
ABSTRACT 

 

OKUWA, SUMIE.  Claudin-19 Expression at the Neuromuscular Junction.  (Under the 
direction of Dr. Jane L. Lubischer.) 

 

Terminal Schwann cells (TSCs) sit close together to form a cap over each 

neuromuscular junction.  It is not known how TSCs interact with each other, but their 

close physical relationship suggests that they might form cell-cell adhesions.  Adherens 

junctions and tight junctions are well-studied formations of cell-cell adhesions and are 

typically expressed near each other in the same cells.  Previous research has shown that 

M-cadherin, one of the adherens junction proteins, colocalizes with a TSC marker, 

suggesting the presence of  adherens junctions and tight junctions in TSCs.  Additionally, 

claudin-19, one of the tight junction proteins, is known to be expressed by myelinating 

Schwann cells, but it is unknown whether claudin-19 is also expressed by TSCs.  I 

therefore hypothesize that claudin-19 is expressed by TSCs and is involved in TSC-TSC 

interactions.  To begin to address this hypothesis, immunolabeling against claudin-19, 

Schwann cells, and acetylcholine receptors was performed on both cryostat sections and 

whole-mount of mouse muscles.  Claudin-19 expression was found at neuromuscular 

junctions and was localized to the axon-terminal transition, where myelin ends and TSCs 

begin.  After denervation of the muscle and degeneration of all axons, claudin-19 

expression was still present at some neuromuscular junctions.  These results show for the 

first time the expression of claudin-19 in Schwann cells at the rodent neuromuscular 

junction.  
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INTRODUCTION 

 

The neuromuscular junction. 

One of the most challenging questions in neurobiology is how synaptic 

connections form, function, and are maintained at the appropriate targets.  Because of 

their relative simplicity and accessibility, neuromuscular junctions have served as a 

general model of the synapse, and have provided extensive information about synaptic 

function, regeneration and development in both the central nervous system (CNS) and 

peripheral nervous system (PNS).  Furthermore, the study of neuromuscular junctions 

has deepened our understanding of disorders such as myasthenia gravis, amyotrophic 

lateral sclerosis, various neuropathies, and other types of dystrophy since these diseases 

affect neuromuscular junctions to a great extent.  Further research on neuromuscular 

junctions should therefore lead to a greater understanding of synapses throughout the 

nervous system and provide additional insight into many diseases and injuries related to 

neuromuscular junctions. 

Neuromuscular junctions are composed of three cellular elements � nerve 

terminal, muscle fiber, and terminal Schwann cells (TSCs) (Figure 1).  The nerve 

terminal contains synaptic vesicles filled with the neurotransmitter acetylecholine.  

Directly under the nerve terminal, acetylcholine receptors (AChRs) are concentrated on 

the postsynaptic membrane of the muscle fiber.  In response to an action potential, 

synaptic vesicles fuse with the membrane of the nerve terminal and release 
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acetylcholine into the synaptic cleft.  Acetylcholine binds to the AChRs and causes 

muscle contraction.  

 

 
 

Figure 1:  Three elements of neuromuscular junctions � Terminal Schwann cells 

(TSCs) completely cover the nerve terminal (Photo by J Trachtenberg, J Lubischer, 

and W Thompson).  A single neuromuscular junction visualized with three different 

fluorescent labels.  A: TSCs labeled with antibodies to S100.  B: Axon and nerve  
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terminal labeled with antibodies to neurofilament and synaptophysin.  C: Acetylcholine 

receptors (AChR) labeled with alpha-bungarotoxin.  D: Merged image of Schwann cells 

(red), axon and nerve terminals (green), and AChRs (blue). 

 

Terminal Schwann cells. 

The Schwann cells (SCs) wrapping around axons are divided into two 

categories: myelinating and non-myelinating.  Each myelinating SC wraps around a 

single large diameter axon, providing saltatory conduction and speeding up action 

potential propagation.  Each non-myelinating SC wraps around several axons (ranging 

from one to more than 10) and surrounds individual axons with its basal lamina (Carlsen 

and Behse, 1980).  These unmyelinated fibers include small-diameter axons such as C 

fiber nociceptors, postganglionic sympathetic fibers, and some of the preganglionic 

sympathetic and parasympathetic fibers.  TSCs sit on the top of nerve terminals and 

cover the entire neuromuscular junction in PNS (Figure 1).  They are different from SCs 

wrapping around axons.   

TSCs play important roles in synaptic development, maintenance of synaptic 

function and structure, and nerve regeneration (Koirala et al., 2003; Love and 

Thompson, 1998; Son and Thompson, 1995).  However, only in the last few decades 

has the importance of TSCs been recognized and has research into TSCs added to our 

knowledge of synaptic regeneration and development.   
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Specific functions of cells are often related to the architecture of the cells.  For 

instance, tight junction proteins encircle the apical end of the lateral cell domain 

connecting adjacent epithelial cells.  The composition of the tight junction proteins 

determines which molecules or ions can pass through the layer of epithelial cells, which 

determines the characteristics of the epithelial cells.  Therefore it is essential to 

understand the associated molecules to learn functions of the cells, which means that it 

is essential to study the composition of TSCs at neuromuscular junctions along with 

their associated molecules in order to gain insight into TSC functions.   

Generally, TSCs are arranged close together over each neuromuscular junction 

(Ogata and Yamasaki, 1985).  The processes of TSCs completely cover the endplate and 

form a cap over the neuron terminal branches in such a way that the TSCs sit closely 

together and appear to have no space between their processes (Figure 1).  

An electron microscopy study on rats shows that the number of TSCs on each 

endplate is usually three in white muscle fiber, two in intermediate muscle fiber and one 

in red fiber (Ogata and Yamasaki, 1985). However, one study on rat muscles has shown 

that two to three TSCs cover each endplate (Love and Thompson, 1998) and another 

study on rat muscles has observed that about four to five TSCs sit on each endplate 

(Lubischer and Bebinger, 1999).  Considering the variation in TSC numbers observed in 

those studies, it seems that TSC numbers likely depend on fiber type, specific muscle, 

and possibly even species. 
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A few days after denervation, TSCs begin to extend processes and form bridges 

between endplates over weeks. It has been previously reported that these processes 

grow longer randomly (Son and Thompson, 1995; Reynolds and Woolf, 1992).  

However, more recent evidence has shown that the TSC processes preferentially form 

bridges between innervated and denervated sites and only 5% of bridges linked 

dennervated sites (Love and Thompson, 1999).  Thus, the physical relationship between 

TSCs changes after denervation.  In innervated muscle, TSCs are positioned so close 

together that fluorescence microscopy does not reveal where the processes of one TSC 

end and the processes of the next TSC begin.  It is possible that processes of TSCs are 

connected to each other and some type of cell-cell adhesion junction might be involved 

in this connection.  Some evidence shows that when cadherin (one of the adhesion 

molecules) is down-regulated by ß1 integrins, it contributes to disruption of cell-cell 

adhesion in two different ß1-null cell lines, epithelial GE11 and fibroblast-like GD25 

cells.  This loss of cell-cell adhesion is correlated with induction of cell scattering 

(Gimond et al., 1999).  It is possible that extension of TSC processes also involves 

changes in expression of adhesion junction.  However, it is not known how TSCs 

interact with each other. 

 

Intercellular junctions. 

In animals, cells can be bound together by four types of intercellular junctions: 

desmosomes, gap junctions, adherens junctions and tight junctions.  These junctions, 
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especially in epithelial and endothelial tissue, are vital for cell development, 

establishment and maintenance of tissue structure, and cell-cell communication 

(Palovuori, 2003).  

Desmosomes make a tight connection between all the epithelial cells and 

between cardiac myocytes. Desmosomes are composed of cytoplasmic plaque proteins 

and transmembrane adhesive glycoproteins which link to intermediate filaments and 

cytokeratins inside the cells (Palovuori, 2003).  Gap junctions form intercellular 

channels spanning the plasma membrane of the adjacent cells.  These channels consist 

of proteins called connexons (Palovuori, 2003).  Ions and small molecules can diffuse 

passively between neighboring cells through the channels.  Adherens junctions can 

occur in nonepithelial cells, but usually occur in epithelial cells.  In typical epithelial 

cells, cadherins (adherens junction proteins) form a continuous belt encircling the cells 

to hold adjacent cells together.  This belt of cadherins is generally present just below 

tight junctions.  Actin filaments are also associated with adherens junctions.  In addition 

to cell-cell adhesion, the functions of adherens junctions also involve regulation of cell 

signaling during differentiation, proliferation and migration (Palovuori, 2003).   

In tight junctions, tight junction proteins fuse neighboring cells together laterally 

and regulate the paracellular diffusion of ions and small molecules.  Tight junctions also 

maintain the polarity of the cells and separate the apical and basolateral plasma 

membrane domains by preventing intermixing of proteins and lipids between these two  
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domains (Dragsten et al., 1981).  In addition to the barrier and fence functions, recent 

studies suggest that tight junctions play important roles in migration, segregation, 

reassociation, and differentiation of cells (Palovuori, 2003).  It has been reported that 

down-regulation of adhesion molecule expression such as adherens junction proteins 

and tight junction proteins promotes migration and invasive activity in tumor cells, 

which leads to invasion and metastasis (Usami et al., 2008).  It is likely that tight 

junctions regulate cell motility by changing the expression of their adhesion proteins 

such as claudins (Usami et al., 2008).    

M-cadherin, an adherens junction protein, was first identified in skeletal muscle 

cell lines and is known to be expressed in developing skeletal muscle, satellite cells, and 

cerebellum (Hollnagel et al., 2002).  M-cadherins co-localize with a marker for TSCs in 

mice (Cifuentes-Diaz et al., 1996).  Because adherens junctions are usually located just 

below tight junctions (Niessen, 2005), these studies suggest that TSCs might also 

express tight junction proteins, forming a tight connection between TSCs.  TSC 

migration after denervation could involve a change in expression of tight junction 

proteins which might contribute to loss of tight connections between TSCs.  

Tight junction proteins are divided into two categories: integral membrane 

proteins and peripheral membrane proteins (Tsukita et al., 1999).  Claudins are one of 

the main integral membrane proteins, and 24 members of the claudin family have been 

identified (claudin-1 to claudin-24) (Tsukita and Furuse, 2000).  The expression pattern  
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of claudins varies among tissues and generates a variety of tight junction characteristics 

(Tsukita and Furuse, 2000).  Claudin-19 is known to be expressed in myelinating SCs as 

well as in the kidney and retina (Lee et al., 2006; Konrad et al., 2006; Miyamoto et al., 

2005). 

The expression of claudin-19 in myelinating SCs is consistent with the presence 

of tight junctions between these SCs.  In the PNS, some SCs form myelin by wrapping 

around the axon with an extension of their plasma membrane.  One myelinating SC 

wraps around a single axon and forms one segment of the myelin sheath (Figure 2).  

Within this sheath, the paranode is the region of myelinating SCs that is located on 

either side of the node of Ranvier.  Schmidt-Lanterman incisures of myelinating SCs are 

a distinct structure made up of spirals of cytoplasm trapped between lamellae of the 

myelin sheath.  Where the two layers of Schwann cell membrane meet is called the 

mesaxon. The inner mesaxon is where the cell membrane of SCs start wrapping around 

an axon, and the outer mesaxon is where the wrapping of cell membrane of SCs ends 

(Figure 3).  Although it is not clear whether or not claudin-19 expression at the 

paranode is expressed by the axon or the myelinating SC, claudin-19 is extensively 

expressed at the inner and outer mesaxons and Schmidt-Lanterman incisures of 

myelinating SCs (Miyamoto et al., 2005).  However, it is unknown whether or not 

claudin-19 is expressed by TSCs. 

The fact that M-cadherin (an adherens junction protein) is co-localized with  
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TSCs suggests the hypothesis that tight junction proteins are co-localized with TSCs 

since adherens juctions are generally expressed just below tight junctions.  In addition, 

claudin-19 is expressed at some regions on myelinating SCs.  Therefore, I hypothesize 

that claudin-19 is expressed by TSCs and is involved in TSC-TSC interaction (Figure 4). 

 

 

Figure 2:  Myelinating Schwann cells (SCs) and TSCs in the peripheral nervous 

system.  Myelinating SCs wrap around axons and TSCs cover nerve terminals at the 

neuromuscular junction.  The axon and its terminal branches are in red, SCs are in blue, 

and each black dot represents the nucleus of a SC. 
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 Figure 3:  Structure of a myelinating SC (taken from Miyamoto et al., 2005).  Left 

panel: An unrolled myelinating SC showing the outer mesaxon (OMA), the inner 

mesaxon (IMA), the Schmidt-Lanterman incisures (SL), and the paranode (PN).  Right 

panel: a myelinating SC wrapping around the axon.  Claudin-19 is expressed at the 

outer/inner mesaxon (line 1 and 2 respectively) and the Schmidt-Lanterman incisures. 
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Figure 4:  Proposed model of tight junction expressed by TSCs.  Tight junction 

strands are proposed to connect the processes of different TSCs, resulting in the nerve 

terminals being completely covered by TSCs. 

 

Summary of results. 

I first confirmed that claudin-19 is expressed at the outer and inner mesaxons, 

the Schmidt-Lanterman incisures and the paranode regions on myelinating SCs in adult 

mice as Miyamoto et al. (2005) previously described using the same species.  I found 

that claudin-19 expression coincides with AChR expression on muscle fiber sections 

and determined that claudin-19 is expressed at the neuromuscular junction.  I also found 
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that claudin-19 is specifically expressed at the axon-terminal transitions where the axon 

enters the neuromuscular junctions.  Although I could not rule out the possibility that 

claudin-19 expression at axon-terminal transitions is expressed by axons, I determined 

that claudin-19 expression at axon-terminal transitions is present in SCs.  However, 

questions still remain as to whether or not claudin-19 expression at the axon-terminal 

transition is present in myelinating SCs or TSCs, and these results do not provide 

support for the involvement of tight junctions in TSC-TSC interactions. 

 

MATERIALS AND METHODS 
 

All adult mice (at least two months old) were bred and raised in the Biological 

Resources Facility at North Carolina State University.  Isoflurane was used to 

anesthetize the mice.  The sciatic nerve was dissected and teased apart and whole-mount 

immunohistochemistry was performed.  Soleus muscles were removed, and either 

processed for snap-frozen and cryostat sectioning followed by immunohistochemistry, 

or processed for whole-mount immunohistochemistry.  Each of these is described 

separately below. 

 

Whole-mount immunohistochemistry of sciatic nerve.   

Animals were overdosed using isoflurane, and the sciatic nerve was dissected 

immediately and fixed with 4% paraformaldehyde for 10 minutes followed by three  
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10-minute phosphate buffered saline (PBS) rinses.  The nerve was then desheathed in 

PBS and teased apart gently into single fibers on a glass microscope slide.  After being 

air-dried, the tissue preparations were incubated in blocking solution containing 1% 

BSA and 0.3% TritonX100 for 1 hour and then incubated overnight in blocking solution 

containing primary antibodies against claudin-19 in a sealed and humidified container at 

4° C.  Anti-claudin-19 (generously provided by Dr. Mikio Furuse of Kobe University in 

Japan) was diluted in the blocking solution at 1:100.  Some tissue preparations were 

processed in the same manner but without anti-claudin-19 as a no-primary antibody 

control.  After 12-16 hours of incubation, the tissue preparations were given three 5-

minute washes in the blocking solution and then incubated for 1 hour at room 

temperature with mouse anti-rabbit secondary antibodies tagged with rhodamine 

(Cappel, 1:400) and diluted with the blocking solution.  After three 5-minute washes in 

PBS, a cover slip was placed on the top with fluorescence mounting medium (Gel 

mount, Biomeda Corp., Foster City, CA). 

 

Immunohistostaining of cryostat muscle sections.   

Animals were deeply anesthetized using isoflurane, and the soleus muscles from 

both legs were dissected into oxygenated Ringer�s solution, containing (in mM) 137 

NaCl, 4 KCl, 1 Mg Cl2 z 6H2O, 1 KH2PO4, 12 NaHCO3, 2CaCl2 z 2H2O, and 11 D-

glucose (Liley, 1956).  Muscles were then pinned together to a strip of cork in the 

oxygenated Ringer�s solution.  The muscles were snap-frozen in isopentane for 10-12 
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seconds at -30° C, wrapped in Parafilm and stored at -20° C overnight.  The following 

day, the frozen muscles were embedded in Tissue-Tek OCT compound (Sakura Finetek 

U.S.A., Inc. Torrance, CA) on a cryostat chuck.  The chamber temperature and cutting 

temperature were set at -18° C and -15° C respectively.  Muscle sections were cut at a 

thickness of 8 µm and thaw mounted onto glass slides. 

Following fixation with 95% ethanol at 4° C for 30 minutes, muscle sections 

were fixed with absolute acetone at room temperature for 1 minute and washed in PBS 

for 15 minutes.  They were then incubated in blocking solution containing 1% BSA in 

PBS for 15 minutes, then overnight in blocking solution containing α-bungarotoxin and 

primary antibodies against claudin-19, neurofilament (2H3), and synaptic vesicle 

proteins (SV2) in a sealed and humidified container at 4° C.  AF-488 α-bungarotoxin 

(Molecular Probes Inc., Eugene, OR) labels AChRs and was diluted in the blocking 

solution at 1:200.  2H3 and SV2 (Developmental Studies Hybridoma Bank, University 

of Iowa, Department of Biological Sciences) were used together to visualize axons and 

axon terminals, respectively, and were diluted in blocking solution at 1:200 and 1:400, 

respectively.  Some muscle sections were processed in the same manner but without 

anti-claudin-19 as a negative control.  After 12-16 hours of incubation, muscle sections 

were washed for 5 minutes three times in the blocking solution, and then incubated for 1 

hour at room temperature with secondary antibodies diluted with the blocking solution.  

Claudin-19 was visualized with mouse anti-rabbit secondary antibodies tagged with 
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rhodamine (Cappel, 1:400).  2H3 and SV2 were visualized with fluorescein-tagged goat 

anti-mouse secondary antibodies (Sigma, 1:200).  

 

Whole-mount immunostaining of soleus muscle.   

Both the primary antibody against S100 (marker of SC) in our lab and anti-

claudin-19 are raised in rabbits.  The anti-rabbit secondary antibody binds to both anti-

S100 and anti-claudin-19, staining both SCs and claudin-19 the same color.  Therefore, 

to label SCs and claudin-19 separately, transgenic mice expressing enhanced green 

fluorescent protein (GFP) in SCs (Zuo et al., 2004) were used for whole-mount 

immunolabeling.  Although anti-claudin-19 worked well with 4% paraformaldehyde for 

immunohistochemistry of cryostat sectionings, it did not work well with 4% 

paraformaldehyde for whole-mount immunohistochemistry, so 2% paraformaldehyde 

was used here.  However, the GFP signal in SCs faded with 2% paraformaldehyde.  To 

compensate for the loss of GFP fluorescence, anti-GFP FITC conjugated antibody 

(Abcam) was used.  After dissection under isoflurane anesthesia, soleus muscles were 

fixed for 10 minutes in 2% paraformaldehyde and rinsed in PBS for 10 minutes three 

times.  Following incubation in 95% ethanol at 4° C for 30 minutes, muscles were then 

placed in absolute acetone at room temperature for 1 minute and washed in PBS for 15 

minutes.  They were then incubated in blocking solution containing 1% BSA and 0.3% 

TritonX100 in PBS for 30 minutes, then left overnight in blocking solution containing 

the following primary antibodies of interest: anti-claudin-19, anti-neurofilament (2H3) 
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and anti-GFP FITC conjugated antibody.  Since the GFP positive mice express GFP 

only in SCs at the neuromuscular junction (Zuo et al., 2004), anti-GFP FITC conjugated 

antibody labels SCs.  GFP FITC conjugated antibody was diluted in the blocking 

solution at 1:200.  After 12-16 hours of incubation, muscles were washed for 10 minutes 

three times with the blocking solution and then incubated with secondary antibodies for 

1 hour at room temperature.  Anti-claudin-19 was visualized with goat anti-rabbit 

secondary antibodies tagged with rhodamine (Cappel, 1:400).  2H3 was visualized with 

goat anti-mouse secondary antibodies tagged with Cy5 (Jackson ImmunoResearch, 

1:40).  After the muscle was washed with PBS (3x 10 min), the surfaces of the muscles 

were cleaned by removing connective tissue.  The middle layers of muscle fibers were 

removed and the surface layers of the muscle fibers were placed on a glass microscope 

slide and were mounted in fluorescence mounting medium. 

 

Denervation surgery.   

The mouse soleus muscle is innervated by the lateral gastrocnemius-soleus (LG-

S) nerve (Lubischer and Thompson, 1999).  Following exposure in the popliteal fossa at 

the lateral head of the gastrocnemius muscle, the LG-S of one leg was completely cut 

while the animal was anesthetized with isoflurane.  The incision was immediately 

sutured and the animal monitored until it freely recovered from anesthesia.  The 

contralateral leg was left intact as an internal control.  Two days after denervation, 

soleus muscles were removed for whole-mount immunostaining.    
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Image analysis.   

Immunofluorescence microscopy was performed with a 100X, 1.4-0.7NA oil 

immersion objective and images were captured using a cooled CCD camera 

(Hamamatsu, Orca-ER; QImaging, Retiga 2000R).  First, claudin-19 expression at 

neuromuscular junctions was analyzed by observing the overlap expression of AChR 

and claudin-19 labeling on muscle fiber sections.  Second, the endplates on the surface 

of the whole-mount muscle were thoroughly observed to see where claudin-19 was 

expressed at each neuromuscular junction; however, only endplates satisfying the 

following two conditions were included: (1) only neuromuscular junctions near the 

surface of the muscle were analyzed, and (2) neuromuscular junctions were included in 

the analysis only if the claudin-19 staining was successful along the axons.  If the 

neuromuscular junctions were not fully visualized due to overlying axons or curling 

around the edge of the muscle fiber, those neuromuscular junctions were excluded from 

the analysis.  The number of neuromuscular junctions analyzed in one muscle ranged 

from 70 to 166 (n=7 muscles).  One of the muscles had a low number of neuromuscular 

junctions that met the criteria, and we excluded this muscle from our data.  Each 

neuromuscular junction was categorized by whether or not claudin-19 was expressed at 

the axon-terminal transition.   
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Confocal microscopy.   

Whole-mount preparations were observed using a confocal microscope (100X, 

1.4-0.7NA oil immersion objective).  A Leica DMIRBE inverted microscope was used 

with the help of Dr. Eva Johannes, Assistant Director of the NCSU Cellular and 

Molecular Imaging Facility.  Images of SCs, axons, claudin-19, and merged images of 

those three were collected at 122.11nm step size in z-direction.  For every layer, three 

components of SCs, axons, and claudin-19 were analyzed to try to determine whether 

claudin-19 co-localized only with SCs or with axons. 

 

RESULTS 
 

Claudin-19 is expressed at the mouse neuromuscular junction. 

Whole-mount immunohistochemistry of axons teased from mouse sciatic nerve 

(Figure 5) confirmed that claudin-19 is expressed at the outer and inner mesaxons and 

the Schmidt-Lanterman incisures on myelinating SCs, and at the paranode regions on 

axons or myelinating SCs as reported previously (Miyamoto et al., 2005).  

To determine whether or not claudin-19 is expressed at the neuromuscular 

junction, cryostat sections of mouse soleus muscle were immunolabeled.  Fluorescently-

labeled btx was used to visualize AChRs, which are a characteristic molecular feature of 

the endplate.  Axons and axon terminals also were visualized together with the same 

color.  Claudin-19 expression was found in association with AChR and with neuron 
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processes on cross sections of muscle fibers (Figure 6) whereas the negative controls 

did not show any claudin-19 labeling.  Interestingly, only a small portion of the AChR 

label overlapped with claudin-19 expression � claudin-19 was not always expressed 

where AChR was expressed.  This suggests that claudin-19 is not expressed throughout 

the entire neuromuscular junction, but is expressed only in a portion of the 

neuromuscular junction.  Using cryostat section of muscle, it is impossible to determine 

where within the neuromuscular junction claudin-19 is expressed.  It also cannot be 

determined whether or not claudin-19 is always expressed in the same part of the 

neuromuscular junction.  It was necessary to use whole-mount immunohistochemistry 

of muscle in order to analyze the entire neuromuscular junction. 

 

 

Figure 5:  Claudin-19 expression on the myelinating SCs.  Whole-mount of teased  
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axons in the sciatic nerve were fluorescently visualized with antibodies to claudin-19 

and rhodamine-tagged secondary antibodies.  Claudin-19 is expressed at Schmidt-

Lanterman incisures (double arrowheads) and inner/outer mesaxons (arrows) on 

myelinating SCs, and at paranode regions (single arrowheads) on axons or myelinating 

SCs in adult mice as Miyamoto et al. (2005) previously described.  Scale bar: 10 µm. 

 

       

Figure 6:  Claudin-19 expression at the neuromuscular junction.  A sectional view 

of a mouse muscle cryostat section (8 µm thick) visualized with three different 

fluorescent labels.  A: claudin-19 visualized with anti-claudin-19 and rhodamine-tagged 

secondary antibodies.  B: AChRs visualized with alpha-bungarotoxin conjugated to 
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FITC.  C: Nerve terminals and axons visualized with antibodies to SV-2/neurofilament 

respectively, and Cy-5 labeled secondary antibodies.  D: Merged image of claudin-19 

(red) and AChRs (green).  Scale bar: 20 µm.  Arrowhead indicates the location of 

claudin-19 expression.  Labeling of claudin-19 co-localizes with labeling of AChRs and 

neuronal processes. 

 

Claudin-19 is expressed where the axon enters the neuromuscular junction.  

Soleus muscles (n=7) were removed from GFP positive mice and were 

immunofluorescently labeled with anti-GFP and anti-claudin-19 for analysis.  Claudin-

19 was found to be localized to neuromuscular junctions, but was not present 

throughout the entire junction.  Consistent with my findings on cryostat sections, the 

claudin-19 label was present only at some regions of the neuromuscular junction.  

Whole-mount immunohistochemistry revealed that most claudin-19 staining appeared to 

be expressed where the axon enters the neuromuscular junction; in other words, at the 

axon-terminal transitions (Figure 7). 

To determine if claudin-19 was consistently localized to this particular region of 

the neuromuscular junction, each neuromuscular junction was categorized as to whether 

or not claudin-19 was expressed at the axon-terminal transition.  An average of 118 

(±36.4 SD) neuromuscular junctions were counted in each muscle (n=6) (Table 1).   

An average of 99.3% (±0.62 SD) of the neuromuscular junctions on a muscle 

showed claudin-19 expression at the axon-terminal transition (Table 1).  The axon-
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terminal transition is presumably where myelinating SCs end and TSCs begin 

(Lubischer and Thompson, 1999; Court et al., 2008).  This result generates questions 

regarding which cells express claudin-19 at the axon-terminal transition, and there are 

several possibilities; claudin-19 is expressed by SCs (either myelinating SCs or TSCs), 

claudin-19 is expressed by axons, or claudin-19 is expressed by both SCs and axons.  

This was investigated further using immunolabeling of muscle sections, confocal 

microscopy and denervation studies. 

 
Figure 7:  Claudin-19 expression at the axon-terminal transition.  A neuromuscular 

junction on whole-mount muscle of transgenic mice expressing enhanced green 
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fluorescent protein (GFP) in SCs was visualized with three different fluorescent labels.  

A: claudin-19 visualized with anti-claudin-19 and rhodamine-tagged secondary 

antibodies.  B: SCs visualized with antibodies to GFP conjugated to FITC.  C: Axons 

visualized with antibodies to neurofilament (and Cy-5 labeled secondary antibodies) and 

AChRs visualized with alpha-bungarotoxin conjugated to Cy-5.  D: Merged image of 

claudin-19 (red), SCs (green), axons and AChRs (blue).  Scale bar: 30 µm.  Arrowhead 

indicates the axon-terminal transition where axon enters the neuromuscular junction and 

claudin-19 is expressed at the axon-terminal transition. 

 
Table 1:  Percentage of neuromuscular junctions that express claudin-19 at the 

axon-terminal transition.  TSC-SC transition is an axon-terminal transition where 

TSCs meet myelinating SCs.  An average of 99.3% (±0.62 SD) of the neuromuscular 

junctions express claudin-19 at the axon-terminal transitions.  

 

 

1              90     97.8 

2              105     99  

3              80     100 

4   70     98.6 

5   70     100 

6   166     99.4 

       Mean    99.3% 

       St Dev  0.62 

Muscle # % neuromuscular junctions with 
claudin-19 at TSC-SC transition 

# neuromuscular 
junctions analyzed
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Immunolabeling of muscle sections fails to show whether claudin-19 is expressed by 

SCs or axons. 

It has been reported that claudin-19 is expressed at the outer and inner mesaxons 

and the Schmidt-Lanterman incisures on myelinating SCs (Miyamoto et al., 2005).  

However, regarding claudin-19 expression at the paranode regions, previous research on 

immunolabeling of claudin-19 and electron microscopy using claudin-19 deficient mice 

failed to demonstrate clearly that claudin-19 at the paranode region is expressed by 

myelinating SCs but is not expressed by axons.  It is even possible that claudin-19 is 

expressed by both axons and myelinating SCs (Miyamoto et al., 2005).  In order to 

determine whether claudin-19 is expressed by SCs or axons, immunostaining of muscle 

sections was performed.  However, fluorescence microscopy, I was not able to 

determine which cells express claudin-19, and it appeared that claudin-19 expression 

overlapped not only with the SC label, but also with the axon label (Figure 8).   
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Figure 8:  Claudin-19 is expressed where the SCs and axons are expressed.  A 

sectional view of a mouse muscle cryostat section (8 µm thick) visualized with three 

different fluorescent labels.  A: claudin-19 visualized with anti-claudin-19 and 

rhodamine-tagged secondary antibodies.  B: SCs visualized with antibodies to S100 and 

FITC-tagged secondary antibodies.  C: Axon visualized with antibodies to 

neurofilament and Cy-5 labeled secondary antibodies.  A: Merged image of claudin-19 

(red), SCs (green), and axons (blue).  Scale bar: 20 µm.  Arrowhead indicates the 

location of claudin-19 expression.  It appeared that claudin-19 expression overlapped 

not only with the SC label, but also with the axon label. 

 

Confocal microscopy fails to show whether claudin-19 is expressed by SCs or axons. 

To determine whether claudin-19 is present in SCs or axons, confocal 

microscopy was performed.  Images of SCs (using anti-GFP), axons (using anti-
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neurofilament) and claudin-19 along with merged images of all three were collected at 

122.11nm step size (Figure 9).  For every optical section, SCs (using anti-GFP), axons 

(using anti-neurofilament) and claudin-19 were compared to determine whether claudin-

19 is co-localized with SCs or axons.   

If an optical section displays anti-claudin-19 and anti-GFP labeling but does not 

show any anti-neurofilament staining, this would indicate that claudin-19 is expressed 

by SCs.  On the other hand, if an optical section displays anti-claudin-19 and anti-

neurofilament labeling but does not show any anti-GFP labeling, this would indicate 

that claudin-19 is expressed by axons. 

Confocal analysis revealed that every optical section exhibiting claudin-19 

staining reflected both axonal and SC staining (Figure 9).  Furthermore, anti-GFP 

labeling was overlapping with anti-neurofilament labeling in these optical sections.  

Since GFPs and neurofilaments are expressed in the different cells and their staining 

should never overlap each other, we can conclude that the resolution of confocal 

microscopy was not sufficient.  Confocal imaging therefore failed to distinguish 

whether claudin-19 is expressed by SCs or axons. 
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Figure 9: A single confocal optical section of claudin-19 expression at the axon-

terminal transition.  A neuromuscular junction on whole-mount muscle of transgenic 

mice expressing enhanced GFP in SCs was visualized with three different fluorescent 

labels.  Images were collected at 122.11nm step size in z-direction.  A: claudin-19 

visualized with anti-claudin-19 and rhodamine-tagged secondary antibodies.  B: SCs 

visualized with antibodies to GFP conjugated to FITC.  C: Axons visualized with 

antibodies to neurofilament and Cy-5-tagged secondary antibodies.  D: Merged image 
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of claudin-19 (red), SCs (green), and axons (blue).  Scale bar: 20 µm.  Arrowhead 

indicates the axon-terminal transition.  An optical section exhibiting claudin-19 staining 

reflected both axonal and SC staining. 

 

Denervation studies suggest that claudin-19 is expressed by SCs. 

In another effort to distinguish whether claudin-19 is expressed by SCs or axons, 

denervation of the soleus muscle was performed.  Within 48 hours after nerve cut, axons 

distal to the cut degenerate and disappear (Desantis and Norman, 1979).  Myelinating 

SCs along the sheath and TSCs at neuromuscular junctions, however, remain (Bradley 

et al., 1998).  If claudin-19 expression remains even after the axons are gone, this would 

indicate that claudin-19 is expressed by SCs. 

On GFP-positive transgenic mice (n=3), the right lateral gastrocnemius-soleus 

(LG-S) nerve was completely cut, but the contralateral leg was left intact as an internal 

control.  Two muscles were used solely to verify that two days after denervation the 

axons disappeared completely but the SCs remained (Figure 10).  Two days after the 

nerve cut, soleus muscles (n=3) from both legs were removed and processed for 

immunolabeling.  I used anti-claudin-19, anti-neurofilament (2H3) and anti-GFP FITC 

conjugated antibodies to label claudin-19, axons and SCs respectively.   

Both experimental and contralateral muscles were stained together under the 

same conditions.  Immunolabeling of muscle from the contralateral leg was compared 

with one from the denervated leg in order to make sure that denervation was successful 
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and the absence of axon expression on the muscle from the denervated leg was not due 

to poor labeling.  After confirming that all signs of axons were gone, the neuromuscular 

junctions were identified by looking at SCs and the existence or absence of claudin-19 

labeling was determined.  Claudin-19 staining was seen in the region of some 

neuromuscular junctions where myelinating SCs end and TSCs begin (Figure 10), but 

was not expressed at every neuromuscular junction.   

To determine the percentage of neuromuscular junctions with claudin-19 

expression at the axon-terminal transitions, an average of 35 (±6.66 SD) neuromuscular 

junctions on each muscle were categorized as to whether or not claudin-19 was 

expressed at the axon-terminal transition (Table 2).  The number of neuromuscular 

junctions analyzed in one muscle ranged from 28 to 40.  An average of 33.2% (±13.23 

SD) of neuromuscular junctions displayed claudin-19 at the axon-terminal transition.  

This number is much lower than the average of 99.3% (±0.62 SD) in normally 

innervated muscle (p < .02).  If claudin-19 were expressed only by axons, claudin-19 

expression would be gone when the axons disappeared.  However, claudin-19 

expression at axon-terminal transitions remained with SCs at 33.2% of neuromuscular 

junctions after all axons were gone.  It is safe to say that claudin-19 is expressed by 

some SCs.  However, these results do not rule out the possibility that claudin-19 is also 

expressed by axons.   
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Figure 10:  Claudin-19 expression at the axon-terminal transition after 

denervation. Two days after denervation, a neuromuscular junction on whole mount 

muscle of transgenic mice expressing enhanced GFP in SCs was visualized with three 

different fluorescent labels. A: claudin-19 visualized with anti-claudin-19 and 

rhodamine-tagged secondary antibodies.  B: SCs visualized with antibodies to GFP 

conjugated to FITC.  C: Axons visualized with antibodies to neurofilament and Cy-5 

labeled secondary antibodies.  D: Merged image of claudin-19 (red), SCs (green), and 

axons (blue).  Scale bar: 20 µm.  Arrowhead indicates the axon-terminal transition.  The 

axon completely disappeared, but claudin-19 remained with SCs.   
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Table 2:  Percentage of NMJs with claudin-19 at the axon-terminal transition after 

soleus muscle denervation.  After all axons were gone, SCs still remained and an 

average of 33.2% (±13.23 SD) of neuromuscular junctions displayed claudin-19 at the 

axon-terminal transition.     

 

        

          

           

          

          

        

 
 

Discussion 
 

  This research tested the hypothesis that claudin-19 is expressed by TSCs as a 

first step toward determining if tight junctions are involved in TSC-TSC interactions.  I 

found that claudin-19 is expressed at neuromuscular junctions, but is restricted to the 

axon-terminal transition where the axon enters the neuromuscular junction.  After 

denervation, axons were completely gone but claudin-19 expression still remained with 

SCs at some endplates.  Although this evidence does not rule out the possibility that  

% with claudin-19 

21.4 

30.7 

47.5 

33.2 

13.23 

# neuromuscular junctions      

28 

40 

39 

35.7

6.66

Mean 

3 

St Dev  

2 

1 

Muscle #
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claudin-19 is also expressed by axons, I could conclude that claudin-19 is expressed by 

SCs.  However, questions still remain as to whether or not claudin-19 expression at the 

axon-terminal transition is present in myelinating SCs or TSCs, and these findings do 

not provide support for the involvement of tight junctions in TSC-TSC interactions. 

 

TSCs play important roles at the neuromuscular junction. 

TSCs serve critical roles in several aspects of the neuromuscular junction.  One 

of the TSC functions is to maintain synaptic function and structure at the neuromuscular 

junctions by monitoring nerve activity and modulating synaptic transmission (Koirala et 

al., 2003).  There is also some evidence that TSCs express or release several proteins 

that reduce or increase AChR expression in muscle (Koirala et al., 2003).  It has been 

suggested that TSCs control release of trophic factors or adhesive molecules binding 

nerve terminals to the basal lamina for the maintenance of synaptic function (Sanes and 

Lichtman, 1999).   

In addition, TSCs play a role in synapse development.  Research has shown that 

during the early postnatal period, the number of TSCs increase per endplate, and this 

increase leads to the expansion of endplate size (Love and Thompson, 1998).  

Additional research indicates that neuromuscular junctions initially form even without 

TSCs, but they undergo cell death afterwards (Riethmacher et al., 1997).  Furthermore, 

TSCs are essential in regeneration of nerves after nerve injury.  In response to partial 

denervation of a muscle, TSCs at both denervated and innervated sites extend processes 
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and form bridges between those sites.  The nerve sprouts grow from innervated sites to 

denervated sites under the guidance of those TSC bridges and reinnervate the 

denervated sites (Son and Thompson, 1995).  

Generally, TSCs are arranged close together over each neuromuscular junction 

(Koirala et al., 2003; Hughes et al., 2006).  Their processes completely cover the 

endplate and seal the neuron terminal branches in such a way that the TSCs appear to be 

connected to each other.  Despite this appearance, however, electron microscopic 

studies done on TSC structure only focused on interaction with other cells, such as the 

nerve terminals and muscle fibers, and revealed little about how TSCs interact with each 

other (Ogata and Yamasaki, 1985).  

In response to partial denervation of a muscle, TSCs at both denervated and 

innervated sites extend their processes and form bridges between those sites (Son and 

Thompson, 1995).  TSCs also grow their processes after complete denervation (Son and 

Thompson, 1995).  Thus, the close physical interaction between TSCs appears to 

change on the denervated muscle.  Since we still know little about the architecture and 

molecular composition of TSCs, it is unclear which molecules are involved in changes 

to the physical relationship between TSCs.   

 

Tight junctions play important roles in cell-cell interactions. 

Adherens junctions and tight junctions are well-studied formations of cell-cell 

adhesions and are found in many cell types.  Both junctions play a critical role in 
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establishing and maintaining tissue architecture, cell-cell communication and 

recognition (Palovuori, 2003).  Previous research has shown that M-cadherin, one of the 

adherens junction proteins, co-localizes with a marker for TSCs on mouse muscle 

sections (Cifuentes-Diaz et al., 1996).  It is very possible that tight junctions are present 

in TSCs since both adherens junctions and tight junctions are usually expressed near 

each other in the same cells (Niessen, 2005).   

 Tight junction proteins are divided into two categories: integral membrane 

proteins and peripheral membrane proteins.  The integral membrane proteins are 

occludin, claudins and junctional adhesion molecules (JAM).  The peripheral membrane 

proteins are zonula occludens-1, -2, and -3 (ZO-1, -2, and -3), cingulin, symplekin, and 

7H6 antigen (Tsukita et al., 1999).   

In the integral membrane proteins, occludin (a molecular weight of ~60 kDa) 

and claudins (a molecular weight of ~23 kDa) comprise the backbone of tight junction 

strands and are directly involved in the formation of a barrier that regulates paracellular 

pathways, the formation of a fence that maintains the composition of proteins between 

apical and basolateral lipids in the plasma membrane, and the formation of cell-cell 

adhesions (Matter and Balda, 1999; Tsukita and Furuse, 2000).  Furthermore, it has 

been shown that down-regulation of claudin expression is associated with promotion of 

migration and invasive activity in tumor cells (Usami et al., 2008) and overexpression 

of claudin-4 reduces invasion of tumor cells (Michl et al., 2003).   It has been suggested 

that tight junctions are involved in regulation of cell motility by changing cell-cell 
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interactions (Michl et al., 2003).  It is very possible that tight junctions are involved in 

TSC-TSC interactions and are associated with the change in physical relationship 

between TSCs that occurs after denervation.  However, it is not known whether or not 

tight junctions are involved in interaction between TSCs. 

 

Claudin-19 is expressed by myelinating SCs. 

As for myelinating SCs, it has been shown that claudin-1 is located at the 

paranode and the mesaxon, claudin-2 is located in the microvilli, and claudin-5 is 

present at Schmidt-Lanterman incisures (Poliak et al., 2002).  These results have been 

contradicted by more recent research in which none of these claudins were found on 

myelinating SCs (Miyamoto et al., 2005).  Instead, this research demonstrated that 

claudin-19 is extensively expressed by the inner/outer mesaxons and Schmidt-

Lanterman incisures of myelinating SCs (Miyamoto et al., 2005).   

Behavioral tests were performed on claudin-19 deficient mice to investigate the 

function of claudin-19.  In the �beam test�, which tests the walking behavior of mice on 

a bar, claudin-19 deficient mice slipped off of the bar more often than wild type mice.  

In a �rotarod test�, which tests how long mice can stay on a rotating rod, claudin-19 

mice fell off of the rod more quickly than wild type mice (Miyamoto et al., 2005).  

These results suggest that lack of claudin-19 results in significant behavioral 

abnormalities. 
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The electrophysiological properties of sciatic nerves in claudin-19 deficient mice 

were evaluated by measuring compound action potentials.  Out of ten claudin-19 

deficient mice, seven displayed normal waves characterized by a single-peak and 

smooth waveform.  However, three out of ten claudin-19 mice exhibited an abnormal 

waveform with a double-peak which had a delayed peak in addition to a normal 

conduction velocity peak (Miyamoto et al., 2005).  Since the abnormal waveform was 

never seen in wild type mice, it was suggested that claudin-19 deficiency altered the 

saltatory conduction of myelinated axons. 

The morphology of myelinating SCs in claudin-19 deficient mice was also 

compared with wild type mice using electron microscopy and immunofluorescence 

microscopy.  Researchers found no difference in the morphology of the myelin sheath 

between claudin-19 deficient mice and wild type mice (Miyamoto et al., 2005), and 

suggested compensation by other proteins involved in maintaining the morphology of 

the myelin sheath other than claudin-19.   

Finally, electron microscopy revealed tight junction structures on the outer and 

inner mesaxons and the incisures of wild type mice, while tight junction structures were 

not detected on the outer and inner mesaxons in the claudin-19 knockout mice 

(Miyamoto et al., 2005).  However, electron microscopy failed to display tight junction 

structures at the paranode region and failed to demonstrate whether claudin-19 

expression at the paranode region was present in myelinating SCs or in axons 

(Miyamoto et al., 2005).   
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Thus, claudin-19 is extensively expressed by myelinating SCs and contributes to 

saltatory conduction of myelinated axons, and the absence of claudin-19 results in 

motor impairment.  During the development of peripheral nerves, both myelinating SCs 

and TSCs are differentiated from the immature SCs generated from neural crest cells 

(Mirsky and Jessen, 1996).  Although there are several differences including the 

location of the cells and protein compositions, TSCs are very similar to myelinating SCs.  

The presence of claudin-19 in myelinating SCs suggests the possibility that claudin-19 

is also expressed by TSCs.  Therefore, I hypothesized that claudin-19 is expressed by 

TSCs and tight junctions are involved in TSC-TSC interactions. 

 

Claudin-19 is expressed at neuromuscular junctions. 

First, I examined whether or not claudin-19 is expressed at neuromuscular 

junctions using immunofluorescence microscopy.  I observed that claudin-19 is 

expressed within the area where AChR expression is present.  This result suggests that 

claudin-19 is expressed at neuromuscular junctions.  However, claudin-19 expression 

was not always seen where AChR was expressed.  In addition, rather than covering the 

entire neuromuscular junction, claudin-19 expression was always present in only a small 

portion of the neuromuscular junction.  This result indicates that claudin-19 is not 

expressed throughout the entire neuromuscular junction, but rather expressed only in a 

portion of the neuromuscular junction.  
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In other cells such as epithelial cells, claudins typically form branching networks 

of strands encircling the apical end of the lateral cell domain.  In Sertoli cells, claudin-

11 is expressed at the basal end of the lateral cell domain in a linear manner for the 

blood-testis barrier which strictly separates spermatogenic cells from the external 

environment (Morita et al., 1999).  In the CNS, oligodendrocytes express claudin-11 in 

a mild spiral manner along the axons to establish myelin compaction (Morita et al., 

1999).  In the PNS, claudin-19 is expressed particularly at the inner/outer mesaxons and 

Schmidt-Lanterman incisures on myelinating SCs (Miyamoto et al., 2005).  Thus, 

expression of claudin is usually expressed at a specific region of the cell.  It is likely that 

claudin-19 is expressed at a specific region of the neuromuscular junction. 

 As a result of my immunolabeling studies on whole mount muscles, I found that  

claudin-19 is specifically expressed at axon-terminal transitions of neuromuscular 

junctions where the myelinating SCs end and the TSCs begin.  Considering all 

possibilities from this finding, there are three ways in which cells express claudin-19 at 

axon-terminal transitions: (1) claudin-19 is present only in SCs (either myelinating SCs 

or TSCs), (2) claudin-19 is present only in axons, and (3) claudin-19 is present in both 

SCs and axons.   

 

Claudin-19 at the neuromuscular junction is expressed by SCs. 

Our immunostaining of muscle sections failed to show whether claudin-19 

expression at axon-terminal transitions is present in SCs or axons because the 
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microscope resolution was not sufficient.  Moreover, a study with confocal microscopy 

also failed to show which cells express claudin-19 at axon-terminal transitions.  Optical 

sections exhibited claudin-19 expression at axon-terminal transitions, which is 

consistent with my findings on whole mount immunolabeling of muscle.  However, 

every optical section exhibiting claudin-19 staining also showed both axonal and SC 

staining.  Since axon and SC labeling should not overlap, these results mean that the 

resolution is insufficient.  Confocal imaging therefore failed to identify which cells 

express claudin-19 at axon-terminal transitions. 

The results from muscle denervation, however, indicated that claudin-19 is at 

least expressed by SCs.  After denervation, neuromuscular junctions still displayed 

claudin-19 at the axon-terminal transitions after all axons were gone from the muscle.  

If claudin-19 was expressed only by axons, claudin-19 expression would completely 

disappear as axons disappear.  The fact that claudin-19 expression remained with SCs 

indicates that claudin-19 is expressed by SCs.  However, this result would not rule out 

the possibility that claudin-19 is also expressed by axons.   

I also noticed that after denervation, claudin-19 expression at axon-terminal 

transitions is present at a much lower percentage of neuromuscular junctions than it is at 

normal neuromuscular junctions. Likewise, claudin-19 expression by myelinating SCs 

along axons was also much less than normal myelinating SCs.  One possible 

explanation is that claudin-19 expression in SCs down-regulated after denervation.   
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An in situ hybridization study showed that the mRNAs for P0, myelin basic 

protein (MBP), and myelin associated glycoprotein (MAG) expressed by myelinating 

SCs showed profound down-regulation after nerve cut (Mitchell et al., 1990).  

Additional research has demonstrated that nestin is up-regulated in TSCs after 

denervation, while nestin is not detected in the TSCs before denervation (Kang et al., 

2007). 

Furthermore, another in situ hybridization study revealed that the growth-

associated phosphoprotein 43 (GAP-43) was up-regulated in TSCs within 24 hours of 

partial denervation and was down-regulated in TSCs upon reappearance of nerve 

endings (Woolf et al., 1992).  It is suggested that a change in the GAP-43 expression 

level may be related to the extension of TSC processes after partial denervation and to 

the withdrawal of TSC processes after reinnervation.   

Based on these findings, proteins in TSCs or at neuromuscular junctions go 

through changes in expression level after denervation, which may cause morphological 

change in TSCs or at neuromuscular junctions.  In light of this consideration, I believe 

that down-regulation of claudin-19 expression at axon-terminal transitions is also 

induced by denervation and may have caused morphological change in TSCs or even 

changes in the physical relationship of TSCs with each other. 
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Is claudin-19 expressed by TSCs or by myelinating SCs? 

Due to the insufficient resolution of both fluorescence and confocal microscopy, 

I could not determine whether claudin-19 is expressed at the end of myelin or the 

beginning of TSCs.  If claudin-19 is expressed by TSCs, this means that all TSC 

processes overlap at the axon-terminal transition; however, this may be somewhat 

unrealistic since up to five TSCs cover each endplate.  In addition, it has already been 

shown that claudin-19 is expressed at some regions on myelinating SCs.  Therefore, it is 

most likely that claudin-19 expression at the axon-terminal transition is present in 

myelinating SCs.  Further study would clearly identify whether claudin-19 is expressed 

by myelinating SCs or TSCs.   

One method that can be used is immunohistochemistry using myelinating SC 

specific antibodies which allow us to label only myelinating SCs.  By simply observing 

whether or not claudin-19 expression at axon-terminal transitions overlaps with 

myelinating SC labeling, we can determine whether claudin-19 is expressed at the end 

of myelinating SCs or the beginning of TSCs.  However, this method would likely 

require improved resolution as well.   

Electron microscopy would be one approach to determining the cellular 

localization of claudin-19 at the neuromuscular junction.  Additionally, in situ 

hybridization is also useful since this method labels mRNA strands in the cytoplasm of 

cells.  The cell bodies of TSCs and myelinating SCs are separated enough that we can 
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distinguish the cells to which mRNA expression of claudin-19 belongs.  This allows us 

to determine whether or not claudin-19 is expressed by myelinating SCs. 

 

Are tight junctions expressed by TSCs? 

There are at least 24 members of the claudin family (Tsukita and Furuse, 2000).  

Even if claudin-19 is not expressed by TSCs, this does not necessarily indicate that tight 

junctions do not exist in TSCs.  In fact, the claudin members other than claudin-19 

could be expressed by TSCs.  To test for the existence of tight junctions in TSCs, we 

can use immunohistochemistry with antibodies against all members of the claudin 

family and antibodies to other tight junction proteins, including ZO-1.  

 ZO-1 is always expressed at tight junctions and cross-links occludins or 

claudins to actin filaments (Tsukita et al., 1999).  ZO-1 is also found in some non-

epithelial cells such as fibroblasts which lack tight junctions.  The presence of ZO-1 

expression in a cell does not always mean that there are tight junctions in the cell 

(Gottardi et al., 1996; Howarth et al., 1992), but a lack of ZO-1 expression in a cell 

would certainly indicate that there are no tight junctions in the cell.  To investigate the 

existence of tight junctions, I first attempted to label tight junctions in TSCs by using 

anti-ZO-1.  However, I was unable to obtain a good staining of ZO-1 even on the liver 

tissue used as a control to make sure the antibodies to ZO-1 worked successfully.  I was 

therefore unable to examine the existence of tight junctions by labeling ZO-1. 
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Electron microscopy is another useful method to examine the presence of tight 

junction in TSCs.  In addition to determining the presence of tight junctions, this 

method would allow me to identify whether or not TSCs are connected, and if 

connected, would reveal any other junctions involved in the connections between TSCs.  

Past studies of electron microscopy performed on neuromuscular junctions have only 

focused on interactions between TSCs and the nerve terminals, or the nerve terminals 

and muscle fibers, and have not described the relationship between TSCs (Ogata and 

Yamasaki, 1985).  However, my research has demonstrated for the first time evidence 

of the existence of tight junction proteins at the neuromuscular junction, showing that 

claudin-19 is expressed specifically at the axon-terminal transitions where the axon 

enters the neuromuscular junctions.  This finding leads to the possibility that TSCs are 

connected to each other at the axon-terminal transition, and any further study using 

electron microscopy should therefore include a search for the connections between 

TSCs at the axon-terminal transition.   

 

Summary and conclusions. 

My research demonstrates that claudin-19 is expressed at neuromuscular 

junctions, specifically at the axon-terminal transitions where the axon enters the 

neuromuscular junctions.  Although I could not rule out the possibility that claudin-19 

expression at axon-terminal transitions is expressed by axons, I determined that claudin-

19 expression at axon-terminal transitions is present in SCs.  However, questions still 
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remain as to whether or not claudin-19 expression at the axon-terminal transition is 

present in myelinating SCs or TSCs, and whether or not tight junctions are expressed by 

TSCs.  The expression pattern suggests that the presence of claudin-19 is more likely to 

occur in myelin than it is in the processes of  TSCs at the axon-terminal transition.  

Furthermore, it has been clearly demonstrated that claudin-19 is extensively expressed 

by myelinating SCs.  Therefore, it is most likely that claudin-19 expression at axon-

terminal transitions is present in myelinating SCs.   
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