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 Altered expression of peripheral myelin protein 22 (PMP22) is associated with 

several inherited peripheral neuropathies. Although predominantly expressed in 

myelinating Schwann cells, PMP22 is also detected in several cell types outside of the 

peripheral nervous system. The function of the protein in myelin or non-neural cells 

remains unknown; however, PMP22 has been shown to modulate the proliferation and 

morphology of Schwann cells and fibroblasts. With homology to the claudin superfamily 

of tight junction proteins and prominent expression in epithelial cells of the intestine, a 

role for PMP22 at intercellular junctions was hypothesized.  

 The overall aim of this study was to investigate PMP22 as a constituent of apical 

cell-cell junctions. Initial studies identified that PMP22 is localized to the apical 

junctional complex in epithelia and endothelia. Involved in the maintenance of cell 

polarity and establishment of selective barriers in tissues, these cell junctions play crucial 

roles in health and disease. Next, the localization and expression of the protein at 



ix 

intercellular junctions of the developing and mature rat blood-brain (BBB) and 

blood-nerve barriers (BNB) was studied. Detected at these cell junctions throughout all 

developmental stages studied, PMP22 is likely involved in the establishment and 

maintenance of these barriers. Finally, the role of the protein in multiple aspects of 

epithelial cell biology was investigated. As reported in other cell types, PMP22 

modulated epithelial cell growth and morphology. Additionally, the protein altered the 

junctional permeability and migration of epithelial monolayers. These results demonstrate 

that PMP22 is a component of the BNB and BBB, and is a functional constituent of 

apical cell-cell junctions in epithelia. Our studies have laid the foundation for future 

investigations into the function of PMP22 in epithelial cell biology, and provide novel 

insights into its potential role in peripheral nerve myelin.  
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CHAPTER 1 
INTRODUCTION 

Introduction 

 First cloned over 15 years ago, peripheral myelin protein-22 (PMP22) was 

discovered almost simultaneously by three independent laboratories. Described both as 

growth arrest-specific gene-3 (gas3) in serum-starved or contact-inhibited NIH3T3 

fibroblasts (Manfioletti et al., 1990) and as a myelin gene with altered expression after 

peripheral nerve injury (Spreyer et al., 1991; Snipes et al., 1992), it was determined that 

PMP22 protein had previously been identified as a major glycoprotein of bovine 

peripheral nerve myelin (Kitamura et al., 1976). Soon after cloning, it became evident 

that altered expression of PMP22 is associated with several heritable demyelinating 

disorders. Lacking clear evidence of its structure, a role within a signaling pathway, or 

even an ascribed cellular function, it is known that PMP22 is critical to the normal 

function of peripheral nerve myelin. Hypotheses for the mechanism of disease include 

dose-dependent loss-of-function and a dominant negative gain-of-function, ideas 

supported by the genetics behind altered PMP22 expression. Despite of extensive genetic 

characterization of clinical cases, several animal models for PMP22 mutations, and 

intensive analysis of PMP22 messenger RNA (mRNA) and protein, a clear understanding 

of the basic function and disease mechanism for PMP22 remains unknown 

Peripheral Neuropathies Associated with PMP22 

 Predominantly studied for its role in the pathology of the peripheral nervous 

system (PNS), altered expression of the PMP22 gene is associated with a significant 
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subset of heritable peripheral neuropathies in humans, including Charcot-Marie-Tooth 

disease (CMT), Dejerine-Sottas syndrome (DSS) and hereditary neuropathy with liability 

to pressure palsies (HNPP) (reviewed by Naef and Suter, 1998). These disorders vary in 

frequency, age of disease onset and functional severity. Accounting for up to 5% of total 

protein in peripheral nerve myelin (Pareek et al., 1993), PMP22 protein and message 

levels are highest in myelinating Schwann cells (Welcher et al., 1991; Snipes et al., 

1992). As detected by ultrastructural immunocytochemistry, the protein is concentrated in 

the compact portion of myelin (Haney et al., 1996), the region responsible for 

maintenance of the ionic resistance that enables rapid saltatory nerve impulse conduction. 

The predominant expression and localization in the PNS, combined with its association 

with demyelinating neuropathies, corresponds with PMP22 as an essential protein 

constituent of peripheral nerve myelin. 

 Charcot-Marie-Tooth disorders are the most common heritable peripheral 

neuropathy with a prevalence of 1 in 2,500 (Skre, 1974). Most CMT patients are 

classified as having CMT type 1 with abnormalities in the PNS myelin that is created by 

Schwann cells. The most prevalent form (90%) of CMT1, CMT type 1A (CMT1A) 

(Garcia, 1999) has a prevalence of 1 in 5,000 (Kuhlenbäumer et al., 2002), and is 

predominantly found in patients with a dominant 1.5 Mb duplication of the p11-p12 

region of chromosome 17 (Lupski et al., 1991; Raeymaekers et al., 1991), which contains 

the PMP22 gene. Less frequently, point mutations in the PMP22 gene are associated with 

CMT1A (Roa et al., 1993). Age of disease onset is variable, typically ranging between 

the 1st and 2nd decade of life. Identified by slowed nerve conduction velocity (NCV), 

CMT1A can be diagnosed by determination of PMP22 gene duplication or point 
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mutation (reviewed by Kuhlenbäumer et al., 2002). Peripheral nerve pathology includes 

demyelination, hypermyelination, and onion bulb formations. Progressive distal limb 

weakness and muscle atrophy, distal and symmetrical sensory deficits, and foot 

deformities are common clinical symptoms of CMT1A that can lead to eventual loss of 

ambulatory function (reviewed by Kuhlenbäumer et al., 2002).  

 Encompassing a genetically diverse group of patients, DSS is a clinical 

classification for patients with a form of severe peripheral neuropathy. Dominant and 

recessive mutations have been found in PMP22, myelin protein zero (MPZ), 

early-growth-response-element�2 (EGR) and periaxin (PRX) genes. Symptoms arise in 

infancy or early childhood, and include distal sensory loss and ataxia, motor deficit and 

palpable nerve hypertrophy (Dejerine and Sottas, 1893). A hallmark diagnostic feature 

characteristic of DSS is severely reduced NCV. Nerve pathology includes demyelination-

remyelination, onion bulb formations, Schwann cell hyperproliferation and nerve 

hypertrophy (reviewed in Plante-Bodeneauve and Said, 2002). The PMP22-associated 

DSS usually results from dominant missense mutations, although duplication of p11-p12 

of chromosome 17 has been reported (Lupski et al., 1991; Mancardi et al., 1994; Silander 

et al., 1996), illustrating overlapping genetic bases for DSS and CMT1A.  

 The least severe form of PMP22-associated neuropathy is HNPP. Patients 

predominantly have a dominant 1.5 Mb deletion of chromosome 17p11-p12; however in 

rare cases, point mutations have been described, often resulting in premature termination 

of protein translation (Nicholson et al., 1994). Episodic recurrent motor and sensory 

peripheral neuropathies, often lasting days to weeks, with onset in childhood or 

adolescence are typical for HNPP patients (reviewed in Chance et al., 1999). Mildly 
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slowed symmetrical NCVs are consistent with demyelination. Nerve tomocula, sausage 

shaped regions of hypermyelination, are a common diagnostic feature found to precede 

clinical symptoms and hypothesized to be the result of frequent mild injuries 

(Gabreels-Festen and Wettering, 1999). Segmental demyelination and remyelination can 

also be identified in nerve biopsies. In one study, over 40% of HNPP patients were 

unaware of their condition and 25% were symptom free (Pareyson et al., 1996), 

illustrating the phenotypic variation found in PMP22-associated peripheral neuropathies. 

Animal Models of PMP22-Associated Neuropathies 

 To determine if altered expression of PMP22 is sufficient to induce heritable 

peripheral neuropathies, animal models that replicate the deletion, duplication and several 

point mutations of PMP22 have been genetically engineered. These animal models 

recapitulate major aspects of PMP22-related neuropathies in humans and have allowed 

for a more complete cellular and molecular analysis of neuropathy nerves than can 

practically be accomplished with human tissue samples (Notterpek and Tolwani, 1999). 

Unlike engineered PMP22-mutant mice, the spontaneously occurring Trembler (Tr) and 

Trembler-J (TrJ) mice have point mutations in PMP22 resulting in amino-acid 

substitutions identical to those found in some human CMT1A patients (Suter et al., 

1992a, 1992b; Valentijn et al., 1992; Ionasescu et al., 1997). Frequently used as models 

for hypertrophic demyelinating neuropathies similar to CMT1A, the Tr and TrJ mice 

display phenotypic differences, especially the early postnatal lethality of the homozygous 

TrJ in comparison to the long-lived homozygous Tr (Henry and Sidman, 1988). Other 

neuropathy-associated PMP22 point mutations have since been established in mice 

(Isaacs et al., 2000; 2002), providing further models for the study of PMP22-associated 

neuropathies.  
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 Overexpression of the PMP22 gene in transgenic animals provides a model for 

CMT1A patients with PMP22 duplication. Rats carrying three copies of the murine 

PMP22 gene per allele display slowed NCV and signs of demyelination and 

dysmyelination (Sereda et al., 1996). Similarly, two mouse models of PMP22 

overexpression were designed to recapitulate the CMT1A phenotype (Huxley et al., 

1996; Magyar et al., 1996). To study the HNPP phenotype in transgenic mice, expression 

of the PMP22 gene has been diminished either by antisense technology (Maycox et al., 

1997) or by homologous recombinant gene disruption (Adlkofer et al., 1995). Affected 

mice display behavioral and pathological traits found in HNPP patients, including the 

characteristic tomoculous nerve fibers. The severity of neuropathy found in the 

homozygous PMP22-null mice as compared to the more mildly affected heterozygotes 

lends support to the principle of PMP22 dose-dependency. In humans, homozygosity for 

the PMP22 deletion has not been reported, either because of a low frequency of 

occurrence or an incompatibility with life. Crossbreeding between the Tr and a 

PMP22-null mouse has provided significant evidence for the dominant negative gain-of-

function hypothesis for PMP22 point mutations (Adlkofer et al., 1997). Limitations exist 

for these animal models of PMP22-neuropathies, including the brief rodent lifespan that 

may mask the progressive nature of these disorders. However, their study has led to 

important discoveries, including the role of protein mistrafficking in disease pathology. 

Disease Mechanism of Altered PMP22 Expression 

 The majority of PMP22 protein is located in the plasma membrane of compact 

myelin in Schwann cells (Pareek et al., 1993; Haney et al., 1996). In rat Schwann cells, 

most of the newly synthesized PMP22 protein is rapidly turned over in the endoplasmic 

reticulum, unable to attain complex glycosylation or enter the plasma membrane (Pareek 
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et al., 1997). The Tr and Tr-J mutant forms of PMP22 fail to reach the cell surface in 

myelinating Schwann cells (Colby et al., 2000). In addition to being hemizygous for 

wt-PMP22 expression, the mutant protein could act to further reduce the surface 

expression of the wild-type (wt) protein since the mutant protein is capable of associating 

with the wt form (Tobler et al., 1999). However, the duplication of the PMP22 gene leads 

to disease symptoms similar to many of the point mutants, suggesting an alternate disease 

mechanism. Since most of the wt protein never reaches the plasma membrane, it has been 

hypothesized that PMP22 protein processing is difficult for the Schwann cell (Sanders et 

al., 2001). Either the presence of mutant forms or an increase in the level of wt protein 

expression may eventually overwhelm the quality-control mechanism, causing a negative 

gain-of-function, perhaps explaining the progressive nature of the disease. An 

upregulation of the lysosomal and ubiquitin-proteasomal protein degradation pathways in 

the Tr-J mouse model lend support to this hypothesis (Notterpek et al., 1997; 1999a; 

Ryan et al., 2002; Tobler et al., 2002; Fortun et al., 2003), although the actual disease 

mechanism of the PMP22-associated neuropathies remains uncertain.  

 Current experimental approaches to treating PMP22-associated neuropathies 

(reviewed in Young and Suter, 2001) include modulation of PMP22 expression and 

immunosuppression. A progesterone antagonist administered in a transgenic rat model 

for CMT1A reduces the levels of PMP22 mRNA and improves the CMT1A-like 

pathology (Sereda et al., 2003). Similarly, ascorbic acid treatment ameliorates the disease 

phenotype in a CMT1A mouse model (Passage et al., 2004). Although these studies are 

promising, no effective treatments are commonly prescribed for clinical use in humans. 
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Genomic Organization of PMP22 

 The human PMP22 gene is located at chromosome 17p11.2-p12. The mouse and 

rat genes are found on chromosome 11 (Suter et al., 1992a) and 10q22 (Liehr and 

Rautenstrauss, 1995), respectively. In the human genome, PMP22 spans approximately 

40kb, with 6 exons coding for the mRNA. The first 2 exons, 1A and 1B are alternatively 

transcribed under different promoters, (P1 and P2, respectively) resulting in differential 

5� untranslated regions (UTRs), yet maintaining the same coding region. The existence of 

dual promoters suggests diversity in regulating PMP22 expression. Both transcripts are 

detected in most tissues; however, the exon 1A containing message is predominant in the 

peripheral nerve, while the exon 1B form is more common in non-neural tissues (Suter et 

al., 1994). Exons 2 through 5, code for the PMP22 protein and a large 3� UTR. This 

genomic organization is conserved in both the mouse and the rat.  

 Studies of the PMP22 promoters have provided limited evidence to suggest how 

transcription is regulated. A TATA-box-like sequence is present in the P1, but not P2 

region, which has a high GC rich sequence, similar to that found in a housekeeping 

promoter (Suter et al., 1994). Specific transcription factors known to regulate PMP22 

expression have not been described. Levels of PMP22 message in the sciatic nerve are 

upregulated during early postnatal development (Bosse al., 1994). Immediately after 

nerve injury, PMP22 mRNA levels are reduced followed by upregulation during 

regeneration (Spreyer et al., 1991; Snipes et al., 1992). In NIH3T3 cells, growth arrest 

leads to an elevation in PMP22 message (Manfioletti et al., 1990). Similarly, forskolin, an 

activator of adenylate cyclase that produces cyclic-AMP, results in increased mRNA 

levels in Schwann cells (Snipes et al., 1992; Pareek et al., 1993). Another regulator of 

PMP22 transcription in Schwann cells is 3α-5α-tetrahydroprogesterone, whose activity is 
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dependent on the gamma-amino butyric acid (GABAA) receptor (Melcangi et al., 1999; 

Martini et al., 2003). These findings have provided some insight into the expression of 

PMP22 mRNA; however, a clear understanding of its gene regulation remains elusive. 

Temporospatial Expression of PMP22 

Expressed rather ubiquitously in tissues outside of the PNS, non-neural PMP22 

mRNA is detected by in situ hybridization during murine embryogenesis in the epithelial 

ectodermal layer at embryonic day 9.5 (E9.5) (Baechner et al., 1995). In the same study, 

elevated levels of PMP22 message are enriched in the liver and gut during organogenesis 

(E11.5). By E14.5-16.5 the lung mesenchyme, skin and eye epithelia all contain PMP22 

message. As detected by Northern blot analysis, tissue-specific expression of PMP22 

mRNA in the late embryonic rat heart and kidney is reduced prior to birth (Rees et al., 

1999). Tissues containing significant levels of PMP22 in the adult rat and mouse include 

the lung, stomach and intestinal tract (Taylor et al., 1995; Lobsiger et al., 1996). By in 

situ hybridization, the mature mouse was found to contain significant non-neural PMP22 

mRNA in the epithelial villi of the intestine (Baechner et al., 1995). 

In the central nervous system (CNS), the highest levels of PMP22 message are 

detected at E15.5 by Northern blot analysis (Wulf and Suter, 1999), and by in situ 

hybridization at the subventricular neuroepithelial layer of the developing mouse from 

E11.5 through E17.5 (Baechner et al., 1995; Parmantier et al., 1997). Discrete 

populations of motor neurons in the developing and adult mouse and rat also contain 

PMP22 message and protein (Parmantier et al., 1995; 1997). Expression of a putative 

zebrafish orthologue to mammalian PMP22 was observed by in situ hybridization in the 

intestinal and olfactory epithelium and neural crest cells (Wulf et al., 1999), identifying 

the gene as having both a neural and non-neural expression even in nonmammalian 
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vertebrates. In addition, PMP22 message is found in diverse cell lines in vitro, such as 

differentiated PC12 cells (De Leon et al., 1994), P19-derived neuroepithelial cells (Wulf 

and Suter, 1999) and shear-stressed endothelia (Bongrazio et al., 2000). Thus, despite a 

PNS-specific disease association, the pattern of PMP22 mRNA expression is rather 

ubiquitous. 

Characteristics of PMP22 Protein 

 Based on hydropathy plots, PMP22 is a 160 amino-acid hydrophobic protein with 

a putative four-transmembrane structure, two extracellular loops and intracellular amino- 

and carboxyl-termini (D�Urso and Muller, 1997, Taylor et al., 2000) (Fig. 1-1). The 

protein is highly conserved with an 87% amino-acid identity between human and mouse. 

The 1st transmembrane domain contains a non-cleaved signal peptide sequence, a motif 

that targets protein insertion into the ER membrane (Manfioletti et al., 1990; Welcher et 

al., 1991; Taylor et al., 1995).  

 The only documented post-translational modification of PMP22 is the addition of 

a sugar moiety via N-linked glycosylation of a conserved consensus sequence on the 1st 

extracellular loop (Pareek et al., 1993). Glycosylation of PMP22 gives the core 18 

kilodalton (kD) protein its characteristic 22 kD mobility by SDS-PAGE analysis. The 

sulfated sugar complex is recognized by the L2/HNK-1 antibody, an epitope found on 

several nervous- and immune-system proteins that function in cell-cell and 

cell-extracellular matrix interactions (reviewed in Schachner et al., 1995). When 

glycosylation of the protein is prevented by amino-acid substitution, PMP22 is targeted to 

the ER and plasma membrane similar to the wt form (Ryan et al., 2000). However, the 

deglycosylated protein forms less stable homodimers (Ryan et al., 2000) than the wt 

protein (Tobler et al., 1999). 
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Figure 1-1.  The secondary structure of PMP22. Shown above is the putative secondary 
structure of PMP22. There are four transmembrane regions (grey) and two 
extracellular loops, the first of which contains an N-glycosylation motif.  

In addition to forming homotypic interactions, PMP22 is capable of associating 

with other transmembrane proteins. PMP22 associates in a glycosylation-independent 

interaction with the abundant PNS myelin transmembrane protein, myelin protein zero 

(P0) (D�Urso et al., 1999). It is hypothesized that the interaction between P0 and PMP22 

is required to maintain stable myelin (D�Urso et al., 1999), perhaps by assuring the 

proper stoichiometry of the two proteins. Another protein that interacts with PMP22 is 

the P2X7 purogenic transmembrane receptor, an ion channel gated by extracellular ATP 

(Wilson et al., 2002). The P2X7-PMP22 protein interaction occurs via a unique 

cytoplasmic domain of the P2X7 receptor. Therefore, at least in some instances, PMP22�s 

role in cellular processes may involve the modulation of other transmembrane proteins.  
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 A member of a family of four transmembrane proteins, PMP22 has homology to 

the epithelial membrane protein-1 (EMP-1), -2 and -3 (Taylor et al., 1995; Lobsiger et al., 

1996; Taylor and Suter, 1996; Chen et al., 1997). The function of the EMPs remains 

unclear. However, the most studied of these proteins, EMP-2, associates with β1-integrin 

and regulates cell-substrate adhesion (Wadehra et al., 2002), modulates the surface 

expression of the class I major histocompatability complex (Wadhera et al., 2003), and of 

caveolins and glycosylphosphatidyl inositol-linked proteins (Wadhera et al., 2004). 

Studies of EMP-2 further suggest a role for the PMP22-EMP family of proteins in the 

modulation of other membrane-associated molecules.  

Role for PMP22 in Cell Proliferation and Cell Morphology 

 Altered PMP22 expression in various in vitro cell lines indicates a role for the 

protein in regulating both the progression of the cell cycle and cell morphology. 

Upregulated in serum-starved NIH3T3 cells, PMP22 mRNA levels are similarly elevated 

by contact-inhibited growth arrest (Schneider et al., 1998; Ciccarelli et al., 1990; 

Manfioletti et al., 1990; Suter et al., 1994). A coincident increase in PMP22 message and 

induction of growth arrest is found in Schwann cells (Welcher et al., 1991; Zoidl et al., 

1995) and adipoblasts (Shugart et al., 1995). Thus, elevated PMP22 expression appears to 

be correlated with exit from the cell cycle, at least in a subset of cells. These findings are 

substantiated by studies that artificially overexpress exogenous PMP22 in Schwann cells, 

leading to growth arrest (Zoidl et al., 1995). Conversely, Schwann cell proliferation is 

augmented by a reduction of PMP22 message by expression of antisense mRNA (Zoidl et 

al., 1995). Therefore, these studies indicate that PMP22 is capable of both positive and 

negative regulation of cell-cycle progression. Additionally, nerve growth factor 
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differentiated PC12, but not C6 glioma cells, have an increased level of PMP22 mRNA 

(DeLeon et al., 1994), suggesting a role for PMP22 in cell differentiation. 

Elevated levels of exogenous PMP22 can also result in altered cell morphology. 

In NIH3T3 and HEK-293, but not REF52 cells, overexpression of PMP22 results in 

plasma membrane blebbing and eventual apoptosis (Fabretti et al., 1995; Brancoloni et 

al., 1999; Wilson et al., 2002), a phenotype inhibited by coexpression of the 

anti-apoptotic bcl-2 gene (Brancolini et al., 1999). Prolonged activation of the P2X7 

purigenic receptor, a PMP22 binding partner, also leads to membrane blebbing and 

apoptosis (Wilson et al., 2002). The expression of P2X7 in immune and epithelial cells, 

in addition to Schwann cells (Grafe et al., 1999; Colomar et al., 2001), indicates a 

potential mechanism for the membrane blebbing and apoptosis induced by PMP22 

expression.  

Following PMP22 overexpression, NIH3T3 cells experience RhoA 

GTPase-dependent altered cell spreading (Brancolini et al., 1999). Conversely, by 

inhibiting endogenous RhoA GTPase activity, REF52 cells become sensitive to altered 

cell shape in response to PMP22 overexpression (Brancolini et al., 1999). These 

experiments implicate the Rho GTPase pathway in modulating the effects of PMP22 

expression. In NIH3T3 cells, PMP22 that is incapable of reaching the plasma membrane, 

either due to the artificial addition of an ER retrieval signal to the carboxyl-terminus or 

the presence of the Tr-J point mutation, is unable to alter cell spreading or induce 

apoptosis (Fabretti et al., 1995; Brancolini et al., 2000). While capable of reaching the 

cell surface and increasing apoptosis, PMP22 protein with a defective glycosylation motif 
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fails to affect cell morphology as significantly as the wt protein (Brancolini et al., 2000), 

suggesting that this motif is crucial for certain cellular functions.  

Prior to the PMP22-induced morphological changes or apoptosis that occur in 

response to PMP22 overexpression, wt, but not Tr-J, protein is localized to perinuclear 

endosomes and to large vacuoles near the cell periphery (Chies et al., 2003). These 

actin/phosphatidylinositol (4,5)-biphosphate (PIP-2)-positive vacuoles are part of the 

ADP-ribosylation factor 6 (Arf-6) plasma-membrane-endosomal recycling pathway 

involved in cell-cell adhesion and cell migration (reviewed in Donaldson et al., 2003). 

Thus, PMP22 appears capable of regulating cell proliferation, morphology and 

differentiation, all aspects crucial to the proper formation of myelin, the structure most 

obviously affected by altered expression of the gene.  

 In summary, since the original discovery of PMP22 little has been learned about 

its normal function in the myelinating Schwann cell. This may be due to difficulty in 

studying the complex and largely unknown process of normal PNS myelination. 

Advances in dissecting PMP22-related disease pathogenesis have focused on protein 

trafficking and turnover or the characterization of nerve pathology. The function of the 

protein is largely being examined in cell types unrelated to myelination, an approach 

justified by extensive non-PNS PMP22 expression. However, since message levels are 

elevated in epithelial cells such as those of the gut, it seems logical to first characterize 

the localization of PMP22 in these cells. Furthermore, well-characterized cell models of 

polarized epithelia, amenable to experimental manipulation, provide certain technical 

advantages allowing for further investigation of PMP22�s function. The ultimate goal of 

these studies lies beyond determining a function for the protein in non-neural cell types, 
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by providing a foundation of knowledge to be used in revealing the role of PMP22 in 

peripheral nerve myelin in health and disease. The purpose of this study was to examine 

the expression and subcellular localization of PMP22 in non-neural cell types and provide 

novel insights into the role of the protein in the cell membrane. 
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CHAPTER 2 
PERIPHERAL MYELIN PROTEIN 22 IS A NOVEL CONSTITUENT OF 

INTERCELLULAR JUNCTIONS IN EPITHELIA 

Note 

 The work presented in this chapter was published in Proceedings of the National 

Academy of Sciences USA 98(25) 14404-14409 (2001) Amy Yazdanpour and Christoph 

Rahner assisted with the cryosectioning and immunostaining, Stephanie Amici assisted 

with the RT-PCR and Western blots, and Bradley Fletcher assisted with the retroviral 

infections. 

Introduction 

 Peripheral myelin protein 22 (PMP22), also known as gas3, is a tetraspan 

glycoprotein with proposed roles in peripheral nerve myelin formation, cell-cell 

interactions, and cell proliferation (Suter and Snipes, 1995). PMP22 expression is highest 

in myelin-forming Schwann cells; however, PMP22 mRNA can be detected in a variety 

of non-neural tissues. Epithelial cells of the lungs and intestines are known to express the 

highest levels of PMP22 mRNA outside of the peripheral nervous system (Baechner et 

al., 1995; Taylor et al., 1995; Wulf et al., 1999), yet the localization or the role of the 

protein in these tissues has not been determined. Although the function of PMP22 in 

Schwann cells and non-neural cells is largely undefined, it is well established that 

deletions, duplications, or mutations in PMP22 account for the majority of heritable 

demyelinating peripheral neuropathies, including Charcot-Marie-Tooth disease type IA. 

 Myelin-forming Schwann cells and epithelial cells, two cell types with high levels



16 

 

of PMP22 mRNA expression, share similarities in that they are both polarized and 

maintain compositionally unique membrane domains. In addition, similar to the barrier 

function of epithelia, Schwann cells separate intramyelinic and extramyelinic 

extracellular space (Mugnaini and Schnapp, 1974). The molecular bases of how Schwann 

cells attain these functions are not yet understood, although they are likely to involve 

specialized intercellular junctions, such as adherens and/or tight junctions (TJs). Freeze 

fracture studies of PNS myelin detected rows of TJ-like fibrils within the Schwann cell 

membrane (Shinowara et al., 1980); nevertheless the identities of the proteins forming 

these structures are unknown. Recent studies revealed the presence of TJ strands in CNS 

myelin (Morita et al., 1999a), which is deposited by oligodendrocytes. A protein 

component of TJ strands in CNS myelin is oligodendrocyte-specific protein/claudin-11, a 

PMP22-related, tetraspan membrane protein (Morita et al., 1999a; Bronstein et al., 1996). 

 In addition to oligodendrocyte-specific protein/claudin-11, PMP22 shares 

significant sequence identity and structural similarity with other claudins, including the 

first discovered claudin in liver, claudin-1 (Furuse et al., 1998a). The claudin protein 

family now includes more than 20 members with unique, as well as overlapping, tissue 

distribution (Mitic et al., 2000, Rahner et al., 2001; Tsukita et al., 2001). Claudins appear 

to have roles in the formation of TJ strands and in the establishment of the ionic 

selectivity of the junctional barrier (Tsukita et al., 2001). The essential function of 

claudins at TJs is supported by recent reports on claudin misexpression and 

disease-causing alteration in epithelial physiology (Simon et al., 1999; Wilcox et al., 

2001). Occludin, also a tetraspan protein of TJs, is an adhesive molecule that may have 

roles in the barrier function of TJs (Furuse et al., 1996; Wong and Gumbiner, 1997; Van 
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Itallie and Anderson, 1997). These transmembrane junctional proteins form complexes 

with cytoplasmic molecules, such as zonula occludens-1 and -2 (ZO-1, ZO-2), which link 

the membrane proteins to cytoskeletal elements (Fanning et al., 1998). As the molecular 

architecture of intercellular junctions is being uncovered, studies show that in addition to 

ionic barrier and fence functions, TJs are involved in intracellular vesicle targeting and 

signaling (Zahraoui et al., 2000).  

 Based on the mRNA expression pattern, and the primary and secondary structure 

of PMP22, we hypothesized that PMP22 might be a component of intercellular junctions 

in epithelia. Therefore, we examined the expression and localization of PMP22 in 

cultured epithelia and a variety of tissues with ZO. Using immunochemical, biochemical, 

and molecular approaches, we found that in epithelial cells PMP22 is coexpressed with 

occludin and ZO-1 at or near TJs and that overexpression of PMP22 in L cell fibroblasts 

mediated the formation of ZO-1-positive intercellular junctions. These studies suggest 

that the plasma membrane-associated biological function of PMP22 might involve a role 

in the establishment and/or maintenance of intercellular junctions and possibly of TJs.  

Materials and Methods 

Cell Culture 

 Primary Schwann cell cultures were established from newborn rat pups 

(Notterpek et al., 1999b). L cells (American Type Culture Collection) were maintained in 

10% horse serum containing DMEM. Madin-Darby canine kidney (MDCK) cells were 

cultured in 10% FBS containing DMEM on 0.4-µm pore size Transwell filters (Costar), 

or glass coverslips, with or without type I collagen coating. Highly polarized, confluent 

MDCK cell monolayers were incubated with 4 mM EGTA for 1-4 h to chelate the 

calcium from the culture medium (Gumbiner and Simons, 1986; Kartenbeck et al., 1991). 
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EGTA treatment results in the rounding up of the cells and disassembly of intercellular 

contacts.  

Retroviral Overexpression of PMP22-myc in MDCK and L Cells 

 The mouse PMP22 ORF with a myc epitope in the 2nd extracellular loop (Tobler 

et al., 1999) was directionally inserted into the retroviral plasmid pBMN (Hitoshi et al., 

1998). The resulting pBMN-PMP22myc, or a control pBMN-GFP (green fluorescent 

protein) plasmid, was transiently transfected into the amphotropic retroviral packaging 

cell line Phoenix A (obtained from Garry Nolan, Stanford University, CA). Retroviral 

supernatants were collected after 30 h incubation at 32°C and directly applied to 1 × 106 

MDCK or L cells (~40% confluency). Retroviral transductions were performed at 32°C 

for 24 h in the presence of 5 µg/ml polybrene. Forty-eight hours postinfection, cells were 

replated and allowed to form confluent monolayers. Estimated from the number of 

pBMN-GFP-expressing cells, the infection rate in the L cells was ~99% and ~15% in 

MDCK cells.  

Immunostaining Procedures 

 MDCK cells and 2- or 8-µm thick cryosections of adult rat liver and colon were 

double immunostained with polyclonal anti-PMP22 (Notterpek et al., 1999b) and 

monoclonal anti-tight junction protein antibodies, according to published procedures 

(Itoh et al., 1997). Primary antibodies included monoclonal anti-occludin and anti-ZO-1 

(Zymed), and polyclonal anti-claudin-1 (Zymed) and anti-PMP22 (Notterpek et al., 

1999b). Twelve distinct polyclonal antibodies made against 16-aa peptides of the 1st 

(amino acids 27-42) or 2nd (amino acids 117-133) extracellular loops of the mouse, rat, 

or human PMP22 were used to localize PMP22 in the studied samples. Preimmune and 
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peptide preadsorbed (0.1 mg/ml) rabbit serum and nonspecific mouse IgGs served as 

controls of antibody binding. Bound primary antibodies were detected with Alexa 

fluorochrome-conjugated secondary antibodies, including FITC-conjugated anti-mouse 

IgG and Texas red-conjugated anti-rabbit IgG (Molecular Probes). Nuclei were stained 

with Hoechst dye. Coverslips were mounted by using a ProLong Antifade kit (Molecular 

Probes), and images were acquired with a Spot camera attached to a Nikon Eclipse 1000 

or an Olympus MRC-1024 confocal microscope. Images were processed for printing by 

using Adobe PHOTOSHOP 5.0.  

 To increase the resolution of the immunoreactivity in filter-grown MDCK cells, 

filters with confluent monolayers were sectioned after freezing and processed for 

immunostaining (Itoh et al., 1997). For optimal detection of the myc epitope-tagged 

PMP22, retrovirally infected MDCK and L cells were fixed in 4% paraformaldehyde, 

followed by permeabilization and immunolabeling with polyclonal or monoclonal 

anti-myc antibodies (Ryan et al., 2000). These fixation conditions are suboptimal for the 

detection of endogenous TJ proteins, which is reflected by reduced levels of claudin, 

ZO-1, and occludin-like immunoreactivities.  

RNA isolation, Northern analysis, and Reverse Transcriptase-PCR (RT-PCR) 

 Total RNA was isolated from rat liver and rat Schwann cells by using the TRIzol 

reagent (GIBCO Life Technologies). The Titan One Tube RT-PCR System (Roche 

Diagnostic) was used to generate and amplify a 425-bp PMP22 cDNA fragment by using 

1 µg of total RNA. Specific primers were synthesized according to the nucleotide 

sequence of rat PMP22 (sense primer 5'-ACACTTGACCCTGAAGGC-3' and reverse 

primer 5'-AGCATCAGAAGGACACCG-3'). Half of each RT-PCR product was digested 
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with a PMP22 sequence-specific restriction enzyme (BsaI), and samples were analyzed 

on acrylamide gels. Negative controls included samples without the RT enzyme and 

samples that were RNase-treated.  

Biochemical Procedures 

 Bile canaliculi-enriched fractions from P70 rat livers were processed according to 

established procedures (Song et al., 1969; Tsukita and Tsukita, 1989). Three different 

membrane fractions were collected (Song et al., 1969) and analyzed by Western blotting 

with anti-PMP22 antiserum.  

 To confirm that our anti-human, anti-rat, or anti-mouse PMP22 antibodies can 

detect canine PMP22 in MDCK cells we purchased frozen dog sciatic nerves (Pel-Freez 

Biologicals). Adult rat, mouse, and canine sciatic nerve lysates were analyzed on 12.5% 

SDS gels as described (Notterpek et al., 1999b).  

 Control and retrovirally infected MDCK cell monolayers were extracted with 

0.5% TX-100-containing buffer, and detergent soluble (S) and insoluble (I) fractions 

were collected (Jou et al., 1998). Control and retrovirally infected L cells were directly 

lysed in SDS gel sample buffer, and protein concentrations were determined. 

Endoglycosidase H and N-glycosidase digestions were performed as described (Pareek et 

al., 1997). To prevent the aggregation of PMP22, protein samples were heated to 80°C 

before loading of the gels. Gels were transferred to nitrocellulose membranes and 

processed for immunoblotting with monoclonal anti-occludin and anti-ZO-1 (Zymed), 

and polyclonal anti-claudin-1 (Zymed) and anti-PMP22 (Notterpek et al., 1999b) 

antibodies. Bound antibodies were detected with horseradish peroxidase-conjugated 
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anti-mouse, or anti-rabbit, secondary antibodies (Sigma) by using ECL chemiluminescent 

reagents (Amersham Pharmacia).  

Results 

PMP22 Localizes to Cell-Cell Junctions in the Rat Liver and Colon  

 Previous studies have shown high levels of PMP22 mRNA in various non-neural 

tissues (Baechner et al., 1995; Taylor et al., 1995; Wulf et al., 1999); however, to date the 

localization and the expression of protein at these sites has not been determined. Using a 

TX-100 pre-extraction immunostaining procedure (Itoh et al., 1997), we detected bright 

PMP22-like immunoreactivity at the surface epithelium of the mucosa in colon (Fig. 

2-1A) and liver bile canaliculi (Fig. 2-1 C, E, and F). In colon, PMP22 and ZO-1 are 

found at apical junctions of epithelial cells and in small blood vessels transversing the 

submucosa (Fig. 2-1 A and B, arrowheads). In liver, PMP22 and ZO-1 are colocalized to 

bile canaliculi (Fig. 2-1 C and D, respectively); however, only ZO-1, but not PMP22, is 

present at endothelial cell junctions of the portal vein (Fig. 2-1E, arrows). Nerve 

terminals show bright PMP22 and no ZO-1 immunoreactivity (Fig. 2-1E). In addition to 

ZO-1, PMP22 is colocalized with occludin at bile canaliculi (Fig. 2-1 F and G, 

respectively). The lack of PMP22-like immunoreactivities in liver sections incubated 

with preimmune (Fig. 2-1A inset) or antigenic peptide preincubated serum (Fig. 2-1F, 

inset) support the specificity of the PMP22-like immunostaining at these novel locations. 

The localization of PMP22 in colon epithelium and bile canaliculi was verified by eight 

distinct antibodies, including antisera raised against the 1st rather than the 2nd 

extracellular loop of the protein (data not shown).  

 The expression of PMP22 in liver was confirmed by RT-PCR (Fig. 2-1H) and 

Western analysis (Fig. 2-1I). Using specific primers to the rat PMP22 cDNA we detected 
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Figure 2-1.  Coexpression of PMP22 with ZO-1 and occludin in colon epithelium and 
bile canaliculi. Frozen sections of normal adult rat colon (A and B) and liver 
(C-G) were coimmunostained with polyclonal anti-PMP22 (A, C, E, and F) 
and monoclonal anti-ZO-1 (B, D, and E) or occludin (G) antibodies. (A and 
B) Confocal images showing the presence of PMP22 at the surface epithelium 
of the mucosa and in submucosal vasculature (arrowheads). (E) A high-
resolution thin section of adult rat liver stained with anti-PMP22 (red), 
anti-ZO-1 (green) antibodies and nuclear dye (blue). PV, portal vein; N, nerve 
terminal; BD, bile duct; HC, hepatocyte. Liver sections incubated with 
preimmune serum (A Inset) or peptide preadsorbed antiserum (F Inset) do not 
result in TJ-like immunostaining. Magnifications: ×40 (A-E) and ×60 (F and 
G). (H) The expression of PMP22 mRNA in liver was verified by RT-PCR. 
BsaI undigested (-) and digested (+) PCR-amplified fragments are shown for 
each sample. The numbers on the left indicate bp. (I) Membrane pellets (P) 
(75 µg) from adult rat liver homogenates were fractionated and proteins 
isolated at sucrose densities 1.22 (D3) and 1.18 (D2) and 1.16 (D1) were 
analyzed (75 µg/lane) for the presence of PMP22. Rat sciatic nerve (N) lysate 
(4 µg) was used as a positive control for the anti-PMP22 antibody 
immunoreactivity. S, total liver supernatant (75 µg). Molecular mass, in kDa.  

the identical 425-bp fragment in liver and Schwann cell RNA (Fig. 2-1H). The identities 

of the PCR fragments were verified by BsaI restriction enzyme digests. To further 
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corroborate the expression of PMP22 in liver, crude liver membrane pellets were 

subfractionated by discontinuous sucrose density-gradient ultracentrifugation (Fig. 2-1I) 

(Song et al., 1969; Tsukita and Tsukita, 1989). Although PMP22 is difficult to detect in 

total liver membrane preparations, in bile canaliculi-enriched fractions (sucrose density 

fractions 1 (D1) and 2 (D2)) (Ryan et al., 2000), we observed a significant enrichment for 

PMP22 (Fig. 2-1I). The majority of PMP22 was concentrated at the interface of sucrose 

densities 1.22 and 1.18 (D2) and was absent from the highest sucrose density fraction 

(D3), which contains nuclei, mitochodria, and erythrocyte ghosts (Song et al., 1969). 

Parallel blots incubated with preimmune or antigenic peptide preadsorbed serum were 

completely blank at the 21-to 35-kDa range (data not shown). The slower migration of 

PMP22 in bile canaliculi compared with sciatic nerve is likely caused by differential 

posttranslational modification of PMP22 in myelin and non-neural tissue.  

PMP22 is Localized to Epithelial Apical Cell Junctions 

 The in vivo tissue localization studies suggest that PMP22 is a component of 

intercellular junctions in epithelia, therefore we examined the distribution of PMP22 in 

MDCK cell monolayers. In subconfluent MDCK cell cultures, PMP22 (Fig. 2-2A) is 

found at anti-ZO-1 antibody (Fig. 2-2B) immunoreactive intercellular junctions. The 

nuclear staining observed with the anti-PMP22 antibody has been described before 

(Pareek et al., 1997) and, in part, is caused by nonspecific immunoreactivity of the 

antiserum (Fig. 2-2 A and C, insets). The distribution of PMP22 in confluent filter-grown 

MDCK monolayers also was determined (Fig. 2-2 C-G). Similar to the subconfluent 

cultures (Fig. 2-2 A and B), PMP22-like immunoreactivity (Fig. 2-2 C and E) is  

colocalized with ZO-1 (not shown) and occludin (Fig. 2-2 D and F) at intercellular 
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Figure 2-2.  Coexpression of PMP22 with ZO-1 and occludin at cell-cell contacts in 
MDCK cells. Subconfluent (A and B) and filter-grown (C-G) MDCK cells 
were immunostained with polyclonal anti-PMP22 (A, C, E, and G) and 
monoclonal anti-ZO-1 (B), or anti-occludin (D and F) antibodies. (A Inset) 
Cells stained with preimmune rabbit serum. In filter-grown MDCK cultures 
PMP22 (C) is codistributed with occludin (D) at apical cell contacts. PMP22 
antigenic peptide preadsorbed antiserum does not stain intercellular contacts 
of MDCK cells (C Inset). On sectioned (8 µm) filters (Z plane) PMP22-like 
immunoreactivity (E and G) is associated with the apical border of the 
monolayer, which is also reactive with the anti-occludin (F) antibodies 
(arrows in E and F). (G) Anti-PMP22 (red) and Hoechst nuclear dye (blue) 
stained MDCK cell monolayer is shown. Magnifications: ×60 (A, B, and E-G) 
and ×40 (C and D). (H) Protein blots of (18 µg/lane) normal adult rat, canine, 
and mouse sciatic nerves were reacted with anti-PMP22 antiserum. The upper 
arrow on the right indicates the glycosylated 22-kDa PMP22, while the lower 
arrow points to the newly synthesized 18-kDa, endoglycosidase-H sensitive 
protein. Molecular mass, in kDa.  

junctions. Sectioned filters, double-stained with anti-occludin and anti-PMP22 

antibodies, demonstrate that PMP22 (Fig. 2-2E) is present at apical cell-cell contacts, 

similar to occludin (Fig. 2-2F). The colocalization of PMP22 and occludin at apical 
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intercellular contacts was confirmed by confocal microscopy and rotated 

three-dimensional images of deconvolution microscopy (not shown). Because MDCK 

cells are of canine origin, we verified by Western analysis that our anti-PMP22 antibodies 

raised against human, rat, or mouse peptides can recognize the dog PMP22 (Fig. 2-2H). 

As the anti-PMP22 immunoblot shows, we positively identified the dog PMP22 in total 

sciatic nerve lysates, using an anti-human PMP22 antibody that stains intercellular 

junctions in MDCK cells (Fig. 2-2H). On SDS gels, the canine nerve PMP22 has a 

similar mobility as the rat or the mouse protein (~22 kDa) and shifts ~4 kDa upon 

N-glycosidase treatment (not shown) (Pareek et al., 1997).  

 To begin to elucidate the relationship of PMP22 to known tight junctional 

proteins, filter-grown MDCK cell monolayers were treated with EGTA to disrupt 

intercellular contacts (Fig. 2-3). Previous studies showed that such treatment leads to the 

internalization of proteins found at adherens and TJs (Cereijido et al., 2000). After a 1-h 

EGTA treatment of the cultures, the majority of anti-ZO-1 and anti-occludin antibody 

immunoreactive intercellular contacts disappeared, and both occludin (Fig. 2-3B) and 

ZO-1 (not shown) were internalized in vesicles. Using double immunolabeling, PMP22 

and occludin were detected together in a subpopulation of vesicles (arrows in Fig. 2-3 A 

and B). These results strongly support that PMP22 is a protein component of apical 

intercellular junctions in epithelial cells.  

 Tight junctional proteins are insoluble in TX-100 (Jou et al., 1998); therefore we 

compared the solubility properties of PMP22 to ZO-1, occludin, and claudin-1 (Fig. 

2-3C). Confluent MDCK monolayers were incubated with 0.5% TX-100 containing  
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Figure 2-3.  Internalization of PMP22 with occludin in EGTA-treated MDCK cells. 

Confluent MDCK monolayers were cultured in the presence of 4 mM EGTA 
for 1 h followed by immunostaining with polyclonal anti-PMP22 (A) and 
monoclonal anti-occludin (B) antibodies. Arrows point to vesicles that contain 
both PMP22 (A) and occludin (B). (Magnification: ×60.) (C) Confluent 
MDCK cell monolayers were extracted with 0.5% TX-100 containing buffer 
and detergent soluble (S), and detergent-insoluble (I) fractions were 
immunoblotted with antibodies against ZO-1, occludin, PMP22, and 
claudin-1. Molecular mass, in kDa. 

buffer, and detergent soluble and insoluble fractions (Jou et al., 1998) were analyzed for 

the four antigens (Fig. 2-3C). In agreement with previous studies, we found that the 

greater portion of ZO-1 and occludin remain in the TX-100 insoluble fraction (Jou et al., 

1998), whereas the majority of claudin-1 is extracted in the detergent (S). The greater 

solubility of claudin-1 correlates with its high intracellular levels in MDCK cells (Fig. 

2-4B). In contrast to claudin-1, PMP22 is largely insoluble in 0.5% TX-100 containing 

buffer (I) (Fig. 2-3C).  

Epitope Tagged PMP22 is Targeted to Epithelial Cell Junctions 

 To further validate our findings on the apical junctional localization of PMP22 in 

MDCK cells, we studied the targeting of myc-tagged mouse PMP22 (Fig. 2-4). A myc 
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epitope tag in the 2nd extracellular loop of PMP22 does not interfere with the normal 

processing and trafficking of the protein (Tobler et al., 1999, Ryan et al., 2000). MDCK 

cells infected with the pBMN-PMP22-myc construct were plated on coverslips or filters 

and allowed to proliferate. In subconfluent cultures we detected PMP22-myc (Fig. 2-4 A 

and C) and claudin-1 (Fig. 2-4 B and C) at intercellular junctions. Cells that are 

overexpressing the mouse PMP22-myc are able to integrate and establish intercellular 

contacts with parental cells (Fig. 2-4 A, C, and D). Furthermore, in filter-grown MDCK 

cell monolayers, the exogenous PMP22-myc protein is correctly targeted to apical cell 

contacts (Fig. 2-4E). 

 The apical junctional targeting of PMP22-myc also was established by Western 

analysis (Fig. 2-4F). Anti-myc immunoblots of control, pBMN-GFP, and PMP22-myc 

infected MDCK cells specifically detects an ~27-kDa and a less abundant ~33-kDa band 

in the PMP22-myc sample (Fig. 2-4F, lane 3). Both ~27-kDa and ~33-kDa bands shift 

upon deglycosylation with N-glycosidase (data not shown) (Pareek et al., 1997). The 

arrowheads at ~34 kDa indicate a nonspecific protein that is immunoreactive with the 

myc antibody in control (Fig. 2-4F, lane 1) and GFP-infected (Fig. 2-4F, lane 2) cells. 

Significantly, similarly to the endogenous canine PMP22 (Fig. 2-3C), the majority of 

PMP22-myc is also insoluble in 0.5% TX-100 (Fig. 2-4F, lane I). In addition to the ~27 

kDa and ~33 kDa bands, the detergent-insoluble fraction contains a range of high 

molecular mass anti-myc antibody immunoreactive proteins, which likely represent 

aggregates of PMP22 multimers (Tobler et al., 1999). Together, these overexpression 

experiments strongly support that PMP22 is a component of the apical intercellular 

junctional complex in epithelia.  
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Figure 2.4.  Exogenously expressed PMP22-myc is targeted to TJs in MDCK cells. 
pBMN-PMP22-myc-infected cells were cultured on coverslips (A-D) or 
Transwell filters (E) and immunostained with monoclonal anti-myc (A and 
C-E), and polyclonal anti-claudin-1 (B and C) antibodies. Note, only ~15% of 
the cells (green cells) were infected with the PMP22-myc construct (A and 
C-E). PMP22-myc is targeted to anti-claudin-1 immunoreactive intercellular 
contacts (arrows in A-C) and PMP22-myc-expressing cells form contacts with 
noninfected cells (D). Nuclei were stained with Hoechst dye (C and D Inset). 
[Magnifications: ×60 (A-C), and ×40 (D and E).] (F) The expression of 
PMP22-myc was verified by anti-myc Western analysis. Lysates of 
PMP22-myc-infected cells (lane 3) show expression of a ~27-kDa and a 
~33-kDa PMP22-myc protein. A nonspecific ~34-kDa band is present in all 
samples, including uninfected control (lane 1) and pBMN-GFP (lane 2)-
infected cell lysates (arrowheads). The majority of PMP22-myc protein is 
insoluble in TX-100 (I). S, TX-100 soluble. Molecular mass, in kDa. 

Exogenous PMP22 Alters Cell-Cell Contacts in L-Fibroblasts 

 Overexpression of claudins or occludin in nonadherent L fibroblasts has been 

shown to induce the formation of intercellular contacts, including well-organized TJs  
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Figure 2-5.  Colocalization of PMP22-myc with ZO-1 at intercellular junctions of L 
fibroblasts. Uninfected control L cells (A and B) show diffuse ZO-1-like 
membrane staining with focal concentration at cell processes (A) and low 
levels of nonspecific immunoreactivity with polyclonal anti-myc (B) 
antibodies. In PMP22-myc-infected cells, PMP22-myc is detected at cell-cell 
contacts (arrows in C and F), which are costained with the anti-ZO-1 antibody 
(arrows in D and G). PMP22-myc is detected in aggresome-like structures in 
some cells (* in F). Nuclei are stained with Hoechst dye (H). (Magnification: 
×60.) (E) The expression and processing of PMP22-myc was studied in 
lysates of control, uninfected (lane 1), and PMP22-myc-infected L cells (lanes 
2-5) by anti-myc Western blotting. Untreated (lane 2), endoglycosidase H 
(lane 3), N-glycosidase (lane 4), and no enzyme (lane 5) PMP22-myc samples 
are shown. N-glycosidase (N) treatment of PMP22-myc cell lysates results in 
a characteristic shift of PMP22, from a mature high molecular mass, 
endoglycosidase H-resistant form (upper arrow) to a deglycosylated, lower 
molecular mass core protein (lower arrow). The N-glycosidase resistant, 
anti-myc immunoreactive ~29-kDa band likely represents a 
mono-ubiquitinylated PMP22-myc (lane 4). Molecular mass, in kDa.  

(Furuse et al., 1998b). Therefore, we examined the targeting of mouse PMP22-myc in 

mouse L fibroblasts (Fig. 2-5). Parental L cells express low levels of PMP22 mRNA and 

undetectable PMP22 protein (data not shown). In agreement with previous studies in 

parental L cells, ZO-1 is diffusely distributed over cell bodies and concentrated in puncta 

at processes (Fig. 2-5A). In cells overexpressing PMP22-myc, we detected anti-myc (Fig. 
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2-5 C and F) and anti-ZO-1 (Fig. 2-5 D and G) immunoreactivity at cell-cell contacts. 

Well-defined intercellular junctions can be seen, which are immunoreactive with both 

anti-myc and anti-ZO-1 antibodies (arrows in Fig. 2-5 C, D, and F-H). Significantly, 

overexpression of PMP22 alters the distribution of ZO-1 and appears to cause the 

recruitment of ZO-1 to intercellular contacts (compare Fig. 2-5A and D). Although the 

formation of intermittent intercellular contacts is consistently observed in PMP22-myc 

infected L cells, overexpression of PMP22 does not appear to induce long strands 

involving multiple cells, such as described for claudins (Furuse et al., 1998b). Cells that 

have integrated multiple copies of PMP22-myc often contain intracellular PMP22 

aggregates, termed aggresomes (Fig. 2-5F *) (Notterpek et al., 1999a). Uninfected (Fig. 

2-5B) or pBMN-GFP-infected (not shown) L cells do not adhere together and exhibit low 

levels of nonspecific immunoreactivity with the myc antibody. 

 The expression and processing of PMP22-myc in L cells was studied by anti-myc 

Western analysis of endoglycosidase H-treated and N-glycosidase-treated cell lysates 

(Fig. 2-5E). Overexpression of PMP22-myc in L cells yields several bands with apparent 

mobilities ~30 kDa. A portion of the overexpressed protein is resistant to 

endoglycosidase H treatment (Fig. 2-5E, lane 3) and likely represents the membrane 

fraction of the protein (Pareek et al., 1997). N-glycosidase treatment shifts the majority of 

these bands to ~22 kDa, which corresponds to the peptide backbone of PMP22-myc (Fig. 

2-5E, lane 4). The anti-myc immunoreactive ~29-kDa band in the N-glycosidase-treated 

sample might represent ubiquitinylated PMP22-myc, which is suggested by the presence 

of PMP22-myc aggregates in PMP22-myc infected L cells (Fig. 2-5F *) (Notterpek et al., 

1999a). These L cell overexpression studies suggest that PMP22 might serve an adhesive 
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role at intercellular junctions and through indirect protein interactions it affects the 

localization of ZO-1.  

Discussion 

 Because of its well-established disease association, PMP22 has received 

considerable attention during the last decade (Suter et al., 1995; Naef and Suter, 1998). 

Although we have gained significant insight into the genetics of PMP22-associated 

peripheral neuropathies, as well as the intracellular turnover and processing of PMP22 in 

normal and neuropathy Schwann cells, we still do not understand the function of the 

protein. Here, we present data on intercellular junctional localization of PMP22 in 

epithelial cells, suggesting that PMP22 plays a role in cell-cell interactions.  

 Given that PMP22 is primarily known as a peripheral nervous system myelin 

component, the expression of PMP22 at epithelial cell junctions may seem unexpected. 

Nonetheless, our results are in complete agreement with previous studies on the tissue 

distribution of PMP22 mRNA (Baechner et al., 1995; Taylor et al., 1995; Wulf et al., 

1999). One of the tissues with reported highest levels of PMP22 mRNA is the 

gastrointestinal tract (Baechner et al., 1995), where we detected bright PMP22-like 

immunoreactivity at intercellular junctions of absorptive colonic epithelium. In addition 

to the epithelial cells of the gastrointestinal tract, PMP22 is present at TJs of the liver. 

Previously, PMP22 mRNA expression was shown to be high in embryonic liver; 

however, message levels decreased significantly during postnatal development (Baechner 

et al., 1995). These findings are in agreement with reports describing that the turnover 

rate of junctional proteins at established membrane contacts is fairly slow (48 h) (Pasdar 

and Nelson, 1989; McCarthy et al., 2000), therefore the rate of PMP22 mRNA and 

protein synthesis in postembryonic liver is expected to be low. Nonetheless, by RT-PCR 
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we detected PMP22 mRNA in the adult rat liver; and by using an established membrane 

subfractionation procedure (Song et al., 1969), we identified PMP22 in bile 

canaliculi-enriched liver membrane preparations.  

 Although PMP22 is expressed in a variety of tissues, the gross pathological 

findings in PMP22 mutant animals are limited to myelinated peripheral nerves. These 

data may indicate that Schwann cells are particularly sensitive to PMP22 missexpression 

and/or that PMP22-related proteins compensate for the normal function of PMP22 in 

other tissues. A similar compensatory mechanism might operate in occludin-deficient 

mice, which form morphologically and functionally intact TJs (Saitou et al., 2000). Our 

results on the epithelial localization of PMP22 warrant a closer examination of PMP22 

neuropathy animals, as it is known that certain PMP22 mutant mice display nonglial 

abnormalities, which are difficult to explain by myelination defects alone. For example, 

during early postnatal development homozygous Tr-J animals exhibit ~35% reduction in 

weight compared with wild-type littermates (unpublished data) and die at around 

postnatal day 18 (Henry et al., 1983). The homozygous Tr-J condition is the only known 

lethal phenotype associated with PMP22 missexpression and it cannot be explained by 

peripheral myelination defects alone, as several other peripheral myelin-deficient animals 

live normal life spans (Martini and Schachner, 1997). These paradoxes regarding the 

phenotypes of PMP22 neuropathy animals have puzzled investigators of the field for 

many years; however, to date possible explanations have not previously been put forth.  

 The in vivo protein expression studies suggest that PMP22 is a constituent of 

membrane junctions in epithelia; however, they provide limited information on the 

relationship of PMP22 to established TJ membrane proteins. The internalization of 
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PMP22 with occludin, in EGTA-treated MDCK cells, supports the notion that PMP22 is 

a constituent of the apical junctional complex. The detergent solubility properties of 

PMP22 imply that PMP22 might be associated with occludin and/or ZO-1, or other 

TX-100-insoluble proteins, rather than with claudin-1. Because PMP22 shares 28% 

amino acid sequence identity with claudin-1 (Takeda et al., 2001), it is important to note 

that in this assay the two proteins segregate differently. These results strongly argue 

against any cross-reactivity of our anti-PMP22 antibodies with claudin-1, or other 

claudins, as the two proteins are detected in opposite fractions of the cell lysates. 

Nonetheless, because PMP22 shares significant sequence identity with several members 

of the claudin gene family (Takeda et al., 2001), our studies raise the question of whether 

PMP22 may be another claudin. It has recently been established that all 

well-characterized claudins are able to reconstitute long TJ strands in fibroblasts (Tsukita 

et al., 2001). Previous studies performed in HeLa cells (D�Urso et al., 1999) and our 

results in L cells suggest that PMP22 has adhesive properties, as it can mediate 

intercellular contacts between nonadherent cells and is able to recruit ZO-1 to newly 

formed cell junctions (Fig. 2-5). In comparison to L cells, PMP22 overexpression does 

not appear to induce intercellular adhesion in C6 glioma cells (Takeda et al., 2001), a 

central nervous system-derived tumor cell line. These differences in response to PMP22 

overexpression are likely the results of cell specificities in endogenous junctional 

molecules and/or differences in the processing and trafficking of the overexpressed 

PMP22. Nonetheless, further studies will be necessary to examine the ultrastructure of 

these newly formed membrane junctions, as claudins are known to mediate the assembly 
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of long fibrils, in comparison to short strands that are formed by occludin overexpression 

(Van Itallie and Anderson, 1997; Furuse et al., 1998b).  

 Besides structural similarities, PMP22 shares functional properties with some of 

the claudins. Recent reports revealed that single point mutations in claudin-16 and 

claudin-14 cause kidney and hearing abnormalities, respectively (Simon et al., 1999; 

Wilcox et al., 2001). Of the known claudins, claudin-15 is the most homologous to 

PMP22, sharing 30% identity and 54% similarity in their amino acid sequences 

(unpublished data). Although the total molecular mass of the claudins and PMP22 is 

identical (22 kDa), 4 kDa of the total molecular mass of PMP22 is comprised of 

carbohydrate that is attached to Asn-41 in the 1st extracellular loop. This carbohydrate 

motif has a role in the homodimerization of PMP22 (Tobler et al., 1999; Ryan et al., 

2000) and is required for the cell spreading effect observed in PMP22-overexpressing 

fibroblasts (Brancoloini et al., 2000). The carbohydrate modification of PMP22 in 

epithelial cells is unknown, but it could have a role in mediating homophilic interaction 

between neighboring cells.  

 The studies described here provide insights into the potential function of PMP22 

in membrane physiology. Our results demonstrate that PMP22 is a protein component of 

intercellular junctions, where it might mediate the formation of cell-to-cell contacts 

and/or stabilize membrane contacts. A similar role for PMP22 in the Schwann cells 

membrane could explain the demyelinating phenotypes associated with various forms of 

PMP22 misexpression. 
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CHAPTER 3 
TEMPOROSPATIAL EXPRESSION OF PERIPHERAL MYELIN PROTEIN 22 AT 

THE DEVELOPING BLOOD-NERVE AND BLOOD-BRAIN BARRIERS 

Note 
 The work presented in this chapter was published in The Journal of Comparative 

Neurology 474(4) 578-588 (2004). Julie Oakley and Shale Joy assisted with the 

cryosectioning and Stephanie Amici assisted with the establishment of choroid epithelial 

cultures and Northern blot analysis. 

Introduction 

 The peripheral (PNS) and central nervous systems (CNS) are privileged 

environments, selectively restrictive to molecules found in the general circulatory system. 

Enclosing the peripheral nerve endoneurium is the blood-nerve barrier (BNB), 

established and maintained largely by intercellular junctions of the perineurium and 

endothelial cells of endoneurial vasculature (Allt and Lawrenson, 2000; Smith et al., 

2001). The blood-brain barrier (BBB) similarly provides a restrictive environment for the 

CNS parenchyma, relying on cell-cell junctions of the brain vasculature, choroid 

epithelium and arachnoid (Saunders et al., 2000). 

 In the mature BBB, tight junctions are thought to regulate the paracellular flow of 

molecules (Kniesel and Wolburg, 2000; Huber et al., 2001). During development, 

interendothelial junctions of the brain microvasculature display increasing ultrastructural 

complexity (from ~E11 to early postnatal) with a loss of expanded paracellular clefts and 

more strand continuity (Schulze and Firth, 1992; Stewart and Hayakawa, 1994; Kniesel et
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al., 1996). Nonetheless, throughout development, functional studies detected low 

transendothelial permeability to serum proteins (Kniesel and Wolburg, 2000; Saunders et 

al., 2000). Thus, changes in ultrastructural junction complexity may not be necessarily 

concurrent with physiologic alterations. The choroid epithelium regulates the 

composition of the cerebrospinal fluid (CSF), which in the mature mammalian brain has a 

low protein concentration as compared to serum (Dziegielewska et al., 2000). The CSF of 

the immature brain contains high levels of protein (Dziegielewska et al., 2000) that 

bypass restrictive tight junctions (Ek et al., 2003) and penetrate the choroid epithelium 

through an intracellular route (Balslev et al., 1997; Knott et al., 1997). In the embryonic 

mammalian brain, specialized neuroepithelial junctions are thought to enable the brain 

parenchyma to exclude CSF proteins (Mollgard et al., 1987), thus maintaining a 

restrictive environment for the immature CNS. 

Several proteins involved in the formation and maintenance of the BBB 

intercellular junctions have been identified. Such proteins include cadherins and 

β-catenin at adherens junctions; tight junction-associated occludin, claudins, and 

junctional adhesion molecules (JAMs), and ZO-1 which can be detected at both tight and 

adherens junctions (Kniesel and Wolburg, 2000; Lippoldt et al., 2000; Huber et al., 2001; 

Wolburg et al., 2001; Vorbrodt and Dobrogowska, 2003). Peripheral myelin protein 22 

(PMP22) is a recently described constituent of interepithelial junctions in the rat colon 

and Madin-Darby canine kidney cells (Chapter 1, Notterpek et al., 2001). Also known as 

growth arrest specific gene 3 (gas3), PMP22 is a 22kD tetraspan glycoprotein with 

proposed roles in peripheral nerve myelination, cell-cell interactions and cell proliferation 

(Jetten and Suter, 2000). While the function of PMP22 in Schwann cells and non-neural 
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cells is largely undefined, it is well established that deletions, duplications or mutations 

of PMP22 account for the majority of heritable demyelinating peripheral neuropathies, 

including Charcot-Marie-Tooth disease type IA (Gabreels-Festen and Wetering, 1999). 

Indeed, PMP22 expression is highest in myelin-forming Schwann cells; however, PMP22 

mRNA is readily detected outside of the PNS (Bosse et al., 1994; Taylor et al., 1995; 

Baechner et al., 1995; Parmantier et al., 1995; 1997; Lobsiger et al., 1996; Wulf et al., 

1999). In the rodent CNS, PMP22 message is found in a subset of motoneurons, and 

during embryogenesis, at the neuroepithelial cell layer of the ventricular zone (Baechner 

et al., 1995; Parmantier et al., 1995; 1997; Wulf and Suter, 1999).  

 Based on the mRNA expression pattern and epithelial distribution of PMP22, we 

investigated the presence of the protein at epithelial and endothelial cell contacts of the 

rodent BNB and BBB.  Utilizing an antigenic PMP22 peptide-purified antibody, we 

detected PMP22 at occludin, claudin-5 and ZO-1 immunoreactive endothelial and 

choroid epithelial cell junctions. Furthermore, PMP22 is also present at unique 

neuroepithelial junctions of the subventricular zone in the embryonic rat brain. These 

studies suggest a ubiquitous role for PMP22 at intercellular junctions.  

Materials and Methods 

Northern Blot Analysis 

For the RNA isolation, rats of the specified ages were euthanized by CO2 

asphyxiation followed by decapitation, or by decapitation alone (postnatal day 1 (P1) 

pups), and freshly collected tissues were immediately frozen in liquid nitrogen. The use 

of animals for these studies has been approved by the University of Florida IACUC. 

Total RNA was isolated using TriZol LS reagent (Gibco BRL) from the following P1 and 

P70 rat tissues and cells: cortices without pial surfaces or choroid plexuses, cortical 
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microvessels, choroid plexuses, primary cultures of choroid epithelia (see below) and 

Schwann cells (Notterpek et al., 2001). Total RNA from Schwann cells (4 µg) and CNS 

derived tissues and cells (10 µg) were electrophoretically separated on a formaldehyde 

agarose gel and transferred to a nylon membrane (Hybond, Amersham International). A 

32P-labeled probe corresponding to the entire rat PMP22 open reading frame was used to 

detect PMP22 mRNA expression. An 18S ribosomal RNA probe (gift of Dr. Sue Semple-

Rowland, University of Florida) served as an internal loading control. Message levels 

were quantified using the Scion Image densitometry program (Scion Corporation).  

Morphological Studies of Rat Sciatic Nerve and Brain 

 Embryonic day 15 (E15), P1 and P70 brains and P10, P20 and P70 sciatic nerves 

were removed from rats euthanized by CO2 asphyxiation followed by decapitation, and 

were immersed in liquid nitrogen cooled n-methylbutane. Nerve and brain samples were 

cut on a cryostat at 8 µm thickness. To increase the resolution of the studied molecules at 

endothelial junctions of brain microvessels, one mm3 isolated rat cortices were pressed 

between glass slides (Utsumi et al., 2000) and allowed to dry prior to fixation and 

immunostaining (Itoh et al., 1997; Notterpek et al., 2001). Primary antibodies included 

monoclonal anti-occludin, anti-claudin-5, anti-ZO-1 (Zymed Laboratories), anti-β-catenin 

(BD Transduction Labs), and polyclonal anti-occludin (Zymed) and anti-PMP22 

(Notterpek et al., 2001). Preimmune rabbit serum, antigenic PMP22 peptide-adsorbed 

(0.1 mg/ml) immune serum and secondary antibody alone served as controls of antibody 

binding specificity. Bound primary antibodies were detected with Alexa fluorochrome-

conjugated secondary antibodies, including FITC-conjugated anti-mouse IgG and Texas 

red-conjugated anti-rabbit IgG (Molecular Probes, Inc.). Nuclei were stained with 
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Hoechst dye (Molecular Probes). Parallel samples were fixed as described above and 

stained with cresyl violet (Nissl stain). Coverslips were mounted by using the ProLong 

Antifade kit (Molecular Probes). Samples were imaged with a Spot camera attached to a 

Nikon Eclipse 1000 microscope and were formatted for printing by using Adobe 

PHOTOSHOP 5.0. 

Isolation and Culture of Brain Endothelia  

 Primary cultures of brain endothelial cells (BECs) from rat and mouse 

microvasculature were established following a published protocol (Tontsch and Bauer, 

1989). Briefly, brain cortices were isolated from decapitated P1 rat or P4 mouse pups, 

followed by the removal of pial surfaces and choroid plexuses. Cortices were minced and 

enriched for microvessels by processing with a loose fitting Dounce homogenizer and 

centrifugation in a sucrose buffer. Isolated microvessels were dissociated with type I 

collagenase (Sigma) and cultured on fibronectin-coated glass coverslips in 30% S180 cell 

(American Type Culture Collection) conditioned media, 10% heat-inactivated fetal calf 

serum, endothelial cell growth supplement (ECGS: 20 µg/ml) (Becton Dickinson), and 

heparin (100 µg/ml) (Sigma) in medium 199. Cells were fixed 48 hours after plating 

according to the protocol outlined above for the tissue samples (Itoh et al., 1997). To 

immunostain the BECs, polyclonal anti-PMP22 antibodies from whole rabbit serum were 

antigenic peptide-purified using a cyanogen bromide-activated sepharose 4B (Sigma) 

column. Rabbit IgGs bound to peptide, corresponding to the 2nd loop (amino acids 117-

133) of the rat PMP22, were isolated and used for double immunolabeling with 

monoclonal anti-ZO-1 antibodies. Specificity of the antigenic peptide-purified antibodies 
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for PMP22 was determined by Western blotting rat nerve lysates (Notterpek et al., 

1999b). 

Isolation and Culture of Choroid Plexus Epithelia 

 Primary cultures of rat and mouse choroid plexus epithelia were established with 

minor modifications of a published protocol (Strazeille and Ghersi-Egea, 1999). Briefly, 

choroid plexus tissue was isolated from P1 rat or P4 mouse brains, rinsed in calcium- and 

Mg2+-free Hank�s balanced salt solution (HBSS) and incubated in Pronase E (Sigma) for 

25 minutes at 37°C. After rinsing in HBSS, the tissue was incubated in 0.025% 

trypsin/HBSS (CellGro) with 12.5 µg/ml DNase I (Sigma), and following sedimentation, 

the supernatant was collected into chilled fetal bovine serum. This was repeated 5 times, 

followed by a 5 minute centrifugation of the pooled supernatants to collect the cells for 

resuspension in culture medium (DMEM with 10% fetal calf serum) and plating on a 

laminin-coated dish for two hours. Unattached cells, enriched for choroid plexus 

epithelia, were transferred to a laminin-coated coverslip or dish and cultured until 

confluent (~ 6 days). Immunostaining for junctional proteins and PMP22, or cell lysis for 

RNA isolation was performed, as described above. 

Calcium Switch Assay 

Primary cultures of mouse BECs were incubated with 4 mM EGTA for 4 hours to 

chelate the calcium in the culture medium (Notterpek et al., 2001). EGTA treatment 

results in disassembly and internalization of intercellular contacts (Gumbiner and 

Simons, 1986). Subsequently, cells were fixed and immunostained for PMP22 and ZO-1, 

as above. 
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Results 

PMP22 is Detected at the BNB 

 Compared to other tissues, peripheral nerve myelin contains the highest level of 

PMP22 (Snipes et al., 1992; Lobsiger et al., 1996).  It is not established, however, if other  

Figure 3-1.  Endothelial cell junctions of the BNB in the developing and adult rat sciatic 
nerve are PMP22 immunoreactive. Rat sciatic nerve sections were stained 
with Nissl (A, F and K, arrows), or coimmunostained for ZO-1 (B, G and L) 
and PMP22 (C, H and M). On parallel sections, the localization of occludin 
(D, I and N) and claudin-5 (E, J and O) was examined. In P10 (A-E), P20 
(F-J) and P70 (K-O) rat sciatic nerves, PMP22 colocalizes with ZO-1 at 
interendothelial cell junctions of nerve vessels. Unlike PMP22 (C, H and M), 
junctional occludin-like immunoreactivity (D, I and N) is less intense at P10 
than at P20, or P70. No primary antibody control (C') and peptide-adsorbed 
anti-PMP22 antibodies (M') fail to immunolabel endothelial intercellular 
junctions. Scale bar = 30µm (O). 

cell types in the PNS besides Schwann cells express detectable levels of the protein. 

Since PMP22 is present at epithelial and endothelial cell junctions in various non-neural 
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tissues (Notterpek et al., 2001), we examined endoneurial blood vessels of the rat sciatic 

nerve for the expression of the protein during the development of the BNB (Fig. 3-1). 

Longitudinal cryosections of rat sciatic nerves were fixed and stained with Nissl, or 

double immunolabeled utilizing a procedure optimized to detect junctional molecules 

(Itoh et al., 1997). This detergent permeabilization method does not permit the detection 

of PMP22 in peripheral myelin, which is the most recognized staining pattern for the 

protein (Notterpek et al., 1997). At all studied ages, elongated nuclei of the nerve 

vasculature are readily visible by the Nissl stain (Fig. 3-1A, F, K). In the P10 rat nerve 

(Fig. 3-1A-E), ZO-1 (Fig. 3-1B) and PMP22 (Fig. 3-1C) are colocalized at 

interendothelial cell junctions. Immunolabeling of parallel nerve sections reveal that 

occludin is barely detectable at these cell-cell contacts in the P10 nerve (Fig. 3-1D). 

Claudin-5, a tight junction protein predominantly expressed in endothelia (Morita et al., 

1999b), exhibits a primarily diffuse, likely intracellular pattern (Fig. 3-1E). With 

maturation of the nerve (at P20 and P70), both ZO-1 and PMP22 remain at endothelial 

junctions (Fig. 3-1G, L, and 3-1H, M, respectively), while occludin-like 

immunoreactivity gradually increases between P20 (Fig. 3-1I) and P70 (Fig. 3-1N). 

During the same developmental period, the subcellular distribution of claudin-5 becomes 

more distinct at cell-cell junctions (Fig. 3-1J, O). Secondary antibody alone (Fig. 3-1C') 

and antigenic PMP22 peptide-adsorbed antibody (Fig. 3-1M') controls fail to label 

endothelial cell contacts. Thus, the temporal expression of PMP22 at interendothelial 

junctions of the developing rat nerve parallels that of ZO-1 and claudin-5, rather than of 

occludin. 
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PMP22 in the Developing and Adult Rat Brain Microvasculature 

 Since PMP22 is present in endothelia and epithelia of various tissues (Notterpek 

et al., 2001) and mRNA expression is reported in the CNS (Baechner et al., 1995; 

Parmantier et al., 1995; 1997, Wulf and Suter, 1999), we investigated whether PMP22  

Figure 3-2.  Expression of PMP22 mRNA is elevated in tissues and cells of the 
developing rat BBB. (A) PMP22 expression in various rat tissues and cell 
lines was investigated by Northern blot analysis. Total RNA from P1 rat 
cortex (lane 1), BMV-enriched fraction (lane 2), choroid plexus tissue (lane 3) 
and cultured choroid epithelia (lane 4) (10 µg/lane) were probed for PMP22 
and 18S ribosomal RNA (loading control). (B) Densitometric analysis of the 
blot was performed after correction for RNA loading. The level of PMP22 
mRNA in the P1 cortex was arbitrarily set to a value of 1, allowing for 
comparison of the samples. 

is expressed in endothelial and/or epithelial cells of the brain (Fig. 3-2). Northern blot 

analysis of rat brain cortex, isolated cortical microvessels and choroid plexuses, and 

primary cultures of choroid epithelia was performed to compare the levels of PMP22 
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mRNA in the rat brain microvasculature (BMV) and choroid epithelia to that of total 

cortex (Fig. 3-2A). Densitometric analysis of the blot, after correction for loading, is 

shown in Figure 2B. Cultured rat Schwann cell RNA was used as a positive control for 

the PMP22 hybridization (data not shown). In the P1 cortex, without meninges or choroid 

plexuses, the level of PMP22 mRNA is very low (Fig. 3-2, lane 1). Compared to total 

cortical RNA, isolated rat BMV (lane 2) and choroid plexus tissue (lane 3) from early 

postnatal rats have an approximately 8-fold enrichment in PMP22 message (Fig. 3-2B). 

The expression of PMP22 observed for choroid plexuses was confirmed in cultured 

choroid epithelia (lane 4), which contains PMP22 message levels nearly 17-fold higher 

than total cortex. Low levels of PMP22 mRNA are detected in the total cortex, BMV and 

choroid plexus from the P70 rat brain (data not shown). These results demonstrate that 

during early postnatal development, PMP22 message levels are elevated in BMV and 

choroid plexus epithelia, as compared to total cortex.  

 The localization of PMP22 at intercellular junctions of the BMV was investigated 

by double immunolabeling pressed preparations of E15, P1 and P70 rat brain cortices 

(Fig. 3-3). As the Nissl stained samples reveal (Fig. 3-3A, F, K), this method of tissue 

preparation preserves vessel continuity and optimizes the visualization of cell-cell 

contacts (Utsumi et al., 2000). At the earliest age examined (E15), ZO-1 (Fig. 3-3B) and 

PMP22 (Fig. 3-3C) are already present at interendothelial contacts and persist throughout 

development without obvious changes in levels or distribution (Fig. 3-3G and L; 3-3H 

and M). On parallel sections, the localizations of the tight junction proteins occludin (Fig. 

3-3D, I, N) and claudin-5 (Fig. 3-3E, J, O) were also examined. In the E15 BMV, 

occludin-like immunostaining is barely detectable (Fig. 3-3D), with a gradual increase in  
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Figure 3-3.  Endothelial cell contacts of the developing and adult rat BMV are 

immunoreactive for PMP22. Rat brain cortices (1 mm3) were pressed, stained 
with Nissl (A, F, and K), or coimmunostained for ZO-1 (B, G and L) and 
PMP22 (C, H and M). Occludin (D, I and N) and claudin-5 (E, J and O) 
immunoreactivities were examined in parallel. In the E15 (A-E), P1 (F-J) and 
P70 (K-O) rat cortices, PMP22 colocalizes with ZO-1 at endothelial cell 
contacts of microvessels. During early development (E15 and P1), junctional 
occludin-like immunoreactivity is less pronounced (D and I), as compared to 
PMP22 (C and H). Endothelial claudin-5 expression is observed for all ages 
studied (E, J and O). No primary antibody control (C'), preimmune rabbit 
serum (H') and peptide-adsorbed anti-PMP22 antibodies (M') fail to label the 
cell contacts. Scale bar = 20µm (O). 

signal between P1 and P70 (Fig. 3-3I, N). In comparison, similar to PMP22 and ZO-1, 

claudin-5-like immunoreactivity (Fig. 3-3E, J, O) is present throughout development. The 

subcellular localization of claudin-5, in addition to being found at junctions, includes 
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significant amounts of diffuse staining, likely representing intracellular protein. At all 

ages studied, the anti-rabbit secondary antibodies (Fig. 3-3C'), the preimmune rabbit 

serum (Fig. 3-3H') and antigenic PMP22 peptide-adsorbed antibodies (Fig. 3-3M') fail to 

label cell-cell contacts of the rat BMV. 

 To improve the subcellular resolution of PMP22-like immunoreactivity in brain 

endothelia, microvessels isolated from P4 mouse cortices were dissociated and cultured 

on fibronectin-coated glass coverslips. Semi-confluent BEC monolayers were double 

immunostained for PMP22 and ZO-1 (Fig. 3-4). Whole anti-PMP22 rabbit serum (Fig. 

3-4A') not only detects cell junctions (arrow), but also labels BEC nuclei (asterisk). In 

order to establish the specificity of the PMP22 immunoreactivity pattern, antigenic 

PMP22 peptide-purified antibodies were prepared and used to immunolabel the BEC 

cultures (Fig. 3-4A, D). In agreement with the in vivo studies (Fig. 3-3), PMP22-like 

immunoreactivity, detected with the peptide-purified antibody (Fig. 3-4A) colocalizes 

with ZO-1 (Fig. 3-4B, C, arrows) at endothelial cell junctions. Low levels of PMP22 are 

also seen in the cytoplasm of the cells, possibly reflecting the ER-Golgi fraction of the 

protein. Significantly, the nuclear immunoreactivity of the whole PMP22 antiserum is 

absent with the antigenic peptide-purified antibody. To corroborate the colocalization of 

PMP22 with ZO-1 at cell contacts, cultured BECs were treated with 4 mM EGTA for 4 

hours to induce the internalization and disassembly of endothelial junctions (Gumbiner 

and Simons, 1986; Notterpek et al., 2001) (Fig. 3-4D-F). After calcium depletion, 

intracellular vesicular structures are coimmunoreactive for PMP22 (Fig. 3-4D) and ZO-1 

(Fig. 3-4E), likely representing internalized junctional complexes. The merged image 
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reveals PMP22- and ZO-1-containing vesicles (Fig. 3-4F, arrows) and perinuclear, ER-

Golgi PMP22-like immunoreactivity (Fig. 3-4F, arrowhead). These subcellular studies in  

 
Figure 3-4.  In mouse BECs, PMP22 is a constituent of intercellular junctions. Affinity 

purified anti-PMP22 antibodies were used to detect PMP22 (A) and ZO-1 (B) 
in primary cultures of mouse BECs. Colocalization of PMP22 and ZO-1 at 
intercellular junctions (arrows) is seen as yellow in the merged image (C). 
Whole anti-PMP22 rabbit serum (A') labels intercellular junctions (arrow) and 
cell nuclei (asterisk). Perturbation of endothelial junctions with EGTA causes 
the internalization of PMP22 (D) and ZO-1 (E), resulting in 
coimmunoreactive vesicular structures (yellow in F, arrows). Perinuclear 
PMP22 immunoreactive regions that do not colocalize with ZO-1 likely 
represent the ER-Golgi protein fraction (F, arrowhead). Hoechst dye was used 
to label nuclei (blue in C and F). Scale bar = 20µm (B). 

cultured BECs further support the notion that PMP22 is a constituent of intercellular 

junctions in the rodent BMV.  

Epithelial Junctions of Choroid Plexus are PMP22 Immunoreactive 

 Epithelial cells of the choroid plexus are crucial to the establishment and 

maintenance of the blood-CSF barrier (Segal, 2000). In the adult mouse and rat brain,  
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Figure 3-5.  In the choroid plexus, PMP22 is a junctional constituent of epithelia. 

Cryosections from E15 (A-C) and P70 (D-F) rat brains were fixed and 
coimmunolabeled for occludin (A and D) and PMP22 (B and E). Parallel 
sections were immunostained for ZO-1 (C and F). In the E15 rat brain, 
PMP22 (B) colocalizes with occludin (A) at the ZO-1 immunoreactive (C) 
junctions of the budding choroid plexus (A-C, arrows). However, occludin is 
absent from the adjacent PMP22 and ZO-1 immunoreactive ventricular 
surface (A-C, arrowheads). In the P70 choroid plexus, occludin, PMP22, and 
ZO-1 remain at the choroid epithelial junctions (D-F, respectively, arrows). 
Preimmune serum (B') and peptide-adsorbed anti-PMP22 antibody (E') 
controls fail to label cell-cell contacts. Confluent primary cultures of choroid 
epithelia were immunostained with affinity purified anti-PMP22 (G) and 
anti-ZO-1 (H) antibodies. Colocalization at intercellular junctions was 
detected (G and H, arrows). Whole anti-PMP22 rabbit serum (G') labels 
intercellular junctions (arrow) and cell nuclei (asterisk). Nuclei were stained 
with Hoechst dye (blue in A, C, D, F, and H). Scale bar = 50µm (F). 

occludin, ZO-1 and various claudins are present at interepithelial junctions of the choroid 

(Lippoldt et al., 2000; Wolburg et al., 2001). As PMP22 is detected at epithelial cell 

contacts of the rat colon (Notterpek et al., 2001), and PMP22 message is elevated in 

choroid epithelia (Fig. 3-2), we also investigated the expression and localization of 
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PMP22 in choroid plexus tissue (Fig. 3-5). Cryosections of E15 (Fig. 3-5A-C) and P70 

(Fig. 3-5D-F) rat brains were double immunolabeled with monoclonal anti-occludin (Fig. 

3-5A and D) and polyclonal anti-PMP22 (Fig. 3-5B and E) antibodies. In the E15 rat 

brain, occludin (Fig. 3-5A, arrows) and PMP22 (Fig. 3-5B, arrows), as well as ZO-1 (Fig. 

3-5C, arrows), are readily detected at cell junctions of the budding choroid plexus. In 

contrast, occludin is absent from the anti-PMP22 and anti-ZO-1 immunoreactive 

neuroepithelial layer of the periventricular region (Fig. 3-5A, B, C, arrowheads) (see 

below). In the P70 rat brain, occludin (Fig. 3-5D), as well as PMP22 (Fig. 3-5E), remain 

at interepithelial cell contacts of the mature choroid plexus (Fig. 3-5D, E, arrows). 

Immunolabeling of parallel sections reveals that the expression of ZO-1 (Fig. 3-5F, 

arrow) persists at these junctions. Secondary antibody alone (data not shown), 

preimmune serum (Fig. 3-5B') and antigenic PMP22 peptide-adsorbed antiserum (Fig. 

3-5E') controls do not label cell contacts.  

 In parallel with the in vivo studies, we investigated the subcellular localization of 

PMP22 in purified cultures of choroid plexus epithelia (Fig. 3-5G and H). Confluent 

monolayers were coimmunolabeled with peptide-purified polyclonal anti-PMP22 (Fig. 

3-5G) and monoclonal anti-ZO-1 (Fig. 3-5H) antibodies. As observed in the mouse BECs 

(Fig. 3-4A'), the anti-PMP22 whole rabbit serum labels the cell junctions, as well as the 

nuclei of choroid epithelia (Fig. 3-5G', arrow and asterisk, respectively). However, the 

nuclear staining is largely abolished by using the antigenic peptide-purified PMP22 

antibody (Fig. 3-5G).  Similar to the rat brain tissue (Fig. 3-5A-F), PMP22 and ZO-1 are 

present at cell-cell contacts of cultured mouse choroid epithelia (Fig. 3-5G and H, 
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arrows). Together, these results identify PMP22 as a constituent of intercellular junctions 

in the developing and adult rodent choroid epithelia. 

PMP22 is Detected at Neuroepithelial Junctions  

 Neuroepithelial cell junctions lose expression of occludin during neural tube 

invagination (Aaku-Saraste et al., 1996), but continue to express ZO-1 and β-catenin  

 
Figure 3-6.  Neuroepithelial cell junctions of the embryonic rat brain are immunoreactive 

for PMP22. Cryosections of E15 rat brain were fixed and coimmunostained 
for ZO-1 (A) and PMP22 (B), occludin (C) and PMP22 (D), or β-catenin (E) 
and PMP22 (F). At the apical surface of the ventricular zone, ZO-1 (A) and 
β-catenin (E), but not occludin (C) colocalize with PMP22 (B, D, and F). 
Nuclei were stained with Hoechst dye (blue in A, C and E). V: Ventricular 
space. Scale bar = 17µm (A). 

(Chenn et al., 1998; Manabe et al., 2002). In agreement, in the E15 rat brain, we did not 

detect occludin at the ventricular zone, while PMP22-like immunoreactivity is readily 
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visible (Fig. 3-5A, B, arrowheads). To further investigate the distribution of PMP22 at 

the neuroepithelial cell layer, E15 rat brain cryosections were processed for double 

immunolabeling with ZO-1 (Fig. 3-6A), occludin (Fig. 3-6C), or β-catenin (Fig. 3-6E) 

and PMP22 (Fig. 3-6B, D, F) antibodies. As the higher magnification view of this region 

reveals, PMP22 is colocalized with ZO-1 (Fig. 3-6A) and β-catenin (Fig. 3-6E) at the 

apical surface of the neuroepithelial cell layer. In agreement with previous investigations 

in the chicken (Aaku-Saraste et al., 1996), occludin (Fig. 3-6C) is not detected at these 

cell junctions. In comparison to ZO-1 and PMP22, the β-catenin-like immunoreactivity, 

although concentrated at the apical surface of the ventricle, extends along the lateral 

contacts of the neuroepithelial cell layer (Fig. 3-6E). The observed distribution patterns 

for ZO-1 and β-catenin are in agreement with previous studies in the developing 

mammalian brain (Chenn et al., 1998; Manabe et al., 2002). These data illustrate that, at 

the subventricular region, PMP22 is present at unique neuroepithelial cell-cell contacts, 

which lack classical tight junctions (Mollgard et al., 1987; Aaku-Saraste et al., 1996). 

Discussion 

 This study identifies PMP22 as a constituent of intercellular contacts of the BNB 

and BBB. The colocalization with known junctional proteins in the developing and adult 

rat sciatic nerve, BMV and choroid epithelia, suggests a role for PMP22 in the 

establishment of the BNB and BBB. Additionally, the presence of PMP22 at occludin-

negative, specialized adherens-like junctions of the embryonic rat neuroepithelia may 

indicate a ubiquitous role at intercellular contacts.  

PMP22 is a broadly distributed membrane protein with documented expression in 

a variety of developing and mature tissues, including epithelial cells of the lung and 
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intestine (Taylor et al., 1995; Baechner et al., 1995; Wulf et al., 1999). The detection of 

PMP22 at the paraventricular region of the E15 rat brain is consistent with prior reports 

of neuroepithelial mRNA expression (Baechner et al., 1995; Parmantier et al., 1997). 

Additionally, we observed both PMP22 message and protein in endothelial cells of the 

developing BMV and choroid epithelia. Whereas PMP22 remains localized to 

intercellular junctions of the adult rat BBB, message levels are reduced, as compared to 

early postnatal ages. This discrepancy between mRNA levels and detection of protein in 

the adult rodent brain could result from a low turnover rate of PMP22 at stable cell 

contacts and/or an increased half-life for the mRNA. The elevated expression of PMP22 

in the developing rodent brain, prior to the maturation of the BBB, might reflect de novo 

junction formation or remodeling. Endothelial cell-cell junctions undergo a similar 

structural remodeling following shear stress (Ogunrinade, 2002). Supporting a role for 

PMP22 in the assembly of intercellular junctions, PMP22 mRNA is significantly 

upregulated after prolonged (24-48 hours) laminar shear stress in human umbilical vein 

and cardiac microvascular endothelial cells (Bongrazio et al., 2000).  

 The molecular composition of tight junctions at the BBB is rapidly being 

elucidated (Wolburg and Lippoldt, 2002). For all ages and tissues examined, we 

consistently detected PMP22 together with ZO-1, a broadly distributed structural 

constituent of cell junctions. Previous studies show ZO-1 in the developing mouse BMV 

as early as E15, but not at E9 (Nico et al., 1999). It remains to be determined whether 

prior to E15 in the rat brain or P10 in the nerve, PMP22 and ZO-1 are targeted to 

junctions simultaneously or sequentially. Nonetheless, at both locations their junctional 

localization precedes that of occludin. Our findings are in agreement with earlier reports 
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describing junctional occludin in the rat BMV at P1 (Utsumi et al., 2000) and elevated 

occludin immunoreactivity at P70, as compared to P8 (Hirase et al., 1997). Similar to the 

BBB, the expression of occludin at endothelial cell junctions of the BNB lags behind 

PMP22 and ZO-1. It has been reported that the rat peripheral nerve vasculature becomes 

more restrictive to Evans Blue albumin and horseradish peroxidase, between P13-18 in 

the rat (Smith et al., 2001), coinciding with our observation of increased occludin 

expression. Occludin is thought to regulate tight junction physiology; however, the 

precise function of occludin at intercellular junctions has not been definitively established 

(Saitou et al., 2000).  

 The expression pattern of PMP22 was also compared to claudin-5; a tight 

junction-associated integral membrane protein present in embryonic mouse BMV (Nitta 

et al., 2003) and cultured BECs (Chen et al., 1998). In all of the studied nerve and brain 

samples, both PMP22 and claudin-5 are present at endothelial junctions; however, a 

notable fraction of claudin-5 is intracellular at the younger ages. Thus, in the rodent CNS 

and PNS, we identified PMP22 as an early constituent of intercellular contacts, prior to 

structural maturation of the BNB and BBB. The temporospatial expression pattern of 

PMP22 is similar to ZO-1 and claudin-5, but not occludin.   

Although homologous to the claudin family (Notterpek et al., 2001; Takeda et al., 

2001) and present at apical intercellular junctions (Notterpek et al., 2001), functional 

studies to date suggest a distinct role for PMP22 at these locations. In C6 glioma cells or 

L fibroblasts, unlike the claudins (Furuse et al., 1998b), PMP22 overexpression does not 

induce the formation of tight junction-like strands (Takeda et al., 2001; Notterpek et al., 

2001). The detection of PMP22 in immature rat nerve and BMV suggests involvement 
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early in the formation of cell-cell contacts. The presence of PMP22 at the apical surface 

of the neuroepithelial cell layer of the embryonic rat brain, which lack classical tight 

junctions (Mollgard et al., 1987; Aaku-Saraste et al., 1996), support a role for the protein 

either at adherens junctions or at the unique apical �strap-junctions� (Mollgard et al., 

1987). Together, these findings imply that, unlike the claudins, PMP22 may not directly 

take part in the formation of paracellular resistance at the BNB and BBB; but instead may 

participate in the establishment and/or maintenance of cell polarity and cell-cell adhesion. 

In agreement with this notion, VAB-9, a recently identified PMP22/epithelial membrane 

protein (EMP)/claudin family member, is an adherens junction protein crucial for the 

proper development of C. elegans (Simske et al., 2003). 

 If PMP22 is indeed a crucial constituent of epithelial and endothelial cell 

junctions, then one might expect to see widespread pathology when the protein is 

misexpressed. Nonetheless, the well-documented phenotype of PMP22 mutations, 

deletion or duplication is the demyelination of peripheral nerves (Gabreels-Festen and 

Wetering, 1999). Similar to the occludin-null mice (Saitou et al., 2000), PMP22-deficient 

mice are viable with no overt morphological CNS pathology (Adlkofer et al., 1995), 

suggestive of some functional redundancy for this protein at intercellular junctions of the 

BBB. However, mice homozygous for PMP22 mutations often display seemingly non-

PNS related pathologies such as seizure and reduced growth rate (Henry et al., 1983; 

Suter et al., 1992a; Notterpek et al., 1997, Isaacs et al., 2000). A less understood 

phenotype associated with PMP22 misexpression is CNS demyelination in a subset of 

hereditary neuropathy with liability to pressure palsies (HNPP) patients (Amato et al., 

1996; Schneider et al., 2000; Dackovic et al., 2001). Since PMP22 is not expressed in 



55 

 

oligodendrocytes (Baechner et al., 1995: Parmantier et al., 1995; 1997), it is unlikely that 

the protein has a direct role in CNS myelin. Based on our finding of PMP22 at 

intercellular junctions of BMV and choroid epithelium, it is possible that the CNS 

pathology reported in some HNPP patients is the result of a compromised BBB.  

How might the localization of PMP22 at the BNB relate to the demyelinating phenotype 

of PMP22 neuropathies? Myelinated Schwann cells of the PNS share several 

characteristics with endothelia and epithelia, including polarization, distinct membrane 

domains (Bunge and Bunge, 1983) and close membrane apposition to create discrete 

compartments to restrict ion flow, all likely established by intermembranous junctions 

(Poliak et al., 2002; Scherer and Arroyo, 2002). It is conceivable that the myelin 

pathology observed in PMP22-associated neuropathies (Gabreels-Festen and Wetering, 

1999), in part, is a result of disrupted PMP22 function at junction-like structures within 

peripheral myelin or at the BNB. Perturbation of the BNB is a feasible hypothesis for the 

etiology of at least some of the nerve pathology observed in patients with PMP22-

associated neuropathies. Elevated levels of endoneurial macrophages are found in the 

PMP22-mutant TrJ mice (Misko et al., 2002) and macrophage-associated demyelination 

is detected in a Charcot-Marie-Tooth disease type IA patient with a PMP22 duplication 

(Vital et al., 2003). However, similar observations in P0 and connexin-32 mutant mice 

suggest macrophage infiltration may be common to several hereditary peripheral 

neuropathies (Carenini et al., 2001; Kobsar et al., 2002).  

The results described here support the notion that PMP22 is a constituent of 

epithelial and endothelial intercellular junctions. Furthermore, our findings suggest a role 

for PMP22 early in the establishment and/or maintenance of cell-cell contacts. Future 
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investigations will attempt to establish the function of PMP22 at these locations, which 

may also help to clarify the role of the protein in peripheral nerves. 

 



 

57 

CHAPTER 4 
MODULATION OF EPITHELIAL MORPHOLOGY, MONOLAYER 

PERMEABILITY AND CELL MIGRATION BY GAS3/PMP22 

Introduction 

 The tetraspan glycoprotein peripheral myelin protein 22 (PMP22), also known as 

growth arrest-specific gene-3 (gas-3), has proposed roles in peripheral nerve myelin 

formation, cell-cell interactions and cell proliferation (Suter and Snipes, 1995). Although 

the highest expression levels are found in myelin-forming Schwann cells, PMP22 mRNA 

can be detected in a multitude of developing and mature non-neural tissues; including 

epithelia of the intestine (Taylor et al., 1995; Baechner et al., 1995; Wulf et al., 1999) and 

the choroid plexus (Roux et al., 2004). The specific role of PMP22 in Schwann cell 

biology remains undefined; although, it is known that altered expression is associated 

with heritable demyelinating peripheral neuropathies (reviewed by Naef and Suter, 1998). 

Similarly, the function of the protein at these non-neural locations remains undetermined. 

 To date, in vitro studies have identified a role for PMP22 in the regulation of cell 

proliferation and morphology. In Schwann cells, elevated expression delays the transition 

from G0/G1 to the S phase of the cell cycle (Zoidl et al., 1995), and can lead to apoptosis 

in some instances (Fabretti et al., 1995, Zoidl et al., 1997). Conversely, reduced PMP22 

mRNA levels are associated with enhanced DNA synthesis and entry into the S+G2/M 

phases (Zoidl et al. 1995). In NIH3T3 fibroblasts, PMP22 overexpression regulates cell 

spreading, an effect that is dependent on the Rho-GTPase pathway (Brancolini et al., 

1999). Recent studies have detected exogenous PMP22 in ADP-ribosylation factor 6 
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(Arf-6) positive plasma membrane-endosomal recycling vacuoles prior to apoptosis or 

changes in cell shape (Chies et al., 2003). This pathway is known to be involved in 

modulating the actin cytoskeleton, cell polarity, adhesion and migration (Donaldson, 

2003). Together, these findings support the notion that PMP22 has a significant role in 

basic cellular processes, extending beyond an involvement in Schwann cell myelination. 

We previously described PMP22 as a constituent of apical intercellular junctions 

in epithelial and endothelial cells (Notterpek et al., 2001; Roux et al., 2004). While 

PMP22 shares significant amino acid homology with members of the claudin 

superfamily, overexpression of the protein in L-fibroblasts (Notterpek et al., 2001) or C6 

glioma cells (Takeda et al., 2001) did not induce the formation of tight junction strands. 

Nonetheless, PMP22 might function in the establishment and maintenance of 

ion-selective paracellular barriers. Transmembrane proteins of the apical junctional 

complex such as the claudins, occludin and the junctional adhesion molecules (JAMs) 

(reviewed by González-Mariscal et al., 2003) all participate in the regulation of junctional 

permeabililty. In addition, based on the findings of Brancolini and colleagues (Brancolini 

et al., 1999; Brancolini et al., 2000; Chies et al., 2003), PMP22 might be involved in the 

regulation of epithelial proliferation and/or cell migration, dynamic processes that 

involve changes in cell adhesion and morphology. In support of this possibility, PMP22 

contains the carbohydrate L2/HNK1 adhesion/recognition epitope in the 1st extracellular 

loop (Snipes et al., 1993; Schachner et al., 1995).  

 In this report, we examined the role of PMP22 in several facets of epithelial cell 

biology, including proliferation, cell shape and migration. An elevated level of PMP22 

alters the migration of epithelia and reduces the formation of lamellipodial protrusions. 
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The transepithelial electrical resistance (TER) and paracellular flux are also affected in 

these cultures. Application of PMP22 peptides has a similar effect on the TER and the 

permeability of MDCK monolayers. Together, these results indicate that PMP22 plays a 

role in modulating growth, morphology, migration and paracellular permeability in 

epithelial cells. 

Materials and Methods 

Cell Culture 

 MDCK type I (high resistance) and type II (low resistance) cells were grown in 

Eagle's minimum essential medium supplemented with 5% FCS or Dulbecco's modified 

Eagle's medium with 10% FCS, respectively. Cells were cultured on 6.5 or 12 mm Costar 

Transwell filters (0.4 µm pores) (Corning Incorporated) or tissue culture dishes, and 

maintained at 37°C and 5% CO2. For transepithelial electrical resistance (TER) or 

paracellular flux studies (see below), MDCK II monolayers were grown on filters (3x105 

cells/cm2) in low calcium media (see below) for 48 h to ensure confluency prior to 

calcium addition. TER measurements were recorded every 24 h after calcium addition 

until 6 days post-plating at which time TER levels had reached a steady-state. After 

plating MDCK I cells on filters (3x105 cells/cm2), the medium was replaced every 24 h 

until the 6th day when TER levels had reached a steady-state. For the calcium-switch 

assay (Gumbiner and Simons, 1986), cells were treated with EDTA (4 mM) containing 

media for 4 h (Notterpek et al., 2001), or for 18 h in calcium- and magnesium-free media 

with 5% Chelex (Sigma) treated FCS (Suzuki et al., 2001).  
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Establishment of Stable Transgene Expressing Cells  

 The human PMP22 (kind gift of Dr. Clare Huxley, Imperial College School of 

Science, Technology and Medicine) and human occludin (Van Itallie and Anderson, 

1997) ORFs were inserted into the pLNCX-II retroviral vector (Clontech). Transgene 

expression is regulated by the cytomegalovirus (CMV) promoter. Following transient 

transfection with LipofectamineTM and PLUSTM reagent (Invitrogen), MDCK cells were 

treated with 1.1 mg/ml Geneticin (G418 sulfate) (Gibco) for four weeks to establish a 

population of stably expressing cells. Subclones of the stably expressing MDCK II cells 

were monitored for transgene expression by immunoblotting as described below. Three 

subclones were established for each construct. Where indicated, 2.5 mM sodium butyrate 

was added for 20 h to induce the transgene expression under the CMV promoter (Gorman 

et al., 1983).  

Primary Antibodies 

 Monoclonal mouse anti-occludin, anti-ZO-1 (Zymed Laboratories, Inc.), 

anti-β-catenin (BD Transduction Labs), anti-E-cadherin clone rrl (Developmental Studies 

Hybridoma Bank), anti-α-tubulin, anti-actin (Sigma), anti-GP-135 (kind gift from Dr. 

George Ojakian, SUNY Downstate Medical Center), rat anti-E-cadherin (Zymed), and 

rabbit polyclonal anti-occludin (Zymed), anti-PMP22 and affinity purified anti-PMP22 

antibodies (Notterpek et al., 2001; Roux et al., 2004) were used. 

Immunofluorescent Labeling  

 MDCK cells plated on glass coverslips or 12 mm Transwells were grown to 

confluency and fixed with either 3% PFA followed by a 1 min incubation in 100% -20°C 

acetone (for PMP22 detection) or 1% PFA followed by permeabilization with 0.2% 
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Triton X-100 (TX-100) (junctions staining). For z-plane imaging of confluent 

monolayers, filters were fixed with 4% PFA followed by 5 min 100% methanol at -20°C 

and then frozen in liquid nitrogen-cooled N-methylbutane prior to cryosectioning filters 

along the z-plane. Samples were blocked in 10% normal goat serum in PBS. After 

incubation with primary antibodies, Alexa FITC-conjugated anti-mouse IgG and Texas 

red-conjugated anti-rabbit IgG (Molecular Probes) antibodies were added. Nuclei were 

stained with Hoechst dye (10 µg/ml) (Molecular Probes). Actin filaments were visualized 

with FITC-conjugated phalloidin (Molecular Probes). Coverslips were mounted by using 

the ProLong Antifade kit (Molecular Probes). Samples were imaged with a Spot camera 

attached to a Nikon Eclipse 800 microscope and formatted for printing by using Adobe 

PHOTOSHOP 5.0. Images were measured using Spot Advanced 3.5. 

BrdU Incorporation 

 The DNA synthesis rate of subconfluent MDCK II cells plated on glass coverslips 

was analyzed using a BrdU labeling and detection kit (Roche) optimized for 

immunofluorescence of adherent cells following the manufacturer's recommended 

protocol. The percentage of BrdU positive cells was determined by counting in 4 random 

fields (0.8 mm2)and comparing to the total number of cells visualized by Hoechst 

staining. More than 500 cells were counted for each condition. The percentage was 

calculated from the ratio between BrdU positive and total cells.  

Epithelial Cyst Formation  

 To generate MDCK II cysts, we followed an established protocol (Pollack et al., 

1998). Briefly, MDCK II cells (5X104 cells/ml) were suspended in 2 mg/ml rat tail 

collagen type I (Sigma) on 6.5 mm Transwells (0.4 µm). After the collagen gel solidified 
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at 37°C, medium was added to the apical and basal chambers and was replaced every 48 

h. Eight days after plating, the collagen gels were removed from the filters and fixed in 

4% PFA prior to freezing in liquid-nitrogen cooled N-methylbutane. Cryosections (7 µm) 

were fixed on glass slides in 100% methanol for 5 min at -20°C prior to blocking and 

immunolabeling as above. 

Cell Surface Biotinylation and Western Blotting 

 For Western blotting, monolayers of confluent MDCK cells were lysed 

(Notterpek et al., 2001) and where indicated, treated with N-glycosidase (PNGase F) 

(Pareek et al., 1997). Samples were separated by SDS-PAGE and transferred to 

nitrocellulose membrane (Bio-Rad) prior to immunoblotting. Bound HRP-conjugated 

anti-rabbit or anti-mouse secondary antibodies (Sigma) were detected using ECL reagents 

(Perkin Elmer).  

 For the detection of PMP22 at the cell surface, confluent monolayers of stably 

expressing MDCK II cells (6 cm dish) were biotinylated with biocytin hydrazide (Lisanti 

et al., 1989; Prince et al., 1993). Monolayers were rinsed with PBS containing 10 mM 

CaCl2 and 1 mM MgCl2 (PBS-CM) and incubated with 10 mM NaIO4 in PBS-CM for 30 

min at 4°C in the dark while rocking. After rinsing with PBS-CM, cell monolayers were 

kept in the dark for 1 h at 23°C with 2 mM biocytin hydrazide (Pierce). Following 

extensive rinsing in PBS-CM, cells were lysed for affinity precipitation in 3.2 ml 4°C 

NP-40 buffer (25 mM Hepes/NaOH pH 7.4, 150 mM NaCl, 4 mM EDTA, 25 mM, NaF, 

1% NP-40, 1 mM Na3VO4, 1X Complete protease inhibitor (Roche Diagnostics)) 

(modified from Sakakibara et al., 1997), scraped from the culture dish and gently rocked 

for 30 min at 4°C. Cell lysates were centrifuged 10,000 g for 30 min at 4°C and the 
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supernatants reserved. The pellet was solubilized in 320 µl SDS buffer (25 mM Hepes, 

pH 7.4, 4 mM EDTA, 25 mM NaF, 1% SDS, 1 mM Na3VO4) by sonication on ice. To the 

solubilized pellet, 9 volumes of NP-40 buffer was added, passed through a 27-gauge 

needle 10 times on ice, and incubated for 30 min at 4°C. The lysates were centrifuged 

10,000 g for 30 min at 4°C and the supernatants reserved. ImmunoPure immobilized 

streptavadin beads (Pierce) suspended in lysis buffer, were added to the cell lysate and 

gently rocked for 2 h at 4°C. Streptavadin beads were washed 4 times with NP-40 buffer 

and boiled in 30 µl SDS gel sample buffer (Notterpek et al., 1997). After brief 

centrifugation, the 30 µl of sample buffer was removed and treated with PNGase F, as 

above. Samples were processed for immunoblotting with anti-PMP22 antibodies, as 

above.  

Measurement of Junctional Permeability 

 TER was measured in 37°C culture media using an EVOM Epithelial 

voltohmmeter with an STX-2 electrode (World Precision Instruments, Inc.). The TER 

values were calculated by subtracting the background TER of blank filters and 

normalized by the area of the monolayer. Steady state TER measurements (N=9 wells per 

construct) were detected 6 days after cell plating under the described culture conditions. 

To measure nonionic paracellular flux, FITC-dextran of 3 and 40 kD (Molecular Probes) 

was dissolved in P-buffer (Balda et al. 1996) at a concentration of 10 mg/ml. Apical and 

basolateral compartments of cells cultured on Transwell filters (N=3-4 wells per 

construct) were rinsed with P-buffer and allowed to equilibrate for 10 min. The 3 and 40 

kD FITC-dextran stock solutions (25 and 50 µg/µl, respectively) was added to the apical 

chamber and the cells were incubated at 37°C for 30 min. By sampling the basal media, 
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the amount of FITC-dextran diffusion from the apical to the basal chamber was measured 

in a VersaFluor fluorometer (Bio-Rad). A standard curve was used to convert relative 

fluorescent units to the concentration of dextran in solution.  

Peptide Perturbation 

 HPLC-purified peptides were purchased from United Biochemical Research, Inc. 

Peptides corresponding to a portion of the 1st (aa 45-63) 

(NH2-SALGAVQHCYSSSVSEWLQ-COOH) (PMP22-1st) and the entire 2nd loop (aa 

117-132) (NH2-YTVRHEWHVNTDYSY-COOH) (PMP22-2nd) of murine PMP22 were 

chosen. A scrambled peptide using the same amino acids as the 2nd loop of PMP22 

(NH2-HDEYVSNTHWYRSYTV-COOH) (scrambled-2nd) served as a control. A 44 aa 

peptide corresponding to the 2nd extracellular loop of the chicken occludin (Occ-2nd) was 

used as a positive control (Wong and Gumbiner, 1997). Peptides were dissolved in 

DMSO (10 mM) and added to calcium-containing media at the indicated concentrations. 

Monolayers (N=3-4 wells per condition) were fed every 24 h with fresh 

peptide-containing medium.  

Wound Migration Studies 

 Wound assays using MDCK cells have previously been reported (Fenteany et al. 

2000; Sabo et al., 2001). Highly confluent MDCK II monolayers on either glass 

coverslips or tissue culture plastic wells were wounded with a 200 µl pipette tip (Sabo et 

al., 2001). Long scratches and short wounds were made prior to rinsing the monlayer in 

fresh media to remove detached cells. At various time points after wounding, wound 

areas were imaged with a Nikon DS camera attached to a Nikon Eclipse TS100 inverted 

microscope. In order to ensure that identical areas were imaged between time points, 
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multiple positioning-marks were made at the center of the denuded surface with a small 

needle. Relative wound areas (N=3 per construct) were measured with the NIH image 

analysis program. Alternatively, the mean distance migrated along the wound edge (N=6, 

measurements in 2 separate fields) was determined using Adobe PHOTOSHOP 5.0. The 

Rho-kinase inhibitor Y-27632 (10 µM) (Calbiochem) was applied to MDCK monolayers 

2 h after wounding and monolayers were fixed for staining after an additional 3 h 

(Omelchenko et al., 2003). Scatter factor (SF) was obtained by culturing highly confluent 

NIH3T3 fibroblasts in DMEM with 1% FCS for 72 hr, followed by 0.45 µm filtration. 

Prior to use, SF was tested confirming its ability to induce the dispersion of small 

colonies of neo-MDCK cells (Stoker et al., 1987).  

Statistical Analysis 

 Where indicated, means and standard deviations (SD) were calculated and 

statistical significance was determined by unpaired 2-tail t test using GraphPad Prism 4.0. 

Results 

PMP22 Overexpression Alters Epithelial Cell Proliferation and Morphology  

 To investigate the role of PMP22 in epithelial cells, human PMP22 (hPMP22) 

was overexpressed in the pLNCX-2 vector under the control of the CMV promoter in 

MDCK II cells (PMP22-MDCK). These low resistance kidney-derived cells are 

frequently used for studies of polarized epithelia (Stevenson et al., 1988). In total cell 

lysates (T), using an antibody optimized to detect the human protein, PMP22 is faintly 

observed at ~25kD (Fig. 4-1A, arrowhead). Upon PNGase F treatment, the protein is 

detected more prominently at 18kD (Fig. 4-1A, arrow). Enhanced immunoreactivity of 

PMP22 after endoglycosidase treatment has been previously observed (Fabretti et al., 
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1995). When the cell lysate is fractionated into detergent soluble (S) and detergent 

insoluble fractions (I), the overexpressed human PMP22 protein is highly enriched in the 

detergent-insoluble pool. A similar detergent solubility profiles has been observed  

Figure 4-1.  Altered epithelial cell proliferation and morphology by PMP22. (A) Stable, 
neo and human PMP22 (hPMP22) expressing MDCK II cells were lysed in 
3% SDS or 0.5% TX-100 buffer, and total lysates (T), TX-100 soluble (S) and 
insoluble (I) fractions (30 µg/lane) were analyzed with (+) and without (-) 
PNGase F digestion. The glycosylated hPMP22 protein is detected at ~26 kD 
(arrowhead), and following PNGase F treatment becomes readily visible, 
migrating at ~18 kD (arrow). Compared to total lysates, human PMP22 is 
enriched in the detergent insoluble pellet. (B) Plasma membrane targeting of 
hPMP22 was determined by cell surface biotinylation, followed by PNGase F 
treatment and immunoblotting with anti-hPMP22 antibodies. The majority of 
biotinylated hPMP22 is detected in the 1% NP-40 insoluble (I) fraction 
(arrow). Molecular mass, in kDs. (C) As measured by BrdU incorporation in 
subconfluent cultures, compared to neo cells, hPMP22 expression reduces 
DNA synthesis by 32.9±9.5%, (*, P<0.004). (D) In confluent PMP22-MDCK 
monolayers, the cell density is 51.7±8.4% of the neo cultures (*, P<0.004). (E) 
The reduced cell density in confluent PMP22 monolayers is in agreement with 
an increase in nuclear area. Hoechst staining of representative cultures is 
shown (Bar, 15 µm). Quantification of nuclei reveals ~1.5-fold increase in 
nuclear dimension of PMP22-MDCK cells as compared to neo controls (*, P 
<0.0001). (F) The apical area of the PMP22-MDCK cells, outlined by ZO-1 
immunostaining, is significantly larger than in neo cells (*, P<0.0004). Error 
bars in C, D, E and F, show means ± SD. P-values were determined by t test. 
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previously for both the endogenous canine and exogenous myc-tagged rat PMP22 in 

MDCK cells (Notterpek et al., 2001). Vector-only cells (neo) are not immunoreactive 

with the anti-human PMP22 antibody (Fig. 4-1A).  

We next examined the targeting of human PMP22 to the cell surface, utilizing 

biotinylation and subsequent precipitation (Ryan et al., 2002) (Fig. 4-1B). Endoglysidase 

treatment of the precipitated protein revealed hPMP22 at the plasma membrane. Since the 

majority of hPMP22 is found in the detergent insoluble fraction (arrow), the cell-surface 

protein is likely accumulated at apical intercellular junctions and/or, as reported in 

Schwann cells, possibly in lipid rafts (Erne et al., 2002; Hasse et al., 2002).   

 Since PMP22 is known to modulate cell cycle progression (Schneider et al., 1988; 

Manfioletti et al., 1990; Zoidl et al., 1995; 1997; Karlsson et al., 1999), we next examined 

how hPMP22 might affect epithelial proliferation. Similar to previous reports, in 

subconfluent cultures, elevated levels of hPMP22 resulted in a 33% reduction of BrdU 

incorporation, as compared to neo cells (Fig. 4-1C). At confluency, 51.7±8.4% fewer 

cells are in the PMP22-MDCK cultures, compared to controls (Fig. 4-1D). The lower cell 

density of PMP22 monolayers is readily visible by Hoechst imaging of nuclei from 

confluent filter-grown cultures (Fig. 4-1E). On images taken at the same magnification, 

the PMP22 cell nuclei appear larger and, when quantified, reveal an approximately 

1.5-fold increase in area (graph, Fig. 4-1E). As predicted from a confluent monolayer 

with reduced cell density, the apical surface area of the PMP22 cells, as determined by 

ZO-1 immunostaining (see below), is ~1.9-fold larger than neo controls (Fig. 4-1F). 

These morphological characteristics of PMP22-MDCK cultures suggest the monolayer 

consists of fewer cells with a flattened morphology.  
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PMP22 Does Not Alter Epithelial Polarity or the Localization of Junctional Proteins 

To further evaluate the altered epithelial morphology induced by hPMP22 

overexpression, confluent filter-grown monolayers were double immunostained with 

Figure 4-2.  Protein polarity and junctional constituents in PMP22-MDCK. (A) 
Confluent, filter-grown neo- and PMP22-MDCK monolayers were 
immunostained and examined by from the z-plane by cryosectioning. In neo 
and PMP22-expressing monolayers, the protein polarity of GP-135 (green) 
and E-cadherin (red) are apical and basolateral, respectively. The flattened 
morphology of the PMP22 cells is apparent (Bar, 10 µm). (B) In a 3-D 
collagen matrix polarization model, both cultures form multicellular cysts 
with apical GP-135 (green) oriented towards the center. Nuclei are visualized 
by Hoechst dye (blue) (Bar, 15 µm). (C) Compared to neo cultures, an 
increased level of PMP22 immunoreactivity is detected at intercellular 
junctions of PMP22-MDCK cells, when the images are taken at a constant 
exposure time. Parallel monolayers were also immunostained for a 
representative tight and adherens junction constituent, ZO-1 and ß-catenin, 
respectively. Both junction proteins appear similarly localized in neo and 
PMP22 cells. Bar, 20 µm. (D) Immunoblotting of 0.5% TX-100 soluble (S) 
and insoluble (I) fractions (20 µg/lane) reveals comparable levels and 
detergent solubilities for occludin, β-catenin, as well as actin, between 
confluent neo- and PMP22-MDCK monolayers. Occludin appears slightly 
elevated in the detergent insoluble fraction of the PMP22-MDCK sample. 
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anti-E-cadherin and anti-GP135 antibodies following z-plane cryosectioning. As 

expected, in neo-MDCK cultures, GP135 is apical (Ojakian and Schwimmer, 1988) and 

E-cadherin labels the lateral borders (Fig. 4-2A). While the PMP22-MDCK cells are 

flattened, the protein polarity is similar to that of the neo controls. We also examined 

protein polarity in a three-dimensional (3-D) model of epithelial cysts (Ojakia and 

Schwimmer, 1994). In this model, MDCK cells form a polarized multicellular structure 

in which the apical surface faces a lumen. After sectioning and immunostaining for 

GP135, similar to neo cells, PMP22 cells formed cysts with normal polarity (Fig. 4-2B).  

 As PMP22 is a protein constituent of apical intercellular junctions (Notterpek et 

al., 2001; Roux et al., 2004), we next investigated how PMP22 overexpression affects the 

localization and detergent solubility properties of tight and adherens-junction molecules 

(Fig. 4-2 C and D). As compared to neo cells, an elevated level of PMP22-like 

immunoreactivity is associated with the cell-cell contacts of PMP22-MDCK monolayers 

(Fig. 4-2C).  The expression and localization of tight junction-associated occludin, as 

well as the adherens junction-associated β-catenin, appear similar between the control 

neo and PMP22-MDCK samples (Fig. 4-2C). Similarly, the localization of claudin-1, 

ZO-1 and E-cadherin was unaltered by PMP22 (data not shown). As described above 

(Fig. 4-1F), the larger apical dimensions of the PMP22 cells are apparent by the 

junctional immunostaining. 

 To further examine the levels and detergent-solubility characteristics of 

junction-associated proteins, parallel samples were processed for immunoblotting with 

the indicated antibodies (Fig. 4-2D). The three examined proteins, occludin, β-catenin 

and actin, show similar expression levels and detergent-solubility properties between the 
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neo and PMP22-MDCK cells, with a slight increase for occludin in the PMP22 sample. 

Thus, the overexpression of PMP22 does not drastically alter epithelial protein polarity, 

nor the levels or localization of representative tight and adherens junction molecules.  

Paracellular Permeability is Altered by PMP22 Expression 

Overexpression of the tight junction-associated occludin in MDCK cells revealed 

a role for this protein in regulating paracellular resistance (Balda et al., 1996; 2000; 

Figure 4-3.  Altered paracellular permeability of epithelial monolayers by hPMP22 
expression. (A) TER recordings beginning two days after the addition of 
calcium, from newly-confluent MDCK monolayers are shown. Three different 
clones of neo, PMP22 and Occ cells (N=3 filters per clone) were used for the 
quantification. Compared to neo cultures, the TER is elevated in PMP22 and 
Occ cells. (B) At steady-state, six days after plating, PMP22- and Occ-MDCK 
monolayers have increased TER, compared to neo cells (*, P<0.0001). (C) 
Treatment with sodium butyrate (20 h), further enhances the differences in 
TER values between control and PMP22, as well as Occ monolayers (*, 
P<0.0001). (D) The paracellular flux of 3kD nonionic FITC-dextran by 
PMP22- and Occ-MDCK monolayers is significantly elevated (*, P<0.0001), 
as compared to neo cells. Error bars show means ± SD. P-values were 
determined by t-test. 
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McCarthy et al., 1996; 2000). Since PMP22 is similarly localized to intercellular 

junctions of MDCK cells (Notterpek et al., 2001), we investigated whether the TER of 

the hPMP22-expressing epithelial monolayers is altered compared to neo controls. Two 

days after the addition of calcium, PMP22- and occludin-expressing cells have a high 

TER level indicative of newly-confluent monolayers, after which the TER decreases to 

steady-state by day four. (Fig. 4-3A). Occludin expressing monolayers (Occ-MDCK), 

used as a positive control, have TERs slightly more elevated than the hPMP22 cells. By 

four days after calcium addition, the monolayers reach a steady-state level of confluency 

and the TER of the hPMP22 and occludin expressing cells is ~1.6-fold higher than the 

neo control (Fig. 4-3B). To further induce transgene expression, confluent monolayers 

were treated with sodium butyrate for 20 h (Gorman et al., 1983). As indicated in Fig. 

4-3C, both the PMP22- and Occ-MDCK monolayers exhibit a 3.2- and 4.1-fold increase 

in TER, respectively, as compared to butyrate-treated neo cells. A similar phenomenon 

has been observed previously in epithelial monolayers overexpressing occludin (Balda et 

al., 1996; 2000; McCarthy et al., 1996; 2000). 

 As overexpression of junctional proteins has been shown to alter paracellular flow 

of nonionic molecules (Balda et al., 1996; 2000; McCarthy et al., 1996; 2000), we 

performed a dextran flux assay on confluent PMP22-MDCK monolayers. As compared to 

neo controls, the flux of a 3kD nonionic FITC-labeled dextran is elevated ~17-fold in 

both the PMP22- and Occ-MDCK monolayers (Fig. 4-3D). These results indicate that 

elevated expression of PMP22 results in altered permeability of MDCK monolayers. 
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Epithelial Monolayer Permeability is Perturbed by PMP22 Peptides 

 An alternative approach to elucidate the role of junctional proteins is to apply 

peptides that correspond to extracellular domains of endogenous proteins (Wong, 1997;  

Figure 4-4.  Perturbation of epithelial monolayer TER by PMP22 peptides. (A) Peptides 
corresponding to a portion of the 1st (1) and the entire 2nd (2) extracellular 
loops of murine PMP22, a scrambled 2nd loop and the 2nd extracellular loop of 
chicken occludin were applied to confluent MDCK monolayers after a 
calcium-switch. (B) Twenty hours after the addition of the peptides, the TER 
of PMP22-2nd peptide treated monolayers (32 µM) remains low compared to 
naive, DMSO, PMP22-1st or scrambled-2nd treated cells (*, P<0.0001). TER 
reformation by monolayers exposed to Occ-2nd peptide (16 µM) is also 
significantly perturbed (**, P<0.0006). (C) A dosage curve for PMP22-2nd 
peptide reveals an effective concentration range for TER disruption between 8 
to 32 µM. Error bars show means ± SD. P-values were determined by t test. 
(D) Following a 20h PMP22-2nd peptide treatment, and subsequent washout, 
the monolayers regain a TER similar to untreated samples. 
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Wong and Gumbiner, 1997; Lacaz-Vieira et al., 1999; Chung et al., 2001; Vietor et al., 

2001; Tavelin et al., 2003; Lee et al., 2004). As the canine PMP22 has not been cloned, 

we designed peptides representing portions of the 1st and 2nd extracellular domains of 

the mouse protein (Fig. 4-4A). While PMP22 has homology to some members of the 

claudin family, the proteins are less similar in the extracellular domains (Align software, 

data not shown). Confluent MDCK I monolayers were treated with the indicated 

peptides, following a calcium-switch. Twenty hours after the re-addition of calcium with 

the corresponding peptides (32µM PMP22-1st, -2nd, PMP22-scrambled-2nd, or 16µM 

Occ-2nd), the TER of the monolayers was recorded (Fig. 4-4B). As expected based on the 

literature (Wong, 1997; Wong and Gumbiner, 1997; Vietor et al., 2001), the Occ-2nd loop 

peptide inhibited TER recovery by 50.4±8.7%. Similarly, the PMP22-2nd loop peptide 

diminished TER recovery by 91.3±0.4%. Application of vehicle (DMSO), PMP22-1st or 

scrambled-2nd peptides had no significant effect on the TER compared to naïve cells (Fig. 

4-4B). A concentration curve for PMP22-2nd peptide identified an effective range of TER 

disruption between 8 and 32 µM (Fig. 4-4C). The washout of PMP22-2nd peptide from 

MDCK monolayers results in the restoration of the TER to levels similar to controls (Fig. 

4-4D). Therefore, the disruptive effect of the PMP22-2nd loop peptide on the monolayer 

TER is reversible.  

Next, we examined the paracellular flux and the morphology of peptide-treated 

monolayers (Fig. 4-5). The flux of the 3 kD, but not the 40 kD, FITC-dextran is 

significantly elevated in both the PMP22-2nd- and Occ-2nd-loop treated monolayers, 

indicating a size selective disturbance of paracellular permeability (Fig. 4-5A).  The 

observed 3-fold increase in the flow of the 3kD dextran in Occ-2nd treated cultures is in  
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Figure 4-5.  An increased paracellular flux of epithelial monolayers by PMP22 peptides. 

(A) MDCK monolayers were treated with the indicated peptides and the 
paracellular flux of 3 kD, and 40 kD FITC-labeled nonionic dextrans were 
determined. In PMP22-2nd (*, P<0.0001) and Occ-2nd treated monolayers (**, 
P<0.002) the paracellular flow of the 3kD, but not the 40kD, dextran is 
significantly elevated. Error bars show means ± SD. P-values were determined 
by t test. (B) In PMP22-2nd and scrambled-2nd peptide-treated monolayers (32 
µM), the localization of ZO-1 and E-cadherin remain comparable. Bar, 20 µm. 

agreement with previous reports (Wong and Gumbiner, 1997). In order to determine if 

the PMP22-2nd peptide treatment alters the distribution of junctional constituents, the 

localization of ZO-1 and E-cadherin was examined in parallel peptide-treated monolayers 

(Fig. 4-5B). Both ZO-1 and E-cadherin appear unaltered following treatment with 

PMP22-2nd or scrambled-2nd peptides. These findings indicate that the PMP22-2nd 
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peptide reduces monolayer permeability without radically altering major constituents of 

apical intercellular junctions. 

PMP22 Expression Slows the Migration of Epithelial Monolayers 

 Injured epithelial monolayers down-regulate ZO-1 and occludin mRNAs (Cao et 

al., 2002), suggestive of junctional remodeling. After observing that the expression of  

 
Figure 4-6.  Wound healing is altered by PMP22 in epithelial monolayers. (A) Confluent 

neo- and PMP22-MDCK monolayers were wounded with a pipette tip and the 
migration of the cells into the wound area (borders outlined in black) was 
evaluated at 2 and 24h. Neo-MDCK monolayers nearly close the wound by 24 
h, while PMP22-MDCK cells are unable to similarly reduce the wound area. 
Bar, 800 µm. (B) Quantification of wounding experiments reveal that 
compared to naïve and neo cells, PMP22-MDCK cells are significantly less 
competent to migrate (*, P<0.0003). Error bars show means ± SD. P-values 
determined by t test. (C) Hoechst staining of parallel samples shows dispersed 
nuclei along the wound edge in the neo cultures. In comparison, the nuclei of 
the PMP22-MDCK cells appear densely packed and uniform throughout the 
image. Bar, 150 µm.  
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hPMP22 alters the morphology and permeability of epithelial monolayers, we 

hypothesized that the protein might modulate the dynamic processes involved in 

epithelial migration. To test this idea, hPMP22-overexpressing epithelial cells were 

observed in a two-dimensional wound-migration assay (Fig. 4-6A) (Fenteany et al., 

2000). By phase microscopy 24 hours after wounding, the neo cultures nearly close the 

denuded area (Fig. 4-6A, top panels). In comparison, the rate of monolayer closure is 

visibly reduced in PMP22-MCDK cells (Fig. 4-6A, bottom panels). Indeed, within a 24h 

period, PMP22 monolayers exhibit a 60.3±6% reduction in wound closure as compared 

to neo cells (Fig. 4-6 B). At higher magnification of Hoechst stained samples, the neo 

monolayers display a typical wave of migrating cells at the wound edge that appear 

flattened and spread out (Sheffers et al., 2003; Matsubayashi et al., 2004) (Fig. 4-6C). In 

contrast, the nuclei of PMP22-expressing cells are more compact at the wound edge and 

are more uniformly spaced throughout the monolayer.  

In response to monolayer wounding, migrating MDCK cells maintain cell-cell 

contacts, form an actin purse-string along the wound edge and pull multiple cell rows 

forward in by Rac-dependent lamellipodial crawling (Fenteany et al., 2000). 

Lamellipodial protrusion by leader cells, but not the formation of an actin purse-string, is 

required by MDCK monolayers to close a wound (Fenteany et al., 2000). Therefore, 

utilizing immunolabeling we examined these two structures in PMP22-MDCK cells (Fig. 

4-7A). As expected, 24 h after monolayer wounding, neo cells (top row) have an actin-

belt along the wound edge, with periodic breaks (arrowhead on the right) representative 

of migrating cells. Leader cell lamellipodia are observed in the neo monolayers by  
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Figure 4-7.  Lamellipodial protrusion in migrating epithelial monolayers is reduced by 

PMP22. (A) The distribution of actin, α-tubulin and E-cadherin was examined 
by fluorescence microscopy along the wound edge at 24 h post-wounding. In 
neo cultures, an actin purse-string and lamellipodial protrusions (arrowheads) 
are detected (top row). In wounded PMP22 samples, the actin purse-string is 
uninterrupted and α-tubulin and E-cadherin appear concentrated along the 
wound edge. Lamellipodial protrusions into the wound space are largely 
absent in the PMP22-MDCK monolayers. Bar, 40 µm. (B) A 3 h treatment of 
wounded monolayers with Y-27632, a Rho kinase inhibitor, induces extensive 
lamellipodial protrusions (arrows) along the wound edge of neo cells, 
visualized by fluorescent labeling of actin. In PMP22-MDCK monolayers, 
Y-27632 is unable to bring about a similar response, as cells with lamellipodia 
are sparse (arrow). Bar, 50 µm. (C) Quantification of epithelial migration after 
wounding (5 h), in the absence and presence of scatter factor (SF). In normal 
culture medium, neo cells migrate faster than PMP22-MDCK monolayers. 
The addition of SF to the medium significantly increases the migration of neo 
and PMP22-MDCK cells (*, P<0.0003; **, P<0.0001, respectively). Error 
bars show means ± SD. P-values were determined by t test. 
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tubulin and E-cadherin labeling (arrowheads). An actin purse-string is continuous along 

the migrating edge of PMP22 monolayers (Fig. 4-7A, bottom panel); however, breaks or 

perturbations in this actin-belt are largely absent. Additionally, the tubulin and E-

cadherin immunoreactivities appear concentrated along the leading edge in PMP22 cells 

of the wound, and the monolayers have fewer cells extending lamellipodia into the 

wound area.  

Since lamellipodial protrusion is crucial for MDCK monolayer migration, we 

examined if inhibition of Rho-kinase, known to induce lamellipodial expansion in 

wounded epithelial monolayers (Omelchenko et al., 2003), could overcome the effects of 

PMP22 overexpression (Fig. 4-7B). As expected, a three hour treatment of neo-MDCK 

cells with a Rho kinase inhibitor (Y-27632) leads to increased lamellipodial-like cell 

protrusion, visualized by actin-phalloidin fluorescent imaging (Fig. 4-7B, arrows). In 

comparison, PMP22-MDCK cells appear resistant to the formation of lamellipodia, with 

few cell protrusions apparent along the wound edge (arrow). Thus, the expression of 

PMP22 results in the reduced migration of MDCK cells after wounding. 

 Fibroblast-derived scatter-factor (SF), has been shown to induce an epithelial to 

mesenchymal transition (EMT) in MDCK cells (Stoker et al. 1987). Therefore, we 

investigated whether SF is capable of overriding the inhibitory effect of PMP22 

expression on MDCK monolayer migration. When cultured in SF, neo and PMP22 cells 

migrate a similar distance five hours after a scratch wound (Fig. 4-7C, gray bars). 

Compared to monolayers in normal medium (Fig. 4-7C, white bars), wound closure in the 

presence of SF increases by 1.8- and 4.7- fold for the neo and PMP22-MDCK cells, 
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respectively. These results indicate that while PMP22-MDCK cells are refractory to the 

effects of Rho kinase inhibition, they are competent to migrate after SF-induced EMT.  

Discussion 

 The described results indicate that PMP22 plays a role in several aspects of 

epithelial biology. The overexpression of PMP22 reduces the proliferation and final cell 

density of epithelial monolayers, and induces flattened cell morphology. Monolayers of 

such cultures have increased TER and paracellular flux of nonionic dextrans. In 

agreement, a PMP22 peptide disrupts the reformation of paracellular resistance following 

calcium-switch. The migration of epithelial monolayers is also reduced by PMP22 

overexpression, possibly due to a deficiency in lamellipodial forming leader cells. These 

results suggest that PMP22 takes part in a pathway by which apical cell junctions regulate 

the proliferation and morphology of epithelial cells, and modulate paracellular 

permeability and cell motility. 

 Cell junction-associated proteins have previously been shown to influence cell 

proliferation. For example, in addition to regulating paracellular permeability (Balda and 

Matter, 2000; Reichert et al., 2000), elevated levels of ZO-1 reduce proliferation and cell 

density in MDCK cells (Balda et al., 2003). This effect is thought to result from 

sequestration of the transcription factor ZONAB, a ZO-1 binding partner, from the cell 

nucleus (Balda et al., 2003). Currently, it is unknown through which pathway the 

transmembrane protein PMP22 elicits a similar response in the MDCK model. In 

Schwann cells and fibroblasts, in addition to growth arrest, overexpression of PMP22 by 

retroviral and transient transfection has been shown to induce apoptosis (Fabretti et al., 

1995; Zoidl et al., 1997), a process counteracted by exogenous Bcl-2 (Brancolini et al., 
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1999). In our stably transduced cell populations, increased apoptosis as judged by 

Hoechst staining was not observed, possibly due to a lower level of PMP22 expression.   

 It has been reported in several cell types that overexpression of PMP22 affects 

cellular morphology (Brancolini et al., 1999; 2000; Chies et al., 2003). The altered cell 

shape observed in PMP22-MDCK monolayers is likely the consequence of reduced cell 

density at confluency, in which a flattened morphology is necessary for maintaining 

functional cell-cell junctions. The elevated TER might be the result of this phenomenon, 

as confluent monolayers with reduced cell density have less total tight junctional space 

(Marcial et al., 1984). Since paracellular junctions are more permeable than the cell itself 

(Stefani and Cereijido, 1983), an elevated TER would be expected. Yet, the reduced cell 

density reported after ZO-1 overexpression did not significantly alter the TER of the 

MDCK monolayers (Balda et al., 2000). Therefore, PMP22�s effect on monolayer 

resistance is not entirely based on altered morphology. In accordance, as shown here and 

by others (Balda et al., 1996; 2000; McCarthy et al., 1996; 2000), elevated levels of 

occludin increased the TER, but did not significantly alter the cell morphology or density 

of confluent monolayers.  

 A role for PMP22 in modulating paracellular flow is supported by the increased 

ionic and nonionic permeability following exposure to the PMP22-2nd loop peptide. The 

reduced TER and increased flux of small dextrans may indicate that the 2nd loop peptide 

disrupts homotypic interactions of PMP22. Indeed, PMP22 is known to form dimers and 

larger oligomers in vivo and in vitro (Tobler et al., 1999; 2002). As the extracellular 

domains of PMP22 share no significant homology with the claudins, a potential direct 

effect on claudins is unlikely. However, the peptides may be perturbing the function of 
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other, as of yet undetermined, epithelial junction-associated proteins that are binding 

partners for PMP22. 

 The localization of exogenous and endogenous PMP22 at apical intercellular 

junctions (Notterpek et al., 2001; Roux et al., 2004), combined with the effects of 

elevated PMP22 expression or PMP22 peptides on paracellular permeability, supports the 

notion that PMP22 is a functional constituent of the apical junctional complex. Although 

it has not been determined ultrastructurally whether PMP22 is at tight or adherens 

junctions, the protein is capable of altering both the ionic and nonionic permeability of 

epithelial monolayers. Similar effects have been attained in previous studies when the 

expression of the tight junction protein occludin (Balda et al., 1996; 2000; McCarthy et 

al., 1996; 2000) was modulated. As PMP22 is detected at intercellular contacts of rat 

neuroepithelia (Roux et al., 2004), cells devoid of classical tight junctions (Mollgard et 

al., 1987; Aaku-Saraste et al., 1996), the role of the protein might not be exclusive to 

tight junctions. In this respect, PMP22 is similar to ZO-1, a junctional protein that in 

some cell types exists at sites other than the tight junctional complex (Itoh et al., 1993).   

 Epithelial cells maintain physical contacts during wound closure, while they 

extend Rac-GTPase-dependent lamellipodia (Fenteany et al., 2000). In normal epithelia, 

lamellipodial protrusion is promoted by Y-27632, likely by disrupting the actin marginal 

bundles along the wound edge (Omelchenko et al., 2003). PMP22 expression however, 

even after Y-27632 treatment, prevents the lamellipodial formation. This suggests that an 

elevated level of the protein interferes with the signaling for lamellipodial protrusion, 

possibly by acting via the actin cytoskeleton directly or indirectly by modulating the Rac 

GTPase pathway. In comparison, the same MDCK cells are capable of migrating similar 
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to controls following the application of SF. This result suggests that the inhibitory action 

of PMP22 on wound-induced migration is likely dependent upon epithelial cell-cell 

contacts, as SF induces a junction-disrupting EMT (Nusrat et al., 1994, Grisendi et al., 

1998). 

 Since PMP22 is predominantly expressed in myelinating Schwann cells, what 

relevance do our studies in epithelia have to our understanding of the protein�s function 

in the PNS? The growth arrest properties of PMP22 appear to occur independent of cell 

type, but have yet to be directly linked to PMP22-associated disease pathology. Cell 

morphology is drastically altered during myelination, an event that involves extensive 

membrane expansion; however, PMP22 is not required for myelin wrapping (Adlkofer et 

al., 1995). Cell migration is also crucial to proper nerve development (reviewed in 

Lobsiger et al., 2002). Nonetheless, our results show that when epithelia undergo EMT 

and migrate as individual cells, the overexpression of PMP22 has no inhibitory effect. 

Typically thought of as a component of compact myelin (Haney et al., 1996), PMP22 has 

not yet been localized to tight junctions of PNS myelin. Based on the effects of PMP22 

on epithelial paracellular permeability, the protein could have a similar role in PNS 

myelin at claudin-1 and -5-positive autotypic tight junctions (Poliak et al., 2002).  

Therefore, modulating PMP22 in an epithelial model may provide some clues as to the 

function of the protein in PNS myelin.  

 In addition to identifying the participation of PMP22 in epithelial cell biology, we 

established an in vitro model that is amenable to further experimentation. Utilizing this 

system, the specific activity of various PMP22 domains can be dissected by examining 

their effects on epithelial permeability and migration. It will be equally important to 
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identify binding partners of PMP22 at intercellular junctions in order to fully understand 

how the protein signals such global changes in epithelial cell biology. 
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CHAPTER 5 
CONCLUSIONS 

Overview of Findings 

At the time that these studies began, PMP22 was viewed primarily as a myelin 

protein involved in peripheral nerve pathology. With little known about its function, 

especially in myelinating Schwann cells, the majority of research has focused on 

characterizing nerve pathology and the mechanism of disease with the goal to ameliorate 

or prevent neuropathy. The research presented here has sought to examine fundamental 

properties of non-neural PMP22 complementing other efforts by providing knowledge 

about the function of PMP22. With its widespread and extensive expression pattern 

throughout development and maturity, an understanding of the role for PMP22 in basic 

cell biology is a justified endeavor that may lead to novel discoveries about undefined 

cellular processes.  

By following clues such as homology to the claudin superfamily of tight junction 

proteins (Chapter 2, Notterpek et al., 2001; Takeda et al., 2001) and expression in 

epithelial (Baechner et al., 1995; Wulf et al., 1999) and endothelial cells (Bongrazio et 

al., 2000), we correctly hypothesized that PMP22 is a constituent of cell-cell contacts in 

epithelia and endothelia (Chapter 2, Notterpek et al., 2001). Subsequently, we 

characterized the expression and localization of PMP22 in the developing and adult 

blood-nerve and blood-brain barriers (BBB) (Chapter 3, Roux et al., 2004), The BBB is a 

system extensively researched for its involvement in several CNS disorders (reviewed by 
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Neuwelt, 2004). As a result of those studies, PMP22 was detected early in development 

at junctions of the brain vasculature and choroidal epithelia. Additionally, the protein was 

found at neuroepithelial intercellular junctions, substantiating previous reports of PMP22 

mRNA expression in the neuroepithelium (Baechner et al., 1995; Parmantier et al., 1995; 

1997). These cell-cell junctions are thought to be requisite for neurogenesis (Chenn and 

McConnell, 1995; Manabe et al., 2002). Finally, we began to investigate the function of 

the protein in epithelia, where we found evidence for its involvement in regulating the 

cell cycle and cell morphology. However, perhaps most importantly, these studies led to 

the discovery of a novel role for PMP22 in the modulation of junction permeability and 

cell migration, and identified an in vitro model in which to further investigate the 

function of the protein.  

Unresolved Issues 

As with most scientific research, these studies have led to many as of yet 

unanswered questions. With regards to specific subcellular localization, it is clear that 

PMP22 does not display a pattern of immunolabeling similar to E-cadherin or ß-catenin, 

typical adherens junction proteins detected at lateral cell contacts. Instead, the protein 

colocalizes with ZO-1, occludin and claudin-1 at apical intercellular junctions, suggestive 

of a tight junction protein. However, this issue is complicated by the detection of the 

protein at apical neuroepithelial cell junctions, sites which are thought to be devoid of 

classical tight junctions (Mollgard et al., 1987; Aaku-Saraste et al., 1996). These results 

suggest that PMP22, like ZO-1 (Itoh et al., 1993), might be capable of existing at either 

type of junction depending upon the cell type. This hypothesis may explain its expression 

in cells, such as fibroblasts (Manfioletti et al., 1990), which lack tight junctions, but 

contain ZO-1 (Itoh et al., 1993; Chapter 2, Notterpek et al., 2001). Nonetheless, we still 
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do not know at the ultrastructural level, whether PMP22 resides primarily at the tight or 

adherens junctions of epithelia or endothelia. The most direct way to resolve this 

uncertainty is to attempt ultrastructural immunolabeling, ideally on freeze-fractured 

samples. 

Another unresolved topic concerns non-PNS related consequences to peripheral 

neuropathy-associated PMP22 misexpression. In humans, the only reported clinical 

pathology seemingly unrelated to peripheral neuropathy is the CNS demyelination 

reported in a small subset of patients deficient in PMP22 expression (Amato et al., 1996; 

Schneider et al., 2000; Dackovic et al., 2001). This phenotype remains infrequently 

reported in humans; however, a seizure-like behavior, suggestive of CNS pathology, is 

also observed in homozygous PMP22-deficient and Tr-J mouse models. Additionally, 

other organ systems, besides the PNS, have not been extensively examined for pathology 

in mouse models for PMP22-misexpression. A likely candidate for such studies would be 

the homozygous Tr-J mouse that is not viable beyond three weeks postnatal (Henry et al., 

1983). Of course, the possibility exists that there is a redundancy of function for PMP22 

outside of the Schwann cell, with the family of epithelial membrane proteins being the 

most likely candidates based on homology (Taylor et al., 1995; 1996; Lobsiger et al., 

1996). A similar redundancy likely occurs in mice deficient in claudin-14, a protein 

expressed in several tissues, but with pathology detected in only cochlear hair cells (Ben-

Yoseph et al., 2003). If any redundancy can be identified in vitro, the establishment of 

double knockout transgenic animals may allow for in vivo analysis.  

 Since PMP22 is localized to apical intercellular junctions, it was perhaps not 

unexpected that junctional permeability would be affected by overexpression of the 
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protein (Chapter 4). Nonetheless, it still remains unknown how PMP22 induces this 

effect. Based on its homology to the claudins, it is temping to assume that PMP22 itself 

acts to modulate the barrier properties of the epithelial monolayer. However, it may be 

more likely that PMP22 modulates, as of yet unknown, binding partners that themselves 

function to maintain paracellular resistance. Possible candidates for this role would 

certainly include the claudins or occludin. To date, attempts to co-immunoprecipitate 

proteins with PMP22 have proven difficult, largely due to the protein�s insolubility.  

Future Studies 

The studies described in Chapter 4 identified that an elevated PMP22 level 

increases both the TER and paracellular flux and inhibits the proper migration of MDCK 

monolayers; however, it remains unknown how a reduction in PMP22 expression will 

affect these processes. Future studies may take advantage of an inducible antisense or 

RNA-silencing technology to create a transient decrease in the level of the protein. 

Hopefully, if a functional redundancy for PMP22 exists, it will not occur rapidly, but 

instead require a lack of PMP22 expression during cellular development and 

differentiation.  

 It is hoped that the studies described here will lead to a clearer understanding of 

the mechanisms by which PMP22 modulates such seemingly diverse cellular processes as 

proliferation, morphology, junctional permeability and epithelial migration. One 

approach to this issue is to find binding partners for PMP22, either by hypothesis driven 

testing or using a more comprehensive �shotgun� technique, such as a yeast two hybrid 

assay.  Myelin protein zero (D�Urso et al., 1999) and P2X7 (Wilson et al., 2002), were 

identified as proteins that interact with PMP22 by these approaches, respectively. Once 
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binding partners are discovered, it is possible that the modulation of their function, if 

known, by PMP22 could account for the effects of altered PMP22 expression. Based on 

its extensive expression pattern and ability to associate with two seemingly unrelated 

proteins, it is conceivable that PMP22 may act as a transmembrane protein-chaperone, 

possibly involved in the targeting or stoicheometry of other proteins within specific 

membrane domains. 

An alternative approach to investigate the function of PMP22 is to dissect the 

signaling mechanisms by which the protein modulates cellular behaviors. For example, it 

may be informative to evaluate the activation or inactivation of the major GTPase 

pathways, Rho, Rac and Cdc42, following an increase or decrease in PMP22 expression. 

A role for the RhoA-GTPase pathway in PMP22-induced altered cellular morphology has 

already been identified in fibroblasts (Brancolini et al., 1999; Chies et al., 2003). In these 

studies, it appears that active RhoA, either artificially induced or naturally occuring, is 

able to counteract the effects of PMP22 overexpression on cell morphology. In addition 

to cell morphology, the GTPase pathways are crucial to maintenance of paracellular 

permeability (reviewed in Hopkins et al., 2000) and wound closure (Fenteany et al., 

2000) in epithelial cells. Overexpression of PMP22 produces a flattened morphology and 

inhibits lamellipodial formattion required for wound closure (Chapter 4), phenotypes 

similar to that found in MDCK cells expressing a dominant negative Rac-GTPase 

(Takaishi et al., 1997, Fenteany et al., 2000, respectively). These same GTPases are likely 

involved in the migration and immense membrane expansion required for PNS myelin 

formation (Melendez-Vasquez et al., 2004). 
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In parallel to investigating binding partners and signaling pathways involved in 

the PMP22 modulation of epithelial biology, the MDCK cell model can be used to 

identify protein domains or specific amino acids crucial to its normal functions. Based on 

the peptide perturbation experiments in Chapter 4, the 2nd loop of PMP22 would be a 

prime candidate for site directed mutagenesis, a technique to create proteins with altered 

amino acids. The charged amino acids of both the 1st and 2nd loop should be analyzed as 

these have been shown to mediate the specific ionic selectivity of several claudins 

(Colegio et al., 2002; 2003; Van Itallie et al., 2003; Yu et al., 2003). As glycosylated 

PMP22 is found at the cell surface in epithelia (Chapter 4), it may be insightful to 

compare the effects of the wild type protein to a mutant lacking the proper glycosylation 

motif. Previous studies in Schwann cells have shown that the non-glycosylated protein is 

capable of proper targeting (Ryan et al., 2002); however, in Cos7 cells the protein is 

unable to induce as significant a change in cell morphology (Brancolini et al., 2000). 

Another unique domain of PMP22 is the short carboxyl tail of charged amino acids (Fig 

1-1). Previous studies have shown that this domain does not act as an ER retrieval motif 

(Brancolini et al., 2000), but no functional significance has yet to be ascribed to this 

domain. It is unlikely that this carboxyl region would serve as a PDZ binding domain 

(Gonzalez-Mariscal et al., 2003), a feature common to many junctional proteins, as it is 

not similar to previously identified sequences and is rather short and likely very close to 

the membrane. Perhaps with the exception of proliferation, a quantifiable functional 

analysis of PMP22 in in vitro Schwann cells remains elusive. Thus, it may be tempting to 

study neuropathy-associated PMP22 point mutants in epithelia since junctional 

permeability and wound migration are quantifiable characteristics. Unfortunately, many 
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of the diseased-linked point mutant proteins appear to have defects in trafficking and are 

unable to reach the cell surface. In such situations, it is unclear if the results are due to 

disrupted function or targeting. Only after a non-neural clinical pathology can be 

identified in PMP22 mutant mice, or humans, would it seem worthwhile to examine the 

effects of the altered protein on epithelial biology.  

 In summary, the studies described in this dissertation have identified PMP22, for 

the first time, as a constituent of apical intercellular junctions in epithelia and endothelia, 

and have provided novel evidence of a functional role in epithelial biology. The findings 

of this work will affect future efforts of scientists investigating the role for PMP22 in 

hereditary peripheral neuropathies, as well as those seeking to understand basic epithelial 

or endothelial cell biology. 
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