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PERIPHERAL NERVOUS SYSTEM ALTERATIONS IN DISEASE AND 

INJURY 

 
ERIC VILLALÓN LANDEROS 

ABSTRACT 

Charcot-Marie-Tooth (CMT) is the most common inherited neuropathy of the 

PNS affecting approximately 2.8 million people. CMT is generally grouped into 

demyelinating (type 1), axonal (type2) or intermediate forms (type 3, 4 and X-linked). 

CMT type 2E, an axonal form of CMT, has been linked to mutations in the neurofilament 

light gene (nefl) and leads to distal neuropathy characterized by reduced nerve conduction 

velocity, muscle atrophy and sensory loss. However, the mechanisms of disease 

pathogenesis are not well understood. We generated a mouse model of CMT2E 

expressing human neurofilament light with the E396K mutation (hNF-LE396K), which 

develops decreased motor nerve conduction velocity, ataxia, and muscle atrophy by 4 

months of age.  

My work further characterizes this CMT2E mouse model and shows that 

symptomatic hNF-LE396K mice developed phenotypes that were consistent with 

proprioceptive sensory defects as well as reduced sensitivity to mechanical stimulation, 

while thermal sensitivity and auditory brainstem responses were unaltered. Progression 

from pre-symptomatic to symptomatic included a 50% loss of large diameter sensory 

axons within the fifth lumbar dorsal root of hNF-LE396K mice. Due to proprioceptive 

deficits and loss of large diameter sensory axons, I analyzed muscle spindle morphology 
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in pre-symptomatic and symptomatic hNF-LE396K and hNF-L control mice. Muscle 

spindle cross sectional area and volume were reduced in all hNF-LE396K mice analyzed, 

suggesting that alterations in muscle spindle morphology occurred prior to the onset of 

typical CMT pathology. These data suggested that CMT2E pathology initiates in the 

muscle spindles altering the proprioceptive sensory system. 

 A concern of patients suffering with CMT neuropathy is their increased 

susceptibility to neuropathy exacerbation after a traumatic event such as undergoing 

surgery or receiving prescribed drug treatments. Although this problem has been 

observed with more frequency in resent years, it is not well understood and poorly 

studied. To investigate if a traumatic event could exacerbate neuropathy in our CMT2E 

mouse model and possibly establish this as a model to study CMT neuropathy 

exacerbation, I challenged wild type, hNF-L, and hNF-LE396K mice with crush injury to 

the sciatic nerve. Then, I analyzed functional recovery by measuring toe spread and 

analyzed gait using the Catwalk system. hNF-LE396K mice showed reduced recovery from 

nerve injury consistent with increased susceptibility to neuropathy observed in CMT 

patients. In addition, hNF-LE396K developed a permanent reduction in their ability to bear 

weight, increased mechanical allodynia, and premature gait shift in the injured limb, 

which led to disrupted interlimb coordination in hNF-LE396K. Exacerbation of neuropathy 

after injury and identification of gait alterations in combination with previously described 

pathology suggests that hNF-LE396K mice recapitulate many of clinical signs associated 

with CMT2. The results of my work demonstrate that hNF-LE396K mice provide a model 

for determining the efficacy of novel therapies. 
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 A complication of peripheral neuropathies or nerve injuries is the loss of myelin. 

During development, a positive correlation between internodal length and axonal 

diameter is established so that both are optimized for maximal conduction velocity. 

However, after recovery from injury this correlation is lost. While axonal diameters 

recover back normal levels, remyelination results in uniformly short internodes and 

reduced conduction velocity. Although this phenomenon has been known for over 70 

years, the mechanisms leading to abnormally reduced internodal length after 

remyelination are not well understood. I investigated the potential role of neurofilament 

phosphorylation in regulating internode length during remyelination and myelination in 

mice. Following ethidium bromide demyelination in sciatic nerve, the levels of 

neurofilament medium (NF-M) and heavy (NF-H) phosphorylation were unaffected. 

Preventing NF-M lysine-serine-proline (KSP) repeat phosphorylation increased internode 

length by 30% after remyelination. Mimicking constitutive KSP phosphorylation reduced 

internode length by 16% during myelination and motor nerve conduction velocity by 

~27% without altering sensory nerve structure or function. These results suggest that NF-

M KSP phosphorylation is a negative regulator of Schwann cell elongation, and suggest 

that motor and sensory axons utilize different mechanisms to establish internode length. 

My work on this project provided the first molecular basis for an empirical observation 

made over 70 years ago, and identified a potential target for therapeutic intervention 

aimed at enhancing recovery from demyelinating diseases or nerve injuries. 
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CHAPTER 1 

 

INTRODUCTION AND BACKGROUND 

 

1.1. The function of the peripheral nervous system. 

The nervous system is divided into two parts: the central nervous system (CNS) 

and the peripheral nervous system PNS. The CNS includes the brain and spinal cord 

while the PNS includes all the nerve projections outside the brain and spinal cord. The 

PNS is made up sensory and motor neurons, glial cells, and satellite cells. PNS sensory 

neurons relay information from free nerve endings and receptors located in the skin, 

muscles, joints and organs to the CNS. In the spinal cord, sensory neuron processes make 

connections with interneurons that carry the information to the brain, or with motor 

neuron cell bodies to mediate reflex activity. Motor neurons receive descending input 

from the brain or directly from PNS sensory neurons and transmit that information to 

muscles in the periphery (Kandel et al., 2000).  

PNS sensory neurons have their cell body located within cell clusters called dorsal 

root ganglions (DRG), which are located adjacent to the spinal cord. Peripheral sensory 

neurons are pseudounipolar neurons as their axon splits into two parts; an axonal segment 

that extends distally to the peripheral organs and another that extends proximally to the 

spinal cord trough the dorsal root. PNS sensory axons are grouped based on size and 

specific sensory modality. Group I (A-alpha), are large diameter myelinated sensory 

axons that carry joint position sense information. Group II (A-beta), are intermediate 

diameter myelinated axons and carry vibration, touch, and joint position sense 



 
 

2 

information. Group III (A-delta), are small myelinated axons that carry pain and 

temperature information. Group IV (C-fibers), are small unmyelinated axons (< 2 µm) 

and carry pain, warmth perception, and autonomic sensory information (Casellini and 

Vinik, 2007).  

PNS motor neurons are unipolar type neurons and have their cell body located 

within the ventral horn of the spinal cord and their axon extends distally through the 

ventral roots to the peripheral targets. Motor neurons are divided into somatic and 

autonomic neurons. In this work I will focus on somatic motor neurons, which innervate 

skeletal muscle and allow for complex movements and behaviors. Motor axons are 

divided into alpha and gamma motor axons, based on their size. Alpha motor axons are 

large diameter myelinated axons that innervate force generating extrafusal muscle fibers 

and control muscle contraction or relaxation (Burke et al., 1977; Kawamura et al., 1977). 

Gamma motor axons are small diameter myelinated axons that innervate the intrafusal 

fibers within the muscle spindle and control muscle tone (Hunt and Kuffler, 1951; 

Kawamura et al., 1977).  

 

1.2. Neurons communicate through electrical signals. 

Nerve cells, called neurons, are composed of dendrites, cell body, axon and axon 

terminal (Fig. 1.1). The dendrites are processes that receive information and bring it to 

the cell body, where the information is processed and a response is generated. The 

response to the incoming signals is sent out through the axon, which is a long process 

some times meters in length, down to the effector cell. 
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Nerve cells carry information in the form of electrical signals, which are 

generated by the diffusion of Na+ and K+ ions across the axon plasma membrane. 

Facilitated diffusion of ions across the membrane through ion channels transiently 

changes the voltage across the membrane and causes a depolarization event (Hodgkin and 

Huxley, 1945). The depolarization, also called action potential (AP), is propagated along 

the axon and the rate at which it spreads is called nerve conduction velocity (NCV). Fast 

NCV is dependent upon the axonal diameter and formation of compact myelin around the 

axon (Waxman, 1980). Increasing axonal diameter decreases the axial resistance and 

increases the length that an AP travels before it needs to be propagated (Waxman, 1980). 

Formation of compact myelin by Schwann cells (in the PNS) creates a layer of insulating 

membrane around the axon, which dramatically increases the membrane resistance and 

decreases membrane capacitance preventing the loss of charge across the myelinated area 

(Huxley and Stampfli, 1949; Koles and Rasminski, 1972; Rasminski and Sears, 1972). 

Myelination of axons also facilitates the segregation of voltage gated Na+ channels to 

discrete areas that become the nodes of Ranvier (Dugandzija-Novakovic et al., 1995; 

Feinberg et al., 2010; Salzer, 2003; Salzer et al., 2008; Vabnick et al., 1996).  The 

formation of nodes of Ranvier as well as changes to membrane capacitance and 

resistance, by formation of compact myelin, allows for saltatory conduction, which 

dramatically increases NCV. 
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Figure 1.1. The make up of a neuron.  A neuron is made up of dendrites, cell body, 
axon, and axon terminals. The neuron receives input to the cell body through the 
dendrites. This input is processed at the cell boy and a response signal is sent out through 
the axon. The axon, which can be myelinated (as illustrated above) or unmyelinated, 
transmits the signals from the cell body to the effector cells through the axon terminals.  

Dendrites 

Cell body 

Axon (myelinated) 

Axon terminals 
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1.3. Peripheral nervous system myelination. 

Myelination, by Schwann cells in the PNS, includes both, the formation of 

compact myelin and the elongation of Schwann cells longitudinally along the axon. 

During embryonic development, around embryonic day 15/16 in rats (E12/E13 in mice), 

neural crest cell expression of Sox 10 signals the differentiation of neural crest cells into 

Schwann cell precursors (Britsch et al., 2001). As development progresses Schwann cell 

precursors transition into immature Schwann cells and begin to express brain fatty acid-

binding protein (BFABP), protein zero (P0), and desert hedgehog (DHH). By embryonic 

day 18 (16 in mice) Schwann cells associate with motor and sensory axons from spinal 

nerves in a 1:1 fashion, a process called radial sorting (Dong et al., 1999; Jessen and 

Mirsky, 2005). Contact with axonal membrane allows interactions between Schwann cell 

ErbB2/3 receptors and axonal neuregulin 1 type III (Dong et al., 1999; Jessen and 

Mirsky, 2005) Recent evidence revealed that neuregulin I type III expression on the axon 

is the signal that induces Schwann cells to myelinate (Taveggia et al., 2005) Preventing 

neuronal expression of neuregulin 1 type III, prevented myelination in cell culture and in 

knock out mice (Taveggia et al., 2005). On the other hand, forced expression of 

neuregulin 1 type III in normally small diameter unmyelinated axons induced them to 

become myelinated in cell culture and restoring neuregulin 1 type III expression to half 

the normal levels resulted in an increase in the frequency of myelinated axons in mice 

(Taveggia et al., 2005). Thus, expression of neuregulin 1 type III above a threshold level 

induces Schwann cells to aquire a myelinating phenotype and initiate myelination, while 

expression below threshold levels leads to formation of structures known as Remak 

bundles (Jessen and Mirsky, 2005; Mirsky et al., 2008; Nave and Salzer, 2006). Schwann 
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cells in Remak bundles surround the axons with plasma membrane to keep them from 

touching each other and also provide them with trophic support to prevent axon loss 

(Chen et al., 2003). 

 At birth, when the process of myelination begins, Schwann cells begin expressing 

characteristic proteins like the O4 antigen (a sulfatide), protein zero (P0), and peripheral 

myelin protein 22 (PMP22) (Dong et al., 1999; Hagedorn et al., 1999; Jessen et al., 1990; 

Lee et al., 1997; Mirsky et al., 1990) (Fig. 1.2A). As myelination proceeds, Schwann 

cells distribute themselves along the axons and begin to wrap a layer of plasma 

membrane around them (Bhat, 2003; Bunge et al., 1989). Repeated spiraling of Schwann 

cell plasma membrane around the axons leads to the formation of compact myelin. As the 

Schwann cells spiral around the axon forming the myelin sheath, they also elongate 

bidirectionally along the axon (Bhat, 2003; Bunge et al., 1989). Elongation of the myelin 

sheath along the axon induces the clustering of voltage gated sodium channels (Nav
+ 

channels), which are initially found dispersed throughout the axon, at the leading edge of 

the myelin segment into a structure called the heminode (Feinberg et al., 2010; Schafer et 

al., 2006; Vabnick et al., 1996). Schwann cell elongation continues until adjacent 

heminodes meet and form the node or Ranvier (Dugandzija-Novakovic et al., 1995; 

Feinberg et al., 2010; Vabnick et al., 1996) (Fig. 1.2B). By post-natal day 14, the 

myelinating process is mostly complete and results in mature myelinated axons 

containing new structural domains like, the myelin sheath, internodes (segments covered 

by compact myelin), and nodes of Ranvier (segments of Nav
+ channel clusters devoid of 

compact myelin) (Fig. 1.2C) (Dugandzija-Novakovic et al., 1995; Feinberg et al., 2010).  
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Schwann cell differentiation into myelinating type after axonal contact 
 

A 

B 

C 

Non-
myelinating 
SC 

> 1µm axons 

Clustering Na+
v channels 

Dispersed Na+
v and K+

v channels 

Myelinating Schwann cell Axon 

O4 

P0 

PMP22 

- Na+
v and K+

v channels 

- Nrg I Type III 

- Neurofilaments 

Myelination 
- SC wrapping and 
elongation along the axon 

ErbB2/ErbB3 

- Clustering of Na+
v channels 

- Axonal radial growth Compact myelin layer 

Neurofilaments 

Internode Node of Ranvier 

Figure 1.2. Peripheral nervous system myelination. (A) During late embryonic stages 
Schwann cell (SC) contact with axons greater than 1µm in diameter. The interaction of 
SC ErbB2/3 receptors and axonal neuregulin I type III (Nrg I typeIII) signals SC to 
differentiate into myelinating type and begin to up regulate expression of O4, P0, and 
PMP22. In addition, Nrg I type III is expressed on the axonal membrane along with Na+

v 
and K+

v ion channels dispersed along the axon. (B) As myelination begins SCs start 
wrapping and elongating along the axon, which clusters Na+

v channels at the front end of 
the myelin-forming SC and form the node of Ranvier. Formation of compact myelin by 
SC induces cell biological changes in the axon that cause it to expand in diameter. (C) By 
postnatal day 14, myelination is complete and the axons acquire nodes of Ranvier, myelin 
sheath, internodes, and undergo radial growth.  

Mature myelinated axon 
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1.3.1. Myelin sheath optimization for maximal conduction speed. 

 Myelin sheath thickness is a primary determinant of nerve conduction velocity 

(Waxman, 1980). For over 100 years it has been known that the myelin sheath thickness 

directly correlates with the axon size (Donaldson and Hoke, 1905). The correlation of 

myelin sheath thickness and the axonal diameter suggested possible crosstalk between 

Schwann cells and axons to determine the specific thickness of myelin layer needed for 

different size axons. Analyses of genetically modified mice that express 50% of 

neuregulin-1 type III levels revealed that the nerves of these animals developed thinly 

myelinated axons (Michailov et al., 2004; Taveggia et al., 2005). Moreover, inducing 

overexpression of neuregulin 1 type III in neuronal tissue resulted in formation of 

abnormally thicker myelin sheaths. These experiments established that, in addition to 

inducing Schwann cells to myelinate, axonal neuregulin-1 type III levels determine the 

thickness of the myelin sheath (Michailov et al., 2004). Thus, myelin sheath thickness 

depends on the axonal diameter.  

One of the main roles of the myelin sheath is to act as an electrical insulator 

around the axons and allow for faster propagation of action potentials. Compact myelin 

creates a layer of insulating membrane around the axon, which dramatically increases the 

membrane resistance thus preventing loss of charges across the axonal membrane in the 

myelinated region (Huxley and Stampfli, 1949; Koles and Rasminski, 1972; Rasminski 

and Sears, 1972). Moreover, the compact myelin layer acts as a capacitor decreasing 

membrane capacitance across the axonal membrane, thus making the myelin layer too 

thick or too thin affects the electrical conductance of axons (Huxley and Stampfli, 1949; 



 
 

9 

Koles and Rasminski, 1972; Rasminski and Sears, 1972).  Therefore the thickness of the 

myelin is optimized for optimal electrical conductance (Rushton, 1951; Waxman, 1980). 

G-ratio is a measure used to analyze the myelination state of an axon (thickness of myelin 

relative to axon diameter). It is defined by the ratio between the axonal diameter and the 

fiber diameter (axon + myelin) (Fig. 1.3.) (Rushton, 1951). Making too thin myelin 

increases g-ratio (closer to 1) and decreases nerve conduction velocity (Barry et al., 2012; 

Waxman, 1980). On the other hand, increasing myelin thickness decreases g-ratio (closer 

to 0) and increases conduction velocity (Taveggia et al., 2005; Waxman, 1980). 

However, increasing myelin thickness past a certain level does not result in further 

increases in conduction velocity and thus is not energetically favorable to form too thick 

myelin sheaths (Waxman, 1980). G- ratio, has an optimal range that permits maximal 

conduction speed and this range is between 0.6 and 0.7 (Waxman, 1980). Therefore, 

maintaining myelin thickness within the optimal g-ratio range is important for 

maximizing NCV.  
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Axon diameter 

Fiber diameter 
g = 

Figure 1.3. Calculation of g-ratio. G-ratio is calculated by 
dividing the axon diameter (blue) by the fiber diameter 
(green). Fiber diameter (green) is made up of the axon 
diameter (blue) + 2x myelin thickness (yellow). G-ratio has 
an optimal range between 0.6 and 0.7 for maximal 
conduction velocity.  
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1.3.2. Internodal length is optimized for maximal conduction speed. 

As Schwann cells wrap their membrane around the axon, they also elongate 

bidirectionally along the axon forming compact myelin. Elongating Schwan cells express 

and secrete gliomedin, which accumulates at the leading edges of the Schwann cell 

processes (Eshed et al., 2005). Gliomedin binds to the neural cell adhesion molecule 

(NrCAM) expressed on the microvilli of elongating end of the Schwann cell (Eshed et al., 

2007; Eshed et al., 2005). These microvilli expose the NrCAM/gliomedin complex to the 

axonal membrane, where gliomedin binds to axonal neurofascin 186 (NF186) and 

clusters it at the leading edge of the SC (Eshed et al., 2007; Eshed et al., 2005; Feinberg 

et al., 2010). Within the axon, NF186 binds to ankryin-G, which anchors the Nav
+ 

channels and leads to their clustering. Two neighboring Schwann cells continue to 

elongate until they meet and cluster the Nav
+ channels in a focal point forming the mature 

node of Ranvier (Dugandzija-Novakovic et al., 1995; Eshed et al., 2007; Eshed et al., 

2005; Feinberg et al., 2010; Vabnick et al., 1996). The segment that each Schwann cell 

covers is called the internode. During development there are two phases of internode 

elongation. The first phase occurs during initial myelination from birth until myelination 

is complete around postnatal day 14 in rodents (Bunge et al., 1989; Jessen and Mirsky, 

2005). The second phase occurs during growth of the organism (Jacobs, 1988; Lascelles 

and Thomas, 1966). Initial observations by Ranvier, almost 145 years ago, suggested that 

the length of the internode directly correlated with the fiber size as bigger diameter fibers 

had longer internodes and smaller diameter fibers had shorter internodes (Ranvier, 1872). 

Moreover, observations that internodal length correlated with the length of the limb in 

cats, which correlated with conduction speed, led to the hypothesis that internodal length 
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also correlated with conduction speed (Hursh, 1939). Subsequently, a computational 

model showed that increasing internodal length increases the speed of conduction and 

that internode length has an optimal range between 100 and 200 times the diameter of the 

axon (Brill et al., 1977) That is for a 10µm diameter axon the optimal range of internode 

length is 1000µm to 2000µm. 

 In vivo evidence confirming this correlation was provided by the development of 

a mouse model that develops abnormally short internodes due to the deletion of periaxin. 

Periaxin is part of the Drp2-dystroglycan complex that is required for the formation of 

cytoplasmic filled channels, called bands of Cajal, on the abaxonal surface of the myelin 

sheath (Sherman et al., 2012). Deletion of periaxin leads to disrupted Cajal band 

formation and reduced ability of Schwann cells to elongate causing formation of 

abnormally sort internodes (Court et al., 2004).  The reduction in internodal length 

significantly reduced nerve conduction velocity with no alterations to myelin thickness or 

axonal diameter, thus confirming that internodal length is an important determinant of 

maximal conduction speed (Court et al., 2004). Moreover, it has been further 

demonstrated in vivo that increasing internodal length increases the speed of conduction 

until a flat maximum is achieved, after which further increases in internodal length do no 

longer affect the speed of conduction (Simpson et al., 2013; Wu et al., 2012). These 

experiments taken together provided in vivo evidence that internodal length is optimized 

for maximal speed of conduction. However, the molecular mechanisms that fine tune 

Schwann cell elongation and lead to the formation of optimal length internodes are not 

fully understood.  

 



 
 

13 

1.4. Efficient nerve conduction velocity depends on axonal diameter. 

Axonal diameter is a major determinant of NCV (Rushton, 1951; Waxman, 1980). 

A method to increase the speed of conduction is to increase the axonal diameter 

(Waxman, 1980). This is an adaptation that invertebrates, like squid, have taken 

advantage of. Squid have axons that can be extremely large in diameter, up to 1mm, 

which can conduct electrical signals up to 50 m/s (Hodes, 1953). For mammals, 

increasing axonal diameter similar to the squid for increasing the speed of conduction is 

not an optimal adaptation, as this would make mammalian nervous system excessively 

large. Therefore, mammals have used a different mechanism to increase the speed of 

conduction while maintaining axonal diameter relatively small. Myelination in 

mammalian nerves induces expansion of the axonal diameter, this process is referred to 

as radial growth (Cleveland, 1996). Expansion of axonal diameter after the formation of 

compact myelin requires proper expression and localization of neurofilament proteins 

(Eyer and Peterson, 1994; Sakaguchi et al., 1993; Zhu et al., 1997). Deficits in axonal 

radial growth can severely compromise nerve function (Kriz et al., 2000; Yamasaki et al., 

1991a; Züchner et al., 2004). 

 

1.5. Neurofilament proteins and their role in determining axonal diameter.   

Neurofilaments (NFs) are type IV intermediate filament proteins that make up the 

axonal cytoskeleton (Friede and Samorajski, 1970; Fuchs and Weber, 1994). NFs are 

composed of three subunits termed neurofilament light (NF-L), neurofilament medium 

(NF-M), and neurofilament heavy (NF-H) (Lee et al., 1993) (Fig. 1.4). During 

development expression of NF-L and NF-M was detected as early as embryonic day 9 in 
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mouse and 12 in rat while expression of NF-H was detected three days later in rats 

(Carden et al., 1987; Cochard and Paulin, 1984). However, expression of NF-H stayed 

well below the levels of NF-L and NF-M until about 3 months of age (Pachter and Liem, 

1984; Shaw and Weber, 1982). In mature myelinated axons, neurofilaments are obligate 

heteropolymers made of NF-L and NF-M or NF-H (Lee et al., 1993). Recent data suggest 

that α-internexin makes up a fourth NF sub-unit in the CNS (Yuan et al., 2006) while 

peripherin is the fourth NF subunit in the PNS (Yuan et al., 2012). Moreover, the specific 

neurofilament composition varies according to developmental stages (Shen et al., 2010). 

Neurofilament abundance within axons has long been correlated with axonal diameter 

(Friede and Samorajski, 1970). Discovery of the Japanese quail, which lacks axonal 

neurofilaments due to a nonsense mutation in the NF-L gene, (Ohara et al., 1993; 

Yamasaki et al., 1991b) and generation of the NF-L knock-out confirmed that 

neurofilaments are necessary for axonal radial growth as preventing formation of 

neurofilaments inhibits axonal radial growth (Zhu et al., 1997). Altering the expression of 

any single neurofilament subunit also reduced radial growth, demonstrating that the 

specific subunit composition is important for proper axonal radial growth (Xu et al., 

1996). Gene replacement experiments revealed that deleting NF-M (Elder et al., 1998a) 

prevented axonal radial growth similar to deleting NF-L (Zhu et al., 1998) . However, 

deleting NF-H had only minor effects on axonal radial growth (Elder et al., 1998b; Rao et 

al., 1998; Zhu et al., 1998). These experiments identified NF-M as the critical subunit for 

axonal radial growth. 
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Figure 1.4. Neurofilament proteins. Representation of wild type mouse neurofilament 
proteins named based on their size; NF-L, NF-M, and NF-H. Domains of each subunit are 
listed and flanked by arrows under each domain. All three NF subunits contain a head 
domain (orange), a rod domain (green) and a tail domain (pink). The tail domains of NF-M 
and NF-H contain regions of lysine-serine-proline (KSP) repeats (cyan). 	  
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1.6. Neurofilament protein sub-domains. 

All three neurofilament subunits are sub-divided into three domains, each having 

a different function (Cleveland, 1996; Fuchs and Cleveland, 1998). All NF’s have an 

amino terminus (NH2-terminus) head domain, a highly conserved ~ 310 α- helical 

coiled-coil rod domain, and a variable carboxy-terminus (C-terminus) tail domain (Fuchs 

and Weber, 1994). The head domain is required for neurofilament assembly (Gill et al., 

1990) while the rod domain forms for coil-coil interactions between NFs to form the 

10nm fiber (Fuchs and Cleveland, 1998; Heins et al., 1993). Moreover, the rod domain 

contains a hydrophobic heptad sequence (KLLEGEE) that is highly conserved across all 

IF proteins and it is required for mature filament formation (Gill et al., 1990). The 

variable tail domains of the three NFs serve have distinct functions. The C-terminus tail 

domain of NF-L regulates lateral association and ensures proper 10nm fiber formation 

(Gill et al., 1990). The C-terminus tail domains of NF-M and NF-H are the side arms that 

protrude perpendicularly from the 10nm filament core (Garcia et al., 2003; Hirokawa et 

al., 1984; Nakagawa et al., 1995). 

 

1.7. NF-M C-terminus determines axonal diameter. 

 The C-termini of NF-M and NF-H have a region of lysine-serine-proline (KSP) 

repeats, which get phosphorylated at the serine residue (Julien and Mushynski, 1982; 

Julien and Mushynski, 1983) upon formation of compact myelin (de Waegh et al., 1992). 

Evidence suggested that KSP repeat phosphorylation upon compact myelin formation 

mediated axonal radial growth (de Waegh et al., 1992; Hsieh et al., 1994; Yin et al., 

1998). Gene replacement experiments revealed that removing the NF-M C-terminus tail 
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domain, along with the seven phosphorylation sites, resulted in reduced axonal radial 

growth (Garcia et al., 2003; Rao et al., 2003). Surprisingly, deletion of the more heavily 

phosphorylated NF-H tail domain, containing 51 phosphorylation sites, slowed the axonal 

radial growth rate, but did not affect overall axonal diameters (Garcia et al., 2003; Rao et 

al., 2002a). These experiments revealed that the NF-M tail domain is the critical sub-

domain for determining axonal diameter and led to the hypothesis that the 

phosphorylation of NF-M C-teminus KSP served as the signal that determines axonal 

diameter. However, gene replacement experiments revealed that replacing the NF-M C-

terminus KSP serines with alanines to prevent phosphorylation, does not affect axonal 

radial growth (Garcia et al., 2009).  

 Sequencing of the nefm exon 3, which encodes for the NF-M C-terminus domain, 

revealed a correlation between the number of KSP repeats and the head-body length in 

several mammalian species (Barry et al., 2010). Furthermore, axon diameter studies from 

three species with variable KSP repeat number and head-body length revealed that larger 

head-body length animals had larger axonal diameters, which also correlated with 

increased number of KSP repeats (Barry et al., 2010). These results raised the hypothesis 

that increasing the length of the NF-M C-terminus by increasing the number of KSP 

repeats could be an evolutionary mechanism to increase conduction velocity by 

increasing axonal diameter in larger animals. Gene replacement studies in mice 

confirmed that increasing the length of NF-M C-terminus increased radial growth of large 

motor axons (Barry et al., 2012). Replacing mouse nefm exon 3 (7 KSP repeats) with cow 

nefm exon 3 (22 KSP repeats) increased the length of the NF-M C-terminus (NF-



 
 

18 

MBovineTail) and resulted in an increase in axonal diameter of about 1µm (Barry et al., 

2012).  

Taken together these results indicate that NF-M C-terminus determines axonal 

radial growth by varying the number of KSP repeats (and thus its length) and that this 

happens independently of KSP serine phosphorylation. Thus the role of KSP 

phosphorylation has become unclear. 

  

1.8. Charcot-Marie-Tooth, a disease of the peripheral nervous system.  

Charcot-Marie-Tooth (CMT) is the most commonly inherited disease of the 

peripheral nervous system (Emery, 1991; Pareyson and Marchesi, 2009; Skre, 1974). 

According to the CMT association, CMT affects about 2.8 million people worldwide and 

it is not specific to a certain race or ethnicity. CMT is caused by mutations in genes 

encoding proteins that form part of the myelin or the axon (Patzko and Shy, 2011; 

Saporta et al., 2011). Clinical manifestation of CMT is characterized by progressive 

muscle weakness and atrophy that begins in the distal limbs and slowly progresses 

proximally (Pareyson and Marchesi, 2009). Patients with CMT typically present with 

slowed nerve conduction velocities, loss of sensation, foot deformities such as, high 

arches, outward bending ankles, hammertoes, and clawed digits (Fridman et al., 2015; 

Pareyson and Marchesi, 2009; Pareyson et al., 2006; Skre, 1974). Along with muscle 

wasting and muscle weakness in the lower legs, patients also display inability to dorsiflex 

their feet resulting in foot drop, which causes steppage gait (Pareyson et al., 2006). 

Although CMT is not typically life threatening, it can be a debilitating disease as it is 

slowly progressing and last a lifetime. Currently, there is no cure for the disease and the 
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only treatment available is physical therapy and pain management drugs (Fridman et al., 

2015; Patzko and Shy, 2011). 

Since its first description by Jean-Martin Charcot, Pierre Marie and Howard 

Henry Tooth in 1886 (Charcot and Marie, 1886; Tooth, 1886) several different types 

have ben discovered.  CMT neuropathies are classified into mainly demyelinating (CMT 

type 1), axonal (CMT type 2) or mixed intermediate forms (CMT type 3, type 4 and X-

linked) (Fridman et al., 2015; Patzko and Shy, 2011). Each type is further sub-divided 

according to the specific mutated gene. For example, CMT1 is subdivided into CMT1A-F 

(Bird, 1993a; Bird, 1993b). Despite the specific mutation that causes neuropathy, the 

clinical manifestations are similar.  

 

1.9. NF-L mutations cause CMT2E. 

CMT2 is caused by mutations in genes that encode for proteins essential for the 

axonal structure and function (Bird, 2016). Currently CMT2 is has 22 sub-classifications, 

CMT2A-V and 2 new sub-types not yet assigned to a classification. CMT type 2 is 

characterized by uniformly decreased nerve conduction velocities (Bird, 1993b; Bird, 

2016). Mutations to the neurofilament light gene (nefl) have been linked to MCT type 2E 

(Barry et al., 2007; Dale and Garcia, 2012). To date, 18 mutations distributed throughout 

the functional domains NF-L have been linked to CMT 2E (Abe et al., 2009; De Jonghe 

et al., 2001; Georgiou et al., 2002; Jordanova, 2003; Mersiyanova et al., 2000; 

Miltenberger-Miltenyi et al., 2007; Yoshihara et al., 2002; Yum et al., 2009). The 

inheritance pattern of NF-L CMT-linked mutations is usually autosomal dominant with 

the exception of two recessive mutations (Abe et al., 2009; Yum et al., 2009). To gain 
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insights into the molecular mechanisms by which NF-L mutations cause CMT, human 

NF-L E7K, P8R/Q/L, P22S/T, E89K, N97S, and Q333P mutants were expressed in 

cultured cells (Brownlees et al., 2002; Perez-Olle et al., 2004; Perez-Olle et al., 2002; 

Perez-Olle et al., 2005). These studies revealed that regardless of the placement of the 

mutation through the functional domains of NF-L the phenotypic outcome was similar. 

Mutant human NF-L when co-expressed with normal human NF-L or human NF-M in 

SW13 Vimentin (+) or SW13 Vimentin (-) failed to assemble into distinct neurofilament 

networks and rather formed aggregates throughout the cells (Perez-Olle et al., 2004; 

Perez-Olle et al., 2002; Perez-Olle et al., 2005).  Moreover, expression of mutant human 

NF-L within differentiated catecholaminergic cells that model primary neurons (Qi et al., 

1997), or in rat sympathetic or dorsal root ganglion primary cell cultures, recapitulated 

the formation of NF aggregates and demonstrated altered mitochondria transport and 

localization (Brownlees et al., 2002; Perez-Olle et al., 2004; Perez-Olle et al., 2005). 

Formation of neurofilament aggregates is a key hallmark of neurodegenerative diseases 

and could be the result of altered neurofilament transport or altered neurofilament 

phosphorylation dynamics. Therefore, these cell culture studies revealed that a common 

cellular alteration caused by different mutations in the head or rod domain of NF-L was 

disruption in neurofilament network dynamics. 

 

1.10. Cellular neuropathy caused by NF-L mutations in patients. 

Although many mutations in NF-L have been known to cause CMT in humans, 

the cellular and molecular mechanisms of disease pathogenesis of these mutations is 

poorly understood. Pathological characterization of patients with NF-L P8L, T21X, 
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P22R/T, E90K, N98S, E140X, NF-L P22S, E210X, L268P or E396K mutations showed 

significantly reduced nerve conduction velocity in the median nerve, loss of small and 

large diameter axons, thinly myelinated axons, and onion bulb formation (Abe et al., 

2009; Butinar et al., 2008; Choi et al., 2004; De Jonghe and Jordanova, 1993; Fabrizi et 

al., 2004; Fabrizi et al., 2007; Georgiou et al., 2002; Jordanova, 2003; Leung et al., 2006; 

Mersiyanova et al., 2000; Miltenberger-Miltenyi et al., 2007; Shin et al., 2008; Vechio et 

al., 1996; Yoshihara et al., 2002; Yum et al., 2009; Züchner et al., 2004). Patients with 

the P22S, L268P showed development of giant axons with NF accumulations and 

segregated organelles (Fabrizi et al., 2004; Fabrizi et al., 2007; Georgiou et al., 2002) In 

contrast, patients with the E397K mutation developed thinly myelinated giant axons with 

absence of NFs in the axoplasm (Fabrizi et al., 2007). The phenotypic manifestations of 

NF-L mutations included, moderate to severe lower limb muscle weakness, moderate to 

severe muscle atrophy, foot deformities, gait ataxia, loss of tendon reflexes, decreased 

sensitivity to touch, and reduced sensitivity to pain (Abe et al., 2009; Butinar et al., 2008; 

Choi et al., 2004; De Jonghe and Jordanova, 1993; Fabrizi et al., 2004; Fabrizi et al., 

2007; Georgiou et al., 2002; Jordanova, 2003; Leung et al., 2006; Mersiyanova et al., 

2000; Miltenberger-Miltenyi et al., 2007; Shin et al., 2008; Vechio et al., 1996; 

Yoshihara et al., 2002; Züchner et al., 2004). Most of these mutations displayed disease 

onset between the ages of 10 and 20 years (Fabrizi et al., 2007; Georgiou et al., 2002; 

Shin et al., 2008; Yoshihara et al., 2002), with the exception of the E396K mutation 

(Berciano et al., 2015; Züchner et al., 2004). 
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1.11. Human NF-LE396K neuropathy: A clinically and morphologically 

heterogeneous disease.  

Human patents expressing NF-LE396K displayed a variable age of onset ranging 

from 4 to 46 years of age within one family spanning four generations with the mutation 

(Berciano et al., 2015; Züchner et al., 2004). In addition to having a variable age of 

disease onset, patients with the NF-LE396K mutation in multiple members of the same 

family developed clinical phenotypes that were heterogeneous in severity independent of 

age (Berciano et al., 2015; Fabrizi et al., 2007; Züchner et al., 2004). In a German family 

with three generations carrying the NF-LE396K mutation, the earliest reported symptoms 

were foot deformities (high arches) in an individual at the age of 4 years, which 

progressed to lower limb muscle weakness and gait ataxia. The sibling of this individual 

did not develop disease phenotype until the age of 34. Third generation twins, 

heterozygous for the mutation, had no phenotype at 21 years of age, but their 25-year-old 

sister presented muscle weakness and gait ataxia. An 82-year-old family member with the 

mutation did not develop CMT phenotype other than very mild deafness since the age of 

46 (Züchner et al., 2004). Morphological analyses from the sural nerves of the more 

severely affected family members revealed thinly myelinated axons with reduced axonal 

diameter and onion bulb formation that correlated with reduced nerve conduction 

velocity (Züchner et al., 2004). Analysis of another unrelated family with the NF-LE396K 

mutation revealed thinly myelinated axons with significantly enlarged diameters (Fabrizi 

et al., 2007). The mechanisms by which the NF-LE396K mutation leads to such clinically 

and morphologically heterogeneous disease phenotype across different families or even 

between individuals within the same family remain unclear. 
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1.12. CMT2E in mice mimics human disease. 

A limitation of investigating disease mechanisms from human patients, 

considering that CMT is a motor and sensory neuropathy, is that cellular observations can 

only be drawn from sensory nerves of living patients. Therefore, the generation of 

reliable animal models of the disease can help study the disease pathogenesis. To model 

NF-L head domain mutations a transgenic mouse model expressing the human NF-L 

P22S (hNF-LP22S) (Dequen et al., 2010) and a knock-in model expressing the P8R 

mutation in the endogenous NF-L (mNF-LP8R) (Adebola et al., 2015) were generated. 

Additionally, to model NF-L rod domain mutations a transgenic mouse expressing the 

human NF-LE396K mutation (hNF-LE396K) (Shen et al., 2011) and a knock-in with the 

endogenous NF-L harboring the N98S mutation (mNF-LN98S) (Adebola et al., 2015) were 

generated. 

The hNF-LP22S transgene was conditionally expressed using a doxycycline 

responsive promoter (Dequen et al., 2010). Expression of the transgene in the absence of 

doxycycline caused mitochondrial transport defects (Dequen et al., 2010) similar to what 

was observed in cell culture (Perez-Olle et al., 2005) and in human nerve analyses 

(Fabrizi et al., 2007). However, hNF-LP22S mice failed to recapitulate the NF network 

alterations (Dequen et al., 2010) seen in cell culture (Perez-Olle et al., 2005) and in 

human patients (Fabrizi et al., 2007) suggesting that disease pathogenesis in mice might 

be due to axon transport alterations rather than alterations to the NF network (Dequen et 

al., 2010). Moreover, hNF-LP22S mice developed muscle hypertrophy accompanied with 

muscle denervation without axonal loss, which were reversed after suppression of 
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transgene expression by administration of doxycycline (Dequen et al., 2010). No axon 

morphological alterations were found in the sciatic nerves hNF-LP22S mice with or 

without repression of transgene expression (Dequen et al., 2010).  

 In hNF-LE396K mice constitutive hemizygous expression of the transgene led to 

disease pathology similar to human patients, which mirrored the autosomal dominance of 

the mutation as seen in humans. Expressing the hNF-LE396K mice resulted NF network 

alterations and development of motor axons with reduced axonal diameters and thin 

myelin (Shen et al., 2011) similarly to alterations observed in human patients (Züchner et 

al., 2004). Moreover, hNF-LE396K developed muscle atrophy without denervation or 

axonal loss, instead of muscle hypertrophy and denervation as in the hNF-LP22S model 

(Dequen et al., 2010).  

Expressing the head domain P8R mutation in the endogenous NF-L gene of mice 

led to a slight reduction of NF-L protein expression in the brain and spinal cord of 

heterozygous mice (Adebola et al., 2015). Reductions in NF-L protein expression levels 

were more pronounced and in the homozygote NF-LP8R mice demonstrating to the 

dominant effect of the mutation (Adebola et al., 2015). Expressing NF-LP8R did not result 

in any other cellular or molecular phenotype in mice (Adebola et al., 2015).   

Introducing the rod domain mutation, N98S, in the mouse NF-L gene resulted in 

reduced NF-L protein expression levels as well as NF network alterations and NF 

aggregate inclusions in the neuronal cell bodies (Adebola et al., 2015), similar to results 

observed in cell culture experiments (Perez-Olle et al., 2004). mNF-LN98S heterozygous 

mice developed axons with reduced diameter and thin myelin (Adebola et al., 2015), 

similar to the hNF-LE396K model (Shen et al., 2011) and human patients (Abe et al., 2009; 
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Jordanova, 2003). However, no muscle morphology or muscle innervation defects have 

been reported in this mouse model.  

These data suggest that mutations located within the NF-L rod domain might lead 

to disease pathogenesis by a similar mechanism as the hFN-LE396K and mNF-LN98S/+ mice 

developed very similar cellular alterations that include NF network alterations, reduced 

axonal diameter, and reduced myelin thickness (Adebola et al., 2015; Shen et al., 2011). 

In contrast, mutations in the head NF-L head domain might use different mechanisms as 

the hNF-LP22S mice showed no alterations to NF network or axon morphology, but 

developed axonal transport defects with muscle hypertrophy and denervation (Dequen et 

al., 2010). Furthermore, mutations in different locations within the head domain might 

also function through different mechanisms as the mNF-LP8R/+ mice only showed slight 

decreases in NF expression levels with no cellular morphological alterations (Adebola et 

al., 2015). Therefore, mechanisms of disease pathogenesis might vary according to the 

location of the mutations along the NF-L functional domains. 

Despite the specific mutation, all three phenotypic models displayed similar 

functional defects. hNF-LP22S, hNF-LE396K and mNF-LN98S all displayed aberrant hind 

limb postures when lifted by the tail (Adebola et al., 2015; Dequen et al., 2010; Shen et 

al., 2011). Unfortunately, no further data is available on the functional and behavioral 

characterization of the mNF-LP8R/+ or mNF-LN98S/+ mice. However, both hNF-LP22S and 

hNF-LE396K mice showed signs of hind limb weakness, gait ataxia, and sensorimotor 

defects (Dale et al., 2012; Filali et al., 2011; Shen et al., 2011). These mouse models 

ultimately developed behavioral phenotypic alterations similar to human patients 
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regardless of the mutation modeled, supporting the previous observations that different 

types or even sub-types of CMT lead to similar functional and behavioral phenotypes. 

 

1.13. CMT neuropathy exacerbation.  

Although, the clinical presentation of CMT in patients varies and some patients 

carrying the mutation might develop very mild to no symptoms, evidence suggests that 

administration of non-toxic prescribed medications (Chaudhry et al., 2003; Martino et al., 

2005; Weimer and Podwall, 2006) or experiencing a traumatic event can lead to 

neuropathy exacerbation (Gentile et al., 2013). Patients with history of CMT that required 

treatment for a secondary condition and were administered medications, such as 

vincristine, cisplatin, and Adriamycin, developed moderate to severe CMT symptoms one 

to two weeks following treatment (Hildebrand et al., 2000; Weimer and Podwall, 2006). 

Exacerbation of CMT neuropathy in patients resulted in severely affected ability to walk, 

write, or sense temperature or touch (Weimer and Podwall, 2006). In the case of 

neuropathy exacerbation due to administration of prescribed drugs, the typical 

intervention is to discontinue drug administration, which leads to poor or incomplete 

recovery (Hildebrand et al., 2000; Weimer and Podwall, 2006). On a separate case, a 

patient carrying the NF-LE396K mutation presented very mild CMT phenotype since early 

age experienced severe worsening of neuropathy after her 5th week of pregnancy (Gentile 

et al., 2013). By the 14th week of pregnancy the patient developed severe lower limb 

weakness and muscle wasting that caused foot deformities, loss of pinprick sensation, 

loss of vibration sense, and joint position sense (Gentile et al., 2013). Clinical 

examination of nerve function revealed that this patient also developed severe reductions 
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in nerve conduction velocity in lower limb nerves (Gentile et al., 2013). Unfortunately, 

the mechanisms leading to poor or incomplete recovery after nerve injury in patients 

suffering with neuropathy are poorly understood and understudied. Thus, no treatments 

are available to prevent or reverse neuropathy worsening following exacerbation of 

disease in human patients. 

 

1.14. Peripheral nerve injury: Morphological and functional alterations. 

Proper nerve function depends on axonal diameter, optimal myelin thickness, and 

optimal internodal length (Brill et al., 1977; Waxman and Brill, 1978).  Peripheral nerve 

injury is a common trauma that results in loss of myelin, or loss of axon and myelin. 

Nerves injuries that result in separation of nerve fibers from the cell body are followed by 

a process called Wallerian degeneration (Waller, 1850). During Wallerian degeneration 

the axon that has been separated from its cell body degenerates and is followed by 

Schwann cell jettison of myelin, which subsequently gets degraded by microphages and 

Schwann cells (Fernandez-Valle et al., 1995; Perry et al., 1995; Reichert et al., 1994). 

The axon stump proximal from the injury site degenerates (“dies back”) typically up to 

the first node of Ranvier from the site of injury (Cajal, 1928) and then begins to re-sprout 

and regenerate to re-innervate their targets (Fu and Gordon, 1997).  The new Schwann 

cells, which have dedifferentiated and proliferated, remyelinate the growing nerve (Fu 

and Gordon, 1997; Sta et al., 2014). Similarly, nerve injuries that cause selective loss of 

myelin, due toxicity or disease, lead to nerve demyelination without axon degeneration 

(Prineas and Connell, 1979; Smith et al., 2013; Woodruff and Franklin, 1999). 

Eventually, the demyelinated axons become remyelinated (Prineas and Connell, 1979; 
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Smith et al., 2013; Woodruff and Franklin, 1999). Following remyelination axonal 

diameters increase back to their pre-injury measurements by about 10 weeks after injury 

(Devor and Govrin-Lippmann, 1979; Hoffman et al., 1984). Similarly, the thickness of 

the myelin sheath recovers to its pre-injury values after about 12 weeks post-injury 

(Fricker et al., 2013). However, internodal lengths remain significantly reduced and lead 

to compromised nerve function (Sanders and Whitteridge, 1946; Vizoso and Young, 

1948). 

 Damage to the peripheral nervous system, by disease or injury, results in 

alterations to nerve fiber structures that cause nerve function impairments. Diseases like 

CMT can cause nerve injury that leads to demyelination and/or axonal alterations 

resulting in reduced nerve conduction velocity (Brill et al., 1998; Fridman et al., 2015; 

Pareyson et al., 2006; Yagihashi et al., 2007). Clinically, this dramatic reduction in 

internodal length has been observed to result in compromised nerve function in patients 

suffering with CMT (Saporta et al., 2009).          

Moreover, reduced internodal length due to demyelination/ remyelination has 

been observed be part of the pathology in other conditions like, Multiple Sclerosis 

(Prineas and Connell, 1979), chronic nerve compression (Gupta et al., 2012; Weiss and 

Hiscoe, 1948), and nerve crush injuries (Hildebrand et al., 1987; Vizoso and Young, 

1948; W. and Friede, 1985). Presently, it is not understood how optimal internodal length 

is established during development or how this program is altered during remyelination 

after nerve injury. Understanding the mechanisms involved in establishing internodal 

length will provide with key knowledge that might aid in the development of treatments 

that restore normal nerve function. 
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1.15. Thesis synopsis. 

 Animal survival depends on a fast and efficient functioning nervous system. 

During development the efficiency of the nervous system is established by the fine-tuning 

of axonal caliber, myelin thickness, and internodal length to maximize the speed at which 

nerves communicate. However, during development of diseases, like Charcot-Marie-

Tooth or during nerve injury, alterations in nerve structures affect the ability of nerves to 

communicate fast and efficiently.  

 Charcot-Marie-Tooth is the most common inherited disease of the peripheral 

nervous system, which causes alterations to nerve structure that result in nerve 

dysfunction. Despite being caused by alterations in proteins expressed specifically within 

in the myelin (CMT1), the axon (CMT2), or a combination of both (CMT3, 4 and x-

linked), the resulting phenotypic defects are similar (Fridman et al., 2015). Typical CMT 

phenotype results in motor and sensory nerve alterations, as well as muscle atrophy and 

gait defects. We generated a transgenic mouse expressing the human NF-L protein with 

the E396K mutation, which recapitulate the motor, muscle, and gait alterations observed 

in the human patients. However, in is unclear if this model also develops sensory 

alterations similar to human patients. Establishing this mouse model as a true and reliable 

model of the human disease is necessary for the development of potential therapeutic 

treatments and development of diagnostic strategies for early disease intervention. 

CMT can be a heterogeneous disease with variable age onset and variable 

symptom severity (Fridman et al., 2015). In some cases, patients with familial history of 

CMT develop mild to no symptoms of CMT (Züchner et al., 2004). Moreover, clinical 
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evidence suggests that patients with CMT can develop disease exacerbation after 

experiencing a traumatic event or after receiving treatment with prescribed drugs. To date, 

the alterations resulting in neuropathy exacerbation in CMT patients are poorly 

understood. Understanding mechanisms of disease pathogenesis during exacerbation of 

neuropathy could also provide new insights into the mechanisms of disease progression 

during normal development.  

 Finally, a characteristic hallmark of CMT pathology is the formation of onion 

bulb structures within a nerve. Onion bulb structures are caused by loss of the myelin 

sheath, which directly affects nerve function. Although loss of myelin is followed by 

remyelination recovery, nerve function does not recover back to normal. The lack of 

normal function recovery is attributed to formation of abnormally short internodes after 

remyelination. This is phenomenon, is similar across many diseases and nerve injuries 

that cause nerve demyelination. Although, formation of short internodes after 

remyelination has been known for almost 70 years, the mechanisms that regulate 

Schwann cell elongation and establish internodal length are not well understood.  

 The purpose of my work is to investigate the effects of CMT2E neuropathy on the 

peripheral sensory nervous system utilizing our hNF-LE396K mouse model. To do this, I 

performed behavioral analyses focused on testing the function of specific sensory 

modalities in mice and investigated sensory nerve morphological alterations that could 

explain the behavioral alterations. Given that patients suffering from CMT can develop 

exacerbation of neuropathy, I investigated if our CMT2E mouse model also model 

disease exacerbation by performing a sciatic nerve crush and analyzing functional and 

gait alterations after recovery. Finally, nerve recovery following a demyelination event, 
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during disease or injury, leads to the formation of abnormally short internodes that affect 

nerve function. Given that after nerve recovery internodal length never reaches normal 

lengths, I investigated possible mechanisms that regulate Schwann cell elongation during 

myelination by utilizing genetically modified mice. 
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2.1. Abstract. 

Charcot-Marie-Tooth (CMT) is the most common inherited peripheral neuropathy, 

affecting approximately 2.8 million people. CMT leads to distal neuropathy that is 

characterized by reduced motor nerve conduction velocity, ataxia, muscle atrophy and 

sensory loss. We generated a mouse model of CMT2E expressing hNF-LE396K, which 

develops decreased motor nerve conduction velocity, ataxia, and muscle atrophy by 4 

months of age. Symptomatic hNF-LE396K mice developed phenotypes that were consistent 

with proprioceptive sensory defects as well as reduced sensitivity to mechanical 

stimulation, while thermal sensitivity and auditory brainstem responses were unaltered. 

Progression from pre-symptomatic to symptomatic included a 50% loss of large diameter 

sensory axons within the fifth lumbar dorsal root of hNF-LE396K mice. Due to 

proprioceptive deficits and loss of large diameter sensory axons, we analyzed muscle 

spindle morphology in pre-symptomatic and symptomatic hNF-LE396K and hNF-L control 

mice. Muscle spindle cross sectional area and volume were reduced in all hNF-LE396K 

mice analyzed, suggesting that alterations in muscle spindle morphology occurred prior 

to the onset of typical CMT pathology. These data suggested that CMT2E pathology 

initiated in the muscle spindles altering the proprioceptive sensory system. Early sensory 

pathology in CMT2E could provide a unifying hypothesis for the convergence of 

pathology observed in CMT. 
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2.2. Introduction.  

Charcot-Marie-Tooth (CMT) neuropathies are broadly grouped into 

demyelinating (CMT type 1), axonal (CMT type 2), or intermediate forms (CMT type 3, 

type 4 and X-linked) (Fridman et al., 2015). While the specific mutations causing CMT 

vary, the clinical presentation is very similar between the major types. CMT clinical signs 

include foot deformities accompanied by progressive muscle weakness and muscle 

atrophy as well as loss of sensation and altered joint positioning sense (Pareyson et al., 

2006). With more than 60 different genes associated with the various types of CMT 

(Bouhy and Timmerman, 2013), it is unclear how the clinical presentation is similar 

across CMT types.  

CMT patients show signs of sensory dysfunction including loss of vibration and 

joint position sense progressing to decreased pain and temperature sensation (Szigeti and 

Lupski, 2009). Vibration and joint position sense are transmitted to the central nervous 

system by large myelinated axons, which are designated group II and group Ia/b sensory 

fibers, respectively (Gilman, 2002). In the periphery, receptors that detect vibration sense 

include Merkel disk receptors, Meissner’s corpuscles and pacinian corpuscles, which can 

also mediate tactile sensation (Gilman, 2002). Joint position sense is sensed by muscle 

spindles and Golgi tendon organs (Gilman, 2002). Thus, sensory dysfunction could result 

from pathology within large myelinated axons, peripheral end organs or both. Alterations 

in sensory nerves preceding the manifestation of sensorimotor dysfunction are commonly 

observed in rodent CMT models (Achilli et al., 2009; d'Ydewalle et al., 2011; Gillespie et 

al., 2000; Lee et al., 2013; Sereda et al., 1996). Thus, selective loss of large myelinated 

sensory fibers could be a common site of initial pathogenesis resulting in convergence of 
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clinical phenotypes observed in CMT patients despite the cellular and genetic variability 

associated with individual CMT types.     

CMT type 2E is an axonal form of CMT that was linked to mutations in the 

neurofilament light gene (nefl) (Mersiyanova et al., 2000) Currently, there are 18 

mutations located in all domains of NF-L protein linked to CMT type 2E. Patients 

expressing the glutamate to lysine at amino acid 396 (E396K) mutation presented with 

typical CMT signs, such as foot deformities, muscle weakness and atrophy, gait ataxia 

and altered sensation (Züchner et al., 2004). Moreover, analysis of sural nerve biopsies 

from patients with the E396K mutation revealed reduced axonal diameters with thinner 

myelin and loss of sensory axons (Züchner et al., 2004). To study the mechanisms of 

disease pathogenesis, four CMT2E mouse models were generated, expressing human NF-

LP22S (Dequen et al., 2010), mouse NF-LN98S, mouse NF-LP8R (Adebola et al., 2015) , and 

human NF-LE397K (Shen et al., 2011) (referred to hereafter as hNF-LE396K). Transgenic 

mice expressing hNF-LP22S developed aberrant hind limb posture, gait ataxia and 

sensorimotor defects (Dequen et al., 2010; Filali et al., 2011). Cellular analyses of hNF-

LP22S mice revealed muscle hypertrophy and denervation without motor or sensory axonal 

loss (Dequen et al., 2010). Mice expressing mNF-LN98S developed aberrant hind limb 

posture and tremors when lifted by the tail (Adebola et al., 2015). Additionally, mNF-

LN98S expression resulted in neurofilament inclusions in motor and sensory cell bodies 

and reduced axonal diameters (Adebola et al., 2015). mNF-LP8R mice did not develop a 

phenotype (Adebola et al., 2015). We generated a transgenic mouse model expressing 

hNF-LE396K (Shen et al., 2011). hNF-LE396K mice developed aberrant hind limb posture, 

foot deformities (Shen et al., 2011) and altered gait (Dale et al., 2012). Cellular pathology 
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included distal limb muscle atrophy without denervation and reduced motor axon 

diameters as well as reduced myelin thickness (Shen et al., 2011).  

In this study, we analyzed sensory systems to determine if hNF-LE396K mice 

developed sensory deficits. Similar to CMT2E patients, symptomatic hNF-LE396K mice 

developed sensory dysfunction consistent with loss of joint position sense and reduced 

sensitivity to mechanical stimulation. Sensory axons that relay joint position and 

vibration sense to the central nervous system are large myelinated group I and group II 

axons (Casellini and Vinik, 2007; Tourtellotte and Milbrandt, 1998). Therefore, we 

quantified sensory axons in pre-symptomatic and symptomatic hNF-LE396K mice. 

Symptomatic hNF-LE396K mice had reduced numbers of large (>5µm) sensory axons. 

Sensory axon loss together with alterations in joint position sense suggested possible 

alterations to the proprioceptive sensory system. Consistent with this hypothesis, cross 

sectional area and volume of muscle spindles were reduced in pre-symptomatic and 

symptomatic hNF-LE396K mice. Our results suggested that hNF-LE396K mice developed 

early alterations in sensory systems that precede the onset of motor system pathology 

(Shen et al., 2011). 

 

2.3. Materials and Methods. 

Animals. hNF-L and hNF-LE396K transgenic mice were generated as separate lines on a 

C57BL/6J background as previously described (Shen et al., 2011). All procedures were in 

compliance with the University of Missouri Animal Care and Use Committee and with 

all local and federal laws governing the humane treatment of animals. Equal number of 

male and female mice was used for all experiments. All experiments were performed 
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during the light phase (7:00 am - 7:00pm) of the light cycle. Previous analyses of hNF-

LE396K mice indicated that overt disease phenotype such as, aberrant hind limb posture, 

foot deformities, and gait alterations initiate at 4-months of age (Dale et al., 2012; Shen et 

al., 2011). Thus, for this study, 2-month ± 1 week-old mice were considered pre-

symptomatic and 6-month ± 1 week-old mice were used considered symptomatic. Mice 

were housed in microisolator cages (up to 5 per cage) on a 12-h light/dark cycle, and 

were given food and water ad libitum. 

 

Tissue Preparation and Axon Morphological Analysis.  

2 and 6-month-old mice were perfused intracardially with 4% paraformaldehyde in 0.1 M 

Sorenson’s phosphate buffer, pH 7.2, and postfixed overnight in the same buffer. Fifth 

lumbar nerve roots were dissected, treated with 2% osmium tetroxide, washed, 

dehydrated, and embedded in Epon-Araldite resin. Thick sections (0.75 µm) for light 

microscopy were stained with ρ-phenylenediamine. Cross sections of 5th lumbar sensory 

axons were analyzed in at least three mice per group. Axonal diameters were measured 

using the AxioVision Software (Zeiss International). Entire roots were imaged, imaging 

thresholds were selected individually, and the cross-sectional area of each axon was 

calculated and reported as a diameter of a circle of equivalent area. Axons were grouped 

into >5µm or <5µm bins, and were analyzed for statistical significance.  

 

Balance beam.  

Previous analyses of hNF-LE396K mice indicated that overt disease phenotype such as, 

aberrant hind limb posture, foot deformities, and gait alterations initiate at 4-months of 
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age (Dale et al., 2012; Shen et al., 2011). Thus we analyzed motor coordination defects 

on symptomatic, 6-month-old hNF-LE396K and hNF-L control mice. 6-month-old mice 

were trained for 5 days to walk on three progressively smaller circular wooden beams (5, 

2.5 and 1cm diameter) 120 cm in length, suspended 50 cm from a bedding surface. 

During training, mice walked on each of the three beams for 3 minutes with at least 20 

minutes of rest. After training, experiments were performed on the smallest beam, with 

markings in 5cm increments along the beam. Escape from beam was obstructed at each 

end. A digital camera was placed both perpendicular and parallel to the beam allowing 

for delineation of walking speed and foot slips, respectively. Mice were tested in three 

trials per day for three consecutive days (day 1, day 2, day 3) with at least 20 minutes of 

rest between trials. The number of falls, number of foot slips, total time walking, and the 

latency to fall within the 3-minute trials were scored for each day tested. The number of 

foot slips and falls were counted and normalized to amount of time walking per genotype 

per day tested. In addition, the average voluntary walking distance was measured using 

the 5cm intersection marks, and was used to calculate the average walking speed per 

genotype on the last day tested.  

 

Thermal nociception.  

Response to thermal nociception was analyzed by Hargreaves assay (Hargreaves et al., 

1988) utilizing a Paw Thermal Stimulator System (Department of Anesthesiology, 

University of California, San Diego). 6-month-old mice were placed under wire cages on 

a glass surface that was maintained at 30oC. Latencies of limb withdrawal from a focused 

source of light were measured. Latencies of withdrawal were converted to temperatures 
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by the construction of a standard curve using an attached thermocoupler under the glass 

surface. Averages were analyzed for statistical significance by Student’s t-test. 

 

Mechanical nociception.  

Threshold response to mechanical algesia was measured with a Dynamic Plantar 

Aesthesiometer (DPA) model # 37450 (Ugo Basile, Italy) in 6-month-old mice. Mice were 

set on a wire-mesh platform and allowed to habituate for at least 15 min. After habituation, 

the DPA monitored paw withdrawal thresholds. A metal filament was pushed against the 

hind and front paws with an ascending linear force (10 g/s and 2 g/s, respectively) until a 

strong, immediate withdrawal occurred. Measurements were taken in triplicate and averages 

were reported as paw withdrawal thresholds in grams. Averages were analyzed for statistical 

significance by Student’s t-test. 

 

Auditory brainstem response (ABR).   

ABRs were performed with a Cadwell Sierra Wave electrodiagnostic unit running version 

8.0 software (Cadwell Industries, Inc., Kennewick, WA). 6-month-old mice were sedated 

with an intraperitoneal injection of tribromoethanol (4mg/10g). Once adequate sedation was 

achieved, as determined by response to painful stimulus such as toe pinch, subdermal 

platinum wire recording electrodes were placed. The reference electrode was inserted at the 

vertex (-), the active electrode ventrolateral to the stimulated ear (+) and the ground electrode 

in the midneck region. Alternating condensation/rarefaction click stimuli of 80 decibels 

sound pressure level (dB SPL) were delivered through tubal earphones at the rate of 11.3 

stimuli/s. Masking noise of 50 dB SPL was applied to the contralateral ear. 500 responses 
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were recorded with a band-pass filter hi-cut of 3 kHz and low-cut of 100 Hz and then 

averaged. Both left and right ears were stimulated and recorded from. The latency from the 

peak of waveform I-II and I-IV (mS) were measured. After the procedure was complete, 

mice were humanely euthanized with an overdose of tribromoethanol followed by cervical 

dislocation. 

 

Immunohistochemistry.  

Muscle spindle analysis was performed on the Extensor Digitorum Longus (EDL) muscle in 

2 and 6-month-old mice. Fresh EDL muscles were isolated and quickly flash frozen in liquid 

nitrogen-cooled isopentane. Unfixed 16µm transverse serial sections were made through the 

entire length of each muscle, and every 12th section was collected and stored at -20°C until 

further processing. Fresh unfixed sections were blocked in Hen serum for 1 hour at 4°C and 

then in in blocking solution (10% normal goat serum, 1% NP-40) for another hour at 4°C. 

Mouse monoclonal antibody against myosin heavy chain I (BA-D5-S, Developmental 

Studies Hybridoma Bank, University of Iowa, USA) in blocking solution (1:50) was applied 

to the sections and incubated overnight at 4°C. The sections were then washed 3x for 5 min 

with PBS, fixed with 4% PFA for 10 min at 4°C and washed again 3x for 5 min with PBS at 

room temperature. Sections were incubated in a chicken polyclonal antibody against 

neurofilament medium (CPCA-NF-M) in blocking solution (1:2000) at 4°C overnight to 

label axons followed by PBS washes 3x for 5 min at room temp. Subsequently, sections were 

washed for 5 min 3x with PBS, incubated with species-specific secondary antibodies that 

were conjugated with either Alexa Fluor 488 or 555 (Molecular Probes, Invitrogen) (1:500) 

diluted in blocking buffer, and washed again for 5min 3x with PBS. Slides were mounted in 
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Vectashield with DAPI (Vector Labs, Burlingame, CA, USA), and imaged on a confocal 

microscope (Leica Microsystems, Inc, Model  TPS SPE, Buffalo Grove, IL 60089.  

 

Muscle Spindle Analysis.  

Individual muscle spindles were identified and traced through sequential serial sections. 

The area of each muscle spindle was measured in each serial section, and maximum, 

median, and minimum cross sectional areas were determined for each spindle. The 

approximate length of each muscle spindle was calculated by multiplying section 

thickness (16µm) by the number of spindle positive sections per individual spindle. Cross 

sectional area and calculated length were used to calculate muscle spindle volume. 

Measurements of all muscle spindles were averaged per genotype. Averages of all muscle 

spindles were analyzed for statistical significance by Student’s t-test. 

 

Statistical analysis.  

Average measurements for each observation from the balance beam results were analyzed for 

statistical significance by two-way repeated measures ANOVA followed by a Holm Sidak 

post hoc test (SigmaPlot, Systat Software Inc., San Jose, CA, US). Average measurements of 

axon counts, thermal nociception, mechanical nociception, auditory brainstem responses and 

muscle spindle analyses were all analyzed for statistical significance by Student’s t-test.  

 

2.4. Results.  

Reduced motor coordination in hNF-LE396K mice. 

Time walking, distance walked, and walking speed. 
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To analyze overall motor performance, we measured the total time spent walking 

(Fig. 2.1A), the distance walked (Fig. 2.1B) and the average walking speed (Fig. 2.1C) at 

each day tested. No significant differences were observed in any measurement between 

genotypes or across days tested. 
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Figure 2.1. Ability to traverse the balance beam was not 
altered in symptomatic hNF-LE396K mice. Ability to traverse the 
beam was analyzed by measuring total walking time, distance 
walked, and walking speed in 5 - 6-month-old hNF-L and hNF-
LE396K mice. No differences were observed in total walking time 
(A), distance walked (B) or walking speed (C) on any day between 
symptomatic hNF-LE396K and hNF-L control mice. All observations 
were averaged per day per genotype, and analyzed for statistical 
significance by two-way repeated measures ANOVA followed by 
a Holm Sidak post-hoc test for pairwise comparisons. Error bars = 
SEM. N = 6 for hNF-L and hNF-LE396K. 
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Falls 

The frequency of falls was also used to investigate motor coordination and 

balance (Carter et al., 1999; Lepicard et al., 2003). hNF-LE396K mice had significantly 

(F2,20 = 7.84, p < 0.001) more falls (~3.0 fold) on day 1 compared to hNF-L controls 

(Fig. 2A). On days 2 and 3, the number of falls in hNF-LE396K mice significantly dropped 

relative to day 1 (F1,2 = 1.60, p = 0.0, day 1 vs. day 2; F1,2 = 1.60 p = 0.034, day 1 vs. 

day 3) such that there was no difference between hNF-LE396K and hNF-L mice. This 

suggested that hNF-LE396K mice adapted to the balance beam. hNF-L control falls 

remained similar throughout all three days (Fig. 2.2A). 

 

Foot Slips.  

Quantifying foot slips is an established method for analyzing motor coordination 

(Carter et al., 1999; Stanley et al., 2005), and increased slips reflect proprioceptive 

dysfunction (Muller et al., 2008; Taylor et al., 2001). A foot slip was classified as any 

event in which a paw fell off the top of the beam (Fig. 2.2B). The number of foot slips 

was quantified per trial on all test days. On day 1, hNF-LE396K mice had ~ 2.0 times more 

foot slips compared to the hNF-L controls (Fig. 2.2C). However, these differences did not 

reach statistical significance. By day 2, the number of foot slips increased to ~2.5 times 

more than the controls (Fig. 2.2C), which was statistically significant (F1,8 = 39.50, p = 

0.031). On day 3, the number of foot slips increased to ~3.5 times more than hNF-L 

controls (Fig. 2.2C). The number of foot slips on day 3 was significantly higher than 

controls (F1, 8 = 39.50 p < 0.001), and was also significant relative to hNF-LE396K foot 
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slips on day 2 (F2,16 = 4.50, p = 0.020) and day 1 (F2,16 = 4.50, p = 0.002). The number 

of foot slips did not change throughout the study for age matched hNF-L control mice 

(Fig. 2.2C). Taken together these analyses suggested that symptomatic hNF-LE396K mice 

developed alterations in motor coordination consistent with loss of joint position sense.  
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Figure 2.2. Motor coordination was reduced in symptomatic hNF-LE396K mice. 
Motor coordination was analyzed by balance beam in 5 - 6-month-old hNF-LE396K and 
hNF-L mice. (A) On day 1, symptomatic hNF-LE396K mice had significantly more falls 
than aged matched hNF-L controls. However, by day 2 and 3, symptomatic hNF-LE396K 
mice fell the same number of times as hNF-L control mice. (B) Illustration of a normal 
mouse on the balance beam (left) and a mouse experiencing a foot slip (right). A foot 
slip was considered any event when the foot fell below the top surface of the beam 
(arrows). (C) Symptomatic hNF-LE396K mice had a progressive increase in the number 
of foot slips on the balance beam over the three consecutive days. All observations were 
averaged per day per genotype, and analyzed for statistical significance by two-way 
repeated measures ANOVA followed by a Holm Sidak post-hoc test for pairwise 
comparisons. Error bars = SEM. N = 6 for hNF-L and hNF-LE396K. * = p < 0.05. 
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Attenuated response to mechanical but not thermal nociception in hNF-LE396K mice. 

We utilized two different paradigms to analyze nociception and target specific 

sensory axons in 6-month-old hNF-L and hNF-LE396K mice: mechanical (group II, large 

myelinated axons) (Fig. 2.3) and thermal nociception (group III and IV, and 

unmyelinated) (Fig. 2.4). hNF-LE396K mice required significantly more force to elicit a 

response in both the right hind (p = 0.001) (Fig. 2.3A) and left hind (p = 0.013) (Fig. 

2.3B) paws compared to hNF-L controls. No differences were observed in evoked 

response in either right (Fig. 2.3C) or left front (Fig. 2.3D) paw. We analyzed thermal 

nociception by Hargreaves assay (Fig. 2.4). No differences were found in temperature 

threshold required to elicit a response (Fig. 2.4A – 4D), suggesting that reduction in 

mechanical nociception was not due to a generalized reduction in nociception. Taken 

together these results indicate that hNF-LE396K mice develop deficits in large sensory 

axon function without altered function of small diameter sensory axons.  
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Figure 2.3. Sensitivity to mechanical stimulation was reduced in hind limbs of 
symptomatic hNF-LE396K mice. Flexor withdrawal reflex was measured in 6-month-old 
hNF-LE396K and hNF-L mice. (A and B) Grams of force required to elicit the withdrawal 
reflex was significantly higher in the right hind (A) and left hind (B) paws of 
symptomatic hNF-LE396K mice compared to age matched hNF-L mice. (C and D) No 
differences were observed in the amount of force required to elicit a response in the right 
(C) or left (D) front paws. All observations were averaged per genotype, and analyzed for 
statistical significance by a Student’s t-test. Error bars = SEM. N = 8 for hNF-L controls, 
and N = 15 for hNF-LE396K. * = p < 0.05, ** = p < 0.001.  
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Figure 2.4. Sensitivity to thermal stimulation was not affected in symptomatic hNF-
LE396K mice. The flexor withdrawal reflex was further analyzed utilizing noxious thermal 
stimulation in 6-month-old hNF-L and hNF-LE396K mice. (A, B, C, and D). No 
differences in response to noxious thermal stimulation were observed in the right hind 
(A), left hind (B), right front (C), or left front (D) paws between symptomatic hNF-LE396K 
or hNF-L control mice. Measurements were averaged per paw and genotype, and 
analyzed for statistical significance using a Student’s t-test. Error bars = SEM. N = 15 for 
hNF-L and N = 22 for hNF-LE396K. 
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Progression from pre-symptomatic to symptomatic correlated with loss of large 

diameter sensory axons in hNF-LE396K mice. 

Increased number of foot slips and decreased sensitivity to touch suggested 

alterations in proprioceptive and mechanoreceptive sensory neurons, which are large 

myelinated (>5 µm) sensory axons (Casellini and Vinik, 2007; Tourtellotte and Milbrandt, 

1998). In 2-month-old hNF-LE396K mice, the number of small (≤ 5µm) (Fig. 2.5A) and 

large (>5µm) (Fig. 2.5B) diameter axons was indistinguishable from age matched hNF-L 

controls. Aging from 2 to 6 months resulted in a reduction of ~300 small sensory axons 

in both hNF-L and hNF-LE396K mice (Fig. 2.5C). Concomitantly, the number of large 

sensory axons increased by ~300 axons in hNF-L control mice (Fig. 2.5D). However, 

there was no increase in the number of large diameter sensory axons in 6-month-old hNF-

LE396K mice resulting in significantly fewer large sensory axons relative to age matched 

hNF-L controls (Fig. 2.5D), which is consistent with previous data showing a decrease 

(non-significant) of similar magnitude in the total number of sensory axons in 

symptomatic hNF-LE396K mice (Shen et al., 2011). Thus, our current analysis 

demonstrates that progressing from pre-symptomatic to symptomatic was associated with 

a specific loss of ~300 (~ 50%) large diameter sensory axons in hNF-LE396K mice.  
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Figure 2.5. Progression from pre-symptomatic to symptomatic resulted in loss of 
large diameter sensory axons in hNF-LE396K mice. Representative micrographs of hNF-
L and hNF-LE396K fifth lumbar sensory roots (scale bar = 10µm) (A). Fifth lumbar 
sensory root axons were divided into small (< 5µm) and large (> 5µm) diameter 
populations in 2-month-old and 6-month-old hNF-L and hNF-LE396K mice. (B and C) The 
number of small (B) and large (C) diameter sensory axons was not different in pre-
symptomatic hNF-LE396K and age matched hNF-L controls. (D) In symptomatic hNF-
LE396K and age matched hNF-L mice, small diameter sensory axons were reduced by 
approximately 300 axons. As hNF-L and hNF-LE396K both had reduced numbers, there 
was no difference in total number of small diameter axons. (E) In 6-month-old hNF-L 
mice, the number of large diameter axons was increased by approximately 300 axons. 
However, large diameter axons did not increase in symptomatic hNF-LE396K mice 
resulting in a significant reduction in the total number of large diameter axons. Axon 
counts were averaged per genotype and analyzed for statistical significance by a 
Student’s t-test. Error bars = SEM. N = 3 for 2-month-old hNF-L and hNF-LE396K. N = 4 
for 6-month-old hNF-L and hNF-LE396K. * = p <0.05. 
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Muscle spindles cross sectional area and volume were reduced prior to disease onset in 

CMT2E mice. 

To determine if the loss of large diameter sensory axons was associated with 

alterations in muscle spindle number or morphology we analyzed muscle spindles from 

the EDL muscle. In each muscle section, several muscle spindles were identified (Fig. 

2.6A). Each muscle spindle was then traced (as illustrated in Fig. 2.6B) to count the total 

number of muscle spindles in each muscle. No differences in muscle spindle number 

were found in 2 or 6-month-old hNF-LE396K mice compared to age matched hNF-L 

controls (Fig. 2.6C).  
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Figure 2.6. Muscle spindle number was unaffected in extensor digitorum longus 
muscles from pre-symptomatic and symptomatic hNF-LE396K mice. (A) Extensor 
digitorum longus (EDL) muscles were serially sectioned (16µm), and every 12th serial 
section was immunostained using antibodies specific for myosin heavy chain type I 
(green) and neurofilament medium (red) to identify muscle spindles and associated axons 
(arrows point to individual muscle spindles). (B) Individual muscle spindles were traced 
through the sections they appeared in and the area they occupied was outlined for cross 
sectional area analyses. (C) Muscle spindles were counted in 2 and 6-month-old hNF-L 
and hNF-LE396K mice. No difference was observed in muscle spindle number in pre-
symptomatic or symptomatic hNF-LE396K mice compared to respective age matched hNF-
L controls. Muscle spindles were averaged per genotype and analyzed for statistical 
significance by a Student’s t-test. Error bars = SEM. N = 3 for both hNF-L and hNF-
LE396K. S-329: section 329, S-341: section 341, etc. 
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The maximum (p = 0.032) (Fig. 7A), median (p = 0.040) (Fig. 2.7B), and 

minimum (p = 0.010) (Fig. 2.7C) cross sectional area were significantly reduced in 2-

month-old hNF-LE396K mice. Similarly, in 6-month-old hNF-LE396K, the maximum (p = 

0.341) (Fig. 2.7D), median (p = 0.001) (Fig. 2.7E) and minimum (p = 0.018) (Fig. 2.7F) 

cross sectional area were reduced in 6-month-old hNF-LE396K mice compared to age 

matched hNF-L controls.  
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Figure 2.7. Muscle spindle cross sectional area was reduced in pre-symptomatic and 
symptomatic hNF-LE396K mice. Muscle spindle cross sectional area was analyzed in 2 
and 6-month-old hNF-L and hNF-LE396K mice. (A, B, and C) Maximum (A), median (B), 
and minimum (C) muscle spindle cross sectional area was significantly reduced in pre-
symptomatic hNF-LE396K mice relative to age matched hNF-L controls. (D) Maximum 
cross sectional area was reduced in symptomatic hNF-LE396K mice compared to age 
matched hNF-L controls. However, the differences did not reach statistical significance. 
(E and F) Median (E) and minimum (F) muscle spindle cross sectional area was 
significantly reduced in symptomatic hNF-LE396K mice compared to age matched hNF-L 
controls. Averages per genotype were calculated from measurements of all counted 
muscle spindles, and analyzed for statistical significance by a Student’s t-test. Error bars 
= SEM. N ≥ 15 for both hNF-L and hNF-LE396K. * = p < 0.05. 
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Muscle spindle length calculations revealed no difference in muscle spindle 

length between 2-month-old hNF-LE396K (Fig. 2.8A) or 6-month-old hNF-LE396K (Fig. 

2.8B) and age matched hNF-L controls. 

 Utilizing the maximum area, minimum area, and length data we calculated the 

volume occupied by each muscle spindle. Our results revealed a significant decrease in 

muscle spindle volume of ~25% in 2-month-old (Fig. 2.8C) (p = 0.027) and ~26% in 6-

month-old (Fig. 2.8D) (p = 0.018) hNF-LE396K mice compared to the corresponding age 

matched controls. Taken together these data suggested that alterations in muscle spindle 

morphology preceded the loss of large diameter sensory axons in hNF-LE396K mice.  
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Figure 2.8. Muscle spindle volume was reduced in pre-symptomatic and 
symptomatic hNF-LE396K mice. Muscle spindle length and volume were 
calculated in 2 and 6-month-old hNF-L and hNF-LE396K mice. (A and B) Muscle 
spindle length was not different in pre-symptomatic (A) and symptomatic (B) 
hNF-LE396K mice relative to age matched hNF-L controls. (C and D) There was a 
significant reduction in muscle spindle volume in pre-symptomatic (C) and 
symptomatic (D) hNF-LE396K mice compared to age matched hNF-L controls. 
Averages per genotype were calculated from measurements of all counted 
muscle spindles, and analyzed for statistical significance by a Student’s t-test. 
Error bars = SEM. N ≥ 15 for both hNF-L and hNF-LE396K. * = p < 0.05. 
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2.5. Discussion. 

Expressing hNF-LE396K in mice recapitulated many of the phenotypes observed in 

patients (Dale et al., 2012; Shen et al., 2011; Villalon et al., 2015). The first overt 

phenotype observed in hNF-LE396K mice was reduced ability to spread toes and reduced 

ability to abduct hind limbs, which was visible in ~4 month old mice (Shen et al., 2011). 

This initial phenotype was suggestive of sensorimotor defects, but does not identify the 

site of pathogenesis. Our analyses have identified alterations that occur before onset of 

aberrant hind limb posture. At one month, neurofilament accumulations were visible in 

motor neuron cell bodies (Shen et al., 2011). Ectopic accumulations persisted to 13 

months, but were not progressive (Shen et al., 2011). At two months, muscle spindle 

cross sectional area and volume were reduced, and axon diameter was reduced in gamma 

motor neurons (Shen et al., 2011). These early alterations support pathogenesis within 

sensorimotor systems with predominant involvement of the proprioceptive system. 

Altered motor function could contribute to many of the subsequent phenotypes. 

Reduced hind limb abduction is a gross measurement of sensorimotor function that could 

be explained by muscle weakness due to altered motor function (Clark, 2009). Motor 

coordination was compromised in freely ambulating hNF-LE396K mice on a flat surface, 

which included left hind limb drag (Dale et al., 2012). Foot drop is associated with 

muscle weakness (Bird, 1993a; Bird, 1993b). Muscle atrophy could directly result from 

reduced motor function (Akay, 2014; Boillee et al., 2006) or indirectly from reduced 

voluntary activity (Clark, 2009), which was observed in hNF-LE396K mice (Shen et al., 

2011).  
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Sensory dysfunction observed in hFN-LE396K mice was specific to functions 

mediated by large diameter sensory axons. Increased number of foot slips on balance 

beam suggested possible dysfunction of group Ia or Ib sensory axons, which are large 

diameter sensory axons that transmit proprioception and joint position sense, respectively 

(Gilman, 2002). Furthermore, sensitivity to mechanical stimulation suggested altered 

function in group II sensory axons, which are also large sensory axons (Casellini and 

Vinik, 2007). However, functions mediated by unmyelinated axons, thermal nociception 

(Yeomans et al., 1996; Yeomans and Proudfit, 1996), and small, myelinated axons, 

auditory brainstem responses (Fig. 2.9) (Gleich and Wilson, 1993), were unaltered 

suggesting normal axonal function. Furthermore, morphological analysis of sensory 

axons supported large axon specificity, and identified a population of late developing 

sensory axons that were particularly vulnerable. Quantification of sensory axons at 2- and 

6-months in hNF-L mice suggested an age related expansion in axonal diameter resulting 

in an increased number of large axons by ~300 axons. hNF-LE396K mice also had a 

reduction in the number of small sensory axons, but the number of large diameter axons 

failed to increase suggesting loss of ~300 large sensory axons. Thus, functional deficits 

and morphological alterations indicated that hNF-LE396K-linked CMT2E primarily 

affected sensory systems that utilize large diameter axons. 
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Figure 2.9. Auditory Brainstem Responses (ABRs) were unaltered in symptomatic 
hNF-LE396K mice. ABRs were recorded in 6-month-old hNF-LE396K and hNF-L mice (A, 
B, C, and D). No differences were found in the response latency from the peak of 
waveform I-II between symptomatic hNF-LE396K and age matched hNF-L mice in the left 
ear (A) or the right ear (B). Response latencies from the peak of waveform I-IV were also 
not different between symptomatic hNF-LE396K and age matched hNF-L controls in the 
left ear (C) or the right ear (D). Averages per genotype were calculated and analyzed for 
statistical significance by a Student’s t-test. Error bars = SEM. N = 4 for both hNF-L and 
hNF-LE396K. 
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Muscle spindle cross sectional area and volume were significantly reduced in 2-

month-old hNF-LE396K mice. Loss of large sensory axons occurred subsequent to muscle 

spindle alterations. Moreover, gamma motor axon diameter was also reduced prior to 

onset of aberrant hind limb posture (Shen et al., 2011). It is possible that reduced function 

and altered morphology of muscle spindles in hNF-LE396K mice resulted in secondary loss 

of large sensory axons and reduced gamma motor axon diameter. While the phenotype is 

much more extreme than the phenotype observed in hNF-LE396K mice, muscle spindle 

agenesis resulted in secondary loss of large myelinated sensory and gamma motor axons 

during development in Egr3-/- mice (Tourtellotte and Milbrandt, 1998). However, further 

analysis is required to determine cause and effect in hNF-LE396K mice, as muscle spindles 

do form in hNF-LE396K mice.  

Approximately 60 genes with over 900 unique mutations have been linked to a type of 

CMT (Bouhy and Timmerman, 2013). Given the large number of genes, it is unclear how 

mutations in such a wide array of genes that are expressed in different cell types leads to 

similar clinical presentations. Analysis of rodent models may begin to offer insights into 

convergence of disease phenotypes. Previous analyses of several CMT rodent models 

suggest early alterations in sensory systems (Achilli et al., 2009; d'Ydewalle et al., 2011; 

Gillespie et al., 2000; Lee et al., 2013; Sereda et al., 1996). Our analyses of hNF-LE396K 

mice suggest early changes in sensorimotor systems with predominant involvement of the 

proprioceptive system. Therefore, early and selective dysfunction in proprioceptive 

sensory systems might provide a unifying hypothesis of disease pathogenesis in CMT. 
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Given the heterogeneity of disease onset even within families with the same mutation 

(Berciano et al., 2015; Züchner et al., 2004), investigating proprioceptive system defects 

might be a useful diagnostic tool for early detection of pathologic changes in patients 

with family history of CMT. Moreover, specific alterations in proprioceptive systems 

observed prior to the onset of CMT-like pathology suggest that early intervention with 

therapies designed to enhance or maintain proprioception could be of significant 

therapeutic value to CMT patients 
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EXACERBATION OF CHARCOT-MARIE-TOOTH TYPE 2E NEUROPATHY 
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3.1. Abstract. 

Charcot-Marie-Tooth disease (CMT) is the most commonly inherited peripheral 

neuropathy. CMT disease signs include distal limb neuropathy, abnormal gait, sensory 

defects, and deafness. We generated a novel line of CMT2E mice expressing hNF-LE397K, 

which displayed muscle atrophy of the lower limbs without denervation, proximal 

reduction in large caliber axons, and decreased nerve conduction velocity. In this study, 

we challenged wild type, hNF-L, and hNF-LE397K mice with crush injury to the sciatic 

nerve. We analyzed functional recovery by measuring toe spread and analyzed gait using 

the Catwalk system. hNF-LE397K mice demonstrated reduced recovery from nerve injury 

consistent with increased susceptibility to neuropathy observed in CMT patients. In 

addition, hNF-LE397K developed a permanent reduction in their ability to weight bear, 

increased mechanical allodynia, and premature gait shift in the injured limb, which led to 

increasingly disrupted interlimb coordination in hNF-LE397K. Exacerbation of neuropathy 

after injury and identification of gait alterations in combination with previously described 

pathology suggests that hNF-LE397K mice recapitulate many of clinical signs associated 

with CMT2. Therefore, hNF-LE397K mice provide a model for determining the efficacy of 

novel therapies. 
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3.2. Introduction. 

Charcot-Marie-Tooth (CMT) disease is the most commonly inherited peripheral 

neuropathy (Emery, 1991; Skre, 1974), and it is grouped into four main types, CMT1-4, 

depending on the specific genetic defect. Despite these different classifications, most 

CMT patients present wasting of distal limb muscles, reduction in axonal diameters and 

nerve conduction velocities, sensory defects, deafness, and abnormal gaiting (Emery, 

1991; Georgiou et al., 2002; Shy and Patzko, 2011; Züchner et al., 2004). CMT age of 

onset and severity can vary between sub-types and can vary within a single family 

(Züchner et al., 2004). 

CMT patients can also experience exacerbation of their existing neuropathy. 

Evidence suggests administration non-toxic doses of prescribed drugs can exacerbate 

CMT disease neuropathy (Chaudhry et al., 2003; Hildebrand et al., 2000; Martino et al., 

2005; Weimer and Podwall, 2006). Patients that were administered such agents 

developed deterioration of nerve conduction velocity, severe pain, sensory impairments 

of upper and lower extremities, ataxia of gait, and in some cases inability to walk 

(Chaudhry et al., 2003; Hildebrand et al., 2000; Martino et al., 2005). The typical 

intervention in such cases is discontinued administration of agent, which typically leads 

to incomplete to no recovery (Hildebrand et al., 2000; Weimer and Podwall, 2006). 

Moreover, upon exacerbation of the neuropathy, the mechanisms leading to poor or 

incomplete recovery are not well understood and poorly studied due to the lack of a 

reliable model of neuropathy exacerbation.   

Mutations in neurofilament light gene (nefl) cause CMT type 2E (Barry et al., 

2007; Dale and Garcia, 2012). Neurofilament light (NF-L) protein associates with either 
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neurofilament medium (NF-M) or heavy (NF-H) to form a 10nm filament (NF) (Lee et 

al., 1993). Once formed, NFs are intrinsic determinants of axonal diameter (Eyer and 

Peterson, 1994; Garcia et al., 2003; Xu et al., 1996; Zhu et al., 1997), a major axonal 

property influencing neuronal conduction velocity (Kriz et al., 2000; Waxman, 1980). 

Furthermore, NFs provide the axons with structural stability and tensile strength in 

response to physical stress (Barry et al., 2007; Gilbert, 1975; Lee and Shea, 2014; 

Rammensee et al., 2007). Currently, there are two well established mouse models of 

CMT 2E, hNF-LP22S (Dequen et al., 2010) and hNF-LE397K (Shen et al., 2011). hNF-LP22S 

mice develop hypertrophy of muscle fibers and muscle denervation without neuronal loss 

(Dequen et al., 2010). hNF-LE397K mice develop muscle atrophy without muscle 

denervation or significant neuronal loss (Shen et al., 2011). Interestingly, both models 

develop aberrant hind limb posture, altered gait, and sensorimotor defects, which 

recapitulate the disease pathology seen in human patients (Dale et al., 2012; Dequen et al., 

2010; Filali et al., 2011; Shen et al., 2011). More recently, two additional models of 

CMT2E have been generated, NF-LP8R and NF-LN98S, of which only NF-LN98S displays 

molecular pathology similar to human patients (Adebola et al., 2015).  

In this study, we investigated the effect of traumatic nerve injury on CMT 

neuropathy in our hNF-LE397K mouse model by analyzing functional recovery and gait 

alterations. Evidence suggests that wild type animals develop gait alterations following 

sciatic nerve crush injury that disappear after recovery (Bozkurt et al., 2008). We found 

that hNF-LE397K animals, following a nerve injury, develop functional and gait alterations 

that do not fully recover suggesting increased vulnerability to injury, decreased recovery 

following injury, or both. Moreover, this data shows that our hNF-LE397K mouse model 
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could be a viable model to study the mechanisms of neuropathy exacerbation after nerve 

injury. 

 

3.3. Experimental procedures. 

Animals. 

 All procedures were in compliance with the University of Missouri Animal Care and Use 

Committee and with all local and federal laws governing the humane treatment of 

animals. Mice were housed in microisolator cages on a 12-h light/dark cycle and were 

given food and water ad libitum. 

 

Sciatic nerve crush. 

Mice were placed under isoflurane anesthesia and the sciatic nerve was exposed via an 

incision in the flank followed by separation of underlying musculature by blunt dissection. 

The nerve was crushed using fine jewelers forceps at the level of the obturator tendon. To 

assess functional recovery of the injured limb, the mouse was induced to spread its toes 

by briefly lifting the hind limbs off the bench and slowly placing the mouse hind paws 

back on the floor. During this process the mouse spreads its toes when lifted by the tail 

and maintains them spread while it is being lowered and placed down on the floor again. 

The distance between the first and fifth digits was then measured using a compass and a 

ruler. Measurements were expressed as a percentage of pre-crush spread distance. 

Measurements were made in triplicate for up to 30 days. Means for each daily toe spread 

measurement were analyzed for overall statistical differences by two-way repeated 

measures ANOVA with Holm-Sidak post hoc analysis (SigmaPlot, Systat Software Inc., 
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San Jose, CA, US). 

 

Gait. 

Gait for hNF-L (n = 9) and symptomatic hNF-LE397K (n = 11) mice was monitored using 

the Catwalk XT gait analysis system (Noldus Information Technology, Asheville, NC) 

during the animal’s light phase. Gait was analyzed on both hNF-L and hNF-LE397K mice 

before nerve crush, and at 5, 10, 20 and 25 days after crush. Animals were allowed to 

ambulate freely on a restricted area of an illuminated glass walkway. Footprints were 

recorded using a high-speed camera. Runs with average speeds of 2.0 ± 0.5 cm/s were 

recorded for each animal and mean values were calculated. All means were analyzed for 

statistical differences by a two way ANOVA followed by a Holm-Sidak post hoc analysis 

for pair wise comparisons. For time course analysis (Supplemental Figures) all means 

were analyzed for statistical differences by a two way repeated measures ANOVA 

followed by a Holm-Sidak post hoc analysis for pairwise comparisons (SigmaPlot, Systat 

Software Inc., San Jose, CA, US).  

 

Definition of reported measures. 

Print Width. 

 A rectangle is outlined around each paw so that the paw fits perfectly in the rectangle. 

Print width is measured by measuring the width (perpendicular to the paw axis) of the 

rectangle. This gives a measure of the distance between the first and last digit of the paw, 

perpendicular to the paw axis. 
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Print length. 

This is measured by measuring the length of the rectangle fitted to the paw print. This 

gives a measure of the distance between the beginning of the heel and the tip of the 

longest digit parallel to the paw axis.  

 

Max contact area.   

Defined as the maximum area contacted by the paw when paw is at maximum contact 

with the floor during a stance phase.  

 

Max contact at %. . 

Defined as the percentage time (seconds) since the start of a run that a paw reaches 

maximum contact with the glass plate relative to the stand phase for that paw. It is 

defined by the following formula: 

Max contact at = MaxContact at (s) – Initial Contact (s)  X 100%             
(1) 

                              Stand (s) 
 

Max intensity  

Is the maximum print intensity that each paw reaches while in contact with the walking 

surface during the stance phase of the step cycle.   

  

Duty Cycle % . 

Defined as the percentage of the Stand phase (s) in a step cycle (stand + swing) and it is 

defined by: 
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Duty cycle =             Stand (s)            X 100%     
 (2) 

Stand (s) + Swing (s) 
 

Couplings. 

Defined as the difference between initial contact (IC) of a target paw and the reference 

paw relative to a reference paw’s stride cycle (time interval between first contact of the 

reference paw and the subsequent contact). 

                                                     ICtarget – ICreference X 100                                              (1) 
     Stride cycle 

 

For diagonal (LHàRF and RHàLF) and ipsilateral (LHàLF and RHàRF) limb pairs, 

we assigned the hind paw as the reference paw. For girdle (LHàRH and LFàRF) limb 

pairs, we assigned the left paw as the reference paw. For diagonal limb pairs values 

approaching 0 % are more coordinated and for ipsilateral and girdle limb pairs values 

approaching 50 % are more coordinated (Dale et al., 2012). 

 

3.4. Results. 

Reduced functional recovery after nerve injury in hNF-LE397K mice. 

Evidence suggests that pre-existing neuropathies can be exacerbated by non-toxic 

dosages of neurotoxic agents (Chaudhry et al., 2003). Moreover, many prescribed drugs 

can exacerbate CMT disease neuropathy in humans (Hildebrand et al., 2000; Weimer and 

Podwall, 2006). Stopping administration of exacerbating compounds leads to reduced or 

no recovery in CMT patients (Chaudhry et al., 2003; Hildebrand et al., 2000). It is 

unclear if reduced or failed recovery is due to enhanced susceptibility to injury or reduced 

recovery following exposure to noxious stimuli. Therefore, we analyzed functional 
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recovery from sciatic nerve injury in wild type (n = 10), hNF-L (n = 20), and hNF-LE397K 

(n = 12) mice. The left sciatic nerve was crushed at the level of the obturator tendon, and 

toe spread was monitored in the ipsilateral paw (Fig. 3.1A). Distance between the first 

and fifth digits was measured pre-injury and post-injury (Fig. 3.1B) over a time course of 

25 days (Fig. 3.1C). Recovery was analyzed in aged matched wild type, aged matched 

hNF-L and symptomatic (4 month old) hNF-LE397K mice. Post-injury measurements were 

plotted as a percentage of the pre-injury values (Fig. 3.1C).  

Toe spread recovery in wild type and hNF-L mice was similar over the entire time 

course. Although, ultimately hNF-L mice recovered to only about 98% of their pre-injury 

values, this difference was not significant when compared to wild type controls. 

Recovery in hNF-LE397K mice was similar to hNF-L and wild type controls from day 1 to 

day 14 post-injury. From day 15 post-injury, functional recovery in hNF-LE397K mice 

began to plateau while hNF-L and wild type controls continued to recover. Functional 

recovery in hNF-LE397K was significantly reduced compared to wild type but not 

compared to hNF-L controls at day 15. From day 16 to day 25 post-injury, recovery in 

hNF-LE397K mice was significantly lower compared to both controls, with the exception 

of day 20 where hNF-LE397K recovery was significantly lower only compared to wild type 

mice (Fig. 3.1C; p < 0.05). Unlike wild type and hNF-L controls, hNF-LE397K mice 

recover to only about 89% of their pre-injury toe spread values (Fig. 3.1C).  
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Figure 3.1. Functional recovery from sciatic nerve injury was reduced in hNF-
LE397K mice. Sciatic nerves were crushed at the level of the obturator tendon on four-
month-old wild type, hNF-L and symptomatic hNF-LE397K mice. Nerve injury 
prevented toe spread on the injured limb  (A). Toe spread was quantified by 
measuring the distance between the first and fifth digit of the paw (B) over a time 
course for up to 25 days (C). Wild type and hNF-L mice fully recovered 25 days post-
injury (C).  Functional recovery was significantly reduced in hNF-LE397K mice 
beginning at day 15 (C), and hNF-LE397K mice failed to fully recover (C). Means for 
each daily toe spread measurement were analyzed for overall statistical differences by 
two way repeated measures ANOVA with Holm-Sidak post hoc analysis. , *, p < 0.05 
as compared to wild type toe spread; †, p < 0.05 as compared to hNF-L toe spread. 
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Gait alterations after recovery from nerve injury. 

Wild type animals develop gait alterations following nerve injury. Interestingly, 

wild type animals are able to completely recover resulting in complete reversal of gait 

alterations observed with nerve injury (Bozkurt et al., 2008). Moreover, evidence shows 

that in human patients exacerbation of CMT disease results in sensorimotor defects that 

cause severe gait alterations (Chaudhry et al., 2003; Hildebrand et al., 2000; Martino et 

al., 2005).  To investigate if nerve injury leads to disease exacerbation and alterations to 

gait in our hNF-LE397K model, we crushed the left sciatic nerve and analyzed gait. Gait 

was analyzed pre-injury, 5, 10, 15, and 25 days post-injury (Supplemental Figures). 

Functional recovery analysis showed maximal recovery 25 days after injury (Fig. 3.1C). 

Therefore, we have focused the present studies on pre-injury and 25 days post-injury time 

points. Since there were no differences in functional recovery between wild type and 

hNF-L control groups, only hNF-L animals were used as controls for gait analysis. The 

automated CatWalk system has been shown to be effective for objective, rapid and 

reproducible assessment of individual paw parameters as well as interlimb coordination 

on freely ambulating animals (Chen et al., 2014; Hamers et al., 2001).   

 

Decreased ability to support weight in injured limb affects gait in diagonal limb. 

Print Width: Evidence from rat and mouse neuropathic pain models suggest that 

decreased ability to bear weight on a limb is strongly correlated with alterations to Print 

Width, Print Length and Max Contact Area metrics during voluntary locomotion 

(Angeby-Moller et al., 2008; Gabriel et al., 2007; Medhurst et al., 2002; Min et al., 2001; 

Tabo et al., 1998). Print Width is defined as the width of the paw from the first to the fifth 
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digit. Nerve crush recovery analyses showed that hNF-LE397K mice recovered toe spread 

ability to ~90% of their pre-injury value. Therefore, to investigate if these deficits were 

also reflected on the Catwalk system, we analyzed the print width of the mice during 

ambulation.  Catwalk analysis revealed that Print Width in  

both hNF-L and hNF-LE397K mice did not recover to pre-injured values (Fig. 3.2A). 

Similar to toe spread analysis, hNF-L mice recovered Print Width better than hNF-LE397K 

mice (Fig. 3.2A). Print Width was also reduced after recovery in hNF-L and hNF-LE397K 

right, hind limbs (Fig. 3.2B). However, none of the changes reached statistical 

significance. Interestingly, both front paws had reduced Print Width in hNF-LE397K mice 

following recovery (Fig. 3.2C and D).   
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Figure 3.2. Reduced Print Width after nerve crush recovery. Print Width is defined as 
the width of the paw from the first to the fifth digit. Print width (cm) values are reported 
for the left hind (A), right hind (B), left front (C), and right front (D) paws from pre-crush 
and post-injury analyses. Print Width failed to recover to pre-injury values for hNF-L 
mice only in the left hind paw (A). For hNF-LE397K mice, Print Width was significantly 
decreased following recovery compared to its pre-injury values for left hind (A), left front 
(C), and right front (D). On the left hind (A) and right front (D) paw, hNF-LE397K mice 
recovered less than hNF-L mice. The differences in means were analyzed for overall 
statistical differences using a two-way ANOVA with Holm-Sidak post hoc analysis. *, P 
< 0.05. 



 
 

76 

Print Length: Print Length is measured from the beginning of the heel to the tip of the 

longest digit. CMT patients and mouse models develop alterations in foot structure 

(Adebola et al., 2015; Dequen et al., 2010; Filali et al., 2011; Shen et al., 2011; Skre, 

1974; Züchner et al., 2004), such as hammertoes and high arches, which directly 

influence paw print length. Therefore, we analyzed Print Length to investigate if our mice 

develop alterations to this metric following recovery. Moreover, simultaneous reductions 

in both Print Width and Print Length could indicate the development of neuropathic pain 

(Angeby-Moller et al., 2008; Gabriel et al., 2007; Medhurst et al., 2002; Min et al., 2001; 

Tabo et al., 1998). Similar to changes in Print Width, hNF-L and hNF-LE397K mice 

showed a significant reduction in Print Length following recovery. Moreover, hNF-L 

mice recovered better than hNF-LE397K mice (Fig. 3.3A). On the right, hind paw, hNF-L 

mice showed a slight (not significant) decrease in Print Length, while hNF-LE397K showed 

no alterations post-injury (Fig. 3.3B). Print Length on the left front paw showed slight 

(not significant) reductions post-injury in both hNF-L and hNF-LE397K (Fig. 3.3C). On the 

right front paw, hNF-L mice showed no Print Length alterations post-injury. However, 

Print Length of hNF-LE397K mice was significantly reduced compared to hNF-L Print 

Length following recovery (Fig. 3.3D).  
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Figure 3.3. Reduced Print Length on the injured limb after recovery. Print Length is 
measured from the beginning of the heel to the tip of the longest digit. Print Length was 
significantly lower in hNF-L and hNF-LE397K mice following recovery compared to pre-
injury values (A). Additionally, hNF-LE397K mice did not recover Print Length as well as 
hNF-L mice (A). Print Length values for all right hind and left front paws were unchanged 
after recovery (B, and C). On the right, front paw, hNF-LE397K lengths were significantly 
lower compared to hNF-L lengths (D). The differences in means were analyzed for overall 
statistical differences using a two-way ANOVA with Holm-Sidak post hoc analysis. *, P < 
0.05. 
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Max Contact Area: Max Contact Area is a measure of the area contacted by a paw when 

the most pressure is being applied. On the injured paw, hNF-L and hNF-LE397K mice 

showed a significant decrease in Max Contact Area following recovery. However, Max 

Contact Area recovered better in hNF-L mice relative to hNF-LE397K mice (Fig. 3.4A). 

Reductions in Max Contact Area were observed in the right hind paw of both hNF-L and 

hNF-LE397K mice, but these changes were not statistically significant (Fig. 3.4B). On the 

left, front paw, hNF-L mice showed no alterations to Max Contact Area. However, hNF-

LE397K Max Contact Area was significantly reduced following recovery compared to 

hNF-L controls (Fig. 3.4C). Interestingly, recovery of Max Contact Area of the diagonal, 

right front limb was significantly reduced in hNF-LE397K mice relative to hNF-L mice 

(Fig. 3.4D).  
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Figure 3.4. Max Contact Area is decreased in hind left and diagonal paw after 
recovery. Max Contact Area is a measure of the area contacted by a paw when the most 
pressure is being applied. Max Contact Area was reduced following recovery in the left 
hind paw of hNF-L and hNF-LE397K mice (A). Additionally, hNF-LE397K mice failed to 
recover to the same extent as hNF-L (A). Max Contact Area was unaltered in the right 
hind paw of hNF-L and hNF-LE397K mice (B). Interestingly, Max Contact Area was 
reduced in left (C) and right (D) front paws in hNF-LE397K mice. The differences in means 
were analyzed for overall statistical differences using a two-way ANOVA with Holm-
Sidak post hoc analysis. *, P < 0.05. 



 
 

80 

Increased mechanical allodynia to injured paw alters weight bearing on diagonal paw 

after recovery from injury.  

Max Intensity is a measure of the maximum light intensity of a paw print, and it 

correlates with the amount of pressure placed on a paw while the paw is in contact with 

the glass regardless of the area of contact. This is a parameter that is commonly used to 

evaluate effects of neuropathic pain, specifically mechanical allodynia (Angeby-Moller et 

al., 2008; Gabriel et al., 2007; Gabriel et al., 2009; Vrinten and Hamers, 2003). Max 

Intensity on the injured paw (left hind) of hNF-L mice recovered to values that were 

similar to pre-injury values (Fig 3.5A). Unlike hNF-L mice, Max Intensity failed to 

recover in hNF-LE397K mice to pre-injured values (Fig. 3.5A), indicating decreased ability 

to bear weight. Max Intensity was unaffected in the right hind (Fig. 3.5B) and left front 

(Fig. 3.5C) paws in either hNF-L or hNF-LE397K mice. Interestingly, the Max Intensity on 

the right front paw of hNF-LE397K mice was significantly reduced following recovery 

relative to pre-injury and hNF-L control values (Fig. 3.5D). 

These results suggest that hNF-LE397K develop alterations to Max Intensity, which 

translates into decreased ability to bear weight, on the injured paw that do not return to 

baseline levels after recovery from nerve injury. Moreover, our results also suggest that 

hNF-LE397K mice develop similar weight bearing deficits on the uninjured diagonal paw 

(right front) after recovery from injury.  
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Figure 3.5. Reduced Max Intensity in right front and left hind limbs post-injury. 
Max Intensity is a measure of the maximum light intensity of a paw print. Max Intensity 
correlates with the amount of pressure placed on a paw while the paw is in contact with 
the glass regardless of the area of contact. Max intensity failed to recover to pre-injury 
levels in the left hind (A) and right front (D) paws of hNF-LE397K mice. Moreover, hNF-
LE397K animals had significantly lower Max Intensity values compared to hNF-L 
following recovery (A and D). Max Intensity values were unchanged in the right hind (B) 
and left front (C) paws. The differences in means were analyzed for overall statistical 
differences using a two-way ANOVA with Holm-Sidak post hoc analysis. *, P < 0.05. 



 
 

82 

Premature phase shift during ambulation after recovery from nerve injury.  

A model of a typical step cycle is provided (Fig. 3.6A). In the step cycle (Fig. 

3.6A), the Stand phase of ambulation can be separated into braking and propulsion sub-

phases (Fig. 3.6B). The point at which the breaking sub-phase transitions into the 

propulsion sub-phase is defined by the maximum contact of a paw. The time it takes for a 

contacting paw to reach its maximum contact is referred to as Max Contact At (s) (Fig. 

3.6B). Max Contact At (%) can be regarded as the point where the braking phase 

transitions into the propulsion phase during the Stand phase.  

  

Figure 3.6. Schematic outlining parameters measured by CatWalk. Step cycle of all 
paws is composed of alternating contacting (black) and non-contacting (white) phases (A). 
Within a step cycle, the contacting phase is referred to as the stand phase [reported as Stand 
(s)] and the non-contacting phase is referred to as the swing phase [reported as Swing (s)] 
(A). Each stand phase contains both a braking phase and propulsion phase. Maximum contact 
or max value of a paw roughly defines the point at which the braking phase transitions into 
the propulsion phase. The time it takes a paw to reach the Max Value is reported as Max 
Intensity At (s). Max Contact At (%) can be regarded as the point where the braking phase 
transitions into the propulsion phase during the Stand phase (B). 
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Following recovery, hNF-L Max Contact At (%) retuned to pre-injury values (Fig. 

3.7A). Interestingly, hNF-LE397K mice Max Contact At (%) values failed to recover to 

pre-injury values, and recovered less than hNF-L mice (Fig. 3.7A). Max Contact At (%) 

was not affected on the right hind (Fig. 3.7B) and left front paws (Fig. 3.7C). On the right, 

front paw, Max Contact At (%) recovered to pre-injury values in hNF-L animals, but not 

in hNF-LE397K animals (Fig. 3.7D).  

Altered Max Contact At (%) in the left hind and right front paws of hNF-LE397K 

mice can result from either a decreased Stand (s) time or increased Max Contact At (s) 

time (Fig. 3.6). Therefore, the relative stand (s) and Max Contact At (s) for each paw and 

time point were examined and revealed no alterations to these metrics (data not shown) 

suggesting that the decreased Max Contact At (%) values are due to a premature phase 

shift during the Stand phase.  
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Figure 3.7. Reduced Max Contact At (%) in right front and left hind paws following 
nerve injury recovery. As Max Contact At (%) is regarded as the point where gait 
transitions from braking to propulsion, Max Contact At (%) is also a measure of the point 
within a stand phase where the maximal contact area with the walking surface is reached. 
hNF-LE397K Max Contact At (%) failed to recover to pre-injury values, and was recovered 
less than hNF-L controls (A). Max Contact At (%) was not altered on the right hind (B) or 
left front (C) paws. On the right front paw, hNF-LE397K Max Contact At (%) was 
significantly reduced compared to hNF-L Max Contact At (%) following recovery (D). 
The differences in means were analyzed for overall statistical differences using a two-way 
ANOVA with Holm-Sidak post hoc analysis. *, P < 0.05.  
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Altered interlimb coordination after recovery from nerve injury. 

 Limb coupling is a measurement of interlimb coordination. Coordinated diagonal 

limbs (LHàRF, RHàLF) should produce coupling values of ~ 0% as they move 

synchronously and their paws should be in contact with the glass at the same time. Girdle 

(LHàRH and LFàRF) and ipsilateral (LHàLF and RFàRH), which move 

alternatively, should produce coupling values of ~50%. Animals which have 

uncoordinated limb couplings present values that deviate from these expected 

percentages (Dale et al., 2012; Kloos et al., 2005).  

 hNF-LE397K mice displayed significantly altered coordination in the  girdle 

(LHàRH, Fig. 3.8A), ipsilateral (LHàLF, Fig. 3.8B), and diagonal (LHàRF, Fig 3.8F) 

limbs following recovery. Interestingly, in hNF-LE397K ipsilateral (RHàRF, Fig. 3.8C), 

girdle (LFàRF, Fig. 3.8D) and diagonal (RHàLF, Fig. 3.8E) limbs, which do not 

involve the LH limb, showed no alterations to limb coordination (Fig. 3.8A-F). hNF-L 

control mice showed no alterations to interlimb coordination. Analysis of alternative 

coupling patterns showed similar alterations (data not shown).  These results indicate that 

interlimb coordination was significantly altered, and did not return to pre-injury 

coordination for limb combinations involving the injured limb in the hNF-LE397K mice.  
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Figure 3.8. Limb coordination in hNF-LE397K mice is altered after recovery from 
nerve injury. Perfectly coordinated diagonal (LHàRF and RHàLF) limbs have 
coupling values of ~0, whereas perfectly coordinated girdle (LHàRH and LFàRF) and 
ipsilateral (LHàLF and RHàRF) limbs have coupling values of ~50. Coordination 
failed to recover for all coupling values that included the left hind (LH) limb in hNF-
LE397K mice relative to pre-injury and hNF-L measurements (A, B and F). Coordination 
between limbs that did not include the left hind limb was unaffected following recovery 
(B, C and D). The differences in means were analyzed for overall statistical differences 
using a two-way ANOVA with Holm-Sidak post hoc analysis. *, P < 0.05. 
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3.5. Discussion. 

Evidence suggests that pre-existing neuropathies can be exacerbated by non-toxic 

dosages of neurotoxic agents and by administration of prescribed drugs (Chaudhry et al., 

2003; Hildebrand et al., 2000; Martino et al., 2005). In human patients, exacerbation of 

neuropathy has been reported to result in muscle weakness in both upper and lower limbs, 

inability to support weight (Hildebrand et al., 2000), development of pain, and decreased 

coordination while walking (Chaudhry et al., 2003; Martino et al., 2005).  Currently, it is 

not known whether exacerbation is due to functional or structural alterations to the nerves, 

thus no current treatments, other than physical therapy, are available (Hildebrand et al., 

2000; Weimer and Podwall, 2006). We investigated if CMT2E neuropathy is exacerbated 

following a nerve challenge. We challenged these mice with a crush to the left sciatic 

nerve, and analyzed function and gait during (supplemental figures) and after recovery.  

Previous analyses of hNF-LE397K animals, by Catwalk, revealed alterations in 

interlimb coordination in symptomatic animals without alterations to Print Width, Print 

Length, or Max Contact Area (Dale et al., 2012).  During recovery from nerve injury, 

hNF-LE397K mice developed alterations to Print Width, Print Length, Max Contact Area, 

and Max Intensity, all of which are indicative of decreased ability to bear weight and 

mechanical allodynia on the injured paw. Decreased ability to bear weight or increased 

mechanical allodynia, or a combination of both, could have resulted in the development 

of a premature phase shift observed during the Stand phase, as indicated by altered Max 

Contact At (%) values, in hNF-LE397K mice. Development of such alterations ultimately 

caused disruption to interlimb coordination that were more pronounced than those 

previously seen in normal (uninjured) hNF-LE397K mice (Dale et al., 2012). 
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Following a nerve crush injury, nerves degenerate from the day of injury to about 

7 days post injury, which is followed by a period of nerve regeneration and re-innervation 

from 7 to about 20 days post-injury (Gordon and Stein, 1982a; Gordon and Stein, 1982b; 

Jager et al., 2014; Ronchi et al., 2010). After re-innervation, axons undergo radial growth 

to regain pre-injury axonal diameters and recover normal nerve conduction velocity 

(Gordon and Stein, 1982a; Gordon and Stein, 1982b; Sta et al., 2014; Wood et al., 2011). 

Our functional recovery analyses suggest hFN-LE397K mice recover similar to hNF-L 

mice up to day 20 post-injury. From day 20 to day 25, hNF-L mice further improve, 

whereas hNF-LE397K mice do not continue to recover. In some instances, hNF-LE397K 

recovery declines. This suggests that, following nerve injury, axons of hNF-LE397K 

animals are able to regenerate and re-innervate their targets similarly to control animals. 

However, the lack of, or decline in, recovery from day 20 onwards in hNF-LE397K animals 

suggests possible defects in axonal radial growth. Initial characterization of symptomatic 

hNF-LE397K mice revealed a reduction nerve conduction velocity and axonal diameters in 

the motor nerves (Shen et al., 2011). This suggests that a possible mechanism of disease 

exacerbation following a nerve injury could be the inability of axons to expand radially 

leading to even further reduced nerve conduction velocities. Further analyses will be 

required to investigate the molecular mechanisms leading neuropathy exacerbation in our 

CMT2E mouse model. 

Taken together, our results suggest that nerve injury exacerbates CMT2E 

neuropathy, which manifests as alterations in sensory and motor coordination pathways 

on the injured limb. This provides a possible new approach for investigating exacerbation 

of neuropathies in patients suffering from a peripheral neuropathy. Furthermore, our data 
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suggests that hNF-LE397K mice may be a useful model for developing and screening 

potential therapies for treating or preventing disease exacerbation. Given that neuronal 

recovery is altered, hNF-LE397K mice may also provide valuable insight into potential 

neurological toxicity of new and existing compounds. 
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CHAPTER 4 
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4.1. Abstract. 

 
The distance between nodes of Ranvier, referred to as internode length, positively 

correlates with axon diameter, and is optimized during development to ensure maximal 

neuronal conduction velocity. Following myelin loss, internode length is reestablished 

through remyelination. However, remyelination results in short internode lengths and 

reduced conduction rates. We analyzed the potential role of neurofilament 

phosphorylation in regulating internode length during remyelination and myelination. 

Following ethidium bromide induced demyelination, levels of neurofilament medium 

(NF-M) and heavy (NF-H) phosphorylation were unaffected. Preventing NF-M lysine-

serine-proline (KSP) repeat phosphorylation increased internode length by 30% after 

remyelination. To further analyze the role of NF-M phosphorylation in regulating 

internode length, gene replacement was used to produce mice in which all KSP serine 

residues were replaced with glutamate to mimic constitutive phosphorylation. Mimicking 

constitutive KSP phosphorylation reduced internode length by 16% during myelination 

and motor nerve conduction velocity by ~27% without altering sensory nerve structure or 

function. Our results suggest that NF-M KSP phosphorylation is a negative regulator of 

Schwann cell elongation, and suggest motor and sensory axons utilize different 

mechanisms to establish internode length.  
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4.2. Introduction. 

Postnatal development of peripheral nerves requires myelination and 

establishment of axonal diameter, which are required for rapid impulse transmission. 

Myelination includes formation of compact myelin and bidirectional elongation of 

myelinating Schwann cells along axons (Sherman and Brophy, 2005). While insights into 

the formation of compact myelin have been made, comparatively little is known about 

Schwann cell elongation. During development there are two periods of Schwann cell 

elongation that establish internode length. The first period occurs during initial 

myelination from post-natal day 1 to approximately 14 days later, when myelination is 

complete (Webster, 1971). The initial period of elongation clusters ion channels 

(Dugandzija-Novakovic et al., 1995; Schafer et al., 2006; Vabnick et al., 1996) and 

establishes optimal internode length to maximize neuronal conduction velocity (Goldman 

and Albus, 1968; Hardy, 1971; Huxley and Stampfli, 1949). After initial establishment of 

internode length, Schwann cells continue to elongate during normal developmental 

growth to maintain optimal internode length and maximal conduction velocity (Bunge et 

al., 1989; Simpson et al., 2013; Vizoso, 1950). 

A positive correlation between internode length and axon diameter was 

established over 140 years ago (Key and Retzius, 1875) such that larger diameter axons 

have longer internodes. Radial growth establishes axon diameter, and is dependent upon 

myelination (de Waegh et al., 1992). Myelination induces radial growth, so myelinated 

regions of an axon have larger diameters compared to unmyelinated regions of the same 

axon (nodes of Ranvier) (Yin et al., 1998). Moreover, increases in axonal diameter 

correlate with neurofilament (NF) number (Friede and Samorajski, 1970), which are the 
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main cytoskeletal proteins of myelinated axons (Perrot et al., 2008). NF composition 

varies with developmental stage (Shaw and Weber, 1982; Shen et al., 2010) and within 

central versus peripheral nervous systems (Yuan et al., 2006; Yuan et al., 2012). However, 

all NFs are composed of a common core of three subunits proteins neurofilament Light 

(NF-L), Medium (NF-M), and Heavy (NF-H), (Jones et al., 2016). Upon myelination (de 

Waegh et al., 1992; Yin et al., 1998), NF-H and NF-M become phosphorylated on C-

terminal lysine-serine-proline (KSP) repeats. Thus, Schwann cell elongation, radial 

axonal growth, and NF KSP phosphorylation occur in parallel during postnatal 

development.  

After nerve injury, the positive correlation between internode length and axon 

diameter is lost (Hildebrand et al., 1985; Vizoso and Young, 1948). Remyelination results 

in uniformly short internodes (Hildebrand et al., 1987; Sanders and Whitteridge, 1946; 

Vizoso and Young, 1948) resulting in reduced conduction velocity (Court et al., 2004). 

Loss of myelin also reverts several axonal properties to a pre-myelin phenotype. Sodium 

channels, normally clustered within nodes of Ranvier become diffusely localized within 

the axonal plasma membrane after myelin loss (Boiko et al., 2001; Waxman et al., 2004). 

Demyelination results in re-expression of Nav1.2 a subunit of voltage sensitive sodium 

channels (Craner et al., 2004; Schafer et al., 2006) and suppression of Nav1.6 (Craner et 

al., 2004; Schafer et al., 2006), which is the predominant a subunit of myelinated 

peripheral nerves (Boiko et al., 2001; Schafer et al., 2006; Vabnick et al., 1996). 

However, one axonal property that does not revert to a pre-myelination phenotype is the 

phosphorylation status of NF proteins (Arroyo et al., 2004; Cole et al., 1994). To revert 

back to a pre-myelination phenotype, NF-M and NF-H would need to be 
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dephosphorylated during demyelination. The significance of maintaining NF-M and NF-

H phosphorylation is unknown as the role of NF-M and NF-H KSP phosphorylation is 

unclear (Garcia et al., 2009).  

 In this study, we demonstrate that NF-M KSP phosphorylation regulates internode 

length during remyelination and myelination. Preventing NF-M KSP phosphorylation 

resulted in formation of longer internodes during remyelination. Mimicking constitutive 

NF-M KSP phosphorylation during myelination reduced internode length. These results 

provide the first mechanistic insights into reduced internode length that occurs with 

remyelination.  
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4.3. Experimental procedures. 

Animals. 

 Mice were housed in microisolator cages on a 12-h light/dark cycle, and were given food 

and water ad libitum. All procedures were in compliance with the University of Missouri 

and University of California San Diego Animal Care and Use Committees and with all 

local and federal laws governing the humane treatment of animals. 

 

Nerve demyelination by Ethidium bromide injection.  

Mice were placed under isoflurane anesthesia and the left sciatic nerve was exposed via 

an incision in the flank followed by separation of underlying musculature by blunt 

dissection. Utilizing pulled microcapillary needles 2 µL of 0.1% ethidium bromide in 

normal saline was injected into the middle third of the exposed sciatic nerve to induce 

demyelination. The mice were allowed to recover and placed back in their cage. 

Successful injection of 2µL of 0.1% ethidium bromide into the sciatic nerve was 

confirmed by a change in color of the nerve compared to the uninjected and saline 

injected controls. Seven days after injection, the animals injected with ethidium bromide 

displayed loss of function of the injected nerve, which is consistent with affected nerve 

function after an injury (Villalon et al., 2015). Furthermore, gross examination of the 

nerves at 7 days post-injected showed inflammation and discoloration of the ethidium 

bromide injected nerve, consistent with nerve demyelination. Sciatic nerves were 

collected for analysis at three different time points; maximal demyelination point, at 7 

days post-injection; beginning of remyelination, 14 days post-injection; and complete 

remyelination point, 30 days post-injection (Bondan et al., 2009; Bondan and Monteiro 
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Martins Mde, 2013; Riet-Correa et al., 2002). 

 

Detection and quantification of NF proteins by immunoblotting.  

Sciatic nerves (demyelination experiments) and L5 motor and sensory roots were harvested 

and snap frozen in liquid nitrogen or were homogenized immediately. Tissues were 

homogenized on ice in a buffer containing 50 mM Tris, pH 7.5, 0.5 mM EDTA, pH 8, and 

protease inhibitors were added according to manufacturer’s instructions. (Complete Mini, 

Roche, Mannheim, Germany). An equal volume of lysis buffer containing 50 mM Tris, pH 

7.5, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 2% SDS was added. The 

homogenates were sonicated for 10 seconds 2X, then boiled for 10 minutes in a sand bath, 

and clarified by centrifugation at 16,000 g for 10 minutes. Protein concentration was 

determined using the Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA, USA). Protein 

extracts were resolved on 7.5% SDS-polyacrylamide gels and transferred onto nitrocellulose 

membrane or stained with Coomassie-blue. NF-L (CPCA-NF-L, EnCor Biotechnology, 

Gainesville, FL, USA), NF-M (CPCA-NF-M, EnCor Biotechnology, Gainesville, FL, USA) 

and NF-H (CPCA-NF-H, EnCor Biotechnology) were identified with polyclonal antibodies. 

Phosphorylated NF-H and NF-M were identified using a mouse monoclonal antibody that 

recognizes the protein in a phospho-dependent manner (SMI-31, Covance, Emeryville, CA, 

USA). Mouse and chicken primary antibodies were detected with donkey anti-mouse and 

goat anti-chicken secondary antibodies conjugated to IRdye-700X® infrared fluorophores 

(Rockland, Gilbertsville, PA, USA) respectively. Immunoreactive bands were visualized by 

infrared detection with an Odyssey image scanner (LICOR Biosciences, Lincoln, NE, USA). 

Quantification of immunoblots was performed by the relative optical density (ROD) method. 
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Absolute intensities of the immunoreactive bands were obtained using Photoshop (Adobe 

Systems Inc.) and RODs were calculated in the following manner:  [(NF protein mean 

intensity – background mean intensity)*(number of pixels)]/[(loading control band mean 

intensity - background intensity)*(number of pixels)].  Optical densities of immunoreactive 

bands were calculated as follows: [(absolute intensity – background intensity)*(number of 

pixels)] Average optical densities for each genotype were calculated and compared to the 

wild type averages, which were arbitrarily set to a value of 1. All optical densities were 

analyzed for statistical significance by one-way ANOVA with Holm-Sidak post hoc analysis 

for pair wise comparisons or by a Student’s t-test (SigmaPlot, Systat Software). 

 

Teased fiber analysis.  

Mice were sacrificed and the sciatic nerve was exposed by blunt dissection (for 

demyelination experiments) and immediately extracted and processed as subsequently 

described. For L5 root teased fibers experiments, the mice were transcardially perfused with 

0.1M PBS, pH 7.4 for no more than 5 minutes. The L5 root was dissected. The dorsal root 

was shortened relative to the ventral root for easy identification. In all cases the nerves or 

roots were submersion fixed in a 2.5M glutaraldehyde, 0.025M sodium cacodylate, pH 7.38 

solution for 25 min at 4°C. The nerves or roots were then rinsed in 1X PBS for 5 minutes and 

transferred to a saturated solution of Sudan black in 70% ethanol and allowed to incubate for 

1 hr at room temperature. The samples were then rinsed twice in 70% ethanol for 5 min and 

transferred to a 10% glycerin solution. Fifty to one hundred axon bundles were separated 

from the ventral root and the tibial branch of the sciatic nerve. The bundle was transferred to 

a super frost microscope slide containing a thin layer of a 10% aqueous solution of glycerin: 
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BSA (1:1). Individual fibers were teased apart from the bundle and laid out on the glass slide. 

Fibers were then allowed to dry over night on a 50°C hot plate. Digital photos of the fibers 

were taken using the AxioVision Digital Image Processing Software (Carl Zeiss 

MicroImaging). Internode lengths were measured using ImageJ (NIH). At least 200 

internodes were measured from each tissue sample and at least 3 animals were used per 

genotype and treatment. An average of the internode lengths for each genotype was 

calculated and used for statistical analyses. The data was analyzed for variability using the 

SAS analytics software (SAS Institute Inc.). Possible influential outliers were calculated 

using a CooksD test and the data was analyzed for statistical significance using one-way 

nested ANOVA. 

 

Site directed mutagenesis and construction of NF-MSàE mice by gene replacement.  

A genomic clone isolated from mouse 129 SVJ library was used for construction of NF-

MSàE [a generous gift from J. P. Julien ]. A ~1.1 kb AccI/BclI fragment, containing all 

KSP repeats, was subcloned into pBluescript KS. Five oligonucleotides were designed to 

convert the phosphorylated KSP serine residues to glutamate (Fig. 4.1A) using a PCR 

approach as previously described (Garcia et al., 2009). DNA sequence analysis confirmed 

the substitution of the 7 serine codons with glutamate codons without the introduction of 

additional sequence changes (data not shown). The modified NF-M fragment was 

recloned back into the nefm gene. Nefm 5’ UTR and 3’ UTR regions were amplified from 

mouse 129SvEv genomic DNA to increase homology from 5 kb to a total of 8 kb. 

Diphtheria toxin alpha gene with poly adenylation (DT-ApA) clone was a generous gift 

from Y. Yanagawa and T. Yagi (Yanagawa et al., 1999). DT-ApA was introduced at the 
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3’ end of the construct as a negative selection marker. Finally, the nefl 3’ UTR and a 

PKG Neo cassette were cloned at the 3’ end of nefm exon 3 (inserted at the SalI and MluI 

sites, which were cloned into the nefm 3’ UTR using a linker) (Fig. 4.1B). The targeting 

construct was linearized with AatII and electroporated into mouse 129SvEv ES cells 

(Millipore Corporation) by the MU Transgenic Core and selected with G418 at 250µg/ml 

(Joyner, 1994). Drug resistant colonies were amplified and screened by PCR at the 3’ end 

and by Southern Blot at the 5’ end. DNA sequence analysis (MU DNA Core) was used to 

ensure incorporation of the nefmSàE exon 3. Four out of the 192 ES clones were identified 

to have undergone homologous recombination at both the 5’ and 3’ ends of the gene to 

produce the NF-MSàE targeted allele. One of the positive ES cell clones was injected into 

mouse C57Bl6 blastocysts, and the MU Transgenic Core implanted blastocysts into the 

uteri of pseudo-pregnant surrogates. Six chimeric male mice were identified from the 

surrogates. Germ line transmission of the NF-MSàE allele was confirmed by PCR 

amplification of genomic DNA purified from tail biopsies using Invitrogen Taq 

(Clonentech Laboratories, Inc., A Takara Bio Company, Madison, WI, USA) with the 

following primers: NF-M Exon 3 Forward- 

5’TGCAGAGGGAGAAGAAAGGAGAGGA3’, NF-M 3’UTR Reverse Primer- 

5’AACTGGCGAATCCCTAGGTACAT3’, NF-L 3’UTR Reverse Primer- 

5’GTTGACCTGATTGGGGAGAA3’. Mice of either sex were bred to homozygocity 

and wild type littermates were used as controls (Fig. 4.1C).   



 
 

100 

Figure 4.1. Generation of a constitutively phosphorylated NF-M protein. (A) Murine NF-M 
C-terminus domain. The conserved “KLLEGEE” (in bold) sequence marked the end of the rod 
domain in all three neurofilament subunits. All the KSP, KXSP, KXXSP and the variant KSD 
were highlighted in bold, uppercase letters. Murine NF-M NCBI accession number NP_032717. 
(B) Construction of the NF-MSàE allele in which the serine residues of the highly conserved KSP 
repeats were substituted with glutamate residues. The three filled boxes indicated the three NF-M 
exons separated by two introns. ATG indicated the translation initiation codon. Dotted lines 
identified regions where homologous recombination could occur between the targeting vector 
and the endogenous gene. (C) Mouse genomic DNA was screened for targeting of the NF-MSàE 

allele using three primers for genotyping. Left, schematic of the NF-M endogenous and NF-
MSàE alleles identified approximate locations for primer annealing sites and predicted sizes of 
amplified regions. Right, PCR amplification of genomic DNA from mouse-tail biopsies with 
both the endogenous and targeted alleles identified. 
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Nerve conduction velocity measurements.  

Nerve conduction velocities were measured in the sciatic nerve, interossseus muscle 

system of 6-month-old as previously described (Jolivalt et al., 2009). In brief, mice were 

anesthetized with halothane (4% in O2 for induction, 2-3% for maintenance) with body 

temperature maintained at 37 °C by a heating lamp and thermal pad connected to a 

temperature regulator and a rectal thermistor probe. The sciatic nerve was stimulated with 

single supramaximal square wave pulses (4-8 V and 0.05 ms duration) via fine needle 

electrodes placed at the sciatic notch and Achilles tendon. Evoked early (M waves) and 

late (H waves) responses were recorded from the interossseus muscles of the ipsilateral 

foot via two fine needle electrodes and displayed on a digital storage oscilloscope. The 

distance between the two sites of stimulation was measured using calipers, and motor 

sciatic nerve conduction velocity was calculated using the M wave response and sensory 

sciatic nerve conduction velocity using the H wave response as previously described 

(Jolivalt et al., 2009). Measurements were made in triplicate from a minimum of six 

animals per genotype, and the median was used as the measure of velocity. Values were 

compared for overall statistical significance by a Student’s t-test (InSat, GraphPad 

Software, la Jolla, CA, USA). 

 

Tissue preparation for axon morphometry.  

Mice were euthanized and perfused transcardially with a fixative solution of 2.5% 

glutaraldehyde, 4% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.2, and post-fixed 

overnight in the same buffer.  Fifth lumbar nerve roots were dissected, treated with 2% 

osmium tetroxide, washed, dehydrated, and embedded in Epon-Araldite resin. Thick sections 
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(0.75 µm) for light microscopy were stained with ρ-phenylenediamine. Images of transverse 

sections of L5 motor axons were collected with a Zeiss Axio Imager A1 light microscope 

(Carl Zeiss MicroImaging GmbH, Jena, Germany) and analyzed in at least five mice per 

genotype and age group. Entire roots were imaged, imaging thresholds were selected 

individually, and the cross-sectional area of each axon was calculated and reported as a 

diameter of a circle of equivalent area using the AxioVision Digital Image Processing 

Software (Carl Zeiss MicroImaging). The total number of axons was analyzed for statistical 

significance by a two-way ANOVA (SigmaPlot, Systat Software, Inc.). Axonal diameters 

were grouped into 0.5 µm bins. Diameter distributions for 2-month-old motor axons were 

analyzed for overall statistical significance by a Mann-Whitney U test. Diameter distributions 

for 6-month-old motor and 2 and 6-month-old sensory axons were analyzed for statistical 

significance by a two-way ANOVA. G-ratios were calculated by measuring the axonal 

diameter and fiber diameter of individual axons for at least 10% of all axons per motor root 

using AxioVision Digital Image Processing Software (Carl Zeiss Micro imaging). G-ratios 

were analyzed for statistical significance by a Student’s t-test (SigmaPlot, Systat Software, 

Inc.). 

 

Balance beam.  

Mice were trained 5 days to walk on three progressively smaller circular wooden beams 

(5, 2.5 and 1cm diameter) 120 cm in length, suspended 50 cm from a bedding surface. 

During training, mice walked on each of the three beams for 3 minutes with at least 20 

minutes of rest. After training, experiments were performed on the smallest beam, which 

was marked in 5 cm increments. Mice walking on the beam were recorded using a digital 
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camera for three trials per day for three consecutive days (9 total trials) with at least 20 

minutes of rest between trials. Trials were recorded from two camera angles, parallel to 

the beam (6 trials) and perpendicular to the beam (3 trials). The number of falls, number 

of foot slips, total time walking, and the latency to fall within the 3-minute trials were 

scored from all 9 trials recorded. A fall was considered any event when the mouse fell off 

the beam, hanging under the beam was not considered a fall. Foot slips were events when 

the hind limbs of the mouse slipped off the surface of the beam. The total amount of time 

spent walking was measured from the beginning of a walking event to the end of that 

walking event. The total time walking per trial was calculated by adding the time of all 

individual walking events within a trial and it was used to normalize the number of falls 

and foot slips. Falling latency was calculated by measuring the time the mouse spent 

walking before each fall, therefore only mice that fell were included in this measurement. 

Average distance walked was calculated from the three perpendicular angle videos by 

using the 5 cm increment marks. To calculate the average walking speed, the time spent 

walking in the three perpendicular angle videos was also measured and together with the 

average distance walked was used to calculate the average velocity. The reported average 

time walked was also measured only from the three perpendicular angle videos. Averages 

of all observations were calculated for each genotype and analyzed for statistical 

significance by a Student’s t-test.  

 

Thermal algesia response latency.  

Latency response to noxious heat stimulus was measured as previously described (Calcutt, 

2004). In brief, mice were placed on the warmed glass top surface of the testing apparatus 
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and allowed to acclimate for 30 min. A mobile heating source was placed under the center of 

the hind paws and turned on. Turning on the heating source activated a timer and the heating 

source that locally heated the glass surface. When the animal responded to the stimulus by 

withdrawing its paw, movement sensors stopped the timer and the heating source. The time 

to response was recorded. Four measurements were taken for each paw with at least 5 min of 

rest between measurements. Both hind paws were tested and the average response time of 

both paws was used to calculate an average response for each mouse. Average response time 

across genotypes was analyzed for statistical significance by a Student’s t-test. 

 

Tactile algesia response threshold.  

Threshold response to tactile algesia was measured with a Dynamic Plantar Aesthesiometer 

(DPA) model # 37450 (Ugo Basile, Italy). Mice were set on a wire-mesh platform and 

allowed to habituate for at least 15 min. After habituation, the DPA monitored paw 

withdrawal thresholds of the hind and front paws. A metal filament was pushed against the 

hind and front paws with an ascending linear force (10 g/s and 2 g/s, respectively) until a 

strong, immediate withdrawal occurred. Measurements were taken in triplicate and averages 

were reported as paw withdrawal thresholds in grams. Averages for each paw were analyzed 

for statistical significance by a Student’s t-test. 
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4.4. Results. 

Neurofilament heavy and medium subunits remained phosphorylated through 

remyelination.  

Injection of ethidium bromide (EtBr) into sciatic nerves of wild type mice induced 

demyelination, and subsequent remyelination resulted in a 75% reduction in internode 

length at 30 days post injection (Fig 4.2). We utilized EtBr injections to analyze NF 

protein and phosphorylation levels at 7, 14 and 30 days post-EtBr injections. Sciatic 

nerve protein homogenates were resolved on 4% - 12% gradient SDS-PAGE gels. Myelin 

basic protein (MBP) levels were analyzed as a measure of myelination in control (C), 

saline injected (S) and EtBr injected (I) sciatic nerves (Fig. 1A and 1B). No differences 

were apparent between C and S controls (Fig. 4.3A).  Immunoblotts followed by relative 

optical density (ROD) analysis revealed reduced MBP levels beginning at day 7 and 

continuing throughout the time course (p < 0.001 at 7 and 14 days) with MBP levels 

beginning to recover by day 30 (p = 0.005) (Fig. 4.3B). Immunoblot and ROD analysis of 

neurofilament levels suggested an early decrease in all subunits (p < 0.001 for NF-L, p = 

0.015 for NF-M, and p = 0.004 for NF-H)  (Fig. 4.3C, 4.3D and 4.3F). Neurofilament 

light (NF-L) ( p < 0.001) and medium (NF-M) ( p < 0.043) remained reduced 14 days 

post-injection while neurofilament heavy (NF-H) recovered to pre-injection levels. By 30 

days, NF-L and NF-M levels recovered to pre-injection levels, and NF-H levels were 

once again decreased (p = 0.008). Analysis of NF-H and NF-M phosphorylation levels 

suggested that the phosphorylation status of both subunits was unaltered during 

remyelination (Fig. 4.3E and 4.3G).  
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Figure 4.2. Ethidium Bromide demyelination results in 
drastically reduced internode length. (A and B) Sudan 
black stained teased fibers of control (A) and injected (B) 
sciatic nerve fibers at 30 days post-injection. Black arrows 
point to the approximate location of nodes of Ranvier. (C) 
Quantification of internode length revealed a significant 
decrease of ~75% in internode length following 
remyelination. Internode length measurements were 
analyzed for statistical significance by a one-way nested 
ANOVA. Error bars = SEM. N = 5. Black arrow = Node of 
Ranvier. Scale bars = 100µm. 
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Figure 4.3. Neurofilament phosphorylation levels were maintained during 
remyelination. (A) Sciatic nerve protein extract from 7, 14, and 30 days post ethidium 
bromide (EtBr) injections were resolved on 4% - 12% gradient SDS-PAGE gels and 
stained with Coomassie blue. RODs suggested decreases in myelin basic protein (MBP) 
at 7 and 14 days post-injection that slightly recovered by 30 days post-injection (B). 
Total NF-L (C) and NF-M (D) levels were decreased 7 and 14 days post-injection 
recovering to control levels by 30 days. Total NF-H was decreased 7 and 30 days post-
injection (F). Phosphorylated NF-M (E) and NF-H (G) levels were not different at any 
time point. ROD analyses were analyzed for statistical significance by a two-way 
ANOVA followed by Holm Sidak post-hoc test.  Internode length measurements were 
analyzed for statistical significance by a one-way nested ANOVA. Error bars = SEM. N 
= 5. C, uninjected control. S, saline injected control. I, ethidium bromide injected. Black 
arrow = Node of Ranvier. Scale bars = 100µm. 
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Preventing NF-M KSP repeat phosphorylation increased internode length following 

remyelination.  

Internode length positively correlates with axonal diameter (Key and Retzius, 

1875), and we have previously reported that axonal diameter is determined by the length 

of NF-M C-terminus (Barry et al., 2012). We, therefore, focused our analysis on NF-M 

for the remainder of the study. NF-M phosphorylation occurs upon formation of compact 

myelin (de Waegh et al., 1992; Yin et al., 1998). Thus, Schwann cell elongation during 

myelination occurs when NF-M KSP repeats are not fully phosphorylated (de Waegh et 

al., 1992; Yin et al., 1998). To determine if NF-M KSP phosphorylation could influence 

Schwann cell elongation, we analyzed internode length following remyelination in a 

mouse model in which NF-M C-terminus cannot be phosphorylated (referred to as NF-

M∆Tail) (Garcia et al., 2003; Rao et al., 2003). Axons were teased from sciatic nerve of 

uninjected wild type and NF-M∆Tail mice (Fig. 4.4A) at 30 days post-injection of EtBr 

(Fig. 4.4B). Remyelination resulted in reduced internode length from both wild type (p < 

0.001) and NF-MΔTail (p < 0.001) mice relative to their uninjected controls. However, 

remyelination in NF-MΔTail mice resulted in internode lengths that were significantly (p = 

0.039)  longer (30%) than those of remyelinated wild type nerves (Fig. 4.4C). Analysis of 

Schwann cell number needed to myelinate a 1 cm axonal segment showed that after 

remyelination both wild type (p < 0.001) and NF-MΔTail (p < 0.001) nerves required 

significantly more Schwann cells/cm relative to uninjured controls (Fig. 4.4D). 

Supportive of longer internodes NF-MΔTail remyelinated nerves required ~20% (p = 

0.003) fewer Schwann cells/cm than wild type remyelinated nerves (~ 44 Schwann 

cells/cm vs. 54 Schwann cells/cm, respectively) (Fig. 4.4D). Taken together these data 
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suggest that preventing NF-M KSP phosphorylation enhanced Schwann cell elongation 

during remyelination resulting in increased internode lengths.  
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Figure 4.4. Preventing NF-M KSP phosphorylation increased internode length after 
remyelination. (A) Thirty days post-injection revealed no apparent difference in 
internode length between uninjected wild type (top) and NF-MΔTail controls (bottom). (B) 
Thirty days post-injection  internode length was reduced in both wild type (top) and NF-
MΔTail mice (bottom) relative to uninjected controls. (C) Quantification of internode 
length revealed the expected decrease in internode length between control and injected 
nerves at 30 days post-injection. However, internode length was ~ 30% longer in NF-
MΔTail nerves. (D) The number of Schwann cell required to myelinate a 1cm long axon 
segment was increased in both injected wild type and NF-MΔTail nerves. Consistent with 
longer internode length injected NF-MΔTail nerves required ~20% fewer Schwann cells to 
myelinate the same axonal length. Averages per group were obtained and analyzed for 
statistical significance by a two-way ANOVA followed by a Holm Sidak post-hoc 
analysis. Error bars = SEM. N ≥ 4. Black arrow = node of Raniver. Scale bar = 100µm. 
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Expressing NF-MSàE  did not alter the electrophoretic mobility of NF-M or 

neurofilament subunit stoichiometry in sciatic nerve.  

To further test our hypothesis that NF-M KSP phosphorylation influences 

internode length, we generated a new line of genetically modified mice expressing NF-M 

in which all 7 KSP serine residues were replaced with glutamate (SàE) to mimic 

constitutive KSP phosphorylation (NF-MSàE). Analysis of phospho-KSP-incompetent 

NF-M (referred to as NF-MSàA) mice revealed that preventing phosphorylation of NF-M 

KSP repeats increased the mobility of NF-MSàA  relative to wild type NF-M (Garcia et 

al., 2009). Upon SDS-PAGE fractionation, coomassie blue staining revealed that NF-

MSàE migrated at the same apparent molecular weight as wild type NF-M in tissue take 

from mice at 2 (Fig. 4.5A) and 6 months (Fig. 4.5D) of age. Immunoblotting with an 

antibody specific to the KE region (Harris et al., 1991) of NF-M C-terminus confirmed 

the identical electrophoretic mobilities of the wild type and NF-MSàE proteins. ROD 

analysis of immunoblotting with subunit specific antibodies suggested similar levels of 

all neurofilament subunit proteins at 2 (Fig. 4.5B and 4.5C) and 6 months (Fig. 4.5E and 

4.5F). No statistical differences were found in subunit expression at either time point 

following statistical analysis of RODs by one-way ANOVA followed by a Holm-Sidak 

post hoc analysis for pair wise comparisons. 

 

Expressing NF-MSàE increased NF-H phosphorylation in young mice but not in 

older mice.  
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Preventing NF-M phosphorylation by C-terminal truncation (Garcia et al., 2003) 

or replacing KSP serine residues with alanines (Garcia et al., 2009) resulted in a 

compensatory increase in NF-H phosphorylation. To determine if mimicking constitutive 

phosphorylation of NF-M alters phosphorylation status of NF-H, a monoclonal antibody 

that detected phosphorylated NF epitopes was used to measure NF phosphorylation (Fig. 

4.5G and 4.5I). SMI-31 reacted with phosphorylated NF-H at 2 (Fig. 4.5G) and 6 months 

(Fig. 4.5I) of age. At 2 months, ROD analysis suggested a significant (p < 0.05) increase 

in phosphorylation levels of NF-H in NF-MSàE/SàE mice compared to wild type (Fig. 

4.5H). However, by 6 months, NF-H phosphorylation levels were similar in NF-MSàE/SàE 

and NF-Mwt/wt (Fig. 4.5J).  These data suggested that expressing NF-MSàE did not result 

in overall compensatory increases in NF-H phosphorylation in older mice. Statistical 

analyses were done by one-way ANOVA followed by a Holm-Sidak post hoc analysis for 

pairwise comparisons.  
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Figure 4.5. Expressing NF-MSàE reduced phosphorylation dependent detection of 
NF-M in young mice. (A and D) Sciatic nerve protein extract from 2 and 6-month-old 
NF-Mwt/wt, NF-Mwt/SàE, and NF-MSàE/SàE mice were resolved on a 7.5% SDS-
polyacrylamide gel and stained with Coomassie Blue. NF-M mobility was not affected by 
expression of NF-MSàE in the sciatic nerve. (B and E) Sciatic nerve extracts from 2 and 
6-month-old mice were immunoblotted with antibodies that recognize NF-L (CPCA-NF-
L), NF-M (CPCA-NF-M), and NF-H (CPCA-NF-H). Immunoblotts confirmed that NF-
MSàE mobility was unaffected. (C and F) Relative optical densities (RODs) of 
immunoblotts suggested that neurofilament subunit stoichiometry was not altered in NF-
MSàE/SàE or NF-MSàE/wt mice relative to wild type. (G and I) Sciatic nerve extracts from 
2 and 6 month-old mice were immunoblotted with an antibody that detects NF-H and NF-
M in a phospho-dependent manner (SMI-31). (H and J) RODs suggested that the 
phospho-dependent antibody SMI-31 detected a significant increase in NF-H in NF-
MSàE/SàE mice and a significant decrease in NF-M in NF-MSàE/wt at 2 months compared 
to NF-Mwt/wt mice (H). No alteration in NF-H or NF-M detection at 6 months was 
observed (J). ROD’s were analyzed by one-way ANOVA. *, p < 0.05. Error bars = SEM. 
N= 3. 
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Motor, but not sensory, nerve conduction velocity was reduced in NF-MSàE/SàE mice. 

We measured motor and sensory nerve conduction velocity (NCV) in 6-month-

old NF-MSàE/SàE and NF-Mwt/wt mice (Fig. 4.6A and 4.6B).  Motor NCV was ~27% 

reduced in NF-MSàE/SàE mice relative to NF-Mwt/wt littermate controls (p = 0.0123, 

student’s T-test) (Fig. 4.6A). Sensory NCV was unaffected (Fig. 4.6B).  
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Figure 4.6. Motor, but not sensory, nerve conduction velocity was 
significantly reduced in NF-MSàE mice.  Motor and sensory nerve 
conduction velocity (NCV) was measured from sciatic nerve in 6-month-old 
NF-Mwt/wt and NF-MSàE/SàE mice. NCV analysis revealed a ~27% decrease in 
motor NCV in NF-MSàE/SàE mice (A). (B) Sensory NCV conduction velocity 
was indistinguishable between NF-MSàE/SàE and NF-Mwt/wt controls. Nerve 
conduction velocities were analyzed by Student’s t-test. *, p < 0.05. Error bars 
= SEM. N= 6. 
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Alterations in axonal diameter of motor but not sensory axons in mice expressing 

NF-MSàE.   

Three structural properties together determine the speed of neuronal conduction: 

axonal diameter, myelin thickness and internode length. To determine if mimicking 

phosphorylation of NF-M affected axon survival or growth, cross sections of the L5 

motor (Fig. 4.7) and sensory (Fig. 4.6) root were taken from 2 and 6 month old NF-

MSàE/SàE and NF-Mwt/wt mice. There were no apparent differences in gross morphology 

(Fig. 4.7A and 4.8A) or axon number (Fig. 4.7B and 4.8B) at either time point for motor 

or sensory axons.  

Cross-sectional areas were measured for all motor and sensory axons at both time 

points, and corresponding diameters were calculated. At 2 months, there was a 0.5µm 

increase in the peak axonal diameter of large diameter (> 4 µm) motor axons in NF-

MSàE/SàE compared to NF-Mwt/wt littermate controls (Fig. 4.7C). However, by 6 months, 

the diameters of all large diameter motor axons were indistinguishable between NF-

MSàE/SàE and NF-Mwt/wt mice (Fig. 4.7D). Small diameter motor axons (< 4µm) were 

similar at 2 months (Fig. 4.7C). However, at 6 months, the peak diameter for small 

diameter motor axons was 0.5 µm smaller in NF-MSàE/SàE compared to NF-Mwt/wt (Fig. 

4.7D). Axonal diameters of sensory axons were unaffected at 2 (Fig. 4.8C) or 6-months 

(Fig. 4.8D). Taken together these results suggested that alterations in axonal diameter 

were not the cause of reduced motor NCV in 6-month-old NF-MSàE/SàE mice.   
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Figure 4.7. Expressing NF-MSàE altered motor axon diameter without affecting 
survival. (A) Cross sections of the fifth lumbar motor (ventral) root (L5) from wild type 
and NF-MSàE/SàE mice at 2 and 6 months. Scale bar, 10 µm. (B) Motor axon number was 
unaltered at 2 and 6 months in wild type and NF-MSàE/SàE mice. (C and D) Axon 
diameter distribution from NF-Mwt/wt and NF-MSàE/SàE mice at 2 and 6 months. Initially, 
NF-MSàE/SàE mice had a 0.5µm increase in radial growth in large diameter motor axons 
(C). By 6 months, diameter distributions of large motor axons are indistinguishable 
between NF-MSàE/SàE and NF-Mwt/wt mice (D). However, there was a 0.5µm decrease in 
the diameter of small motor axons in NF-MSàE/SàE mice. Vertical lines in C and D 
identify peak diameters for small and large motor axons. N=6. Error bars = SEM. Axon 
counts were averaged from 5 animals per genotype per time point and analyzed for 
statistical significance by a two-way ANOVA. 
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Figure 4.8. Expressing NF-MSàE did not affect sensory axons. (A) Cross-sections of 
the fifth lumbar sensory root from NF-Mwt/wt and NF-MSàE/SàE mice at 2 and 6 months. 
Scale bar, 10 µm. (B) Sensory axon number was unaltered at 2 and 6 months in wild type 
and NF-MSàE/SàE mice. . (C and D) Axon diameter distribution from NF-Mwt/wt and NF-
MSàE/SàE mice at 2 (C) and 6 (D) months. Peak diameters at both 2 (C) and 6 (D) were 
indistinguishable between NF-MSàE/SàE and NF-Mwt/wt. Vertical lines in C and C identify 
peak diameters for sensory axons. Error bars = SEM. Axon counts were averaged from 5 
animals per genotype per time point and analyzed for statistical significance by a two-
way ANOVA.  
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Myelin thickness was unaltered in NF-MSàE/SàE mice. 

We next analyzed the ratio of axon diameter to fiber diameter (g-ratio) to 

determine if reduced motor NCV in NF-MSàE/SàE mice was due to alterations in myelin 

thickness (Fig. 4.9A). Ten percent of the total axons were randomly selected for g-ratio 

calculations. At both 2 and 6 months, g-ratios of small (Fig. 4.9B) and large (Fig. 4.9C) 

motor axons were similar between NF-MSàE/SàE and NF-Mwt/wt. NF-MSàE/SàE sensory 

axon g-ratios were also indistinguishable from NF-Mwt/wt at 2 and 6 months (Fig. 4.9D). 

G-ratios were analyzed for statistical significance by Student’s t-test, and no significant 

differences were found. These results suggested that decreased motor NCV of NF-

MSàE/SàE mice also cannot be explained by alterations in myelin thickness.  
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Figure 4.9. Myelin thickness was not affected in NF-MSàE mice. (A) Schematic of 
measurements used to calculate g-ratios (g-ratio: axon diameter/fiber diameter) from 10% 
of large motor, small motor axons and sensory. (B, C and D) Analysis of axon diameter 
and myelin thickness suggested that g-ratio was unaltered in small motor (C), large motor 
(D), or sensory (E) L5 root axons. Results were analyzed for statistical significance with a 
Student’s t-test. Error bars = SEM. N = 12. 
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Internode length of motor axons was reduced in NF-MSàE/SàE mice.  

Having eliminated alterations in axonal diameter and myelin thickness as 

potential explanations for reduced motor NCV, we analyzed the third structural property, 

internode length. Internode length was measured in teased fibers of the L5 motor (Fig. 

4.10A) and sensory (Fig. 4.10B) roots. Internode length was significantly reduced in 

motor (Fig. 4.10C) but not sensory (Fig. 4.10D) axons in 6-month-old NF-MSàE/SàE mice. 

Average internode length of motor axons was 927 ± 26 µm and 778 ± 45 µm for NF-

Mwt/wt and NF-MSàE/SàE mice, respectively (Fig. 4.10C). Average internode length of 

sensory axons was 831±34 µm for NF-Mwt/wt and 851±16 for NF-MSàE/SàE, respectively 

(Fig. 4.10D). Internode lengths were analyzed for statistical significance by Student’s t-

test. These results indicate that expressing NF-MSàE resulted in a 16% decrease in motor 

axon internode length, which may contribute to reduced motor NCV and that these 

effects were specific to motor axons.  
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Figure 4.10. Internode length was decreased in L5 motor axons in NF-MSàE/SàE 
mice. (A and B) Individual axons were teased from the L5 motor (A) and sensory (B) 
roots from 6-month-old NF-Mwt/wt and NF-MSàE/SàE mice. Arrowheads identified the 
location of nodes of Ranvier. (A and B) Gross morphology of the nodes of Ranvier in L5 
motor (A) and sensory (B) axons does not appear to be altered in NF-MSàE/SàE mice 
compared to wild type controls. (C and D) ~ 5 internodes per axon from ~ 100 axons 
were analyzed for motor and ~ 4 internodes per axon from ~ 40 axons for sensory nerves 
were measured and analyzed from NF-MSàE/SàE and NF-Mwt/wt mice. Analysis of teased 
fibers suggested that average internode length was significantly reduced in motor (C) but 
not sensory (D) axons of NF-MSàE/SàE mice. Internode lengths were averaged and 
analyzed for statistical significance using a one-way nested ANOVA. *, p < 0.05. Error 
bars = SEM. N = 3. 
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Expressing NF-MSàE/SàE reduced internode length early in Schwann cell elongation. 

During development, two phases of Schwann cell elongation establish and 

maintain internode length. The first phase occurs with normal developmental myelination 

(Webster, 1971), and the second phase occurs during growth (Jacobs, 1988). To 

determine which phase was altered by expressing NF-MSàE/SàE, we measured internode 

length over a time course (Fig. 4.11). Internode length was significantly reduced at 15 

days (Fig. 4.11A), 1 month (Fig. 4.11B) and 6 months (Fig. 4.11C). Average internode 

lengths at 15 days were 475 ± 27µm and 382 ± 12µm for wild type and NF-MSàE/SàE, 

respectively, which is approximately 20% reduced in NF-MSàE mice. At 1 month, 

average internode lengths were approximately 16% reduced in NF-MSàE mice (708 ± 25 

µm and 598 ± 16 µm for wild type and NF-MSàE mice, respectively), which is similar to 

the reduction measured at 6 months. These results suggested that NF-MSàE reduced 

internode length during the early phase of Schwann cell elongation and that it was 

maintained through the subsequent phase. 
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Figure 4.11. Expressing NF-MSàE altered both phases of Schwan cell elongation. 
(A, B and C) Time course analysis of L5 motor axon internode length in NF-MSàE/SàE 
mice at 15 days, 1 month and 6 months post birth. (A, B) ~ 200 internodes from varying 
number of L5 motor axons were measured from each animal at 15 days and 1-month 
postnatal. (C) L5 motor root teased fibers at 6-months as described in Fig. legend 9. 
Analysis of teased fibers suggested that average internode length was reduced at 15 
days (A), 1 month (B) and 6 months (C). Average internode length was reduced by 
~20%, ~16% and ~16% at 15 days, 1 month and 6 months, respectively. Internode 
lengths were averaged and analyzed for statistical significance using one-way nested 
ANOVA. *, p <0.05. Error bars = SEM. N = 3 and 4 for NF-Mwt/wt and NF-MSàE/SàE at 
15 days, respectively. N = 5 for both NF-Mwt/wt and NF-MSàE/SàE at 1 month. 
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Motor coordination is reduced in NF-MSàE/SàE mice. 

 Decreased internode lengths and motor nerve conduction velocities are associated 

with deficits in motor coordination (Court et al., 2004; Wu et al., 2012). Motor 

coordination was, therefore, analyzed on the balance beam, which has been shown to 

provide a sensitive assessment of motor coordination in mice (Stanley et al., 2005). 

Relative to age matched controls NF-MSàE/SàE mice had a significantly higher rate of 

falls (Fig. 4.12A) (p = 0.0142) and foot slips (Fig. 4.12B) (p = 0.045). Moreover, NF-

MSàE/SàE walked for a shorter period of time (not significant) (Fig. 4.12C) and a 

significantly shorter distance (Fig. 4.12D) (p = 0.044). However, the walking speed (Fig. 

4.12E) and latency to fall (Fig. 4.12F) was similar in NF-MSàE/SàE and NF-Mwt/wt 

controls. All measurements were analyzed for statistical significance by a Student’s t-test. 

These results indicate that NF-MSàE/SàE mice have impaired motor coordination by 2 

months of age.  

 

Sensitivity to noxious heat stimulation and tactile stimulation were not altered in 

NF-MSàE/SàE mice. 

 Schwann cell elongation was significantly reduced in motor but not sensory axons. 

To determine if expressing NF-MSàE altered sensory function, we measured response 

latency to thermal stimulus and response threshold to mechanical stimulus. Response to 

thermal stimulation was unaltered in NF-MSàE/SàE mice relative to age-matched controls 

(Fig. 4.12G). Moreover, the response threshold to mechanical stimulus was also unaltered 

in NF-MSàE/SàE mice (Fig. 4.12H). All measurements were analyzed for statistical 

significance by a Student’s t-test. Taken together these results suggested that expressing 
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NF-MSàE did not alter sensory nerve function, which was consistent with our result of 

unaltered sensory nerve morphology.  
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Figure 4.12. Motor coordination, but not sensory nerve function was reduced in NF-
MSàE/SàE mice. (A, B, C, D, E and F) Analysis of mouse performance on a balance beam 
at 2 months of age. NF-MSàE/SàE mice had a significantly higher rate of falls (A) and foot 
slips (B) compared to wild type controls. In average, NF-MSàE/SàE mice spent less time 
walking (C) and walked for a significantly shorter distance (D) than wild type controls. 
The time walking (C), walking speed (E) and the latency to fall (F) were not different in 
NF-MSàE/SàE compared to NF-Mwt/wt. All observations were averaged for each genotype 
and analyzed for statistical significance by Student’s t-test. *, p < 0.05. Error bars = 
SEM. N ≥ 13. (G) There was no difference in response to heat stimulus in the hind paws 
of NF-MSàE/SàE mice and wild type. (H) Additionally, no difference was detected in 
response threshold to mechanical stimulus in front or hind paws of NF-MSàE/SàE mice 
compared to wild type controls. Response to noxious heat (G) was averaged for each 
genotype by combining both hind paws measurements and analyzed for statistical 
significance by a Student’s t-test. (n = 8). Response threshold to mechanical stimulus (H) 
was averaged for each individual paw and analyzed for statistical significance by 
Student’s t-test. (n = 8). Error bars = SEM. 
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4.5. Discussion.  

During developmental myelination, myelin thickness, internode length and axon 

diameter are all established cooperatively between Schwann cells and motor neurons. 

Moreover, during myelination, Lysine-Serine-Proline (KSP) repeats located within the C-

termini of NF-M and NF-H become phosphorylated (de Waegh et al., 1992; Julien and 

Mushynski, 1983; Yin et al., 1998). While it has been known that myelination influences 

NF phosphorylation (de Waegh et al., 1992; Hsieh et al., 1994), the role for NF KSP 

phosphorylation is unclear (Garcia et al., 2009). Our results demonstrate, for the first time, 

that phosphorylation of NF-M KSP repeats is part of a mechanism that establishes the 

positive correlation between internode length and axon diameter, which was first 

observed over 140 years ago (Key and Retzius, 1875). We hypothesize that cooperatively 

establishing internode length during myelination involves interactions between neurons 

and elongating Schwann cells in a similar manner to defining edges during embryo 

development, which involves communication from cells on both sides of the developing 

border (Batlle and Wilkinson, 2012). Our results suggest that myelin-dependent 

phosphorylation of NF-M KSP repeats is a key step in defining boundaries between 

internodes and nodes of Ranvier.   

 Our results also provide a molecular basis for an empirical observation that was 

first made over 70 years ago (Vizoso and Young, 1948; Weiss and Hiscoe, 1948). The 

positive correlation between internode length and axon diameter is lost following 

remyelination since remyelinated internodes are uniformly short regardless of axon 

diameter (Gledhill et al., 1973; Vizoso and Young, 1948; Weiss and Hiscoe, 1948). Our 

data show that neurofilament phosphorylation is maintained after demyelination and 
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throughout remyelination, which correlates with reduced internode length. Similarly, 

constitutive expression of the phosphomimetic NF-MSàE results in reduced internode 

length following developmental myelination. Both scenarios present cases where the 

spatial-temporal dynamics of adding negative charge to NF-M C-terminal KSP repeats is 

independent of myelination. Our results demonstrate that altering these dynamics restricts 

Schwann cell elongation reducing internode length, which provides the first mechanistic 

insights into reduced internode length following remyelination. 

NF-M C-terminus establishes motor axon diameter (Barry et al., 2012; Garcia et 

al., 2003). The prevailing hypothesis was that myelin dependent phosphorylation of NF-

M KSP repeats established axon diameter (de Waegh et al., 1992; Garcia et al., 2003; Yin 

et al., 1998). However, preventing NF-M KSP phosphorylation (NF-MSàA mice) had no 

effect on axon diameter (Garcia et al., 2009) making the role of NF-M phosphorylation 

unclear. Our results provide a clear function for NF-M KSP phosphorylation, establishing 

internode length. Moreover, our results shed light on the dependency of NF-M 

phosphorylation on myelination (de Waegh et al., 1992). Premature phosphorylation 

results in short internodes, which alters nerve function by reducing the rate of impulse 

propagation along an axon (Brill et al., 1977; Court et al., 2004). Linking NF-M KSP 

phosphorylation with myelination allows for development of optimal internode length 

with clear demarcation between myelinated internodes and developing nodes of Ranvier. 

Interestingly, this role for NF-M phosphorylation is limited to motor axons.    Expressing 

NF-MSàE had no effect on sensory axon structure or function. In fact, altering NF 

proteins primarily affects motor axons (Rao et al., 2003; Rao et al., 2002b) suggesting 

that motor and sensory axon development depend on different molecular mechanisms. 
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Further analyses are required to investigate the disparity between motor and sensory axon 

development.   

Lastly, our results provide a potential target for the development of therapies 

designed to enhance recovery from demyelinating diseases or from nerve injuries. 

Complete recovery from demyelination must include recovery of full-length internodes. 

Our results suggest that targeting neurofilament phosphorylation will enhance Schwann 

cell elongation during remyelination resulting in significantly longer internodes. Protein 

phosphatase 1 (Strack et al., 1997) and protein phosphatase 2A (Saito et al., 1995; Strack 

et al., 1997) have been co-purified with neurofilament proteins. Developing strategies for 

local delivery of small molecules that activate PP1 or PP2A could reduce neurofilament 

phosphorylation levels in demyelinated axonal segments allowing for more efficient 

Schwann cell elongation and longer internodes following remyelination.        
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CHAPTER 5 
 
 

DISCUSSION 
 

Vertebrate animal survival depends on their ability to respond and adapt to the 

surrounding environment, which requires an optimally functioning nervous system. The 

PNS function is to transmit signals to and from the periphery of the organism, which 

sometimes can be meters in length. Therefore, rapid PNS signaling is imperative for 

animals to respond quickly to their environment. While the main determinant of nerve 

conduction velocity is axonal diameter, myelination helps to maximize conduction speed 

(Waxman, 1980). Myelination, by Schwann cells in the PNS, leads to the formation of 

concentric layers of Schwann cell plasma membrane around the axon, known as compact 

myelin (Bhat, 2003; Bunge et al., 1989). The thickness of compact myelin is optimized 

for maximal conduction velocity (Waxman, 1980) by preventing loss of charge and 

decreasing capacitance across the axonal membrane (Huxley and Stampfli, 1949; Koles 

and Rasminski, 1972; Rasminski and Sears, 1972). During myelination, Schwann cells 

elongate along the axon, form the compact myelin layer, induce the clustering of Nav
+ 

channels to form the nodes of Ranvier, and also establish optimal internodal length, all of 

which maximize conduction velocity (Brill et al., 1977; Huxley and Stampfli, 1949; 

Moore et al., 1978; Waxman, 1980). Formation of compact myelin also induces axonal 

radial growth to establish axonal diameter (de Waegh et al., 1992; Hsieh et al., 1994; Yin 

et al., 1998), which is dependent upon neurofilament proteins (Eyer and Peterson, 1994; 

Ohara et al., 1993; Zhu et al., 1997). All three axonal structures, myelin thickness, 

internodal length, and axonal diameter are optimized for maximal speed of electrical 

impulses and alterations to any of these structures compromise nerve conduction velocity 
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(Barry et al., 2012; Brill et al., 1977; Court et al., 2004; Garcia et al., 2003; Waxman, 

1980).  

Charcot-Marie-Tooth is the most common inherited disease of the peripheral 

nervous system and it is grouped into main types (CMT1-4) and X-linked depending on 

the specific genetic defects (Fridman et al., 2015; Szigeti and Lupski, 2009). To date, 

over 60 genes have been identified to cause a type of CMT (Bouhy and Timmerman, 

2013). Despite the genetic variability of the disease, CMT patients present with very 

similar clinical phenotypes (Fridman et al., 2015). Typical CMT clinical presentations are 

reduced nerve conduction velocity, muscle wasting and atrophy, loss of sensation, and 

altered joint positioning sense (Fridman et al., 2015; Pareyson et al., 2006). Currently it is 

unclear as to how different types of CMT lead to similar clinical manifestations. 

Moreover, CMT patients can experience exacerbation of neuropathy (Weimer and 

Podwall, 2006). Patients who were treated with non-toxic doses of prescribed drugs for 

the treatment of another underlying medical condition developed worsening of CMT 

symptoms (Chaudhry et al., 2003; Hildebrand et al., 2000; Martino et al., 2005; Weimer 

and Podwall, 2006). Discontinuing drug administration in these cases is the only way of 

preventing the disease from worsening even further (Weimer and Podwall, 2006). The 

mechanisms of neuropathy exacerbation are poorly understood and understudied and thus 

no treatment is available to prevent or reverse the effects of disease exacerbation.   

Nerve damage due to disease, toxicity, or injury, typically leads to loss of myelin, 

or loss of both myelin and axons. Recovery from such injuries requires axon regeneration 

and myelination. Following recovery, both axon diameter and myelin sheath thickness 

increase back to pre-injury values (Devor and Govrin-Lippmann, 1979; Fricker et al., 
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2013; Hoffman et al., 1984). However, internode length does not recover back to pre-

injury values and compromises nerve function (Hildebrand et al., 1987; Sanders and 

Whitteridge, 1946; Vizoso and Young, 1948). Currently, it is not known why internode 

length does not recover after nerve injury.  

Through the development of genetically modified mice significant insights have 

been made that help understand the pathogenesis of CMT neuropathy. My work provides 

further evidence to suggest that CMT2E neuropathy initiates within the proprioceptive 

sensory systems before affecting sensorimotor systems. These results allowed us to 

provide a unifying hypothesis to explain why CMT patients present with very similar 

clinical sings regardless of the type of CMT they are affected with. Moreover, my work 

demonstrates that insults to the peripheral nervous system, such as a nerve crush injury, 

lead to neuropathy exacerbation in our model of CMT 2E and establishes this model as a 

viable model to study the mechanisms of disease exacerbation. Lastly, utilizing 

genetically modified mouse models and demyelination paradigms my work provides 

novel molecular insights into the mechanisms that control Schwann cell elongation 

during formation of compact myelin that establish proper internodal length.  

 
 
5.1. Charcot-Marie-Tooth type 2E neuropathy affects proprioceptive sensory 

systems before affecting sensorimotor systems. 

 
CMT is classified into demyelinating (CMT1), axonal (CMT2), mixed (CMT3, 

and CMT 4) and X-linked (Fridman et al., 2015; Patzko and Shy, 2011). Despite the 

specific genetic defect CMT patients display typical disease signs like, foot deformities, 

muscle weakness and wasting, decreased nerve conduction velocity, decreased sensation 
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to heat and touch, and altered joint positioning sense (Fridman et al., 2015; Pareyson et 

al., 2006). Human patients carrying the E396K mutation in the neurofilament light gene 

develop typical CMT motor and sensory phenotypes (Berciano et al., 2015; Züchner et al., 

2004). We generated CMT 2E mouse model carrying the human NF-LE396K mutation, 

which developed similar motor phenotypes as those observed in humans (Dale et al., 

2012; Shen et al., 2011; Villalon et al., 2015). However, it was unclear if this mouse 

model also developed alterations to sensory systems similar to humans with the hNF-

LE396K mutation. To determine if our CMT2E mouse model mimics the sensory 

alterations that human patients develop, I tested function of specific groups of sensory 

axons using different behavioral test paradigms at an age when typical symptoms appear 

(> 4 months).  

Given that our mouse model develops overt CMT phenotype starting at 4 months 

of age, I investigated if at 6 months, they also develop motor coordination defects. For 

this, I tested the performance of our CMT mice on the balance beam. This test revealed a 

progressive increase in the number of foot slips while traversing the beam without 

alterations on time, distance, and walking speed. The frequency of foot slips while 

walking on the balance beam is a typical metric used to evaluate proprioceptive defects in 

mice (Muller et al., 2008; Stanley et al., 2005). These results together with previously 

observed increased number of hind limb foot drags while ambulating on a flat surface 

(Dale et al., 2012), suggested possible dysfunction group Ia and/or Ib sensory axons, 

which are large diameter sensory axons that mediate proprioception and joint positioning 

sense (Gilman, 2002). Next, I tested the mice sensitivity to mechanical stimulation by 

using a dynamic plantar stimulator. The results showed decreased sensitivity to touch in 
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the hind limbs and suggested altered function of group II sensory axons, which are also 

large diameter axons that mediate touch perception information (Casellini and Vinik, 

2007). However, testing thermal sensitivity by the Hargreaves assay and hearing 

performance by auditory brainstem responses, revealed no alterations. This suggested that 

the function of small unmyelinated, group IV sensory axons (thermal nociception) 

(Yeomans et al., 1996; Yeomans and Proudfit, 1996) and small myelinated, group III, 

sensory axons (auditory response) (Gleich and Wilson, 1993), was unaltered. Taken 

together these results indicated specific functional alterations in large diameter sensory 

axons.  

Previous analyses of the hNF-LE396K animals revealed a slight decrease in the 

number of sensory axons within symptomatic animals compared to controls (Shen et al., 

2011). However, these analyses reported no statistically significant differences in the 

number of sensory axons (Shen et al., 2011). Given that our previous behavioral analyses 

suggested alteration in a specific subset of sensory axons, I performed morphological 

analyses of L5 root sensory axons by dividing them into populations of large diameter 

axons (>5µm) and small diameter axons (≤ 5µm), at pre-symptomatic (2 months) and 

symptomatic (6 months) time points to gain insights into possible alterations that 

explained the behavioral results. Separation of sensory axons into small and large 

diameter types at two different time points revealed an age related increase in the number 

of large diameter axons of ~300 axons. Concomitantly, the number of small diameter 

axons decreased by ~ 300 axons suggesting that the small diameter axons grew in size 

from 2 to 6 months of age in control hNF-L mice. hNF-LE396K mice showed the age 

related drop of ~300 small diameter axons similar to control animals. However, hNF-
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LE396K mice did not show the age related increase of large diameter sensory axons and 

thus ~300 large diameter axons were missing in symptomatic age hNF-LE396K mice. 

These striking results together with the observed functional deficits suggested that hNF-

LE396K mice developed alterations primarily in sensory systems that utilize large diameter 

sensory axons, such as proprioception and joint position sense. 

Evidence form a mouse model that lacks the ability to form muscle spindle due to 

the loss of the early growth response (Egr-/-) gene suggested that absence of muscle 

spindle formation correlated with the loss of ~75% large diameter sensory axons 

(Tourtellotte and Milbrandt, 1998). Since my analysis revealed a loss of ~ 50 % large 

diameter sensory axons and altered performance on the balance beam, I investigated 

possible muscle spindle alterations in our CMT mice. Analysis of muscle spindle number 

and size from the EDL muscle revealed no difference in the number of muscle spindles 

either at 2- or 6- month-old mice. However, cross sectional area measurements and 

volume estimations revealed that hNF-LE396K mice had overall significantly reduced 

muscle spindle cross sectional area and volume at 2 and 6 months of age. This was a 

surprising result, as the alterations in muscle spindle at 2 months of age became the first 

detectable pathological alteration in our CMT 2E mice. Taken together these results 

suggested that the loss of large diameter sensory axons was secondary to the muscle 

spindle alterations, similar to the observations made in the Egr-/- mice (Tourtellotte and 

Milbrandt, 1998). 

Taken together the results of my analyses on our CMT 2E mouse model allow us 

to propose that hNF-LE397K pathology initiates in the proprioceptive sensory systems and 

then progresses to the sensorimotor systems to cause muscle atrophy and weakness, 
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reduced motor nerve function, gait alterations, and sensory loss. Our current results, 

together with the fact that a large number of mutations in many different genes result in 

similar CMT clinical manifestations (Bouhy and Timmerman, 2013) and that many CMT 

rodent models develop early sensory system alterations (Achilli et al., 2009; d'Ydewalle 

et al., 2011; Gillespie et al., 2000; Lee et al., 2013; Sereda et al., 1996), suggest that early 

and selective proprioceptive sensory dysfunction might provide a unifying hypothesis of 

disease pathogenesis in CMT. 

 
5.2. Sciatic nerve crush injury results in neuropathy exacerbation in a mouse model 

of CMT2E. 

  CMT patients are prone to neuropathy exacerbation. Evidence suggests that 

treatment of CMT patients with non-toxic doses of prescribed drugs for a separate 

underlying condition often leads to worsening of CMT symptoms (Chaudhry et al., 2003; 

Hildebrand et al., 2000; Martino et al., 2005; Weimer and Podwall, 2006). Exacerbation 

of neuropathy results in muscle weakness in both upper and lower limbs, inability to 

support weight (Hildebrand et al., 2000), development of pain, and decreased 

coordination while walking (Chaudhry et al., 2003; Martino et al., 2005). Moreover, the 

only intervention available in these situations is discontinuation of drug treatment, which 

is followed by reduced or no recovery of CMT symptoms (Chaudhry et al., 2003; 

Hildebrand et al., 2000). The current understanding of CMT neuropathy exacerbation and 

recovery is marginal due to the lack of reliable animal model of the condition.  

 Therefore, I tested the effects of a traumatic nerve injury on CMT neuropathy in 

our hNF-LE396K mouse model. Following a sciatic nerve crush to the left leg, I analyzed 

functional recovery and gait alterations after recovery from injury. Functional recovery 
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was analyzed by measuring the mouse ability to spread their digits on the injured limb 

during. My results showed that hNF-LE396K mice recovered similarly to control animals 

up to day 15 post-injury. However from day 16 forward, hNF-LE396K mice began to show 

reduced recovery compared to control mice. Ultimately hNF-LE396K mice recovered only 

89% of their ability to spread their toes, suggesting that their pre-existing neuropathy 

worsened after recovery form the nerve crush.  

Previous Catwalk gait studies on our CMT animals revealed that they develop 

interlimb coordination defects with no alterations to print width, print length or max 

contact area (Dale et al., 2012). These metrics are used to investigate alterations in weight 

bearing ability during voluntary locomotion in rodents (Angeby-Moller et al., 2008; 

Gabriel et al., 2007; Medhurst et al., 2002; Min et al., 2001; Tabo et al., 1998). Gait 

analyses revealed that hNF-LE396K mice developed significant reductions in print width, 

print length and max contact area after recovery form nerve injury compared to controls. 

These results suggested that recovery from nerve injury is accompanied by decreased 

ability to bear weight, or increased mechanical allodynia or a combination of both. 

Moreover, the altered ability to bear weight had subsequent effects on gait coordination 

while ambulating. Previous analyses revealed that hNF-LE396K mice normally develop 

interlimb coordination while ambulating (Dale et al., 2012). My analysis revealed that 

following recovery from nerve injury our mice developed similar interlimb coordination 

defects that were more pronounced that previously seen (Dale et al., 2012). These results 

allowed us to conclude that nerve injury exacerbates CMT2E neuropathy and leads to 

alterations on sensory and motor coordination pathways on the injured limb after 

recovery.  
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 Following a nerve crush injury there is a period of nerve degeneration that occurs 

from day 1 to day 7-post injury (Gordon and Stein, 1982a; Gordon and Stein, 1982b; 

Jager et al., 2014; Ronchi et al., 2010). This period is followed by a nerve regeneration 

and re-innervation period from day 7 to about day 20-post injury (Gordon and Stein, 

1982a; Gordon and Stein, 1982b; Jager et al., 2014; Ronchi et al., 2010). After re-

innervation, axons undergo radial growth to regain pre-injury axonal diameters (Gordon 

and Stein, 1982a; Gordon and Stein, 1982b; Sta et al., 2014; Wood et al., 2011). Our 

results indicate that hNF-L mice are able to recover similar to control mice up to day 20-

post injury. This would correspond to the regeneration and re-innervation period. 

However, form day 20 post-crush onwards, hNF-LE396K mice do not further recover like 

the controls do. This corresponds to the period of axonal diameter recovery and thus 

suggests possible axonal radial growth defects in hNF-LE396K mice (Gordon and Stein, 

1982a; Gordon and Stein, 1982b; Sta et al., 2014; Wood et al., 2011). Interestingly, initial 

characterization of symptomatic hNF-LE397K mice revealed reductions in nerve 

conduction velocity and axonal diameters in the motor nerves (Shen et al., 2011). These 

data taken together allow us to suggest that inability of axons to expand radially 

following regeneration, which would cause further reductions in nerve conduction 

velocity, might be a possible mechanism of disease exacerbation in CMT2E neuropathy.  

Finally, our functional recovery and gait analysis results suggest that nerve injury 

exacerbates CMT2E neuropathy by possibly preventing the recovery of axonal diameter 

and leading to decreased nerve function. This in turn affects the normal function of 

sensorimotor pathways causing exacerbated gait alterations. These results also provide a 

possible new approach for investigating exacerbation of neuropathies.  
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5.3. Proposed model of hNF-LE396K disease pathogenesis.    

CMT2E causes nerve dysfunction by altering the morphological development of 

the peripheral nervous system (Bird, 1993b; Bird, 2016). The NF-LE397K mutation in 

humans leads to decreased nerve conduction velocity, muscle atrophy and sensory loss 

(Berciano et al., 2015; Züchner et al., 2004). However, the disease pathogenesis of this 

mutation remains unknown. Our current work utilizing mouse model provides new 

details that help provide a pathogenesis model of this mutation.  

Taking our current findings together with previous data furthers our 

understanding on the pathogenic mechanisms by which the E396K mutation leads to 

disease. Following chronologically the development of disease in our mouse model, the 

earliest sign of pathogenesis in the hNF-LE396K was detected at 1 month of age (Fig. 5.1). 

Motor neurons in the ventral horn, of the spinal cord show ectopic phosphorylation of 

neurofilaments, which appear to affect both α-motor or γ-motor neurons (Shen et al., 

2011). Ectopic accumulations of phosphorylated neurofilaments are a hallmark for 

neurodegenerative diseases such as ALS and lead to significant reduction in axonal 

diameter, neuronal loss, and ultimately muscle atrophy due to denervation (Boillee et al., 

2006; Clement et al., 2003; Hirano et al., 1984; Lobsiger et al., 2007) At this point, no 

abnormalities in muscle fiber morphology were found (Shen et al., 2011). By 2 months of 

age, L5 ventral root morphological analysis revealed a small reduction in γ-motor axon 

diameter (Shen et al., 2011). Diameters of α-motor axons were normal at this time point. 

In addition, the number and diameter of sensory axons from the L5 dorsal root did not 

show alterations compared to the controls (Shen et al., 2011). My current data 

demonstrates that at 2 months of age, the muscle spindle size in the extensor digitorum 
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longus (EDL) muscle was significantly reduced compared to controls (Fig. 5.1). Muscle 

spindles are innervated by γ-motor neurons and type I sensory axons (Friese et al., 2009). 

From the current data, I hypothesize that the accumulation of ectopically phosphorylated 

neurofilaments in γ-motor neuron cell body alters neurofilament dynamics in the axon 

and causes the reduction in axonal diameter observed in γ-motor axons at 2 months of 

age. This effect would be similar to what has been observed in ALS (Boillee et al., 2006; 

Clement et al., 2003; Hirano et al., 1984; Lobsiger et al., 2007). Axonal diameter is the 

main determinant of nerve conduction velocity and reductions in axonal diameter directly 

reduce conduction velocity (Garcia et al., 2003; Waxman, 1980). Thus, the reduced γ-

motor axon diameters are likely to reduce function of γ-motor axons and limit the input to 

muscle spindles, which leads to atrophy of the muscle spindle fibers and consequently 

reduced muscle spindle size (Elsohemy et al., 2009) (Fig. 5.1). The reduced muscle 

spindle function early on could also contribute to the reduced voluntary activity observed 

in hNF-LE396K mice (Fig. 5.1). Interestingly, at this time point, the number and diameter 

of α-motor and sensory axons are not different than those of the controls. I hypothesize 

that the ectopic accumulations of phosphorylated neurofilaments affect motor neurons in 

a size dependent manner such that the small motor neurons are affected prior to large 

motor neurons. Taking this in consideration then, as disease progresses, the ectopic 

neurofilament accumulation will eventually affect large motor neurons. By 6 months of 

age, muscle spindle size has not recovered and remains significantly reduced compared to 

controls. In addition, axonal diameter of large α-motor axons is reduced (Shen et al., 

2011) similar to the reductions in γ-motor axons at 2 months (Fig. 5.1). The alterations in 

axonal diameters could be directly responsible for the reduced motor nerve conduction 
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velocity (Shen et al., 2011). Alterations to nerve function could directly impact the input 

to muscle fibers and this could be a contributor to the muscle atrophy observed at 6 

months (Shen et al., 2011). In addition to reduced input to muscle fibers by motor 

neurons, reduced voluntary activity observed at earlier ages could contribute to the 

reductions in muscle fiber size as it has been well documented that reduced activity of 

muscles directly leads to muscle fiber atrophy (Jackson et al., 2015; Perkin et al., 2015).  

Denervation of muscle fibers also causes muscle atrophy (Bongers et al., 2013). 

However, this is not likely explanation for the cause of muscle atrophy, as no muscle 

denervation was observed in our mice (Shen et al., 2011). Rather, I hypothesize that the 

reduced voluntary activity due to altered muscle spindle function early on leads to the 

muscle atrophy in later stages of disease pathogenesis. Moreover, at 6 months, my 

analysis of sensory axons revealed a loss of 50% large diameter sensory axons. Previous 

analysis by Shen et al. 2011 show a decrease in the total number of sensory axons of in 

symptomatic hNF-LE396K mice compared to controls. However, those differences did not 

reach statistical significance since the analysis was performed on the total number of 

axons per root (Shen et al., 2011). In my current analysis I separated the total number of 

axons into two main sensory axon populations according to size. My analysis revealed 

demonstrates that the missing axons belong to a specific group of sensory axons, large 

sensory axons, which must be analyzed separately to detect these important differences.  

However, it is not clear from the existing data what caused the loss of those large 

diameter sensory axons. Consequently, the loss of large diameter axons, which could 

include type I (proprioceptive) and type II (mechanoreceptive) axons, directly causes 
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reduced mechanical sensitivity and motor coordination. Muscle spindle size reductions at 

6 months of age can also contribute to the altered motor coordination.  

By 6 months of age, our CMT mouse model displays several phenotypic 

alterations that reflect the phenotype developed by humans with the disease. Human 

patients suffering with the NF-L E397K mutation display reductions in axonal diameters, 

motor nerve conduction velocity, muscle atrophy, loss of sensation, and balance defects 

(Jordanova, 2003; Züchner et al., 2004). All of these alterations are also observed in our 

CMT mouse model confirming it as a reliable model of the disease. My analysis on our 

mouse model revealed important insights into alterations that have not been studied in 

human patients. Early development of undersized muscle spindles and significant loss of 

large diameter sensory axons in later stages of disease could be keys to understanding the 

pathogenesis of disease in human patients. Thus, these alterations should be further 

studied in both humans and other models of CMT2E.  

My analysis of this mouse model in addition to previous data allowed me to 

propose the following mechanism of disease development. The NF-LE396K mutation 

initially alters neurofilament dynamics and leads to ectopic accumulations of 

phosphorylated neurofilaments in the neuronal cell bodies. In early stages of disease, 

ectopic neurofilament accumulations affect motor neurons in a size dependent manner. 

This causes reduced axonal diameters in γ-motor axons, which eventually alter muscle 

spindle function and lead to reduced muscle spindle size. Altered muscle spindle function 

contributes to reduced voluntary activity. As disease progresses, neurofilament 

accumulations eventually affect large motor axons leading to reduced motor axon 

diameter and motor nerve conduction velocity, which alters input to muscle fibers. Early 
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reductions in voluntary activity continue throughout disease and result in muscle atrophy 

in later stages, which could be augmented by reduced motor nerve function. In later 

stages of disease, the reduced muscle spindle size in combination with loss of large 

sensory axons leads to altered proprioceptive function and causes motor coordination 

defects. Loss of sensation in later stages is also a result of the loss of large diameter 

sensory axons.  

Therefore, if my proposed model is accurate, investigating early alterations to 

proprioceptive sensory organs in humans could be useful in detecting the development 

and possibly reducing disease progression in humans. If the reduced function of muscle 

spindles causes reduced voluntary activity, which eventually caused muscle atrophy, then 

including a regimen of physical activity in human patients that are carriers or at risk of 

developing disease could help prevent the atrophy of muscle fibers. To test this idea 

using our mouse model, I would set up two cohorts of mice with controls. I would give 

access to a running wheel to one cohort of mice since 2 weeks of age while the other 

cohort of mice will not be given access to a running wheel. At 6 months of age I would 

perform muscle morphology analysis. If my model is correct I expect to see a significant 

improvement in muscle spindle size and muscle fiber size in animals with readily access 

to a running wheel compared to animals with no access to a running wheel. To prove that 

the increase in voluntary activity rescues the loss of muscle spindle size and muscle fiber 

size I would perform another experiment with two more cohorts of animals. One cohort, 

hNF-LE396K and controls would be submitted to daily rounds of exercise by placing the 

animals on the rotarod for 30 minutes at low speed every other day for 4 months and then 

analyze the muscle morphology. I would expect to see no signs of muscle atrophy on 
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mice forced to exercise compared to non-exercised mice. These results could be crucial 

for developing therapeutic treatments for human patients with the disease.  

However, muscle fiber atrophy makes up one part of the disease pathogenesis in 

humans and in our mouse model. Reductions in motor axon diameters and loss of sensory 

axons are also key contributors to disease pathogenesis. In my model, I hypothesize that 

the reduction in axonal diameters in motor axons is caused by altered neurofilament 

dynamics, which affects axons in a size dependent manner. Reduced axonal diameters in 

human patients have also been observed(Züchner et al., 2004). However, analysis of 

ectopically phosphorylated neurofilaments has not been performed due to lack of tissue 

availability. This idea would be difficult to investigate in human patients, as a piece of 

their spinal cord would be needed to investigate ectopic accumulation of neurofilaments. 

Recent research in ALS patients shows that elevated levels of phosphorylated 

neurofilaments can be detected in cerebrospinal fluid (CSF) and plasma, which is a 

promising biomarker for early detection of disease development (Ganesalingam et al., 

2012; Ganesalingam et al., 2011). Thus, perhaps using a similar protocol to screen for the 

presence of elevated levels of phosphorylated neurofilaments in the CSF and/or plasma of 

human patients with family history of CMT could give insights into disease development 

before development of over phenotype. If ectopic neurofilament phosphorylation is an 

alteration detectable in very early stages in human patients, and if the ectopic 

neurofilament phosphorylation is responsible for the reduction of axonal diameters, then 

developing therapeutic treatments to prevent or reduce ectopic neurofilament 

phosphorylation could be an important area for future investigation to develop treatments 

for the disease.  
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Furthermore, the loss of large sensory axons remains a mystery. Research in 

sensory axons is limited in any model of peripheral neuropathy. Thus, further 

investigation focusing on alterations specifically in sensory neurons and axons could 

provide further insights into the development of disease. I hypothesize that ectopic 

neurofilament accumulation in sensory axon also plays an important role in causing the 

loss of sensory axons. To investigate this, I would begin by performing 

immunohistochemistry on dorsal root ganglion neurons to look for accumulation of 

ectopically phosphorylated neurons in a time course beginning at early ages. If a 

correlation between sensory axon loss and ectopic neurofilament phosphorylation is 

found then, the focus for future investigations should shift to prevent or reverse ectopic 

neurofilament phosphorylation in all peripheral nervous system neurons.  

My current contributions are crucial for furthering the understanding of CMT2E 

disease pathogenesis. Alterations to muscle spindle have never been shown or 

investigated before in any model of CMT or in human patients. Muscle spindle 

alterations in the extensor digitorum longus (EDL) muscle in our mouse model opened 

the door to a new area of investigation for CMT2E. However, it is unclear if muscle 

spindles are equally affected in other muscles. Similarly, muscle atrophy was investigated 

in the gastrocnemius muscle only, and it is not clear if surrounding muscles are also 

atrophied. The EDL muscle is composed primarily of fast twitch muscle fibers (Augusto 

et al., 2004; Soukup et al., 2002), whereas the gastrocnemius muscle has a higher 

percentage of slow twitch fibers and the soleus muscle is composed of almost 50% slow 

twitch muscle fibers (Augusto et al., 2004). To investigate if the alterations to muscle 

spindle or muscle atrophy correlate with the fiber type composition of the muscle, spindle 
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and atrophy analyses should be performed in several different muscles in the distal limb 

that are affected by CMT. These muscles would include, the gastrocnemius, soleus, 

tibialis anterior, lumbricals, and flexor digitorum longus. All of which, have different 

composition of slow and fast twitch muscle fibers. Studies in animal models of spinal 

muscular atrophy (SMA), a disease that affects the nervous system, show that different 

muscle groups have different propensity to be affected by the disease (Ling et al., 2012; 

Murray et al., 2008). Therefore, if CMT2E acts similarly to SMA and affects different 

muscle groups to different degrees, then we could target muscle groups that are more 

severely affected to address the mechanisms of muscle spindle alterations and muscle 

atrophy. Moreover, this knowledge could allow future studies for developing and 

evaluating efficacy of therapeutic treatments for CMT2E.  
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Figure 5.1. Model of hNF-LE396K disease pathogenesis. Based on the current 
knowledge from our CMT mouse model disease pathogenesis initially causes ectopic 
accumulations of phosphorylated neurofilaments in motor neuron cell bodies detectable 
at 1 month of age. These NF accumulations affect motor neurons in a size dependent 
manner. By 2 months of age, NF accumulations cause the reduction of γ-motor axon 
diameter, which causes reduced γ-motor function and input to muscle spindles. The 
reduced input to muscle spindles leads to development of undersized muscle spindles by 
2 months of age. Altered muscle spindle function in turn contributes to the reduced 
voluntary activity observed in mice from 1 to 4 months of age. As disease progresses NF 
accumulations begin to affect large motor neurons (α-motor neurons) and cause 
reductions in α-motor axons by 6 months of age. Reduced α-motor axon diameter causes 
reductions in nerve conduction, which alter nerve function and input to muscle fibers. 
Reduced input to muscle fibers in combination with reduced voluntary activity leads to 
muscle atrophy by 6 months of age. Moreover, by 6 months of age about 50% of large 
diameter sensory axons are lost, for which no explanation is available yet. The loss of 
large diameter sensory axons directly causes reduced mechanical sensitivity and in 
combination with altered muscle spindle function causes reduced motor coordination. By 
6 months of age disease pathogenesis in our mouse model develops similar phenotypic 
alterations as human patients affected by the disease. Interestingly, in humans, muscle 
spindle alterations and sensory axon loss have not been investigated. This current model 
of disease pathogenesis indicates that muscle spindle and sensory axon alterations are 
important areas to target for early pathogenesis detection and therapeutic treatment 
development for CMT2E.  
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5.4. Neurofilament medium C-terminus phosphorylation restricts Schwann cell 

elongation.  

Damage to the peripheral nervous system can result from conditions like diseases, 

injury, or toxicity (Gledhill et al., 1973; Gupta et al., 2012; Saporta et al., 2009; Vizoso 

and Young, 1948; Waxman and Brill, 1978; Weiss and Hiscoe, 1948). Such conditions 

can lead to loss of myelin or loss of both myelin and axon, all of which directly affect 

nerve function. Following a nerve injury there is a recovery period that allows for axon 

re-growth and re-innervation and remyelination. Both myelin sheath thickness and axonal 

diameter, important determinants of nerve conduction velocity, eventually recover back 

to pre-injury levels (Fricker et al., 2013; Hoffman et al., 1984). However, internode 

length, which is also important for maximal conduction velocity, does not recover to pre-

injury levels (Vizoso and Young, 1948). Although it has been known for over 70 years 

that internode length remains dramatically reduced after recovery from injury (Vizoso 

and Young, 1948; Weiss and Hiscoe, 1948), the mechanism controlling Schwann cell 

elongation has not been described.  

It is well known that axon diameter positively correlates with internode length, i.e. 

larger diameter axons have longer internodes, suggesting that Schwann cell elongation 

during myelination is a coordinated process between the Schwann cells and the axon. 

Axonal diameter is determined by NF-M C-terminus (Barry et al., 2012; Garcia et al., 

2003) upon formation of compact myelin (de Waegh et al., 1992). The prevailing 

hypothesis was that myelin dependent NF-M C-terminus phosphorylation established 

axon diameter (de Waegh et al., 1992; Garcia et al., 2003; Yin et al., 1998). However, 
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preventing NF-M KSP phosphorylation did not affect axonal diameter (Garcia et al., 

2009) making the role of neurofilament phosphorylation during myelination unclear.   

Analysis of neurofilament expression and phosphorylation during demyelination 

and remyelination demonstrate that NF-M remains phosphorylated after demyelination 

and during remyelination. Moreover, internode length after remyelination is reduced by ~ 

75%. Preventing phosphorylation of NF-M C-terminus (NF-MΔTail) during remyelination 

resulted in a significant 30% increase in internodal length. These results suggested a 

possible correlation between axonal NF-M phosphorylation and reduced Schwann cell 

elongation during the establishment of internode length. To confirm this correlation, we 

generated a novel line of genetically modified mice that mimic constitutive 

phosphorylation of NF-M C- terminus (NF-MSàE). Internode length analyzes in NF-MSàE 

mice revealed significantly reduced internodal lengths as early as 15 days of age, which 

are maintained through adulthood. Reduced internode lengths resulted in significant 

reductions in motor nerve conduction velocity and impaired motor performance in in NF-

MSàE mice. Therefore, my results provide a clear function for NF-M C-terminus 

phosphorylation, establishing internode length. Furthermore, these results in predict that 

Schwann cell elongation will be reduced when elongation occurs in the presence of 

phosphorylated neurofilaments.   

Previous studies on NF-M C-terminus phosphorylation in myelinated axons 

demonstrated a clear dependence of NF-M C-terminus phosphorylation on formation of 

compact myelin such that myelinated axonal areas (internodes) have increased NF-M 

phosphorylation levels and non-myelinated areas (nodes of Ranvier) have low NF-M 

phosphorylation levels (de Waegh et al., 1992; Sanchez et al., 2000). Moreover, it has 
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been known for over 140 years that internode length positively correlates with axonal 

diameter (Key and Retzius, 1875). Mimicking premature NF-M phosphorylation reduced 

Schwann cell elongation with no alterations in axon diameter. Given that normally NF-M 

phosphorylation is dependent upon myelination, mimicking premature NF-M 

phosphorylation alters the spatial-temporal dynamics of NF-M phosphorylation and leads 

to formation of shorter internodes. It is possible that establishing internode lengths is 

similar to defining edges during embryo development. This mechanism would involve 

communication from cells on both sides of the developing border (Batlle and Wilkinson, 

2012). Thus, premature NF-M phosphorylation in the axon would signal the Schwann 

cells to stop elongating before axons reach their normal diameters. These data 

demonstrate that NF-M C-terminus phosphorylation is part of the mechanism that 

establishes the positive correlation between axonal diameter and internode length. 

 Expression of NF-MSàE resulted in significantly reduced motor internode length 

and altered motor nerve function. However, sensory nerve structure or function was 

unaffected. Previous studies, in which modifications to neurofilament proteins lead to 

significant alterations to motor axon structures, have shown that sensory axons are 

minimally affected (Rao et al., 2003; Rao et al., 2002b) suggesting that motor and 

sensory axon development depend on different molecular mechanisms. Further analyses 

are required to investigate the disparity between motor and sensory axon development. 

  

5.5. Proposed mechanism of reduced Schwann cell elongation by NF-M 

phosphorylation.  
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Our current findings demonstrate that the phosphorylation of NF-M C-terminus 

plays an important role in the establishment of internode lengths during myelination of 

motor axons.  Current evidence indicates that during normal development axonal 

neurofilaments are in an unphosphorylated state and remain unphosphorylated until the 

formation of compact myelin by Schwann cells (Normal Myelination, Fig. 5.2).  

Mimicking the expression of NF-M (NF-MSàE) creates a scenario where NF-M is 

phosphorylated before Schwann cells associate with axons and begin the myelination 

process. Since NF-M is prematurely phosphorylated during myelination, Schwann cells 

do not elongate to their normal lengths and form shorter internode lengths (NF-MSàE 

Development, Fig 5.3). Furthermore, our data indicate that remyelination following an 

injury would be done under similar conditions as in normal myelination in the NF-MSàE 

model. During remyelination axonal neurofilaments are already highly phosphorylated 

before Schwann cells associate with the naked axons and begin remyelinating. Thus, the 

presence of phosphorylated neurofilaments reduces Schwann cell elongation and results 

in shorter internode lengths during remyelination (Normal Remyelination, Fig.5.2).  

These data so far indicate that if NF-M phosphorylation is prevented during myelination, 

this could result in longer internode lengths after remyelination. Thus, experimentally 

dephosphorylating neurofilaments following a demyelinating condition and maintaining 

them dephosphorylated during the phosphorylation process, would allow normal 

Schwann cell elongation and result in normal internode lengths (Experimental 

Remyelination, Fig. 5.2).  
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Fig. 5.2. Neurofilament medium phosphorylation prevents Schwann cell elongation 
during myelination. During normal myelination NF-M becomes phosphorylated after 
Schwann cells associate and elongate along axons allowing for the formation of normal 
internode lengths (Normal Myelination). Premature NF-M phosphorylation during 
normal development restricts Schwann cell elongation during myelination and results in 
abnormally short internode lengths (NF-MSàE Development). Normal remyelination 
presents a similar scenario as NF-MSàE myelination, where NF-M is in a phosphorylated 
state before the onset of myelination. Thus remyelination results in abnormally short 
internode lengths (Normal Remyelination). The data so far indicates that if NF-M 
phosphorylation is prevented during the process of remyelination, this would allow the 
normal elongation of Schwann cells and result in normal internodal lengths.   
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Although our data offer new insights into the mechanisms that control Schwann 

cell elongation during myelination, further analyses are needed to find the mechanism by 

which NF-M phosphorylation controls Schwann cell elongation. Currently, only one 

signaling mechanism has been described that involves an axonal protein influencing the 

behavior or development of Schwann cells. This is the neuregulin-1 type III signaling 

mechanism that controls the thickness of the myelin sheath (Michailov et al., 2004; Nave 

and Salzer, 2006; Taveggia et al., 2005). Perhaps, the phosphorylation of NF-M acts 

trough a similar signaling mechanism as neuregulin-I type III by activating downstream 

signaling pathways. Formation of the node of Ranvier is marked by the clustering of Nav
+ 

channels at the leading edge of the elongating Schwann cell (Feinberg et al., 2010). 

Gliomedin is a secreted molecule from the Schwann cells during myelination (Eshed et 

al., 2005). This molecule is released by the Schwann cell microvilli at the leading edge of 

the elongating Schwann cell during myelination (Eshed et al., 2005). Upon secretion by 

the elongating Schwann cell, gliomedin binds to neural cell adhesion molecule (NrCAM) 

on the Schwann cell microvilli and axonal neurofasin-186 (Eshed et al., 2005). This 

interaction induces the clustering of Nav
+ channels (Eshed et al., 2005; Feinberg et al., 

2010; Salzer et al., 2008). Gliomedin is only released by myelinating Schwann cells and 

it is necessary for the clustering of Nav
+ channels (Eshed et al., 2005). The mechanisms 

that lead to the synthesis and release of gliomedin during myelination are not yet known. 

Perhaps the a mechanism by which phosphorylation of NF-M leads to shorter internode 

lengths, involves activating trans membrane signaling cascades across the axon-Schwann 

cell membranes, which leads to secretion of molecules like gliomedin, which are 
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necessary for the formation of node of Ranvier. However, further investigation to define 

the signaling mechanism is needed.  

 

5.6. Final conclusions 

Overall the findings of my research have important implications into development 

of potential therapeutic interventions to enhance recovery from demyelinating diseases of 

from nerve injuries. Reduced internodal lengths are observed in demyelinating diseases 

like CMT (Court et al., 2004; Saporta et al., 2009; Vizoso and Young, 1948), and 

multiple sclerosis (Lassmann et al., 1981; Prineas and Connell, 1979), which cause major 

alterations to nerve function (Court et al., 2004; Lassmann et al., 1981; Prineas and 

Connell, 1979; Saporta et al., 2009; Vizoso and Young, 1948). Moreover, after recovery 

from a nerve injury, internodal length is reduced relative to uninjured nerves (Gupta et al., 

2012; Hildebrand et al., 1987; Vizoso and Young, 1948; Weiss and Hiscoe, 1948). 

Therefore, effective and full recovery from myelin loss includes the recovery of normal 

internode lengths. My results suggest that preventing NF-M C-terminus phosphorylation 

during de recovery period following demyelination will enhance Schwann cell elongation, 

thus resulting in significant recovery of internode lengths. Potential targets for 

intervention could be protein phosphatase 1 (Strack et al., 1997) and protein phosphatase 

2A (Saito et al., 1995; Strack et al., 1997) as these phosphatases have been co-purified 

with neurofilament proteins and have been shown to dephosphorylate neurofilament 

proteins (Saito et al., 1995; Strack et al., 1997). Developing strategies for local delivery 

of small molecules that activate PP1 or PP2A could reduce neurofilament 
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phosphorylation levels in demyelinated axonal segments allowing for more efficient 

Schwann cell elongation and longer internodes during remyelination.    

In summary, my dissertation has provided new insights into the understanding of 

CMT 2E disease pathogenesis. Sensory system functional and structural analyses 

demonstrate specific alterations in muscle spindle morphology, which are detectable prior 

to the onset of overt CMT phenotype. Given that CMT patients present with similar 

symptoms after the onset of neuropathy, my work identifies early proprioceptive sensory 

system alterations as a unifying hypothesis of disease pathogenesis in CMT. Moreover, 

my dissertation has provided insights into the functional consequences of a peripheral 

nerve injury superimposed on an underlying peripheral neuropathy like CMT. 

Furthermore, my dissertation provides a molecular basis for an empirical observation that 

was first made over 70 years ago and provides new insights into the mechanism that 

regulates Schwann cell elongation during myelination. Thus providing a potential target 

for therapeutic intervention to promote full recovery from nerve injury or demyelinating 

diseases.  
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division science classes in order to meet the requirements to transfer to a four-year 

university. While in community college, I participated in two summer research programs 

at the University of California, Santa Barbara, where I confirmed my interests in 

scientific research. In the summer of 2007, I transferred to the University of California, 

Davis, where I majored in Neurobiology, Physiology and Behavior (NPB) and minored in 

Latin.  Adjusting to this school was difficult and as a consequence, I had to spend most of 

my time focusing on doing well in my classes during my first two years at UC Davis. 

During my third and last year at this school, I began volunteering at a plant biology 

laboratory, where I was exposed to molecular biology research in plants. In the spring 

semester of 2010, I graduated from UC Davis and seeking more in depth research 

exposure I applied to the University of Missouri-Columbia PREP program (MU PREP).  

I was accepted to the program and in the summer of 2010, I moved to Columbia, MO to 

begin my PREP program. The spring semester of 2011, I joined Dr. Garcia’s lab where I 

spent the rest of my PREP program and continued to get experience in molecular and 

cellular neuroscience. In the fall of 2012, after completing the PREP program, I was 

accepted to the MU Biological Sciences graduate program, and was awarded an IMSD 

training grant and a Gus T. Ridgel fellowship. At the end of my second year in the 

program, I was awarded a T32 training grant position for my last two years. In the 

summer of 2016, I began my Postdoctoral training in Dr. Chris Lorson’s lab.  

This milestone in my career has made me the first member of my entire family, 

and the first person from my town in Mexico to reach this level of education. I am proud 
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of the work I have done and hope I can continue to inspire new scholars to further their 

education. 

~ Cuando te toca, te toca. Cuando no te toca, ni aunque te pongas ~   
(When it is for you, it will be yours regardless. When it is not for you, it won’t be, even if you try hard for it)  
 
- Dr. EViL.  


