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Terminal Schwann cells, one of three components of the neuromuscular

junction, play an active role in synaptic homeostasis and repair. Terminal Schwann

cells and their processes cover precisely the axon terminal branches and underlying

postsynaptic acetylcholine receptors in normal junctions.  Upon muscle denervation,

these terminal Schwann cells extend elaborate processes beyond the boundary of the

junction but retract their processes within the old synaptic site.  After nerve injury,

regenerating axons grow following old Schwann cell tubes and reinnervate the old

synaptic sites.
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My study using time-lapse in vivo imaging with transgenic mice expressing

green fluorescent protein (GFP) and cyan green fluorescent protein (CFP) in their

Schwann cells and motor neurons, respectively, shows that the topology of the

Schwann cell processes formed following denervation influences the branching

pattern of regenerating axon terminals and the redistribution of postsynaptic

receptors.  In early reinnervation, regenerating axons follow existing Schwann cell

processes rather than underlying AChRs. A great portion of loss of receptor sites

after denervation is caused by failure of reinnervation in some area of the old

synaptic sites where abandoned by Schwann cells while denervated.  New AChR

clustering is also caused by axon terminals that grow following Schwann cell

processes.

Taken together, these results suggest that Schwann cells play an important role

in the repair and remodeling of the neuromuscular synapse by inducing and guiding

axonal reinnervation.
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CHAPTER 1

GENERAL INTRODUCTION

This study examines the roles of terminal Schwann cells in the process of

reinnervating neuromuscular junctions following denervation by time-lapse in vivo

imaging. For this purpose, transgenic animals expressing green fluorescent protein in

Schwann cells and cyan green fluorescent protein in motor axons were used.

Neuromuscular junctions

The neuromuscular junction (NMJ) is a specialized chemical synapse

between a motor neuron and a skeletal muscle cell. This synapse has been

extensively investigated because of its large size, relative simplicity and easy

accessibility, unlike most of other synapses in the central nervous system (CNS) (for

review Sanes and Lichtman, 2001). 

A NMJ is composed of three cellular components: presynaptic terminal

branches of a motor axon, postsynaptic muscle fiber and terminal Schwann cells.
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Terminal Schwann cells, the least understood cellular component of the NMJ, are a

kind of glial cell in peripheral nervous system (PNS). They cover with their

processes terminal branches of the motor axons and postsynaptic acetylcholine

receptors (AChRs) on muscle fibers. Motor axons are myelinated by another kind of

glia named as myelinating Schwann cells to distinguish them from terminal Schwann

cell at NMJs. By myelination, nodes of Ranvier are formed along nerves which allow

fast transmission of nerve impulses by saltatory conduction.

Schwann cells and their roles

The components of NMJs have been studied since the nineteen century but

the existence of terminal Schwann cells had been controversial for a long time until

confirmed finally in the 1950’s when electron microscopy was available (Palade,

1954; Robertson, 1956; for review Couteaux, 1960).

Several roles for terminal Schwann cells have been proposed. One possible

role is buffering the potassium concentration around the junctions. In general, glial

cells can buffer excessive extracellular potassium ions risen as a result of neuronal

activity through differential localization of potassium channels on glial plasma

membrane (Kuffler and Nicholls, 1966; Newman, 1984). However, it is still not clear

whether terminal Schwann cells play an important role in buffering potassium at the

NMJs.
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Another role commonly attributed to glial cells is trophic function; it is

believed that they provide a nourishing environment for neurons. Schwann cells

produce, secrete, and display on their surface various trophic factors and full length

or truncated receptors for trophic factors (for review Scherer and Salzer, 1996).

Some of them are important in promoting the growth of motor neurons or the

extension of their own processes (Anton et al., 1994) and others have potency in

promoting the survival of motor neurons (Henderson et al., 1994). Not only do

Schwann cells provide trophic factors for neurons, motor neurons also supply trophic

supports such as neuregulin. Without axonal supply of neuregulin, Schwann cells in

neonatal animals and their precursor cells in embryonic stages cannot survive (Dong

et al., 1995; Trachtenberg and Thompson, 1996). These studies suggest there are

reciprocal trophic interactions between motor neurons and Schwann cells.

Terminal Schwann cells are also known to elevate their cytoplasmic calcium

level when motor axons are stimulated (Jahromi et al., 1992; Reist and Smith, 1992).

This response is mediated by muscarinic and purinergic receptors on their surface

(Robitaille, 1995; Robitaille et al., 1997). Schwann cells can sense synaptic

transmission at the nerve terminal through these receptors and can initiate second

messenger signaling cascades. Furthermore, Schwann cells can change their gene

expression in response to changes in neurotransmission (Georgiou et al., 1994) and

can influence the release of neurotransmitters by the nerve terminal (Robitaille,

1998). Taken together, it appears that Schwann cells are not only nursing the motor
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neurons but also actively participating in the reciprocal communications among

motor neuron, muscle fiber and Schwann cells.

Terminal Schwann cells following denervation

Terminal Schwann cells as well as myelinating Schwann cells become

phagocytic after nerve injury and eliminate axon debris (Miledi and Slater, 1970).

Upon denervation, Schwann cells occupy the degenerating axon terminal of

denervated junctions and spontaneously release acetylcholine to the muscle fiber in a

quantal fashion (Briks et al., 1960; Dennis and Miledi, 1974). However, the

significance of neurotransmitter release by Schwann cells is not yet appreciated.

The role of Schwann cells at the junctions began to gain attention after

Reynolds and Woolf (1992) reported that terminal Schwann cells extend a network

of processes away from the junction when the junctions are denervated. Their

observation was also confirmed by a monoclonal antibody (mAb) named 4E2

previously generated in our lab (Astrow et al., 1994).  In the literature, Schwann

cells that have lost axonal contact are commonly referred to as “reactive”. Our mAb

labeled reactive terminal Schwann cells and Schwann cells in the nerve following

axonal degeneration, but not in normal nerves or normally innervated junctions

(Astrow et al., 1994; Son and Thompson, 1995b).

Neurons in PNS, unlike CNS, can regenerate after nerve lesions such as

crushes, cuts or resections. Furthermore, the axons in intact junctions can sprout and
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innervate nearby denervated junctions after partial nerve lesion. Using mAb 4E2,

Son and Thompson (1995a; 1995b) found that the Schwann cell processes extended

during the period of denervation appeared to be serving as substrates for the re-

growth of nerves during reinnervation and sprouting from innervated junctions

following partial denervation. The processes involved in the formation of terminal

sprouts are illustrated in figure 1.1. In brief, terminal Schwann cells at the denervated

junctions extend processes and induce the axon sprouting upon contacting a nearby

intact nerve terminal, then guide the growth of axon, resulting in reinnervation by

sprouting back to the denervated junction. The participating Schwann cells in these

processes are identified because mAb 4E2 does not label Schwann cells situated at

the sprouting nerve terminal but does label processes of reactive Schwann cells

arising from the denervated junctions.

However, it is premature to conclude that terminal Schwann cell process

precede and guide axon sprouting, because these studies are based on static

observations of immunostained junctions in muscles extracted from animals at

various times after denervation. The best way to solve the puzzle of precedence of

nerve vs. Schwann cell is observing the whole processes in living animals.

In Vivo Imaging of Schwann cells

Vital imaging of the NMJs in living animals has been shown to be feasible in

adult or in neonatal mice by vitally labeling axons and AChRs with fluorescent
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markers (Rich and Lichtman, 1989; Balice-Gordon and Lichtman, 1993). This

repeated in vivo imaging technique pioneered by Lichtman (Lichtman et al, 1987)

has been adopted in the investigations for Schwann cells in living animals (O'Malley

et al., 1999), but success has been limited because of lack of a good vital marker for

Schwann cells.

The best way for labeling living cells for vital imaging is expressing

fluorophores in the cells of interest. It is now possible to label living cells with

fluorophores without any perturbation of cell functions because of the advancement

of genetic technology and the discovery of a fluorescent protein known as green

fluorescent protein (GFP). GFP, originally found in jelly fish, is a small, soluble,

cytoplasmic protein that emits green fluorescent light when excited by shorter

wavelength light. It is a naturally existing protein so expression of GFP in living cell

does not interfere with the normal functions of host cells. Combining the GFP gene

with tissue specific gene expression allows the specific labeling of living cells of

interest with fluorophore that can be easily observed using fluorescence microscope.

Transgenic mice

To investigate the roles of Schwann cells at NMJs in vivo, we generated

transgenic mice expressing GFP or yellow green fluorescent protein (YFP, a GFP

variant) under the control of the promoter for S100β protein which is specifically

expressed in Schwann cells. These transgenic mice are called S100-GFP and S100-
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YFP transgenics, respectively. In these animals, Schwann cells are labeled

constitutively by GFP or YFP. We also obtained a transgenic mouse line expressing

cyan green fluorescent protein (CFP) under the control of Thy-1 promoter (called as

Thy1-CFP transgenics) which labels motor neurons specifically from Dr. Joshua

Sanes and Dr. Jeff Lichtman at Washington University (Feng et al., 2000).

These transgenic mice in which axons are labeled by CFP and Schwann cells

by GFP/YFP are a powerful experimental model to investigate the role of Schwann

cells at NMJs in the living animal.

Nestin expression at the neuromuscular junctions

A 41 kDa protein was identified by mAb 4E2 on western blot. Several spots

were cut from a number of 2-D gels and pooled for MALDI-MS (Matrix Assisted

Laser Desorption / Ionization - Mass Spectrometry) analysis. LysE peptide patterns

failed to match any known protein in the database, but microseqencing of one

peptide showed a complete identity to a LysE peptide in the intermediate filament

protein nestin. These results suggest that the unknown epitope for mAb 4E2 is

somehow related to nestin. Immunohistochemistry using anti-nestin antibodies

showed that nestin, similar to 4E2, is also localized postsynaptically at the NMJs,

disappears upon denervation, and appears in Schwann cells.

A transgenic mouse line in which GFP is expressed under control of the

nestin promoter (called as Nestin-GFP transgenics), was provided by Dr. Grigori
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Enikolopov at Cold Spring Harbor Laboratory (Mignone et al., 2004). In these

animals, GFP is expressed in reactive Schwann cells following denervation similar to

nestin protein. These nestin-GFP transgenic mice are also a useful experimental

model to investigate the function of Schwann cells at neuromuscular junctions

through the repeated in vivo imaging technique, because GFP vitally labels reactive

Schwann cells.

Using various transgenic animals expressing FPs, I was able to investigate

the dynamic roles of Schwann cells in the reinnervation of NMJs through the time-

lapse in vivo imaging technique. The results show that Schwann cells guide the

regenerating axons at the denervated NMJs and cause postsynaptic receptor loss and

addition.

Significance of Present Study

This study examined the role of terminal Schwann cells in the maintenance

and repair of synapses using high resolution time-lapse optical imaging techniques in

vivo. The results resolve a long standing question related to axonal reinnervation of

synaptic sites. It had been known previously that axons return to former NMJs by

following the pre-existing Schwann cell tubes. However, once growing axons reach

the synaptic site there are no tubes to provide guidance and yet axons still manage to

reoccupy the former synaptic sites. This work shows that the synaptic sites that will
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be reoccupied by regenerating axons are the ones still maintaining Schwann cell

coverage above them. If the Schwann cell abandons a site then the growing axon will

not establish a stable synapse at that site. This result argues that terminal Schwann

cells play a critical role in synapse formation and remodeling following nerve injury.
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Figure 1.1. 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 (in blue) cover the nerve

terminal processes at each junction. (B) Partial denervation of the muscle injures the

axon that innervates the top muscle fiber. This axon degenerates and the terminal

Schwann cells at its endplate begin to extend processes. One of the processes

extended from the Schwann cells at the denervated junction on the top muscle fiber

has reached the nerve terminal remaining on the bottom muscle fiber. In (C), contact

with the Schwann cell induces the nerve terminal on the bottom muscle fiber to

sprout. The sprout guided in its growth by the Schwann-cell process reinnervates the

denervated endplate, and the terminal Schwann cells here have begun to retract their

processes. The consequence of these events: the denervated muscle fiber is now

innervated by a sprout arising from the fiber that remained innervated following the

partial denervation.
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CHAPTER 2

GENERAL MATERIALS AND METHODS

Animals

In most of experiments, I used several different lines of transgenic mice that

expressed various soluble, cytoplasmic fluorescent proteins (FP).

The first transgenic line expressed EGFP (enhanced green fluorescent

protein) or yellow version of green fluorescent protein (YFP) driven by the S100

promoter in Schwann cells. These transgenic mice were generated in our lab and

called S100-GFP transgenics. Another transgenic line expressed EGFP under the

control of the nestin promoter and its neural enhancer (Nestin-GFP transgenics)  in

reactive Schwann cells (Mignone et al., 2004). These transgenic mice were provided

by Dr. Enikolopov at Cold Spring Harbor Laboratories. The last transgenic line

expressed CFP (cyan fluorescent protein, variant of GFP) driven by the Thy-1

promoter in motor neurons (Feng et al., 2000). These Thy1-CFP transgenic mice

were provided by Drs. Joshua Sanes and Jeff Lichtman at Washington University.
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Three lines of double transgenic mice were created by crossing two of the

three single transgenic lines noted above. The first double transgenic line was

generated between the S100-GFP and Thy1-CFP lines and here is called S100/Thy1.

In this line, Schwann cells expressed GFP and axons expressed CFP constitutively.

The next line was a cross between the Nestin-GFP and Thy1-CFP lines and called

Nestin/Thy1. Reactive Schwann cells expressed GFP and axons expressed CFP in

this line. The third line (called S100/Nestin) expressing GFP in normal and reactive

Schwann cells was generated by mating between the S100-GFP and Nestin-GFP

lines.

Surgery

Young adult mice (2-4 months of age, both sexes) were anesthetized by a

single intraperitoneal (IP) injection of saline solution (6-8 µl/gm body weight)

containing17.3 mg/ml ketamine and 2.6 mg/ml xylazine.  A second maintenance

dose of 4 µl/gm body weight was administered if necessary.

The anesthetized animal was placed in the supine position on a bed made of gauze on

the top of a magnetic, stainless steel plate. Its forelimbs and incisors of the upper jaw

were secured with rubber bands on the plate through adjustable magnets and then

hair around the neck was removed. To expose the sternomastoid muscle unilaterally,

I made a ventral midline incision through the skin of the neck by blunt dissection and

then, retracted the submandibular salivary gland and fat pad laterally. After the
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experiment, the salivary glands were replaced into their original position and the

wound was sutured with 6-0 silk suture. The animal was returned to its home cage

after recovery under a heat lamp.

Denervation

I used 4 different denervation methods to vary the reinnervation time; lateral

nerve crush, median nerve crush, double nerve crush and nerve cut (Figure 2.1). All

nerve crushes was performed with #5 Dumont forceps by pinching the nerve several

times until a clear notch can be seen on opaque nerve.

In lateral nerve crush, I crushed the sternomastoid nerve just lateral to the

muscle. Denervated junctions begin to be reinnervated at 4 days after the lateral

nerve crush and this type of crush gave the fastest reinnervation. To increase

denervation time, I crushed the nerve approximately 6 mm away from the muscle

(median nerve crush), and about 6 days were needed to reform the junction. In

double nerve crush, I made the first nerve crush at the median site and crushed the

same site again 5 days after the first crush (before the regenerating axons had

reached the muscle). Reinnervation of the muscle began about 4 days after the

second crush (total 9 days denervation time). The time required for regenerating

axons reinnervate the denervated junctions was determined by observation of

denervated muscles at various time points. Nerve cut was made by cutting the nerve

with scissors at the median site to prevent reinnervation.
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In Vivo Imaging

In vivo imaging technique was initially developed by Magrassi et al (1987)

and subsequently modified in Lichtman lab (Lichtman et al., 1987; Rich and

Lichtman, 1989). The sternomastoid was exposed as described in surgery section and

submerged with 100-150 µl of lactated Ringers containing 2 µg/ml of rhodamine-

(for GFP animals) or Alexa 594- (for YFP animals) conjugated alpha-bungarotoxin

(Rh-Btx or TxR-Btx, respectively) for 4-5 min.  The muscle was then rinsed with

lactated Ringers. A small spatula made of a metal wire was inserted underneath the

muscle to lift it off the carotid artery and a wire loop held in a magnet-anchored

micromanipulator was applied to depress and flatten the surface of the muscle

orthogonal to the light axis of the microscope. The NMJs near the center of the

muscle fibers were imaged through lactated Ringers using an upright epifluorescence

microscope (Leica DMR or Zeiss Axiotech) with water immersion objectives.

Animals were intubated and their respiration was controlled by a rodent ventilator

(Harvard Instruments) during the experiment. Images were captured while the

respirator was briefly turned off to prevent respiratory movements momentarily,

before the animal resumed breathing by itself and the respirator was turned back on.

Immunohistochemistry

Experimental animals (2-4 months old) were anesthetized with

ketamin/zylazine mixture and transcardially perfused with rat Ringer’s solution (in
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mM: 137 NaCl, 4 KCl, 1 MgCl2-6H2O, 1KH2PO4-12NaHCO3, 2CaCl2-2H2O, 11 D-

glucose; Liley, 1956). Muscles were excised from the animal, pinned at resting

length on a Sylgard-coated dish and then fixed in 4 % paraformaldehyde in PBS

(phosphate buffered saline, pH 7.4). Primary antibody incubation was followed after

treatment with cold methanol at -20oC and blocking solution if necessary. Primary

antibodies used in each experiment are noted in the materials and methods section in

each chapter. TRITC-conjugated goat anti-rabbit antibodies (1:400) were used as a

second antibody in most experiments. To label the postsynaptic AChRs, Cy5- or

Alexa 647- conjugated Btx was used with secondary antibodies. A thin layer of

fibers was then dissected from the surface of the muscle and mounted in fluorescence

mounting medium with No. 1 coverslip.

Microscopy and Image analysis

I used two microscopy systems for in vivo imaging. One was a Zeiss

microscope with water immersion objectives (10X 0.3NA; 40X 0.75NA; 63X

0.9NA) and the other was a Leica microscope with Nikon water immersion

objectives (10X 0.3NA; 40X 0.8 NA). Neutral density filters (most common

transmittance was 1-5 % for rhodamine, 1-25 % for GFP, and 1-50 % for CFP) were

used for attenuating the illumination from a 100 watt mercury source. Various filters

and dichroics were used for exciting and viewing the different fluorophores in

GFP/CFP double transgenics: Rhodamine (535/50x, 565LP, 610/75m); GFP
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(495/30x, 515LP, 535/30m; CFP (436/20x), 455DCLP, 470/40m) (Chroma). I

designed the filters and dichroics for GFP and CFP to reduce the bleed-through

between these two FPs in fluorescence excitation and emission at some cost of signal

intensity. In experiments using S100-YFP animals, I used the following filters and

dichroics: TxR (580/20x, 595LP, 630/60m); YFP (500/20x, 515LP, 535/30m).

Images were collected by one of two sensitive CCD cameras, a Princeton

MicroMax 5MHz or a Photometrics Coolsnap HQ (both from Roper Scientific).  The

images were acquired using a Macintosh computer using IP Lab software

(Scanalytics).  Images were commonly collected with 1 sec exposures with the

cameras set to bin at 2X2 (image of 650 X 515 pixels).

For slide preparation, I also used 40X (1.0NA), 63X (1.32NA) or 100X

(1.3NA) oil immersion objectives with Leica microscope. Some of the images were

also captured with cooled CCD Camera operated by NIH image in Mac computer.

Filter and dichroic set for Cy5 (620/60x, 660LP, 700/75m) was used to visualize

Cy5-Btx or Alexa 647-Btx labeled AChRs.
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Fig 2.1. Denervation methods. Lateral crush was made near the muscle indicated by

arrowhead. Median crush, double crush and nerve cut were made about 6 mm away

from the muscle at a site indicated by arrow.
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CHAPTER 3

TRANSGENIC MICE

Introduction

The best way to investigate the dynamic features of an organism is to observe

objects in natural surroundings. Time-lapse in vivo imaging is a technique allowing

observation of the same object repeatedly in a living animal (Lichtman et al., 1987).

It has been very successful in studying the dynamic features of presynaptic axon

terminals, postsynaptic receptors and their correlations at the neuromuscular

junctions (NMJs) (Rich and Lichtman, 1989; Walsh and Lichtman, 2003). However,

lack of good vital marker for Schwann cells has hindered the study of Schwann cells,

one of the three cellular components of the NMJ. Calcein blue am ester (O’Malley et

al., 1999) is one of few known vital markers for Schwann cells but its staining is

capricious.

Green fluorescent protein (GFP) has been widely used to label living cells

(Feng et al., 2000). The nature of GFP as a naturally existing protein, in combination
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with genetic manipulation techniques, made it possible to express this protein in a

specific tissue or cell type. GFP expressing transgenic animals are very useful for

time-lapse in vivo imaging study because GFP can be easily observed by fluorescent

microscopy with little perturbation of cell function (Walsh and Lichtman, 2003). A

major goal for our lab is investigating the dynamic interrelationships of Schwann

cells and axons during muscle reinnervation and sprouting in living animals, and a

transgenic approach is the most promising method of investigation. Thus, we

generated transgenic mice expressing GFP in Schwann cells under the control of

S100 promoter. S100 protein is a small, soluble molecule with calcium binding

affinity and had been used as an excellent marker for Schwann cells and astrocytes.

Nestin is also known to label reactive astrocytes and neuromuscular

junctions. The nestin gene was originally identified by expression cloning (Lendahl

et al., 1990) using the monoclonal antibody Rat401 (Hockfield and McKay, 1985).

Nestin is categorized as a type VI intermediate filament protein and is most closely

related to neurofilaments and α-internexin (Steinert and Liem, 1990), both of which

are expressed during later stages of CNS development.  In CNS development, nestin

is initially co-expressed in neuroepithelial stem cells with the type III intermediate

filament protein, vimentin.  Nestin and vimentin are the principal intermediate

filament proteins in immature astroglial cells, whereas maturing and adult astrocytes

contain vimentin and glial fibrillary acidic protein (GFAP) but not nestin.  Many

studies have been extended to CNS injuries and nestin expression is up-regulated
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both after mechanical trauma to the brain (Clarke et al., 1994; Lin et al., 1995) and

to the spinal cord (Frisen et al., 1995).  Nestin production is also resumed, and

vimentin and GFAP expressions are up-regulated in activated astrocytes in reactive

gliosis (Frisen et al., 1995).

Nestin expression at the NMJ is very similar to our mAb 4E2 that labels

reactive Schwann cells at denervated junctions. Nestin-GFP transgenic mice in

which GFP expression mimics the expression pattern of nestin and 4E2, are very

useful to study the dynamic role of Schwann cells at denervated junctions.

Materials and Methods

Generation of S100-GFP transgenic mice

A plasmid containing the DNA sequence for the promoter and the first two

exons of the human S100β gene (ca. 10 kb) was  provided by Dr. Alexander Marks

at the University of Toronto. The sequences coding for the enhanced green

fluorescent protein (EGFP) of the pEGFP-1 vector (Clontech) was cloned into the

second (first coding) exon of S100 gene by Dr. Paul Krieg at University of Arizona

(former faculty of our institution).  The ca. 14 kb DNA fragment including the S100

promoter/EGFP coding sequences/SV40-polyA-signal was isolated from plasmid

using restriction enzymes.  Gel purified transgene was microinjected into the male

pronucleus of fertilized mouse eggs by Shan Maika at the university’s transgenic

mouse facility using standard protocols.
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Screening of transgenic animals

Transgenic mice were identified by Southern blot analysis with radiolabeled

fragments by Klenow polymerase for EGFP sequences as a probe and by PCR using

primers specific for the coding region of EGFP gene using genomic DNA extracted

from tail tissue of transgenic animals.

Genomic DNA purification: About 5-10mm length of mouse tail tissues were

treated using the protocol and reagents supplied in the Puregene Kit (D-7000A;

Gentra Systems) with the addition of phenol:chloroform:IAA (P-3803; Sigma)

extraction followed by chloroform and precipitation by adding 2 volumes of ethanol.

The OD 260/280 ratios of purified DNA samples were ~ 0.8 and the DNA

concentrations of samples were 0.5 - 1.0 µg/µl.

Southern blot: Random 32P-labelled DNA probe for analysis for the EGFP

transgene in dot blots was prepared using a kit from Boehringer Mannheim with 32P-

dCTP and DNA fragment (754bp) isolated on an agarose gel after a restriction

enzyme digest of the pEGFP-C1 plasmid (Clontech). Redioactive-labeled dots were

detected on nitrocellulose blots by a phosphoimager.

PCR: The genotype of transgenic animals was determined by PCR using the

following primers: TCG TTG GGG TCT TTG CTC AGG GC and ATG GTG AGC

AAG GGC GAG GAG CT.  PCR reactions were performed in 25 µl total volume

containing 2 units of Taq polymerase (Qiagen), 1X buffer, 0.2µM dNTP, 0.4 µM
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primers and 1 µg of genomic DNA of transgenic animals.  This PCR reaction

generates 641bp sized DNA fragments of EGFP gene.

Transgenic animals

I used all three lines of single transgenic animals (S100-GFP, Nestin-CFP,

and Thy1-CFP transgenics) and all three lines of double transgenic animals

(S100/Thy1, Nestin/Thy1, and S100/Nestin transgenics) in the studies noted in this

chapter.

In vivo imaging

In vivo imaging was performed as described in Chapter 2.

Immunohistochemistry

For muscle extraction, I made a ventral midline incision on the neck and

excised the left Sternomastoid muscle. Diaphragm muscles, and soleus and extensor

digitorum longus (EDL) muscle of left hind leg were also excised from the same

animal if needed.  The muscles were then fixed with 4 % paraformaldehyde solution

in PBS for 10 min and rinsed with PBS for 30 min. Following immersion in cold

methanol at -20°C for 10 min and rinse with PBS for 30 min, I incubated muscles in

standard blocking solution (0.3 % TritonX-100, 0.2 % BSA, 0.1 % sodium azide in

PBS) for 30 min.
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Primary antibodies diluted in blocker solution were reacted with muscles

overnight in the dark. I used polyclonal anti-S100 antibody (1:400; DAKO) as a

primary antibody to stain the Schwann cells, and polyclonal anti-nestin antibody

(1:400; provided by Dr. Ron McKay at NIH) for nestin immunostaining.

The following day, I rinsed the muscles with blocking solution for 30 min

and incubated them with TRITC-conjugated goat anti-rabbit secondary antibodies

(1:400) in blocking solution for 1 hr.  AChRs were also labeled by Cy5- or FITC-

conjugated bungarotoxin (1:100; 1:200). Nuclei were stained by placing muscles in

PBS containing 4’6-diamidino-2-phenylindole (DAPI) (10-4 mg/ml) for 7 min.  After

30 min of washing in PBS, a thin layer of muscle fibers was dissected off and

mounted on glass slides with fluorescence mounting medium.

Physiology

Soleus muscles and nerves were continuously superfused in a bath of

oxygenated Ringer’s solution at room temperature.  Each muscle was anchored to a

Sylgard-coated dish by an insect pin through its proximal tendon and the head of the

fibula.  The distal tendon was attached to a force transducer (Cambridge Technology;

400A; 80mV/gm; range, 0-25 gm) for isometric tension measurements.  Nerves were

stimulated electrically through suction electrodes, or muscles were stimulated

directly by current passed between two platinum plates positioned on either side of

the muscle.



24

Analysis

NMJs in an en face orientation within the endplate zone were examined. The

number of terminal Schwann cell soma was determined by the co-localization of

nuclei labeled by DAPI and either S100 or GFP labeled cells over Btx labeled

AChRs.  Areas of endplates were determined from digitized images by the use of

NIH Image software running on a Macintosh computer.  The gray scale image of the

Btx-labeled AChRs was converted to binary by adjusting threshold and the area of

the black pixels was then determined by NIH Image.

To measure the intensity of GFP or S100 staining in Schwann cells, images

were captured of each Schwann cell using the same exposure time. If necessary a

neutral density filter was used to reduce the intensity of illumination and a correction

was later applied. The fluorescence intensity of each cell body was captured as the

average gray-scale value of each pixel contained within an outline of the cell body

using IP Lab software.

Results

S100-GFP and YFP transgenic animals

Generation of S100-GFP Transgenic Mice

Transgenic mice were generated by microinjecting gel-purified cloned DNA

that had the promoter region of S100 gene cloned into an expression vector for

enhanced green fluorescent protein (EGFP, variant of GFP) into fertilized oocytes.
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Forty potential transgenic progeny were born from pseudo-pregnant females.

Among the 40 potential founders, 6 were judged to be transgenic on the basis of

Southern blot. Genomic DNA extracted from tail was probed with radioactively

labeled sequences for GFP (data not shown). Results from Southern blotting were

confirmed by PCR with primers designed to detect the GFP gene (Figure 3.1).  These

6 founder mice were then bred to wild-type DBA mice and their F1 offspring were

screened for the transgene by PCR. Progeny of one of these 6 founders did not carry

the transgene.  Approximately 50 % of the progeny of each of the remaining 5

founders were confirmed positive for the transgene. To determine whether these

positive animals were expressing the transgene appropriately, I anesthetized a

random sample of animals from each of 5 lines, exposed their sternomastoid

muscles, and examined the GFP fluorescence at the neuromuscular junctions

(NMJs). One F1 line showed no detectable expression of GFP at NMJs.  The

offspring of the remaining 4 founders showed GFP expression in the cells located at

the intramuscular nerves and at the junctions where postsynaptic acetylcholine

receptors (AChRs) were co-labeled. Two lines showed sufficient intensity of GFP

fluorescence to visualize the cells in green through a fluorescent microscope. When

observed in higher magnification (63x), GFP expression revealed the fine details of

the arborization of the cells over the AChRs (Figure 3.2).  I picked one line (named

as S100-GFP transgenic) and used them for further studies.
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To verify that GFP was expressed in Schwann cells, I immunostained the

sternomastoid muscles of transgenic animals with anti-S100 antibodies. S100 protein

is a small soluble protein widely used as a specific marker for Schwann cell (Astrow

et al., 1994)). In immunostained muscle, Schwann cells in the intramuscular nerves

and at the junctions labeled by anti-S100 antibody were also expressing GFP (Figure

4.3a).  This co-labeling confirmed that Schwann cells in our transgenic animals

express GFP.  This endogenously expressed GFP faithfully labeled Schwann cells

but anti-S100 antibody staining sometimes fails to label Schwann cells due to the

limitation of antibody penetration into a tissue (Figure 3.3b).

To examine the extent of Schwann cell labeling in the S100-GFP mice, two

hindlimb muscles, soleus and extensor digitorum longus (EDL), and a torso muscle,

diaphragm muscle of two randomly chosen transgenic mice were excised and

counter-labeled postsynaptic receptors with Rh-Btx. More than 50 junctions were

examined in each muscle and GFP was expressed at all junctions in all examined

muscles (Figure 3.4).  This result suggests that there is no mosaic expression or

muscle-dependent expression of transgene in these S100-GFP transgenic animals.

Newborn pups can be quickly screened by visual examination under a GFP

fluorescent dissecting microscope. GFP expressing cells in lens of the eye, the ears,

muzzle, and skin are all intensely fluorescent in the newborn transgenic pups (Figure

3.5), eliminating the need for PCR screening to verify the genotype of transgenic

animals.
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Is the transgenic normal?

Insertion of exogenous transgenes into the genome can perturb the normal

function of gene(s). To verify our S100-GFP transgenic animals were as normal as

wild-type mice, first I carefully examined the appearances and behavior of transgenic

mice. The transgenic animals were viable, active, fertile, and externally normal.

Thus, the transgenic mice generated had no significant perturbation in their

appearance and behavior.

Next, I examined the microscopic features of endplates. I excised

sternomastoid, soleus and EDL muscles from three S100-GFP transgenics and three

wild-type siblings of different litters (aged between 2-3 months) and examined total

AChR area in a junction, number of Schwann cells per junction, and AChR area

covered by single Schwann cell (Table 3.1). Average AChR area of endplate was

bigger in sternomastoid than in soleus or in EDL muscle. However, there was no

significant difference between transgenic animals and wild-type controls in the same

muscles. A number of Schwann cell soma were counted by co-localizing DAPI

stained nuclei within GFP expressing cell bodies located at Rh-Btx labeled AChRs.

The average number of Schwann cell bodies per junction in transgenic animals (3.3,

2.4, and 2.3 in sternomastoid, soleus and EDL muscles, respectively) was not

significantly different from wild-type siblings (3.2, 2.4, and 2.3, respectively). The

average AChR area covered by one Schwann cell was obtained by dividing the total

AChR area by the number of Schwann cell bodies in each junction and there was no
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significant difference between transgenic animals and wild-type controls (Table 3.1).

The average AChR area covered by one Schwann cell was very similar regardless of

the muscle examined (ca. 220 µm2 per single Schwann cell). Similar results reported

a linear correlation between terminal Schwann cell number and endplate size in

levator ari muscle (Lubischer and Bebinge, 1999).

To examine the electrophysiological properties of muscles, nerve-evoked

muscle contraction was measured and compared between transgenic and wild-type

animals. Dr. Jane Lubischer, a former postdoctoral fellow in our lab, helped in the

electrophysiological measurements. Soleus muscles from adult transgenic animals (n

= 5) and wild-type siblings (n = 2) were compared in regard to motor unit number,

peak twitch tension, tetanic tension, or tension produced by direct stimulation of the

muscle.  No significant difference was found in these experiments (Figure 3.6).

In conclusion, neither anatomical nor physiological aspects of NMJs, nor the

behavior in these transgenic appear to differ from normal mice.

Neonatal expression of GFP in Schwann cells

To examine the transgene expression at earlier developmental stages, GFP

fluorescence was observed at the junctions in sternomastoid muscles of neonatal

transgenic animals aged postnatal day 1, day 4, day 7, day 11, and day 14. GFP was

expressed in cells at the junctions (n > 40 in each animal) in all animals I examined

(Figure 3.7). In transgenic animals, as in wild-types, extensive histological and
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physiological analysis revealed no abnormalities either during early postnatal

maturation or in adulthood.

Down-regulation of GFP as well as S100 protein upon denervation

GFP faithfully labeled Schwann cells in normal muscles of S100-GFP

transgenic animals. However, I noticed that GFP labeling of Schwann cells at

denervated junction was weaker than in innervated muscles. To investigate the

changes in levels of GFP expression upon denervation, I compared the intensity of

GFP in Schwann cells of a denervated muscle with those in the controlateral muscle

7 days following nerve resection. A total of 209 Schwann cells at 60 junctions in the

denervated muscle and 193 Schwann cells at 57 junctions in the control muscle were

imaged. In the denervated muscle, the average intensity per Schwann cell (gray scale

= 1172.2 ± 18.5 (mean ± SEM) units) decreased to 26.5 % of the control muscle

(4428.6 ± 75.5 units).

The levels of S100 protein decrease progressively in transected nerve (Perez

and Moore, 1968). To examine the changes in levels of S100 protein in terminal

Schwann cells upon denervation, I labeled S100 protein with anti-S100 antibody

along with Rh-conjugated secondary antibody and measured the intensity of S100

protein in Schwann cells of a denervated muscle for 7 days by nerve resection to

compare with that of the controlateral muscle. The levels of S100 protein per

Schwann cell in a denervated muscle reduced to 42.4 % of those in the control
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muscle (1463.1 ± 25.9 vs. 3450.1 ± 95.0 units; n = 160 Schwann cells from 43

denervated junctions and 157 Schwann cells from 44 innervated junctions). Levels of

GFP intensity was also measured from the same muscles and the result showed 31.2

% decrease in the denervated muscle in comparison to the control muscle (718.8 ±

10.6 vs. 2304.1 ± 65.4 units; n = 175 Schwann cells from 47 denervated junctions

and 175 Schwann cells from 49 innervated junctions). These results suggest that

expression of GFP as well as S100 protein in terminal Schwann cells is down-

regulated following denervation.

Generation of S100-YFP Transgenic Mice

During imaging of NMJs using S100/Thy1 double transgenic animal (noted

below in this chapter), I encountered fluorescence bleed-thru between the CFP

channel and GFP channel using standard Endow GFP (470/40x, 495LP and

525/50m) and CFP (436/20x, 455LP, and 480/40m) filter sets. Because of this bleed-

thru problem, it was hard to distinguish between CFP expressing axons and GFP

expressing Schwann cells when both were present. This problem is due to their close

excitation and emission spectra (CFP: excitation max = 434nm, emission max =

477nm; EGFP, excitation max. = 488nm, emission max = 507nm). After thorough

searching and testing, I finally overcame this problem by shifting the emission filter

of CFP channel to shorter wavelength and shifting GFP filters to longer wavelength

(see Chapter 2 for details). By using these combinations of filter sets, I was able to
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distinguish GFP labeled Schwann cells from axons labeled by CFP (cf. Figure 3.9).

However, this change diminished the intensities from each of the fluorophores, and

consequently, I needed more intense illumination to visualize them. To solve this

problem ultimately, we decided to generate another transgenic animal in which YFP

(yellow version of GFP: excitation max. = 513nm, emission max = 527nm) is

expressed in Schwann cells. Because the excitation and emission spectra of YFP

occur at longer wavelengths than those of GFP, there is less bleed-thru when YFP is

used with CFP rather than GFP with CFP. A transgene was constructed in the same

way as that for GFP except an YFP gene substituted EGFP gene (see Material and

Method in this chapter). Fifty two potential transgenic progeny were obtained and 9

were verified as transgenic in Southern blot analysis. I examined GFP expression at

the junctions of sternomastoid muscles by fluorescence microscopy and chose one

line in which YFP was expressed in Schwann cells at all the junctions observed (n >

50). I used this line (S100-YFP) for my further experiments.

Nestin-GFP transgenic animals

Nestin Expression at NMJs

Nestin is an intermediate filament protein (c.a. 220kDa) found in

neuroepithelial progenitor cells, precursors of Schwann cells, and some motor

neurons (Hockfield and McKay, 1985; Lendahl et al., 1990). It is also known to label

the NMJs and the myotendinous junctions (MTJs) of muscles (Carlsson et al., 1999;
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Vaittinen et al., 1999).  A monoclonal antibody (mAb) 4E2 that was generated

previously in our lab labels a postsynaptic component of the NMJ that disappears

following denervation but then appears in Schwann cells in rat  (Son and Thompson,

1995b). Biochemical and immunohistochemical properties of mAb 4E2 suggest that

it recognizes either nestin itself or unidentified, nestin-like protein as its antigen. To

investigate in detail the nestin expression and its changes upon denervation in normal

NMJs, I immunostained sternomastoid muscles denervated for 6 days and

controlateral muscles that were innervated normally in wild-type mice using

polyclonal anti-nestin antibody (Dahlstrand et al., 1992).

In innervated muscles, nestin was expressed on the postsynaptic side of the

NMJs (Figure 3.8a). Schwann cells and processes were not labeled by nestin

antibody in innervated junctions but were well labeled following denervation (Figure

3.8b). This result suggested that nestin is a very good marker for reactive Schwann

cells and processes, very similar to staining pattern of mAb 4E2 (Son and Thompson,

1995b).

Nestin-GFP transgenic mice

As discussed above, nestin expression is resumed in Schwann cells upon

denervation and can be used as a marker for reactive Schwann cells. To utilize the

benefit of nestin expression in reactive Schwann cell for in vivo imaging, we

obtained a transgenic mice line in which EGFP was expressed under the control of
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the nestin promoter and its neuronal enhancer (Nestin-GFP transgenic animals). A

transgene construct in which EGFP cDNA was placed between the 5.8 kb fragment

of the nestin promoter region and the 1.8 kb fragment of the second intron was used

to generate these transgenic animals (Mignone et al., 2004).

I examined the expression pattern of GFP and its changes upon denervation

at NMJs in these transgenic animals. To confirm denervation and reinnervation, adult

Nestin/Thy1 double transgenic animals (noted below) were used for imaging NMJs

in vivo. GFP expression was not detectable at innervated NMJs in sternomastoid

muscle (Figure 3.9a). Following denervation, Schwann cells started to express GFP

and cell bodies and processes became distinctively labeled (Figure 3.9b). It took

about 2 days for me to find Schwann cells expressing GFP following denervation by

median nerve crush. After reinnervation of NMJs by regenerating axons, GFP

expression was diminished and finally disappeared at about 25 days following

reinnervation (Figure 3.9c and 3.9d). Thus, the GFP expression pattern in Nestin-

GFP transgenic animals mimics nestin expression pattern.

To confirm that GFP expression is correlated with nestin expression, I next

tested the co-expression of GFP with nestin in Nestin-GFP transgenic animals before

and after denervation. First, I denervated sternomastoid muscles by cutting nerve and

excised them with controlateral muscles 5 days later and then immunostained with

anti-nestin antibody after fixation. Schwann cells immunoreactive for nestin were

always observed to be positive for GFP (n > 90 in 2 muscles) in denervated muscles
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(Figure 3.10b). However, no GFP expressing cells with nestin staining was found at

innervated junctions (n > 80 in 2 muscles) (Figure 3.10a). In high magnification

views, the fine tips Schwann cell processes were labeled by GFP but lack of nestin

staining (Figure 3.11). This result suggests that GFP driven by the nestin promoter

appears to be a more reliable marker for SC processes than the protein nestin itself.

Nestin-GFP transgene expression in neonates

Nestin is known to be expressed in neuroepithelial progenitor cells from

which Schwann cell are derived. To verify GFP expression in neonatal transgenic

animals, junctions in sternomastoid were observed in postnatal day 1, day 4, day 7

and day 14 animals (at least 35 NMJs were observed in each muscle). There was no

junction with cells expressing GFP (Figure 3.12).

Terminal Schwann cells in neonatal animals die through apoptosis when they

lose their axonal contact. Survival of Schwann cells in early neonatal stage is known

to depend on axonal supply of neuregulin (Trachtenberg and Thompson, 1996).

Nestin expression might be involved or influenced by apoptotic process upon

denervation in neonatal junctions. Thus, expression of GFP was examined at

denervated junctions of neonates in Nestin-GFP transgenics. I denervated

sternomastoid muscles of postnatal day 9 animals and examined after 2, 5 and 12

days following denervation in fixed muscle preparation. In denervated neonatal

muscles, GFP expressing cells were found at denervated junctions but some of
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junctions were not covered by GFP expressing terminal Schwann cells unlike at

normal junctions (Figure 3.13). This was probably caused by apoptosis of terminal

Schwann cell which occupied the junctions in normal situation. Apoptotic bodies, an

indication of dying Schwann cell (Trachtenberg and Thompson, 1996), were also

found in the denervated neonatal muscles (arrow in Figure 3.13). Overall, it is clear

that GFP expression controlled by the nestin promoter precedes apoptosis of neonatal

Schwann cells induced by denervation. Although not tested, this result is probably

true for nestin too.

Thy1-CFP and double transgenic animals

Thy1-CFP transgenic animals

To study the NMJ system, visualizing the complete extent of the axon

terminal is critical. This is true in my investigation too. It is impossible to investigate

the relations between Schwann cell and axonal reinnervation in vivo without a good

vital marker for axons. It might be possible to label the axon terminals with the dye

4-Di-2-ASP (D-289, 4-(4-(diethylamino)styryl)-N-methylpyridinium iodide) used

previously to vitally visualize nerve terminals (Rich and Lichtman, 1989), but the

overlap in the excitation spectra of 4-Di-2-ASP (maximum 475nm) and EGFP

(maximum 488nm) makes axon terminals and Schwann cell processes

indistinguishable.
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This problem was solved by thy1-CFP transgenic animals provided by Drs.

Jeff Lichtman and Joshua Sanes at Washington University. In these mice, CFP, a

blue version of GFP was expressed in axons under the control of Thy1 promoter, a

neuron specific promoter (Feng et al., 2000). In animals of the particular line we

obtained from Dr. Lichtman and Sanes, all motor axons are labeled by constitutive

expression of CFP in adult animals. However, CFP labeling is not present in neonatal

animals up to c.a. postnatal day 7. Upon denervation, axonal debris labeled by CFP

was gone from the junction in 2 days.

Double transgenic mice

We generated 3 double transgenic animals by cross breeding 3 different

transgenic animals (S100-GFP or YFP, Nestin-GFP and Thy1-CFP). First, a double

transgenic mouse line was established by mating between the S100-GFP line and the

Thy1-CFP line and these animals are called as S100/Thy1 transgenics below.

Schwann cells expressed GFP and axons expressed CFP constitutively in this line.

The next line was generated by mating between the Nestin-GFP line and the Thy1-

CFP line; these mice are called as Nestin/Thy1 transgenics below. GFP was

expressed in reactive Schwann cells at denervated junctions and axons expressed

CFP. A third line (S100/Nestin) in which GFP was expressed in normal and reactive

Schwann cells was generated by mating between the S100-GFP line and the Nestin-

GFP line.
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There was no significant difference in FPs expression at the junctions or in

appearance and behavior between these double transgenic mice and single transgenic

mice. I used these double transgenic mice in most of my further studies.

Discussion

In this study we generated transgenic mice that are like wild-types in their

appearance, behavior, muscle physiology and microscopic morphology of NMJs. All

transgenic mice were derived by inbreeding of C57·BL6 and DBA strains. In most

cases animals were bred to homozygousity, but most animals used in the experiments

were progeny that were heterozygous for each transgene. No effort was made to in-

breed to minimize differences in genetic background.

AChR area covered by single Schwann cells appears to be consistent

The average size of junctions varies in different muscles and in different

ages. In my study in which I measured AChR area in three different muscles

revealed that the average receptor area in sternomastoid is larger than in the other

two muscles but very similar between soleus and EDL muscles (Table 3.1).  An

interesting finding is that average receptor area occupied by single Schwann cell is

constant regardless of muscle (ca. 220 µm2 per single Schwann cell). This result is in

agreement with previous reports by Lubischer and Bebinger (1999). They tested the

relationship between endplate size and number of terminal Schwann cell in an
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androgen-sensitive muscle of the rat, the levator ari (LA), by castration and by

androgen replacement. What they found was terminal Schwann cell number not only

increased as junctions enlarged but also decreased when junctions shrank. The

number of terminal Schwann cells decreased as junction size decreased when the

animals castrated and these effects were reversible by testosterone treatment.

Testosterone levels did not affect terminal Schwann cell number in the EDL muscle,

where junction area was unaffected by castration or testosterone treatment. The

number of terminal Schwann cells, however, was significantly correlated with

junctional area in both LA and EDL muscles. Furthermore, the relationship between

junction size and number of terminal Schwann cells was the same in LA and EDL

muscles. In both muscles, there was an increase of approximately one terminal

Schwann cell for every increase of 250µm2 in junctional area. This report and my

results suggest that terminal Schwann cell number is a dynamic property of the

neuromuscular synapse that is actively regulated throughout life.

S100 vs. Nestin

In the generation of our transgenic mice, we used the promoter of the

S100β protein because it has been broadly used as a specific marker for Schwann

cell both at normally innervated and at denervated neuromuscular junctions (Astrow

et al., 1994; Son and Thompson, 1995a and 1995b). S100β protein is a soluble,
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acidic protein with molecular weight of 10 kDa. It has 2 calcium binding domain but

its function, especially in Schwann cells, is unknown.  

GFP whose expression is controlled by the promoter of S100β gene in our

transgenic animals labels Schwann cells very nicely in normal, innervated muscles,

as we expected. I, however, found that GFP labeling of Schwann cells in denervated

junction is weaker than in innervated muscles. GFP expression is somehow down-

regulated following denervation. Based upon labeling with anti-S100, there is a

similar down-regulation of S100 protein. Reduction of levels of S100 protein in

transected nerve was reported previously (Perez and Moore, 1968) but little was

known about changes in S100 protein in terminal Schwann cell and underlying

mechanism. The comparison of the intensity of S100 protein staining suggests that

the levels of S100 protein in denervated terminal Schwann cells decrease to about 40

% of the normal level 7 days following nerve resection. GFP expression levels in

S100-GFP transgenic animals were also reduced to ca. 30 % upon denervation. The

difference of decreased levels between S100 protein and GFP might be due to the

differences in nature of two different proteins such as degradation or turnover rate. It

might be also caused by the difference in detection methods for these proteins, one is

detected by immunostaining and the other is by GFP, or nonlinearity of antibody

labeling. Nonetheless, S100 protein appears to be down-regulated transcriptionally

upon denervation as suggested by the reduction of GFP expression which controlled

by S100 promoter.
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There were no problems investigating of Schwann cells before and long time

after the denervation with this animal because GFP as well as S100 expression is

resumed upon reinnervation. Down-regulation of GFP in denervated junctions was a

big obstacle to study the role of Schwann cell in denervated muscles. This problem

became more serious when I imaged both GFP in Schwann cells and CFP in axons in

the study of reinnervation in these animals. There was bleed-thru between GFP and

CFP when I used the standard Endow GFP filter set and CFP filter set. To separate

these two fluorophore clearly, I designed filter sets that would minimize the bleed-

thru between GFP and CFP by shifting the emission filter of CFP channel to shorter

wavelength and shifting GFP filters to longer wavelength (see Chapter 2 for details).

This solution, however, resulted in the loss of signal intensity of GFP labeling in

Schwann cells and CFP labeling axons.

This problem was better solved later by generating another transgenic animal

in which YFP expression is under control of S100 promoter and by using a camera

with better quantum yield. YFP is well separated from CFP, so I was able to image

the denervated Schwann cells with the more sensitive camera even in the condition

of weak YFP expression following down-regulation upon denervation. Nestin-GFP

transgenic animals also gave me a big advantage for further investigation because of

their expression of GFP in reactive Schwann cells. In these animals, Schwann cells

and the fine details of Schwann cell processes at denervated junction are distinctively

labeled by GFP (Figure 3.10; Figure 3.11).
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    Control of nestin gene expressions

Nestin, an intermediate filament protein, is found in both neuromuscular

junctions and myotendinous junctions of adult animals (Carlsson et al., 1999;

Vaittinen et al., 1999). Nestin immunoreactivities are very similar to that of mAb

4E2 (Astrow et al., 1994; Son and Thompson, 1995). In the neuromuscular junctions,

nestin antibodies label postsynaptic side. Most of the immunoreactivity is

concentrated around the AChR region in normally innervated muscles. This

expression pattern is changed upon denervation. Nestin, previously restricted to the

postsynaptic side of innervated junctions, begins to be expressed in Schwann cell

following denervation.

The GFP expression pattern in the Nestin-GFP transgenic mice suggests that

the expression pattern of the nestin protein in Schwann cell is regulated at the

transcriptional level. This follows since the GFP transgene and a nestin protein itself

are regulated in the same fashion. In these transgenic animals, however, there is no

GFP expression in muscle fibers unlike nestin itself. Nestin gene expression is

controlled by two more regulatory elements located in its introns in addition to its

promoter located in 5’ upstream region of open reading frame (Zimmerman et al.,

1994; Lothian et al., 1999). One regulatory element located in intron 1 of nestin gene

contributes to nestin expression in muscle, and the other in intron 2 is responsible for

nestin expression in neuronal cells. Nestin-GFP transgenic mice were generated with

a transgene constructed by inserting EGFP coding sequence in between nestin
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promoter and intron 2 sequences (Mignone et al., 2004). Thus, GFP expression in

these animals is controlled by neuronal regulatory element of nestin. This is the

likely reason why GFP is not expressed in muscle fibers of these transgenic animals.

Each single and double transgenic animals noted above has advantages and

disadvantages for the in vivo studies of Schwann cells in reinnervation. I, however,

was able to investigate the roles of Schwann cell by using combinations of transgenic

animals in different experiments. Overall, these transgenic animals are very valuable

animal models to study the interrelationship between Schwann cells and regenerating

axons through time-lapse in vivo imaging.
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Figure 3.1. PCR analysis for GFP gene in transgenic mice. Transgenic mice were

screened by PCR with primers for GFP and genomic DNA extracted from tail tissue

as templates. A band with size of 641 basepairs was detected from transgenic

animals carrying GFP transgene. EGFP vector was used as control. Templates for

each lane were B: blank, (-) control; V: GFP vector, (+) control; T: transgenic

mouse; Wt: Wild-type mouse.
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Figure 3.2. GFP expression in cells at neuromuscular junction. A neuromuscular

junction was examined in a sternomastoid muscle of a transgenic animal with

fluorescence microscope. GFP faithfully labeled cell bodies and processes co-

localized with underlying postsynaptic AChRs labeled with Rh-Btx.
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Figure 3.3. Co-localization of GFP and S100 in terminal Schwann cells. Co-

expression of GFP and S100 protein, a Schwann cell marker, was examined using

S100 antibody in sternomastoid muscles of transgenic animals. Cells

immunopositive for S100 were always observed to be positive for GFP (a).

However, S100 antibody failed to label some terminal Schwann cells (left junction in

b) due to the limitation of antibody penetration into a tissue.



46

Figure 3.4. GFP expression in various muscles. GFP expression was examined in

several muscles taken from of transgenic mice. Adult sternomastoid muscle viewed

at low magnification (a) to show the endplate zone and at high magnification (b) to

show a single neuromuscular junction (arrow in a). GFP was expressed at all

junctions in this muscle. GFP was also expressed at all junctions in diaphragm

muscle of adult (low magnification (c) and high magnification (d)). All scale bars =

50 µm.
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Figure 3.4. GFP expression in various muscles (Cont’d). GFP expression in

Schwann cells was also detected at all NMJs in soleus (e and f) and EDL (g and h).

All scale bars = 50 µm.



48

Figure 3.5. GFP expressing neonatal animal. Neonatal transgenic mouse was

observed with a fluorescence dissecting microscope. It was used for screening

transgenic animals since GFP expression could be easily detected in the skin and the

lens of the eye.
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Figure 3.6. Physiology of transgenic animals. Nerve-evoked muscle contraction of

adult soleus muscles from transgenic animals and wild type siblings were measured

and compared. Muscle tension produced following soleus nerve stimulation at 10,

40, 50, 100Hz was recorded in muscles from mice that were wild-type (a),

heterozygous (b), and homozygous (c) for the transgene. No significant difference

was found between these animals. Muscle tension produced by stimulation of a

single motor unit in a homozygous transgenic mouse was illustrated in (d).
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Figure 3.7. GFP expression at neuromuscular junctions in neonatal animals.

GFP expression was examined in neonatal transgenic animals. GFP expressing

Schwann cells were observed in a low magnification view of the endplate zone (left

column) and high magnification view of neuromuscular junctions (middle column)

in a postnatal day 1 animal. Similar results were also obtained in postnatal day 11

sternomastoid muscle (right column). All scale bars = 50 µm.
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Figure 3.8. Nestin expression in wild-type animals. Nestin expression was

examined in denervated and contralateral sternomastoid muscle of wild-type animals

using anti-nestin antibody (in red). Nestin was expressed in the postsynaptic

component of the innervated neuromuscular junctions (a) but then appears in SCs

and their processes following denervation (b) AChRs were labeled by FITC-Btx (in

green).
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Figure 3.9. Nestin-GFP expression pattern in transgenic animals. Changes in

GFP expression resulting from denervation and re-innervation were examined by



53

repeated in vivo imaging in Nestin/Thy1 double transgenic mouse. The same

junctions in adult sternomastoid were imaged repeatedly in low and high (inserts)

magnification view.  GFP was not detected at innervated junctions with CFP

expressing axons (a). However, GFP expression was observed in Schwann cells and

their processes when muscle was denervated by nerve crush (b). Denervation was

confirmed by lack of axons expressing CFP. When the regenerating axons

reinnervated denervated junctions, GFP expression was down-regulated and finally

disappeared (c and d).
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Figure 3.10. Co-localization of GFP with nestin in transgenic animals. GFP co-

expression with nestin was examined in denervated and controlateral sternomastoid

muscle using anti-nestin antibody. Nestin but not GFP was found postsynaptically at

innervated junctions. No Schwann cell was observed positive for either nestin or

GFP at normally innervated junction (a). However, Schwann cells and processes

were immunopositive for both nestin and GFP in denervated junctions (b).
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Figure 3.11. GFP labels the tip of Schwann cell processes. GFP and nestin

expression at the tip of Schwann cell processes were examined with nestin antibodies

in Nestin-GFP transgenic animals. The tip of Schwann cell processes were labeled

by GFP (middle column) but not by nestin antibodies (left column). GFP driven by

the nestin promoter appears to be a more reliable marker for SC processes than the

nestin protein itself because GFP can be diffused into the cytoplasm of the tip where

no nestin protein presents.
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Figure 3.12. GFP expression in neonatal transgenic animals.  Expression of GFP

was examined in sternomastoid muscles of neonates of Nestin-GFP transgenic mice.

No GFP expression was detected at junctions labeled by Bungarotoxin.
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Figure 3.13. GFP is expressed before apoptosis upon denervation in neonatal

transgenic animals. Neonatal Schwann cells die when denervated.  Expression of

GFP was examined at denervated Schwann cells in sternomastoid muscles of

postnatal day 11 neonates which had been denervated for 5 days. Schwann cells

covered faithfully in innervated junctions of neonatal animals as shown in S100-GFP

transgenic mouse in which GFP was expressed constitutively in Schwann cells.

Following denervation, some of junctions were not covered by terminal Schwann

cells (arrowhead in b) because cells died by apoptosis. In the Nestin-GFP transgenic

mice, GFP was expressed in Schwann cells before the cell death (b).  Arrow

indicates an apoptotic body suggestive of cell apoptosis.
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Table 3.1. Comparison between transgenic and wild-type animals in their

morphology of neuromuscular junctions.  Acetylcholine receptor (AChR) area,

terminal Schwann cell (TSC) number and AChR area per single TSC were measured

and compared in the sternomastoid, soleus and extensor digitorum longus (EDL)

muscles from the heterozygous transgenics (n = 3) and their wild-type siblings (n =

3). No significant differences were found between transgenic and wild-type animals.

TSCs and their processes fully cover AChRs at junctions in both transgenic and

wild-type muscle. Data are presented as mean ± SD.

Muscle EGFP Transgenic Wild-type

Sternomastoid 691.4 ± 190.5 695.6 ± 288.2

Soleus 512.3 ± 147.5 473.6 ± 150.7AChR Area
(µm2)

EDL 490.6 ± 130.8 487.6 ± 169.3

Sternomastoid 3.21 ± 1.14 3.34 ± 1.19

Soleus 2.43 ± 0.68 2.45 ± 0.77TSC Number

EDL 2.35 ± 0.62 2.35 ± 0.81

Sternomastoid 229.7 ± 67.2 216.0 ± 73.9

Soleus 220.5 ± 72.7 199.2 ± 52.8AChR Area /
TSC (µm2)

EDL 216.0 ± 57.2 214.5 ± 54.3
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CHAPTER 4

CHANGES IN NEUROMUSCULAR JUNCTIONS AFTER

REINNERVATION

Introduction

Some portions of synaptic sites within neuromuscular junctions (NMJs) are

eliminated as a consequence of denervation and reinnervation, and the degree of

synaptic receptor loss is correlated with the duration of denervation (Rich and

Lichtman, 1989). In this study, however, the role of Schwann cells known to be

important in muscle reinnervation and sprouting was not considered and evaluated

(Son and Thompson, 1995b). To examine and re-evaluate the role of terminal

Schwann cells in repairing denervated junctions, I conducted a series of experiments

similar to those of Rich and Lichtman (1989) but using our double transgenic mice

which endogenously expresses GFP and CFP in their Schwann cells and axons.
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Materials and Methods

Transgenic animals

I used S100/Thy1 double transgenic in the repeated imaging experiments

with a 30 day interval between observations.

In vivo imaging

Imaging procedures were performed in living animals as described in chapter

2. Pictures for postsynaptic AChRs in red, axon terminals in blue and terminal

Schwann cells in green were collected in each junction before either nerve crush or,

in control experiments, sham denervation. To obtain diverse denervation times, three

different denervations, lateral, median and double nerve crush, were performed as

described in chapter 2. Second images for the same junctions were acquired 30 days

following the first view and denervation.

Results

Transgenesis or imaging did not alter the normal feature of NMJs in control

experiments

Imaging of all the cellular components of NMJs in living animals is possible

in offspring (F1) obtained by mating two transgenic lines expressing GFP in

Schwann cells and CFP in motor axons. Images collected from these animals are

show with Schwann cells in green, motor axon terminals in blue, and postsynaptic
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acetylcholine receptors (AChRs) in red (via application of rhodamine-conjugated

bungarotoxin (Rh-Btx)) using an epifluorescence microscope. Since my initial goal

was imaging the same NMJs repeatedly in living animals, these transgenic mice

would be useful only if the transgene expression or imaging itself did not alter

muscle innervation. I have already noted that transgene expression in Schwann cells

does not alter the normal feature of NMJs or animal itself examined by intense

immunohistochemical and physiological studies. To investigate whether the imaging

procedure perturbs the normal feature of NMJs, I performed control experiments as

following.

First, images for all the components were collected from 33 NMJs in 5

sternomastoid muscles of S100/Thy1 double transgenic mice (2-3 months old). I was

able to image the same junctions repeatedly because each junction is unique, like a

fingerprint, in its AChR distribution. At the second imaging done 30 days following

the first, no junction showed changes in the branching pattern of the axon terminal,

the direction of nerve entry to the junction, or the formation of nerve sprouts (Figure

4.1). All but 3 of the junctions showed no change in the AChR-rich synaptic gutters

that lay underneath the axon terminals. With a few exceptions noted below, there

was no distinctive change in the number or position of terminal Schwann cell bodies

at these junctions. These observations suggest, in agreement with the report by Rich

and Lichtman (1989), that NMJs in adult mice generally do not change their overall

light microscopic morphology over such time periods, and here I extend these
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observations to terminal Schwann cells in the junction. I, however, observed minor

loss (smaller than 5 % of the total area) of AChR areas in 3 junctions (Fig. 4.2). The

receptor areas that disappeared were located at the point where the axon entered the

junctions. As suggested in previous report by Balice-Gordon and Lichtman (1994),

these losses appear to occur in normal condition at low frequency where the

Schwann cell that wrapped the pre-terminal axon might have intruded into areas of

axon terminal branches that were previously synaptic.  In fact, in one case, an extra

Schwann cell appeared at the site of AChR loss (Arrow in Figure 4.2).

I, therefore, conclude that the same NMJs can be observed repetitively in

transgenic animals expressing GFP and CFP in their Schwann cells and motor

neurons without causing any perturbation in the synapses as a consequence of either

imaging or transgenesis.

Changes occur in all the components of NMJs upon denervation and reinnervation.

To re-examine the changes that occur in NMJs in response to denervation and

reinnervation, I first imaged axons (via CFP fluorescence), Schwann cells (via GFP

fluorescence), and AChRs (via Rh fluorescent) at junctions in the sternomastoid

muscles.  I then denervated these muscles by nerve crush at median site (see Chapter

2) and re-imaged the same junctions 30 days later. In median nerve crush, it took

about 6 days following denervation for regenerating axon to begin to reinnervate the

old synaptic sites. I noted any change in their features of the postsynaptic AChRs,
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the presynaptic axon terminals and the terminal Schwann cells by comparison of

images collected from the same junctions before and 30 days after denervation (cf.

Figure 4.3).

A total of 102 NMJs in 17 muscles were initially imaged and 69 % of them

were relocated in the second view. All but 2 junctions were imaged twice with an en

face view of their shape of AChR-rich synaptic gutters (Table 4.1). On the

postsynaptic side, some portion of AChRs had disappeared at the second view in 51

junctions (Figure 4.3; 4.6). In addition to loss of AChR area, I also observed, at a

lower frequency, instances where some clusters of postsynaptic receptors identified

by application of Rh-Btx were newly formed and where no detectable receptors

existed at the first view (Figure 4.3; Figure 4.4).

On the presynaptic side, the branching pattern of axon terminals changed in

42 junctions (Figure 4.3; 4.6). In 18 junctions, no change was detected. The

remaining 10 junctions could not be compared in their branching pattern in the entire

junction due to the torsion of the muscle fibers. While the majority of muscle fibers

were reinnervated by axons regenerating through the old Schwann cell tubes, ca. 6 %

of muscle fibers were reinnervated by axons arriving from a new direction (Figure

4.5). Escaped fibers were also found at 19 junctions (27 % of the junctions imaged

twice) (Figure 4.6).

The number and position of terminal Schwann cell bodies and their processes

patterns were also found to be changed 30 days after the nerve crush. About 79 % of
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junctions imaged twice (n = 58) showed an increases in the number of Schwann

cells, on average there were 1.3 more cell bodies after reinnervation. The position of

Schwann cells also changed at ca. 73 % of junctions examined (n = 64). However,

processes of terminal Schwann cell precisely co-localized with axon terminal

branches and underlying postsynaptic receptors (Figure. 4.3; Figure 4.6).

Overall, these results including receptor loss and changes in axon branching

pattern, are in agreement with Rich and Lichtman’s previous report (1989).

However, terminal Schwann cells were not considered in this previous report bur

were examined in this study. Terminal Schwann cells showed changes in their cell

body numbers and positions, but the pattern of their processes were still tightly co-

localized with other features of the junctions after denervation and reinnervation.

Degree of changes in NMJs is correlated with the duration of denervation.

Rich and Lichtman reported that the longer the duration of denervation, the

more the junctions lost receptor sites and the larger this loss was (Rich and

Lichtman, 1989). In this study, junctions were examined by 2 different denervation

methods which gave 4 and 7 days denervation. To establish more solidly any

tendency for different degree of changes following longer duration of denervation, I

gave more diverse and prolonged denervation by crushing nerves in 2 additional

ways to median nerve crush (6 days denervation). Reinnervation began 4 days

following single crush of the sternomastoid muscle nerve near the muscle (lateral
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nerve crush), and at 9 days following double nerve crush (see Chapter 2). In this

manner, I varied the duration of denervation from 4 to 9 days. The very same

experiments, imaging the same junctions before and 30 days after denervation, were

conducted using lateral nerve crush and double nerve crush methods. In lateral nerve

crush, images from 59 junctions in 4 muscles were initially collected before

denervation and 90 % of them (53 junctions) were successfully reimaged in 30 days

after nerve crush. A total of 40 junctions were imaged before double nerve crush and

63 % of them were relocated in a second view. My success in locating the same

junctions in the second view decreased when the duration of denervation was

increased (Figure 4.7).

Success in finding the same junction at the second view could be reduced if

the junctions were greatly changed. Thus, the decrease in the ability to find the same

junctions suggests increased synaptic remodeling following prolonged denervation.

Postsynaptic AChRs:  I compared the distribution of postsynaptic receptors in images

collected before and 30 days after denervation done by the 3 types of nerve injury. I

measured the areas of the receptor sites that were added or lost (Table 4.1). These

areas were then computed as a fraction of the total area of the receptor site in the

original image. Following lateral nerve crush of the sternomastoid nerve, in which

reinnervation began 4 days following injury, I found 59 % of junctions that were

imaged twice en face (49 junctions) had some degree of loss of AChR areas ranging
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from 1-16 % of the original receptor area.  Considering only sites losing an area

greater than 5 %, ca. 68 % of junctions undergo this degree of loss and the average

loss is approximately 9 % of the original receptor area. In the case of median nerve

crush, as I noted above, 75 % of the junctions that were reimaged in their entirety

had lost receptor areas and 84 % of them had losses exceeding 5 % of the initial area

of receptor. For double nerve crush in which reinnervation began 9 days after

denervation, all of the junctions imaged twice showed loss of receptor areas.  The

area of receptor loss ranged from 6 % to 40 % and average was18 %.

I analyzed the tendency of junctions to lose receptors after the various

duration of denervation (Figure 4.8) by counting the number of junctions with

receptor loss greater than 5 % of the original receptor areas (Figure 4.9) and the

average percentage area of receptors losing more than 5 % of original size (Figure

4.10). Results suggested that there was more AChR loss when the duration of

denervation increased.

New AChR sites were also added after reinnervation at 18 % to 36 % of

junctions examined, depending on the duration of denervation (Table 4.2). About 24

% of junctions on average added new receptor areas with the area of addition ranging

from 4.7 to 110.3 µm2.  Of the total 34 cases of receptor addition observed, all but 3

of them occurred in concert with loss of receptors elsewhere in the synaptic site.

In addition to postsynaptic receptor loss and addition in experiments reported

above, I also observed loss of postsynaptic receptors in a series of experiments noted
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in chapter 6, in which I performed more frequent imaging in vivo. A total of 30

synaptic sites were successfully imaged several (2 - 5) times up to 56 days after

median nerve crush in 9 sternomastoid muscles.  Among 30 sites, 22 junctions (73

%) showed loss of their AChRs and 3 showed an addition of receptor areas. I

measured the areas of 10 sites showing loss of receptors, in which I had a complete

en face view at the earliest and latest viewing times. Eight of these 10 had lost

greater than 5 % of their original receptor area. The average loss of area was 13 %

(range 4-19 %) in these junctions, similar to the result from the experiments noted

above.

Taken together, these results indicate that both the frequency and extent of

remodeling of the junctions vary with the time of denervation.  Similar changes

related to the length of time the muscle remains denervated have been reported by

Gutmann and Young (1942) and by Rich and Lichtman (1989), although the former

investigators viewed only the nerve terminal arbor.

Motor axon terminals:  In the comparison of images for axon terminals, I found that,

when reinnervation began 4 days following nerve injury, all junctions were

reinnervated through the old Schwann cell tube and only 59 % of these showed

changes in the terminal branching pattern.  On the other hand, 12 % of the junctions

were reinnervated from a new direction (i.e. not through the old Schwann cell tube)

and 100 % of the junctions, including those reinnervated through the old Schwann
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cell tube, showed some change in terminal branching when reinnervation began at 9

days. The number of junctions having escaped fibers was also increased from 8 % in

lateral crush to 42 % in double crush (Table 4.3).

The incidence of the changes in axon terminal branching (Figure 4.11), the

direction of reinnervation (Figure 4.12) and the number of junctions with escaped

fibers (Figure 4.13) varied proportionally with the time the muscle remained

denervated; all changes were more frequent the longer the denervation time (Table

4.3).

Terminal Schwann cells: In the comparison of the same junctions before and after

denervation and reinnervation, it was apparent that the number and position of

Schwann cells were also changed. The frequency of changes in Schwann cell

position increased from 68 % of examined junctions (n = 52) in lateral nerve crush to

81 % (n = 21) in double nerve crush. The increment is proportional to the

prolongation in denervation (Figure 4.14). However, the number of junctions with

changes in their Schwann cell number or increment of Schwann cell number per

junction (1.3 cells in average) was not correlated with the duration of denervation.

Discussion

In this study, I re-evaluated changes in neuromuscular junctions after nerve

injury and repair using transgenic mice. Rich and Lichtman (1989), by using a time-
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lapse in vivo imaging technique, studied the synapse elimination in the junctions

during reinnervation. They varied the duration of denervation using 2 different

denervation methods. They reported receptor loss that was correlated with duration

of denervation.

Terminal Schwann cells in normal neuromuscular junctions

Terminal Schwann cells have been shown to play an important role in

reinnervation process. For example, Schwann cell processes guide axons back to

denervated junctions in partially denervated muscles (Son and Thompson, 1995).

However, no one has investigated the role of Schwann cells in reinnervation within

the junction itself. Prior to my work, we knew nothing about the relationship of

receptor loss and remodeling to Schwann cells because of a lack of good vital marker

for Schwann cells. Our transgenic mice in which GFP is expressed under the control

of S100 promoter is an experimental model for studying Schwann cells in living

animals.

My examination of the neuromuscular junctions in normally innervated

muscles, suggests, in agreement of Rich and Lichtman (1989), that most junctions in

adult mice are very stable in the patterns of postsynaptic receptors, axon branching

and Schwann cell processes.  The number and position of terminal Schwann cells

were also little changed over the period of time. However, about 10 % of normal

junctions showed receptor loss, or changes in number or position of Schwann cell
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bodies. These results are similar to those in a previous report visualizing normal

junctions (Balice-Gordon and Lichtman, 1994). Both this previous report and my

observations suggest that receptor loss in normal junctions occurs where a Schwann

cell that wrapped the pre-terminal axon intruded into areas of axon terminal branches

that were previously synaptic. Small changes in number and position of terminal

Schwann cells also seem to be a normal feature of neuromuscular junctions.

Changes in neuromuscular junctions in response to denervation and reinnervation

In the investigation of neuromuscular junctions after nerve injury, many

changes in all the cellular components of the junction occurred after reinnervation.

To examine the correlations between these changes and the duration of denervation, I

counted and measured the changes in their postsynaptic receptors (loss or addition),

in their axon branching pattern, in direction of innervation or presence of escaped

fiber, and in their Schwann cell number or position. In all cases, since an image was

made before denervation, a junction’s status was determined by comparing with its

own “control’ image. For all parameters examined, but one, changes were more

dramatic the more prolonged the period of denervation. Schwann cell numbers were

increased in the majority of junctions following denervation and reinnervation but

showed no correlation with denervation period. The number of junctions innervated

from a new direction or that had escaped fibers increased the period of denervation.
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Some of the changes in direction of reinnervation are due to the reinnervation of

synaptic sites by escaped fibers.

All my data, therefore, support the contention by Rich and Lichtman (1989),

that synaptic remodeling occurs during reinnervation and the degree of remodeling is

correlated with the duration of denervation. The extensive remodeling with

prolonged denervation is probably the reason why my success rate in relocating the

same junction at the second view was less in longer denervation experiments.

Types of receptor loss

During the analysis of data collected from in vivo imaging prior to, and 30

days following nerve crush, I found that loss of postsynaptic receptors could be

categorized into two types. The first type is receptor loss where no axon reinnervated

the site (see arrows in Figure 4.6). The other type of receptor loss is where the

branching pattern of reinnervated axon terminal was similar to that before

denervation (see asterisk in Figure 4.6). In most of these cases, continuous synaptic

gutters were punctuated even though continuous axon terminals were on the top of

them. It would be very interesting to investigate the cause of these two different

types of receptor loss and determine whether Schwann cells are involved in these

processes. To answer these questions, I performed a series of experiments reported in

the next chapters.
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Figure 4.1. Normal neuromuscular junction in a double transgenic mouse.

Images of the components of a single neuromuscular junction in the sternomastoid

muscle of an adult animal, collected 30 days apart in living, double transgenic mouse

(S100/Thy1). The AChRs were labeled with a non-blocking concentration of Rh-

Btx.   A Thy1-CFP transgene resulted in the expression of soluble CFP (blue

fluorescence) in motor axons and a S100-GFP transgene in soluble GFP (green

fluorescence) in Schwann cells (SC) including both terminal Schwann cells and

myelinating Schwann cells.  The axon enters the synaptic site from the left and

arborizes above AChRs on the muscle fiber.  There are ca. 6 cell bodies of Schwann

cells which extend processes that cover the nerve terminal.  Relocation of the same

synaptic site at 30 days was by matching the distribution of AChRs.  The junction

changes little over this 30 day period.
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Figure 4.2. Loss of postsynaptic receptors at a normal junction. Acetylcholine

receptors (AChRs), Schwann cells (SCs), and the axon terminal at a junction were

viewed twice with an interval of 30 days in normally innervated sternomastoid

muscle. Small portion of receptors where the axon enters the junction had

disappeared at the second view (arrows). A Schwann cell appeared in the region of

receptor loss where there previously was no Schwann cell (arrowhead in lower

panel).
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Figure 4.3. Changes in a junction after nerve injury. Images of the three

components of a junction were collected prior to, and 30 days following median

nerve crush. AChRs, SCs, and axon have been colored red, green and blue,

respectively. In the views of receptors, a small part of the junction (asterisks) had

disappeared and also lacks reinnervation and Schwann cell coverage at the second

view. New receptors were also added in some part of the junctions where new axonal

and Schwann cell processes are located (arrowhead). The axon branching pattern is

also changed in second view (two small arrows). The number of Schwann cells is

increased after reinnervation. In spite of changes in all the components of the

junction after reinnervation, the axon terminal and Schwann cell processes were

tightly aligned with underling receptors.
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Figure 4.4. Receptor addition in a junction after nerve injury. Images of a

junction were collected before and 30 days after median nerve crush. AChRs, axon

and Schwann cells were pseudocolored in red, blue, and green, respectively in the

merged images. At the second view, new AChRs had appeared in and near the

junction (arrows) where was no receptor before. The added receptors were also

innervated by axon with Schwann cell processes. No distinctive loss of receptor was

identified in this junction.
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Figure 4.5. Reinnervation via a new path. Images of the three components of a

junction were collected prior to, and 30 days following median nerve crush. The

junction was innervated by an axon coming from the bottom of the junction before

denervation (arrowhead). The same junction was reinnervated by an axon entering

from a new direction i.e. the top of the junction (arrow). There was little change in

AChRs, axon terminal or terminal Schwann cell patterns except the direction of axon

entry.
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Figure 4.6. Junction with an escaped fiber after nerve injury. Acetylcholine

receptors (AChRs in red), axon terminal (in blue) and Schwann cells (SCs in green)

at single junction were imaged twice before and 30 days following median nerve

crush. An escaped fiber not present in the first view (big arrow) was formed after

reinnervation. A Schwann cell process was associated with the escaped fiber. Loss of

postsynaptic receptors was detected in two major areas (small arrows in AChR

panels). One area showing receptor loss at the top of the junctions was not

reinnervated by the axon. The other area of receptor loss in the middle where the

axon enters the junction had an axon branch pattern identical to the one before nerve

injury (asterisks). However, the branching pattern of axon terminal was changed in

another area (arrowhead). Number of Schwann cells was increased after

reinnervation. In spite of all changes in the junction after reinnervation, the axon

terminal and the Schwann cell processes were tightly aligned with underling

receptors.
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Figure 4.7. Success rates of relocating the same junctions in repeated imaging.

The success rates of relocating the same junctions for imaging in a second view were

plotted against the duration of denervation in days acquired by 3 different

denervation methods. The success rates declined with longer denervations.
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Figure 4.8. Number of junctions with loss of postsynaptic receptors. Number of

junctions with loss of AChRs after reinnervation expressed as a percentage of total

junctions examined was plotted against the duration of denervation in days acquired

by 3 different denervation methods. The frequency of receptor loss increased with

longer denervation.
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Figure 4.9. Number of junctions with receptor loss greater than 5 % of the

original size. Number of junctions with loss of AChRs after reinnervation of more

than 5 % of original receptor area expressed as a percentage of the total junctions

examined was plotted against the duration of denervation in days acquired by 3

different denervation methods. The frequency of receptor loss was increased with

longer denervation.
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 Figure 4.10. Average area of receptor loss at those junctions with a loss of

greater than 5 %. Average percentage area of receptor loss in the junctions that had

receptor loss of more than 5 % of original area was plotted against the duration of

denervation in days acquired by 3 different denervation methods. Average area of

receptor loss in the junction was increased with longer denervation.
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Figure 4.11.  Number of junctions changed in their branching patterns. Number

of junctions with changes in axonal branching pattern expressed as a percentage of

total junctions examined was plotted against the duration of denervation in days

acquired by 3 different denervation methods. The frequency of changes in branching

pattern was increased with longer denervation.
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Figure 4.12. Number of junctions innervated via new direction. Number of

junctions reinnervated from a new direction expressed as a percentage of total

junctions examined was plotted against the duration of denervation in days acquired

by 3 different denervation methods. The frequency of junctions reinnervated via a

new direction was increased with longer denervation.
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Figure 4.13. Number of junctions with escaped fibers. Number of junctions with

escaped fibers after reinnervation expressed as a percentage of the total junctions

examined was plotted against the duration of denervation in days acquired by 3

different denervation methods. The frequency of junctions with escaped fibers was

increased with longer denervation.
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Figure 4.14. Number of junctions with changes in the position of Schwann cells.

Number of junctions with changes in the positions of terminal Schwann cells after

reinnervation was plotted against the duration of denervation in days acquired by 3

different denervation methods. The frequency of junctions with changed Schwann

cell positions increased with longer denervation.
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Table 4.1.  Loss of AChR area in sternomastoid muscles reinnervated after different periods of denervation.

Dener-
vation
method

Estimate of
start of re-
innervation
(days)

No. of junctions
examined*

Junctions
with
receptor loss
(No. / %)

Extent of
receptor loss
range
(% of area)

Junctions with
> 5 % loss+

Average loss for
junctions showing >
5 % loss, % of total
area (mean ± SEM)

Lateral
nerve crush 4   9 / 59 / 53 / 49   29 / 59 %   1 – 16 %  25 / 17 / 40 % 8.7 % ± 0.7

Median
nerve crush 6 17 / 102 / 70 / 68   51 / 7 5%   1 – 23 %  43 / 36 / 63 % 12.6 % ± 0.9

Double
nerve crush 9   7 / 40 / 25 / 25   25 / 100 %   6 – 40 %  18 / 18 / 100 % 17.9 % ± 2.0

* = number used animals / number imaged initially / number relocated 30 days later / number whose receptor area could
be viewed in its entirety en face at both viewings

+ = number whose receptor area was measured / number with > 5 % loss / percentage of junctions with > 5 % loss
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Table 4.2.  Addition of AChR area in sternomastoid muscles reinnervated after different periods of denervation.

 Denervation method No. of junctions imaged
twice / No. of Muscles

No. of junctions with
receptor addition (No / %)

 Area of receptor addition #

 Lateral nerve crush 53 / 9 9 / 18 % 5 / 22.9 ± 7.8 / 4 % / 1 – 9 %

 Median nerve crush 70 / 17 16 / 24 % 12 / 36.6 ± 10.7 / 6 % / 1 – 22 %

 Double nerve crush 24 / 7 9 / 36 % 7 / 22.3 ± 5.4 / 4 % / 1 – 8 %

# = Number of junctions whose area was measured / average added area (µm2) ± SEM / % of added area / % of range of
added area
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Table 4.3. Changes in pattern of axon branching within the synaptic site and in the direction of reinnervation in the
sternomastoid muscle following 3 types of nerve injury.

Denervation
method

# Synaptic
sites imaged
twice / #
Muscles*

Pattern of axon
branching:
changed /
unchanged

% Synaptic
sites with
change in axon
branching

Direction of
reinnervation
(No. via old SCT /
No. via new direction

% junctions
re-innervated
via new
direction

No. / % of
junctions
with escaped
fibers

Lateral
nerve crush 53 / 9 26 / 18 59 % 53 / 0 0 % 4 / 8 %

Median
nerve crush 70 / 17 42 / 18 70 % 66 / 4 6 % 19 / 27 %

Double
nerve crush 24 / 7 24 / 0 100 % 21 / 3 13 % 10 / 42 %

* = Number of junctions reported in some columns may be than in column 2 due to torsion of the muscle fibers and an
inability to discern the entire junction

SCT = Schwann cell tube
SCP = Schwann cell process extending from synaptic site
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CHAPTER 5

SCHWANN CELLS AT THE NEUROMUSCULAR JUNCTION

Introduction

Neuromuscular junctions in adult animals are very stable over the time, as

noted in chapter 4 and in a previous report (Rich and Lichtman, 1989). All the

components of the junction, however, changes in response to denervation and

reinnervation. The severity of the changes in all aspects, as noted in chapter 4, is

closely related to how long the junction is denervated prior to reinnervation. Loss of

postsynaptic receptors is the one of several changes that commonly occurred in

repaired junctions. No receptor site, however, is either changed or eliminated during

the denervation period (Rich and Lichtman, 1989; Balice-Gordon and Lichtman,

1994). Axonal activity plays a critical role in the process of receptor elimination. In

denervated junctions, postsynaptic receptors should not change until regenerating

axons return.
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Terminal Schwann cells are the only component that is actively changing in

denervated junction. To examine the changes occur in terminal Schwann cells upon

denervation and how the changes are related with the duration of denervation, I

performed a series of experiments for observing reactive Schwann cells in

denervated neuromuscular junctions.

Materials and Methods

Transgenic animals

I used S100-GFP transgenic or S100/Thy1 double transgenic animals for the

experiments of detecting short extension of Schwann cell process. S100/Nestin

double transgenic animals were used for examining changes in terminal Schwann

cells during denervated period. These animals insure labeling by GFP of all Schwann

cells either innervated or denervated. For the experiments of observing the junctions

in early stages of the reinnervation process, I used Nestin/Thy1 transgenic animals.

In vivo imaging

Imaging was performed in living animals as described in chapter 2. Pictures

for postsynaptic AChRs in red and terminal Schwann cells in green were collected

for each junction. A second image of the same junctions was obtained 1 or 2 days

following the first view.
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In vitro preparation

I used antibody to the S100 protein for labeling terminal Schwann cells and

processes in sternomastoid muscles of S100-GFP and wild-type animals as described

in chapter 3. For examining changes in terminal Schwann cells upon denervation and

their correlation with duration of denervation, I excised sternomastoid muscles from

S100/Nestin animal at day 4, day 6, day 9 and day 10 following denervation by nerve

resection. To observe the early reinnervation process, I dissected sternomastoid

muscle 7 or 8 days after median nerve crush. All muscles were fixed with 4 %

paraformaldehyde in PBS for 30 min. and postsynaptic AChRs were labeled with

rhodamine-conjugated bungarotoxin (Rh-Btx) following a rinse with PBS. Muscle

filets were prepared and mounted on glass slides with fluorescent mounting medium.

Results

Extension and retraction of short Schwann cell extensions at normal junctions

During the course of imaging neuromuscular junctions (NMJs) in transgenic

animals, I often encountered a number of Schwann cells extending short processes

(shorter than 5 µm) beyond the boundary of postsynaptic receptor sites (Figure 5.1).

These short extensions found in normally innervated junctions were obviously

different from the numerous, long Schwann cell processes extended from denervated

junctions (see below).  To determine the frequency and the length of these short

Schwann cell extensions, a total of 90 NMJs in 19 sternomastoid muscles in S100-
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GFP or S100/Thy1 transgenic mice were imaged for the first time. The incidence of

short Schwann cell extensions was c.a. 47 % (42 NMJs) of the junctions examined

and the average length was 1.1 ± 0.5 µm (mean ± SD).

These short extensions of Schwann cells might be the artifact of transgene

expression or induced by the surgery or the imaging itself. To verify that these short

extensions are a normal feature of Schwann cells, muscles were acutely excised from

S100-GFP and wild-type animals and immunostained with anti-S100 antibody to

visualize Schwann cells. In this experiment, short Schwann cell processes were

found at 49 % of junctions (n = 43) in 2 transgenic animals and 43 % of junctions (n

= 30) in 2 wild type animals. These short Schwann cell extensions were also found in

soleus muscles (Tian, 2003). In no case were these short processes associated with

extensions of the axon terminal. I, thus, conclude that extension of these short

processes is a normal feature of terminal Schwann cells.

These short Schwann cell processes might be stable or dynamic. Repeated in

vivo imaging was performed at an interval of one or two days to examine the

dynamics of short Schwann cell extensions. Some short processes, present at the first

imaging were absent at the subsequent observations (Figure 5.2). In other cases,

short Schwann cell extensions present in the second view where absent at the first

view. These observations suggest that Schwann cells might be constantly probing the

environment around the junction with dynamic short processes.
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Extension of long Schwann cells processes into interjunctional space in response to

denervation.

Several investigators have reported that terminal Schwann cells extend long

processes from junctions following denervation (Reynolds and Woolf, 1992; Astrow

et al., 1994; O'Malley et al., 1999).  To investigate the extension of Schwann cell

processes and their correlation with the increased denervation time, I denervated the

sternomastoid muscle of S100/Nestin double transgenic animals by resecting a piece

of the nerve.  This resection prevented muscle reinnervation over at least the next 10

days. To examine a large number of junctions, muscles were fixed and the junctions

were imaged in vitro. A total of 117 NMJs were examined in 6 muscles (from 3

mice) 4 days following denervation and 58 % of these junctions had processes

extending from their terminal Schwann cells, in many cases more than one (Figure

5.3). I next examined whether the frequency of process extensions from terminal

Schwann cells in denervated junctions depended on denervation time. For this

purpose, muscles were excised and examined at 6, 9, and 10 days after nerve

resection. At day 6 following denervation, 86 % of junctions (110 sites in 4 muscles

from 2 mice) had Schwann cell processes. The incidence was increased up to 91 %

of examined junctions (n=100 in 2 muscles) when the denervation period was

prolonged to 9 days. After 10 days denervation, 84 of 90 junctions examined from 2

muscles had Schwann cells with process extensions. These observations suggest that

terminal Schwann cells at the majority of denervated junctions extend processes
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upon nerve lesion and the frequency of such extension increases with longer

denervation time (Figure 5.4).

Terminal Schwann cells, as I noted above, extend numerous, long processes

into interjunctional space upon denervation. The dynamics of process extensions,

however, have not yet been investigated. To examine the dynamics of Schwann cell

process extensions, I performed repeated in vivo imaging using Nestin-GFP animals.

After collecting images from junctions denervated for 2-3 days, the same junctions

were imaged again at following day. These experiments revealed that extension of

Schwann cell processes was highly dynamic (Figure 5.3); some processes extended

from the junction were retracted in the second view done on the next day. Further

effort was not made for quantitative study in this matter. Taken together some

observations I made and the results of Schwann cell process extension noted above,

data suggests that terminal Schwann cells, in more case, extend but sometime retract

processes dynamically upon denervation.

Schwann cells gradually abandon some of the synaptic site following denervation

Immediately after nerve denervation, terminal Schwann cells remain in

position covering the underlying AChRs faithfully (Figure 5.5a).  With longer

denervation, this association deteriorates such that some receptor areas were no

longer covered by Schwann cell or their processes (Figure 5.5a; 5.5b).  To quantify

the extent of this change, I denervated sternomastoid muscles of S100/Nestin double
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transgenic animals by nerve resection to prevent the reinnervation and then examined

the Schwann cell coverage of receptor sites after various periods of denervation.

About 100 junctions were observed in muscles at each of 4 different times after

denervation (Table 5.1). The number of junctions with loss of Schwann cell coverage

increased from 72 % for denervation of 4 days to 100 % following 10 days of

denervation.  I also measured the fraction of the AChR area that had no coverage by

Schwann cells or their processes and compared it to the total AChR area of each

junction. In junctions that lacked full Schwann cell coverage, the extent of loss

increased from an average of ca.13 % of total area of a junction after 4 days of

denervation to ca. 28 % following 10 days of denervation, and the variation in loss

became more extensive (Table 5.1).  I also observed changes in Schwann cell

coverage over receptor sites during vital imaging experiments presented in Chapter

6. The frequencies of junctions that had a loss of terminal Schwann cell coverage

following denervation (Figure 5.6) and average percentage area of receptors

unoccupied by Schwann cell or process (Figure 5.7) were highly correlated with the

duration of denervation. These data, therefore, suggest that terminal Schwann cells

actively change their microscopic morphology upon denervation.

Regenerating axons associated with either Schwann cell processes or postsynaptic

receptors within the junctions 

Terminal Schwann cells, as noted above, undergo marked changes in
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response to denervation. They extend long processes from the denervated junction

into interjunctional space as well as withdraw their processes from some portions of

synaptic sites where they used to tightly cover axon terminals and their underlying

postsynaptic receptors. As a result, some portion of the junction, depending upon the

duration of denervation, becomes unoccupied by Schwann cells. To examine how

these features would be related to reinnervation, I examined junctions in

sternomastoid muscles of S100/Thy1 transgenic animals at 7 or 8 days following

median nerve crush in fixed preparations.

My first finding in these muscles was that some junctions were not

completely occupied by either the regenerated axon terminal or Schwann cell process

(Figure 5.8). In these junctions, however, axon terminal branches were always

associated with Schwann cell processes. Another observation was that, in some

junctions, a single branch of axon terminal innervated two separated synaptic gutters

by crossing an area where no receptor clusters were present (Figure 5.9). Some cases

showed that the regenerating axon followed the outline of the junction (Figure 5.10).

In all the cases I noted here, regenerated axons were always associated with

Schwann cell processes. In a few junctions, however, branches of axon terminal

occupied underlying synaptic site where no obvious Schwann cell process present

(Figure 5.11). These observations, even though no effort was made to quantify them,

suggests that, in early stages of reinnervation, axons prefer to grow by following

Schwann cell processes rather than postsynaptic receptors because no case was
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observed where the axon terminal was not associated with Schwann cell process

other than the cases where that axon occupied a receptor site where no Schwann cell

process exist. It might be inferred from this observation that regenerating axons

seemed to be able to grow above the receptor site where no Schwann cell present.

Discussion

In this study, I examined the features of Schwann cells in normal and in

denervated muscles, and the relationships of changes in Schwann cells upon

denervation with the pattern of reinnervation of axon terminals during the early

stages of reinnervation.

Short Schwann cell extensions in normal neuromuscular junctions

At about 50 % of the junctions in normal, innervated muscles, Schwann cells

have short extensions, in agreement with other observations in frog muscles and

electron microscopic studies of mouse muscles (Robbins and Polak, 1988; Macleod

et al., 2001). These short extensions of Schwann cell are not stable. Schwann cells

extend and withdraw these short extensions dynamically.

Schwann cells are known to communicate with axons reciprocally. Schwann

cells are able to modulate transmitter release at nerve terminal in frog neuromuscular

junctions (Robitaille, 1998) and the activity of the nerve terminal can modulate the

calcium levels in terminal Schwann cells of mice (Rochon et al., 2001). The
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extension/retraction of short Schwann cell processes might be regulated or by

changes in local calcium levels of terminal Schwann cells.

Terminal Schwann cells, on the other hand, might be inclined to extend

processes but their extension might be inhibited by some unknown factors or surface

molecules. Neuregulin is a good candidate for limiting Schwann cell extension.

Axonal supply of neuregulin is known to be important for Schwann cell survival in

early neonatal animals (Trachtenberg and Thompson, 1997). Schwann cells might

tend to extend processes but a loss of neuregulin support when they extended away

from the terminals might force to Schwann cell withdraw the extended processes.

Laminins are another possibility for this hypothesis. Laminins are known as

key components of basal laminae of extracellular matrix (for review Patton, 2000).

the laminin-β2 subunit is specifically localized to the synaptic cleft and synaptic

folds at the neuromuscular junction. In mice in which laminin-β2 subunit ahs been

knocked out, terminal Schwann cells extend into synaptic cleft and prevent the

physical contact between axon terminal and postsynaptic receptors (Noakes et al.,

1995). This study suggests that laminin-β2 subunit plays an important role in

preventing the entry of Schwann cell into synaptic cleft and might be related to these

short Schwann cell extensions.

In any case, my observations of dynamic short Schwann cell extensions

suggest that Schwann cells function actively in maintenance of normal junctions.

Furthermore, some factors might be involved in controlling of the dynamic
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equilibrium between extension and retraction of short Schwann cell processes, and

this equilibrium might be perturbed by changes in synaptic activities. For example,

by the disruption of this equilibrium resulting from denervation, Schwann cells

would extend relatively long processes. These short Schwann cell extensions were

associated with no axon sprouts and this might suggests that nerve sprouting requires

persistent Schwann cell processes.

Correlations between loss of synaptic area and lack of Schwann cell coverage

What causes the loss of postsynaptic receptors after reinnervation? Rich and

Lichtman (1989) suggested that the cause is competition between multiple axons

innervated the same junction and the resultant elimination of the synaptic site

occupied by losing axon following competition. In this study, however, the number

of junctions innervated by multiple axons during reinnervation was estimated to be

lower than the number of junctions showed loss of postsynaptic receptors. This

suggests that there might be reasons for synaptic elimination other than competition

among multiple axons innervating the same junctions.

My study, in agreement with Rich and Lichtman (1989), showed that

synaptic loss more severe when the denervation is prolonged (see chapter 4).

Interestingly, Schwann cells abandon underlying receptor sites upon denervation,

they used to tightly occupy in the normal junction. The frequency and degree of

Schwann cell withdrawal of their processes from synaptic sites is also highly
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correlated with the duration of denervation (see this chapter). Moreover, terminal

Schwann cells are the only synaptic component that is actively changing during the

period of denervation. I, thus, suggest the possibility that the postsynaptic receptor

loss at reinnervated synaptic sites is related to their abandonment by Schwann cells.

The extent of loss of Schwann cell coverage at synaptic sites in the

sternomastoid muscles averaged ca. 13 %, 18 %, and 24 % after 4, 6, and 9 days of

denervation (Table 5.1).  In muscles denervated by the 3 methods, the average extent

of receptor loss was ca. 9 %, 13 %, and 18 % where reinnervation would have begun

at the corresponding times (Table 4.1).  Thus, the loss of AChR receptor sites is less

than would be anticipated based on the extent of loss of Schwann cell coverage.

However, the degree of receptor loss after reinnervation might be under estimated

because I had less success in reimaging the same junctions in longer denervation

experiments (Figure 4.7). Another possibility is that some receptor sites initially

unoccupied by the nerve and Schwann cells are subsequently reoccupied.

Observations of the junctions in the muscles which were in early stage of

reinnervation gave a clue that such happens in reinnervation. Two junctions in figure

5.11 demonstrated that some portions of receptor sites have no Schwann cell but are

occupied by the reinnervated axon terminal. It would be interesting to know these

“naked” axons are later covered by Schwann cell processes and form stable

innervation sites. Regenerating axons, however, appear to reinnervate the junction by

following the terminal Schwann cell processes rather than the old synaptic gutter (cf.
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Figure 5.8; Figure 5.9; Figure 5.10). I will discuss these matters further in next

chapter.
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Figure 5.1. Short Schwann cell extensions. Vital images were taken from a normal

neuromuscular junction in a sternomastoid muscle. Terminal Schwann cells (SC) in

this junction possessed 2 short extensions beyond the boundary of receptor sites

(AChR) (arrows).
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Figure 5.2. Retraction of short Schwann cell extensions. Acetylcholine receptors

(AChR), Schwann cells (SC) and axon were viewed twice over the course of 1.5

days in a normal sternomastoid muscle. No changes in AChR or axon terminal were

noted, but short processes (arrows in upper panel of SC) extended from Schwann

cells beyond the receptor area have disappeared in the subsequent view.
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Figure 5.3. Processes extension from terminal Schwann cells upon denervation.

Images for Schwann cells (SCs) and acetylcholine receptors (AChRs) were collected

1 day apart. Terminal Schwann cells, in a junction denervated for 2 days, extended

processes into interjunctional space (upper panels). The same junction imaged next
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day had overall longer Schwann cell processes but some of them had retracted (lower

panels).
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Figure 5.4.  Extension of Schwann cell processes after denervation. Number of

junctions with Schwann cells extending processes expressed as a percentage of total

junctions examined shown as a function of the duration of denervation in days. The

frequency of Schwann cell process extensions increased with longer denervation.
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Figure 5.5. Changes in Schwann cell coverage of postsynaptic receptors.

Terminal Schwann cells occupy the synaptic site following denervation but gradually

abandon it with time.  Sternomastoid muscles were denervated by resection of their

muscle nerve and then examined in vitro after fixation, 4 days (top panels) and 10

days (lower panels) later.   Panels show the labeling of AChR (left), the GFP in the

Schwann cells (SC, middle), and then a merged image on the right in which the

AChR are red and the Schwann cells green.  In the day 4 images, terminal Schwann

cells remain in association with the AChR of the upper synaptic site, but have

abandoned portions of the AChR of the lower synaptic site (compare arrows and

asterisks in the panels).  The terminal Schwann cells at junction shown 10 days after

denervation have abandoned large areas of the junction (compare asterisks in the

panels).
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Figure 5.6. Number of junctions with areas unoccupied Schwann cell. Number of

junctions that showed lack of full Schwann cell coverage of their AChRs following

denervation expressed as a percentage of total junctions examined was plotted

against the duration of denervation in days. The frequency of receptor loss was

increased proportionally with longer denervation.
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Figure 5.7. Average area of receptors without Schwann cell coverage. Average

percentage area of receptors that had no Schwann cell coverage expressed as a

percentage of total junctional area was plotted against the duration of denervation in

days. Average area of receptor without Schwann cell coverage was increased

proportionally in longer denervation.
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Figure 5.8. Junctions with a portion of receptors having no coverage either by

Schwann cell or by axon terminal. Images were collected from junctions

denervated by median nerve crush 7-8 days before. In the junction in the top panel, a

small portion of the receptor site indicated by arrow was not occupied by either the

regenerated axon or Schwann cell process. In the lower panel, small areas, which

were separated from rest of the junction like islands, were not reinnervated by axon

and no Schwann cell present on them (arrowheads).
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Figure 5.9. Junctions with receptors reinnervated by axon terminal processes

grew between separated synaptic gutters in association with Schwann cell

processes.  Images were collected from junctions 7-8 days after denervation by

median nerve crush. A single synaptic gutter in the top panel was occupied not by

one but by two axon branches (arrows).  One branch enters at the end of the gutter

and the other enters near the middle of the gutter by jumping from an adjacent gutter,

apparently by following a Schwann cell process. In the lower panel, a branch of an

axon occupied three separated synaptic gutters (arrows). Schwann cell processes

were always co-localized with axon terminals that crossed between the synaptic

gutters.
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Figure 5.10. Junction with regenerated axon terminal that occupied the outline

of the synaptic site. Images were collected from junctions 7-8 days after denervation

by median nerve crush. Regenerated axon terminal occupied not the receptor site

near the entry point but outline of the junction. Schwann cell processes were

associated with this axon terminal.
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Figure 5.11. Junctions with receptors re-innervated by axon terminal that had

no associated Schwann cell processes. Images were collected from junctions 7-8

days after denervation by median nerve crush. Some parts of receptor sites in these

junctions were occupied by axon terminals where no Schwann cell process present.

Reinnervated axon terminals were otherwise always with Schwann cell processes.
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Table 5.1.  Loss of Schwann cell (SC) coverage of AChR sites in sternomastoid muscles following different periods of
denervation.

Duration of
denervation
(in days)@

No. of junctions  /
No. muscles examined

% of junctions with
loss of SC coverage

Degree of loss of SC
coverage, % of total AChR
area (mean ± SEM)

Range of loss of SC
coverage of synaptic site (%
of area)

4 125 / 6 72 % 12.7 % ± 0.8 3 - 32 %

6 112 / 4 85 % 17.7 % ± 1.0 3 - 37 %

9 101 / 2 99 % 24.4 % ± 1.1 5 - 50 %

10 93 / 2 100 % 27.8 % ± 2.3 12 - 70 %

@ = The durations were chosen to correspond to the earliest reinnervation detected following different methods of
denervation (see Chapter 2).
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CHAPTER 6

REINNERVATION, SYNAPSE REMODELING AND SCHWANN CELLS

Introduction

 Following simple nerve lesion such as nerve crush, axons regenerate to

denervated muscle reasonably quickly. In such cases, regenerating axons arrive at

most denervated junctions by growing down the old endoneurial tube, also known as

“old Schwann cell tube”, that previously wrapped the axon innervating each

junction. Histological studies of muscle reinnervation (Tello, 1907; Young, 1942)

and the results from repeated imaging in living animals (see chapter 4) provide

evidence that reinnervation occurs frequently along the pathway of old Schwann cell

tube. By following existing old Schwann cell tubes, regenerating axons are able to

reinnervate even the same former junctions they used to innervate (Nguyen et al,

2002). Old Schwann cell tubes can be identified by the cell bodies existing along

their length, by their connection to intramuscular nerves, and often from an image

collected prior to denervation. However, once regenerating axons arrive at
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denervated junctions, there are no tubes to provide guidance and yet axons still

manage to reoccupy the former synaptic sites (Rich and Lichtman, 1989). As an axon

returns to an old synaptic site, it would be expected to encounter terminal Schwann

cells and processes. However, there are no study of the role of terminal Schwann

cells and their processes in reinnervation of denervated neuromuscular junctions.

During the period of denervation, Schwann cells retract some of their

processes that previously covered underlying postsynaptic receptors and axon

terminals in innervated muscles (see chapter 5), Schwann cells also extend long

processes into interjunctional space that are known to guide axon sprouts back to

denervated junctions from innervated junctions following partial denervation (Son

and Thompson, 1995b). Furthermore, reactive terminal Schwann cells, depending on

the length of denervation time, occupy a variable portion of postsynaptic receptors

within denervated junctions (see chapter 5). The comparison between the degree of

postsynaptic receptor loss and the area of receptor sites having no Schwann cell

coverage suggests a possible correlation between these two (see chapter 5). It is also

possible, as suggested in the study noted in chapter 5, that regenerating axons

preferentially follow the network of Schwann cell processes formed during the

denervation period, rather than postsynaptic receptors.

I, therefore, conducted a series of experiments to examine the relationships

among terminal Schwann cells, regenerating axons and receptor remodeling using

double transgenic animals and time-lapse in vivo imaging.
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Materials and Methods

Transgenic animals

I used Nestin/Thy1 or S100(-YFP)/Thy1 double transgenic animals in the

time-lapse in vivo imaging experiments.

In vivo imaging

Time-lapse imaging was performed in living mice, as described in chapter 2.

Images for postsynaptic AChRs in red, axon terminals in blue and terminal Schwann

cells in green were collected from each junction before and during reinnervation by

regenerating axons following median nerve crush.

Immunohistochemistry

Immunohistochemistry for labeling synaptic vesicles at the junction was

performed with polyclonal anti-synaptophysin antibody (1:400; DAKO, Glostrup,

Denmark) in sternomastoid muscles. Muscles were excised at various times from 7

to 15 days after median nerve crush. I followed the standard procedure for

immunostaining as described in chapter 2 and chapter 3.
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Results

Regenerating axons extended beyond junctional area by following Schwann cell

processes formed during the period of denervation

Following denervation by median crush of sternomastoid muscle nerve,

regenerating axons return to the muscles in 6 days. Most of denervated junctions, in

this case, are reinnervated by axons returning via old Schwann cell tubes (Table II).

Regenerating axons often form escaped fibers that extend beyond the junctional area;

these escaped fibers are always associated with Schwann cell processes (Figure 6.1).

I examined the frequency of escaped fibers in reinnervated junctions by

observing 14 sternomastoid muscles during the period of reinnervation. The results

showed that 48 of 63 former synaptic sites formed escaped fibers and all of them

were associated with Schwann cell processes (Figure 6.1). These escaped fibers were

growing along Schwann cell processes extended from the junction prior to

reinnervation (Figure 6.2). These data, together with previous reports, argue strongly

that Schwann cells serve as the substrate for formation of escaped fibers during

reinnervation of neuromuscular junctions.  It, however, is probably the case that not

every Schwann cell process promotes the formation of an escaped fiber, because I

found, in my experiments, many junctions where there were more Schwann cell

processes extending from a junction than escaped fibers.
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Retrograde growth of regenerating axon following old Schwann cell tube.

During the in vivo study of reinnervation, I encountered the tip of a

regenerating axon growing in the retrograde direction following the old Schwann cell

tube (Figure 6.3). In this particular case, an axon following the old Schwann cell tube

reinnervated a junction. An escaped fiber then extended from this junction to

innervate an adjacent junction. Then the axon continued to grow in the retrograde

direction along the old Schwann cell tube of the second junction. As a result, these

two nearby junctions were reinnervated by a single axon. This type of growth of

axon made it appear that some junctions innervated by escaped fibers were

polyneuronally innervated, by an escaped fiber and an axon entering through the old

Schwann cell tube. When these junctions were reimaged 30 days later, the

innervation pattern was the same as the first view. Thus, this retrograde innervation

seemed to be stable. A total of 4 similar retrograde growths were observed during the

in vivo imaging in 20 sternomastoid muscles.  The phenomenon of retrograde axon

growth considerably complicates determination of how individual junctions have

become reinnervated and provides an additional example of how Schwann cell

guidance alters the pattern of innervation of muscles during reinnervation.

Regenerating axons deploy within the synaptic site by first following Schwann cell

processes 

As described above, regenerating axons generally return to old synaptic sites
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by following old Schwann cell tubes.  When an axon arrives in a denervated

junction, it confronts terminal Schwann cells and processes, that, depending on the

length of denervation time, usually occupy a variable portion of AChR sites at the

junction. To examine the behavior of regenerating axon in such cases, I denervated

sternomastoid muscles by median nerve crush and timed the collection of the first

images to occur just prior to and then during the arrival of regenerating axons back at

the old synaptic sites. In a few cases I attempted viewing synaptic sites at intervals

on the order of an hour or less, but I realized that the process of reinnervation

appeared to be slowed by such frequent repetitive viewing, as the initial rates of

growth were not maintained in subsequent images.  Nevertheless, the two sets of

experiments showed that the Schwann cell configuration observed prior to the return

of the axon predicted the branching and growth of the axonal terminals as they re-

entered the site (Figure 6.4).  In doing so the axon terminal branches ignored, at least

initially, the underlying pattern of AChRs as they followed the Schwann cell

processes within the former junction.  The axons even formed escaped fibers in

preference to growing along AChR gutters that lacked Schwann cell coverage

(arrowhead in Figure 6.4).

Loss of postsynaptic receptors as a consequence of a failure to reinnervate portions

of junctions lacking Schwann cell coverage.
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During denervation, terminal Schwann cells withdraw their processes from

synaptic sites they used to precisely occupy (see chapter 5). Some portions of

receptor sites where no Schwann cell or process was present seemed to have no or

delayed reinnervation by regenerating axon terminals in early stages of reinnervation

(see chapter 5). These results suggest a possible relationships between the receptor

sites not covered by terminal Schwann and no or delayed reinnervation.

I examined the possibility that loss of receptor areas would be predicted by

the failure of regenerating axons to reoccupy the portions of the synaptic site where

abandoned by Schwann cells during reinnervation. In 20 sternomastoid muscles, 34

junctions were observed in which I obtained images before reinnervation, images

within 1-2 days of the beginning of reinnervation, and then subsequent images after

reinnervation.  For 17 of these junctions, I observed at the initial image, some areas

of the AChR sites that were not occupied by Schwann cells or their process.  In 10

these junctions, no nerve or Schwann cell process was ever seen above these sites

either early or late in reinnervation. In these cases the bungarotoxin labeling of the

unoccupied site dimmed and ultimately disappeared (Figure 6.5). Areas within the

junctions that were separated from other parts of the receptor site were commonly

the sites of such receptor loss.  For example, in 8 of the 10 cases of loss of receptor

areas, the loss occurred at an isolated site that lacked Schwann cell coverage.  I also

sought additional examples of loss at unoccupied areas by examining synaptic sites

where I lacked an image prior to reinnervation but did have an initial image early in
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reinnervation (within a day of the arrival of the regenerating axon). The AChRs at

these areas dimmed in their bungarotoxin labeling and ultimately disappeared; these

areas could not be labeled by application of new bungarotoxin. However, I also saw

in 7 cases where an AChR gutter that was devoid of axon terminal and Schwann cell

subsequently became innervated and covered by Schwann cells (Figure 6.6).  In 2 of

these cases I saw that Schwann cells extend processes that appeared to reenter

previously abandoned gutters and these sites subsequently became reinnervated

(Arrowheads in Figure 6.6).

These data suggest that, as a consequence of Schwann cell guidance, the

terminal branching patterns, particularly in cases of synaptic sites where AChR

gutters were separated from each other by muscle membrane lacking clustered

receptors, became altered from the original patterns (Figure 6.5).

Other cases of AChR loss and remodeling of synaptic sites following nerve

regeneration

In addition to the cases of postsynaptic receptor loss during reinnervation

reported above that were apparently due to failure of reoccupation of sites by the

regenerating nerve where no Schwann cell or process present, I also found some

cases of receptor loss that clearly had other explanations.

Among 34 junctions imaged before and during the reinnervation as noted

above, 11 cases showed short axonal processes extending into gutters where I could
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not detect any presence of a Schwann cell or process. These extensions of short

axonal processes on receptors were similar to the previous observations in fixed

preparation (see chapter 5). In 7 cases, these processes were covered by Schwann

cells and showed no loss of receptors at a later time. In other cases, however, these

areas were later unoccupied by either nerve or Schwann cell and their AChR had

been disappeared over the course of the subsequent ca. 20 days (4 cases).

I also found 17 cases of postsynaptic receptor loss where a CFP labeled axon

was present above receptor site. Nine of these occurred near the site of entry of the

nerve.  It is possible that this occurred because the regenerated axon had ceased to

function as a synaptic terminal in this portion of the site or had never become a

functioning terminal during reinnervation. To explore the possibility that some

portion of the arborization of regenerated axons fails to form a functional site for

release of neurotransmitter and this failure is associated with loss of corresponding

portions of the synaptic site, I examined the nerve terminals in 6 sternomastoid

muscles during the early stages of reinnervation by labeling the synaptic vesicles in

their nerve terminals with antibody for synaptophysin. I observed 33 junctions of

which 19 showed either synaptic gutters with continuously labeled AChRs apposed

by an axon terminal having a discontinuous labeling of synaptic vesicles or an axon

at a site of entry into a synaptic site that had weak or no synaptophysin labeling

above the AChRs there (Figure 6.7). This staining pattern of synaptic vesicles in

reinnervated junctions was distinct from the pattern in junctions of control muscles
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where the labeling of synaptic vesicles was continuous along the underlying

postsynaptic receptors (Figure 6.8).

Addition of new AChR sites following nerve regeneration

As noted in chapter 4, new AChR site, at a lower frequency than loss of

receptor site, were added after nerve regeneration (Figure 4.4; Table 4.2). I also

observed addition of new receptor sites during repeated vital imaging of reinnervated

junctions following nerve crush.  At 34 junctions where I imaged before and long-

term (about 20-30 days) following nerve regeneration as noted above, I observed 5

cases of new receptor addition. These added AChR clusters were always associated

with Schwann cell processes and axon terminals.  Moreover, in 2 of these cases, I

found that AChR addition occurred along an escaped fiber after its formation by the

axon following already extended Schwann cell processes (Figure 6.9).  These results

suggest that AChR addition occurred following the formation of escaped fibers

guided by Schwann cell processes.

Discussion

In this study, I examined the role of Schwann cells in reinnervating

neuromuscular junctions by time-lapse in vivo imaging with transgenic mice.

Transgenic animals expressing GFP and CFP in Schwann cells and axons allowed

me to investigate the interrelationships among regenerating axon terminals, terminal
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Schwann cells and postsynaptic receptors by observing the same junctions before,

during and after reinnervation of denervated junctions.

Rich and Lichtman (1989) reported synapse elimination at reinnervated

neuromuscular junctions and demonstrated the competition between axons

innervating the same junction causes postsynaptic receptor loss. This, so called

polyneuronal innervation, results from the reinnervation of a junction by a escaped

fiber arising from a nearby innervated junction that followed Schwann cell processes

linking the two junctions (Son and Thompson 1995a) as well as by an axon entering

the junction via old Schwann cell tube. As a result, one junction is reinnervated by

two axons, one an escaped fiber (also called terminal sprout) and the other an axon

coming through old Schwann cell tube. These polyneuronally innervated junctions

during reinnervation are eventually innervated by a single axon as a result of

competition between two axons and the territories occupied by loosing axon are

eliminated. I, however, observed cases where a single axon innervated two adjacent

junctions and the axon continued to grow retrogradely following old Schwann cell

tube. In some cases these retrograde axons innervate a third junction by   following

old Schwann cell tubes (Tian, 2003). These observations suggest some junctions that

appear to be reinnervated polyneuronally in anatomical analysis were actually

innervated by a single axon.

My data presented in this study suggest that there are at least 2 more

mechanisms, in addition to synaptic competition and the elimination of polyneuronal
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innervation, that account for the loss of AChRs during reinnervation. One

mechanism appears to be abandonment of synaptic sites by Schwann cells and their

processes. Some portions of synaptic sites at individual junctions become

unoccupied by Schwann cells and processes after denervation (see chapter 5). While

reinnervation is occurring, these sites are not reoccupied by regenerating axon

terminals that normally follow Schwann cell processes. This type of receptor loss

occurs at high frequency where receptor sites are separated from other parts of the

junction.

Another possible mechanism causing loss of AChR area is a failure of

regenerating axon to form a functional synaptic site. Immunohistochemical study

using an antibody to synaptophysin that labels synaptic vesicles demonstrated that

regenerating axons form punctuated synaptic sites (Figure 6.7) not like normal

junctions where synaptic vesicles are uniformly distributed along axon terminals

(Figure 6.8). This study suggests that receptor sites that fail to be activated by

transmitter release are eliminated; consequently some parts of synaptic gutters were

punctate even though axon were located above them (Figure 4.6, 6.5). What can

cause this phenomenon? One possible candidate would be terminal Schwann cells. It

is known that Schwann cell processes in frog neuromuscular junction interdigitate

the contact between the axon terminal and the postsynaptic receptors ( REF). This

suggests that Schwann cell processes might interrupt the physical contact between

axon terminals and postsynaptic receptors in reinnervated junctions and prevent the
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formation of functioning synaptic sites. This type of synaptic elimination, however,

needs further investigation.

In the immunolabeling study, the synaptophysin antibody also showed that

escaped fibers contain synaptic vesicles (Figure 6.7). This result suggests that newly

added AChR patches associated with escaped fibers might be related to synaptic

vesicles in escaped fibers. To prove the relations between synaptic vesicles in

escaped fibers and the new synapse addition, further investigation is required.
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Figure 6.1. Junction with escaped fiber. A junction was imaged 8 days after

denervation. A regenerating axon formed escaped fiber which is associated with

Schwann cell processes.
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Figure 6.2. Regenerating axon and escaped fibers following Schwann cell

processes. A synaptic site in a sternomastoid muscle was denervated by nerve crush.

The first set of images was acquired vitally on day 6, before the return of the

regenerating axon. The second set of images was acquired vitally on day 8, soon

after the return of a regenerating axon over the old Schwann cell tube from the right

(asterisks).  The terminal processes include an escaped fiber (arrows) that appears to

follow the Schwann cell processes present prior to reinnervation. A small portion of

receptor site was occupied by axon terminal where no Schwann cell was present

(arrowhead).
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Figure 6.3. Retrograde growth of regenerating axon following old Schwann cell

tube. Acetylcholine receptors (AChR), axons and Schwann cells (SCs) were viewed

in a sternomastoid muscle 10 days after double crush. A regenerating axon

reinnervated one junction on the right side. An escaped fiber from this junction

reinnervated an adjacent junction at the bottom of the panel and continued to grow

retrogradely following old Schwann cell tube connected to second junction. The

color insert is an enlarged view of the white box in the middle panel. Old Schwann

cell tubes are shown in red and axons are shown in green. The tip of the growing

axon is indicated by arrows. This innervating pattern was consistent in the second

view 30 days after first view.
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Figure 6.4. An axon reinnervating a synaptic site follows Schwann cell

processes. A junction in a sternomastoid muscle was vitally imaged twice 2.5 hours

apart during the early stages of reinnervation 6 days following nerve crush.  In the

first images Schwann cells (shown as green in the merged image) incompletely cover

the AChR (labeled with rhodamine-bungarotoxin (Btx) and shown as red in the

merged image).  A regenerating axon (shown as blue in the merged image) is just

entering the top of the synaptic site over the old Schwann cell tube at the time of the

first image (arrow).  By the time of the second image, the axon has followed the

course of the Schwann cells, growing into the junction and even forming an escaped

fiber (arrowhead) that exits the site at the bottom.  The axon, at least initially follows

Schwann cell processes rather than the underlying AChRs.
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Figure 6.5. Postsynaptic receptor loss in reinnervation. A synaptic site in a

sternomastoid muscle was imaged 4 times during the course of reinnervation

following nerve crush.  On day 7, an AChR area (arrows) separated from other

AChR areas in the same site was apparently unoccupied by either Schwann cells or
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axon. This site was never occupied by either nerve terminal or Schwann cell in

subsequent views and became faintly labeled or lost by day 15. On the other hand,

some receptor areas seemed occupied by returned axon terminals associated with

Schwann cell processes in the first and the subsequent view but became punctuated

in the last view at day 33 (arrowheads).
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Figure 6.6. Schwann cells extend processes during reinnervation. A junction was

imaged in a sternomastoid muscle denervated by nerve crush.  Images were acquired

vitally on day 6, before reinnervation. The second set of images was acquired vitally

on day 8, soon after the return of a regenerating axon over the old Schwann cell tube

from the bottom.  The terminal processes appear to follow the Schwann cell

processes present prior to reinnervation, but in addition, there apparently is some

stimulation of Schwann cell growth within the synaptic site so that new processes are

present over AChR that were not present 2 days earlier (arrowheads).
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Figure 6.7. Punctate synaptic vesicle staining at reinnervated junction. Images

were collected from a neuromuscular junction immunostained with antibody for

synaptophysin to label synaptic vesicles. Synaptic vesicles (SV) indicative of

functioning sites were clustered and punctate (arrowheads) along the axon terminals

on the top of continuous postsynaptic receptors (AChR). Axon terminal is in green,

AChR in blue and SV in red at merged image. The tips of escaped fibers were also

labeled by synaptophysin antibody (arrows). Receptor areas near the axon entry sites

of this junction had no synaptic vesicle staining (asterisks).
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Figure 6.8. Continuous synaptic vesicle staining in normal junction. Images were

collected from a normal neuromuscular junction immunostained with antibody for

synaptophysin to label synaptic vesicles. The pattern of synaptic vesicle (SV)

staining was continuous along with axon terminal and underlying postsynaptic

receptors in this control muscle. Axon terminal is in green, AChR in blue and SV in

red in the merged image.
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Figure 6.9. Postsynaptic receptor addition during reinnervation by an escaped

fiber following Schwann cell processes. A synaptic site in a sternomastoid muscle

was imaged 5 times during the course of reinnervation following nerve crush.  The

images were collected on days 7, 13, and 40 are shown here.  On day 7 an axon had

regenerated to the synaptic site, entering over the old Schwann cell tube to the right

of the site (the tube is mostly out of focus in these images) and had occupied most of

the synaptic site.  An escaped fiber (arrow) had grown along Schwann cell processes

that were considerably longer.  At day 13, this escaped fiber had grown longer still.
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In the final view at day 40, a new AChR cluster (arrowhead), apparently on the same

muscle fiber as the synaptic site, appeared along the course of this escaped fiber.  A

small portion of the junction indicated with the asterisk was not covered by Schwann

cell process or by axon at day 7 and this AChR site became very faint (double

asterisks).
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CHAPTER 7

CONCLUSIONS

The purpose of my study presented in this dissertation was to examine the

roles of terminal Schwann cells at the neuromuscular junction during the

reinnervation process. I pursued my interests by observing the same junctions before

and during reinnervation using time-lapse in vivo imaging. This technique has been

previously used to image the neuromuscular junctions in living mice using

fluorescent labels for motor axons and for the acetylcholine receptors in the muscle

fibers (Lichtman et al., 1987; Rich and Lichtman, 1989).

Transgenic animals

For the investigation of Schwann cells at the neuromuscular junction using

time-lapse imaging in living animals, vital labeling of Schwann cells was critical.

We generated transgenic mice expressing green fluorescent protein (GFP) in

Schwann cells. Expression of GFP transgene in these animals was induced by
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coupling the coding sequences of GFP gene with the promoter region of S100β gene

(Castets et al., 1997). S100β, a small protein with calcium binding affinity, has been

widely used as a marker for Schwann cells (Astrow et al., 1994). A GFP transgene

was expressed in these animals as the endogenous S100 protein i.e. in myelinating,

non-myelinating, and terminal Schwann cells. This expression occurred without any

perturbation of other functions of Schwann cells or host animal. Our transgenic mice

were crossed with mice expressing cyan green fluorescent protein (CFP) in their

motor neurons (Feng et al., 2000). By staining the postsynaptic acetylcholine

receptors (AChRs) with a non-blocking concentration of rhodamine-conjugated

bungarotoxin, a snake venom component with high affinity binding property to

AChRs, and by observing the muscle with appropriate fluorescence filter sets, I was

able to visualize all the components of the junction in living animals: the Schwann

cells and their processes are green, the axon and their terminals blue, and the

postsynaptic AChRs red. I also used another transgenic mouse expressing GFP in

reactive Schwann cells and processes upon muscle denervation. The GFP in this case

was under the control of promoter elements of nestin gene (Mignone et al., 2004).

Neither expression of transgene nor vital imaging itself in control study altered the

normal features of neuromuscular junctions in these transgenic animals.
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Changes in the neuromuscular junction upon reinnervation are correlated with

the period of denervation

Time-lapse in vivo imaging of the same neuromuscular junctions using

transgenic animals in this study showed that axon terminals and terminal Schwann

cells (both the cell bodies and their processes) as well as the postsynaptic receptors

are remarkably stable in normal adult mice. This confirms previous observations of

normal neuromuscular junctions (Rich and Lichtman, 1989) and extends these

observations to include the Schwann cell coverings of the synapse. These features of

neuromuscular junctions were dramatically changed upon denervation and after

reinnervation. Postsynaptic receptors frequently underwent frequent loss or

occasional gain or both after reinnervation. Axon terminals after reinnervation

changed in their branching patterns. Reinnervated junctions were sometimes

innervated via new directions or formed long lasting escaped fibers. The number or

position of terminal Schwann cells and their process patterns were also altered

following reinnervation. All my data collected by repeated in vivo imaging using

transgenic animals was similar to the previous report  of Rich and Lichtman (1989)

but expanded to the terminal Schwann cell of the synapse.

While denervated, postsynaptic receptors persist for a long time without

changing their distribution patterns (Rich and Lichtman, 1989; Balice-Gordon and

Lichtman, 1994). Terminal Schwann cells, however, undergo extensive changes in

their processing pattern upon denervation; extending processes into interjunctional
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space (Reynolds and Woolf, 1992; Son and Thompson, 1995b) as well as retracting

processes from synaptic sites used to be occupied by them. As a consequence of

Schwann cell process retraction, some portions of receptor sites are unoccupied by

Schwann cell after denervation. This abandonment has also been noted in electron

microscopic studies of denervated, mammalian junctions (Miledi and Slater, 1968).

All these changes in postsynaptic AChRs, axon terminals and terminal Schwann

cells after denervation and reinnervation were correlated with the duration of

denervation. The longer the junctions were denervated, the more changed the

junction.

Schwann cells guide the regenerating axons

Motor neurons are capable of regenerating their axons after nerve lesion.

Following denervation, regenerating axons grow back to old synaptic sites through

the old endoneurial tube or “old Schwann cell tube” that wrapped the axon that

previously innervated each site (Tello, 1907; Young 1942; Nguyen et al., 2002).

Results from my study showed that denervated synaptic sites were most commonly

reinnervated by axons growing along the old Schwann cell tubes, as reported

previously (Ramon y Cajal, 1959; Rich and Lichtman, 1989). According to my in

vivo study, an axon arriving at a denervated junction, however, did not just grow

along the old synaptic site, but rather commonly grew, at least in the early stages of
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reinnervation, along the Schwann cell processes formed during the period of

denervation.

In many cases, regenerating axon terminals grew beyond the junctions by

following one or more processes that the terminal Schwann cells extended into

interjunctional space while denervated. The bulb-like growing tip of these axonal

extensions, however, never grew beyond the end of the Schwann cell processes.

These results offer an explanation for the formation of axonal extensions beyond the

junctions, also called “escaped fibers”, observed in numerous earlier studies (cf,

Gutmann and Young, 1944). My observations demonstrated that escaped fibers are

the result of regenerating axons growing along the pathways laid down by Schwann

cells during the period of denervation. Vital observations of Schwann cells of the

frog neuromuscular junctions have shown similar phenomena during reinnervation

(Koirala et al., 2000) and suggested a role for Schwann cell extensions in the

remodeling of normal frog junctions (Macleod et al., 2001).

In some cases in my study, new receptor sites were added within or near the

junction where escaped fibers extended by following Schwann cell processes. Unless

the growing tip of escaped fiber was led to another synaptic site by the Schwann cell

process or formed new synaptic sites around the junction, the axonal extensions were

gradually withdrawn, with the withdrawal of the axon preceding the withdrawal of

the Schwann cell (Tian, 2003). All these data suggest that processes extended by
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terminal Schwann cells following denervation guide the growth of regenerating

axons in the process of reinnervation.

Schwann cell processes guide the reinnervation of old synaptic sites

Following nerve injury, terminal Schwann cells eliminate the debris of axon

terminals and occupy the space previously occupied by the axons at individual

synaptic sites. The precise occupation of the Schwann cell over the receptor sites

then begins to be altered. In prolonged denervation, an increasing portion of the

synaptic site is abandoned by the Schwann cells, possibly because these cells are

extending processes into interjunctional space. I wondered whether the occupancy of

the old synaptic site by Schwann cells and their processes would influence its

reinnervation by a regenerating axon. In the examination of this possibility using in

vivo imaging, I found that these regenerating axons followed Schwann cell processes

even within the confines of the synaptic site, bypassing, at least initially, portions of

the receptor site where no Schwann cell or process were present. In many cases,

these portions of the junction were reoccupied neither by the axon terminal nor by

the Schwann cell. These portions of the receptor site, then, became gradually fainter

in their labeling with fluorophore-conjugated bungarotoxin and ultimately

disappeared over the course of ca. 21 days. This lack of Schwann cell guidance

explained a large portion of receptor loss in my study.
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The degree of receptor loss after reinnervation was correlated with the

duration of denervation. Receptor loss occurred only at a small fraction of the

receptor area following simple crush lesions of the nerve in which the axons

regenerated within ca. 4 days. However, more substantial receptor loss appeared

following delayed reinnervation, either by crush of the nerve performed further from

the muscle or by crushing the nerve twice, the second time just before axons would

be arriving back in the muscle. Denervations in which the lag in reinnervation was

longer still, as after section of the nerve, produced yet more profound changes in the

distribution of receptors in the junction. The greater loss of receptor areas was

correlated with more extensive loss of Schwann cell occupancy with longer

denervation time. These results were in agreement with another study (Rich and

Lichtman, 1989) that showed similar loss of receptor sites depending upon the timing

of reinnervation.

What is the underlying mechanism explaining loss of synaptic receptors after

reinnervation? Balice-Gordon and Lichtman (1994) have provided an explanation of

how such receptor loss could occur. They showed that silencing transmission in a

portion of the receptor area of a neuromuscular junction by focal application of the

acetylcholine receptor antagonist, bungarotoxin, resulted in a loss of this receptor

area. The rest of the junction where no synaptic transmission was blocked, remained

capable of transmitting the nerve impulse across the synapse. Apparently, inactive

receptor areas were gradually displaced from the muscle fiber membrane probably a
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result of the competition with active receptor areas. The situation was very similar

between this study and my reinnervation experiments; reinnervated receptor areas

are active and denervated areas are inactive. I thus believe that the portion of

synaptic site where no Schwann cell or axon terminal was present is subject to this

kind of elimination during reinnervation and its aftermath.

Postulated model of reinnervation and remodeling after reinnervation

From all my observations in this study and other previous reports, I postulate

the following model to describe the process of reinnervation by regenerating axons

and the roles of terminal Schwann cells. Terminal Schwann cells, in response to

denervation, extend numerous, long processes into interjunctional space. These

processes serve as pathways for extending escaped fibers or growing terminal sprout

during reinnervation. In the meanwhile, terminal Schwann cells withdraw processes

from the underlying synaptic sites where they used to occupy. As a consequence,

some portion of the synaptic site within a denervated junction is no longer covered

by the Schwann cell process. By the time a regenerating axon arrives at a denervated

junction through old Schwann cell tube, it continues to grow following the new

Schwann cell processes. The returning axon, at least initially, grows by following

Schwann cell processes in preference to postsynaptic receptors. As a result, receptor

areas unoccupied by Schwann cell are ignored by regenerated axon terminal and
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these receptor sites, particularly those separated from other parts of synaptic site, are

eventually eliminated.

Regenerating axons, however, have an ability to extend to the postsynaptic

receptor sites where no Schwann cell process are present. When Schwann cell

processes follow and associate with these “naked” axon terminals, underlying

receptor sites become stably innervated. If the naked axon terminals are not able to

associate with Schwann cell processes, they are retracted and underlying receptors

are eliminated. In this way, denervated junctions could be reinnervated and be

functional in a short period of time and maintain most of their receptor sites.

Some remaining issues

Taken together my observations suggest that Schwann cells play an important

role in the reinnervation of muscle fibers. Schwann cells appeared to be capable of

forming pathways that will insure that denervated muscle fibers receive

reinnervation as rapidly as possible, with as many synaptic sites as possible being

reinnervated.  In so doing, Schwann cells cause axons to take unique pathways,

including growth between junctions and growth in the retrograde direction along

Schwann cell tubes. However, while our experiments suggest that Schwann cells are

sufficient for the axonal growth patterns seen during reinnervation, nothing so far

indicates that Schwann cells are absolutely required for this type of growth. Survival

of Schwann cells in early development is highly dependent on axonal supply of
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trophic factors such as glial growth factors (Trachtenberg and Thompson, 1996).

Previous study of neonatal denervation, based on trophic factor dependency of

Schwann cells in postnatal development, suggests that Schwann cells might be

necessary for axon growth (Lubischer and Thompson, 1999). Upon partial

denervations, the neonatal Schwann cells at the denervated junctions die by

apoptosis and both Schwann cell connections and terminal sprouts that innervate

adjacent junction are rare, unlike partial denervation in adult, in which Schwann cells

survive and form processes. This study, however, was based on unique trophic

dependencies of developing Schwann cells, so they did not provide solid evidence on

the situation in the adult animal. Experiments, such as direct ablation of Schwann

cells in the junction, would provide more reliable insight of the Schwann cell

requirement in axon regeneration.

Some data in my study suggest another possible mechanism for explaining

the loss of postsynaptic receptors. In some cases, receptor elimination occurred

where regenerated axon terminals appeared be present. The evidence from synaptic

vesicle staining suggests a possible explanation for this type of synaptic receptor

loss. If portions of axon terminal cannot make functioning synaptic sites,

corresponding receptor regions would be eliminated. Schwann cells might be

involved in this process by interrupting contact between axon terminal and

postsynaptic receptors, in a similar way that Schwann cell fingers in frog muscles
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(Couteaux and Spacek, 1988). This possibility will require electron microscopy to

evaluate.

Concluding remarks

The goal of this study was to determine the roles of terminal Schwann cells at

the neuromuscular junctions during the reinnervation process. Results in this

dissertation provided solid evidence at several unknown features of the Schwann

cells. First, Schwann cell processes extended upon denervation guide regenerating

axons and escaped fibers to denervated junctions. Second, a single axon can

innervate multiple junctions by growing, sometimes in a retrograde direction,

through Schwann cell processes and tubes. Third, regenerating axons preferentially

grow along Schwann cell processes in early stages of reinnervation but also able to

grow on the postsynaptic receptors without Schwann cell guidance. Lastly, Schwann

cells are responsible for a large portion of synaptic remodeling in the neuromuscular

junction following denervation and reinnervation. Taken all together, the results in

my study suggest that Schwann cells play critical roles in reformation and

maintenance of the neuromuscular junction. Moreover, the roles of Schwann cell

discovered in this study might infer possible roles for other glial cells in CNS. Like

Schwann cells participate in synapse remodeling, glial cells in CNS might play

important roles in CNS functions, such as synaptic plasticity or long term

potentiation.
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It is my belief that further investigation of the roles of Schwann cells will

provide a more complete understanding of the neuromuscular junction and possibly

contribute in developing therapeutic treatment to cure the neuromuscular

regeneration and defects related diseases.
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