA/TetO-LacZ-gfp, 

T3 S100-rtTA/TetO-LacZ-gfp, T4 S100-rtTA/TetO-LacZ-gfp and T5 S100-rtTA/TetO-

LacZ-gfp mice were induced with Dox (via mothers milk) beginning at birth (P0). After 

14d of Dox induction, muscles were removed, fixed in paraformaldehyde and incubated 

in X-gal containing solution to detect the presence of beta-galactosidase ( -gal) (LacZ 

codes for the enzyme -galactosidase that cleaves the X-gal molecule forming a dark 

blue precipitate). Mice derived from two of the transgenic founders, T2 S100-rtTA and 

T4 S100-rtTA displayed histochemical labeling for the -gal reporter along the center of 

muscles in the expected position of the endplates (often referred to as the endplate zone 

or endplate region) (Figure 3.3 black arrows), as well as in the muscle nerve (Figure 3.3 

black arrowheads). Differences in X-gal staining pattern and intensity were immediately 

apparent between T2 and T4 S100-rtTA/TetO-LacZ-gfp muscles. In comparison to T2 

S100-rtTA/TetO-LacZ-gfp, X-gal staining in the T4 S100-rtTA/TetO-LacZ-gfp mouse 

muscle was more intense, included more endplate zone region. On the other hand, the T1, 

T3, and T5 S100-rtTA lines displayed no detectable X-gal staining at endplate zones or 

along nerves suggesting that despite having successfully incorporated the S100-rtTA 
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construct into their genome, they were unable to induce the expression of the reporter. 

Hence, the T1, T3 and T5 lines were removed from the study.   

 

 
 

Figure 3.3 Doxycycline induced LacZ expression in T2 and T4 S100-rtTA lines. 

(A,C,E) Images of stained sternomastoid and soleus (B,D) muscles from mice double 
transgenic for TetO-LacZ-gfp an either T1,T2,T3,T4 or T5 S100-rtTA founder lines 
incubated in X-gal solution for 24hrs at 37ºC to detect the presence of -galactosidase. 
All mice were induced with doxycycline (Dox) from P0-P30. (A,C,E) No X-gal stain was 
detected in T1,T3 or T5 double transgenic mice. (B) Light (B) and intense (D) X-gal stain 
detected in across the middle of the muscle (B,D arrow) and along nerve fibers (B,D 
arrowhead). These data suggest that the T2 and T4 S100-rtTA lines confer Dox-induced 
expression of the TetO-LacZ-gfp transgene in a pattern that is consistent with LacZ 
expression in SCs. Scale bar 2mm. 
 

Un-induced T2 and T4 S100-rtTA/TetO-LacZ-gfp mice do not express -galactosidase  

 An inherent limitation of conditional gene expression systems is the possibility 

that the transgene be expressed in the absence of the inducer (sometimes referred to as 
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‘leakiness’). In theory, because X-gal histochemistry is an enzymatic reaction only one 

molecule of -gal is needed to produce a visible stain. Therefore, if expression of -gal 

occurred in the absence of feeding double transgenic mice Dox, this assay would be able 

to detect even the slightest quantity of -gal. To determine if our system leaked transgene 

expression X-gal histochemistry was performed on muscles from P14 un-induced mice. 

Un-induced T2 and T4 S100-rtTA/TetO-LacZ-gfp mice displayed no detectable levels of 

-gal across muscle endplate zones or in nerves presumably because the rtTA 

transcription factor was unable to bind onto the TetO-operator. (Figure 3.4).  
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Figure 3.4 LacZ expression is not detectable by X-gal histochemistry in un-induced 

T2 and T4 S100-rtTA/TetO-LacZ-gfp mice. 

Sternomastoid muscle from P14 T2 (A) or T4 (B) S100-rtTA/TetO-LacZ-gfp mice. 
Double-arrows are a close approximation of the region of muscle that contains 
neuromuscular junctions. Scale bar A, 3mm and in B 1.5mm.  
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Doxycycline dependent LacZ expression in adult T2 and T4 S100-rtTA lines 

 To determine whether LacZ expression could be induced in adult mice, T2 and T4 

S100-rtTA/TetO-LacZ-gfp double transgenic mice were fed Dox from P30-P40 after 

which sternomastoid and soleus muscles were removed and processed for X-gal 

histochemistry. X-gal staining in adult muscles was qualitatively similar to X-gal stained 

neonatal muscles in both T2 and T4 S100-rtTA/TetO-LacZ-gfp double transgenic mice.  

In the T4 S100-rtTA/TetO-LacZ-gfp mice, X-gal histochemistry was markedly 

pronounced and spread across the entire endplate zone region of surface sternomastoid 

and soleus muscle fibers whereas in T2 S100-rtTA/TetO-LacZ-gfp mice staining was far 

less intense and covered only portions of muscle endplate zone (Figure 3.5). Similar 

staining patterns were seen in additional muscles in both lines of double transgenic mice, 

namely, that X-gal staining in the T4 S100-rtTA mice was more robust and covered more 

endplate region compared to the T2 S100-rtTA mice. Together, these data suggest that 

S100-rtTA expression is variegated in the T2 line to a far greater extent than in the T4 

S100-rtTA line such that many cells appeared refractory to rtTA expression. 
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Figure 3.5 Doxycycline induced LacZ expression is more robust and covers more 

junctional area in the T4 S100-rtTA line.  

X-gal stained muscles from 10d Dox induced T4 (A,C,E,G) and T2 (B,D,F,H) S100-
rtTA/TetO-LacZ-gfp mice. In all muscles, X-gal staining is localized to the endplate 
region. On surface fibers (A-D), both the sternomastoid and soleus muscles staining is 
more robust in T4 line compared to the T2 line (compare A with B; C with D). The same 
can be seen in fibers located deeper within the muscle (compare E with F; G with H). 
These data suggest that rtTA expression is more variegated in the T2 S100-rtTA line 
Scale bar 2mm. 
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Doxycycline induced LacZ expression in-utero in T4 S100-rtTA/TetO-LacZ-gfp mice 

 

 In the course of these investigations a Dox treated T4 S100-rtTA dam 

unexpectedly died while pregnant with pups sired by a TetO-LacZ-gfp mouse. In the 

chance that one of these embryos was expressing -gal, I removed them for X-gal 

histochemistry. The embryos were approximately E16 and several were stained following 

X-gal incubation.  One in particular produced one of the more striking images in this 

study (Figure 3.6). In this embryo, the pattern of X-gal stain is consistent with nerves 

innervating the skin (Figure 3.6A).  The beaded-like pattern of X-gal staining suggests 

that the stain is in SCs (Figure 3.6B, arrows). 

 
 
Figure 3.6 Doxycycline induced LacZ expression in T4 S100-rtTA embryo. 

(A) X-gal stained T4 S100-rtTA/TetO-LacZ-gfp embryo induced in utero with Dox from 
E0-E17. The branching pattern of X-gal staining in (A,B) is consistent with nerves  
innervating the skin. (B) Close-up image of X-gal staining in the head region. The 
periodic dark bulbus staining (arrows) suggests that these are SC bodies along 
axons. Scale bar 1mm increments A; B 750μm 
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Doxycycline induced green fluorescent protein expression in T4 S100-rtTA/TetO-LacZ-

gfp mice appears to be in Schwann cells 

 

 In addition to containing sequences that code for LacZ, the TetO-LacZ-gfp 

construct also contains a second reporter gene sequence that codes for green fluorescent 

protein (GFP). In this way, I was able to screen living animals for GFP expression in the 

same way I have screened other lines of GFP expressing mice previously created in our 

laboratory. An example of the induced GFP expression is shown in a neonatal T4 S100-

rtTA/TetO-LacZ-gfp pup (Figure 3.7 arrowheads).  Here, GFP expression is seen as 

parallel lines within the digits of the left rear paw and likely results from GFP expressing 

SCs along afferent and efferent nerve fibers.  
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Figure 3.7 Dox induced GFP expression in T4 S100-rtTA/TetO-LacZ-gfp mice 

(A) Image of three middle digits in T4 S100-rtTA/TetO-LacZ-gfp mouse Dox-induced 
from E0-P0. Green fluorescent protein (GFP) fluorescence is likely from axonal SCs 
along nerve fibers within the digits (arrowheads) Toenails are not expressing GFP but are 
auto-fluorescent (arrow). Scale bar 750nm. 
 

 Closer inspection of muscles revealed that GFP expression was localized in SCs 

located along axons with the most intense fluorescence observed in SC somata that 

contains the majority of the cell’s cytoplasm. Terminal SCs also expressed GFP although 

the intensity of fluorescence was weaker than in SCs along axons (Figure 3.8). The 

difference in fluorescence intensity could reflect differential GFP expression between the 

two cells type suggesting that rtTA expression is higher in axonal SCs. Nonetheless, I 
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interpreted these data as further evidence that Dox induced expression of TetO-LacZ-gfp 

was specific to SCs. 
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Figure 3.8   Doxycycline induced GFP expression in T4 S100-rtTA/TetO-LacZ-gfp 

mice 

(A-F) Soleus muscles from TetO-LacZ-gfp neonatal mouse induced with Dox from E0-
P7. (A,D) Rhodamine-BTx labeled AChRs, (B,E) GFP expression SCs, (C,F) merged.(A-
C) wide angle image showing robust GFP expression in SCs along intramuscular nerves 
(B, arrow) and preterminal axons (B, arrowhead). (D-F) close-up image of gfp expressing 
preterminal SC (E, arrowhead). Overall, gfp expression was more robust in axonal SCs 
compared to terminal SCs. Scale bar (50mm, A-C), (30mm, D-F). 
 
 Finally, as a second measure of the inducibility of Tet-O containing sequences 

conferred by the S100-rtTA transgenics, I crossed my T4 S100-rtTA mice with a second 

transponder mouse that expressed a nuclear-localized -gal, TetO-LacZn (Furth et al., 

1994) and generated T4 S100-rtTA/TetO-LacZn double transgenic mice. In this way, I 

could confirm the tissue specific regulation of the T4 S100-rtTA transgene. X-gal stained 

muscles from Dox induced T4 S100-rtTA/TetO-LacZn mice showed punctate-like 

staining across endplate zone as if pepper had been dashed across the belly of the muscle 

(Figure 3.9A) and, like the cytoplasmic LacZ reporter (i.e. TetO-LacZ-gfp), staining 

included endplate regions located deeper within the muscle (Figure 3.9A, black arrow).  
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These data are further proof of Dox-inducible regulation of TetO linked sequences in the 

T4 S100-rtTA line. 

 

Figure 3.9  Doxycycline induced nuclear LacZ expression in Schwann cells of T4 

S100-rtTA/TetO-LacZn mice. 

Sternomastoid muscles from 30d Dox treated T4 S100-rtTA/TetO-LacZn mice incubated 
in X-gal solution (A) or double-immunolabeled  with anti-S100 (a marker for SCs) (B) to 
detect the presence of -galactosidase in SC nuclei (C). (A) Punctate X-gal stain is 
visible across the endplate band a region known to contain SCs (exterior muscle fibers, 
white arrow), (interior muscle fibers, black arrow), (B) Image of terminal (arrowhead) 
and axonal (arrow) SCs labeled with anti-S100. (C) The co-localized pattern of S100 and 

-gal expression in nuclei suggests that terminal (arrowhead) and axonal (arrow) SCs are 
also expressing the LacZ reporter gene. (D) Merged image of (B and C). Scale bar 
(50μm, B,C,D), (2mm, A) 
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 Four conclusions can be made from these data (1) The S100-rtTA transgene 

incorporated into the germline of all T1-T5 S100-rtTA founder lines (2) Dox-dependent 

regulation of TetO linked reporter coding sequences was conferred in the T2 and T4 

S100-rtTA founder lines (3) The striking difference in X-gal staining in muscles from T2 

and T4 S100-rtTA/TetO-LacZ-gfp mice suggest that rtTA expression in the T4 line is 

less variegated  (4) In the un-induced state, transgene expression in the T2 and T4 S100-

rtTA/TetO-LacZ-gfp mice occurs below the level of detection of X-gal histochemistry or 

fluorescence imaging.   

 

Evidence for Schwann cell specific expression of LacZ by immunolabeling 

 The above observations suggest that -gal expression is present along nerve 

fibers, motor axons and near synaptic regions, all of which are known to contain SCs. To 

determine whether LacZ reporter gene expression was specific for SCs, I double-

immunostained muscles using a polyclonal antibody to the S100B protein (a marker for 

all SCs) and a monoclonal antibody to -gal. Results show that in both the T2 and T4 

S100-rtTA/TetO-LacZ-gfp lines, SCs along motor axons and terminal SCs at motor nerve 

endings were positive for both markers (Figure 3.10). I interpreted these data as evidence 

that in both the T2 and T4 lines, S100-rtTA expression was specific to SCs. However, 

differences in immunolabeling did exist between T2 and T4 S100-rtTA/TetO-LacZ-gfp 

muscles that were reminiscent of the X-gal stained materials. In T2 S100-rtTA/TetO-

LacZ-gfp mice, several SCs present along axons and at NMJs were not labeled with the 

anti -gal antibody (Figure 3.10 compare black arrow and black arrowhead in panels D 
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and E). On the other hand, all SCs in the T4 S100-rtTA/TetO-LacZ-gfp mice appeared to 

be labeled with both antibodies (Figure 3.10 compare staining in panels A and B). I 

interpreted these data as further evidence that rtTA expression was variegated in the T2 

S100-rtTA line. In un-induced T2 and T4 S100-rtTA/TetO-LacZ-gfp mice, antibody 

labeling did not detect the presence of -gal (data not shown). 

 
 

Figure 3.10 Dox induced LacZ expression is selective for Schwann cells of T2 and T4 

S100-rtTA lines. 
 Sternomastoid muscles from 30d Dox treated S100-rtTA/TetO-LacZ mice double-

immunolabeled with anti-S100 (a marker for SCs) (A,D) and -galactosidase (B,E), 
merged (C, F). Image of axonal (A,D white arrow) and terminal (A,D white arrowheads) 
SCs labeled with anti-S100  in T4 and T2 S100-rtTA lines. The co-localized pattern of 
S100 and -gal expression suggests that the majority of SCs in the T4 S100-rtTA line are 
also expressing the LacZ reporter gene. In the T2 S100-rtTA line notice that only one of 
the motor axons have SCs that are labeled for -gal (D,E white arrow, and white 
arrowhead) while in an adjacent axon SCs are not labeled for -gal (D,E black arrow and 
arrowhead). These images suggest that S100-rtTA expression is variegated in the T2 
founder line. Scale bar 50μm. 
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 To further characterize S100-rtTA expression in the T4 S100-rtTA line and to 

confirm immunolabeling from the cytoplasmic localized -gal muscles, I doubled 

immunolabeled muscles from mice expressing nuclear localized -gal (Figure 3.9, B-D). 

Results show that -gal staining was localized to the nuclei of SCs present along motor 

axons and in terminal SCs at endplates (Figure 3.9 compare panels B and C). In the un-

induced state, -gal immunolabel was not detected (data not shown). 

 

Evidence for SC specific expression of LacZ by X-gal histochemistry 

 With the exception of nodes of Ranvier, SC wrappings cover the entire axonal 

membrane surface. Therefore, the antibody labeling seen in figure 3.10 cannot rule out 

the possibility that -gal could be present in motor axons. In retrospect perhaps the most 

compelling evidence that -gal labeling was solely in SCs would have been to triple-

immunolabel nerve cross-sections with antibodies for SCs, axons and -gal.  

 Further proof that S100-rtTA is selectively expressed in SCs is presented in figure 

3.11.  I hypothesized that with a shorter time of Dox induction, cytoplasmic levels of -

gal would be less and result in less intense X-gal staining.  Even if minute quantities of -

gal were present in motor axons then one would expect to see uninterrupted X-gal stain 

along the entire length of the axon or homogeneous staining in nerve terminals. X-gal 

stained soleus muscles from a T4 S100-rtTA/TetO-LacZ-gfp mouse induced with Dox 

for only 3d is less intense than in animals induced for 10d or 30d (Figure 3.11). These 

images show that along axons and at junctions, X-gal staining is confined to the somata 
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of SCs.  In particular, there are two darkly stained axonal SCs that are separated by an 

un-stained segment of motor axon (Figure 3.11A) and two darkly stained terminal SCs 

that reside on one side of an endplate while the other side is completely free of label 

(Figure 3.11C).  Based on the pattern of X-gal staining along axons and at nerve 

terminals, I concluded that -gal expression is present only in SCs.  

 

Figure 3.11 Dox induced LacZ expression is specific to SCs and not axons.  

(A-D) X-gal stained soleus muscle from an adult 3d Dox induced T4 S100-rtTA/TetO-
LacZ-gfpc-gfp mouse. (A) The unlabelled axonal segment (white arrow) separating X-gal 
stained SC bodies (black arrows). Intensely X-gal labeled axonal (B black arrow) and 
terminal (C,D black arrows) SCs. Lightly X-gal labeled terminal  SCs (B,D white 
arrows). The pattern of X-gal staining in these images suggests that -gal is expressed 
only in SC. and not in motor axons. Interestingly, the presence of light and intensely 
stained terminal SCs within NMJs (D) and between NMJ (compare NMJs in B) suggest 
differential rtTA gene expression in these cells. Scale bar 50mm in B, 30mm in C,D, 
12.5mm A. 
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 Taken together, the antibody labeling and X-gal staining is compelling evidence 

that supports all of the conclusions made previously. First, that the T2 and T4 S100-rtTA 

mouse lines can be used to tightly regulate the expression of a second transgene 

containing tetracycline-dependent regulatory sequences in a Dox-dependent manner and 

that in muscle, this induced expression is highly selective for SCs. Second, in the T2 line, 

S100-rtTA expression is highly variegated in SCs and for this reason the T2 S100-rtTA 

was removed from the present study. For the remainder of my study only the T4 S100-

rtTA line was utilized. 

 

Temporal regulation of induced LacZ expression in Schwann cells 

 My next goal was to establish a quantitative measure of the number of endplates 

that contained -gal expressing terminal SCs after 3d, 5d and 7d Dox induction.  

 In X-gal stained muscles from 3d Dox treated mice some terminal SCs at the 

same NMJs were more intensely X-gal stained than others (Figures 3.11D compare black 

and white arrows). Likewise, terminal SCs between NMJs were differentially stained 

(Figure 3.11B).  Presumably, all cells, including SCs would have been exposed equally to 

the same levels of Dox inducer and to the same histochemical reagents. These results 

suggest that the S100-rtTA transgene was differentially expressed in SCs.  By having 

more rtTA available, these cells would be in a position to respond more robustly to 

threshold levels of Dox compared to SCs expressing a lower quantity of rtTA. Therefore, 

I suggested that longer incubation in the X-gal substrate could enhance the detection of 
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even the slightest quantity of -gal. To address this issue, I performed a series of 

experiments to determine how long after muscles were incubated in X-gal solution the 

staining appeared to saturate. 

 In order to standardize X-gal staining I wanted my starting materials to come 

from mice that I knew were expressing -gal at peak levels.  In previous experiments, X-

gal stained muscles from 10d and 30d Dox induced S100-rtTA/TetO-LacZ-gfp mice 

appeared qualitatively similar (compare Figure 3.3 panel D with Figure 3.5 panel A) 

suggesting that -gal expression is maximal by 10d of Dox-induction.  Therefore, I 

removed muscles and sciatic nerve sections from 10d Dox induced mice and imaged 

them after 1hr, 3hrs and 21 hrs of exposure to X-gal solution. Representative images are 

shown in figure 3.12 and show that the presence of -gal can be detected in SCs after 1hr 

incubation in X-gal solution and that staining in muscles grew more intense and included 

more SCs until after 21hrs when stain was present across the entire endplate zone along 

the surface fibers and penetrated into endplate regions deeper within the muscle. In 

sciatic nerve sections, staining was hindered by the presence of the epineurium.  

However, when this membrane was compromised by cut or by crushing the nerve, X-gal 

staining followed a similar time-course spreading from the cut ends and crush site. 

Further incubation in X-gal solution for 48hrs did not result in more staining in muscles 

(data not shown).  Based on these observations, I standardized all X-gal histochemistry to 

21-24hrs.  
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Figure 3.12 Beta-gal stain increases the longer the exposure to X-gal solution 

Sternomastoid (A-C) and soleus (D-F) muscles and a sciatic nerve (G-I) from a 10d Dox 
induced T4 S100-rtTA/TetO-LacZ mouse incubated in X-gal solution for 1hr, 3hr or 
21hr. Notice the X-gal stain intensity becomes increasingly stronger along muscle 
endplate zones the longer the incubation in X-gal solution (sternomastoid A-C, Soleus D-
F). In sciatic nerve (G-I) after 1hr X-gal stain is initially concentrated at the crush site 
(arrowhead) and cut ends (arrows) and spreads toward the ends and middle of the nerve 
segment with longer incubation in X-gal solution. Scale bar 2mm. 
 

Quantification of -gal expression: A measure of rtTA variegation in terminal Schwann 

cells of T4 S100-rtTA founder mice 

 For my final series of experiments my goal was to establish an estimate of the 

number of endplates in sternomastoid and soleus muscles that contained -gal expressing 

terminal SCs following 3d, 5d and 7d Dox induction. This would give me a good 

approximation for the extent and time course of induced transgene expression in the T4 

S100-rtTA line.  Upon removal, muscles were fixed and incubated in X-gal solution for 
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24hrs followed by AChR labeling using rhodamine conjugated to BTx to identify 

endplates (Figure 3.13).  In these images, X-gal stained SCs are located along motor 

nerve fibers and at BTx labeled endplates.  However, at some endplates X-gal stained 

SCs were not detected even after 10d of Dox-induction (Figure 3.13 A and B white 

arrow) whereas at others endplates SCs varied in staining intensity.  Schwann cells and 

their processes at some endplates were so intensely labeled that only the rim of the AChR 

plaque and could be seen (Figure 3.13 A and B black arrow) whereas at endplates with 

lighter stained terminal SCs, fluorescence from the underlying AChR gutters was also 

visualized (Figure 3.13 A and B white arrowhead).  I categorized these endplates in the 

following way: endplates that contained no X-gal stained SCs were designated as Type I, 

endplates with lightly stained SCs were designated as Type II and endplates with 

intensely stained SCs were designated as Type III.  Next, I analyzed muscles from 3d, 5d 

and 7d Dox induced T4 S100-rtTA/TetO-LacZ-gfp mice.  
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Figure 3.13 S100-rtTA is differentially expressed in terminal Schwann cells. 

X-gal stained sternomastoid muscles from 10d Dox induced T4 S100-rtTA/TetO-LacZ 
gfp mouse. (A and B) Endplates with no X-gal stained (Type I, white arrow), lightly 
stained (Type II, arrowhead) and intensely stained (Type III, black arrow) terminal SCs. 
AChRs are labeled with rhodamine-BTx. This staining pattern suggests variegated 
expression of the S100-rtTA transgene in the T4 line. Scale bar 100mm in A, 30mm in B.  
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 Two conclusions can be drawn from these analyses and both apply to the 

sternomastoid (Figure 3.14) and soleus (Figure 3.15) muscles. First, after 3d Dox 

induction, the majority of endplates can be categorized as Type II (lightly stained SCs). 

Second, with continued Dox-induction for 5d and 7d, the fraction of Type III endplates 

(intensely stained SCs) increased in conjunction with a decrease in Type I endplates (no 

X-gal stained SCs) while the fraction of Type II endplates did not change. That the 

number of Type II endplates remained constant over the course of induction was 

unexpected. I interpreted these results as evidence for a model in which four SC 

populations existed based on differential expression of rtTA; a small population that will 

never express rtTA, and three groups that express rtTA at low, moderate and high levels. 

After 3d Dox-induction, only two of the four groups are observed and not until further 

Dox-induction can all four groups be separated. First, after 3d Dox-induction the only 

endplates visible are Type I (without SCs staining) and Type II (light SC staining) 

endplates (Figure 3.14 white bars). I hypothesized that Type I endplates are made up the 

first two groups, endplates with SCs that will never stain and therefore will never express 

rtTA and those that are initially refractory but given longer Dox-induction will eventually 

stain and are the low rtTA expressing group. I also hypothesized that after 3d Dox-

induction the Type II endplates (lightly stained SCs) are made up of moderate and high 

rtTA expressing SCs. With continued Dox-induction for 5d and 7d, the low rtTA 

expressors separate from those endplates with SCs that will never express rtTA and can 

be seen as a decrease in the number of Type I endplates (Figure 3.14 bars 1st, 2nd and 3rd 

bars). On the other hand, the high rtTA expressors separate from the moderate rtTA 
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group, and can be seen as an increase in the number of Type III endplates (Figure 3.14 

7th, 8th and 9th bars). However, the number of Type II endplates remains stable throughout 

induction (Figure 3.14 6th, 7th and 8th bars). I offer the possibility that over the course of 

induction, there are roughly a similar number of low rtTA expressors becoming Type II 

endplates as there are high rtTA expressors becoming Type III endplates. 

 

 
 

Figure 3.14 Beta-gal expression in sternomastoid muscle increases with time on Dox. 

Number of endplates containing Type I (1st, 2nd, 3rd bars), Type II (4th, 5th, 6th bars) and 
Type III (7th, 8th 9th bars) after Dox induction for 3d (white bars), 5d (grey bars) and 7d 
(black bars).Type I endplates = No detectable X-gal staining present, Type II endplate = 
light X-gal stain in terminal SCs and their processes, Type III endplate = Intense X-gal 
staining in terminal SCs and their processes. Error bars S.E.M  
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Figure 3.15 Beta-gal expression is soleus muscle increases with longer Dox-

induction. 

Number of endplates containing Type I (1st, 2nd, 3rd bars), Type II (4th, 5th, 6th bars) and 
Type III (7th, 8th 9th bars) after Dox induction for 3d (white bars), 5d (grey bars) and 7d 
(black bars). Type I endplates = No detectable X-gal staining present, Type II endplate = 
light X-gal stain in terminal SCs and their processes, Type III endplate = Intense X-gal 
staining in terminal SCs and their processes. Error bars S.E.M 
 

  A more digestible model reduces the populations from four down to only two by 

taking into account only those endplates with terminal SCs that are either with or without 

X-gal stain.  In the two population model, after 3d Dox-induction in sternomastoid 

muscles 70% of endplates have -gal expressing SCs and by 7d induction 90% of 

junctions contain terminal SCs that have induced -gal expression (Figure 3.16). The take 

home message from these analyses is that the vast majority of terminal SCs at 
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neuromuscular junctions confer rtTA-mediated expression of TetO linked transgenes in a 

Dox-inducible fashion.    

 

Figure 3.16 Beta-gal expression increases with longer Dox-induction 

Number of endplates containing X-gal stained terminal SCs in Sternomastoid (1st, 2nd 
and 3rd bars) and Soleus (4th, 5th and 6th bars) muscles after 3d (white bars), 5d (grey 
bars) or 7d (black bars). In both muscles, the majority of endplates contain -gal 
expressing terminal SCs after only 5d Dox induction. Error bars S.E.M 
 

 

Discussion  

The T2 and T4 S100-rtTA lines confer inducible expression of TetO-linked reporter 

sequences in Schwann cells  
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 Previous investigations have shown that regulatory sequences of the S100B 

promoter can drive transgenic expression of fluorescent proteins selectively in SCs (Tian 

and Thompson 2003, Kang et al., 2004, Zuo et al., 2004). In this study, we generated five 

potential founders (T1-T5) S100-rtTA for the purpose of conditionally expressing TetO 

linked transgenes specifically in Schwann cells (SCs) based on the Tet-On conditional 

gene expression system. The system is composed of three elements the first being a 

transcription factor called the reverse tetracycline transactivator (rtTA) that is expressed 

by a tissue specific promoter and second, the coding sequence for a transgene of interest 

inserted downstream of TetO regulatory sequences. Gene transcription occurs in the 

presence of the antibiotic doxycycline (Dox) (a tetracycline analogue) that allows rtTA to 

bind the TetO regulatory element.  To determine if any of the S100-rtTA transgenics 

conferred transgene expression in the presence of Dox-inducer, I crossed each line with 

transponder mice; one that contained coding sequences for cytoplasmically localized -

galactosidase ( -gal) and green fluorescent protein TetO-LacZ-gfp, and a second 

transponder that codes for a nuclear localized version of -gal TetO-LacZn. To detect the 

presence of -gal, X-gal histochemistry was performed on muscles from Dox induced 

animals.  Results show that T2 and T4 lines conferred inducible regulation of TetO-LacZ-

gfp expression in as little as 3d of Dox-induction. In the T4 line, Dox-induced expression 

of GFP was also seen in a pattern consistent with SCs along motor axons and terminal 

SCs at junctions. Double-immunolabeling with markers for SCs and for -gal, confirmed 

that expression was specific to SCs along nerve fibers and in terminal SCs at the 

neuromuscular junction. Indeed, I found no cases of -gal expression in cells that were 
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not also labeled with the S100 antibody. These data highlight the tissue specific 

regulation conferred by the S100-rtTA transgene in the T2 and T4 lines. 

 

Variegated rtTA expression in Schwann cells of T2 and T4 S100-rtTA mice 

 Transgenic mice are often generated by the insertion of a gene construct into a 

single site in the genome. Because of the random nature of insertion, effects of position 

of integration, can result in variegated transgene expression (Dobie et al., 1997). For 

example, the Tet system has been used to conditionally regulate the expression of 

powerful toxins like diptheria in cultured cells and in many cases, the toxin was 

expressed in the absence of induction resulting in the pre-mature cell death (Paulis et al., 

1997). In mice, not only is the position of transgene integration important but also the 

strain of mouse can influence the expression of the transactivator (Robertson et al., 2002). 

Evidence for variegated expression of rtTA in SCs was found in both the T2 and T4 

S100-rtTA lines. X-gal stained muscles from Dox-induced T2 and T4 S100-rtTA/TetO-

LacZ mice revealed that the T4 line conferred a greater degree of Dox-induced transgene 

expression in terminal SCs over the T2 line such that 90% of junctions contained at least 

some X-gal stained terminal SCs after 7d induction. By comparison, the T2 line 

conferred less than 10% induction (data not shown).  Results also showed that terminal 

SCs at some junctions were stained heavily with X-gal whereas others contained terminal 

SCs that stained lightly or not at all suggesting that some variegated S100-rtTA 

expression is present in the T4 line. Studies using the S100B promoter to drive the 

expression of yellow fluorescent protein (YFP) have shown that junctions contain either 
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no YFP expressing terminal SCs or all the SCs express YFP (Zuo et al., 2004). In 

addition, these studies found aberrant expression of YFP in tissues where the S100B 

promoter is not normally active (i.e. motor axons).  Results here showed no evidence of 

aberrant rtTA expression in motor axons or muscle fibers.  

Transgene expression in the absence of the inducer 

 The central tenet of all conditional gene expression systems, including the Tet-On 

system, is the inducible, tissue-specific and stringent control of transgene expression. In 

the case of the Tet-On system, rtTA has been reported to exhibit residual affinity for the 

TetO element in the absence of Dox (Lamartina et al., 2002) resulting in low-level 

transgene expression. Although newer versions of rtTA have been developed that confer 

greater sensitivity to Dox with no residual background expression in the absence of 

induction (Urlinger et al., 2000) the rtTA used in this study was one of the original 

versions developed by Bujard and colleagues (Gossen and Bujard, 1992; Kistner et al., 

1996) and has been shown to have residual background activity in the absence of Dox 

(Valencik and McDonald, 2000).  

 To determine if the T2 and T4 S100-rtTA mice used in this study conferred 

transgene expression in the absence of the Dox-inducer, each line was crossed with 

transponder mice, one that contains coding sequences for the enzyme -galactosidase ( -

gal) and green fluorescent protein (cytoplasmically localized) and a second transponder 

that codes for a nuclear localized version of -gal. I found no detectable levels -gal 

expression in either the T2 or T4 S100rtTA lines in the absence of the Dox-inducer.  
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 Based on the evidence presented here, the T4 S100-rtTA line of mice should 

allow the conditional regulation of other TetO containing sequences that will allow me to 

genetically dissect the molecules used by SCs in promoting nerve regeneration.  
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CHAPTER 4 

 

 

CONDITIONAL ACTIVATION OF NERUREGULIN SIGNALING IN MOUSE 

 

SCHWANN CELLS IN VIVO MIMICS RESPONSES TO DENERVATION 

 

Introduction 

 Schwann cells play a vital role in the repair of NMJs following muscle 

denervation. Following nerve damage, normally quiescent Schwann cells (SCs) become 

‘activated,’ a phenotype that greatly enhances the regeneration of motor axons and the re-

establishment of neuromuscular synapses. At normal neuromuscular junctions (NMJs), 

non-myelinating terminal SCs cap nerve terminal arborizations that make synaptic 

contact with the muscle fiber whereas axonal SCs wrap the innervating motor axon. 

Following damage, terminal SCs at denervated endplates grow an elaborate network of 

processes some of which contact nearby intact synapses and induce those nerve terminals 

to sprout. These SC processes then serve as substrates for terminal sprouts to grow 

toward and innervate the denervated junctions (Son and Thompson, 1995b, a; Love and 
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Thompson, 1998; Tian and Thompson, 2002).  More recent findings suggest that SCs can 

reshape the pretzel-like structure of receptor plaques by directing the growth of 

regenerating axons away from underlying acetylcholine receptors resulting in receptor 

loss (Kang at al., 2003). The molecular mechanisms allowing SCs to perform these 

functions are not completely understood. However, a prominent candidate is the 

neuregulin (Nrg) family of growth-factor-like ligands encoded by the Nrg-1 gene. 

Neuregulin-1 is a family of alternatively spliced growth and differentiation factors that 

are secreted or membrane-bound that signal through the ErbB family of receptor tyrosine 

kinases.  Activation of ErbB receptors has been shown to promote the survival, 

proliferation, migration and differentiation of many cell types including SCs (Marchionni 

et al., 1993; Dong et al., 1995; Meyer and Birchmeier, 1995; Mahanthappa et al., 1996; 

Zanazzi et al., 2001; Lyons et al., 2005).  The expression of a cell surface Nrg-1 isoform 

on axons in the PNS has recently been shown to constitute the signal that determines the 

manner in which SCs wrap the axons and whether these SCs produce myelin (Garratt et 

al., 2000; Michailov et al., 2004; Taveggia et al., 2005).   

 Previous investigations in our lab have shown that following denervation, 

neonatal SCs undergo apoptosis but can be rescued by exogenous application of glial 

growth factor (GGF), a soluble Nrg-1 isoform (Trachtenberg and Thompson, 1996).  

Application of GGF to normally innervated neonatal rat muscle also resulted in SC 

proliferation, migration, and process growth and induction of nerve sprouting. 

Unexpectedly, GGF application also caused the dispersion of AChRs and the withdrawal 

of nerve terminals from synapses thus resulting in the denervation of neonatal muscle 
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fibers (Trachtenberg and Thompson, 1997). Because muscle fibers (Moscoso et al., 1995) 

and axons (Pearson and Carroll, 2004) both express ErbB receptors, these observations 

raised the possibility that some of the responses seen in intact neonatal muscles may not 

have been solely due to the action of GGF on SCs.  

 In determining the role of Nrg signaling at the NMJ I chose a strategy to regulate 

the expression of a constitutively active form of the ErbB2 receptor (caErbB2) selectively 

in SCs using the Tet-On system described in chapter 3 (Kistner et al., 1996).  

 My results show that I can tightly regulate the expression of caErbB2 in SCs of 

living mice. Following doxycycline (Dox) administration caErbB2 is expressed. Schwann 

cells extend processes, migrate from synapses and proliferate.  In many cases, nerve 

terminal sprouts were associated with SC processes.  Upon the removal of Dox inducer, 

nerve terminal sprouts retracted and SCs not associated with axons disappeared. My 

results also show that neonatal SCs can be rescued from denervation induced apoptosis 

following Dox induced caErbB2 expression in these cells. However, unlike GGF 

application, caErbB2 expression in SCs cannot account for all the observed phenomena 

in neonatal muscles, namely, the withdrawal of nerve terminals from synapses and the 

dispersion of AChRs. The results presented here provide strong evidence that the 

generation of the reactive SC phenotype following denervation can be explained by 

activation of an autocrine Nrg signaling pathway in SCs. 



 75

Results 

Expression of an activated ErbB2 receptor induces resting tremor 

 To produce mice in which we could test the consequences of activating 

neuregulin signaling in SCs, I crossed the T4 S100-rtTA line with another mouse line 

having an rtTA-regulated transgene that encodes a mutant, constitutively active form of 

the ErbB2 receptor (designated caErbB2 or NeuNT) (Moody et al., 2002). Initially, I 

induced neonates at P0 by feeding Dox to nursing dams (600mg Dox/100g food). By day 

3 of induction, many pups began to tremor involuntarily when the animals were at rest 

and typically splayed their rear legs when walking. This resting tremor consisted of side-

to-side shaking of the head, torso and tail and became more pronounced when stimulated 

by tail-pinch. These pups appeared to be weakened by the condition and most died by 

P14 although occasionally some lasted until weaning at P21.  Single transgenic S100-

rtTA or TetO-NeuNT pups in the same litters showed no signs of tremor throughout Dox-

induction and these animals ultimately became reproductive.  A similar phenotype of 

resting tremor was observed in adult S100-rtTA/TetO-NeuNT mice after 5d to 7d Dox-

induction. With longer induction, mice became progressively hunch-backed, had a 

shortened gait, difficulty breathing and eventually died. As an initial investigation, I 

removed and imaged muscles under a dissection microscope and discovered that 

peripheral nerves innervating the soleus and diaphragm muscles were several times the 

diameter in Dox-induced double transgenic mice (Figure 4.1).  

 Taken together, I interpreted the involuntary tremor phenotype as evidence of 

TetO-NeuNT expression and proposed that this phenotype and eventual death were due 
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to disruptions of nerve fibers caused by the expression of this transgene in SCs. In 

determining whether TetO-NeuNT expression was selective for SCs, I performed 

luciferase assays on a variety of tissues. 
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Figure 4.1 Peripheral nerve swelling induced by TetO-NeuNT expression  

Images of muscles from P14 un-induced (A,C) or P0-P14 Dox-induced (B,D) T4 S100 
rtTA/TetO-NeuNT mice. The nerve innervating the soleus muscle (compare arrows in A 
and B) and sciatic nerve (compare arrowheads in A and B) are several times in diameter 
in experimental animals. Nerves innervating the diaphragm muscle are also swollen 
(compare arrowhead in C and D) as well as intramuscular nerves (compare arrows in B 
and D). These morphological changes are evidence for induced transgene expression and 
suggest that these disruptions may be responsible for the resting tremor phenotype and 
death. Scale bar 5um. 
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Expression of an activated ErbB2 receptor can be induced selectively and reversibly in 

Schwann cells 

 Expression of the TetO-NeuNT transgene can be monitored indirectly because in 

addition to sequences coding for caErbB2 it also contains sequences coding for a firefly-

luciferase expression cassette (Moody et al., 2002).  To assess the induction of caErbB2, I 

harvested tissue from young adult, S100-rtTA/TetO-NeuNT mice following 5 days Dox 

induction and examined these tissues for luciferase activity.  Tissues from un-induced 

animals of the same genotype were also examined and the background of the assay itself 

was determined by assaying the same tissues taken from animals lacking any luciferase 

gene. The results show that the background luciferase activity measured in control mice 

lacking any luciferase gene was not significantly different from un-induced S100-

rtTA/TetO-NeuNT mice, suggesting that in the un-induced animals expression of the 

NeuNT and luciferase transgenes is not detectable. On the other hand, 5d of Dox-

induction gave a 20-fold increase above background in endplate regions dissected from 

sternomastoid muscles (Figure 4.2).  A more accurate gauge of induction was obtained by 

measuring luciferase activity in samples of peripheral sciatic nerves rather than in 

samples of muscles since nerves would be expected to contain a larger proportion of SCs 

over other cell types. In sciatic nerves, a 600-fold increase in baseline luciferase activity 

was detected (Figure 4.2).   
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Figure 4.2 T4 S100-rtTA mice confer Dox-inducible expression of TetO-NeuNT 

Bar graph of Luciferase activity assays performed in tissues from mice doubly transgenic 
for S100-rtTA and TetO-NeuNT induced with Dox for 5 days (all bars) or subsequently 
removed from Dox for 11 days (black bar). Endplate region of skeletal muscle (grey bar, 
n=7), sciatic nerve (white bar, n=7 and black bar, n=8). The TetO-NeuNT transgene 
codes for a mutated version of the ErbB2 receptor and has coding sequences for 
luciferase that serves a surrogate reporter for transgene expression. The presence of 
luciferase is detected by the addition of its substrate luciferin that is cleaved by luciferase 
forming many products one of which is photons that can be detected by a luminometer. 
Relative light units were normalized to total protein (RLU/ug protein). Error bar=S.E.M 
p<0.05 
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 A much smaller induction was detected in the spinal cord, brain (excluding the 

cerebellum), salivary gland, skin, small intestine and liver (Figure 4.3).  Interestingly, a 

low level of NeuNT expression was detected in cerebellum and thymus (Figure 4.3).  In 

cerebellum, immunohistochemical localization of S100B protein has been shown in 

primate Bergmann glia (Girod et al., 1986). In addition, our lab has previously generated 

lines of transgenic mice using the S100B promoter to drive the expression of green 

fluorescent protein (GFP) in SCs and in both S100-rtTA lines (Kosmos and YA) 

Bergmann glia also expressed GFP (Zuo et al. 2004). In thymus gland, dendritic 

macrophages have been shown to label for S100 protein (Gordon et al., 2001).  Together, 

these studies indicate that the S100B promoter is active in cells of the cerebellum and 

thymus and the detection of NeuNT expression is likely due to rtTA expression in these 

tissues as a result of endogenous S100B promoter activity. 

 To determine whether induced TetO-NeuNT expression could be switched off 

following removal of the inducer, I examined luciferase activity in sciatic nerves 

harvested after Dox withdrawal.  Luciferase activity following 5d of induction and a 

subsequent 11 days without Dox fell to less than 10% of the amount measured at the end 

of 5 days (Figure 4.2).  

 These results provide evidence that T4 S100-rtTA transgenic mice confer 

inducible regulation of the TetO-NeuNT target transgene that occurs within 5 days of 

administration of the inducer and that this induction is reversible. 
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Figure 4.3 Dox induced NeuNT expression in tissues from S100-rtTA/TetO-NeuNT 

mice 

Bar graph of luciferase activity assays performed on 5d Dox induced mice. For all 
categories n=5. Cb = cerebellum. Relative light units normalized to total protein (RLU/ug 
protein). Error bars S.E.M p<0.05. For comparison, luciferase activities in tissues from 
(induced/un-induced) animals were: thymus 25.4±3.5/0.03±0.004;cerebellum 
6.2±2.0/0.02±0.001; liver 0.04±0.01/0.004±0.0005; spinal cord 0.05±0.01/0.04±0.02; 
brain (without cerebellum) 0.32±0.088/ 0.167±0.0031. 
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Induction of caErbB2 in SCs alters the relationship between SCs and nerve terminals at 

nmjs 

 The inducible control of neuregulin signaling conferred by T4 S100-rtTA/TetO-

NeuNT mice is indicated by observations of the SCs themselves.  To facilitate the 

examination of neuromuscular synapses, I interbred my double transgenic mice with two 

other transgenic mice: one that has an S100-GFP transgene that makes SCs fluoresce 

green (Tian and Thompson, 2003) and the other a thy1-CFP transgene that makes the 

axons fluoresce blue (Feng et al., 2000). With the addition of rhodamine-bungarotoxin 

(BTx) I was able to visualize the postsynaptic AChRs.  

Transgenic mice that did not receive doxycycline had NMJs    that resembled in 

all respects (position of the somata of SCs, coverage of the underlying nerve terminal by 

SC processes, low frequency of short SC processes extending from junctions, low 

frequency of nerve sprouts extending from junctions, and apposition of nerve terminals to 

AChR; n=8 sternomastoid, n=3 soleus) the nmjs in muscles that lacked the S100-rtTA 

and TetO-NeuNT transgenes (Fig. 4.4 A-D).  These observations show that the un-

induced animal has normal neuromuscular synapses and suggest, especially in light of the 

results below, that leakage expression of the mutant ErbB2 in the doubly transgenic 

animals is minimal.   
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Figure 4.4 Doxycycline induced expression of activated erbB2 induces terminal  

Schwann cell occupation of intragutter space 

Neuromuscular junction in sternomastoid muscle from non-treated (A-D) and Dox 
induced (E-L) S100rtTA/TetO-NeuNT mice. To facilitate imaging, transgenic mice 
expressing the green fluorescence of GFP in Schwann cells (SCs) (A,E,I) and the blue 
fluorescence of CFP (B,F,J) in motor axons were bred into S100-rtTA/TetO-NeuNT 
mice. Acetylcholine receptors (AChRs) (C,G,K) are labeled with rhodamine-conjugated 
BTx. (A) In non-treated control mice terminal SCs and their processes covered nerve 
terminal arborizations (B) that lie juxtaposed to AChR-rich gutters (C) on the post-
synaptic muscle. (E-H) In 3d Dox induced mice, terminal SCs were poorly organized and 
occupied the spaces between AChR gutters (E, arrow). (I-L) In 5d Dox-treated mice, 
terminal SCs covered the endplate region and extended an array of processes away from 
the junction (I, arrowhead) Merged images (D,H,L), Scale bar 50um.  
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 In contrast, major alterations in the morphology of neuromuscular synapses were 

seen in transgenic mice following Dox-induced caErbB2 expression. Following 3d (n=6  

sternomastoid, n=10 soleus) and 5d (n=7 sternomastoid, n=4 soleus) Dox induction in 

adult mice, terminal SCs were no longer restricted to covering the nerve terminals but 

invaded the spaces in-between nerve terminal arbors (Figure 4.4E arrow). At many 

junctions, SC processes continued to spread until the entire junctional area was covered 

with a mat of SC processes (Figure 4.4I arrow) and by 5d induction more than 60% of 

junctions were matted with SCs processes (Figure 4.5). These data suggest that terminal 

SCs begin to alter their relationships to nerve terminals within 3d of Dox-induced 

expression of active ErbB2.  
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Figure 4.5 Percentage of endplates with matted Schwann cells increases with longer 

induced expression of caErbB2 

Bar graph showing that the fraction of endplates in sternomastoid (white bars) and soleus 
(gray bars) muscles with SCs that occupy the intergutteral space increases with longer 
exposure of Dox inducer in T4 S100-rtTA/TetO-NeuNT mice. 
 

Expression of active ErbB2 induces growth of terminal Schwann cell processes outside 

the synaptic area  

Not only did SCs extend processes that covered the spaces between synaptic 

gutters, they also extended processes outside the synaptic area.  In general, these 

processes grew away from endplates toward the myotendenous junctions (Figure 4.6). 

The frequency of endplates with SC processes increased progressively with Dox-

induction and was more robust in sternomaostoid muscles compared to soleus muscles. 

However, by 5d Dox induction terminal SCs had grown processes at the majority of 
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endplates encountered (Figure 4.7). Endplates in control materials also had SCs with 

processes; however these were significantly shorter than those in Dox induced animals 

(see below). At many endplates, terminal SC processes from individual junctions 

displayed an elaborate array of processes with continued Dox-induction (Figure 4.4D, 

arrowhead). 
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Figure 4.6 Expression of activated ErbB2 induces Schwann cell process growth and 

nerve terminal sprouting 

Neuromuscular junction in sternomastoid muscle from 5d Dox treated S100-rtTA/TetO-
NeuNT mouse. GFP in SCs (A), CFP in motor axons (B) and AChRs are labeled with 
rhodamine-conjugated BTx (C). Terminal SC process (A, arrow) extending away from 
NMJ. Scale bar 30um 
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Figure 4.7 Percentage of endplates with SC processes increases with longer 

induction of caErbB2 expression 

Bar graph showing that the fraction of endplates in sternomastoid (white bars) and 
soleus (gray bars) muscles with SC processes extending outside the junctional area 
increases with longer exposure of Dox inducer in T4 S100-rtTA/TetO-NeuNT mice. 
Error bars = S.E.M 
 

Expression of active ErbB2 induces growth of nerve terminal sprouts that are associated 

with Schwann cell processes  

Associated with SC processes were axonal sprouts growing from nerve terminals 

(Figure 4.8).  Nerve terminal sprouts, when present, were always associated with SC 

processes. The frequency of endplates with nerve terminal sprouts increased 

progressively with Dox-induction.  A similar fraction of endplates in sternomastoid and 
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soleus muscles were affected such that by 5d induction nearly half of all SC processes 

had axonal sprouts (compare 5d Dox in Figure 4.7 with 5d Dox in Figure 4.9).   
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Figure 4.8  Expression of activated ErbB2 induces nerve terminal and nodal 

sprouting  

Sternomastoid muscle from 10d Dox treated S100-rtTA/TetO-NeuNT mouse. (A-D) 
Nerve terminal sprout (B, arrows) growing away from an endplate (C, arrowhead). 
Notice the varicose appearance (B, arrowheads) located along the nerve terminal sprout. 
Nerve terminal sprouts are associated with SC processes (A, arrows). The numerous SCs 
located outside of junctions suggest that SCs are proliferating (A, arrowheads). (E-H) 
Nodal sprout (F, arrowhead) growing along the outside of a SC body (E, arrowhead). 
Nerve terminal sprout (F, arrow) growing along a terminal SC process (E, arrow). 
Merged images (D,H) Scale bar A-D 100um, E-H 30um. 
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Figure 4.9 Percentage of endplates with nerve terminal sprouts increases with 

longer induction of caErbB2 expression 

Bar graph showing that the fraction of endplates in sternomastoid (white bars) and 
soleus (gray bars) muscles with nerve terminal sprouts increases with longer exposure to 
Dox inducer in T4 S100-rtTA/TetO-NeuNT mice. Error bars = S.E.M 

 

Following induction for 10 days, axonal sprouts and their associated SC processes 

were so long that they commonly moved outside the plane of focus and were difficult to 

follow in the microscope (see below).  Most of these SC processes and the terminal 

sprouts grew parallel to the axis of the muscle fibers towards the myotendenous junctions 

(Figure 4.8B).  In both sternomastoid and soleus muscles, there was a strong correlation 

between time on Dox and the length of SC processes and axonal sprouts (Figure 4.10, 

4.11). Although not statistically significant, in general SC processes were longer than 

axonal sprouts at every time point measured.  This suggests that the response of Dox-
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induced caErbB2 expression occurred first in SCs followed by the growth of axonal 

sprouts.  Indeed, I observed no instance where axonal sprouts preceded the distal end of 

growing SC processes.  

Despite the growth and the appearance of small varicosities at the ends of some 

nerve terminal sprouts, no new synaptic sites, detected as accumulations of AChRs 

beneath the varicosities were observed (Figure 4.8B, arrowheads).  Although rare, “pre-

terminal” axonal sprouts were also found that arose at or near the last hemi-node of the 

myelinated preterminal axon and grew along the outside of Schwann cells (Figure 4.8F, 

arrowhead).  
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Figure 4.10  Schwann cell process and nerve terminal sprout length increase with 

longer induction of caErbB2 in sternomastoid muscle 

Bar graph showing that terminal SC processes (white bars) and nerve terminal sprouts 
(black bars) become progressively longer following 3d and 5d Dox-induced expression of 
active ErbB2. Sternomastoid muscle. (No Dox, n=5), (3d Dox ,n=6), (5d Dox, n=7) Error 
bars=S.E.M. 
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Figure 4.11  Schwann cell process and nerve terminal sprout length increase with 

longer induction of expression of caErbB2 in soleus muscle 

Bar graph showing that terminal SC processes (white bars) and nerve terminal sprouts 
(black bars) become progressively longer following 3d and 5d Dox-induced expression of 
active ErbB2. Soleus muscles (No Dox, n=6), (3d Dox, n=10), (5d Dox, n=6) Length 
(mm), Error bars=S.E.M  
 

Nerve terminal sprouting does not alter postsynaptic acetylcholine receptor plaques 

 Despite the extensive sprouting observed in these muscles, I observed no obvious 

change in the bungarotoxin-labeled AChR within the synaptic sites.  There were no areas 

of diminished intensity of AChR or disruption of receptors in the postsynaptic site as was 

reported following administering GGF to neonatal rat muscles (Trachtenberg and 

Thompson, 1997).  Similarly, there were no obvious changes in the fidelity of apposition 
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of nerve terminals to AChR.  Muscles dissected from animals following induction 

showed no deficits in their contractile response to stimulation of the muscle nerve at 

either twitch or tetanic frequencies (data not shown), even when muscles showed 

considerable nerve sprouting.  These observations suggest that, in contrast to GGF 

administration to muscles, activation of neuregulin signaling selectively in SCs causes SC 

growth and nerve terminal sprouting but no obvious change in the morphology of the 

synaptic contact itself. 

 

Expression of active ErbB2 induces Schwann cell migration and proliferation 

 Following Dox induction in young adult mice, SCs migrated into the extra-

junctional space directly adjacent to the endplate (Figure 4.13E, arrows).  Many of these 

cells also extended processes that contacted adjacent endplates and grew along muscle 

fibers. By 5d of Dox-induction, 20% of endplates had terminal SCs whose cell bodies had 

migrated a short distance away from the synapse (Figure 4.12).  
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Figure 4.12 Expression of caErbB2 induces Schwann cell migration 

Bar graphs showing that the fraction of endplates in sternomastoid (white bars) and 
soleus (grey bars) muscles with migrating SCs increases with longer Dox-induced 
expression of caErbB2. Error bars=S.E.M 
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Figure 4.13 Expression of activated ErbB2 induces Schwann cell migration. 
Sternomastoid muscle from control (A-D) and 5d Dox-induced (E-H) S100-rtTA/TetO-
NeuNT mice. Schwann cells (A,E), axons (B,F), AChRs (C,D), merged images (D,H). In 
non-treated control mice terminal SCs and their processes (A) covered nerve terminal 
arborizations (B) that juxtaposed AChR-rich gutters (C).  Terminal SCs (E, arrows) 
migrated into the extra-synaptic space. (F) In many cases nerve terminal sprouts were 
closely associated with these extra-synaptic SCs. Scale 50um A-D and 30um in E-H.  
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 I observed a large number of SCs in the extra-junctional regions of Dox-induced 

adult muscles. In many cases, SCs covered the entire endplate zone suggesting that, in 

addition to causing migration from endplates, SC had proliferated. To determine whether 

expression of caErbB2 induced SC proliferation, neonatal S100-rtTA/TetO-NeuNT mice 

were Dox-induced and administered BrdU for 3d starting at P4.  Muscles were removed 

for bromodioxyuridine (BrdU) labeling on P7. For adults, mice were Dox-induced for 

10d (BrdU for 3d starting after 7d of Dox-induction). Evidence in support of SC 

proliferation in both neonatal and adult SCs was obtained from BrdU labeling. First, the 

extent of proliferation in adult muscle was difficult to assess because SCs were no longer 

confined to the central endplate zone (Figure 4.14D, black arrows).  Proliferation was 

somewhat easier to assess in neonatal, transgenic mice since few SCs had infiltrated the 

central endplate zone after only 3d induction.  Results indicated a significant increase 

(p<0.05) in the total number of junctions that contained BrdU+ terminal SCs in the 

induced animals following BrdU injections on the 4th day (Figure 4.15). From these 

observations I concluded that the proliferation seen in SCs resulted from neuregulin 

signaling imposed in these by the induced expression of caErbB2. These data also 

support previous results in rat muscles following exogenous GGF application such that 

neuregulin is the likely signal acting directly on these cells to cause them to proliferate.  
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Figure 4.14 Expression of caErbB2 induces Schwann cell proliferation 

(A-B) Images of a NMJ in the sternomastoid muscle from P7 pup following 3d Dox-
induction; BrdU was administered by i.p. injection during the 3d of Dox-induction. (C-D) 
Images of an adult NMJ in soleus muscle following 10d Dox-induction; BrdU was 
administered via drinking water for 3d prior to muscle removal. Antibodies to S100 were 
used to label SCs (A,C) and antibodies to BrdU (B,D) were used to label nuclei that had 
incorporated BrdU during the DNA synthesis phase of cell mitosis. In both neonatal and 
adult muscle, BrdU was incorporated into SC nuclei (B,D arrows). Scale bar 30um 
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Figure 4.15 Expression of caErbB2 induces proliferation of Schwann cells 

Bar graph showing that the fraction of endplates with BrdU labeled SCs increased in P7 
S100-rtTA/TetO-NeuNT mice following 3d Dox induced caErbB2 expression. BrdU was 
administered by i.p. injection during day 3 of Dox-induction. Error bars=S.E.M 
 

Induction of caErbB2 in Schwann cells produces expression of a cytoskeletal marker for 

the reactive state found in SCs following denervation 

  Denervation of neuromuscular junctions causes extension of processes by SCs 

and changes in their gene expression (Astrow et al., 1994; Georgiou et al., 1994).  One 

easily detected change in “reactive” terminal SCs is the upregulation of the cytoskeletal 

protein, nestin (Kang et al., 2001). In the next experiments, I conducted a series of 
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immunolabeling investigations to determine whether caErbB2 expressing SCs also 

upregulated nestin expression.  

 At non-induced innervated endplates, nestin labeling was localized to the 

postsynaptic muscle fiber around the edges of AChR gutters (Figure 4.16C arrow) and 

also revealed contractile elements in the region of the endplate (Figure 4.16C, 

arrowhead). Following the removal of the nerve fibers by denervation, nestin labeling 

could be seen outlining the somata of terminal SCs and their extended processes (Figure 

4.16F, arrow and arrowhead, respectively). The images presented here show that nestin 

expression is upregulated in SCs that are no longer in direct contact with axons and 

suggest that axons normally provide a signal or signals that suppresses nestin expression 

in SCs (Astrow et al., 1994; Kopp and Thompson, 1998).  Following 7d Dox-induced 

caErbB2 expression, the somata of extra-junctional SCs and their processes were 

immunopositive for nestin despite the fact that muscles remained innervated (Figure 

4.16H, arrow and arrowhead, respectively).  One interpretation of these images is that 

induction of caErbB2 expression caused changes in SCs that included upregulation of 

nestin.  However, many of the nestin labeled cells and their processes were not associated 

with junctions and raised the possibility that these SCs responded simply as if they had 

lost axonal contact. Therefore, to determine if axon associated SCs upregulated nestin 

expression following induced caErbB2 expression I turned to S100-rtTA/TetO-NeuNT 

mice that had been crossed with the GFP and CFP transgenics. 

 Shown in (figure 4.17) both the cell bodies and the processes of terminal SCs at 

an innervated NMJ become immunopositive for nestin following induction of caErbB2.  
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These changes occur despite the fact that these terminal SCs remained in contact with 

motor nerve terminals and nerve sprouts. I interpreted these results as evidence that 

activated neuregulin signaling in SCs caused upregulation of a prominent marker that is 

typical of SCs that have lost contact with axons.  
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Figure 4.16 Upregulated nestin expression in denervated and caErbB2 expressing  

Schwann cells 

Fluorescence images taken from innervated (A-C) and 3d denervated soleus  
junctions (D-F) and from innervated sternomstoid junctions following 7d 
Dox-induction of caErbB2 expression (G-I). AChRs labeled with Cy-5 conjugated  
BTx (A,D) or rhodamine-BTx (G), GFP expressing SCs (B,E), polyclonal antibody  
for nestin with rhodamine (C,F) or FITC (H) secondary antibody. (A-C) At innervated  
NMJs from non-induced mice, nestin labeling outlines AChR gutters (C, arrow), and  
reveals Z-disks in the region of the endplate (C, arrowhead). Following 3d denervation 
(D-F), terminal SCs (F, arrow) and their processes (F, arrowhead) are immunopositive for 
nestin, a marker for reactive SCs.  Following 7d induction of caErbB2 (G-I), extra-
junctional SCs (H, arrow) and their processes (H, arrowhead) are immunopositive for 
nestin. Scale bar 30um A-F, 50um G-I. 
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Figure 4.17 caErbB2 expressing terminal Schwann cells upregulate nestin 

expression despite contact with axon terminals and axonal sprouts. 

Fluorescence images of a junction taken from intact sternomastoid muscle following 5d 
Dox-induced caErbB2 expression. (A) Acetylcholine receptors labeled with Cy-5 
conjugated BTx, (B) GFP expressing Schwann cells, (C) antibody for nestin with a 
rhodamine secondary and (D) CFP expressing motor axons. Terminal SC slightly out of 
the focal plane (B, black arrow) and its processes (B, white arrow) are both 
immunopositive for nestin (C, black and white arrow, respectively). Note the presence of 
innervating axon and axonal sprout (D, black and white arrows). Also notice the 
extrajunctional SC (B, arrowhead) immunopositive for nestin (C, arrowhead). Scale bar 
30um  
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Doxycycline withdrawal reverses active ErbB2-induced changes in SCs and leads to 

withdrawal of nerve sprouts   

 

 To evaluate whether SC process extension, SC proliferation, and nerve terminal 

sprouting seen after Dox-induction required the continued activation of neuregulin 

signaling in SCs, I imaged NMJs at various times following withdrawal of Dox.  Results 

show that muscles changed dramatically from what they looked like at the end of the 

induction period.  First, the changes observed in muscles were even more pronounced 

when induction lasted beyond 5d such that by 7d or 10d of Dox-induced caErbB2 

expression, SCs and their processes completely covered the entire endplate zone and 

nerve sprouts grew along SCs and their processes (Figure 4.18 A and B, respectively). In 

mice withdrawn from Dox for 11d, the majority of SCs had disappeared from the extra-

junctional region and SCs that did remain were associated with nerve sprouts (Figure 

4.18 E and F).  With longer withdrawal from Dox, nerve sprouts had disappeared and the 

only SCs remaining were clustered above motor nerve terminals or found along 

innervating motor axons (Figure 4.18 I and J). These findings show that caErbB2 induced 

changes are not maintained following Dox-withdrawal and down-regulation of caErbB2 

expression in SCs. I interpreted these results as evidence that without sustained 

neuregulin signaling, Schwann cells revert to a non-activated state that is unable to 

maintain existing nerve sprouts. 
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Figure 4.18 Removal of Dox reverses caErbB2 induced changes in Schwann cells 

and nerve terminals 

Neuromuscular junctions from adult S100-rtTA/TetONeuNT mice Dox-induced for 7d 
(E-H) or 10d (all others) followed by either 11d (E-H) or 30d (I-L) Dox withdrawal. (A) 
GFP expressing SCs (A,E,I) and CFP expressing axons (B,F,J). AChRs labeled with 
rhodamine-BTx (C,G,K). Endplate zone is completely covered by SCs and their process 
(A) and nerve sprouts (B, arrow) that course along these processes parallel to muscle 
fibers. Following 11d of Dox-withdrawal (E-H) most extrajunctional SCs have 
disappeared although SCs associated with nerve sprouts remain (E and F, arrows). 
Following 30d of Dox-withdrawal (I-L) most nerve sprouts, extrajunctional SCs and their 
processes have disappeared. Scale bar, 50um for A-D, I-L; 30um for E-H 
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Evidence that Schwann cells actively remove nerve sprouts following downregulation of 

caErbB2 expression 

 During Dox-withdrawal, many nerve sprouts appeared to end with swollen bulbs, 

a morphology similar to retraction bulbs reported by Bishop et al., (2004) when multiple 

axonal contacts made onto NMJs during early postnatal life, are pruned to a single axonal 

input as animals mature (Figure 4.19G, arrow). In addition to bulbs, retracting nerve 

sprouts routinely had a beaded appearance along their length (Figure 4.19C). In contrast, 

during the Dox-induced outgrowth phase, nerve sprouts were uniform along their length 

and either tapered at their tips or had CFP-labeled varicosities connected to them (Figure 

4.20A). Following Dox-withdrawal, I also observed small pieces of CFP-labeled axonal 

debris trailing behind retreating sprouts (Figure 4.20B). This axonal debris was located 

either along-side or within SCs. These observations suggest that SCs are in the process of 

phagocytosing retreating nerve sprouts. These images support previous observations that 

nerve sprouts could be consumed by SCs during withdrawal of axonal inputs from NMJs 

during postnatal synapse elimination (Bishop et al., 2004). 
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Figure 4.19 Retraction of nerve terminal sprouts following Dox-withdrawal 

Fluorescent images of NMJs from 10d Dox-induced caErbB2 expression followed by 11d 
Dox withdrawal. (A,E) AChRs labeled with rhodamine-BTx, (B,F) GFP expressing SCs, 
(C,G) CFP expression in motor axons, (D,H) Merged. (C) Beaded appearance commonly 
seen along nerve sprouts following Dox-withdrawal. Swollen-bulb-like appendages at the 
end of retracting nerve sprout (G, arrow). Scale bar, 30um. 



 109 

 
Figure 4.20 Evidence of Schwann cell phagocytocis of retracting nerve sprouts 

following downregulation of caErbB2 expression in Schwann cells 

Nerve sprouts visualized by expression of CFP (A,C) and GFP expressing SCs (B,D) 
after 10d Dox-induction of caErbB2 expression (A,B) or induced 7d followed by 11d 
Dox-withdrawal (C,D).  Notice that advancing nerve sprouts appear beaded and tapered 
at their ends (A, arrowhead) but retracting sprouts leave behind pieces of CFP-labeled 
axon that lie along or within SCs suggesting that SCs could be actively removing nerve 
sprouts. Scale bar, 50um. 
  

 Taken together, these results suggest that, in response to caErbB2 expression, SCs 

take on a phenotype that promotes nerve growth and that removal of caErbB2 expression 

reverses this phenotype such that SCs actively remove nerve sprouts. These results also 
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show that SCs formed during Dox-induction are not maintained in the absence of induced 

caErbB2 expression. 

 

Denervation of neonatal mouse sciatic nerve induces Schwann cell apoptosis 

 The Dox-induced LacZ, GPF and luciferase expression studies from Chapters 3 

and 4 are strong evidence that the T4 S100-rtTA transgenics confer Dox-dependent and 

SC selective expression of TetO linked transgenes. The morphological changes seen at 

the adult junction following induced caErbB2 expression are similar to the changes that 

occur following muscle denervation and suggest that neuregulin signaling in SCs can 

account for many of these features including the generation of the reactive SC phenotype. 

For example, SCs extend processes, proliferate, and migrate from synapses, nerve 

terminals extend and retract sprouts and SCs upregulate nestin expression.  Interestingly, 

exogenous application of GGF to neonatal muscles induces similar changes in synapses.  

In addition to preventing SCs from apoptotic death following the removal of the axon by 

denervation. For my final series of experiments I wanted to test the effects of induced 

caErbB2 expression in neonatal SCs. My results show that activation of neuregulin 

signaling in SCs can rescue these cells from denervation-induced apoptosis. 

 In neonatal rat, terminal SCs undergo programmed cell death (i.e. apoptosis) 

following muscle denervation (Trachtenberg and Thompson, 1997). To determine 

whether neonatal mouse terminal SCs also die following denervation, I examined soleus 

muscles for morphological evidence of SC apoptosis following sciatic nerve transection 

at P5.  After 24 hours the majority of the endplates were devoid of all SCs (Table 4.1) 
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and after 48 hours, 94% of endplates were devoid of these cells (data not shown).  SCs 

missing from these endplates appeared to have undergone apoptosis, as cells with 

blebbing membranes, masses of condensed chromatin, and prominent vacuoles were 

found adjacent to bungarotoxin-labeled synaptic sites (Figure 4.21 J, arrows).  To further 

substantiate that the cells were disappearing as a consequence of apoptosis, TUNEL 

labeling (Gavrieli et al., 1992) was performed.  Approximately 75% (389/522) of the  

 

 

Table 4.1 Induced expression of ErbB2 rescues many Schwann cells at neonatal 

NMJs from denervation-induced apoptosis.    

Soleus muscles were denervated by nerve resection on postnatal day 5 and examined at 
day 6.  For the animals that were induced with Dox, induction began on day 3.  SCs were 
identified by immunolabeling for S100.  Endplates in both sets of muscles have lost SCs 
to the same extent.  SCs are found immediately adjacent to the endplates and at greater 
distances from them.  Many fewer of these cells that have apparently left the endplate are 
dying in the induced animals.   
 

cells that appeared to be dying on the basis of the above morphological criteria were also 

TUNEL+ (Table 4.1 columns 6 and 7) (Figure 4.21K). Interestingly, many of these 

bipolar-shaped cells were not directly above endplates.  Rather it appeared that they had 

migrated a short distance (1-2 soma lengths) off the junction (Figure 4.21 H, arrow; low 

magnification image; Figure 4.22 G, arrow; higher magnification image).  In addition, 

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7

Control n=10
1134 66.3±6.8% 10.9±1.1% 33.7±3.0% 19.1±1.3% 0.46±0.03 0.35±0.03

Experimental 

n=4
599 70.8±6.1% 15.4±4.5% 29.2±7.8% 32.6±3.6% 0.16±0.02* 0.14±0.02*

*p<0.05 (student's t test) ± SEM

Fraction of 
TUNEL+ 
SCs in 
column 6       

Number 
of Ep's 
observed  
gg

Fraction of 
Ep’s devoid 
of Schwann 
cells

Fraction of 
Ep’s w/GFP+ 
SC’s directly 
above the Ep

Fraction of 
Ep's in col. 2 
with an 
adjacent SC    

Fraction of 
Ep's in col.4 
with an 
adjacent SC

Fraction of 
SC Apoptotic 
bodies            
gg
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these SCs extended highly branched processes that contacted nearby endplates as well as 

processes that extended toward the muscle ends (Figure 4.21F, arrowhead). 



 113 

 

Figure 4.21 Neonatal mouse Schwann cells undergo apoptosis following muscle 

denervation 

Soleus muscles in animals denervated by resection of the sciatic nerve at postnatal day 5. 
AChRs were identified with Cy5-BTx (A,E,I), SCs were identified by labeling with an 
anti-S100 antibody and FITC-secondary (B,F,J), apoptotic cells by rhodamine-TUNEL 
label (C,G,K).  Innervated soleus from P6 neonate.  (A-D) SCs are positioned above 
AChR plaques and show little TUNEL labeling compared to 24hr denervated 
contralateral soleus (G). Higher magnification images show that TUNEL+ spots are also 
labeled with anti-S100 (compare arrows in panels J and K. Notice that SCs are not above 
AChR plaques. (F,H, arrow) and many extend processes following denervation (F,H, 
arrowhead). Scale bar, 50um A-H, 30um I-L 
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Figure 4.22 Denervated Schwann cells migrate from junctions prior to apoptosis  

Soleus muscles in animals denervated by sciatic nerve resection at postnatal day 5. 
(A,E,H) Cy5-BTx labeled AChRs, (B,F,I) S100-FITC labeled SCs, (C,G,J) rhodamine-
TUNEL labeled apoptotic cells and (D,H,K) merged. Innervated soleus from P6 neonate 
(A-D) SCs are positioned above AChR plaques and show little or no TUNEL+ labeling. 
In contralateral soleus denervated for 24hrs TUNEL+ cell fragments (G, arrow) are also 
doubled labeled with anti-S100 (F, arrow).  Theses were located several microns from a 
nearby junction suggest that SCs migrated before apoptosing. Occasionally TUNEL+ SC 
nuclei were found along intermuscular nerves (J, arrow) Scale bar 30um 
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 After 24 hours of denervation, some SC apoptosis was observed along 

intramuscular nerves (Figure 4.22 J, arrow) and terminal branches from these nerves, 

however most of these branches remained populated with SCs 24 hours after denervation. 

Evidence of SC death was rare in the endplate zone 48 hours after denervation, 

suggesting that most of the cells destined to die had done so by this time. Overall, I 

interpreted these data as evidence that neonatal mouse terminal SCs undergo apoptosis 

following denervation in a fashion similar to that found in the rat.  

 

Conditional expression of active ErbB2 rescues neonatal Schwann cells from denervation 

induced apoptosis 

 Previous results showed that exogenous application of GGF could prevent the 

apoptotic death of SCs following muscle denervation (Trachtenberg and Thompson, 

1996). To determine whether inducing neuregulin signaling selectively in SCs could 

mimic this effect I induced caErbB2 expression 48 hours prior to sciatic nerve resection 

on postnatal day 5.  The fate of SCs was then assessed morphologically and by TUNEL 

labeling.  

 In control and caErbB2 expressing neonates following 24 hrs denervation two 

populations of endplates emerged, endplates without terminal SCs above them and 

endplates with terminal SCs above them. Moreover, I found many instances where 

terminal SCs appeared to have migrated a short distance (1-2 soma lengths) away from 

the endplate. At endplates devoid of terminal SCs, an equivalent number of migrating 

SCs were seen in both the caErbB2 expressing animals and in the un-induced animals 
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(Table 4.1 columns 2 and 3). I also observed a sizable increase in the number of endplates 

that contained both overlying and migrating terminal SCs (Table 4.2 columns 4 and 5). 

Finally, following denervation, significantly fewer SC apoptotic bodies and TUNEL+ SC 

nuclei were found in regions directly adjacent to endplates in caErbB2 expressing 

neonates compared to muscles from un-induced neonates (Table 4.2 column 6 and 7; 

Figure 4.23, compare panels B and E).  Together, these data show that denervation alone 

is enough to induce migration of terminal SCs. More importantly, selective induction of 

neuregulin signaling in SCs can rescue these cells from denervation-induced apoptosis. 
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Figure 4.23 Induced caErbB2 expression in neonatal Schwann cells rescues these 

cells from denervation-induced apoptosis.   

Soleus muscles from S100-rtTA/TetO-NeuNT mice were denervated by sciatic nerve 
resection on postnatal day 5.  One of the animals received no Dox (A-C) while the other 
was induced with Dox daily beginning on postnatal day 3 (D-F).  Animals were 
sacrificed at postnatal day 6.  SCs were identified by labeling with anti-S100 and a FITC 
secondary (A,D).  Apoptotic cells were identified by rhodamine-TUNEL label (B,E) and 
AChRs with Cy5-bungarotoxin (C, F). The incidence of TUNEL + cells was much lower 
in the induced animal (compare E with B).  Scale bar, 100um. 
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Discussion 

 A major impetus for the present work arose from observations from neonatal rat 

muscle that showed pronounced changes in neuromuscular junctions following 

exogenous application of the neuregulin isoform, glial growth factor (GGF).  This 

application induced many changes and included the growth of SC processes, the 

proliferation and migration of SCs and nerve sprouting. Other consequences of GGF 

application included the withdrawal of motor nerve terminals from synapses, dispersion 

of AChRs, synaptic failure and, in denervated muscles, the rescue of SCs from apoptosis 

(Trachtenberg and Thompson, 1997).  However, because muscle fibers, motor neurons 

and Schwann cells are reported to express ErbB receptors (Moscoso et al., 1995, Carroll 

et al., 1997; Pearson and Carroll, 2004, Michailov et al., 2004) determining which effects 

are due to neuregulins action directly on SCs was not possible. Evidence that some of 

these effects were due to the activation of ErbB receptors on muscle fibers comes from 

studies in which neuregulin signaling was selectively activated in muscle fibers causing 

nerve terminal withdrawal from synapses, the dispersion of AChRs, synaptic failure and 

the growth of motor nerves away from the endplate region (Ponomareva et al., 2006). To 

explore the roles of neuregulin signaling in the context of terminal SCs at the 

neuromuscular junction, I used transgenic mice that allowed me to conditionally regulate 

the expression of a mutated version of ErbB2 that allowed me simulate neuregulin 

signaling selectively in SCs in the living animal. Two transgenes are required to confer 

the tissue specific and temporal regulation of caErbB2 in SCs.  One transgene, coding for 

the transcription factor rtTA, was constructed with the S100B promoter so that it is 
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expressed in SCs.  A second transgene, that codes for a constitutively active form of the 

neuregulin ErbB receptor (caErbB2), was placed under the control of promoter elements 

that bind rtTA in the presence of doxycycline (Dox).  I show that Dox-induced 

expression of caErbB2 is selective for SCs and produces terminal SC migration and 

proliferation, the extension of SC processes, and nerve terminal sprouting.  These 

experiments show that all of these responses observed in response to neuregulin 

application can be explained by SCs.  Furthermore, these experiments provide direct 

evidence that manipulating this neuregulin signaling in SCs in vivo is sufficient to induce 

the growth of axons.   

 

Neuregulins and the reactive glia  

 Schwann cells play an integral role in the regenerative capacity of the PNS. 

Following nerve damage, normally quiescent SCs become “reactive” a phenotype 

believed to be important for creating a microenvironment that promotes the regeneration 

of neuromuscular synapses. The molecular mechanisms responsible for the generation of 

the reactive state are not known. However, one possibility is neuregulin signaling in SCs. 

Cultured SCs have been shown to synthesize and secrete neuregulins in addition to 

activating ErbB3 receptors on these cells suggesting a pathway that involves both 

paracrine and autocrine neuregulin signaling by these cells (Raabe et al 1996; Rosenbaum 

et al., 1997). Evidence in support for a paracrine/autocrine mechanism in vivo following 

denervation is the observation that SCs upregulate expression of neuregulins (including 

GGF), ErbB2 and ErbB3 receptors (Carroll et al., 1997) and that these receptors become 
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phosphorylated following denervation (Kwon et al., 1997). Interestingly, these events 

coincided with the proliferation of SCs. I propose the possibility the stimulus responsible 

for generating the reactive SC phenotype following denervation is the establishment of 

autocrine/paracrine signaling by neuregulins in SCs.  

The results from my experiments show that activation of neuregulin signaling 

induces a phenotype similar to that of reactive SCs seen following denervation despite 

the fact that these SCs remain in contact with axons. These features included: growth of 

SC processes, SC migration and proliferation and the upregulation the intermediate 

filament protein nestin, a prominent marker for reactive glia.  Moreover, these SCs 

processes supported the growth of nerve sprouts.  

Although caErbB2 expressing SCs appear reactive morphologically, their 

phenotype may not be identical to that of SCs following denervation.  While the process 

extension of SCs activated by expression of mutant ErbB2 appears as robust as that 

observed following denervation/partial denervation of muscles, the number of these 

processes occupied by sprouts appears less.  Many junctions appear refractory to axonal 

sprouting, even 10d after Dox-induction, when the LacZ reporter shows transgenes have 

been activated in most SCs.  This suggests that additional stimuli arising from nerve 

degeneration and muscle denervation are present that either boost the reactive state of the 

glia or promote nerve growth.  The existence of additional signals would not be 

surprising.  Given all the possible trophic and cell surface interactions between axons and 

SCs, it seems unlikely that denervation and the disruption of all these interactions would 

yield the same phenotype as activation of a single signaling pathway, the one for 
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neuregulin. 

 

Schwann cell migration 

 During development, SCs migrate along nascent axons projecting to their 

peripheral targets and these motile responses are due in to neuregulin signaling in SCs 

(Mahanthappa et al 1996; Britch et al 1998; Morris et al., 1999; Lyons et al., 2005).  

Schwann cells are for the most part immobile once the synapse has been established.  

Each terminal SC claims a portion of nerve terminal by spreading out non-overlapping 

processes that cover different branches of the nerve terminal arbors (Zuo et al., 2005). 

The data presented here show that terminal SCs respond to caErbB2 expression by 

migrating away from junctions along muscle fibers. Hence it appears that the activation 

of neuregulin signaling has made the cell bodies of terminal SCs capable of migrating 

along substrates they would normally not follow.  

 

Do neonatal and adult SCs respond similarly to caErbB2 expression? 

The data presented here suggest that nearly all of the cellular responses seen in SCs 

following caErbB2 expression are shared between neonatal and adult animals with one 

exception: I observed far fewer nerve terminal sprouts in neonatal muscles despite 

extensive SC process growth. One possible explanation could be that neonatal SCs even 

after activation of neuregulin signaling do not express factors at the levels that induce 

nerve sprouting.  However, several studies show that SCs harvested from neonatal rats 

can induce neurite outgrowth (Brockes, 1979; Bixby, 1988; Seilheimer and Schactner, 
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1988; Ullian, 2003; Bampton, 2005).  Another possibility is that neonatal motor axons are 

more refractory to growth signals, a possibility consistent with their enlarged terminal 

arbors in muscle and the pruning of these arbors that is occurring during postnatal 

synapse elimination.   

 

Rescue of neonatal SCs from denervation-induced apoptosis 

 The precursor cells that give rise to SCs require ErbB receptor activation for their 

survival (Meyer and Birchmeier, 1995; Erickson et al., 1997; Meyer et al., 1997; 

Riethmacher et al., 1997; Britsch et al., 1998; Woldeyesus et al., 1999; Morris et al., 

1999, Garratt et al., 2000a; Wolpowitz et al., 2000).  That neuregulins might continue to 

play important roles in cells following their commitment to the SC lineage was suggested 

by the observation of SC apoptosis in neonatal (but not adult) animals following nerve 

section and degeneration of axons within the distal stumps (Grinspan et al., 1996; 

Trachtenberg and Thompson, 1996).  SC apoptosis was particularly pronounced at rat 

neuromuscular junctions in the population of terminal SCs (Trachtenberg and Thompson, 

1996).  Evidence that nerve-supplied neuregulin is critical for the survival of these cells 

came from the rescue of these cells from denervation-induced apoptosis by exogenous 

application of GGFII.  However, there exists the possibility that applied neuregulin acted 

indirectly through a variety of other tissues that possess neuregulin receptors, in 

particular muscle fibers.  To determine whether neuregulin signaling in SCs could rescue 

these cells from apoptosis in vivo, I induced the expression of caErbB2 selectively in SCs 

following denervation. We found that tSCs as well as SCs within the nerves in neonatal 
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mice underwent apoptosis following nerve injury, just as in the rat.  My results show that 

induced expression of active ErbB2 can rescue these cells from apoptosis following nerve 

injury and suggest that a supply of this factor from axons is normally sufficient to prevent 

the execution of an apoptotic program.  What is somewhat puzzling is that the cells are 

incapable of rescuing themselves via upregulation of neuregulin expression and autocrine 

signaling.  This suggests that either the autocrine/paracrine pathway is insufficient to 

rescue neonatal SCs or that this signaling is activated too slowly to prevent the cells from 

committing to apoptosis.  

  

SC proliferation and regulation of SC number 

 Following denervation in adult animals, two waves of proliferation are found in 

SCs in distal nerve segments.  The first wave occurs at the time of denervation and is 

believed to be stimulated by the degeneration process itself; this appears not to affect 

tSCs as they do not proliferate on denervation.  The second wave occurs upon contact of 

the SCs by regenerating axons.  This latter wave of mitosis is believed to be mediated by 

nerve-derived neuregulin (Morrissey et al., 1995).  Our experiments show that activation 

of neuregulin signaling can induce SC mitosis in nerves and at junctions.   

 An important feature of nerve development is the numerical matching of SCs with 

axons.  During the early development of nerves, SCs proliferate so as to ensure that an 

adequate supply of these cells is available to unsheathe axons and to cover nerve 

terminals.  Other investigators have suggested that the initial proliferation is followed by 

a period of SC death such that SCs that do not come to be associated with axons are 
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removed (Grinspan et al., 1996).  A similar numerical matching must occur during nerve 

regeneration in the adult.  Our experiments show that the extra SCs that appear in adult 

muscles following induction of active ErbB2 that lack association with nerve sprouts 

quickly disappear following removal of the inducer. Those newly generated SCs that are 

associated with nerve sprouts appear to survive for a longer time.  The SCs generated 

during the induction as well as those generated during reinnervation in vivo arise from 

the division of adult SCs that are independent of neuregulin.  We hypothesize that the 

proliferation of these cells restores a period of dependence on neuregulin signaling for 

survival.  This would explain why adult SCs that are initially independent of nerve-

derived signals become dependent upon them once again and how a numerical matching 

between axons and their SCs could be re-established.   
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CHAPTER 5 

 

 

CONDITIONAL ACTIVATION OF NERUREGULIN SIGNALING IN MOUSE 

SCHWANN CELLS IN VIVO ALTERS PERIPHERAL NERVE 

ULTRASTRUCTURE 

 

Introduction 

 Neuregulins (Nrgs) are important factors involved in many Schwann cell  (SC) 

developmental milestones (for review see Garratt et al, 2000a). Early in development the 

soluble Nrg-1 isoform glial growth factor (GGF) promotes the generation of glial cells by 

restricting neural crest progenitor cells from differentiating into neurons (Shah et al., 

1994).  During the first few weeks of postnatal life when axons are becoming myelinated, 

axonally derived Nrg-1 is thought to regulate the survival, proliferation, migration and 

differentiation of SCs and their precursor cells (Marchionni et al., 1993; Dong et al., 

1995; Meyer and Birchmeier, 1995; Mahanthappa et al., 1996; Zanazzi et al., 2001; 

Lyons et al., 2005). Myelination is a critical event determining the fast and efficient 

conduction of action potentials along nerve fibers.  Recent investigations suggest that the 
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expression of membrane bound isoforms of Nrg-1 (on axons) are key signals instructing 

how SCs wrap axons and whether these SCs produce myelin (Garratt et al., 2000b; 

Michailov et al., 2004; Taveggia et al., 2005).  For many decades now it has been 

appreciated that myelin sheath thickness is proportional to axon diameter (for example 

see Schroder, 1972).  Until recently, the molecular signals instructing SCs in the 

appropriate myelination of different sized axons have not been fully characterized.  

Experiments by Michailov et al (2004) suggest that the number of myelin wraps a SC 

makes around an axon is determined by levels of Nrg-1 presented on the axonal surface. 

Larger axons are able to present more Nrg-1 and thus become more heavily myelinated 

than smaller caliber axons.  Moreover, the myelination promoting effect appears to be 

due to the type III Nrg-1s (cysteine rich containing Nrg-1 isoforms) because nerves from 

transgenic mice overexpressing CRD-Nrg1s are hypermyelinated, whereas nerve fibers 

from mice overexpressing type I Nrg-1s (Ig containing neuregulin) had normal myelin 

thickness.  

 On the other hand, in-vitro studies have shown that, when added to dorsal-root 

ganglion/SC co-cultures, GGF can effectively inhibit myelination in a dose dependent 

manner and even induce demyelination when added to mature co-cultures (Zanazzi et al., 

2001).  Furthermore, these inhibiting and demyelinating effects could be reversed by 

removal of GGF from the culture media.  Transgenic studies further support these in-vitro 

findings.  In these studies, mice were generated that overexpressed GGF in myelinating 

SCs (Huijbregts et al., 2003).  Over a period of 2-7 months, GGF overexpressing mice 

developed a resting tremor, had impaired gait and aberrant hindlimb reflexive responses.  
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Microscopic analysis of sciatic nerve sections showed increased proliferation of SCs, 

accumulation of SC processes and collagen in the endoneurium and evidence of 

intermittent bouts of de-myelination and re-myelination of axons. Also reported, were 

lipid filled macrophages and profiles of degenerating axons.   

 Given that neuregulins fulfill many functions necessary for the successful wiring 

of peripheral nerve fibers and that these molecules continue to influence SC phenotype in 

the adult animal perhaps it is not surprising that neuregulins play additional roles in SCs 

during peripheral nerve regeneration (Carroll et al., 1997; Kwon et al., 1997). 

 Studies from chapters 3 and 4 have shown that I can conditionally express a 

constitutively active form of the ErbB2 neuregulin receptor (caErbB2) selectively in SCs 

in a Dox-dependent manner. Examination of terminal SCs at neuromuscular junctions 

showed that these cells undergo dramatic changes in their morphology and phenotype 

following Dox-induced caErbB2 expression.  These changes were consistent with the 

activated state seen in denervated SCs and included SC process growth, migration, 

proliferation, growth of nerve terminal and pre-terminal axonal sprouts.  Upon removal of 

induction there was phagocytosis by SCs of retracting axon sprouts. Moreover, induced 

expression of caErB2 in newborn mice could rescue SCs from apoptosis by denervation.  

The aim of this study was to further examine effects of enhanced neuregulin signaling in 

SCs on peripheral nerve architecture. Following Dox-induced caErbB2 expression in SCs 

my results show: caErbB2 expression in SCs produced 1. dramatic changes in adult 

peripheral nerve ultrastructure similar in quality to those reported by Carroll and 

colleagues namely, the demyelination of sciatic nerve 2. Accumulation of endoneurial 
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elements including collagen fibrils and SC processes and other cellular processes 3. Loss 

of large caliber myelinated axons in adult and possibly neonate sciatic nerves  4. 

Alterations in peripheral autonomic ganglia. 

 

Results 

 Expression of caErbB2 in Schwann cells induces peripheral nerve hypertrophy, loss of 

myelinated axons, and hypomyelination  

 To determine what effect caErbB2 expression in SCs had on peripheral nerve 

architecture, a double transgenic S100-rtTA/TetO-NeuNT adult mouse was Dox-induced 

for 21 days (21d) from P35-P56.  Upon dissection, many of the peripheral nerves were 

swollen and lacked the silvery ribbon appearance notably seen in control nerves. The 

sciatic nerve was then fixed in-situ, removed from the animal and embedded in plastic. 

Sections were taken from just above the knee where the sciatic nerve is made up of the 

peroneal, tibial, lateral and medial plantar nerves. Light microscopy of toluidine blue 

stained thin sections showed that these nerves were severely hypertrophied and were 

stained less intensely compared to a sciatic nerve from a littermate control mouse (Figure 

5.1).  In addition, the outer protective connective tissue layers made up of epineurium and 

perineurial sheaths were thickened (Figure 5.1B arrow).  
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Figure 5.1 Expression of caErbB2 in Schwann cells induces peripheral nerve 

swelling in adults 

Light microscopic images of semi-thin toluidine blue stained transverse sciatic nerve 
bundle sections from S100-rtTA/TetO-NeuNT un-induced mice (A) or after 21d of Dox-
induced expression of caErbB2 P35-P56 (B).  Toluidine blue stains cell membranes. 
Nerves of the same type are labeled accordingly between panels A and B.  (B) All four 
nerves are severely hypertrophied and have thickened epineurial and perineurial layers 
(B, arrow). (a, peroneal nerve; b, tibial nerve; c, lateral plantar nerve; d, medial plantar 
nerve). Scale bar 100um.  
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 Viewed at higher magnification, control sciatic nerves were made up of densely 

packed axons of various calibers each encircled by a dark toluidine blue stained annulus 

composed of several ultrathin lamellar layers of myelin sheath the thickness of which is 

generally proportional to axonal size.  Around some myelin sheaths, myelinating SCs 

were seen (Figure 5.2A, arrowhead). Smaller unmyelinated axons could not be seen even 

at these magnifications but their presence could be appreciated as lighter stained regions 

located between myelinated fibers (Figure 5.2A, arrow).  These observations were in 

stark contrast to those in the sciatic nerve from the caErbB2 expressing animal. Here, 

nerve fibers were no longer packed closely together but were separated by large expanses 

of empty endoneurium that was occasionally interrupted by darkly stained bi-polar 

shaped cells that extended long protrusions away from their somata (Figure 5.2B 

arrowheads).  Quantification of myelinated nerve fiber numbers in tibial nerve cross-

sections showed that the caErbB2 expressing animal contained 55% fewer fibers 

compared to control (experimental=133, control=296). Whereas in peroneal nerve 

sections made from caErbB2 expressing mice contained 9% fewer myelinated nerve 

fibers compared to control (experimental=398, control=439).  
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Figure 5.2 Expression of caErbB2 in Schwann cells severely disrupts peripheral 

nerve morphology in adults  

Light microscopic images of semi-thin toluidine blue stained transverse sciatic nerve 
sections from S100-rtTA/TetO-NeuNT un-induced mice (A) or after 21d of Dox-induced 
expression of caErbB2 P35-P56 (B).  (A) Myelinated nerve fibers of various calibers and 
myelin thicknesses are densely packed together. (A) Axons were wrapped several layers 
thick with Schwann cell myelin (A, arrowhead). In general, myelin thickness is 
proportional to axon caliber size. Bundles of non-myelinated nerve fibers are not easily 
seen because of their small size (A, arrow). (B) Nerve fibers are no longer tightly packed 
together and large empty spaces of endoneurium are seen.  Few myelinated nerve fibers 
are present the majority of which are smaller caliber with thin myelination.  Within the 
vast expanses of endoneurial space bi-polar shaped cells are seen many of which extend 
thin cellular protrusions (B, arrowheads). Scale bar 20um.  
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 To determine whether caErbB2 expression in SCs effected myelination g ratios 

were calculated from axons selected randomly from stained peroneal nerve sections. The 

g ratio is the numerical ratio between the diameter of just the axon and the diameter of 

the axon and the myelin thickness: g ratio = (axon)d / ((axon)d + 2(myelin thickness)). A 

decrease in the value of the g ratio would indicate that for its size an axon has an 

excessive number of myelin wrappings whereas an increase in the g ratio value would 

indicate too few myelin wrappings.  My analysis revealed that in caErbB2 expressing 

animals g ratios were significantly higher along the entire range of axon sizes suggesting 

that these axons were hypomyelinated (Figure 5.3).  These data also showed that 

caErbB2 expression did not alter axon size (Figure 5.3).  Taken together, these results 

suggest that increased neuregulin signaling in adult SCs induced a loss of myelinated 

fibers and demyelination in the remaining sciatic nerve fibers. 
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Figure 5.3 Peripheral nerve fibers are hypomyelinated in caErbB2 expressing adult 

mice 

Scatter plot of the g ratios from individual peroneal nerve fibers as a function of axon 
diameter. The g-ratio is the numerical ratio between the diameter of the axon proper and 
the outer diameter of the axon plus the myelin sheath thickness (g-ratio= axon 
diameter/(axon diameter + myelin sheath thickness).  Following 21d of induced caErbB2 
expression in SCs, g ratios were increased significantly (white boxes and upper white 
bar) compared to un-induced littermate control animals (black diamonds and lower black 
line). These data also show that caErbB2 did not alter axon caliber. Measurements were 
taken from light images of toluidine blue stained thin sections.  (50 fibers counted in each 
group, n=1 for both groups). P < 0.00001.  
 

Expression of caErbB2 in Schwann cells alters peripheral nerve ultrastructure in the 

adult 

 In an effort to further characterize changes seen at the light level an attempt at 

electron microscopy was made. In control sciatic nerves, tightly packed myelinated and 
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unmyelinated axons were seen. In general, axons larger than 1 micrometer in diameter 

were myelinated whereas those smaller than 1 micrometer were grouped together into 

axon units known as Remak bundles (Figure 5.4A).  In the Dox-induced mouse, Nerve 

fibers were no longer packed tightly together and instead vast expanses of collagen filled 

endoneurium separated axons (Figure 5.4C).  Confirming observations made at the light 

level, larger caliber axons with unusually thin myelin wrappings were also present 

(Figure 5.4C, arrow). Remak bundles, were separated by a single intervening layer of SC 

cytoplasm (Figure 5.4B, arrow) whereas these bundles appeared disorganized in the 

caErbB2 expressing animal (Figure 5.4C). Long protrusions of SC cytoplasm that 

extended into the adjoining endoneurium (Figure 5.4D, black arrow) were observed and 

in some cases grew to form double ensheathment layers around some axons (Figure 5.4D, 

white arrow). Un-myelinated axons were seen wrapped by an unusually thick SC sheath 

that sometimes contained large round bodies of electron dense material (Figure 5.4D, 

black arrowheads).   
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Figure 5.4 Expression of caErbB2 in Schwann cells alters peripheral nerve 

ultrastructure in adults  

EM photomicrographs of sciatic nerve sections stained with uranyl acetate/lead citrate 
from S100-rtTA/TetO-NeuNT un-induced (A,B) or after 21d Dox-induced expression of 
caErbB2 from P35-P56 (C,D). (A) Large caliber myelinated axons and bundles of small 
caliber un-myelinated axons (Remak bundles) are seen. Notice that larger axons are more 
heavily myelinated than smaller axons.  (B) The majority of axons in Remak bundles are 
isolated from each other by intervening SC cytoplasmic protrusion (B, arrow).  Matrix of 
collagen fibrils can be seen occupying the endoneurial space between tightly packed 
nerve fiber.  In (C,D) sciatic nerves from 21d Dox-induced animals were severely 
hypertrophied and large expanses of collagen filled endoneurium separated nerve fibers. 
(D) In general, Remak bundles appeared disorganized and an elongated cellular 
protrusion from a non-myelinating SC has extended away from a Remak bundle (D, 
black arrow). Other protrusions were seen projecting along the surface of adjacent 
protrusion (D, white arrow).  SC protrusions between un-myelinated axons appeared 
unusually thick and contained membrane bound electron dense bodies within the 
cytoplasm (D, arrowheads). (a, axon; sc, Schwann cell; umf, un-myelinated fiber; mf, 
myelinated fiber; C, collagen). Scale bar, A,B 500nm, in B,C 125nm.     
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Ultrastructure evidence for axon degeneration in the adult 

 To determine whether the decrease in the number of axons recorded in peroneal 

and tibial nerves could be detected electron micrographs were analyzed for evidence of 

degeneration.  I found two examples of degenerating axon profiles one of which is shown 

in (Figure 5.5A). In this image, several myelinated axons appear to be at different stages 

of degeneration. In two of these axons the myelin sheaths are no longer compacted and 

the innermost layers of myelin have delaminated and loosely fill the inner core of 

axoplasm (Figure 5.5A,white arrows). At higher magnification these axons did not 

contain any electron dense material within the axoplasm whereas an adjacent fiber had an 

electron watery substance in its axoplasm and normal looking myelin sheath suggesting 

that this axon was intact (Figure 5.5A black arrowhead). In addition these degenerating 

axon profiles were surrounded by a thick layer of cytoplasmic process that contained 

large translucent vacuoles (Figure 5.5A, white arrowhead). In many of the micrographs 

collected a thin basal lamina tightly encircled Remak bundles however in the 

degenerating profile seen here the basal lamina is disconnected and had an undulating 

appearance near the top of the structure (Figure 5.5A, black arrow).  The large crescent 

shaped cell near the degenerating profile may be a SC or fibroblast (Figure 5.5A). In 

many of the micrographs examined large foamy cells that are similar in morphology 

macrophages were seen. These cells contained many electron lucent bodies that are 

possibly filled with lipids (Figure 5.5B, black arrowhead). In one case a macrophage 

projected several thick protrusions some of which appeared to be pinching off pieces of 

membrane and packaging them into vesicles (Figure 5.5B, thin black arrows).  In 



 137 

addition, this macrophage also contained many small and one very large electron dense 

body likely filled with lipids (Figure 5.5B, thick black arrow; see also 5.4D, black 

arrowhead). Taken together these images support light microscopy observations such that 

expression of caErbB2 in SCs can cause the degeneration of axons.  
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Figure 5.5 Expression of caErbB2 in Schwann cells induces nerve fiber degeneration 

in adults  

EM photomicrographs of sciatic nerve sections stained with uranyl acetate/lead citrate 
from S100-rtTA/TetO-NeuNT after 21d Dox-induced expression of caErbB2 from P35-
P56.  In (A) several myelinated nerve fibers at various stages of degeneration. Large axon 
with layers of myelin that have delaminated from the inside and protrude inward into 
what is most likely the remains of an old neural tube (A, short white arrow). A smaller 
caliber axon (A, black arrowhead) appears intact with compacted myelin and watery 
electron lucid material within its axoplasm.  A medium caliber axon (lower left) with 
split and loosely associated myelin sheaths some of which have delaminated from the 
inside and protrude into the neuronal tube (A, long white arrow). Together, all of these 
fibers appear encapsulated within a cellular process possibly from a SC or macrophage 
that contains within its cytoplasm large electron lucent bodies  (white arrowhead). A thin 
layer of SC basal lamina wraps the entire structure but is only loosely connected and has 
an undulating appearance (A, black arrow).  A large matrix of collagen fibrils encircles 
the degenerating structure.  The large nucleated cell with little cellular cytoplasm and 
processes extending away from the center is likely a SC or fibroblast (A bottom left of 
image).  (B) Electron micrograph showing a macrophage phagocytosing a nearby cell (B, 
thin black arrows).  Notice that some of these cellular pieces are being packed into 
vesicles (B, thin black arrows) whereas other vesicles contain an electron lucent material 
possibly filled with lipids (B, black arrowheads).  A large body filled with electron dense 
material  (B, white arrow). (c, collagen). Scale bar 0.5um 
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Expression of caErbB2 in Schwann cells alters peripheral nerve ultrastructure in the 

neonate 

 In an earlier investigation, Carroll and colleagues (Huijbregts et al., 2003) 

generated transgenic mice that overexpressed the Nrg-1 isoform GGF in myelinating 

SCs. In this study a promoter that normally drives the expression of a myelin protein 

constituent called, P zero (P0) was couple to a sequence coding for GGF (P0–GGF). The 

changes in peripheral nerve morphology they reported took weeks to months to develop 

presumably because GGF inhibits P0 promoter activity. In this study, I was able to take 

advantage of my conditional gene expression system to investigate changes caused by 

caErbB2 expression in SCs in neonatal peripheral nerve. For these studies, sciatic nerves 

from neonatal mice Dox-induced from P0-P7 were prepared for electron microscopy.  In 

the sciatic nerve from a P7 control mouse, several nerve fibers appear to be in the process 

of being wrapped by myelinating SCs (Figure 5.6A). Small caliber axons, destined to 

become ensheathed by non-myelin producing SCs, are seen grouped together and are 

surrounded by SC processes (Figure 5.6B). These images suggest that the sorting of large 

and small caliber axons by SCs is well underway by 7d postnatal.  On the other hand, 

large spaces of collagen filled endoneurium can be seen in the sciatic nerve from the 

neonate expressing caErbB2. Surprisingly, few myelinated axon profiles were present 

and groups of small caliber axons were not seen (Figure 5.6D). Higher magnification 

showed an unusually thick wrapping of SC sheath around an axon (Figure 5.6E) whereas 

others axons lacked any SC wrapping despite being in direct contact with a SC (Figure 

5.6D, black arrow). When compared to similar sized axons in control nerve, myelin 
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sheaths appeared thinner (Figure 5.6 compare panels C and F). Moreover, the myelin 

wrappings closest to the axon appeared un-compacted and delaminated from the outer SC 

wrappings (Figure 5.6F, white arrow). Other cells resembling macrophages in shape and 

appearance were also observed (data not shown but see cell protrusion above white box 

in panel D). Finally, I observed islands of cytoplasm in the enlarged endoneurial space 

(Figure 5.6D, white arrow) some of which appear to be ‘shedding’ off an adjacent cell 

body (Figure 5.6D, black arrowheads). Notice that smaller pieces of cytoplasm are 

located outside of one of these cells (Figure 5.6D, small black arrowheads).  
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Figure 5.6 Expression of caErbB2 in Schwann cells alters peripheral nerve 

ultrastructure in neonates  

EM photomicrographs of sciatic nerve sections stained with uranyl acetate/lead citrate 
from S100-rtTA/TetO-NeuNT un-induced P7 mice (A-C) or following Dox-induced 
expression of caErbB2 from P0-P7 (D-F).  White and black boxed regions (A,D) are 
selected for higher magnification.  (A) At 7d postnatal myelinated and bundles of un-
myelinated axons (Remak bundles) can be seen and SCs appear to have completed the 
sorting of small and large caliber axons. In (D-F) sciatic nerves from P0-P7 Dox-induced 
animals were severely hypertrophied and EMs showed large expanses of collagen filled 
endoneurium and few axon profiles (D). In control nerves (A), several small caliber 
axons are grouped in bunches and encircled by a SC protrusion (A, white box and panel 
B). One of these axons is ensheathed by SC process and is clearly segregated from other 
small caliber axons (B).  In the caErbB2 expressing animal, two individual small caliber 
axons can be seen one of which is without SC ensheathment and lies directly against the 
soma of a SC (D black arrow). A second axon is completely ensheathed by an unusually 
thick layer of SC protrusion (D, white box and panel E). (C) Magnified image of a large 
caliber axon already wrapped with several layers of compacted SC myelin sheaths. 
However, in the caErbB2 expressing neonatal nerve, myelin sheaths closest to the axon 
are not compacted and delaminated from the outer myelin layers (F, arrow). A cell that 
appears to be shedding pieces of cytoplasm (D, large and small black arrowheads). (sc, 
Schwann cell; a, axon). Scale bar A,D 2um; rest 250nm. 
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Figure 5.7 Expression of caErbB2 in Schwann cells alters superior cervical trunk 

morphology in adult mice 

Semi-thin sections stained with toluidine blue for light microscopy of superior cervical 
trunk (SCT) from S100-rtTA/TetO-NeuNT un-induced P37 (A) or following 5d Dox-
induced expression of caErbB2 from P32-P37 (B). The vast majority of fibers in the SCT 
are non-myelinated.  (A) Thick layers of darkly stained epineurial and perineurial 
connective tissue surround the afferent and efferent nerve fibers running through the 
SCT.  In this cross-section, several small darkly stained Schwann cells and one very large 
ganglion cell that is ensheathed by a satellite cell can be seen (A). (B) In general, staining 
is less intense in SCT from the 5d Dox-induced animal.  Elongated cell bodies occupy the 
space between the core bundle of nerve fibers and the separated outer connective layers 
(B, arrowheads). SCTs were processed together under identical conditions. (gc, ganglion 
cell; sc, Schwann cell). Scale bar 30um. 
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Expression of caErbB2 in Schwann cells induces anatomical changes in the autonomic 

nervous system 

 During my investigations I observed that some adult mice developed a 

resting tremor, a hunched back posture, drooping eyelids and in the case of male mice 

severe priapism. Similar symptoms were reported in P0–GGF mice that overexpressed 

GGF in myelinating SCs (Huijbregts et al., 2003). The onset of these symptoms usually 

took 7-10 days of Dox-induced caErbB2 expression (versus weeks to months in P0–GGF 

mice). The severity of symptoms gradually lessened with removal of the Dox-inducer and 

in most cases mice were indistinguishable from littermate control animals after 3-4 weeks 

removed from Dox. To determine whether caErbB2 expression in SCs induced 

anatomical changes in nerves of the autonomic nervous system, adult S100-rtTA/TetO-

NeuNT mice were Dox-induced for 5d from P32-P37 and superior cervical ganglia 

(SCG) and superior cervical trunk (SCT) were prepared for light and electronmicroscopy.  

One-micrometer plastic semi-thin toluidine blue stained cross-sections of SCT showed 

anatomical changes reminiscent of that seen in sciatic nerve: namely, the outer epineurial 

and perineurial sheath was thickened (Figure 5.7B).  Several SCs were also seen in 

control sections, however, few SCs were identifiable in (SCT) from the mouse expressing 

caErbB2.  

 Examination of SCT ultrastructure showed that the vast majority of nerve 

fibers were small caliber un-myelinated axons grouped together into Remak bundles and 

that these bundles were tightly arranged and separated only by collagen fibrils (Figure 

5.8A). However following 5d of Dox-induced caErbB2 expression, Remak bundles 
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looked disorganized, were separated by empty endoneurium and protrusions of SC 

cytoplasm were seen extending from Remak bundles (Figure 5.8B, black arrowhead).  At 

higher magnification, axons were separated by an intervening protrusion of SC cytoplasm 

(Figure 5.8C, arrow) whereas cases of un-segregated axons were seen in SCT from the 

Dox-induced animal. (Figure 5.8D, arrow).  Because the vast majority of axons in the 

SCT are found in Remak bundles, an assessment of Remak unit size was made.  My data 

showed a 50% decrease in the average number of axons per Remak bundle in SCT after 

5d of Dox-induced of caErbB2 (Figure 5.9). Descriptive analysis showed that the 

decrease in Remak bundle size was seen as an increase in the number of Remak bundles 

containing 1-3 axons with a concomitant decrease in larger Remak units (Figure 5.10).   
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Figure 5.8 Expression of caErbB2 in Schwann cells alters superior cervical trunk 

ultrastructure in adults   

EM photomicrographs of superior cervical trunk (SCT) from S100-rtTA/TetO-NeuNT 
un-induced P37 (A,B) or following 5d Dox-induced expression of caErbB2 from P32-
P37 (C,D). In (A) a Remak bundle made up of small caliber axons wrapped tightly 
together by a segregating layer of SC cytoplasm (A, arrow). Remak bundles are clustered 
in close association with other Remak bundles in control nerves (A). However, in 
caErbB2 expressing mice, empty endoneurium can be seen between loosely associated 
Remak bundles (B, arrow).  The majority of Remak bundles in caErbB2 expressing 
animals contained fewer than 4 axons compared to un-induced controls.  At higher 
magnification, (C) axons are completely ensheathed by SC basal lamina and isolated 
from one another by intervening SC cytoplasm (C, arrow). However, many cases of un-
segregated axons were seen (D, arrow). (D, arrowheads) Schwann cell lamina wrapping 
only a portion of axonal membrane. (a, axon; m, mitochondria). Scale bar, A, B 500nm, 
in C, D 100nm.  
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Figure 5.9 Decreased Remak unit size in superior cervical trunk in adult mice 

expressing caErbB2 in Schwann cells 

Bar graph depicting the average number of axons per Remak bundle in superior cervical 
trunk. After 5d Dox-induced caErbB2 expression from P32-P37 the average number of 
axons per Remak bundle is significantly reduced. Number of Remak bundles counted; 
un-induced=40, n=1; 5d Dox-induced=68, n=1. P<0.00001  
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Figure 5.10 Remak unit size is smaller in caErbB2 expressing mice 

Histogram depicting the total number of axons per Remak unit in the superior cervical 
trunk from un-induced P37 mice (white bars) or after 5d Dox-induced expression of 
caErbB2 (black bars). Remak units were binned into multiples of 3 axons.  These data 
show that in caErbB2 expressing animals smaller Remak units are more common.  
(Number of Remak bundles counted; un-induced=40, n=1; 5d Dox-induced=68, n=1)  
 

 For my final set of observations I examined plastic sections made from superior 

cervical ganglion (SCG).  At the light level, cross-section of a control SCG showed 

several lightly stained principal ganglion cells each surrounded by darker stained satellite 

cell cytoplasm (Figure 5.11A). However, after 5d Dox-induced expression of caErbB2 

ganglion cells appeared to have less satellite cell covering (Figure 5.11B, white arrow). In 
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control SCG, a thick capsule of connective tissue made up of epineurium and layers of 

perineurium surround cells within the ganglia that serves to isolate them from the 

external environment.  However, these layers appeared much thicker after 5d Dox-

induced expression of caErbB2 (Figure 5.11B, arrow).  From these light images it 

appeared as though fewer ganglion cells were present (Figure 5.11 compare lighter 

stained SCG cells). Therefore, I counted the total number cell bodies within an equivalent 

sample area and though the data suggest a loss of SCG cells (SCG cells control=40; 5d 

Dox-induced=19) more controlled studies are needed to confirm these results.  

Ultrastructural examination showed ganglion cells tightly packed together each of which 

was surrounded by a relatively uniform annulus of satellite cell cytoplasm (Figure 

5.12A). However, following 5d Dox-induced expression of caErbB2, cells were no 

longer tightly grouped together and protrusions from a satellite cell appeared to shedding 

pieces of cytoplasm into the vastly expanded endoneurial space (Figure 5.12B, black 

arrows). In addition, un-myelinated fibers running through the SCG appeared 

disorganized and scattered and some of these fibers appeared as though they had become 

disconnected from a nearby SC (Figure 5.12B). 
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Figure 5.11 Expression of caErbB2 in Schwann cells alters superior cervical 

ganglion morphology in adult mice 

Semi-thin sections stained with toluidine blue for light microscopy of superior cervical 
ganglion (SCG) from S100-rtTA/TetO-NeuNT un-induced P37 (A) or following 5d Dox-
induced expression of caErbB2 from P32-P37 (B). In control animals (A) several lightly 
stained ganglion cells each encircled by a darker stained satellite cell can be seen.  Fewer 
ganglion cells in caErbB2 expressing animals are present (B, white arrow) and in general 
have a thinner satellite cell coat.  Epineurium and layers of perineurium form a 
ganglionic capsule is several times thicker in caErB2 expressing animals (B, black 
arrow). In (A) separation of the capsule from the ganglion is likely and artifact from 
tissue preparation. Scale bar 30um.  
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Figure 5.12 Expression of caErbB2 in Schwann cells alters superior cervical 

ganglion ultrastructure in adults   

EM photomicrographs of superior cervical ganglion (SCG) sections from S100-
rtTA/TetO-NeuNT un-induced P37 (A) or following 5d Dox-induced expression of 
caErbB2 from P32-P37 (B). In (A) a ganglion cell with two prominent nucleoli is 
surrounded by a satellite cell whose nucleus can be seen near the outer region of the 
cytoplasm (A, white arrow).  In (B) a satellite cell extends a cellular protrusion away 
from the ganglion cell it surrounds and is possibly shedding cytoplasm into the greatly 
expanded endoneurium (B, black arrow).   In control SCG, several un-myelinated axons 
are bundled together by intervening SC process forming a Remak bundle (A, black 
arrows in upper right corner). However, in caErbB2 expressing animals (B) many small 
caliber axons are present and ensheathed but not grouped together in bundles. Notice the 
string of ensheathed small caliber axons that surround an adjacent SC. (sc, Schwann cell; 
gc, ganglion cell). Scale bar 2um. 
Discussion 
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 Previous investigations have shown that mice overexpressing the neuregulin-1 

isoform GGF in myelinating SCs induced peripheral nerve neuropathies that were 

associated with symptoms of resting tremor, abnormal gait, decreased limb strength, 

ptosis and in male mice priapism (Huijbregts et al., 2003). Structural analysis showed 

increased SC proliferation and demyelination of sciatic nerve fibers and SC proliferation 

in peripheral ganglia. The proliferation of SCs and demyelination of axons is consistent 

with GGFs effect on mature SCs (Zanazzi et al., 2001). 

  I reported that S100-rtTA/TetO-NeuNT mice displayed many of the same 

symptoms reported for P0–GGF mice following induction of caErbB2 expression in SCs. 

These symptoms were found to co-exist with dramatic morphological and phenotypic 

changes in SCs at neuromuscular junctions that included SC process growth, 

proliferation, migration and the sprouting of axons. The likelihood that similar changes 

are produced in SCs located along incoming nerve fibers is justified by previous results 

showing that TetO-NeuNT transgene is expressed in sciatic nerve following Dox-

induction (Figure 4.2).  The aim of this study was to determine whether structural 

differences could be detected in peripheral nerve following induction of caErbB2 

expression in SCs.  In this study, an exploratory examination of peripheral nerve was 

made at the light and electronmicroscopic (EM) levels from mice expressing caErbB2 in 

SCs.  Although fine structures could not be resolved in many of the EM micrographs (e.g. 

myelin sheath periodicity, mitochondrial cisternae, pre and post-synaptic elements 

normally found in SCG, rough endoplasmic reticulum, multivesicular bodies, dense core 
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vesicles and nuclear pores) nonetheless stark differences between control caErbB2 

expressing materials could be appreciated. 

 

Expression of caErbB2 in Schwann cells induces demyelination and loss of sciatic nerve 

axons 

 Dox-induced expression of caErbB2 in SCs produced severe swelling of adult 

peripheral nerve tissues that included several branches of the sciatic nerve including 

tibial, peroneal and medial and lateral plantar nerves. My results showed a greater than 

50% loss of myelinated nerve fibers in tibial nerves and 10% loss in peroneal nerves (n=1 

caErbB2; n=1 control). Ultrastructural examinations showed degenerating myelinated 

axon profiles and the presence of lipid-laden macrophages. Considering that the degree of 

axonal loss seen here was not detected at neuromuscular synapses is surprising.  Indeed, I 

found no cases where neuromuscular junctions were denuded of nerve terminals in soleus 

or sternomastoid muscles even after more than 10d of Dox-induced caErbB2 expression 

(chapter 4).  Possible explanations include animal to animal variation or a selective 

destruction of axons other than motor axons innervating either the sternomastoid or 

soleus muscles possibly proprioceptive afferents from muscle spindles or golgi tendon 

organs. Assessment of the g ratio indicated that nerve fibers were hypomyelinated 

supporting previous observations that enhanced neuregulin signaling in SCs induces 

peripheral nerve demyelination (Zanazzi et al., 2001; Huijbregts et al., 2003). Evidence 

for axonal loss and demyelination was also observed in neonates (n=1 caErbB2; n=1 

control).  Although a limited number of EM photomicrographs precluded an assessment 
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of the number of non-myelinated axons, Remak bundles were clearly disorganized.  In 

adult sciatic nerve, Remak SCs extended long protrusions and the segregating SC layer 

between axons was thickened. During development SCs deposit several components that 

make up extracellular matrix including collagen (for review see Chernousov and Carey 

DJ, 2000). In P0–GGF mice an over-abundance of collagen type IV within the 

endoneurium surrounding SCs was reported (Huijbregts et al., 2003). In all of the 

peripheral nerve tissues examined here sciatic nerve (neonate and adult), SCT and SCG 

all had expanded epineurium that was filled with collagen fibrils much of which was 

found in association with SCs.  

 

Expression of caErbB2 in Schwann cells causes dissociation of Remak bundles in 

superior cervical trunk 

 My results showed a 50% reduction in the average number of axons per Remak 

bundle in the SCT (n=1 caErbB2 (2 micrographs); n=1 control). In response to 

denervation, evidence suggests that SCs establish an autocrine/paracrine neuregulin 

signaling.  SCs upregulate expression of neuregulins (including GGF), ErbB2 and ErbB3 

receptors (Carroll et al., 1997) and these receptors become phosphorylated following 

denervation (Kwon et al., 1997). Coincidentally, normally quiescent SCs downregulate 

myelin genes, dedifferentiate and proliferate.  Another important step in the creation of a 

microenvironment suitable for efficient nerve regeneration is the removal of axonal and 

myelin debris.  In order for SCs to free themselves from the axons they wrap they extrude 

their myelin sheaths that they later phagocytose (Stoll and Muller, 1999). My results 
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suggest that similar changes may be occurring in Remak SCs following activation by 

expression of caErbB2.  Following activation SCs extrude their sheaths causing the 

dissociation of Remak bundles along with the axons they associate with. 

 

Expression of caErbB2 in Schwann cells and myelination 

 Myelination is a key component determining fast and efficient conduction of 

electrical potentials along nerve fibers.  Membrane bound isoforms of Nrg-1s are key 

signaling molecules that instruct SCs on how to wrap axons and whether to produce 

myelin (Garratt et al., 2000b; Michailov et al., 2004; Taveggia et al., 2005).  In the study 

by Michailov et al. (2004) mutant mice were used to determine whether Nrg-1 ligands 

from axons or ErbB receptors on SCs are the limiting factor of myelin thickness.  The 

mutant mice that were generated had reduced levels of ErbB receptors (ErbB2–/+ and 

ErbB3–/+) or Nrg-1 ligand (Nrg-1–/+) gene expression. These mice were then interbred to 

produce mice with multiple heterozygous mutations in these genes. One of the main 

phenotypes observed in several of these mutant mice was that sciatic nerves were 

hypomyelinated. Surprisingly, their results showed that sciatic nerves from mice with 

heterozygous deletions in all 3 genes (ErbB2–/+, ErbB3–/+ and Nrg-1–/+) were no less 

myelinated than sciatic nerves from just the Nrg-1–/+ mutant mice. These results argue 

that the rate-limiting factor for myelination is amount of axon derived Nrg-1 and not 

ErbB receptors on SCs.  What if the reverse happened, would artificial stimulation of 

ErbB receptors produce hypermyelinated nerves?  The results in my study support those 

from previous studies (Zanazzi et al., 2001; Huijbregts et al., 2003) and demonstrate that 
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too much ErbB signaling in SCs results in nerve fibers becoming hypomyelinated and not 

hypermyelinated.  One possibility for these differences may be that the myelin promoting 

effects are isoform specific. Further studies by Michailov et al. (2004) showed that 

overexpression of some Nrg-1 isoforms do have myelin promoting effects whereas others 

do not.  Indeed in transgenic mice that overexpressed membrane bound isoforms of Nrg-1 

(CRD-Nrg-1s) in axons are hypermyelinated whereas those overexpressing secreted 

isoforms of Nrg-1 (Ig-Nrgs) in axons had normal myelin thickness.  These studies 

suggest that the ensheathment fate of axons is dependent not only on the quantity of ErbB 

receptor activation but also the Nrg-1 isoform activating those receptors. Therefore, 

overexpression of caErbB2 in SCs likely represents a gain of function of ErbB receptor 

activation by secreted Nrg-1 isoforms versus membrane bound isoforms. 
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CHAPTER 6 

 

 

CONCLUSIONS 

 

 A major impetus for this work came from previous observations of the dramatic 

changes in neuromuscular junctions (NMJs) produced by the exogenous application of 

neuregulin-1 (Nrg-1) to rat muscles.  When applied to neonatal rat muscles, Nrg-1 

induced Schwann cell (SC) proliferation, SC migration and SC process growth, nerve 

sprouting, withdrawal of nerve terminals from synapses, the dispersion of AChRs and 

synaptic failure, and rescued SCs from denervation-induced apoptosis (Trachtenberg and 

Thompson, 1996; Trachtenberg and Thompson, 1997).  When applied to adult rat 

muscles, Nrg-1 induced morphological changes in SCs that include the growth of 

processes, migration from junctions and sprouting of motor nerve terminals 

(Trachtenberg and Thompson, 1997).  Because receptors for Nrg-1 are synthesized by 

motor neurons, muscle fibers and SCs, knowing which effects were due to Nrg-1 actions 

solely on SCs was not possible.  To determine which aspects were due to actions of Nrg-

1 on SCs I took a gain of function approach to express a constitutively active form of the 
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neuregulin receptor ErbB2 (caErbB2) selectively in SCs.  This was accomplished using 

transgenic mice and the Tet-On conditional gene expression system.  Three elements are 

required in the Tet-On conditional gene expression system.  One transgene, coding for 

the transcription factor rtTA, was constructed with the S100B promoter so that it is 

expressed in SCs.  A second transgene, coding for a neuregulin receptor mutated to be 

constitutively active (caErbB2), was placed under the control of promoter elements that 

bind rtTA in the presence of an inducer, the antibiotic doxycycline (Dox).  

 The results show that Dox-induced expression of caErbB2 in adult mouse SCs 

produces nearly all of the morphological and phenotypic changes seen at denervated 

neuromuscular junctions.  These changes include terminal SC migration and 

proliferation, the extension of SC processes, and nerve terminal sprouting.  These results 

suggest strongly that the responses seen following exogenous application of Nrg-1 to 

adult rat muscle can be explained by the action of Nrg-1 solely on SCs.  These 

experiments also provide direct evidence that activation of neuregulin signaling in SCs in 

vivo is sufficient to induce the growth of axons.  Moreover, Dox-induced expression of 

caErbB2 in neonatal mice is sufficient to rescue these cells from apoptosis in denervated 

neonatal muscles.  The results also show that prolonged caErbB2 expression in SCs 

induces alterations in peripheral nerve and autonomic ganglion ultrastructure.  

 Finally, this work is the first to demonstrate that the S100B promoter, in 

combination with the Tet-On system, can be use for inducible expression of genes of 

interest selectively in SCs of living mice. These transgenic mice provide a natural segue 
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for further investigations into the molecular mechanisms involved in Schwann cell 

function. 

 

Polarized neuregulin stimulation in Schwann cells 

 The Nrg-1 gene codes for at least 16 different isoforms all of which have an 

epidermal growth factor (EGF) domain that can bind to ErbB3 receptors on SCs and 

activate the formation of ErbB2/ErbB3 heterodimers.  Activation of these receptors by 

Nrg-1 is thought to regulate many stages of SC development including commitment to 

the glial fate, proliferation, survival, migration and myelination (Marchionni et al., 1993; 

Dong et al., 1995; Meyer and Birchmeier, 1995; Mahanthappa et al., 1996; Zanazzi et al., 

2001; Lyons et al., 2005; Michailov et al., 2003; Taveggia et al., 2005).  My results 

suggest that neuregulin signaling also plays a role in the responses of SCs to nerve injury 

that are known to be important for the regeneration of neuromuscular synapses.  

However, a perplexing issue here is that many of these responses to Nrg appear to be 

inconsistent and/or incongruous.  For example, how can Nrg both induce SCs to migrate 

and to myelinate?  All of these activities are mediated through activation of the same 

ErbB2/ErbB3 receptor complex.  How can such a diverse set of responses be produced?  

The answer may lie in how ErbB2/ErbB3 receptors come to be activated either in a 

juxtacrine, paracrine or autocrine fashion.   

 The wrapping of axons by SC myelin is the major determinant of rapid, efficient 

propagation of electrical impulses along nerve fibers.  Type III Nrg-1s (i.e. CRD-Nrg-1) 

are synthesized by motor and sensory neurons and remain membrane bound.  In this way, 



 159 

CRD-Nrg-1s are able to continuously bind and activate ErbB2/ErB3 receptors located on 

the membranes of adjacent SCs.  Continuous receptor activation could potentiate Nrg-1 

signaling in these cells.  Therefore, one possible explanation for the particular response a 

SC gives is the level of induction of the downstream signaling pathway.  A high level of 

induction might serve to instruct SCs to myelinate and even give instruction as to the 

number of myelin wraps to produce (Michailov et al., 2004; Taveggiea et al., 2005).  A 

similar potentiation of Nrg-1 signaling has been proposed for Ig-Nrg-1 in acetylcholine 

receptor subunit synthesis in subsynaptic muscle nuclei at newly forming NMJs, as here 

as well the signaling molecule is anchored to an extracellular substrate (the basal lamina) 

and continually present to, in this case, the muscle fiber (Falls et al., 1993, Usdin and 

Fischbach, 1986; Fischbach and Rosen, 1997).  Several pieces of data can be used to 

argue for such a proposal.  Peripheral neurons overexpressing CRD-Nrg-1s become 

hypermyelinated, an effect specific for membrane bound Nrg-1 isoforms since neurons 

overexpressing secreted isoforms of Nrg-1 have normal myelin thickness (Michailov et 

al., 2004).  Based on the experiments above one prediction would be that the signaling 

provided by a constitutively activated ErbB2 in SCs might have the same 

hypermyelinating effect as CRD-Nrg-1 overexpression.  Interestingly, my results showed 

the opposite effect:  a demyelination of axons. These results suggest that caErbB2 

provides a signal different from that of CRD-Nrg-1s.  There are several possible 

explanations for these differences and I have tried to address a few of these in the 

following paragraphs. 
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Loss of ErbB2 and ErbB3 receptors by SCs 

 One possible explanation may be that caErB2 signaling better represents the kind 

of autocrine/paracrine signaling produced by secreted Nrg-1 isoforms like those of the 

type I and II, Ig-Nrg-1s.  Studies have shown that the secreted Nrg-1 isoform glial growth 

factor (GGF) induces demyelination when added to established dorsal root ganglion/SC 

co-cultures (Zanazzi et al., 2001).  In addition, they also reported that demyelination was 

accompanied by SC proliferation and upregulated expression of genes normally 

expressed by pro-myelinating SCs.  Huijbregts et al. (2003) reported similar findings in 

sciatic nerves from transgenic mice overexpressing GGF in SCs namely, SC proliferation 

and demyelination of axons.  Given that both caErbB2 expression and GGF 

overexpression are gain of function approaches, it would have been interesting to know 

whether GGF overexpression in SCs induced changes in NMJs similar to the ones seen in 

my studies.  In the adult animal, Nrg-1, ErbB2 and ErbB3 are still expressed, albeit at low 

levels which suggests that Nrg signaling continues to play a role in differentiated SCs 

possibly instructing them in a way that helps to maintain their myelinating phenotype.  

There is the possibility that the demyelination seen in my studies is caused by an even 

further downregulation of endogenous ErbB2 and/or ErbB3 through receptor mediated 

endocytosis or lowered gene expression.  Zanazzi et al. (2001) reported that expression of 

ErbB2 was downregulated in demyelinated dorsal root ganglion/SC co-cultures 

stimulated with soluble Nrg-1.  Alternatively, the expression of Nrg-1 on motor axons 

could be downregulated. 
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Loss of axonal neuregulin-1  

 Recent investigations have shown that transmembrane isoforms of Nrg-1 can 

signal bi-directionally; in a forward fashion to cells expressing ErbB receptors (i.e. to 

SCs during myelination) and in a reverse fashion such that, upon Nrg-1 binding to ErbB 

receptors, the cytoplasmic C-terminal tail is released from the inner plasma membrane.  

Once free, the Nrg-1 tail can then interact with cytosolic proteins (see Falls 2003) or be 

translocated to the nucleus and activate gene transcription (Bao et al., 2003) and possibly 

even genes that regulate the expression of membrane bound Nrg-1s.  These findings 

suggest that the overexpression of caErbB2 receptors in SCs could generate only half the 

signal needed for myelination to occur, i.e., the SC gets the signal but the axon does not.   

 

Polarized neuregulin-1 signaling in Schwann cells 

 The studies by Taveggia et al (2005) showed that membrane bound isoforms of 

Nrg-1, instruct SCs in myelination only when they are presented on the surface of axons.  

However, when the same membrane bound Nrg-1 isoforms are made soluble SCs do not 

start myelinating axons as expected.   Rather they begin proliferating.  These results are 

strikingly similar to the proliferation of SCs seen following Dox-induced expression of 

caErbB2, GGF treatment of DRG-SC co-cultures and the overexpression of GGF in SCs 

(Zanazzi et al., 2001; Tranctenberg and Thompson, 1997; Young et al., 2005, Huijbregts 

et al., 2003).  These studies could suggest that the myelination promoting effects of 

membrane bound Nrg-1 require a polarized activation of SCs, i.e. activation of ErbB 

receptors on one side of the SC but not on the other.  When this polarity in Nrg-1 
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signaling is disrupted and becomes less localized as with expression of caErbB2, GGF 

application or following denervation, SCs are no longer instructed to be maintain their 

myelinating phenotype.  Rather a more generalized Nrg-1 signal might be instructive for 

generating the reactive SC phenotype.  

 

Threshold levels of neuregulin-1 signaling in Schwann cells 

 Still another possible explanation for the seemingly paradoxical response of SCs 

to caErbB2 is that the behavior of SCs is determined not only by the context in which 

Nrg-1 is presented but also by the levels Nrg-1 signaling. The studies mentioned above 

suggest that the myelination fate axons is determined by a threshold level of Nrg-1 

signaling such that small axons (<1 micrometer) present fewer transmemembrane Nrg-1s 

and are therefore do not become myelinated whereas larger caliber axons become 

myelinated because they have more surface area in which to present more Nrg-1 

(Michailov et al., 2003; Taveggia et al., 2005).  These results suggest that SCs interpret 

Nrg-1 signals in two ways one based on how the ligand is presented (ie juxtacrine, 

paracrine and autocrine) and two the level of ErbB receptor activation.  Therefore, the 

signaling provided by expression of caErbB2, overexpression of GGF in SCs and GGF 

treatment of DRG/SC co-cultures could have provided a signal to SCs that was outside 

the range of what normally instructs SCs to maintain their myelin wrappings, instead, 

these signals instructed SCs to become reactive.   
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Pattern of activation in terminal Schwann cells 

 Neuregulin-1 is a potent growth and differentiation factor that regulates many 

stages of SC development that are necessary for the formation, maintenance and 

maturation of peripheral motor synapses.  In SCs, the expression of Nrg-1 and its 

ErbB2/3 receptors is thought to be regulated by axonal contact such that when the axon is 

present their expression is downregulated but following denervation not only is their 

expression upregulated but ErbB2 and ErbB3 receptors become activated (Moscoso et al., 

1995; Trinidad et al., 2000; Raabe et al., 1996; Carroll et al., 1997; Rosenbaum et al., 

1997).  Coincident with changes in gene expression and receptor activation is the 

dedifferentiation of SCs into the reactive SC phenotype.  My experiments showed that in 

response to the signaling provided by caErbB2 SCs take on a phenotype that mimics the 

reactive SC phenotype seen at NMJs following denervation.  Interestingly, my analysis 

revealed that following Dox-induced expression of caErbB2, many terminal SCs were 

only slightly affected or even refractory to the effects of caErbB2.  For instance, after 5d 

of Dox-induced expression of caErbB2 only 60% of junctions had terminal SCs that grew 

processes.  This number is far fewer than what would have been predicted by the LacZ 

reporter studies, which showed that 80% of junctions had terminal SCs that expressed 

beta-galactosidase over the same induction period.  At the transcriptional level there are 

two possibilities, either the transgenes are being expressed at levels to low to have an 

affect on these SCs or they are not being expressed at all.  These types of variegated 

transgene expression are common in transgenic studies (for review see Dobie et al., 1997) 

and can be caused by a host of cellular mechanisms aimed at suppressing the expression 
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of ‘unwanted’ genes.  For example, a transgene can be ‘silenced’ if it becomes 

incorporated into a genomic site that makes it more susceptible to methylation or if that 

site is transcriptionally inactive.  Another possibility is that in response to the signaling 

provided by caErbB2 these SCs downregulate expression of ErbB2 and ErbB3 resulting 

in a dramatic reduction in endogenous Nrg-1 signaling.  However, SCs are thought to be 

derived from the same precursor cells and therefore genetically identical so why would 

only a select group of SCs be able to silence or suppress transgene expression and others 

not?  Equally likely is the chance that despite having otherwise identical morphology that 

these SCs represent a subclass of terminal SCs not previously appreciated.  I favor the 

possibility that the SCs unaffected by expression of caErbB2 were able to remove the 

caErbB2 receptors before having a chance to signal.  Recent evidence suggests that in 

terminal SCs, Nrg-1 signaling is regulated at the protein level through the targeted 

degradation of ErbB2 receptors (Young et al., 2005).  When the axon is present, few 

ErbB2 receptors are available but following denervation this degradation pathway is 

quickly turned off resulting in a boost in Nrg-1 signaling due to a fewer number ErbB2 

receptors being targeted for degradation.  The kind of boost in Nrg-1 signaling that could 

tip gene expression in quiescent SCs toward the reactive SC phenotype.  Therefore, the 

mechanism proposed by Young and colleagues for regulating Nrg-1 signaling may 

explain why many terminal SCs were unaffected in my studies such that once the 

caErbB2 receptors were made they were quickly targeted for degradation. 

 If all SCs can regulate Nrg-1 signaling by degradation of caErbB2 then the 

question that still remains is why changes still occur at the majority of junctions 
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following induced expression of caErbB2?  It is possible that following Dox-induction 

the number of caErbB2 expressed overwhelms the degradation pathway such that at any 

given time only a fraction of the total number of SCs have sufficient resources (ie 

enzymes/or co-enzymes) to counteract an abundance of caErbB2.  

 Taken together, it is clear that Nrg-1 isoforms are specialized for signaling in 

juxtacrine, paracrine and autocrine fashion (ie Ig-Nrg-1s paracrine/autocrine and CRD-

Nrg-1s juxtacrine).  Based on the above studies the findings from my experiments 

suggest that autocrine signaling provided by caErbB2 is most analogous to 

autocrine/paracrine signaling by secreted forms of Nrg-1.  

 

Neuregulins in the CNS 

 Many cell types in the central nervous system (CNS) synthesize receptors for 

Nrg-1 including Bergmann glia, oligodendrocytes, astrocytes, microglia and neurons (Rio 

et al., 1997; Deadwyler et al 2000; Cannella et al 1998; Cannella et al., 1999; Gerecke et 

al., 2001).  Neuregulin-1 signaling is thought to play similar roles in the oligodendrocyte 

lineage as those in the SC lineage namely: fate determination, proliferation, survival and 

differentiation (for review see Falls et al., 2003).  Nrg-1 has also been shown to regulate 

synaptic plasticity in the hippocampus, in vitro (Huang et al., 2000), in vivo (Roysammuti 

et al., 2003) and affect NMDA receptor mediated currents in cortical neurons (Gu et al., 

2005).  Other in vitro studies have shown that Nrg-1 regulates the synthesis of several 

neurotransmitter receptor subunits including NMDA, GABA and neuronal AChRs (Esper 

et al., 2006) and induces neurite growth and arborization in cultured hippocampal 
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neurons (Gerecke et al., 2004). These studies along with recent findings that 

polymorphisms in the Nrg-1 gene are correlated with a higher incidence of schizophrenia 

(Stefansson et al 2002) suggest that Nrg-1 is an important factor needed for proper CNS 

development and function.  These studies raise the possibility that Nrg-1 could contribute 

to repair mechanisms in the injured brain. However, the regenerative capacity of injured 

CNS neurons is vastly limited yet peripheral neurons retain a capacity to regenerate.  This 

ability seems to be due in large part to Schwann cells.   Following nerve injury reactive 

SCs help prepare an environment that is conducive for nerve regeneration by 

phagocytosing degenerating myelin and axonal debris, secreting growth factors that 

induce neurite growth and sprouting processes that serve as the preferred growth 

substrate for regenerating axons.  My studies provide strong evidence that these 

responses of SCs to nerve injury may be due in large part to an upregulation in signaling 

by neuregulins.  

 Nrg-1 and its receptors are widely expressed in the adult brain and their 

expression has been shown to be upregulated in reactive astrocytes following brain injury 

(Tokita et al., 2001).  These studies showed that following mechanical injury to cotical 

brain areas, robust Nrg (beta-isoforms), ErbB2 and ErbB3 inmmunoreactivity appeared 

on reactive astocytes surrounding the lesion and cultured astrocytes were shown to 

express many membrane bound and soluble Nrg isoforms (Tokita et al., 2001).  These 

studies provide evidence that reactive astrocytes produce Nrg’s in vivo, which may 

support the survival of cortical neurons near the site of injury.  Given the extreme nature 

of the injury performed in these studies (removal of 10mm2 of cortex) it may not be 
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surprising that little in the way of regeneration was observed.  Other methods of 

traumatic brain injury have shown upregulated expression of ErbB4 in neurons and 

microglia/macrophages following closed head injury (Erlich et al., 2000) and upregulated 

expression of Nrg-1 in neurons following focally induced stroke (Parker et al., 2002).  

Investigations on the capacity of damaged adult spinal cords to regenerate have been 

reported (Lindholm et al., 2002) however these experiments showed that Nrg-1 signaling 

initially decreases following spinal cord injury and then increases several days later with 

no evidence of regeneration.  Despite a lack of evidence for CNS regeneration in these 

studies, that Nrg and its receptors are upregulated following brain or spinal cord injury 

suggests that the responses seen in neurons and astrocytes at the site of injury may be an 

attempt at protecting neurons from further death (Shyu et al., 2004).  Current views on 

why injured CNS tissues do not regenerate include the lack of appropriate growth factors 

(Oudega, et al., 1999; Vavrek et al., 2006), the presence of factors that inhibit neurite 

growth (i.e. Nogo-A) (Brosamle et al., 2000) and insufficient growth substrates for 

neurites.  Although endogenous Nrg-1 activity does not promote CNS regeneration, 

recent studies suggest that it may be indirectly responsible for regeneration in the injured 

spinal cord under highly controlled conditions (reference).   

 Experiments by Cao et al (2004) demonstrated that the transplantation of 

olfactory ensheathing cells (OECs) into transected spinal cord promoted axonal 

regeneration through the transplanted OEC ‘bridge’ with some axonal fibers even 

growing into the distal segment of severed spinal cord.  Furthermore, these regenerating 

affects were enhanced if the OECs were genetically modified to produce and secrete glial 
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cell line-derived neurotrophic factor (GDNF).  Recent studies have shown that GDNF 

induces the rapid release of Nrg-1 from peripheral neurons suggesting that the growth 

promoting effects of GDNF expressing OECs on these regenerating axons may be due 

GDNF stimulated release of endogenous Nrg’s (Esper and Loeb, 2004; Esper et al., 

2005).  Other promising transplantation strategies are being explored using transplanted 

SCs to bridge severed spinal cord in combination with neurotrophic and neuroprotective 

agents (Bunge and Pearse, 2003). 

 

Future Directions 

 In recent years there has been a growing appreciation for the numerous roles that 

Schwann cells play in the developing, maturing and the injured peripheral nervous 

system. For example, Schwann cells are responsible for the survival of nascent axons, for 

establishing and maintaining proper nerve conduction and when axons become damaged. 

These cells are critically involved in nerve regeneration and the re-establishment of 

peripheral synapses.  Unlike other cell types that become permanently differentiated, 

Schwann cells are capable of changing their phenotype, an ability that undoubtedly 

allows these cells to perform the many functions demanded of them. Uncovering the 

cellular and molecular mechanisms that give these cells their unique physiological 

properties has important clinical and scientific implications. The T4 S100-rtTA line of 

transgenic mice described in this dissertation will give future researchers the ability to 

tightly regulate the expression other genes of interest selectively in SCs.  The next logical 

step would be to suppress ErbB signaling in Schwann cells by expressing dominant 
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negative forms of ErbB2 or ErbB3. In addition, the T4 line could be crossed with mice 

transgenic for TetO-Cre to conditionally ablate floxed genes selectively in Schwann cells.  
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