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QUANTITATIVE ANALYSIS OF CONTACTIN-ASSOCIATED PROTEIN AND
VOLTAGE-GATED SODIUM CHANNEL ISOFORM 1.6 FOLLOWING
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Traumatic axonal injury (TAI) contributes to the mortality and morbidity
following diffuse traumatic brain injury (TBI). Previous work has shown that following
TBI, alterations in the molecular domains of axons result in TAI. It is currently posited
that injury induced ionic flux is responsible for activating deleterious proteolytic
cascades, resulting in altered distributions of axonal components.

However, the

underlying mechanism of this progressive pathology remains elusive. This study further
explores the hypothesis that altered molecular domains contributes to the progressive
intra-axonal changes that characterize TAI. Using a rodent model of impact acceleration
TBI we examined the expression of nodal and paranodal domains of myelinated axons in
brainstem over a 24 h period post-injury. Western blot analysis was utilized to quantify

changes in protein levels of Nav1.6, a prominent component at the node of Ranvier, and
Caspr, a constituent of the paranodal tripartite complex. Here we report that diffuse TBI
causes an up-regulation of Nav1.6 and a down-regulation of Caspr over a 24 h timecourse post-injury. The results of this study support that alterations in the molecular
components of the domains of injured axons contribute to the cellular mechanism of TAI
and thus provides novel data in the field of TBI research.

Chapter 1
Introduction

Epidemiology of Traumatic Brain Injury – TBI

Traumatic brain injury (TBI) remains the leading cause of death and disability in
the Unitied States (CDC, 2011). In the United States alone there are roughly 1.5 million
TBIs annually. This accounts for 1.3 million ER visits, 275,000 hospitalizations, and
52,000 deaths (Langlois et al., 2004). It is estimated that 5.3 million Americans are
permanently disabled with TBI related injuries. Yet, TBI is not solely a domestic issue.
Around the globe, an estimated 57 million people are hospitalized with TBI each year
(Murray et al., 1996). Although, these figures are staggering they do not account for the
true breadth of this pandemic because many cases go undocumented or patients are not
hospitalized.
The leading causes of TBI are falls, motor vehicle accidents, and sudden strikes to
or by the head, such as in assaults (Langlois et al., 2004; CDC, 2011). Overall, males are
two times as likely to experience a TBI as females and the most commonly affected age
range is 15-19 years old (Langlois et al., 2004; CDC, 2011). In recent years, attention
has been turned to the significance of head injury in contact sports, a common occurrence
in the youthful populations. This correlation between the above age range and the
1

common agents of TBI (i.e. motor vehicle accidents and sports) is certainly noteworthy
and explains how this demographic is particularly vulnerable to TBIs. Also, with the
recent US involvement in the Iraq war and Afghanistan a growing concern for our
military has become the impact of war related blasts on our troops.
As the severity of TBI ranges in degree, so do the consequences. TBI can result
in long-term or lifelong physical, cognitive, behavioral, and emotional consequences (US
Dept of Health and Human Services, 1998). Along with persistent disability, TBI has
been implicated to increase the likelihood of developing other health conditions. In
recent population-based study, when compared to the general population, a TBI victim is
1.8 times more likely to report binge drinking (Horner et al., 2005), and 11 times more
likely to develop epilepsy (Selassie et al. 2001). Importantly, an increased occurrence in
co-morbidity of age related diseases and TBI indicates that TBI sufferers are 1.5 times
more likely to develop depression (Holsinger et al., 2002) and depending on the severity
have a 2.3-4.5 times risk to develop Alzheimer‟s disease (Plassman et al., 2000).
The economic impact that TBI inflicts on the United States annually including
direct medical and rehabilitation costs and indirect costs associated with societal
economic costs is estimated at $60 billion (Finkelstein et al., 2006). However, this figure
does not include the indirect impact on families, friends, caregivers and society. For
these reasons, an increased understanding of TBI is critical and additional research
focusing on the identification of the mechanisms that lead to the mortality and morbidity
of TBI are imperative.

2

Classification of TBI: Focal versus Diffuse TBI

TBI is broadly classified into either focal or diffuse injury. Focal and diffuse TBI
frequently coexist in patients and both contribute to morbidity, particularly in the cases of
severe TBI (Graham et al. 2002). Clinical imaging techniques have demonstrated that the
variety of a focal lesion can be diagnosed with a high degree of certainty. On the other
hand, it is more difficult to be certain about the nature of diffuse brain damage in patients
(Graham et al., 1995). It is important to note that a prognosis is dependent on the amount
and distribution of the injury and not necessarily the type of lesion, focal or diffuse
(Graham et al., 1995). Focal injuries usually involve blunt impact to the head, occurring
in many assaults (Povlishock and Katz, 2005). Symptoms of focal TBI usually include at
least one of the following: scalp laceration, skull fracture, brain contusion, brain
laceration, intracranial hematoma, and raised intracranial pressure (ICP) (Graham et al.,
1995). The location and severity of impact on the skull ultimately determine the cerebral
pathology and neurological deficits (Andriessen et al., 2010). For example, a focal injury
confined to the frontal lobe is far less life-threatening and severe relative to a focal injury
to the brainstem region.

In addition, neuroimaging techniques such as computed

tomography (CT) scans and magnetic resonance imaging (MRI) are capable of
identifying the mass lesions allowing immediate medical intervention and treatment
(Graham et al., 1995).
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Diffuse injuries are caused by a rapid acceleration/deceleration of the brain, such
as in motor vehicle accidents (Gennarelli et al., 1982). This creates shearing/tensile
forces on neuronal populations scattered throughout the brain (Graham et al., 1995).
Diffuse traumatic brain injuries generally result in greater morbidity due to the
widespread accumulation of subarachnoid hemorrhaging, intra-parenchymal petechial
hemorrhaging, and diffuse axonal injury (DAI) (Graham et al., 1995). Currently, no
clinical markers exist for diffuse TBIs and since many trauma victims present with
multiple injuries, a non-apparent head injury often goes untreated in the hospital setting.
Moreover, current medical technology is insufficient at detecting diffuse brain injuries.
The characteristic observations, microvascular damage and DAI, can only be detected
under post-mortem microscopic analysis. These can present throughout the brain but the
white matter tracts of the brain display the largest accumulations due to the immense
localization of axons.
In the laboratory setting, experimental models of TBI are capable of eliminating
that coincidence and thus focal and diffuse injuries can be isolated and investigated as
discreet and distinct pathologies. Our study employs the impact acceleration model of
diffuse TBI (also called the “Marmarou model” or “weight drop model”) which has been
extensively characterized and shown to produce widespread axonal injury in the white
matter tracts, specifically the brainstem region (Foda and Marmarou, 1994).

Focal

injuries and cell death are avoided using this model which is not true of alternative
models of injury (Morganti-Kossmann et al., 2010). Unconsciousness, without breathing
for several minutes, is typical in these animals due to the location of damage in the
4

brainstem. Therefore these animals must be quickly connected to a ventilator following
the trauma. Consequently, secondary insults, such as hypoxia and hypotension can be
experimentally induced and controlled once the animal is connected to life-supporting
systems allowing a researcher to investigate more aspects of TBI. In addition, this model
permits several grades of injury severity by altering the height at which the weight is
dropped on the animal (Foda and Marmarou, 1994). A schematic of this model is
provided in following sections (Fig. 3.1).

Historical Perspective of Diffuse Axonal Injury
Prior to the 1950‟s, few patients suffering from severe head trauma survived the
acute stages and therefore scientific investigation on vegetative survivors was limited
(Strich, 1956).

In a series of case studies, Strich (1956) described post-mortem

neuropathological findings in post-trauma „demented‟ patients.

All patients had

presented clinically with severe head injury that rendered them immediately unconscious
and upon awaking permanently disabled and vegetative.

Brains were examined

macroscopically and no differences were reported. However, microscopic investigation
following silver impregnation of brain tissue revealed diffuse degeneration of the white
matter tracts of the cerebral hemispheres (Strich, 1956).

Affected regions displayed

axonal damage characterized by the observation of prominent retraction balls that were
due to the expulsion of a bead of axoplasm that occurred in the distal segment of the
5

damaged axon due to axonal shearing and subsequently Wallerian degeneration of the
proximal segment of the sheared axons (Cajal, 1928). From these observations it was
concluded that total disruption of axons occurred at the moment of injury (Strich, 1970).
Supporting evidence of this theory was contributed by Adams et al. (1982).

In these

investigations, it was established that patients sustaining axonal injury scattered
throughout the brain, referred to as diffuse axonal injury had a significantly lower
incidence of lucid interval and a significantly higher incidence of intracranial pressure.
At this time however, the authors concluded that the evidence available indicated that
DAI in humans occurs at the time of injury (Adams, 1982).

Contemporary View of Diffuse Axonal Injury

The view that diffuse axonal injury (DAI) was an immediate and non-progressive
pathology that resulted solely from axonal shearing was widely accepted and supported
for decades. However, Povlishock and colleagues challenged this hypothesis. Using
animal models that replicated DAI caused by TAI and sacrificing animals at progressive
time points post-TBI this work demonstrated that DAI is progressive and evolves over a
time course. By subjecting cats to only mild head trauma, Povlishock et al. (1993) were
able to eliminate the physical crushing, tearing, and constriction of fibers or vascular
dysfunction, formerly considered the agents of DAI. Relatively few damaged axons were
reported immediately following the trauma; however, this was not the case over time.
6

Horseradish peroxidase (HRP), a marker of anterograde transport within the axon
cylinder, was injected into the motor cortex prior to percussion injury. Based on Strich‟s
hypothesis (1970), it was expected that HRP would be taken up by proximal neuron
populations, transported down the axon cylinder and then expelled into the parenchyma,
showing the development of retraction balls. However, consistent abnormalities were
observed contrary to Strich‟s hypothesis. A „pooling‟ of HRP was noted in injured axon
populations.

These accumulations eventually led to swellings and deafferentation,

identically seen in the retraction balls. The work by Povlishock et al. (1983) was
revolutionary in the field of TBI as they were the first to show that TAI is a delayed and
progressive pathology and that axotomy is not a consequence of mechanical forces,
suggesting that a window for medical intervention could mitigate the severity of DAI.
Although Strich‟s theory of DAI is now antiquated and insufficient, the research done
was noteworthy and influential as well. The most significant contribution by Strich was
the identification of diffuse axonal injury and the correlation to TBI.

Traumatic Axonal Injury

The terms diffuse axonal injury (DAI) and traumatic axonal injury (TAI) are often
used interchangeably.

However, there is a marked distinction concerning this

nomenclature. DAI is used to describe the human clinical condition associated with brain
trauma. Since animal models of TBI are used to reproduce the clinical correlate of DAI
7

the term traumatic axonal injury (TAI) is preferred when referring to the pathology found
in animal models of TBI, and is therefore used throughout the remainder of this paper.
Experimental models of TBI afford a researcher controlled manipulation of TBI
conditions. Traumatic axonal injuries generated by these models exist in many degrees
of severity. As described by Maxwell (1996), there can be disruptive axonal injury,
where axons are physically torn/sheared at the moment of the insult (or minutes
following); this is also called „primary axotomy.‟ Also there can be nondisruptive axonal
injury, where axons are exposed to lesser tensile force, altering axonal homeostasis, and
progressing to a delayed axotomy, called secondary axotomy (Maxwell, 1996). This
process is progressive and generally occurs between two and twenty-four hours post
trauma (Maxwell, 1996). However, contemporary evidence has shown this process to
occur in as little as five minutes post-injury (Buki et al., 1999).
Historically, two mechanisms have been posited to explain the biophysical and
biochemical mechanisms occurring prior to secondary axotomy.

Povlishock (1992)

posited that direct physical forces to the axon cylinder perturbed the intra-axonal
cytoskeleton leading to misalignment and impaired axonal transport (IAT). This would
later progress to swelling and secondary axotomy. On the other hand, Adams et al.
(1989) proposed that direct perturbation of the axolemmal was the initiating factor. In
this hypothesis, loss of axolemmal integrity resulted in disrupted ionic homeostasis,
allowing an influx of calcium.

This in turn activated otherwise neutral proteolytic

enzymes that cause the collapse and dissolution of the axonal cytoskeleton, leading to
disrupted axonal transport and later secondary axotomy.
8

Disruption of Ionic Homeostasis and the Axolemma

The mechanisms that lead to disruption of ionic homeostasis and the
establishment of traumatic axonal injury involve the activation of multiple proteolytic
cascades. This notion has been the focus of experimental investigation by multiple
groups. Interest in this subject was led by Povlishock and Pettus (1996). Flooding
brainstems with horseradish peroxidase (HRP), they showed movement of HRP around
the axolemma. Their results supported the hypothesis of „mechanoporation,‟ where
physical injury induced focal alterations in axolemma permeability. The reported focal
changes were: neurofilament side arm collapse, microtubule dispersion and mitochondrial
abnormalities.

Over the time course these changes led to further disorganization,

impaired axonal transport (IAT) and finally secondary axotomy (Povlishock and Pettus,
1996). In injured axonal populations IAT evolves due to intra-axonal perturbations of the
cytoskeleton and the continual delivery of anterogradedly transported cell materials. In
time, this leads to swelling at the site of perturbation. Swollen axonal profiles are now
routinely identified using antibodies to amyloid precursor protein (APP), the universally
accepted marker visualized with immunohistochemical methods and microscopic
analysis. These advances allow the easy identification and monitoring of injured
populations of axons over time. In parallel to IAT, neurofilament compaction (NFC) was
also reported by Povlishock and Pettus (1996) in traumatically injured axons. Initial
9

belief by Povlishock and Pettus (1996) was that NFC disrupted the intra-axonal
environment, leading to the focal IAT. However, subsequent work by this group using
antibodies to identify damaged fibers containing neurofilament alteration (RMO14)
and/or APP for axonal swelling demonstrated qualitatively by Stone (2001) and
quantitatively by Marmarou et al. (2005) showed, clearly that IAT and NFC represent
two independent populations of damaged axons. Collectively these studies suggested that
these two forms of axonal pathology may be governed by entirely different proteolytic
processes whereas the mechanism of neurofilament structural instability is due to Ca2+linked dephosphorylation of the side arms of neurofilaments in contrast to disturbances in
axonal transport processes involving the cytoskeletal proteins associated with the
microtubules (Buki, 1999; Maxwell, 1996; Stone, 2001, Marmarou, 2005).
support for the role of Ca2+ in traumatic injury was provided by Maxwell.

Further
Using

pyroantimonate precipitate, to visualize Ca2+, Maxwell (1996) provided evidence that
Ca2+ concentrations were elevated at the Node of Ranvier in non-disruptive injured axon
populations. The increased concentration of pyroantimonate precipitate localized within
nodal blebs. Nodal blebs (occur only in injured axons) are described as protrusions of the
nodal axoplasm into the perinodal space while remaining encapsulated by the axolemma.
Blebs are most prevalent at 15 minutes post-trauma (Maxwell, 1996) and are absent at 4
hours. In this time window, Maxwell (1996) was able to qualitatively demonstrate a loss
of microtubules and decreased spacing of neurofilaments at the Node of Ranvier in
ultrastructural micrographs with concomitant increases of intra-axonal Ca2+ levels. Similar
to the conclusions reached by Pettus and Povlishock (1996) using a model of mechanical
10

TBI, these studies also suggested that TAI involved membrane permeability concomitant
with a reduction in the density of microtubules and neurofilament compaction (NFC)
with the added suggestion that these changes were due to injury induced calcium
activated proteases, calpain and caspase.
Subsequent investigations using in vitro models of stretch injury sought to
directly explore the potential for ionic fluctuation and activation of calcium mediated
proteolytic activity following injury to axons. In previous studies, Na+ influx in injured
axons through tetrodotoxin-sensitive (TTX) Na+ channels was shown to be a key
mediator of white matter damage. As quantitative indicators of nerve function, Stys et al.
(1993) used electrodes positioned to electrophysiologically monitor axons. The voltagegated Na+ channel blocker TTX was applied and a significant improvement in recovery
of stretch injured axons was seen (Stys et al, 1993). When blockers of the Na+/Ca2+
exchanger was applied, significant recovery of nerve function was observed post injury.
Stys et al. (1993) were the first to show that the Ca2+ entry into injured axons was, in part,
through reversal of the Na+/Ca2+ exchanger.
Using an in vitro model of axonal stretch injury, Wolf et al. (2001) were able to
trace the distribution of Ca2+ in neighboring axoplasm and periaxonal spaces. Using ion
sensitive dyes in combination with channel blockers, it was demonstrated that stretch
injury did not cause mechanoporation of the axolemma, as posited by Povlishock and
Pettus (1996). Fluorescent dye fluo-4 was utilized to denote Ca2+ concentrations by way
of fluorescent intensity. Following stretch injury to axons, an increased intensity of
axoplasmic Ca2+ (relative to periaxonal) was observed when Na+ channel blockers were
11

absent. However, no significant difference was observed with Na+ channel blocker
present. This occurrence led to the proposition that irregular Na+ channel activity caused
by stretch injury led to a depolarization of the axolemma. They showed that elevated Na+
levels activated voltage-gated Ca2+ channels and the Na+/Ca2+ exchanger concomitantly
(Wolf et al., 2001), allowing an influx of Ca2+ into the axoplasm.
Regardless of the mechanisms through which ions pass through the axolemma,
deregulation of ions has been linked to TAI. The following section will provide evidence
from multiple sources the severity of ion instability and its effect on cytoskeletal
integrity.

Ionic Flux and Cytostructural Integrity

Although a multitude of mechanisms exist implicating the role of axolemmal
perturbations in TAI, they all recognize that Ca2+ is undoubtedly accountable for the
structural changes associated with cytoskeletal degradation. When intra-axonal Ca2+
levels reach sufficient concentrations, calcium binds to the inactive calpain molecule,
resulting in activation of the protease (Kampfl et al., 1997). With the development of
antibodies that target the proteolytic breakdown products of spectrin, a substrate of
calpain, the role of calpain in TAI is currently an area of intense investigation. Following
diffuse TBI, Buki et al. (1999) showed calpain mediated spectrin proteolytic fragments
were a characteristic feature of cytoskeletal alterations of TAI and were first confined to
12

the submembrane space, where spectrin is located, but then advanced within the axon
cylinder.

This group was the first to characterize the breakdown of the spectrin

membrane cytoskeleton in diffuse injury. Spectrin is a well characterized cytoskeletal
protein that forms a base network in the sub-axolemmal space and is coupled to many
membrane components through ankyrin, a linker molecule. Another proteolytic molecule
activated by Ca2+ influx is Caspase-3, also a cysteine protease. Linked to mitochondrial
failure and cytochrome-c release this molecule was shown to also spatially and
temporarily coincide with spectrin degradation in immunohistochemical studies (Buki et
al., 2000).
In a recent investigation, Iwata et al. (2004) evaluated proteolytic cleavage of
particular domains of Na+ channels following trauma to neurons, in vitro. The intraaxonal loop of Na+ channels, specifically the III-IV domains of the α-subunit, were
proteolyzed within 20 minutes of trauma. A follow up study, observed the effect of those
changes on intra-axonal Ca2+ concentrations.

Pre-trauma administration of TTX

abolished this particular cleavage along with increases in intracellular Ca2+. The most
significant contribution from this study is the notion that mechanical (stretch) injury to
axons results in „feed-forward‟ loop involving the interplay of Na+ influx, an increase in
intra-axonal Ca2+ and activation of injury induced proteolytic cascades. Iwata et al.
(2004) supported previous work, showing that Na+ influx resulted in the proteolytic
cascade but added a piece of the puzzle. The early stage cleavage of the specific domains
of the α-subunit, resulted in persistent elevations of intra-axonal Ca2+ concentrations,
which would lead to further axonal damage. Calpain, the specific protease responsible
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for the α-subunit cleavage, was acknowledged by the presence of characteristic
proteolytic fragments of calpain mediated activity (von Reyn et al., 2009).
Recent studies, using ultrastructural and immunoblot analysis of injured axons
following moderate fluid percussion injury, reported evidence of a disrupted
submembrane cytoskeleton and disorganization of the Node of Ranvier. This study
specifically monitored the expression of ankyrin-G and αII- spectrin following trauma.
The binding partner ankyrin tethers spectrin to the plasma membrane (Reeves et al.,
2010). Fragments of ankyrin G and αII-spectrin on immunoblot analysis, matched the
proteolytic signature spectrin fragments of calpain activity, implicating this particular
enzyme in the degradation of the cytoskeleton. Ankyrin-G and αII-spectrin are integral
to the stable linkage between varieties of membrane proteins, such as Nav1.6 (Reeves et
al., 2010). Ankyrin-G is required for clustering of voltage-gated Na+ channels at axon
initial segments and for normal action potential firing (Zhou et al., 1998). Another aspect
of this study considered binding partners, neurofascin (both 186 and 155 forms were
considered) and ankyrin-B expression.

Following fluid percussion an increase in

proteolytic fragments of neurofascin and ankyrin-B proteins were observed using
immunoblot analysis. Pairing this with ultrastructural evidence of nodal destabilization,
Reeves et al. (2010) proposed that calpain mediated proteolysis of spectrin and ankyrins
led to nodal disorganization and detachment of the paranodal loops of myelinating cells.
In addition to regulating the levels of nodal Nav1.6 channels through interaction
with ankyrin-G, an investigation by Yang et al. (2004), showed the importance of βIV
spectrin in maintaining nodal membrane integrity and axon shape. By deleting, specific
14

domains of the molecule their studies showed disrupted βIV spectrin retention and
instability at nodes. Specifically, the node of Ranvier was also reported to be much
broader and have prominent vesicle-filled nodal membrane protrusions, similar to nodal
blebs (Yang et al. 2004).
Further investigations by Ogawa et al. (2006) have also showed the importance of
the spectrin cytoskeleton at the paranodal region.

Using mass spectrometry, they

identified αII spectrin, βII spectrin, and ankyrin-B as proteins involved in maintaining the
structural integrity of the paranodal cytoskeleton. This is important because following
TBI it has been shown that the spectrin cytoskeleton has been altered (Buki et al., 1999;
Buki et al, 2000; Reeves et al, 2010). As the spectrin cytoskeleton is critical to the
tethering of nodal and paranodal structures around the axon, Ca2+ induced proteolytic
cleavage of the cytoskeleton affects those structures as well.

Our studies seek to

understand trauma induced changes in those molecular domains of axons that we posit
include alterations in Nav1.6 and Caspr.

Molecular Domains of Myelinated Axons

In the central nervous system (CNS) nerve fibers are closely associated with the
myelin containing processes of oligodendrocytes, glial cells which physically wrap
myelin forming the axon cylinder. Myelin insulation of vertebrate axons is a specific
evolutionary adaptation allowing rapid and efficient, saltatory propagation of action
15

potentials (Denisenko-Neehrbass et al. 2002). As it was first noted by Ranvier in 1874,
the myelin surrounding axons shows regular interruptions along the axon, these “gaps”
are now referred to as “the node of Ranvier”. In this respect, myelinated axons are
organized in a series of four distinct molecular domains: the node of Ranvier, paranodal,
juxtaparanodal, and the internodal regions.

Each region is comprised of specific

components with its organization highly conserved. The molecular domain organization
is critical for the efficient conduction of nerve impulses via saltatory conduction (Peles
and Salzer, 2000). The elucidation of the organization and function of these domains, the
mechanisms that govern their assembly and the changes that occur following injury or
disease have significant clinical implications (Peles, 2008).

The following sections

provide brief descriptions of each domain along with its components. Please see Figure
1.1 for spatial organization of these domains.
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Figure 1.1. A schematic of the molecular domains of a myelinated axon in the peripheral
nervous system (upper half) and central nervous system (lower half). The node of
Ranvier is marked by large accumulation of voltage-gated Na+ channel isoform 1.6. The
paranodal region displays accumulations of contactin, contactin-associated protein
(Caspr), and 155 isoform of neurofascin (NF-155). The juxtaparanode shows delayed
rectifier potassium channels and Contactin-associated protein 2 (Caspr2). The internode
displays a spiral of paranodal and juxtaparanodal proteins. CM:Compact Myelin; ECM:
Extracellular Matrix; PNP: Perinodal Astrocyte Processes; MV: Microvilli; PNL:
Paranodal Loops; Kv1.1: Voltage-gated Potassium Channel Isoform 1.1; Kv1.2: Voltagegated Potassium Channel Isoform 1.2, NrCAM: Neuro Cell Adhesion Molecule; NF186:
186 kDa isoform of Neurofascin. (Salzer and Peles, 2000).
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Salzer and Peles, 2000
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The Node of Ranvier

This region of the myelinated axon is the only region not covered by the
oligodendrocyte membrane, known as myelin. It is marked by large enrichments of
voltage-gated Na+ channels which is essential to the intrinsic properties of the axon. This
region allows the rapid influx of sodium that leads to the characteristic spike of an action
potential depolarization. The most prevalent subtype of voltage-gated Na+ channel in
mammalian adult (mature) myelinated axons is voltage-gated Na+ channel isoform 1.6
(Nav1.6), although Nav1.2 isoforms occur in developing axons (Caldwell et al., 2000).
Nav1.6 is of particular interest in this study and will be discussed further in later sections.
The voltage-gated Na+ channel are anchored to the spectrin cytoskeleton via ankyrin-G
complexes (Reeves et al., 2010). Ankyrin-G also interacts with the Na+/K+ ATPase as
well as the neurofascin 186 kDa isoform. Other components include, numerous perinodal
astrocytic processes along with extracellular matrix proteins (Peles and Salzer, 2000).

Paranodal Region

Nodes are flanked on either side by the lateral edges of the myelinating process of
the oligodendrocyte, which enclose a continuous belt of cytoplasm that tightly spirals
around and forms a unique junction with the axon. This is the closet point between the
myelin and axolemma. In longitudinal sections, this structure has the appearance of a
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series of loops, with the outermost loops closest to the node. (Salzer, 2003). This region
is thought to have several functions. First, this region‟s role is to provide a structural
anchor for the myelin and second, provide a barrier against the lateral diffusion of
membrane components.

It is also believed that this site of attachment allows for

bidirectional signaling between the axon and the oligodendrocyte glial cell. Contactin,
contactin-associated protein, and neurofascin 155 form a tripartite complex and denote
this region (Einheber et al., 1997). Contactin-associated protein (Caspr) binds to protein
4.1B, a member of the 4.1 family of cytoskeletal proteins; this complex alsong with
contactin and neurofascin 155, is responsible for the transverse bands seen in ultrastructural microscopy (Horresh et al., 2010). Caspr will be discussed further in later
sections. Please refer to Figure 1.2 for a schematic of the paranodal region.
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Figure 1.2 A schematic of the septate-like paranodal region of myelinated axons. Caspr
is constituitively complexed with contactin (Cont.) and they interact with 155 kDa
isoform of Neurofascin forming the transverse bands that are indicative of mature axons.
Na+ channels are shown in the node of Ranvier linked to a isoform of ankyrin and
neuronal cell adhesion molecultes (NrCAM). In the juxtaparanodal region, delayed
rectifier potassium channels are also shown (Trapp and Kidd, 2000).

21

Cont.

Cont.

Cont.

Trapp and Kidd, 2000

22

Juxtaparanodal Region

In the areas under the compact myelin lamellae directly adjacent to the paranode,
lays the juxtaparanodal region. It is enriched in the delayed-rectifier potassium channel
isoforms, Kv1.1 and Kv1.2. These channels are essential for the repolarization that occurs
following action potentials.

Kv1.2 co-localize with contactin-associated protein 2

(Caspr2) (Peles and Salzer, 2000) which is similar to Caspr but has different binding
sequences. Caspr2 also interacts with protein 4.1B (Horresh et al., 2010) and TAG-1
throughout this region. TAG-1, a GPI-anchored cell adhesion molecule, is expressed by
both glial cells and neurons. Glycosylphosphatidylinositol (GPI) is a post-translational
modification to proteins containing fatty acids which anchor these proteins to the cell
membrane (Peles and Salzer, 2000).

The Internodal Region

This region lies between the juxtaparanodal regions under the compact myelin
lamellae.

This is by far the most extended site of interacton between axons and

myelinating glia. The internode has no specific enrichments of proteins or specialized
structures as demonstrated by freeze-fracture technique (Salzer, 2003). However, an
extension of Caspr, from the paranode, and Kv1.1 and Kv1.2, from the juxtaparanodal
region, spiral around the internode, called the mesaxon (Peles and Salzer, 2000).
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Voltage Gated Sodium Channel Nav1.6 Structure and Distribution

Voltage-gated Na+ channels play an essential role in the initiation and propagation
of action potentials in neurons and other excitable tissue (Hodgkin and Huxley, 1952).
Using primarily voltage clamp techniques, Na+ currents were first reported by Hodgkin
and Huxley and characterized as voltage-dependent, rapidly activated, and ionically
selective (Hodgkin and Huxley, 1952). The general mechanism behind a characteristic
action potential begins with slight membrane depolarization. This relatively minuscule
deviation from equilibrium is sensed by specific subunits of the voltage-gated Na+
channel and becomes active, leading to a massive influx of Na+ ions through the selective
integral membrane channel (Hodgkin and Huxley, 1952).

It was not until the

development of methods for the molecular analysis of Na+ channels emerged in the
1970‟s that ion flux through Na+ channels was characterized (reviewed in Catterall,
2000).

The purification of Na+ channels using derivatives of an α-scorpion toxin

(tetrodotoxin) identified the principle α-subunit (250 kDa) and the auxiliary β-subunit (36
kDa) of brain Na+ channels (Beneski and Catterall, 1980). Subsequent purification
studies reported that the voltage-gated Na+ channel is a multimeric complex, composed
of a single pore forming α subunit (250 kDa) and two β subunits (36 kDa) (Yu and
Catterall, 2003).
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Recently, Na+ channels have been re-named using nomenclature that first
identifies the chemical symbol of the permeating ion (Na) followed by the principal
physiological regulator (voltage) indicated as a subscript (Nav).

The first number

indicates the gene subfamily although currently there is only one (Nav1). Following the
decimal point, the number indicates the channel isoform in the order which they were
discovered (Nav1.1-1.9) (Goldin et al., 2000). In this respect, nine α-subunits sharing the
same motif but different amino acid sequences (Nav 1.1-Nav1.9) have been functionally
described. The primary sequence of amino acids determines that the Na+ channel alpha
subunit folds into four domains (I-IV). These domains are similar to one another and
contain six alpha-helical transmembrane segments (S1-S6). In each of the domains, the
voltage sensor is located in the S4 segments, which contain positively charged amino acid
residues in every third position. A loop between helices S5 and S6 is embedded into the
transmembrane region of the channel to form the narrow, ion-selective filter at the
extracellular end of the pore (Yu and Catterall, 2003). Please refer to Figure 1.3 for
schematic representation of a voltage-gated Na+ channel.
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Figure 1.3 A schematic of a voltage gated Na+ channel. The four domains of the ion
channel are labeled I-IV Each domain contain six subunits labeled S1-S6. The pore
forming loops of the channel are between S5 and S6 helices. The voltage-sensitive
subunit is S4. (Yu and Catterall, 2003)
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Yu and Catterall, 2003

27

In addition to differences in cellular and tissue expression, mammalian Na+
channels also have differential expression during development and vary in subcellular
localizations; each channel has a distinct role in mammalian physiology (Yu and
Catterall, 2003).

From the nine isoforms identified, only four isoforms have been

identified in the central nervous system of rats: Nav1.1, Nav1.2, Nav1.3, and Nav1.6
(Goldin et al., 2000).

Although most of these channels form expression gradients

throughout the CNS, Nav1.6 is expressed broadly in the CNS with no caudal-rostral
pattern (Yu and Catterall, 2003). Although it is distributed sporadically in dendrites and
neuronal cell bodies of retina, cerebellum, and cortex tissue, it is also the predominant
isoform at the nodes of Ranvier on myelinated axons (Whitaker, 2001).

Initially

expressed on developing axons, as the nodes of Ranvier develop and mature, Nav1.6 has
been shown to replace Nav1.2 (Boiko et al., 2001). In a mature myelinated axon,
following the deposition of compact myelin by oligodendrocytes Nav1.6 clusters at the
node of Ranvier (Kaplan et al., 2001).

Voltage-Gated Sodium Channelopathy and Disease

Na+ channelopathy has been implicated in diseases such as multiple sclerosis
(Waxman et al., 2004).

Following induction of experimental autoimmune

encephalomyelitis (EAE), an experimental model of multiple sclerosis, a persistent Na+
influx was observed and also diffuse distribution of voltage-gated Na+ channels. This
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continued activation of Na+ channels, initiates a feed-forward process of Na+ influx and
leads to further axonal injury. This observation is supported by the work of Coman et al.
(2006), who noted heterogenous Na+ channel aggregates along demyelinated axons.
They also reported diffuse distributions of paranodal and juxtaparanodal proteins and
suggested Nav1.6 channel aggregation defects may be associated with remyelinating
failure in multiple sclerosis.
To date, attempts to knock-out α-subunits of voltage-gated Na+ channels have
been unsuccessful as the animal models die prematurely (Planells-Cases et al., 2000).
This result only highlights the importance and necessity that voltage-gated Na+ channels
are to proper functioning of excitable tissue. As knock-out experiments are currently
unavailable for this particular protein, other strategies have been employed to monitor
voltage-gated Na+ channel expression following TBI. Following in vitro injury to nerve
fibers, a significant increase in density and size of Nav1.6 accumulations has been seen
(Mao et al., 2007). This evidence has been supported by fluid percussion TBI studies,
where a significant up-regulation in the expression of Nav1.6 has been observed up to 72
hours post-injury (Mao et al., 2010).

A similar result was observed by Yuen and

colleagues (2009), who reported an up-regulation in voltage-gated Na+ channel
expression at 24 hours after mild in vitro stretch injury. Additional application of stretch
injury greatly exacerbated the initial response and resulted in axonal degeneration (Yuen
et al., 2009). In several diseases and experimental models, voltage-gated Na+ channels
have demonstrated altered expression and distribution on myelinated axons. It is the goal
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of this study to further investigate this particular channelopathy in the context of diffuse
traumatic brain injury induced by the impact acceleration model of diffuse TBI.

Contactin-Associated Protein/Paranodin/ Neurexin IV

Contactin-associated protein (Caspr), also called paranodin or NCPI is a type I
integral membrane protein (190 kDa) that is highly expressed in the central nervous
system (Peles et al., 1997). Caspr is diffusely localized along immature myelinated axons
and unmyelinated axons. However, as myelin is deposited and the axon matures, Caspr
becomes concentrated at the paranode suggesting that the clustering and redistribution of
Caspr to the paranodal domain is part of the maturation process associated with
myelination (Einheber et al., 1997). Although Caspr is clustered at the paranode, a
spiraling extension of this protein exists throughout the juxtaparanodal and internodal
regions, referred to as the mesaxon (Peles and Salzer, 2000). Caspr is considered a
member of the neurexin family, as it has several laminin G-like and epidermal growth
factor (EGF)-like domains characteristic of neurexins. Caspr copurifes with contactin/F3
when the carbonic anhydrase domain of the receptor protein tyrosine phosphatase β is
used as an affinity ligand suggesting that Caspr and contactin are constitutively
complexed (Einheber et al., 1997). Contactin is a glycosylphosphatidylinositol (GPI) anchored cell adhesion molecule of the Ig superfamily (Denisenko-Nehrbass et al., 2002).
In the absence of contactin, Caspr remains trapped in the endoplasmic reticulum and fails
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to reach the paranodal region of myelinated axons (Fairve-Sarraillh et al., 2000).
Contactin interacts with Caspr and guides it to the cell surface via lipid rafts. In the
extracellular region, Caspr/contactin complex interacts with a 155 kDa isoform of glial
molecule Neurofascin (NF –155), a member of L1 subgroup of Ig superfamily.

This

trans interaction is responsible for the adhesion of the myelin paranodal loops to the
axon.

The cytoplasmic segment of Caspr contains potential binding sites for SH3

domain-containing proteins and band 4.1 proteins. These proteins are responsible for the
anchoring of the cytoplasmic regions of Caspr to the spectrin cytoskeleton.

As

visualized using ultrastructural images, this complex of paranodal proteins comprise what
is referred to as the transverse bands, which are considered the hallmark of mature axoglial junctions (Rios et al., 2003).
The paranodal junctions of myelinated fibers have a role in forming a partial
physical barrier to the movement of solutes around the axolemma. Studies in which
electron-dense tracers were infused in peripheral nerves have demonstrated that these
junctions provide a partial barrier to the diffusion of small ions and an absolute barrier for
the passage of large molecular weight compounds into the internode (Hirano et al., 1995).
Paranodal junctions may also regulate the distribution of nodal and juxtaparanodal
constituents.

Indirect evidence, including freeze fracture studies, suggests they

physically demarcate the boundaries of the node by limiting the lateral diffusion of Na+
channels, thereby confining them to the node. (Rosenbluth, 1983). Additional studies
utilizing knock-out mice for myelin-associated glycoprotein (MAG) and the myelin
galactolipids, two glial components of myelinating cells, have shown decreased axo-glial
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adhesion and destabilized nodes of Ranvier (Marcus et al., 2002), as seen in
demyelinating disease.

Contactin-Associated Protein and Related Disease

Caspr has been implicated in neurodegenerative disorders. Studies made using
tissue harvested from patients with progressive multiple sclerosis (MS) have reported
disorganized paranodal junctions at the borders of affected tissue (Coman et al, 2006).
In this study, there was diffuse Caspr immunoreactivity along naked axons in the MS
plaques. In contrast, in the surrounding tissue, that immediately bordered the MS lesions,
the distribution of Caspr was relatively normal and Caspr formed the distinct, cylindrical
structures flanking the node of Ranvier with the characteristic bundles of neurofilaments
passing through their center.
Other investigations, using Caspr protein knockouts which have similar features
to MS have demonstrated that Caspr deregulation leads to a decrease in nerve conduction
velocity (function) and eventually myelin loss (Bhat et al., 2001), thereby contributing to
disease progression in MS. These experiments utilized Caspr deficient mice which are
viable but display symptoms of tremors, ataxia, and significant motor paresis, analogous
to multiple sclerosis patients. Normal paranodal junctions fail to form in these mice and
paranodal loop organization is disrupted, although the compact myelin remains normal
(Bhat et al., 2001). Contactin is undetectable in mutants and K+ channels reportedly
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migrate to the paranodal region exemplifying the importance of this paranodal protein in
the distribution of the molecular domains of the myelinated axon. Also using knock-out
mice, Rios et al. (2003) showed the importance of Caspr in developing CNS neurons.
Mutant mice showed an increased nodal length and progressive dispersal of nodal
components along the axon with many nodes failing to mature properly and replace the
Nav1.2 isoform with the mature Nav1.6 isoform. Unpublished data from our laboratory
shows similar results when animal models were subjected to diffuse TBI. Following
trauma, injured rat axons of the brainstem demonstrated a lengthening in the node of
Ranvier (Fig. 1.4, Fig. 1.5, and Fig. 1.7) when compared to sham operated animals
(Marmarou, Dupree et al. 2011, unpublished data).
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Figure 1.4 A schematic of the molecular domains of axons (Figure 1.4A). In sham
operated uninjured axons (Figure 1.4B) the Caspr staining is bilateral and restricted to the
paranodal region (Figure 1.4B, arrows, blue) and the Nav1.6 staining is restricted to the
narrow area within the node (Figure 1.4B, arrowheads, red). Traumatically injured axons
demonstrate a marked redistribution of Nav1.6 (Figure 1.4C, arrowheads, red) and Caspr
staining relationships (Figure 1.4C, arrows, blue).
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Marmarou and Dupree, Unpublished Data 2011
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Figure 1.5 Electron photomicrographs of traumatically injured axons following TBI.
The average length of the node of Ranvier in the corticospinal tract (A-F) and the medial
leminscus (G-H) appears elongated at 30 m, 3hrs and 24 hrs post injury when compared
to sham operated axons (A,G) (pink arrows).
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Marmarou and Dupree, Unpublished Data 2011
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Figure 1.6 Bar graph showing the increase of nodal length in the corticospinal tract (Fig.
1.7A) and in the medial lemniscus (Fig 1.7B) over the course of 90 days. An increase in
nodal length was observed over the course of 24 h, however the lengths decreased at 7
days to sham levels.
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Marmarou and Dupree, Unpublished Data 2011
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Figure 1.7 Compared to sham operated animals (A), damaged axons demonstrate
increased electron dense inclusions consistent with cytoskeletal compaction (B, yellow
arrows), bulbous formations indicative of impaired axonal transport (C, black arrows; D,
red asterisk) and nodal blebbing (E, white arrows).
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Marmarou and Dupree, Unpublished Data 2011
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Additionally, Rios et al. (2003) noted that juxtaparanodal potassium channels
infiltrated the paranodal region, implicating the role of Caspr as a lateral diffusion barrier.
Work by Marmarou and Dupree (2011, unpublished data), support that observation.
Confocal images of injured rat axons triple-labeled for neurofilaments, Caspr, and Kv1.2
showed stark redistribution of molecular domains as they colocalize throughout the
injured axons outside of their normal molecular domain (Figure 1.8). In specific injured
axon populations, neurofilament compaction (NFC) along with vacuolization is apparent
and aberrant localization of Caspr and Kv1.2 is also seen.
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Figure 1.8 Confocal image of the same injured axon of rat brainstem under triplestaining for neurofilaments, Caspr, and Kv1.2. Images E-H represent an enlargement of
images A-D. In these images neurofilaments, Caspr, and Kv1.2 are shown to colocalize
in an injured axon showing a redistribution from typical molecular domains of sham
animals.
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Marmarou and Dupree, Unpublished Data 2011
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Supportive of the idea that Caspr may serve to localize the normal distribution of
constituents of the myelinated axons are the studies of Rasband et al. (1999) who showed
using two models that the clustering of Na+ channels was dependent on the sub-cellular
location of Caspr. In the first series of experiments, the developing rat optic nerve was
analyzed from post-natal day seven (P7) to P22. The results of these studies suggested
that there was a strong correlation between paranode formation and Na+ channel
clustering which was related to deposition of myelin by the maturing oligodendrocytes,
which occurred at about P20. Subsequent work using hypomyelinated mutant Shiverer
(Shi) mouse optic nerve preparations double-labeled for Na+ channels and Caspr
demonstrated irregular patterns in Caspr-labeled paranodes and Na+ channel clusters that
often appeared without Caspr immunoreactivity. These studies collectively suggest that
the sub-cellular distribution of the protein Caspr may serve a role in the nodal Na+
channel clustering.

Summary

The research described in this dissertation continues our efforts to define the
molecular mechanisms inherent in the pathobiology of traumatic axonal injury by
characterizing changes in axolemmal protein domains that we posit contribute to the
damaging effects caused by diffuse traumatic brain injury. Specifically the goal of this
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study is to further elucidate the molecular alterations occurring at the molecular domains
of axons following experimentally induced traumatic axonal injury by specifically
characterizing the role of Na+ channels and Caspr in traumatic axonal injury.
In the preceding passages (Chapter 1) we have provided an introduction and a full
description of the epidemiology, history, and mechanisms that characterize traumatic
axonal injury following TBI. Here, we show that several lines of evidence suggest that
ionic fluctuations may be responsible for the sequelae of TAI that we now know leads to
two distinct pathobiologies of TAI.

Following, we have a detailed review of the

molecular domains of myelinated axons that we speculate are severely altered following
TBI. In this regard, as preliminary work in our laboratory supports the occurrence of
significant changes in the Na+ channel density in the node of Ranvier concomitant with
alterations in the distribution of Caspr in the paranodal domain, we have summarized the
molecular components of these domains as well as the experimental work that provides
evidence of the potential of pathological cascades involving both Na+ distribution and
Caspr.
In the proceeding chapters we will present our specific aims and hypothesis
(Chapter 2), and methodology (Chapter 3) that we will use to evaluate with biochemical
means the alteration in the expression of Na+ channels and Caspr following TBI over a 24
h period post-injury
In summary, this work provides compelling evidence that TBI incurs dramatic
changes in the node of Ranvier as well as the paranodal domains of myelinated axons.
Specifically, we demonstrate that following injury there is a dramatic increase in Na+
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channel sequestration at the node of Ranvier. Further, we show that there is a significant
and persistent reduction in the expression of the paranodal protein, Caspr. Through the
conduct of the above-described studies we have revealed novel injury mechanisms
characteristic of traumatic axonal injury that may prove useful for the development of
more rational therapies that will facilitate the improved treatment of diffuse axonal injury
in humans.
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Chapter 2
Hypothesis and Specific Aims

Rationale: The goals of these studies are to further elucidate the intra-axonal changes in
axolemmal protein domains that we posit contribute to the pathological cascades in
traumatically injured axons following traumatic brain injury (TBI). Specifically we
address the question of how changes in the expression of nodal and paranodal proteins
contribute to traumatic axonal injury. We will use the impact acceleration model of TBI
and analyze a discreet area within the brain stem that characteristically results in a
concentrated area of traumatically injured axons. A total of 24 rats will be assigned to
sham (n = 6) and traumatic brain injured experimental groups (n = 6 per group) and
sacrifice at 30 minutes, 3 hours, and 24 hours post insult. Using Western blot (WB)
technique we will investigate the expression of Nav1.6, normally associated with the
nodal domains of myelinated axons and contactin associated protein (CASPR), normally
associated with the paranodal domain of myelinated axons.

Hypothesis: Following diffuse TBI, we posit that traumatically injured axons will
demonstrate reduced expression of Nav1.6 and CASPR.

Specific Aims:
1. We will measure the temporal expression of Nav1.6 following TBI.
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Protein levels will be accessed using Western blot procedures and
the expression of Nav1.6 within the brain stem will be assessed at
30 minutes, 3 hours, and 24 hours post-TBI and compared to sham
operated values.

2. We will provide evidence that the expression of CASPR is reduced
following TBI.

Protein levels will be accessed using Western blot procedures to
measure the expression of CASPR within the brain stem at 30
minutes, 3 hours, and 24 hours post-injury and compared to sham
operated values.
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Chapter 3
Methods

All animals received humane care in compliance with the Guide for the Care and
Use of Laboratory Animals (National Research Council, National Academy Press,
Washington DC, 1999). Experimental surgical procedures and post-operative care were
approved by the Virginia Commonwealth University Institutional Animal Care and Use
Committee (IACUC) regulations.
Twenty-four adult male Sprague-Dawley rats (375-400 grams) were randomly
assigned to four experimental groups: Group 1, sham operated (n=6); Group 2, traumatic
brain injury (TBI) sacrificed at 30 min (n=6); Group 3, TBI sacrificed at 3 h (n=6); and
Group 4, TBI sacrificed at 24 h (n=6).

Surgical Preparation & Anesthesia

Rats were weighed and mass recorded.

Adult male Sprague Dawley rats

weighing 350-400g were used. This weight range was utilized for replication of
consistent outcome. Animals were initially anesthetized with 4.5% isoflurane in 30% O2
and 70 % N2O for a period of 5 min in a 1,500 cc ventilated anesthesia induction chamber
VAC-RITE (Becton Dickinson, Fanklin Lakes, NY). Anesthesia was delivered using a
Narkomed, North American Drager Ventilator, initially set to deliver 200-250 ml gas
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volume, at 15 cycles per minute, using gas/air mixture of NO (70%) and O2 (30%).
Animals were then positioned on a rodent intubation stand (Harvard Apparatus,
Holliston, MA) by hanging in a supine position via the front incisor teeth. Using forceps
the tongue was retracted and a laryngoscope with optic fiber bulb (Henry Schein,
Melville, NY) was inserted into the oral cavity. An endo-tracheal tube of 9 cm precut
length of PE-205 tubing (VWR, Bridgeport, NJ) was inserted into the trachea. The
animal was promptly connected to a respirator and proper intubation was determined.
Then 20 cm of monofilament nylon spool suture (Henry Schein, Melville, NY) was used
to secure the endo-tracheal tube.
Animals were then artificially ventilated with a gas mixture of NO (70%), O2
(30%) and isoflurane (2%) that was maintained throughout the procedure. Anesthetized
animals were placed supine on a heating pad (Harvard Apparatus, Holliston, MA) that
was connected to a thermostat controlled by a rectal probe. This was set to maintain
normal core body temperature at 37°C (Harvard Apparatus, Holliston, MA). Lubricating
veterinary ointment was applied to the eyes.

Surgical Preparation for Intraoperative, Multiparameter Physiological Monitoring:
Mean Arterial Blood Pressure and Blood Gas Analysis (pH, pCO2, pO2)

In addition to monitoring heart rate, core temperature, and respiratory rate, select
animals underwent femoral arterial cannulation, immediate following intubation. Mean
arterial blood pressure (MABP) and core temperature were continuously monitored via
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Power Lab on-line physiological monitoring system (AD Instruments). The temporal
course used to prepare the animals was preserved in all experimental animals.
The animal was placed in the prone position and the left femoral triangle area was
shaved, cleaned and then swabbed with bentadine and lidocaine. A 3 cm incision of the
femoral triangle was made. With the aid of the dissection microscope, the fascia and
femoral muscles were separated and the femoral sheath exposed. The femoral vein and
artery were isolated and ligatures were used to occlude the blood flow. Approximately 5
mm of PE50 tubing (VWR, Bridgeport, NJ) was inserted into the intra-luminal surface of
each vessel and tightly secured using ligatures. The arterial cannula was also used to
withdraw blood gas samples to monitor pH, pO2, and pCO2 at 30 min and 15 min prior to
injury and then at 15 min, and 30 min post-TBI. Venous cannulation was used to replace
fluid lost during the course of the surgery.

Surgical Preparation and Induction of Moderate DTBI

The scalp was shaved a swabbed with betadine. A midline scalp incision of 20
mm was made and the periosteum displaced to expose the scull. A 10 mm-round
stainless steel disk was affixed to the skull using cyanoacrylic and positioned midline
between the bregma and lambdoid sutures, straddling the sagittal suture. The rats were
then disconnected from the respirator and placed in the prone position on a foam bed
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under a hollow plexiglass tube. A sectioned brass weight of 450 g was dropped from a
height of 2 m onto the center of the metal disk (Fig. 3-1) to induce moderate/severe TBI.
After injury, the rat was rapidly reconnected to anesthesia with mechanical ventilation,
the metallic helmet was removed and the skull was checked for fractures. The skin was
sutured and topical ointment applied. At 30 min post-TBI, the arterial cannula was
removed and the femoral incision sutured. The animals were then allowed to recover by
reducing the isoflurane and NO2 levels to 0% while simultaneously increasing the volume
of O2. Sham-injured control animals were prepared as described above. These animals,
however, did not receive TBI.

53

Figure 3.1 The impact acceleration model of diffuse traumatic brain injury. The
anesthetized rat is disconnected from the respirator and placed prone on the foam bed
under the hollow Plexiglas tube. Trauma is induced by dropping the cylindrical column
(50g per section) of segmented brass weighing 450g through the Plexiglas tube from a
distance of 2m onto the metallic disc (helmet) fixed to the skull vault of the animal.
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Animal Sacrifice

At the designated survival time, experimental animals were anesthetized by deep
induction of isoflurane (5%) for 6 min. The sutured midline incision was extended from
skull to below C5 with the animal in the prone position. The animal was sacrificed by
rapidly severing the spinal cord at the level below C1. The C1 vertebra was opened to
reveal the spinal cord by careful vertical pressure using surgical pliers. The brainstem
and rostral brain were exposed by cautiously breaking the occipital, intraparietal, parietal,
and frontal bones of the dorsal cranial vault, respectively. The brain was then rapidly
removed and placed on ice. The cerebellum was dissected and discarded. The brainstem
was then harvested using two transverse cuts, the first at the level of the inferior
cerebellar peduncle and the second 2 mm rostral to the cervical spinal level C1. This
region of tissue boasts a significant accumulation of axons and very few cell bodies. The
desired tissue was promptly placed in ice-cold RIPA extraction buffer (50mM Tris,
150mM NaCl, 1% NP40, 0.5% SDS, 1% DOC) solution containing protease inhibitor.
Brainstem samples were then homogenized while in ice-cold histolysis buffer. Protein
was separated by centrifugation at 14,000 rpm for 30 min and temperature was
maintained at 4 ºC. The supernatent protein was then aliquoted and stored at -80ºC.

TISSUE PREPARATION FOR PROTEIN ANALYSIS USING WESTERN BLOT (WB)
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Tissue Quantification via Protein Assay

Before undergoing later analysis via Western blot, a protein assay was conducted
with two aims: first, to ensure that a timely harvest of sample tissue preserved the
protein; second, to quantify the concentration of protein in our sample aliquot. To obtain
this data, Bovine Serum Albumin (Fischer Scientific, Pittsburgh, PA) was dissolved in
RIPA- PI (50mM Tris, 150mM NaCl, 1% NP40, 0.5% SDS, 1% DOC) and then diluted
with additional RIPA-PI into separate tubes until the desired concentrations of 2000,
1500, 1000, 750, 500, 250, 125 mg/ml was reached. These concentrations were used to
establish a reference for which a comparison with sample protein could be generated.
Next, protein content was determined with a detergent-compatible protein assay reagent
kit. Twenty-five µL of Reagent A (Bio-Rad, Hercules, CA) was loaded into each well of
a 96- well micro titer plate. Additionally, 5 µL of standard, RIPA-PI, or sample was
added to the wells, 3 wells per standard/sample. Finally 200 µL of Reagent B (Bio-Rad,
Hercules, CA) was added to each well and allowed to incubate for 15 minutes in
darkness. Protein content was determined based on the principle of absorbance using a
FLUOstar Optima Microplate Reader and the data was recorded in Microsoft Excel
(Figure 3-2.)

57

Figure 3.2 An example of a typical protein assay data sheet. The slope of the reference
line must be above 0.95 in order for it to be an acceptable reference and the protein
concentrations considered accurate. In the “Calculated Concentrations” table, rows A
and B represent the dilutions of BSA used as a reference. Rows C through F represent
protein sample concentrations.
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Sodium Dodecyl Sulfate- Polyacrylamide Gel Electrophoresis for Contactin-Associated
Protein

Due to differences in the molecular weight (MW), two protocols were developed
and tailored to properly measure the density of expression of the proteins of interest.
This section describes the protocol used when assessing the expression of contactinassociated protein (Caspr).

Proteins were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). To accomplish this, samples were first
combined with NuPAGE LDS Sample Buffer (Invitrogen, Carlsbad, CA) and a volume
of RIPA-PI. Protein concentration of each sample was determined previously by use of a
protein assay. Precisely, 100 µg of sample protein was pipetted into tubes containing the
above mentioned agents and then NuPAGE Reducing Agent (Invitrogen, Carlsbad, CA)
was added. The mixture was centrifuged to ensure proper incorporation and then heated
at 70ºC for 10 min for protein denaturation.
Samples were returned to ice. Equivalent volumes of 30 µL were loaded into
each lane on a 4-12% Bis-Tris polyacrylamide gel for SDS-PAGE. Gels were locked in
place and running buffer 5% MOPS SDS was added to both chambers. To the inner
chamber, 500 µL of antioxidant (Invitrogen, Carlsbad, CA) was added. Electrophoresis
was carried out at 183-186 V for 45-50 min.
Following the proper migration of protein, the rig was dismantled and protein was
transferred to nitrocellulose membranes (Invitrogen, Carlsbad, CA) at 23 V for 2.5 h in
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ice-cold transfer buffer (10% methanol, 5% Transfer Buffer) solution containing 1 mL of
antioxidant (Invitrogen, Carlsbad, CA). The transfer rig was kept ice-cold throughout the
transfer to reduce protein degradation. The membranes were then placed 10% TBS-milk
buffer solution (0.1% Tween-20) and rocked at room temperature for 2 h. Blots were
incubated overnight at 4°C with anti-Caspr/paranodin/neurexin IV (1:10) antibodies
(Neuromab, Davis, CA).
Following incubation, blots were brought to room temperature and washed 3
times (10 min) with Tris Buffered Saline (TBS). Membranes were blocked again with
10% TBS-milk buffer solution (0.1% Tween-20) for 1 h. Next, blocking trays were
drained and new blocking buffer containing horseradish peroxidase-linked polyclonal
anti-mouse IgG secondary antibody (Abcam, Cambridge, MA) was added at 1:2000
concentration and allowed 1 h incubation. The blots were rinsed with TBS-T (Tween-20
0.1%) 3 times for 10 min and then 2 times for 10 min with TBS. Protein bands were
detected by electrochemiluminescent (ECL) Western blotting detection reagent (GE
Healthcare) and film was processed using Kodak X-OMAT developer. Membranes were
then stored in TBS overnight at 4°C.

Contactin-Associated Protein Loading Control: Cyclophilin-A

For contactin-associated protein, proper loading of the gel was confirmed by the
use of the reporter protein cyclophilin-A (18 kDa). First, membranes were brought to
room temperature (previously stored at 4°C). A stripping buffer (Sodium dodecyl sulfate
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(SDS), glycine) was added to remove previously bound antibody. Membranes were
blocked with 5% Milk (Tween-20 0.1%) solution for 1 hour then probed with anticyclophilin-A primary antibody 1:5000 (Upstate, Lake Placid, NY) and incubated for 2.5
h. Membranes were washed 3 times for 10 min using TBS rinse buffer. Then blocking
buffer was added with horseradish peroxidase-linked polyclonal anti-rabbit IgG
secondary antibody (Abcam, Cambridge, MA) at 1:5000 and allowed 1 h incubation at
room temperature.

The blots were again rinsed with TBS-T 2 times for 10 min and then

3 times for 10 min with TBS-T (Tween-20 0.1%). Protein bands were detected by
exposure to electrochemiluminescent (ECL) Western blotting detection reagent (GE
Healthcare) and film was processed using Kodak X-OMAT developer.

Sodium Dodecyl Sulfate- Polyacrylamide Gel Electrophoresis for Voltage-Gated Sodium
Channel 1.6

This protocol was used when targeting Nav1.6 protein by Western blot analysis.
Target protein was separated from unwanted sample protein by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). To accomplish this, samples were first
combined with NuPAGE LDS Sample Buffer (Invitrogen, Carlsbad, CA) and a volume
of RIPA-PI. Protein concentration of each sample was determined previously by use of a
protein assay. Precisely, 100 µg of sample protein was pipetted into tubes containing the
above mentioned agents and then NuPAGE Reducing Agent (Invitrogen, Carlsbad, CA)
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was added. The mixture was centrifuged to ensure proper incorporation and then heated
at 70ºC for 10 min for protein denaturation.

Samples were then returned to ice.

Equivalent volumes of 30 µL were loaded into each lane on a 3-8% Tris-acetate
polyacrylamide gel for SDS-PAGE. Gels were locked in place and running buffer 5%
Tris-acetate SDS for was added to both chambers. To the inner chamber, 500µL of
antioxidant (Invitrogen, Carlsbad, CA) was added. Electrophoresis was carried out at
150-155 Volts for 1 h.
Following the proper migration of protein, the rig was dismantled and protein was
transferred to nitrocellulose membranes (Invitrogen, Carlsbad, CA) at 23 V for 2.5 h in
ice-cold transfer buffer (10% methanol, 5% Transfer Buffer) solution containing 1 mL of
antioxidant (Invitrogen, Carlsbad, CA). The transfer rig was kept ice-cold throughout the
transfer to reduce protein degradation. The membranes were then placed 10% PBS-milk
buffer solution (0.1% Tween-20) and rocked at room temperature for 2 hours. Blots were
incubated overnight at 4°C with monoclonal anti-Nav1.6 channel (1:200) antibodies
(Alamone Labs Jerusalem, Israel).
Following incubation, blots were brought to room temperature and washed 4
times (10 min) with PBS-T and then blocked in 10% PBS-milk buffer solution (0.1%
Tween-20) for 30 min. Blocking buffer was added containing horseradish peroxidaselinked polyclonal anti-rabbit IgG secondary antibody (Rockland, Gilbertsville, PA).
Antibody was added at 1:5,000 and allowed 1 h incubation at room temperature. The
blots were again rinsed with PBS-T (Tween-20 0.1%) 4 times for 10 min and then 2
times for 10 min with PBS. Protein bands were detected by electrochemiluminescent
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(ECL) Western blotting detection reagent (GE Healthcare) and film was processed using
Kodak X-OMAT developer. Membranes were then stored in PBS overnight at 4°C.

Voltage-Gated Sodium Channel 1.6 Loading Control: β-Actin

For targeting Nav1.6, β-actin (42 kDa) served as our control protein because
cyclophilin-A could not be captured on the same gel. An additional protocol was tailored
for this particular loading control. First, membranes were brought to room temperature.
Blots were rocked with stripping buffer (Sodium dodecyl sulfate, glycine) to remove
previously bound antibody. Membranes were blocked with 5% TBS-Milk (Tween-20
0.1%) solution for 1 h then probed with anti- β-actin primary antibody 1:10,000 (Upstate,
Lake Placid, NY) and incubated for 2 h. Membranes were washed 6 times for 5 min
using TBS rinse buffer and then reblocked for an additional 30 min in 5% TBS-Milk
(Tween-20 0.1%). Then blocking buffer was added with horseradish peroxidase-linked
polyclonal anti-rabbit IgG secondary antibody (Abcam, Cambridge, MA) at 1:10,000 and
allowed 1 h incubation at room temperature.

The blots were again rinsed with TBS-T 6

times for 5 minutes. Protein bands were detected by exposure to
electrochemiluminescent (ECL) Western blotting detection reagent (GE Healthcare) and
film was processed using Kodak X-OMAT developer.
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The density of target protein bands were measured using ImageJ software (U.S.
NIH, Bethesda, MD).

Densitometric analysis was used to quantify Nav1.6 protein

expression levels by determining intensity values for each band relative to β-actin, used
for an internal lane loading control. The data was expressed as a ratio between Nav1.6
and the loading control β-actin.

Statistical Analysis
The density of Caspr and Nav1.6 were measured using ImageJ software (U.S.
NIH, Bethesda, MD).

Densitometric analysis was used to quantify protein expression

levels by determining intensity values for each band relative to the specific loading
control either cyclophilin-A or β-actin, respectively. Data was expressed as a ratio
between the target protein and their respected reporter protein. Changes in target protein
expression were evaluated by comparison of optical density (injured and sham animals)
against the reporter protein Mean protein level in sham versus TBI rats at each survival
interval were tested for significance. A probability of less than 0.05 (p<0.05) was
considered statistically significant for all experiments. A one-way analysis of the variance
(ANOVA) was also conducted in order to consider differences between all groups.
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Chapter 4

Results

Physiological Values

Physiological measurements of body temperature (BT), MABP, pO2, pCO2, pO2,
revealed no significant differences between the experimental groups at baseline (Table
4.1). Animals undergoing TBI showed no significant variation in BT, MABP, pH, pCO2,
or pO2 at 15 min or 30 min when compared to similar time points in sham-operated
controls. All rats in the control and TBI groups survived the experimental procedure and
were included in this study.
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Table 4.1 No significant differences were found between sham and TBI groups in any of
the physiological parameters. Measurements were recorded 15 min and 30 min pre/postTBI for sham (n=6) and TBI animals (n=18). Values are expressed as mean ± SEM in
the table above. Data was analyzed by unpaired t test. Body temperature (BT); mean
arterial blood pressure (mABP); partial pressure of arterial oxygen (pO2); partial pressure
of arterial carbon dioxide (pCO2).
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BT (°C)

mABP
(mmHg)

pH

pCO2
(mmHg)

pO2
(mmHg)

Sham Group (n=6)
Baseline (30min)
Baseline (15min)
15min
30min

37.34±0.13
37.37±0.15
37.27±0.07
37.27±0.06

87.13±2.89
85.50±2.54
85.13±1.69
84.63±1.70

7.37±0.03
7.37±0.02
7.34±0.03
7.34±0.02

40.82±3.78
40.74±4.67
40.26±2.91
42.59±1.96

146.50±6.78
141.60±7.46
132.29±6.36
139.57±6.88

TBI Group (n=18)
Baseline (30min)
Baseline (15min)
15min
30min

37.32±0.16
37.42±0.08
37.27±0.09
37.28±0.09

83.71±2.64
83.00±1.88
93.41±3.78
91.82±2.82

7.40±0.02
7.41±0.02
7.35±0.02
7.36±0.02

37.85±2.19
36.83±2.35
38.33±2.48
38.56±1.68

152.53±3.51
155.33±3.07
145.87±3.62
150.00±4.60

Group
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Antibody Specificity Confirmed
This study utilized commercially available antibodies to detect the presence of our
target proteins. Therefore, control experiments were performed to test the specificity of
the antibody against Nav1.6 and Caspr. Below are images of control experiments from
our two antibodies Nav1.6 (Alamone Labs, Jerusalem, Israel) and Caspr (Neuromab,
Davis, CA). Based on the evidence in these blots we have concluded that our antibody is
indeed specific to our target proteins. In both control experiments protein bands are
visible at the correct molecular weight: 250 kDa for Nav1.6 (Fig4.1A) and 210 kDa for
Caspr (Fig 4.2A). As control peptide against Nav1.6 primary antibody accompanied this
product, two negative control studies were conducted on this antibody: control peptide
incubated with primary Nav1.6 antibody (Fig. 4.1B) and a blot incubated in the absence
of primary Nav1.6 antibody (Fig. 4.1C). In both scenarios, protein bands were absent at
the 250 kDa level, thus confirming our antibodies specificity. A negative control study
where primary Caspr antibody was omitted was conducted and showed similar results
(Fig. 4.2B). No protein bands were located at the 210 kDa level, also confirming the
specificity of this antibody.
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Figure 4.1 Nav1.6 antibody (Alamone, Jerusalem, Israel) specificity for target protein
was confirmed by performing control studies. Bands for Nav1.6 were detected at the 250
kDa range indicating our target protein (Fig 4.1A). Blot incubated with control peptide
mimicking Nav1.6 antigen (Fig. 4.1B) displayed no bands at our target proteins molecular
weight, thus showing our antibodies specificity. Blot incubated without Nav1.6 antibody,
displayed no bands and served as an additional negative control (Fig. 4.1C)
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Figure 4.2 Caspr antibody (Neuromab, Davis, California) specificity for target protein
was confirmed by performing control studies. Bands for Caspr were detected at the 210
kDa range indicating our target protein (Fig 4.2A). A blot incubated without primary
antibody was used as a negative control and (Fig. 4.2B) displayed no bands at our target
proteins molecular weight, thus showing our antibodies specificity.
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Contactin-Associated Protein Expression is Down-Regulated Following Injury

Caspr protein expression level was assessed by Western blot analysis of brainstem
samples in injured and non-injured (sham) animals and compared to the expression of our
control protein, cyclophilin-A.

A representative immunoblot demonstrating Caspr

expression displayes easily identifiable proteins bands appearing at the 210 kDa level.
This is indicative of our target protein Caspr. Our reporter protein cyclophilin-A was
detected at the characteristic 18 kDa level (Fig 4.3). Notably, the intensity of the shamoperated lane appeared denser than those lanes using trauma tissue. Qualitatively, the
bands demonstrating Caspr expression at 30 m, 3 h, and 24 h appeared less dense. In
contrary, analysis using the reporter protein, cyclophilin-A showed no qualitative
differences when comparing sham to trauma tissue. However, this was expected as
protein assays conducted prior to each blot were used to standardize the quantitiy of
protein loaded into each lane.

Under quantitative analysis using ImageJ software,

measured protein bands showed an injury induced decrease in Caspr expression when
compared to sham-operated controls (p ≤ 0.05).

74

Figure 4.3 Representation of an immunoblot performed in this study. The expression of
sham animal Caspr (210 kDa) bands are on the left and trauma groups are organized on
the right (30 min, 3 hours, 24 hours post TBI, respectively). Cyclophilin–A (18 kDa) was
used as a control for proper loading and is shown below each Caspr band.
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Caspr expression was maximal in sham animals (1.13±0.11) and was significantly
down-regulated over a 24 h period in all TBI groups. At 30 min post-TBI Caspr levels
showed a significant decrease (0.83±0.09, p<0.05).

At 3 hr and 24 hr, post-injury a

significant decrease of Caspr expression was observed 0.68±0.09 and 0.59±0.08,
respectively.

An analysis of variance (ANOVA) test confirmed that there is no

significant difference between consecutive trauma groups.

A chart representing the

averages of Caspr expression and cyclophilin-A expression as a ratio is displayed below
(Fig. 4.4).
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Figure 4.4 Bar chart graph illustrates quantitative evaluation of densitometric values of
contactin-associated protein levels normalized against cyclophilin-A in sham-operated
and TBI groups assessed at 30 min., 3 h and 24 h post injury. Compared to shamoperated animals a significant decrease in Caspr levels was observed at 30 m, 3h, and
24h post injury, (*, p≤ 0.05). In addition, a significant injury induced decrease in Caspr
expression occurred over time at 30 m, 3 h and 24 h posted injury (†, p≤ 0.05). All data
are expressed as mean ± standard error of the mean (SEM) and were analyzed by paired
t-tests (†) and one-way ANOVA followed by Tukey‟s post-hoc test (*).
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Nav1.6 Expression is Up-Regulated Following Diffuse TBI
Nav1.6 protein expression was assessed by Western blot analysis of brainstem
samples following diffuse experimental TBI and compared to non-injured (sham) values.
A representative immunoblot demonstrating Nav1.6 expression is displayed below (Fig.
4.5). Readily identifiable Nav1.6 protein bands appeared at the 250 kDa range which is
characteristic to the voltage-gated sodium channel family. Our reporter protein, β-actin
appeared at the 42 kDa range also indicative of this protein. Under qualitative review, no
apparent differences in band densities were noted when comparing β-actin lanes, our
loading controls. On the contrary, considerable variation was observed while reviewing
target protein bands. Over the time-course of 24 hours, the protein bands of trauma
groups appear increasingly dense when compared to sham operated animals.
Quantitative analysis with Image J software confirmed our visual assessment showing an
injury induced decrease in Nav1.6 expression when compared to sham-operated controls
(p≤0.05).
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Figure 4.5. A representation of an immunoblot performed in this study. Nav1.6 (250
kDa) bands (top) are organized by sham animal paired with each trauma group (30 min, 3
h, 24 h). β-actin (42 kDa) bands (bottom) is used as a control for proper loading.
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Groups (n=6) were averaged and expressed as a standard error of the mean (± SEM).
The averages of sham values were 0.249±0.062. The average values of trauma groups
consistently increased over the time course with trauma-30 min, trauma-3 h, trauma-24 h
being 0.384±0.067, 0.475±0.098, and 0.517±0.097, respectively. Several t tests were
performed between each group and compared to sham operated values. Significance was
observed for all trauma groups when compared to sham (p≤0.05). Significance was also
found between the groups of trauma-30 m and trauma-24 h (p≤0.05). An analysis of the
variance (ANOVA) test was performed on this data set and confirmed the results of the t
tests. A chart representing the averages of Nav1.6 expression and β-actin expression as a
ratio is displayed below (Fig. 4.6)

83

Figure 4.6 Bar chart graph illustrates quantitative evaluation of densitometric values of
Nav1.6 levels normalized against β-actin in sham-operated and TBI groups assessed at 30
min., 3 h and 24 h post injury. Compared to sham values a significant increase in Nav1.6
was observed at each time interval (*, p≤0.05). An analysis of the variance (ANOVA)
confirmed the results t tests finding each trauma group significantly different than sham
(†, p≤0.05). In addition, a significant difference was found between trauma-30 min and
trauma-24 h protein expression (††, p≤0.05). All data is expressed as mean ± standard
error of the mean (SEM) and were analyzed by paired t-tests (†) and one-way ANOVA
followed by Tukey‟s post-hoc test (*).
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Chapter 5
Discussion

Diffuse axonal injury (DAI), a characteristic of diffuse traumatic brain injury
(TBI), remains a major cause of morbidity and mortality throughout the world. Although
advances in the laboratory have vastly improved our understanding of traumatic axonal
injury (TAI), the experimental parallel to DAI in humans, the mechanisms of TAI remain
incomplete. The goal of this study was to provide new evidence by elucidating novel
areas that we posit are involved in the underlying mechanisms of TAI. The specific aims
of this study were to investigate changes in the molecular proteins of myelinated axons,
targeting contactin-associated protein (Caspr) a component of the paranodal domain and
voltage gated sodium channel 1.6 (Nav1.6) expression in rat brainstem tissue using an
experimental model of diffuse TBI.

We hypothesized that both Caspr and Nav1.6

expression would be down-regulated following experimentally induced diffuse TBI using
the impact acceleration model of TBI that characteristically results in increased TAI. Our
study provides new evidence to the study of TAI and complements the work of several
other groups, described below.

86

Physiological Data

Parameters assessed in this study included body temperature (BT), pO2, pCO2, pH
and mABP. The physiological measurements recorded on each animal of this study
demonstrated no significant differences between sham and trauma groups in each
parameter that was monitored. These data provide confirmation that TAI was not
exacerbated by hypoxia, hypertension, hypotension, or hypovolemia; secondary
complications known to worsen the prognosis of a TBI patient by increasing DAI. In
addition, normothermia was maintained, as hypothermia is known to improve TBI patient
outcome by reducing TAI.

The Molecular Domains of Axons are Altered Following Injury

In our study eighteen adult male Sprague-Dawley rats were subjected to diffuse
TBI and protein expression was compared to sham operated animals by means of
Western blot. The tissue used in this study was harvested from the brainstem. Multiple
investigations using this model of diffuse traumatic brain injury have demonstrated an
increased accumulation of traumatically injured axons in the white matter within the
medullary corridors of the medulla oblongata; particulaly the corticospinal and medial
lemniscus (Gentleman et al., 1993; Marmarou, 2005; Povlishock and Katz, 2005;
Povlishock et al., 1983) Based on these studies, we evaluated this region to investigate
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the potential changes within the molecular domains of traumatically injured axons with
the brainstem, over a 24 h time-course. Our work supports that the molecular domains of
myelinated axons are altered following diffuse TBI. This conclusion was reached by
evaluating the expression of two characteristic proteins of the paranodal and nodal
domains; Caspr, a major constituent of the paranodal region and Nav1.6, a Na+ channel
isoform widely expressed in the node of Ranvier of mature CNS axons. This study
demonstrated that following diffuse TBI there is a significant decrease in the expression
of Caspr protein over a 24 h time-course post-TBI. Conversely, the expression of Nav1.6
was significantly increased over the same time-course, clearly consistent and suggestive
of altered axonal domains induced by experimental TBI. This novel study is the first to
demonstrate a reduction in Caspr expression by way of Western blot, in the context of
TAI.
Currently, work from our laboratory has shown redistributions within the
molecular domains of axons following experimentally induced TBI (Marmarou &
Dupree, 2011, unpublished data).

Specifically, using multiple label fluorescent

immunohistochemistry a stark rearrangement of paranodal Caspr and nodal Nav1.6 has
been observed following TBI. Further, using electron photomicrographs, a lengthening at
the node of Ranvier has been demonstrated. Caspr is also altered following injury, where
its expression appears to decrease and diffuse laterally the axon over a 24 h time period.
Although our results were generated using a model of impact acceleration to induce TBI,
a number of axonal injury models have demonstrated similar result.

By means of

infraorbital nerve injury Henry and colleagues (2007) showed increased density and size
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of Nav1.6 accumulations and decreased Caspr immunofluorescence. This group also
reported the occurrence of „heminodes‟ after a 2 week survival period, where Caspr is
only located on one side of the node of Ranvier. Our lab has also made this observation,
where Caspr staining is only detected on a single side of injured axons. These
observations may be explained by the idea that the paranodal region has been posited to
behave as a lateral diffusion barrier between the juxtaparanodal region and node of
Ranvier (Rios et al., 2003). Disruption in Caspr therefore may allow for the spatial
redistribution of Na+ channels within the node of Ranvier and thus provide an explanation
for the increase in length of the nodal domains that our studies support.
Currently, it is accepted that paranodal components, such as Caspr, provide the
necessary anchoring for the paranodal loops and restrict the lateral movement of the
molecular components characteristic of axonal domains. Genetic ablation of Caspr has
shown atypical paranodal junctions and paranodal loop disruption, where contactin is
undetectable in the paranodes, and K+ channels are displaced from the juxtaparanodal
into the paranodal domains (Bhat et al., 2001). Rios and colleagues (2003) showed the
importance of Caspr in developing neurons. This group reported Caspr-mutant mice lack
mature paranodal junctions, a feature determined by the absence of the transverse bands.
Further, immunofluorescent studies of sciatic and optic nerves showed an increased nodal
length and progressive dispersal of nodal components along the axon with many nodes
failing to mature properly and replace the Nav1.2 isoform with the mature Nav1.6
isoform. In addition, Rios and colleagues (2003) reported aberrant paranodal clustering
of K+ channels, in Caspr-mutant mice. Collectively these data support the role of Caspr
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as a lateral diffusion barrier and emphasizes its importance in maintaining the septate-like
junction at the paranode.
In parallel studies, Coman and colleagues (2006) analyzed free-floating sections
of human multiple sclerosis brains by immunochemistry for Nav1.6 channels, Caspr and
Kv1.2 molecules. In demyelinated sections paranodal Caspr and the juxtaparanodal
proteins, K+ channels and Caspr2, also exhibited diffuse distribution along axons. Nav1.6
showed diffuse immunoreactivity as well as broad clustering. Similar observations of
Na+ channel clustering have also been attributed to the altered accumulations due to a
reversion of Nav1.6 populations to pre-myelinated Nav1.2 isoforms (Craner et al., 2004).
Using shiverer mutant mice, which have oligodendrocyte-ensheathment of axons
but lack compact myelin and normal axo-glial junctions, Rasband and colleagues (1999)
deomonstrated abnormal distributions of axonal components.

Atypical ankyrin-G

localization via labeling suggested that this protein requires proper axoglial contact. Na+
channel clusters were reduced and found in aberrant locations suggesting that the
presence of oligodendrocytes and specific axo-glial contact is essential for nodal
development. However, more recent studies have provided evidence that glial contact
and paranodal junctions are not required for the formation of nodes of Ranvier, but they
are necessary for the retention and stability at nodes (Marcus et al., 2002). As axo-glial
contact is severely altered in Caspr-mutant studies and similar TAI investigations, the
observed aberrant localization of Na+ channels is clearly related.
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Caspr is Down-Regulated in Diffuse TBI

Our studies demonstrated a reduction in the expression of Caspr. Contactin,
protein 4.1B, and the 155 kDa isoform of neurofascin (NF-155) associate with Caspr to
form the septate-like junction, refered to as the transverse bands in ultrastructural images
(Faivre-Sarrailh et al., 2000). These associations are essential for the proper maturation
of the paranodal junction (Bhat et al., 2001). The association of Caspr with its cis
binding partner contactin provides a necessary link to the cytoskeleton because contactin
has a GPI anchor which inserts into the axolemma and no cytoplasmic domain (Gollan et
al., 2002). This relationship has been shown to be essential for the efficient transport of
Caspr through the endoplasmic reticulum (Faivre-Sarrailh et al., 2000). In the absence of
contactin, Caspr remains trapped in the endoplasmic reticulum and fails to accumulate at
the paranodes. These findings suggest that perhaps TAI may alter the Caspr/contactin
complex in a manner which affects targeting to its typical location.
Alternatively, damage to myelinating oligodendrocytes may be a factor in the
obsreved Caspr down-regulation. Dupree and colleagues (1999) have provided stong
evidence that the targeting of Caspr to the paranodal region requires interaction with the
myelinating glial cells. Mutations to galactose-ceramide galactosyltransferase (CGT), an
enzyme reponsible for the synthesis of myelin molecules, results in Caspr failing to
accumulate at the paranodes. Work from our lab has demonstrated in several instances
TBI induced eversion of the paranodal loops (Marmarou & Dupree, 2011, unpublished
data). This evidence indicates that myelinating glial cells could also account for a
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decrease in paranodal protein expression. In this regard, demyelination may be a factor
in TAI following TBI, a hypothesis that has not yet been fully explored.
Another possible explanation for the observed TBI induced reduction in Caspr
may be related to changes in the molecular complex that tethers Caspr to the paranodal
membrane that includes the spectrin cytoskeleton and protein 4.1B.

Using co-

immunoprecipitation techniques, studies support that Caspr co-fractionates with αIIspectrin, βII-spectrin, and protein 4.1B establishing that there is a connection between the
axonal cytoskeletal network, including the spectrin family, and the transverse bands
(Ogawa et al., 2006). Further, Gollan and colleagues showed using immunoelectron
microscopy that the transmembrane protein Caspr is anchored within the paranode by its
association with the spectrin cytoskeleton and with the protein 4.1B (Gollan et al., 2002).
Conversely, mice expressing a deletion mutant of Caspr, within the cytoplasmic region,
show that the cytoskeletal adaptor 4.1B protein is not necessary for Caspr targeting to the
paranodal junction and that the recruitment of NF-155 and contactin also did not require
the cytoplasmic domain (Horresh et al., 2010). However, it is generally accepted that
retention of the Caspr/contactin complex at the paranodal axolemma requires the
cytoplasmic region of Caspr (Horresh et al,. 2010) and that Caspr serves as a
transmembrane scaffold that stabilizes the complex at the paranodal region. This has
been supported by studies showing that the deletion of 4.1B greatly increases the
internalization rate of the Caspr/Contactin complex indicating that 4.1B protein is
responsible for anchoring Caspr to the spectrin cytoskeleton (Gollan et al., 2002).
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We can therfore surmize that Caspr requires attachment to the spectrin
cytoskeleton for retention at the paranode. From this information, we posit that the
mechanism behind the observed reduction of Caspr may be due to the breakdown of the
spectrin cytoskeleton and 4.1B protein. This may be a feasable explanation as multiple
studies have described an injury induced increase of intra-axonal Ca2+ following TBI
(Maxwell, 1996; Stys et al, 1993; Wolf et al., 2001) and the activation of Ca2+ dependent
enzymes including caspase and calpain. Ca2+ induced proteolytic degredation caused by
the enzymes caspase-3 and calpain has been demonstrated in multiple investigations to
disrupt the spectrin cytoskeleton (Buki et al., 1999; Buki et al., 2000; Ogawa et al., 2006;
Reeves et al., 2010). In this respect, the tripartate complex consisting of Caspr, contactin,
and neurofascin-155; and spectrin networks, which tether this complex to the membrane
may be perturbed in axons following TBI.

Nav1.6 is Up-Regulated in Diffuse TBI

The results of our study show an up-regulation of Nav1.6 in the brainstem of adult
male rats following diffuse TBI. A study by Mao and colleages (2010) showed similar
results, demonstrating an up-regulation of both Nav1.6 proteins and mRNA in rat
hippocampus. However these studies differ from our work in that they used the fluid
percussion injury model of TBI. Yuen and colleages (2009) have also shown an upregulation of Na+ channels following injury. Using a system of cell cultures and dynamic
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stretch of cortical axons, this group demonstrated that mild TBI induced Na+
channelopathy.

By up-regulating the concentration of Na+ channels, the axolemma

becomes permeable to more Na+ thus leaving the neuron more susceptible to the
deleterious cascade caused by subsequent Ca2+ influx activation of cysteine proteases
(Yuen et al., 2009). It is unclear why Na+ channels would be up-regulated following
TBI. Perhaps even mild mechanical deformation of Nav1.6 impairs its function. In order
to compensate and to regain functionality the neuron up-regulates Nav1.6, although this
tactic is ultimately detrimental to the long-term viability of the axon.
It was originally posited that Nav1.6 expression would be down-regulated
following TBI. The rationalization for this assumption was based on previous studies
such as the work by Iwata and colleagues (2004). This group showed selective cleavage
of the α-subunit of Na+ channels in dynamic stretch injury of axons. The degradation of
Na+ channels led to persistent Na+ influx resulting in Ca2+ activated proteases and
cytoskeletal breakdown, a process first discovered by Wolf et al., 2001. Additional work
by this group conversely demonstrated and increase in Na+ using the same stretch injury
paradigm (Yuen et al., 2009)
Remyelination is often observed in multiple sclerosis studies, where the
myelinating cell attempts to restore nerve conductance in the denuded axon.
Demyelinated axons display diffuse distribution of Na+ channels (similarly seen in TBI).
Clustering of Na+ channels initiate the remyelination events and precedes the aggregation
of Caspr at the paranode (Coman et al., 2006). This may provide an explanation for our
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observed up-regulation in Nav1.6. Perhaps, reflecting the neuron‟s attempt to regain
proper function,
Nav1.6 interacts with a number of tethering proteins, most notably however is
ankyrin-G.

Reeves et al., (2010) demonstrated the importance of this molecule in

stabilizing Nav1.6 at the node of Ranvier. Studies using the fluid percussion injury model
have shown ankyrin-G and spectrin proteolysis leading to disrupted nodal of Ranvier
integrity. These results indicate spectrin breakdown as the likely mechanism to account
for the lateral diffusion of Nav1.6 seen in immunofluorescent investigations. Proteolysis
of submembrane networks, detected by the antibodies to CMSP have been observed in as
little as 15 min post-TBI (Buki et al,. 1999). These breakdown products are confined to
the subaxolemma region before spreading throughout the degenerating axon (Buki et al.,
1999). This data together with mounting evidence provided by our laboratory, suggest
that the breakdown of the spectrin cytoskeleton may be a factor for the dispersal of Na+
channels along injured axons.
Evidence from this current study contributes additional information in the pursuit
of understanding the underlying meachanisms of TAI. Here we provide new evidence to
explain the observable transformation that occurs at the molecular domains of axons.
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Future Studies

Studies have shown that the transition of Nav1.2 to Nav1.6 isoforms requires
mature paranodal junctions (Rios et al., 2003). As we have shown in the current study
and previous work, paranodal junctions are clearly compromised following diffuse injury.
As an up-regulation of Nav1.6 has been observed following TBI, an interesting study
would be to address the expression of the Nav1.2 isoform following injury. Diffuse
distributions of both Nav1.6 and the immature Nav1.2 isoforms have been detected in
demyelinated axons of MS plaques suggesting altered expression under pathological
conditions (Craner et al., 2004). However, to this date, the expression of the Na v1.2
isoform has not been characterized using experimental models of diffuse brain injury.
Western blot analysis of Nav1.2 would allow a more complete picture of the underlying
pathology of TAI. Alternatively, a study aimed at measuring the expression of mRNA of
Caspr and Nav1.6 following TBI has also not been addressed using the impact
acceleration model of diffuse brain injury. Studies on the mRNA expression of these
molecules could bring potential enlightenment of cellular processes following TBI and
contribute to the field of TAI research greater undestanding of its mechanisms.

Conclusion

In summary, these results clearly indicate altered axonal domains in myelinated
axons following diffuse brain injury.

By way of Western blot we have shown a
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significant increase in Nav1.6 expression and a significant reduction in Caspr expression
following diffuse brain injury.

We have provided new evidence in effort of

understanding the mechanisms behind TAI. The progressive nature of TAI observed
over our time-course emphasizes the existence of a window of therapeutic intervention
that could allow mitigation of TBI severity. The morbidity and mortality associated with
TBI remain a societal problem today, but we hope that this study has provided some
answers to uncertainties concerning TBI and that future research will lead to the
development of new treatments.
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