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 Hereditary neuropathies are a prevalent family of genetic diseases in the peripheral 

nervous system, affecting approximately 1:2500 people.  The demyelinating neuropathy Charcot-

Marie-Tooth disease type 1A is the most common form.  Currently there are no effective 

treatments for patients with this disease.  In previous studies, the intermittent fasting regimen 

(IF) (alternating feed/fast days) has been neuroprotective in the central nervous system in animal 

models of multiple neurodegenerative disorders and neural injury.  Levels of chaperones (heat 

shock response) and neurotrophins increase with IF.  Male, 8 week old wildtype mice and 

heterozygous Trembler J littermates, which are CMT1A models with a point mutation in the 

peripheral myelin protein 22 gene, were fed either ad libidum (AL) or by IF during the 5 month 

study.  Mice on IF lost less than 10% body weight compared to AL fed.  Trembler J mice motor 

function improved with IF in hindlimb gripstrength after 5 months, and complex motor 

performance on the Rota-rod after 4 months.  Myelin thickness of peripheral nerves increased in 

Trembler J mice on IF.  Increased levels of cytosolic chaperones and stimulation of the 

autophagic and lysosomal degradative pathways observed through western blot are possible 

mechanisms for the partial amelioration of the Trember J neuropathy.  The promising results of 



 

9 

this study warrant further investigation to eventually pursue pharmacological approaches to 

increase these pathways as possible treatment for CMT1A patients.
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CHAPTER 1 
INTRODUCTION 

Hereditary Peripheral Neuropathies 

The most common family of genetic diseases in the peripheral nervous system (PNS) is 

hereditary neuropathies.  A large degree of phenotypic variability is evident, and hereditary 

peripheral neuropathies are linked to mutations in a variety of genes (Vigo et al., 2004).  

Currently there are no effective treatments for patients.  The two forms are demyelinating, type 

1, and a primary axonal degeneration peripheral neuropathy, type 2.  The three main classes of 

demyelinating hereditary peripheral neuropathy are:  Charcot-Marie-Tooth Disease (CMT), 

Dejerine-Sottas Syndrome with Chronic Hypomyelination (DSS and CH), and Hereditary 

Neuropathy [with] Pressure Palsies (HNPP).  The disease DSS and CH has onset in infancy or 

early adolescence with delayed motor milestones and severe progressive loss of neuromuscular 

function.  Furthermore, HNPP has onset in the second or third decade of life, with mild 

peripheral neuropathy.   

The most prevalent form of hereditary peripheral neuropathy, CMT, was first identified in 

1886 separately by the Charcot and Marie group and Tooth, and affects approximately 1:2500 

people (Skre, 1974; reviewed in Young and Suter, 2003). The CMT type 1 is a demyelinating 

peripheral neuropathy and CMT type 2 is caused by a loss of myelinated axons (Dyck et al., 

1993; reviewed in Young and Suter, 2003).   The most common form is CMT subtype 1A 

(CMT1A), afflicting approximately 50% of patients.  Although a large degree of phenotypic 

variability is evident even in patients with the same mutation (Marques et al., 1999), CMT 

symptoms typically begin in the first or second decade of life.  The disease progression begins 

with distal muscle weakness and atrophy in the legs and feet, and later progresses to the arms and 

hands causing foot (pes cavus and claw toes) and hand deformities (Dyck and Lambert, 1968; 
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reviewed in Dyck et al 1993; reviewed in Young and Suter, 2003).  These impairments are due in 

CMT1 to demyelination in the PNS resulting in a reduction of nerve conduction velocity (Dyck 

and Lambert, 1968, reviewed in Dyck et al., 1993; reviewed in Young and Suter, 2003).  The 

focus of this study will be CMT1A.   

CMT1A Treatment Studies 

 The current treatment of patients with CMT1A aims at ameliorating symptoms with 

physical therapy, surgery, and pain management, and does not slow or stop disease progression.  

Therapy addressing the root cause of the disease, demyelination, needs to be developed.  

Resistance training exercise improves muscle strength and activity levels of CMT patients 

(Chetlin et al., 2004).  However, recent studies in CMT1A animal models have had promising 

results.  Addition of L-ascorbic acid is necessary to promote Schwann cell (SC) differentiation, 

and basal lamina and myelin formation in co-cultures with dorsal root ganglion cells (Eldridge et 

al., 1987).  The C22 mice are models of CMT1A which trangenically overexpress peripheral 

myelin protein 22 (PMP22) (Huxley et al., 1996).  A study found that administering ascorbic 

acid to male C22 mice improved motor performance and increased the number and thickness of 

myelinated axons in the peripheral nerves (Passage et al., 2004). This dramatic improvement is a 

possible result of ascorbic acid inhibiting the stimulation of cAMP for PMP22 expression, 

reducing the amount of PMP22 expressed.  Ascorbic acid controls the expression of certain 

genes directly, in addition to having general antioxidant properties, the former eliciting the 

improved phenotype of the C22 (Passage et al., 2004).  Currently a phase III clinical trial is 

underway to determine the effects of long-term treatment of ascorbic acid in CMT1A patients 

(Pareyson et al., 2006).  In another study, male, transgenic PMP22 overexpression rats were 

given a progesterone antagonist.  Treatment partially corrected the neuropathic phenotype, 

decreased PMP22 overexpression, and increased the number of myelinated axons in the 
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peripheral nerves (Serada et al., 2003).  Progesterone is an epigenetic regulator of the expression 

of the myelin genes PMP22 and myelin protein zero (MPZ) in the SC (Melcangi et al., 1999).  In 

TrJ mice and nude mice xenographed with nerves from CMT1A patients, motor performance 

improved after treatment with neurotrophin-3 by improving axonal regeneration (Sahenk et al., 

2005).  Neurotrophin-3 is an important component of the SC autocrine survival.  The need for 

effective treatment for CMT1A is still evident.   

Genes Linked to CMT 

Mutations in myelin proteins, such as MPZ or PMP22 are linked to CMT1 (Reilly, 1998; 

Marques et al., 1999; Young and Suter, 2003), (for a complete updated list of proteins related to 

CMT see http://molgen-www.uia.acbe/CMTMutations/). Mutations in the MPZ gene have been 

associated with CMT1B, as well as DSS and CH (reviewed in Shy, 2006).  The most common 

gene linked to CMT1A is the myelin protein PMP22 (reviewed in Young and Suter, 2003).  The 

missexpression of the PMP22 protein, through point mutation or duplication, is associated to 

demyelinating hereditary peripheral neuropathy of all three types (Naef and Suter, 1998; Suter 

and Patel, 1994).  Duplications in a 1.5 megabase section of human chromosome 17 region 

p11.2-p12 that includes the locus for the PMP22 gene are most prevalent in CMT1A (Lupski et 

al., 1991; Roa et al., 1993).  However, point mutations in the PMP22 gene are also linked to the 

disease (Lupski et al., 1991; Roa et al., 1993).  The deleterious effects of missexpression of 

PMP22 are due to a toxic gain of function (Tobler et al., 1999).  Proper myelination is necessary 

for the conduction of nerve signal along axons, promoting efficient saltatory impulse 

propagation.  These mutations impair myelin formation or result in demyelination of PNS 

nerves.  In CMT1A myelin does not form properly around large caliber motor axons, or is 

degraded overtime in a process of demyelination.  Some hypermyelination is also a feature of 

http://molgen-www.uia.acbe/CMTMutations/
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CMT1A, which is caused by the SCs over wrapping around axons (onion-bulb formations) and 

excessively proliferating (Thomas et al., 1996; reviewed in Young and Suter, 2003).               

Myelination in the Peripheral Nervous System 

Myelin is essential for efficient signal transduction along the axon.  The lipid-rich myelin 

sheath insulates the axon with intermittent sections of unmyelinated axon denoted as nodes of 

Ranvier.  This allows the depolarization to seemingly leap from node to node, promoting faster 

signal transmission:  “saltatory conduction” (reviewed in Garbay et al., 2000).  During 

development a SC initially comes in contact with a bundle of unmyelinated PNS axons, and this 

contact triggers the cell to proliferate (Bunge and Wood, 1975; reviewed in Garbay et al., 2000).  

The SC then undergoes lateral elongation, and establishes a 1:1 ratio with a PNS axon (reviewed 

in Garbay et al., 2000).  The SCs depend on axonal signals for differentiation and survival 

(Lobsiger et al., 2002; reviewed in Maier et al., 2002).  The wrapping of the basal lamina of a SC 

around the peripheral axons is the first stage of myelin formation (reviewed in Bunge et al., 

1993).  This process is closely regulated by axon signals, and then the SC through neurotrophic 

factors.  Levels of the neurotrophic factors neurotrophin-3 and brain-derived neurotrophic factor 

(BDNF) are high as the SCs proliferate.  Then neurotrophin-3 levels decrease, since this 

neurotrophic factor inhibits active myelination (Chan et al., 2001).  The neurotrophin BDNF is 

needed for active myelination by the SCs (Chan et al., 2001).  Also, BNDF inhibits the migration 

of SCs (Yamauchi et al., 2004).  Then TrkC inhibits SC gene activation.  The decrease in 

neurotrophin-3 and the binding of BDNF to p75NTR  receptor prompts the SC to elongate and 

wrap around the axons.  The p75NTR receptor on SCs binds BNDF and enhances the myelination 

process (Chan et al., 2001; Cosgaya et al., 2002), while inhibiting the SCs ability to migrate 

(Yamauchi et al., 2004).   
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The p75NTR receptors are therefore necessary for proper myelin formation.  Increase in 

p75NTR receptors is evident in development, and nerve injury, during demyelination and 

remyelination (Cosgaya et al., 2002).   Myelinating SCs affect the arrangement and clustering of 

sodium channels in the axon, forming nodes of Ranvier (reviewed in Martini, 2001; reviewed in 

Maier et al., 2002).  After formation of the mature myelin internodes, all of the neurotrophic 

factors are down regulated, with assistance of TrkB-T1 which removes excess BDNF (Cosgaya 

et al., 2002).  

Compact myelin forms when the cytoplasm is excluded from the SC forming the layers 

around the axon, until only 2nm of space remains (Bunge et al., 1989; reviewed in Garbay et al., 

2000).  Myelin, compact and uncompact, is approximately 70% lipids, with high concentrations 

of galactosphingolipids and saturated fatty acids (reviewed in Garbay et al., 2000). The protein 

composition of compact myelin of the PNS includes MPZ, Myelin Basic Protein (MBP) as well 

as PMP22.  All are integral membrane proteins except MBP (reviewed in Garbay et al., 2000).  

MPZ is a member of the immunoglobulin superfamily, and the primary protein in peripheral 

myelin, composing 50% of all protein.  This targets to regions of compact myelin with PMP22 

and MBP, and is needed for proper structure and function.  Axonal signals induce the expression 

of MPZ, and all myelin proteins, in myelinating SCs after the developing SC achieves a 1:1 

relationship with the PNS nerve axon.  The protein MBP is essential in the adhesion of central 

nervous system (CNS) myelin, but not in the PNS (Smith-Slatas and Barbarese, 2000).  In both 

the CNS and PNS, the protein is found in compact myelin (Omlin et al., 1982; reviewed in 

Smith-Slatas and Barbarese, 2000).  In the PNS, MBP has four prominent peptide isoforms 

evident on western blot-14kDa, 17kDa, 18.5kDa, and 21.5kDa, and can be phosphorylated and 

methylated (reviewed in Garbay et al., 2000).  Furthermore, MBP regulates posttranscriptionally 
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the number of Schmidt-Lanterman Incisures (SLI) in the PNS (Smith-Slatas and Barbarese, 

2000).  The SLI are narrow channels which connect the layers of compact myelin to the SC 

body, and have gap junctions and also adherens juctions (reviewed in Garbay et al., 2000).   

The uncompact myelin of the PNS is contains E-cadherin, myelin-associated glycoprotein 

(MAG), and the gap junction protein connexin32 (Scherer et al., 1996; reviewed in Garbay et al., 

2000).  The internodal SLI incisures and paranodal regions have uncompacted myelin (Scherer et 

al., 1996).  The SLI contain some organelles and gap junctions, which are composed of 

connexin32 proteins, to link the layers of myelin (Balice-Gordon et al., 1998; reviewed in Paul, 

1995; reviewed in Smith-Slatas and Barbarese, 2000).  E-cadherin is the major adhesive 

glycoprotein of the SC (Fannon et al., 1995).  The adhesive transmembrane glycoprotein MAG is 

concentrated to regions of uncompact myelin at paranodes in SLI (Trapp et al., 1984, 1989).  Ion 

channels including the delayed rectifying K(+) channels Kv1.1 and Kv1.2 and Caspr are the 

juxtaparanodal region, and this positioning is determined by the myelinating SC.  Thus the 

myelin sheath organizes the underlying axonal membrane (Arroyo et al., 1999).  The thick, 

highly lipid-rich layers of myelin sheath surrounding the axon act as an electrical insulator, 

assisting the rapid conduction of the signal along the axon (reviewed in Garbay et al., 2000). 

Peripheral Myelin Protein 22 

The 22 kDa PMP22 is a tetraspan, intermembraneous (Manfioletti et al., 1990), highly 

hydrophobic glycoprotein (Pareek et al., 1993).  PNGaseF removes all the carbohydrate residues, 

leaving the core PMP22 peptide of 18 kDa indicating it is a glycoprotein (Snipes et al., 1993).  

On the structural level, the first transmembrane domain of PMP22 was found to be an α−helix 

(Deber et al., 1992).  A point mutation of the leucine 16 residue to a proline in PMP22 results in 

a dramatic shift to a β-sheet conformation in the first transmembrane domain, due to the 
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destabilization effects of the proline on the α−helix (Yamada et al., 2003).  This L16P point 

mutation was seen first in the CMT1A mouse model Trembler-J (TrJ) (Suter et al., 1992) and 

then in patients with CMT1A (Valentijn et al., 1993; Ionasescu et al., 1997).  

The PMP22 protein is involved in forming and maintaining peripheral myelin and is 

expressed in high levels in compact myelin (Snipes et al., 1992; Adlkofer et al., 1995; Robertson 

et al., 1997).   Since PMP22 is localized at cell-cell junctions, the protein may also be involved in 

process of myelin wrapping of the axons, and adhesion (Notterpek et al., 2001; Roux et al., 2004, 

2005).  The PMP22 protein binds the α6β4 integrin complex, which is important in the SC and 

basal lamina interactions, and lack of PMP22 results in peripheral neuropathy (Amici et al., 

2006).  PMP22, additionally identified as Growth Arrest Specific Gene 3 (Gas3) (Manfioletti et 

al., 1990), additionally modulates the ability of cells to spread.  The N-glycosylation of PMP22 

is necessary to modify cell spreading, and the cell surface expression of the protein is essential 

for proper function in signaling activities (Brancolini et al., 2000).     

Point mutations in the transmembrane domain of PMP22 result in intracellular retention of 

the protein (Brancolini et al., 2000).  PMP22 has a high turnover rate in the cell, with the 

degradation of approximately 80% of the nascent protein by the Ubiquitin-Proteasome system 

(UPS), possibly resulting from the misfolding of the highly hydrophobic protein. While the other 

20% of PMP22 folds successfully and translocates to the cell membrane (Pareek et al., 1997).  

The UPS is the primary method of degradation of proteins, primarily cytosolic proteins, with a 

high turnover rate in the cell (Groll and Clausen, 2003).  The mechanism of targeting PMP22 to 

the proteasome is yet to be ascertained; however there are three possible ubiquitination sites. 
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 Trembler-J Mouse Model of CMT1A 

 There are a number of mouse models of CMT1A, including models with overexpression 

of the PMP22 protein and point mutations in PMP22.  The Trembler-J (TrJ) mouse was 

discovered as a spontaneously occurring mutation in the Jackson Laboratories (Henry and 

Sidman, 1983). The peripheral neuropathic phenotype of TrJ mice is linked to a point mutation 

in the PMP22 gene (Suter et al., 1992).  The heterozygous TrJ/+ have a trembling gait and 

progressive hindlimb muscle weakness and atrophy.  Homozygous TrJ have a very severe 

phenotype modeling DSS and CH.  Upon examination of the peripheral nerves of the TrJ mice 

severe demyelination and reduced axon diameter was evident.  Additionally, TrJ have 

hyperproliferating SCs with excessive basal lamina, due to the alterations in myelination, and 

extracellular matrix and improper myelination including onion–bulb formations (Henry et al., 

1983).  Abnormal interactions of the SC with the nerve axon are also seen in TrJ/+ (Robertson et 

al., 1997).  The nerve conduction velocities in TrJ/+ peripheral nerves are reduced in a similar in 

magnitude to patients with the same point mutation (Meekins et al., 2004).  Characteristics of the 

TrJ/+ (hereto referred to as TrJ) closely model the human progression of CMT1A.  In the TrJ 

mice, PNS myelin formation is seen during development, although not as prolifically as in 

wildtype.  Then the peripheral myelin is progressively lost over time in TrJ (Henry et al., 1983; 

Notterpek et al., 1997).  The reduction in myelin in TrJ sciatic nerves correlates to reduced levels 

of the myelin proteins MBP, MPZ, and PMP22 (Notterpek et al., 1997).     

The peripheral nerves of TrJ mice have an upregulation of the lysosomal degradative 

pathway (Notterpek et al., 1997).  There is an increase in the chaperone levels of PNS nerves in 

TrJ, including hsc70 (Fortun et al., 2003).  Molecular chaperones assist in proper protein folding, 

and increase when the cell is under stress (Mosser and Morimoto, 2004).  Unlike wt-PMP22 in 

the SC membrane, TrJ-PMP22 is endo-H sensitive, indicating it accumulates in the intermediate 
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compartment before entering the trans-Golgi network (Tobler et al., 1999).  Endo-H sensitivity 

indicates that the protein has yet to reach the medial- and trans- Golgi.  Endo-H cleaves only 

high mannose sugar moieties which have yet to be cleaved by mannosidase II (Snipes et al., 

1993).  The TrJ-PMP22 forms heterodimers with wt-PMP22, impeding some wt-PMP22 from 

reaching the SC membrane as well (Tobler et al., 1999).  Normally PMP22 has a short half life in 

the cell of approximately 45 min (Pareek et al., 1997), while TrJ-PMP22 has a half life of 

approximately 4 hrs (Fortun et al., 2003).  A similar increase in PMP22 half life occurs in SCs of 

C22 mice (Fortun et al., 2006).  The 8-fold slower turnover rate of TrJ-PMP22 correlates with 

reduction of proteasomal activity (Fortun et al., 2005).  In CMT1A a portion of PMP22 is 

insoluble, endo-H sensitive, and has a high molecular weight, so potentially is contained in 

aggregates (Notterpek et al., 1999).  The TrJ mice peripheral neuropathic phenotype and 

underlying subcellular alterations result in its effectiveness as a model for CMT1A.  

Ubiquitin-Proteasome System 

The ubiquitin-proteasome system (UPS) is a highly regulated process for degradation of 

cellular proteins.  Degradation mediated by UPS commonly begins with the tagging of the 

protein with a chain of covalently attached ubiquitin molecules. This signals the 26S proteasome 

to degrade the protein. The ubiquitin molecules are released and recycled in the cell.  The 26S 

proteasome complex is composed of a barrel- shaped 20S catalytic core and capped by two 19S 

regulatory particles (reviewed in Ciechanover and Brundin, 2003).  Ubiquitin-independent 

targeting for UPS is also possible by the 26S proteasome complex in special cases, as with the 

rapidly turned over mammalian enzyme ornithine decarboxylase (Murakami et al., 1992).  

Proteasome enzyme activity generally declines with age, so cells are less able to clear mutated 

proteins (Zhou et al., 2003).   
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  In neurodegenerative diseases proteasomal inhibition may result in the accumulation of 

inclusion bodies in the cell.  The overproduction of misfolded proteins overwhelms the UPS, and 

in some cases can possibly bind and inhibit normal proteasomal function as in Huntington’s 

Disease (Sakata et al., 2003; reviewed in Ciechanover and Brundin, 2003).  There are potentially 

more complex interrelationships between concentrations of proteins in aggresomes, the 

equilibrium between the synthesis, folding and degradation of proteins, and the efficiency of the 

UPS.  It has been shown that pharmacological inhibition of the proteasome leads to an increase 

in the formation of inclusion bodies in different cellular models.  The long-term inhibition of the 

UPS in neurons is detrimental to normal cellular functioning (reviewed in Ciechanover and 

Brundin, 2003).  The misfunction of this system is implicated as a direct or secondary 

pathomechanism in a number of neurodegenerative diseases.  A relationship between UPS 

dysfunction and the formation of inclusion bodies that include ubiquitinated proteins and 

proteolytic components has been seen in a variety of neurodegenerative disorders, but only as a 

secondary mechanism.  Inclusion bodies are cytosolic aggregated proteins within the cell.  The 

chymotrypsin-like activity of the proteasome decreases by approximately 60% in TrJ sciatic 

nerves correlating to an increase in ubiquitin-positive protein aggregates (Fortun et al., 2005).  In 

C22 sciatic nerves impairment of proteasomal degradative function and an upregulation of the 

lysosomal degradative pathway, with recruitment of proteasomal subunits to aggregates, are 

observed (Fortun et al., 2006).  The extended presence of the highly hydrophobic protein in the 

cytosol of the SCs in TrJ mice may contribute partly to the formation of PMP22-positive 

cytosolic aggregates in TrJ nerves, as well as the impairment of the proteasomal function. 
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Protein Aggregation 

Formation of aggresomes, which are membrane-free structures, occurs when small 

aggregates of proteins travel by retrograde transport along microtubules to a perinuclear region 

(Kopito et al., 2000).  This process necessitates the redistribution of the cytoskeletal protein 

vimentin, and intact microtubles (Johnston et al., 1998; Notterpek et al., 1999; Kopito et al., 

2000).  The presence of protein aggregates is not unique to CMT1A, aggregates are also 

observed in a number of other neurodegenerative diseases including Parkinson’s disease (Sakata 

et al., 2003), Alzheimer’s disease, Amyo-Lateral Sclerosis, Prion disease, and Huntington’s 

disease (reviewed in Sherman and Goldberg, 2001; reviewed in Ciechanover and Brundin, 

2003).  Aggresomes form of the PMP22 protein in CMT1A (Notterpek et al., 1999; Ryan et al 

2002), the huntingtin protein in Huntington’s disease (Waelter et al., 2001), and parkin and α-

synuclein proteins in Alzheimer’s disease (Junn et al., 2002).   

Initially small accumulations of electron dense, non-laminar material were observed in 

some of the TrJ SCs (Henry et al., 1983).  The significance of these findings was later 

determined as the transmembrane protein PMP22 accumulated in ubiquitin- positive, cytosolic, 

perinuclear aggregates in TrJ (Ryan et al., 2002) and C22 sciatic nerves (Fortun et al., 2005).  

Also, in nerve biopsies of patients with CMT1A an accumulation of cytosolic PMP22 was 

observed (Nishimura et al., 1996).  The missexpression of PMP22 through overexpression or 

mutation results in the formation of PMP22 positive aggregates and aggresomes (Notterpek et 

al., 1999).  Additional proteins recruit to these ubiquitin-PMP22 positive aggresomes including 

MBP, proteasomal subunits, and chaperones (Fortun et al., 2006).  Pharmacological inhibition of 

the proteasome also causes aggregate formation, increasing the percentage of insoluble endo-H 

sensitive PMP22.  .  A higher number of perinuclear aggregates (aggresomes) form with mutated 
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PMP22 than wt-PMP22 (Ryan et al., 2002).    Therefore a relationship between proteasome 

function and aggregate formation is evident  

Autophagy 

 Autophagy is one mechanism for the degradation of aggregated and missfolded proteins.  

The word “autophagy” derives from the Greek to eat (“phagy”) oneself (“auto”), describing the 

role of the pathway for differentiation and protein degradation.  There are two types of 

autophagy in eukaryotic cells:  microautophagy and macroautophagy.  Microautophagy occurs 

when the lysosome directly engulfs a component of the cytoplasm through the invagination of 

the lysosomal membrane (reviewed in Yang et al., 2005).  Macroautophagy is more relevant for 

aggregate clearance and protein removal.  Molecular characterization of autophagy was done 

primarily in nutrient-deprived yeast models, with proteins being identified as Autophagy-related 

proteins (Atg) which have high levels of evolutionary conservation in higher eukaryotes 

(reviewed in Yang et al., 2005).  Autophagy is the main pathway for targeting proteins for 

lysosomal degradation (Dunn et al., 1990).   

In the induction of macroautophagy (which will be furthermore be referred to as 

autophagy) an isolation membrane forms that surrounds the portion of protein aggregate, or 

region of cytosol, with Atg1 and Atg13 being part of the initiation complex.  It is postulated that 

initiation of this isolation membrane, or preautophagosomal structure, is budded from the 

endoplasmic reticulum (ER), although the mechanism is not well understood.   Next, a double 

membrane vesicular structure called the autophagosome forms with the sequestering of the 

protein/cytosolic component by the isolation membrane, in a process called vesicular nucleation.  

This double-membrane structure is a morphological hallmark of autophagy activity (Dunn et al., 

1990).  Phosphatidylinositol (PtdIns) 3-kinase complex I is important in the beginning of 

vesicular nucleation, and the protein Atg8, which has higher eukaryotic orthologs, undergoes an 
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enzyme modification before modifying PtdIns-kinase.  The E1-like activating enzyme Atg7 

(autolog of gsa7) conjugates to Atg8 to form the autophagosomal membrane.  Another 

component of this complex necessary for autophagy is the protein beclin-1 (Atg6 in yeast) 

(Kihara et al., 2001) which also has interactions with Bcl-2 family antiapoptotic proteins in 

higher eukaryotes (Aita et al., 1999; Liang et al., 1999; Liang et al., 2001).  Cells with lower 

beclin-1 expression have a reduction in autophagy (Qu et al., 2003).     

The actual engulfment of the cytosolic component by the isolation membrane necessitates 

that the membrane be deformed, and a transient coat by Atg12-Atg5 complex formed.  The 

enzyme activity of Atg7 is needed for the formation of the Atg12-Atg5 complex. The Atg5-

dependent conversion of microtubule-associated protein 1 light chain 3 (LC3)-I to LC3-II (LC3-

phosphatidylethanolamine (LC3-PE) conjugate), is currently the major marker for autophagy 

activation (Ohsumi et al., 2001).  This autophagosome then fuses with a lysosome, forming the 

autophagolysosome.   

The lysosomal-associated membrane protein (LAMP) is a marker for lysosomes, and 

composes approximately 50% of all lysosomal membrane proteins (Kornfield and Mellman, 

1989; reviewed in Eskelinen, 2006).  If both LAMP-1 and LAMP-2 glycoproteins are knocked 

out, lysosomal function is disrupted (reviewed in Eskelinen, 2006).  The lysosomal proteolytic 

enzymes within the lumen of the lysosome can degrade the protein components for recycling in 

the cell, and also ridding the cell of the misfolded or aggregated protein, or other cytosolic 

inclusion.  Extracellular stresses, such as starvation and high temperature, and intracellular 

stresses, like the accumulation of misfolded proteins, can activate autophagy (reviewed in Levine 

and Klionsky, 2004).  Autophagy and chaperone-mediated autophagy, in which molecular 
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chaperones target proteins for degradation, decline with aging, seen in rat liver cells (Cuervo and 

Dice, 2000; Ward et al., 2002).   

Transgenic mouse models have further elucidated the importance of autophagy, especially 

in the nervous system.  When the Atg7 gene is knocked out in mice, inhibiting autophagy, 

starvation-induced protein degradation is suppressed, and the turnover of organelles and long-

lived proteins decreases, in turn accumulating in cells of these mice (Komastu et al., 2005).  Atg7 

knock out mice have ubiquitin-positive protein aggregates even without proteasomal inhibition, 

indicating the importance of autophagy as well as the UPS for basal level protein degradation 

(Komastu et al., 2005).  A conditional knock out mouse with deficiency of Atg7 activity only in 

the CNS, was developed by crossing with a Cre mouse with a nestin promoter resulted in severe 

neurodegeneration (Komastu et al., 2006).  The lack of CNS autophagy activity results in marked 

motor and behavioral impairments, and neuronal cell death, markedly in the cerebral cortex and 

amygdala.  Also, ubiquitin-positive aggregates in the neurons of the amygdala and hippocampus 

increase without any proteasomal impairment.  These neurons are considered sensitive to such 

aggregates, seen in multiple neurodegenerative disorders such as Alzheimer’s disease (Komastu 

et al., 2006).  Ubiquitin-positive aggregates are also noted in myelinated axons, but the effect on 

myelin thickness or composition is not investigated.  Therefore, autophagy deficiency alone can 

result in neurodegeneration (Komatsu et al., 2006).  Inhibition of basal level autophagy through 

the conditional knock out of the Atg5 gene in the CNS resulted in formation of inclusion bodies 

in the cytoplasm of neurons which increased in number as the mice aged.  The 

neuropathogenesis in the Atg5 CNS knock-out mice may also be due to the presence of 

additional, diffuse mutated proteins in the cytosol (Hara et al., 2006).  The presence of the 

current primary marker for autophagy, the enhanced conversion of LC3 I to LC3II, is not usually 
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evident even with nutrient starvation in the CNS (Wang et al., 2006).  It is possible that the CNS 

has different autophagy regulation due to MAP1B inhibition of LC3-positive autophagosomes.  

In mice with CNS axonal dystrophy and degeneration the reduction of the mTor kinase pathway 

phosphorylation indicates activation of autophagy (Wang et al., 2006).  Recently it was 

determined that the inhibition of autophagy increased levels of p62/SQSTM1 protein, which 

binds ubiquitin and LC3, and was recruited to autophagosomes selectively for degradation 

(Bjorkoy et al., 2005).  Based on this finding, the lack of detectable levels of p62/SQSTM1 in the 

degenerating axon terminals of the Purkinje neurons of the mouse model further indicated 

activation of autophagy (Wang et al., 2006). 

Proteasomal inhibition transiently induces aggresome formation in SCs in culture. These 

aggresomes can be subsequently cleared by the autophagic-lysosomal degradative pathway.  

Formation of ubiquitin-positive aggregates in the cell induces the autophagic-lysosomal 

degradative pathway (Fortun et al., 2006).  There is an upregulation of autophagic markers which 

colocalize with lysosomal markers.  In the sciatic nerves of one year old TrJ mice active 

autophagy is evident (Fortun et al., 2003).  In C22 SCs activation of autophagy is also seen, 

marked by colocalization of Atg7 with PMP22-positive aggregates (Fortun et al., 2006).     

Treatment with rapamycin induced autophagy and thereby enhanced the clearance of insoluble 

polyglutamine inclusion bodies and aggregates in a Huntington’s disease model (Webb et al., 

2003; Qin et al., 2003).  Autophagy is crucial in degrading aggregated proteins, and controlled 

upregulation of this degradative pathway can have therapeutic applications for diseases which 

have aggregated proteins.   

Molecular Chaperones 

  Molecular chaperones assist in the proper folding and translocation of nascent proteins, as 

well as binding and targeting of irretrievably misfolded proteins for degradation in the 
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proteasome.  The chaperone response is also paramount in the response of the cell to stress 

(reviewed in Mosser and Morimoto, 2004).  Heat Shock Proteins (Hsps) are molecular 

chaperones that bind to partially unfolded or highly hydrophobic stretches of amino acids in 

proteins preventing aggregation and guiding correct folding.  Nascent proteins proceed from the 

ribosome and initially interact with Hsp70 (reviewed in Sherman and Goldberg, 2001).  The 

activity of the inducible Hsp70 is assisted by co-chaperones, such as Hsp40.  Co-chaperones bind 

Hsp70 at its c-terminus activating the ATPase activity, increasing the rate of protein-chaperone 

interactions.  The chaperone Hsp90 binds specialized client proteins, recognizing non-native 

state proteins, and holds these proteins in a “folding-competent” state, even at high temperatures 

up to 42oC.  The Hsp70 chaperones then bind and refold the proteins in the cytosol in correct 

conformation (reviewed in Freeman and Morimoto, 1996).  The activity of small Hsps, such as 

Hsp27, minimizes damage resulting in misfolded proteins due to cellular stresses such as an 

increase in heat (reviewed in Mosser and Morimoto, 2004).    A secondary function of Hsp70 is 

rescuing and refolding proteins already misfolded in the cytosol, if possible, or targeting the 

proteins for degradation.  Since cellular stress increases the number of cytosolic chaperones 

present in the cell, there is some cytoprotective function in these cells to new stressors (reviewed 

in Mosser and Morimoto, 2004).  

 The importance of Hsps for proper PNS myelination is evident since mutations in some 

small molecular chaperones, such as Hsp27 and Hsp22, are linked to patients with CMT2 disease 

(Evgrafov et al., 2004; Tang et al., 2005; Kijima et al., 2005).  Normally Hsp27 is involved in the 

organization of the neurofilament network.  Therefore, mutations in Hsp27 cause dysfunction of 

the cytoskeleton of the axon and transport along the axon (Evgrafov et al., 2004).  The small 

chaperones Hsp27 and αBcrystallin inhibit caspase activity, which is associated with cellular 
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apoptosis and cell death (Kamradt et al., 2002).  Increasing levels of Hsp27 increased sensory 

and motor neuron survival after injury (reviewed in Mosser and Morimoto, 2004).  The lectin 

molecular chaperone calnexin binds to a single oligosaccharide residue N42 on PMP22 directly 

and is important for quality control of the highly hydrophobic protein.  It is the only known ER 

molecular chaperone to direct bind PMP22.  The association of TrJ-PMP22 with the ER 

chaperone calnexin is extended compared to wt-PMP22 (Dickson et al., 2002). 

Some molecular chaperones are recruited to aggresomes (Garcia-Mata et al., 1999).  

Proteasomal inhibition results in a large increase in the amount of soluble and insoluble forms of 

the molecular chaperones Hsp40 and Hsp70, with Hsp70 localized around aggregates (Ryan et 

al., 2002).  The chaperone Hsc70 is recruited to PMP22-postive aggregates (Fortun et al., 2003). 

The cytosolic molecular chaperone αBcrystallin is upregulated and localized to aggresomes of 

PMP22 (Ryan et al., 2002).  The presence of aggresomes in the cell initiates an increase in 

chaperones, which then bind to the aggregated proteins to attempt to refold the proteins if 

possible, or target the proteins for degradation.    

Induction of chaperones through pharmacological or other mechanisms is important for a 

variety of disease, including those with mutated proteins which form aggregates.  Inducing 

hyperthermia causes a general increase of Hsps.  Adrenergic agents like amphetamine increase 

Hsps through inducing hyperthermia (reviewed in Tolson and Roberts, 2005).  Bimoclomol 

increases Hsps by enhancing the activation of heat shock factor-1 (hsf-1) (reviewed in Tolson 

and Roberts, 2005).  Other pharmacological treatments, like anti-inflammatory agents and 

salicylates increase the DNA binding properties of hsf-1 (reviewed in Tolson and Roberts, 2005).  

Inhibition of Hsp90 activity enhances Hsp expression since Hsp/hsf-1 complexes decrease and 

hsf-1 has a decreased rate of binding.  Examples of Hsp90 inhibitors are geldamycin, and the less 
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toxic derivative 17-AAG (17-allylamino-17-demethoxygeldamycin) (Zou et al., 1998; Ali et al., 

1998).   

Besides pharmacological chaperone induction, chronic exercise can increase chaperone 

levels in some tissues (reviewed in Tolson and Roberts, 2005).  Cold stress increased Hsp70 in 

brown adipose tissue, and transiently in the heart of mice (reviewed in Tolson and Roberts, 

2005).  Psychological stress increased Hsp27 and Hsp70 mRNA levels in the cerebral cortex and 

stomach of mice (Fukudo et al., 1997; reviewed in Tolson and Roberts, 2005).  In another 

psychological stress paradigm, mice had increases in Hsp70 in adrenal and vascular tissues 

(Blake et al., 1995; reviewed in Tolson and Roberts, 2005).  Internal and external stresses 

increase chaperone levels.  Additionally, dietary modification through caloric restriction (CR) or 

intermittent fasting (IF) has shown to increase chaperone levels in some tissues (Yu and Mattson, 

1999; Colotti et al., 2005; reviewed in Mattson and Wan, 2005). 

Intermittent Fasting Regimen 

 The CR and IF regimens have cytoprotective effects in a number of tissues, including the 

CNS.  Both regimens increase rodent lifespan (reviewed in Mattson and Wan, 2005) and the CR 

regimen increased the lifespan of non-human primates in a 17 years study (Mattison et al., 2003; 

reviewed in Mattson and Wan, 2005).  The CR regimen also stimulates the turnover of 

membranes, organelles, and proteins in the cell, important in aging cells (reviewed in Bergamini 

et al., 2004; Hagopian et al., 2003; Spindler et al., 2001).  The IF regimen entails that the animals 

are fed one day, and starved the next at the same time each day.  The CR regimen is a reduction 

in daily caloric intake, resulting in significant weight loss, a 30-40% reduction in food intake is 

common.  In some rodent models the IF regimen results in a significant weight loss as well, but 

the C57/BL/6 mouse strain sustains less than 10% reduction in weight.  The C57/BL/6 mice 
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gorge on fed days, consuming approximately the same amount of food as would have been 

consumed over two days (Anson et al., 2003).   

The effects of dietary restriction through IF and CR are not completely understood, but an 

increase in some chaperone levels, such as Hsp70 and glucose related protein 78 are seen in rat 

CNS (Yu and Mattson, 1999).  The expression of Hsp70 is down regulated in the hearts of aged 

rats, in the heart tissue of aged rats on IF and CR regimens Hsp70 increases significantly.  The 

hearts of aged rats on the IF regimen had the greatest retention of heat shock response induction 

of chaperones (Colotti et al., 2005).  Furthermore, BDNF levels are augmented in the CNS of 

mice on IF regimen (Duan et al., 2003).  When mice that are heterozygous for BDNF knock out 

are placed on the IF regimen, insulin sensitivity improves, which is important for proper glucose 

processing.  The increase in BDNF levels results in behavioral and metabolic improvement 

(Duan et al., 2006). 

 Rats on the IF regimen have improved cardiac functioning, including lower blood 

pressure (Ahmet et al., 2005).  The number of dead myocytes after coronary artery ligation and 

the overall region of myocardial infarction damage in the heart decreases with IF regimen.  A 

decrease in the number of neutrophils infiltrating the injury site is also seen in the hearts of rats 

on IF regimen (Ahmet et al., 2005).  Heart rate variability is a sign of cardiac health, and it 

increases in rats on the IF regimen.  High diastolic blood pressure variability (DPV) is a risk 

factor for heart disease, and levels of DPV are decreased with IF regimen in rats.  There is an 

overall improvement in the cardiovascular stress response with IF regimen in rats (Mager et al., 

2006). 

The IF regimen is neuroprotective (reviewed in Mattson and Wan, 2005).  When insulted 

with an immobilization stress task, rats on IF regimen had increased activation of hypothalamic-
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pituitary-adrenal neuroendocrine system, evident with increased plasma levels of 

adrenocorticotropic hormone (ACTH) and corticosterone (reviewed in Mattson and Wan, 2005).  

The CR regimen protected hippocampal and cortical neurons in presenilin-1 mice, an 

Alzheimer’s disease model, from excitotoxicity and apoptosis (Zho et al., 1999).  Also CR 

regimen protected hippocampal neurons from chemical hypoxia.  In rats undergoing a central 

artery inclusion induced stroke, preconditioning with CR had improved behavioral outcome and 

reduced brain damage, with fewer striatal neurons lost (Yu and Mattson, 1999).  In another study 

mice were treated with kainic acid in the hippocampus, which causes neuronal loss and induces 

seizures which damage pyramidal neurons, after 20 weeks on the IF regimen (Anson et al., 

2003).  Compared to mice fed ad libitum, a significant increase in the number of CA3 and CA1 

region neurons in the hippocampus survived in IF mice after the neurotoxic insult of kainic acid.  

However, CR protected only CA1 region neurons.  An increase in serum beta hydroxybutyrate 

levels is seen in mice on the IF diet, a marker of ketone body formation.  The adipose reserve of 

mice on the IF regimen is also increased, indicating ketogenesis may contribute to the 

neuroprotective effects.  The neuroprotective effects may also be due to an upregulation of 

molecular chaperones due to the intermittent stress of the IF regimen (Anson et al., 2003).  Thus, 

the mechanism of neuroprotection of the CNS with IF has multiple possibilities, including being 

correlated to increased chaperone levels.  

The IF regimen increases molecular chaperone levels, such as Hsp70, in rodent models in 

tissues including the CNS, but effects by the IF regimen on PNS chaperone levels have yet to be 

determined.  An increase in the levels of molecular chaperones in the PNS could help to 

correctly fold proteins and target missfolded proteins for degradation.  Although other methods 

can induce the chaperone response, initially investigating the effects of the non-pharmacological 
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method of the IF regimen eliminates potential side effects of drug treatments.  The effects of IF 

on autophagy activation have yet to be studied.  However, since starvation induces autophagy 

and clears aggregates in cell culture, and chaperone response can mediate autophagy, the IF 

regimen may likewise induce autophagy in vivo. Autophagy induction would be beneficial to 

clear aggregated proteins from the cells.  In the TrJ sciatic nerves increasing the chaperone 

response and autophagy induction may clear aggregated PMP22, thereby improving myelination 

and consequently improving phenotypic symptoms.  This study will explore the possible 

beneficial effects of the IF regimen on the phenotype of the CMT1A mouse model TrJ—motor 

performance, myelination and possible molecular changes in levels of chaperones and 

autophagic reponse.  Our hypothesis is that the IF regimen will improve the neuropathic 

phenotype of TrJ mice through the induction of chaperones and autophagy.  After determining if 

the IF regimen improves the TrJ phenotype concomitantly with increasing the levels of 

chaperones and autophagy, pharmacological approaches aimed to increase these two pathways as 

an eventual therapy for CMT1A patients can be further pursued.  If TrJ mice exhibit improved 

motor performance and PNS myelination that is not correlated with increases in chaperones and 

autophagy, other aspects of the IF regimen must be investigated.  It is possible that the increase 

in neurotrophins such as BDNF, seen previously in the CNS, may account for the amelioration of 

the neuropathic symptoms.   
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CHAPTER 2 
MATERIALS AND METHODS 

Introduction 

In efforts to delineate the effects of the IF regimen on the phenotype of TrJ/+ peripheral 

neuropathic mice, a three tiered approach was used.  The first aspect was to test the motor 

function of the mice, looking at muscle strength, testing hindlimb and forelimb grip strength, and 

at complex motor function and balance with the accelerated Rota-rod.  Secondly, the gross 

morphometry of the peripheral sciatic nerve, to determine if the thickness of myelin is changed 

with treatment through use of g-ratio calculations was investigated.  Then biochemical analysis 

was conducted of sciatic nerve lysates using western blot to determine relative molecular level 

changes in chaperones, myelin proteins, and degradative pathways-autophagy, lysosomal, and 

UPS.    

Subjects 

Mice used for this study were +/+ and TrJ/+ male littermates, 8 weeks old at start of the 

study.  Genotyping was done by PCR from genomic DNA isolated from tail biopsies of mice 

younger than 10 days old (Notterpek et al., 1997).  The TrJ (The Jackson Laboratory, Bar 

Harbor, ME, USA) mouse breeding colony is housed under specific pathogen-free conditions 

(SPF) at the University of Florida McKnight Brain Institute animal facility.  The use of animals 

for these studies was approved by the Institutional Animal Care and Use Committee.  Mice were 

kept in plastic cages with wire mesh lids in a 12:12-h light-dark cycle and control mice were fed 

ad libitum (AL) (Fortun et al., 2003).   

Intermittent Fasting Regimen 

Mice on IF diet had food added on fed days, and all food removed on subsequent starve 

days, between 12 and 1 pm each day, with alternating feed/fast days.  All mice were given access 
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to water at all times and were weighed weekly during the study to monitor weight (Anson et al., 

2003). 

Accelerated Rota-rod 

The accelerated Rota-rod is a complex balance and motor task.  The mice were placed on a 

textured rotating rod.  The rod is pliable enough for ease of walking, while not so malleable that 

the mice can simply grip with there claws and rotate with the rod.  There are dividers between 

each mouse, and 5 mice can be tested simultaneously.  The mice are placed individually on the 

Rota-rod by holding the base of the tail and then gently “flicking” the mouse onto the rod, in a 

“paintbrush stroke”-like motion, careful to not allow the mouse to grip the sides of the Rota-rod 

section with its hindlimbs.  All tests were conducted monthly during the study on an accelerated 

Rota-rod (Ugo Basile, Camerio VA, Italy), by the same observer in a SPF behavioral testing 

room on the same day for all mice during the light period.  Method is modified from Chapillon et 

al., 1998 and McIIwain et al., 2001, with both the AL and IF mice trained for 2 subsequent days 

with 3 trials per day of 60 sec at a fixed 5 rpm, with a 30 min rest between each trial.  On the 

subsequent 2 days the mice were tested individually with 3 trials per day on the Rota-rod which 

accelerates at a steady pace from 4-36 rpm, over a period of 300 sec, with a 60min rest period 

between each trial.  Both the acceleration and time on the Rota-rod contribute to the motor 

difficulty of the task.  Therefore, maximum time each mouse spent on the accelerating Rota-rod 

for each trial was recorded. 

Grip Strength 

All hindlimb and forelimb grip strength tests were conducted monthly during study on the 

Chatillon DFE series Digital Force Gauge apparatus (Chatillon Systems, AMETEK Inc., Florida, 

USA) adapted for mice in a SPF behavioral testing room, on the same day during the light period 

for all mice.  Hindlimb grip strength was done by initially grasping the mouse by nape of the 
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neck and base of the tail.  Then after allowing mouse to grip inclined metal grid attached to force 

gauge, compression force necessary to pull mouse from grid is measured.  To measure forelimb 

grip strength the mouse is first allowed to grip a horizontal metal grid which is attached to the 

force gauge.  Forelimb grip strength is measured as the amount of force necessary to pull mouse 

by base of tail away from the metal grid (modified from Meyer et al., 1979).  The mice are 

allowed 3 attempts to grip the bar, and the grip strength used is the average of the grips by 

individual mice in each trial. 

Statistical Analysis 

Repeated measures ANOVA were used to determine genotype and condition differences, 

as well as changes over the course of the study.  The repeated measure ANOVA with between 

subjects factors is used when analysis includes separate groups, between subjects factor, and 

within subjects factor.  When the F value (factor) is high, the p value is low thereby indicating 

significant differences.  The F value is denoted with [F(degrees of freedom of the groups, 

degrees of freedom of the number of individual measurements [trials])=value, p=value] 

(Statview manual, SAS Institute Inc., Cary, NC, USA).  Analysis of behavior data was done used 

StatView (SAS Institute Inc., Cary, NC, USA).  Additional analysis conducted using Excel 2000 

software (Microsoft, Redmond, CA). 

Morphometry 

All reagents used for these studies were obtained from Electron Microscopy Sciences (Fort 

Washington, PA). Sciatic nerves were collected from mice at end of the 20 week study, and the 

mice were ~28 weeks old. Samples were fixed by immersion in 1% glutaraldehyde/2% 

paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, 1 h at room temperature, followed 

by osmication in 2% OsO4 in 0.1 M sodium cacodylate buffer for 1 h at room temperature, 

dehydrated in an ascending ethanol and acetone series, and embedded in Spurr’s medium. Thick 



 

34 

sections of the samples were stained with toluidine blue and surveyed by light microscopy using 

a SPOT camera (Diagnostic Instruments, Sterling Heights, MI) attached to a Nikon (Melville, 

NY) Eclipse E800 microscope. Measurements of axon and fiber (axon with myelin) diameters on 

light level images were analyzed on a PC using the public domain NIH Image J program 

(developed at Research Services Branch, National Institute of  Health, Bethesda, Maryland, 

USA, and available on the internet at http://rsb.info.nih.gov/nigh-image/ ). G-ratios were 

determined by dividing the axon diameter by the fiber diameter. To quantify potential differences 

in g-ratios ~100 individual fibers per animal were analyzed, using four mice per genotype and 

condition. Statistical analysis was performed using Excel 2000 software (Microsoft, Redmond, 

CA).  Images were formatted for printing by using Photoshop 5.5.  ~400 axon–SC profiles per 

genotype/treatment were measured.  Axon fibers have without discernable myelin at the light 

microscope level (previously estimated as fewer than five lamellae) were not measured.  These 

fibers are demyelinated, with axons are of sufficient diameter that one would normally expect 

them to be myelinated.  Also axon fibers that were misshapen, or had a g-ratio of less than 

.55(μm axon diameter/μm fiber diameter), indicating hypermyelination, were not included in 

average g-ratio for each nerve (modified from Amici et al., 2006).     

Western Blot Analyses 

Sciatic nerves collected from genotyped mice were frozen immediately in liquid nitrogen. 

For total protein analyses, nerves from three mice were crushed under liquid nitrogen and then 

solubilized in SDS gel sample buffer (62.5mM Tris, pH 6.8, 10% glycerol, and 3% SDS).  

Protein concentrations were determined using BCA reagents (Pierce, Rockford, IL). Samples (27 

μg/lane) were separated on 7.5, 12.5 or 15% acrylamide gels under reducing conditions and 

transferred to nitrocellulose or PVDF membranes (Bio-Rad, Hercules, CA).  Blots were blocked 

http://rsb.info.nih.gov/nigh-image/
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in 5% nonfat milk in PBS, and then incubated with primary antibodies.  Polyclonal rabbit anti-

PMP22 (1:2000) developed against a peptide corresponding to the second extracellular loop of 

the human or the rat PMP22 (Pareek et al., 1997). The other antibodies used were:  monoclonal 

rat anti-MBP antibody (Chemicon, Temencula, CA), hsp27 (Cell Signaling Technology, Inc, 

Beverly, MA), hsp40 (Stressgen, Victoria, British Columbia, Canada), polyclonal hsp70 

(Stressgen), alpha B crystallin (Stressgen), monoclonal mouse anti-actin (Sigma), and polyclonal 

beclin (Cell Signaling Technology Inc, Danvers, MA).  Polyclonal rabbit gsa7 (glucose induced 

autophagy protein 7, Atg7 autolog) and polyclonal LC3 were a kind gift form Dr. Dunn, Jr., 

University of Florida, Gainesville, FL. Additional antibodies were used including:  polyclonal 

poly-ubiquitin (Dako Denmark A/S, Colorado, USA affiliate), polyclonal cathepsin D (Cortex 

Biochem Inc, Leandro, CA), polyclonal LAMP 1 (hybridoma 1D4B in lab), and monoclonal 

mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (a kind gift from Dr. G. 

Shaw, University of Florida, Gainesville, FL).  Then blots were incubated with the 

corresponding secondary antibody conjugated to horseradish peroxidase (HRP) (Sigma, St Louis, 

MO).  Bound antibodies were visualized using an enhanced chemiluminescence substrate kit 

(PerkinElmer Life Sciences, Boston, MA). Films were digitally imaged using a GS-710 

densitometer (Bio- Rad Laboratories) and were formatted for printing by using Photoshop 5.5 

(Adobe Systems Inc, San Jose, CA).  Relative quantifications done with Photoshop CS (Adobe 

Systems Inc), and graphs prepared with Excel 2000 (Microsoft). (modified from Fortun et al., 

2003). 
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CHAPTER 3  
RESULTS 

Body Weight Does Not Decrease Significantly with IF Regimen in Mice 

Previously it was seen that C57/B6 mice had a less that 10% reduction in body weight with 

IF regimen (Anson et al., 2003).  A large degree of individual variability is evident within each 

group, seen in Figure 3-1a.  The general trend is a decrease in body weight of mice on the IF 

regimen compared to AL fed mice, though not more than 10% across the 20 week study, seen in 

Figure 3-1b.  However at the 18 week time point the wt IF group deviated by approximately 20% 

from the AL fed.  The differences between the wt IF and wt AL were more evident than the TrJ 

IF and TrJ AL groups.  Since no significant weight loss was experienced by mice on the IF 

regimen, all subsequent differences seen with the IF regimen are likely the result of the dietary 

regimen and not weight reduction. 

Forelimb Grip Strength Is Not Effected by IF Regimen in TrJ or Wt Mice 

The forelimb grip strength of TrJ mice is not decreased compared to wt mice at baseline, 

when mice are 8 weeks old, (p>0.05), seen in Figure 3-2a.  The distribution of wt measurements 

tends to be higher than the median at baseline, and TrJ measurement distribution pools lower 

than the median also in Figure 3-2a.  In Figure 3-2b, the IF regimen does not affect wt littermates 

forelimb grip strength, (p>0.05).  The IF regimen significantly decreases the forelimb grip 

strength of TrJ mice at the 2 and 4 month time points on the regimen, [F(1,25)=19.42, p<0.005], 

[F(1,25)=7.633,p<0.05], in Figure 3-2b.  The apparent decrease in forelimb grip strength in TrJ 

mice may result from a period of adjustment to the regimen.  This phenomenon was seen in 

previous treatment studies involving CMT1A mice (Passage et al., 2004).  No general trend of IF 

regimen affect on forelimb grip strength of TrJ mice is seen over the course of the 5 month 

study, (p>0.05), seen in Figure 3-2b.  The TrJ mice fed AL did not experience decreased 



 

37 

forelimb grip strength either.  A significant improvement with IF regimen in TrJ mice would not 

be expected since there is no noticeable impairment in this motor functional aspect during this 

study. 

IF Regimen Improves Hindlimb Grip Strength in TrJ Mice  

    Muscle atrophy in the hindlimbs, as well as the decreased peripheral motor control, are 

evident in CMT1A mouse models such as TrJ (Henry et al., 1983).  In a previous study a 

CMT1A mouse model had significantly reduced hindlimb grip strength at 8 weeks (Norreel et 

al., 2001).  TrJ mice hindlimb grip strength was also significantly reduced at the baseline time 

point, when the mice were 8 weeks old, (p<0.005), in Figure 3-3a.  The wt individual 

measurements were evenly distributed above and below the median.  The grip strength of wt 

mice increases with time as the mice mature from 8 weeks to adulthood (Miller et al., 2005).  

Our data also found a general trend of increasing hindlimb grip strength as the wt mice matured, 

then reaches a plateau [F(1,5)=6.103,p<0.005)], Figure 3-3b.  The hindlimb grip strength of the 

two groups of wt mice in the study deviated from the baseline time point, indicating significant 

individual variability   [F (5, 30) =2.903, p<0.05)], in Figure 3-3b.  The wt IF group had 

significantly lower hindlimb grip strength at the 1 and 3 month timepoints (p<0.05).   There is 

not impairment in hindlimb grip strength of the wt mice due to peripheral neuropathy, so this 

propensity for significant differences between wt AL and IF groups needs further investigation.  

Technical difficulties in the hindlimb grip strength task may contribute to the variability in 

measurements observed. 

 TrJ mice had significantly reduced hindlimb grip strength compared to the wt mice over 

the course of the study. Although having individual variability in hindlimb grip strength, the AL 

fed and IF groups of TrJ mice did not deviate significantly at baseline, (p>0.05). At the 5 month 

timepoint in the study, the TrJ mice on the IF regimen had a significant increase in hindlimb grip 
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strength compared to AL fed [F (1, 25) =9.612, p<0.005] in Figure 3-3b.  However, there was no 

general trend of IF regimen effect seen across the course of the study (p>0.05) two-way repeated 

measures ANOVA, also in Figure 3-3b.  An additional factor possibly affecting the variability of 

results is the spastic hindimb griping in TrJ mice, which is observed as coordinated hindlimb 

movements are decreasing.  This factor may impede the hindlimb grip strength assessment in the 

TrJ mice, resulting in the lack general trend for improvement with the IF regimen.  Previously, 

there was not a hindlimb grip strength assessment on the TrJ mouse. C22 mice, for which the 

grip strength test was previously conducted, have only a decrease in grip strength, with no 

spastic griping is seen, thereby resulting in a possibly more accurate assessment of muscle 

strength (Norreel et al., 2001).  As the TrJ mice on the IF regimen showed a relative increase in 

hindlimb grip strength at the 5 month time point, further assessment is necessary to determine if 

the IF regimen has an actual effect.   

Improvement in Complex Motor Function of TrJ Mice with IF Regimen 

Previous studies indicated transgenic rodent CMT1A models with PMP22 overexpression 

have severe impairment performing the complex motor and balance task of the Rota-rod (Serada 

et al., 1996; Passage et al., 2004).  As demyelination of the peripheral nerves increases as the 

mice age, coordinated motor function decreases.  The TrJ mice performance is impaired at 8 

weeks, compared to wt littermates, Figure 3-4a, (ANOVA, p<0.0001).  Results in this study 

indicate that there is a main effect of genotype, with TrJ being severely impaired in motor 

performance compared to wt [F(1,65)=146, p<0.0001].  A repeated measures ANOVA was 

conducted across the months of testing comparing genotype as well as treatment effects in the 

mice.  As seen in Figure 4b and previously, wt mice are capable of remaining on an accelerated 

Rota-rod for ~300sec (McIlwain et al., 2001).  After 1 month on the IF regimen wt mice 

accelerated Rota-rod performance decreases (p<0.05), but then recover by 2 months, with no 
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residual impairment over the course of the 5 month study.  Subsequent ANOVAs examining the 

treatment effects within each genotype indicated Rota-rod performance of wt mice was not 

effected by the IF regimen over the course of the study (p>0.05, ANOVA).  This temporary lag 

of performance of wt mice may result from a period of adjustment to the new regimen, seen in 

previous studies (Passage et al., 2004), as well as with forelimb grip strength in TrJ mice.  It 

would be expected to see a similar performance lag effect due to adjustment to the regimen in 

both wt and TrJ mice across all three motor behavioral assessments, however differences in test 

sensitivities, and high individual variability due to small numbers of individuals per condition 

may account for these seemingly conflicting results.  Also, the general adjustment period may 

result in a lag in performance in all groups, though not significantly.  Interactions between the 

effects of the treatment on TrJ mice compared to wt mice is significant [F(1,65)=5.8, p<0.05], as 

is the effect of treatment on performance across the months on the IF regimen 

[F(5,65)=3.0,p<0.05].   

A sustained impairment of TrJ mice performance across the 5 month study as compared to 

wt mice was observed [F(5,65)=3.1,p<0.05].  A significant improvement in motor performance 

on the accelerated Rota-rod in TrJ mice on the IF regimen was observed compared to AL fed TrJ 

mice across the 5 months of testing [F(5,20)=4.3,p<0.01].  The AL fed TrJ mice had a general 

trend of decreased motor performance during the study, though not significant.  The TrJ on IF 

experienced a significant improvement in accelerated Rota-rod performance, which was a trend 

across the 5 month study compared to AL fed. 

Increase in Myelin Thickness with IF Regimen in Sciatic Nerves of TrJ Mice 

G-ratios are the ratio of axon to nerve fiber diameter, and indicate the thickness of the 

myelin sheath.  A lower g-ratio of a nerve indicates a thicker myelin sheath, and the g-ratios of 

TrJ sciatic nerve are lower than wt sciatic nerve.  This decrease in g-ratio, indicating thinner 
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myelination of peripheral axons, is evident in other CMT1A animal models and in patients with 

CMT1A as well (reviewed in Young and Suter, 2003).  In the sciatic nerve cross sections in 

Figure 3-5a-b, large numbers of improperly or thinly myelinated axons are evident. Also, a 

number of demyelinated axons are evident in Figure 3-5a-b.  The sciatic nerve section of a TrJ 

AL mouse in Figure 3-5a has seemingly thinner myelin thickness than TrJ IF in Figure 3-5b.  

The sciatic nerves of AL and IF fed TrJ mice have significantly reduced myelin thickness when 

compared to previously observed g-ratios of wt sciatic nerves.  In a previous study the sciatic 

nerves of 3 month old wt mice had a g-ratio of .59 μm axon diameter/μm fiber diameter (Passage 

et al., 2004).   It is important to note that the exact g-ratio is dependent on the preparation of the 

nerve for EM, and fixation and staining of the sample, but the trend for g-ratios is still evident.  

The sciatic nerves of TrJ on the IF regimen have significantly higher g-ratios than AL fed, 

observed in Figure 3-5c (p<0.005, Student’s t-test).  The increase in g-ratio observed in sciatic 

nerves of TrJ mice on the IF regimen in Figure 3-5c correlates to an increase in myelin protein 

levels seen in lysates of the TrJ sciatic nerves in Figure 3-6b-d.   

Increase in Myelin Protein Levels with IF Regimen in Mice Sciatic Nerves 

 The TrJ mice have an increased number of unmyelinated and thinly myelinated 

peripheral axons (Henry and Sidman, 1983).  Therefore relative steady state myelin protein 

levels were investigated, to determine the effects of the IF regimen.  All subsequent proteins are 

observed at steady-state levels within pooled, whole sciatic nerve lysates by western blot.  In 

Figure 3-6a the level of the primary myelin protein in peripheral myelin, MBP, is markedly 

reduced in TrJ sciatic nerve markedly compared to wt, as seen previously (Fortun et al., 2006). 

Additionally, in the same figure in wt mice sciatic nerve, the 14kDa isoform of MBP increases 

by an approximately 8-fold magnitude.  The 17kDa, 18.5kDa, and 21.5kDa MBP isoforms 
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slightly increase with the IF regimen, Figure 3-6a.  With the IF regimen, MBP levels are 

increased in TrJ sciatic nerve as well with the 14kDa and 17kDa isoforms have a 10-fold and 2-

fold increase respectively. The 18.5kDa and 21.5kDa isoforms are also slightly increased in TrJ 

sciatic nerve observed in Figure 3-6a.   

The protein levels of PMP22 and P0 are drastically reduced in TrJ sciatic nerve compared 

to wt sciatic nerve (Notterpek et al., 1997).  In response to IF regimen, a slight augmentation in 

PMP22 levels, and a 1.5-fold increase in P0 (MPZ) levels was observed in wt sciatic nerve, in 

Figure 3-6b-c. In the same Figure, PMP22 and P0 levels increase with IF regimen in TrJ mice 

with approximately 2-fold and 1.5-fold, respectively. 

Regarding the relative fold increases it is important to note that the quantifications of all 

proteins were based on one western blot with a pooled sample of 3 animals per condition.  This 

is true for all subsequent western blot quantifications in this paper.  The large genotypic 

differences between TrJ and wt sciatic nerves with myelin protein levels may also affect the 

relative precision of the densitometry due to the consequential high degree of intensity 

difference.  Nonetheless, the compact myelin proteins MBP, PMP22, and P0 levels increase 

slightly in the sciatic nerve of wt mice, and markedly in TrJ with IF regimen compared to AL 

fed. 

Molecular Chaperones Are Upregulated with IF Regimen in Mice Sciatic Nerves 

 An increase in the cytosolic chaperone Hsp70 was observed in the hearts (Colotti et al., 

2005), and the CNS of rats on the IF regimen (Yu and Mattson, 1999).  Therefore we 

investigated if a similar increase in levels of Hsp70 was evident in the PNS due to IF.  In the 

sciatic nerve of both wt and TrJ mice on the IF regimen, Figure 3-7a, levels of increased 

compared to AL fed.  As Hsp70 is the primary chaperone in the heat shock cellular response to 

stress, increase in these proteins levels can be beneficial for the cell (reviewed in Freeman and 
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Morimoto, 1996).  The small heat shock proteins hsp40 and hsp27 are also increased with the IF 

regimen in wt and TrJ sciatic nerves in Figure 3-7b-c.  Levels of αBcrystallin are increased in wt 

and TrJ sciatic nerves Figure 3-7d.  An upregulation of the molecular chaperones Hsp70, Hsp40, 

Hsp27 and αBcrystallin in TrJ sciatic nerve compared to wt sciatic nerve is observed in Figure 3-

7a-d, and seen previously, due to the stress of aggregates in the SCs (Fortun et al., 2003).   The 

relative increase in chaperone levels due to IF was similar for all of the heat shock protein and 

small cytosolic chaperones investigated, with approximately a 2 to 3-fold increase in both 

genotypes.  The Hsps and small molecular chaperone αBcrystallin investigated were induced in 

the sciatic nerve of both wt and TrJ mice with IF.  This indicates chaperone induction is 

potentially a very important aspect of the neuroprotective effects of the IF regimen. 

Autophagy Is Induced in TrJ Mice Sciatic Nerve with IF Regimen        

  Atg7, the mammal autolog of gsa7, is a key regulator of autophagy (Komatsu et al., 

2006).  Levels of atg7 (Gsa7 antibody) (Dorn et al., 2001) are increased in TrJ sciatic nerve, 

compared to wt sciatic nerve seen in Figure 3-8a.  This increase in atg7 was seen in TrJ sciatic 

nerves previously, markedly in the insoluble fraction of nerve lysate, when compared to wt 

(Fortun et al., 2003). Atg7 increases very slightly in wt sciatic nerve, but increases by 1.5-fold in 

TrJ sciatic nerves in response to the IF regimen in Figure 3-8a.  Beclin is an essential protein in 

the initial phase of autophagy (Qu et al., 2003).  In Figure 3-8b, Beclin levels are initially 

elevated in TrJ sciatic nerves compared to wt sciatic nerves.  The level of Beclin is increased in 

both wt and TrJ sciatic nerve with IF regimen, by 1-fold and 3-fold respectively.  Observation of 

the increased conversion of LC3I to LC3II is the standard marker for autophagy induction 

(reviewed in Levine and Klionsky, 2004; Wang et al., 2006).  In wt sciatic nerve LC3I is present, 

but there is no perceivable LC3II observed in Figure 3-8c.  LC3I levels increase by 
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approximately 2-fold in wt mice sciatic nerve and 3-fold in the sciatic nerve of TrJ littermates.  

TrJ exhibit levels of LC3II, indicating autophagy induction.  Induction of autophagy in TrJ 

sciatic nerves was seen previously through morphometric studies and by an increased level of 

Atg7 (Gsa7 antibody) (Fortun et al., 2003).  LC3II levels increase four-fold in response to IF in 

TrJ mice sciatic nerve, and the ratio of LC3II/LCI is elevated, indicating increased autophagy 

seen in Figure 3-8c.  Thus, autophagy is not active in wt sciatic nerve, but is active in TrJ sciatic 

nerve, and this activity is increased with IF regimen.  Autophagy is therefore a potential 

mechanism by which the phenotypic improvement is observed in TrJ mice with the IF regimen.   

The Lysosomal Degradative Pathway Is Induced with IF Regimen in Mice Sciatic Nerve 

The lysosomal degradative pathway activity is increased in the TrJ sciatic nerve compared 

to wt (Notterpek et al., 1997) and in Figure 3-9a, possibly in a compensatory mechanism for the 

decrease in UPS function (Fortun et al., 2003).  Increase in levels of LAMP-1, a lysosome 

associated membrane glycoprotein, in Figure 3-9a, and the lysosomal enzyme cathepsin D, in 

Figure 3-9b, are observed in wt and TrJ sciatic nerves on IF.  A two-fold induction of both 

isoforms of cathepsin D was seen in wt sciatic nerve with IF regimen, while a four-fold increase 

was evident in TrJ sciatic nerves.  The most common degradative pathway for proteins which are 

short-lived in the cell, including PMP22, is the UPS (reviewed in Ciechanover and Brundin, 

2003).  The amount of poly-ubiquitinated proteins was higher in TrJ sciatic nerves than in wt 

sciatic nerves, seen previously and in figure 9c suggesting UPS impairment (Ryan et al., 2002; 

Fortun et al., 2003).  Also in Figure 3-9c, the IF regimen did not increase UPS activity in wt or 

TrJ sciatic nerve, which would be indicated by a decrease in poly-ubiquitinated proteins.  

Observation of proteasomal activity would be a more direct method to determine activity of the 

UPS.  However, since poly-ubiquitin levels did not change, the IF regimen has no evident effect 
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on the UPS activity.  Proteasomal activity is decreased in TrJ sciatic nerves, possibly due to the 

overwhelming of the system due to mutated PMP22.  The lysosomal pathway may also be 

assisting to remove missfolded and aggregated proteins in SCs of TrJ mice on the IF regimen, to 

improve myelination of peripheral nerves. 

 Together these data suggest that the IF regimen improves the motor function of TrJ mice, 

and increases myelination.  Levels of molecular chaperones increased in both wt and TrJ mice on 

the IF regimen, and autophagy and lysosomal marker levels also increase in TrJ mice, indicating 

possible mechanisms for the phenotypic improvements observed in the neuropathic TrJ mice. 



 

45 

 
 

Figure 3-1.  The body weight of mice on IF regimen is not significantly different that of AL fed 
mice.  A large degree of individual variability in weight is evident within each group 
(a).  Wildtype mice on IF regimen (n=5) have a decrease in body weight over the 
course of the 20 week study compared to wt AL fed mice (n=3), but the decrease is 
not significant (p>0.05, Student’s t-test).  Similarly, the decrease in body weight of 
TrJ mice on IF regimen (n=5) is not significantly reduced compared to AL fed (n=4) 
(p>0.05, Student’s t-test).  
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Figure 3-2.  Forelimb gripstrength in wt and TrJ mice is consistent throughout the study. TrJ 

mice forelimb gripstrength is not impaired at baseline, mice are 8 weeks old (TrJ 
mice n=9, wt mice n=8), (p>0.05, ANOVA), (Tukey-whisker box plots, error bars 
represent quartile distribution of values from median line) (a).  No trend of IF 
regimen effect in wt mice (p>0.05, two-way repeated measures ANOVA), or in TrJ 
mice (p>0.05, two-way repeated measures ANOVA) (b).  Significant decrease in 
forelimb gripstrength in TrJ mice on IF regimen at 2 months and 4 months on 
regimen compared to AL fed TrJ mice (*p<0.05, two-way repeated measures 
ANOVA), then recovery (b).    
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Figure 3-3.   Mouse hindlimb gripstrength is affected by the IF regimen.  At baseline, the 

hindlimb gripstrength of TrJ mice (n=9) is significantly less than wt mice (n=8) 
(**p<0.005, ANOVA), (Tukey-whisker box plots, error bars represent quartile 
distribution of values from median line) (a).  The AL (n=3) and IF fed (n=5) wt mice 
groups have significantly different hindlimb gripstrength at baseline, at 1 month on 
regimen, and at 3 months on regimen (*p<0.05 ANOVA).  After 5 months on 
regimen, TrJ IF mice (n=5) have significantly greater hindlimb gripstrength than AL 
fed TrJ mice (n=4) (**p<0.005, two-way repeated measures ANOVA).  TrJ mice 
have significantly lower hindlimb gripstrength than wt mice over the 5 months on the 
regimen (**p<0.005, two-way repeated measures ANOVA) (error bars SEM) (b).      
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Figure 3-4.  IF regimen improves the performance of TrJ mice on the accelerated Rota-rod.  At 

baseline, TrJ mice (n=9) have significantly impaired motor performance on the 
accelerated Rota-rod compared to wt mice (n=8) (**p<0.005 ANOVA) (error bars 
SEM) (a).  The performance of wt mice on the accelerated Rota-rod is consistent 
(p>0.05, two-way repeated measures ANOVA).  The performance of TrJ mice (n=5) 
on IF regimen significantly improves with 4 months on regimen compared to AL fed 
TrJ mice (n=4) (*p<0.05, two-way repeated measures ANOVA) (b).  There is a 
general trend of motor performance improvement in TrJ mice on the IF regimen 
compared to AL fed over the course of the 5 month study (*p<0.05, two-way repeated 
measures ANOVA)(error bars SEM) (error bars SEM) (b). 
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Figure 3-5.  The g-ratio of the sciatic nerves of TrJ mice decreases with 5 months on IF regimen.  

TrJ AL mice sciatic nerves have a large number of thinly myelinated or 
dysmyelinated axons (a).  The nerves of the TrJ IF mice also have a large number of 
thinly myelinated and dysmyelinated axons, but an increase in myelin thickness 
compared to AL fed TrJ are seen (b). Scale bar is 10μm.  The increase in myelin 
thickness is evident as the average g-ratio of the sciatic nerve TrJ mice on IF regimen 
(n=4) is lower than that of the sciatic nerve of AL fed TrJ (**p<0.005, Student’s t-
test), (error bars SEM) (c).        
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Figure 3-6.  Myelin protein levels are upregulated in the sciatic nerve of mice on IF regimen. In 

the MBP graph, isoform I is medium grey, II dark grey, III white, IV light grey (b).  
The MBP 14kDa isoform increases in wt sciatic nerve in response to the IF regimen, 
as does the 17kDa isoform. However the 18.5kDa and 21.5kDa MBP isoforms do not 
seemingly change in wt sciatic nerve (a).  MBP levels are lower in TrJ than wt sciatic 
nerve (a).  The 14 and 17 kDa MBP isoforms increase in TrJ sciatic nerve with IF 
regimen, and the 18.5 and 21.5 isoforms increase slightly (a).  Levels of MPZ (P0) 
increase slightly with IF regimen in wt sciatic nerve (b).  The myelin protein P0 is 
lower in TrJ sciatic nerve than in the wt littermates (b).  An increase in levels of MPZ 
(P0) is also seen in TrJ sciatic nerve with the IF regimen (b).  PMP22 levels increase 
slightly in the sciatic nerve of wt and TrJ mice on the IF regimen (c).  Levels of 
PMP22 are reduced in the sciatic nerve of TrJ mice compared to the sciatic nerve of 
wt littermates (c).  The graphs represent the ratio of protein concentration after 
correction for GAPDH, as determined by western blot and WT AL control is set at 1 
(100%).  GAPDH is a constitutive marker for loading control. (n=3 animals per 
condition). 
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Figure 3-7.  Some cytosolic molecular chaperones are upregulated in mice sciatic nerve with IF 

regimen.  Hsp70, Hsp40, Hsp27, and αBcrystalin levels are higher in TrJ mice sciatic 
nerve than wt mice sciatic nerve (a-d).  Hsp70, Hsp40, Hsp27, and αBcrystallin levels 
are upregulated with IF regimen in wt mice sciatic nerve compared to AL fed mice 
(a-d).  Similarly chaperone Hsp70, Hsp40, Hsp27, and αBcrystallin levels are 
increased in TrJ mice in response to If regimen (a-d).  The graphs represent the ratio 
of protein concentration after correction for GAPDH, as determined by western blot 
and WT AL control is set at 1 (100%).  GAPDH is a constitutive marker for loading 
control. (n=3 animals per condition). 
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Figure 3-8.  Autophagy degradative pathway is upregulated in TrJ mice sciatic nerve with IF 

regimen.  Levels of atg7 are increased in TrJ compared to wt mice sciatic nerve (a).  
With IF regimen, levels of atg7 does not change in wt sciatic nerve and beclin 
increases (a-b).  In the LC3 graph grey bars represent isoform I and black bars 
represent isoform II (c).  The conversion of LC3I to LC3 II is evident in TrJ mice 
sciatic nerve, and not wt mice sciatic nerve (c). LC3I levels slightly increase in both 
wt and TrJ sciatic nerve with IF regimen (c).  LC3 II levels increase with IF regimen 
in TrJ mice sciatic nerve, and the ratio of LC3I/II decreases (c).  The graphs represent 
the ratio of protein concentration after correction for GAPDH, as determined by 
western blot and WT AL control is set at 1 (100%).  GAPDH is a constitutive marker 
for loading control. (n=3 animals per condition). 
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Figure 3-9.  The lysosomal degradative pathway is upregulated in the sciatic nerves of mice on 

the IF regimen, but the UPS degradative pathway is not effected.  Levels of LAMP 1, 
cathepsin D, and poly-ubiquitin are higher in the sciatic nerves of TrJ mice than in wt 
sciatic nerve (a-c).  LAMP 1 levels are increased in wt and TrJ sciatic nerve with IF 
regimen (a).  In the cathepsin D graph, white bars represent isoform I and grey bars 
represent isoform II (c).  In wt sciatic nerve cathepsin D levels are slightly increased, 
in TrJ sciatic nerve the levels are increased (b-c).  Levels of poly-ubiquitin are not 
effected by IF regimen in wt or TrJ sciatic nerve (d).  The graphs represent the ratio 
of protein concentration after correction for GAPDH, as determined by western blot 
and WT AL control is set at 1 (100%).  GAPDH is a constitutive marker for loading 
control. (n=3 animals per condition). 
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CHAPTER 4 
DISCUSSION 

The TrJ mice on the IF regimen have improved motor performance and thicker 

myelination of peripheral nerves.  Possible factors which yield this phenotypic improvement 

with IF regimen treatment are an increase in the steady-state levels of myelin proteins, cytosolic 

chaperones, and induction of autophagy and the lysosomal pathway; all observed in the sciatic 

nerves of TrJ mice on the IF regimen in this study.  Further investigation to support these results, 

and delineate the mechanisms of the improvement seen is necessary. 

Although previous benefits of the IF regimen have been observed in the CNS of rodents, 

including induction of chaperones and neuroprotection (Yu and Mattson, 1999; Zho et al., 1999; 

Anson et al., 2003; Duan et al., 2003), the effects of the regimen on the PNS have not yet been 

investigated.  Cytosolic stress induces the chaperone response, and dietary restriction through the 

IF regimen appears to be a general stress that also stimulates chaperone production.  Chaperone 

levels are increased in both wt and TrJ sciatic nerves with IF regimen, seen in Figure 3-8.  

Increasing chaperones helps to correctly fold proteins, and target missfolded proteins for 

degradation, thereby decreasing the number of aggregated proteins.  This induction of the 

chaperone response can be very beneficial, since increase of a single chaperone through 

transgenic studies has showed promising results in protecting the heart from damage due to 

myocardial infarction.  Mice with increased levels of Hsp70 or αBcrystallin have increased 

resistance to heart damage due to myocardial infarct and reduced myocyte death (Plumier et al., 

1995; Mestril, 2005).  An increase in chaperone levels with the IF regimen in aged rat hearts was 

also seen to improve outcome after myocardial infarct (Colotti et al., 2005)  Importantly, an 

increase in the chaperones Hsp70 was seen in the CNS of mice and rats on the IF regimen 

correlated to neuroprotection benefits (Yu and Mattson, 1999).    Pharmacological interventions 
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aimed at increasing chaperone response have been attempted for a variety of neurological 

diseases with aggregate pathology.  It was ascertained that increasing the levels of Hsp70 in a 

Huntington’s disease mouse model transiently decreased huntingtin protein aggregates, and use 

of geldamycin decreased aggregate formation over a longer period in cell culture (Hay et al., 

2004).     

 Autophagy and lysosomal pathways are induced in TrJ sciatic nerves in response to IF 

regimen.  The lysosomal pathway is upregulated and autophagy induced in TrJ sciatic nerve 

compared to wt (Notterpek et al., 1997; Ryan et al., 2001; Fortun et al., 2003.  Aggregates and 

aggresomes of PMP22, which recruit other proteins, form in TrJ mice SCs progressively.  This 

occurs concurrently with an age related general decline in autophagy and chaperone levels seen 

in other tissues (Cuervo and Dice, 2000; Jin et al., 2004).  The IF regimen enhances these 

pathways, and may assist in clearance of the aggregated and missfolded proteins.  Autophagy is 

activated by starvation, and the starve-fast diet of the IF regimen further induces autophagy in 

TrJ sciatic nerve.  This pathway is also induced in other tissues of mice on IF regimen, including 

the heart and muscle determined by measuring relative LC3I/II levels with western blot (data not 

shown).  This increase in chaperone levels can also result in the increased autophagy activity, as 

chaperones mediate autophagy.  Interestingly, autophagy is not induced in the sciatic nerve of wt 

mice on the IF regimen since the wt were not under additional PNS stress. The TrJ peripheral 

nerves are under additional stress due to the accumulation of the mutated PMP22 protein, which 

aggregate with other proteins in the cytosol, possibly leading to the induction of autophagy in the 

PNS of TrJ but not wt mice.       

Myelin protein levels increased in TrJ sciatic nerves in response to the IF regimen as seen 

in Figures 6.  The increase in myelin proteins in the sciatic nerves of TrJ mice on the IF regimen 
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is very promising, as the phenotypic motor function impairments stem from this demyelination 

of the peripheral nerves.  The myelin protein MBP is increased in both wt and TrJ sciatic nerve 

in response to IF regimen.  It was previously determined that the constitutive chaperone Hsp70 

(Hsc70) is necessary for the optimal synthesis of MBP (Aquino et al., 1998).  As myelin protein 

levels also increase in wt sciatic nerves, other possible additional factors include an increase in 

neurotrophin levels, such as BDNF.  BDNF enhances myelination of PNS axons by binding the 

receptor P75NTR on SCs (Chan et al., 2001; Cosgaya et al., 2002; Yamauchi et al., 2004).  

Increasing BDNF levels increases myelin protein levels in the PNS (Chan et al., 2001), and this 

thicker myelin is maintained throughout adulthood (Tolwani et al., 2004).  In previous studies IF 

increased BDNF levels in the CNS of mice (Duan et al., 2003).  Since neurotrophin increases are 

a possible mechanism for neuroprotection in the PNS, future studies will aim at also determining 

if neurotrophins are increased in the PNS in response to IF.   

Phenotypic improvement of the TrJ mice on the IF regimen is noted by significant 

increases in the thickness of myelin around large caliber motor axons in the sciatic nerve, evident 

with a decrease in g-ratios when compared to AL fed in Figure 3-5a-c.  A hallmark of TrJ sciatic 

nerves is thinly myelinated axons.  Increased myelin thickness of peripheral nerves, noted by the 

decreased g-ratios could improve motor performance through enhancing nerve conduction 

velocity. 

Results support the hypothesis that the TrJ mice phenotype would be improved with the IF 

regimen, possibly due to induction of chaperones and autophagy.  Notably, an improvement in 

the complex motor performance of TrJ mice on the IF regimen as compared to the TrJ AL fed 

littermates was seen in Figure 3-4b. Also, although a general trend of increased hindlimb grip 

strength was not seen in IF TrJ mice, a significant increase in hindlimb grip strength was seen by 
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5 months on the regimen in Figure 3-3b. The IF regimen results in general improvement in 

cardiovascular function in rodent models (Ahmet et al., 2005; reviewed in Mattson and Wan, 

2005).  The observed increase in PNS myelin thickness seen in TrJ mice with IF would account 

for the improved motor performance.  Mechanisms for the increased myelination are possibly the 

increased chaperone levels and induction of the autophagic pathway.      

These findings suggest the IF regimen has benefits in the PNS as well as the general 

improvements already seen in rodents in cardiovascular function, lifespan, and CNS 

neuroprotection (reviewed in Mattson and Wan, 2005).  Previously the IF regimen increased the 

levels chaperones (Colotti et al., 2005; Yu and Mattson, 1999) a possible mechanism for the PNS 

myelin protection seen in TrJ mice.  In this study, increases in chaperone levels and the 

autophagic degradative pathway were most evident in the PNS.  The BDNF levels were not yet 

investigated.  Currently there are no effective treatments for patients with CMT1A. Treatment 

studies in CMT1A rodent models have had promising results however, improving phenotype and 

increasing the number of myelinated axons in the sciatic nerves.  This study is the first to use a 

natural treatment paradigm, modifying diet through IF, to improve the phenotype and 

myelination in a CMT1A mouse model.  It is also the first study to see improvement in a mouse 

with a point mutation in PMP22, rather than a transgenic overexpressor, and to aim at alleviating 

phenotypic symptoms by inducing chaperones and autophagy. 

Although all results are based on an initial study with 3-4 mice per condition, and 

necessitates further studies to support these findings, the promising results of this first study 

warrant further investigation.  Recently our lab conducted a 20 week IF regimen treatments with 

additional TrJ animals, to verify that results are consistent.  Also, the affect of the IF regimen on 

C22 mice, since overexpression of PMP22 is the most common cause of CMT1A, was conducted 
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in our laboratory and the results are currently being analyzed.  Determining if BDNF levels are 

increased in response to IF regimen in the PNS would better elucidate another possible 

mechanism for phenotypic improvements observed in TrJ mice.  Immunohistochemistry of 

teased nerve fibers can investigate if the number of ubiquitin-positive protein aggregates 

decreases with the IF regimen in TrJ peripheral nerves.  Muscle weight of hindlimb muscles can 

be ascertained to denote if IF has any effects on muscle atrophy in CMT1A.  Since voluntary 

movements are effected in CMT1A, further testing to determine muscle tone effects, including 

sensory testing, to determine if CMT1A has more focal impairments.  Delineating which aspects 

of the IF regimen are most beneficial for the improvement in TrJ mice phenotype is also 

important, as further pharmacological interventions can be aimed to increase these pathways, and 

eventually be a possible effective therapy to alleviate peripheral neuropathy of patients with 

CMT1A.   
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