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Abstract

THE EFFECT OF TRAUMATIC BRAIN INJURY ON EXPRESSION LEVELS OF
ANKYRIN-G IN THE CORPUS CALLOSUM AND CEREBRAL CORTEX
Andrew S. Vanderveer, M.S.

A thesis submitted in partial fulfillment of the requirements for the degree of Master of
Science at Virginia Commonwealth University

Virginia Commonwealth University, 2005

Director: Thomas M. Reeves, Ph.D.
Associate Professor
Department of Anatomy and Neurobiology

The ankyrins comprise a family of proteins serving as components of the membrane
cytoskeleton, and participate in a diverse set of associations with multiple binding
partners including the cytoplasmic domains of transporters, ion channels, some classes of
receptors, and cell adhesion proteins. Moreover, evidence is accumulating that ankyrin
participates in defining functionally distinct subcellular regions. The complex functional
and structural roles of ankyrins indicate they are likely to play essential roles in the

pathology of traumatic axonal injury. The current study examined changes in ankyrin-G



expression following a moderate central fluid percussion injury administered to adult rats.
At 1d, 3d, and 7d postinjury (or following a sham control injury), protein levels of
ankyrin-G in the corpus callosum and cerebral cortex were assessed using Western Blot
analysis. Three immunopositive bands were identified in both brain regions as 220, 212,
and 75 kD forms of ankyrin-G. Time-dependent changes in ankyrin-G were observed in
the corpus callosum. At 1d injury-induced elevations were observed in the callosal 220
kD (+147% relative to sham levels) and in the 212 kD (+73%) forms of ankyrin-G, but in
both cases the expression decreased to control levels by 3d and 7d. In contrast, the 75 kD
form showed moderate increases at 1d postinjury, but was significantly below control
levels at 3d (-54%) and at 7d (-41%). Ankyrin-G expression in the cerebral cortex was
only slightly affected by the injury, with a significant decrease in the "220 kD form
occurring between 1d and 3d. These data suggest that the 220 and 212 kD changes
probably represent postinjury proteolytic fragments derived from intact ankyrin-G
isoforms of 480 and/or 270 kD, while the 75 kD effects are likely breakdown products of
intact 190 kD ankyrin-G. These results were discussed as they relate to prior findings of
differential vulnerabilities of callosal myelinated and unmyelinated axons to injury. In
this context, the 220,212 kD changes may reflect pathology within myelinated axons, and
alterations to the 75 kD form may reflect more persistent pathology affecting

unmyelinated callosal fibers.



INTRODUCTION

Traumatic Brain Injury: A Public Healthcare Problem

Among individuals in the United States under the age of 45, injury remains the
primary cause of death. Within this group, traumatic brain injury (TBI) is the major
cause of mortality and morbidity (Sosin et al, 1989). Estimates of the incidence of TBI
vary widely, depending upon the such the sampling methodology, regional variations in
reporting, historical trends, and basic definitional issues. Some estimates fail to make a
clear distinction between TBI and “head injury”: the latter being a somewhat antiquated
term referring to external face and/or scalp injuries, including lacerations, contusions, and
fractures which may or may not be associated with TBI. A more accurate definition of
TBI has been offered as “...an alteration in brain function manifest as confusion, altered
level of consciousness, seizure, coma, or focal sensory or motor neurological deficit

resulting from a blunt or penetrating force to the head.” (Bruns and Hauser, 2003, p. 2).

The incidence of TBI in developed countries is usually estimated at about 200 per
100,000 population at risk per year (Bruns and Hauser, 2003). However, this estimate
includes only TBI patients admitted to hospitals, and probably systematically
underestimates the TBI frequency by undercounting cases which are medically

unattended or are handled by nonreporting emergency department facilities.
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Prior projects to estimate TBI incidence from the U.S. National Health Interview Survey
(NHIS) have suggested a historical trend in this form of injury. Fife (1987) reported an
incidence rate of TBI in the U.S., during the period 1977 to 1981, as 825 per 100,000,
while Sosin (1996) provided an estimate of 618 per 100,000. This discrepancy in overall
incidence may reflect, in part, a decreasing rate of TBI in the United States. By any
estimate, TBI remains a serious health concern in the United States, with 52,000 annual
deaths, and prevalence estimates of up to 6.5 million affected (NIH, 1999). Across a
broad spectrum of head injury conditions and accidents, TBI patients often face a lifelong

struggle to regain cognitive and physical functioning.

Epidemiological studies have shown that the types of accidents leading to TBI are
strongly associated with the patient's demographics, age, and geographic location. One
survey in the United States showed that automobile, motorcycle, and bicycle collisions
accounted for approximately half of all traumatic brain injuries (Annegers et al, 1980).
This survey also showed that about one-third of TBIs resulted from falls, and 10% from
recreational activities. Irrespective of the nature of the accident leading to TBI, the
pathophysiological processes set in motion have been the subject of extensive
investigation. Most researchers agree that TBI can be described as a biphasic process:
with an acute excitotoxic phase of widespread cellular depolarization and necrotic cell
death, followed by a more protracted secondary phase characterized by changes in

cerebral blood flow, local and systemic inflammation, alterations in oxygen delivery and



metabolism, and apoptotic cell death (for reviews, Hays et al., 1992; Dutton and
McCunn, 2003; MclIntosh et al, 1998; Leker and Shohami, 2002). Extensive evidence,
accumulated over several decades, has identified a number of pathological processes
affecting cells following neurotrauma. These are generally death-promoting
mechanisms, and include excitotoxicity, nitric oxide-induced neurotoxicity, postinjury
generation of deleterious free radical ionic species, inflammation of damaged nervous
tissue, and programmed cell death (apoptosis). These aspects of TBI pathology are

briefly described below.

Excitotoxicity

A critically important early event in the course of TBI pathology is the
uncontrolled and indiscriminant release of excitatory amino acid neurotransmitters,
especially glutamate and aspartate (Faden et al, 1989; Katayama et al, 1990). Within
minutes after exposure of neurons to high levels of glutamate, NMDA and AMPA
receptors are opened to allow the influx of calcium, sodium, and water into injured cells
(Young, 1986; Goldberg and Choi, 1993; Obrenovitch and Urenjak, 1997). This cationic
influx leads to cytotoxic edema and a disruption of ionic homeostasis associated with a
deficit in metabolic energy stores. The resulting elevations of intracellular calcium
activates a number of enzymes (lipases, proteases, endonucleases) which may damage
cellular proteins, lipids, and DNA, ultimately culminating in cellular death. Experimental

treatments which inhibit excitatory amino acid release from presynaptic terminals, or



block the postsynaptic binding of these ligands, have proved neuroprotective in various
TBI and ischemia experimental models (Foster et al, 1988; Shimizu et al., 1998; Schielke

et al., 1999).

NO /NOS

Nitric oxide (NO) is a gaseous compound with multiple roles in the nervous
system, and appears to function as a neurotransmitter at some levels of the nervous
system. The compound is produced from arginine by three distinct forms of NO synthase
(NOS): neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS)
(Forstermann et al., 1994). nNOS and eNOS are calcium dependent and constitutively
expressed (Forstermann et al., 1998), whereas iNOS is calcium independent and is
upregulated under various stressful conditions including trauma (Gahm et al., 2000).
Both iNOS and nNOS are upregulated following TBI (Alagarsamy et al., 1998; Wada et
al., 1998; Rao et al., 1999; Gahm et al., 2000), and are thought to be destructive due to
mitochondrial damage and the production of damaging radicals (Lipton et al., 1993; Rao

et al., 1998).

Reactive Oxygen Species

A necessary consequence, of persistently elevated intracellular calcium, is the
formation of superoxide anion radicals by the respiratory chain, and by cytosolic

enzymes such as xanthine oxidase. This ultimately leads to increased oxidative stress
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(Juurlink and Paterson, 1998). The brain is especially vulnerable to oxidative damage for
the following reasons: 1. a high rate of oxidative metabolic activity, 2. intensive
production of reactive oxygen metabolites, 3. relatively low antioxidant capacity, 4. low
repair mechanism activity, 5. non-replicating nature of its neuronal cells, and, 6. a high
membrane surface to cytoplasm ratio (Evans, 1993; Reiter, 1995; Leker and Shohami,
2002). Prolonged elevated levels of ROS eventually leads to lipid peroxidation, whereby
free radicals destroy adjacent molecules. The outcome of these destructive processes
may explain some of the oxidative damage detected after TBI or ischemic injury to the
brain. Microdialysis studies have reported the over-production of ROS in the lesioned
brain (Lewen and Hillered, 1998). Neutralization of reactive nitrogen or oxygen species
may be protective within a window of 3—4 hours postinjury by attenuating oxidative
stress and its devastating consequences. Moreover, it has been demonstrated that
antioxidants can indeed reduce tissue damage following TBI (Dewitt et al, 1997; Xiong

et al., 1997; Fabian et al., 1998).

Inflammation

An additional mechanism of posttraumatic cellular damage involves inflammatory
cells in the traumatic region. Inflammatory cytokines including IL-1, IL-6, and TNFa,
are activated and secreted as early as 1 hour after TBI (Shohami et al., 1994; Arvin et al.,
1996; Fan et al., 1996). These, and related, cytokines induce an inflammatory reaction,

functioning as chemoattractants to leukocytes. Metalloproteinases, along with associated



cell adhesion molecules in the extracellular matrix (e.g., ICAM and ELAM), are also
expressed early after injury and promote the penetration of leukocytes through the blood

brain barrier (Pantoni et al., 1998).

Apoptosis

Contemporary theory in TBI classifies cells as dying of necrosis or apoptosis, and
estimates suggest that up to 50% of cellular death is due to programmed (apoptotic)
mechanisms (Raghupathi et al., 2000). Intracellular and extracellular signals have both
been reported to initiate apoptosis: with intracellular apoptotic signals triggered by
mitochondrial dysfunction, and extracellular signals initiated by activation of TNF

receptors which recruit caspases and activate death domains (Eldadah et al., 2000).

The pathological cascade of caspase activation entails release of cytochrome ¢ from
mitochondria and the subsequent activation of procaspases. This process culminates in
the formation of effector caspases (primarily caspase 3) that mobilize endonucleases
which breaks down DNA and ultimately lead to cell death (Snider et al., 1999).
Apoptosis is not exclusively an experimental observation, as evidence of active apoptosis
has been described in humans following trauma, lending support to the importance of

accelerated programmed cell death as a pathological process (Clark et al., 1999).

Traumatic Axonal Injury

Axons in the CNS are subject to all the foregoing TBI pathomechanisms, and

axonal damage is a concern in the aftermath of any head injury. A growing body of



evidence indicates that axons represent a particularly vulnerable subcellular

compartment. Axonal injury is now recognized as one of the most common pathologies,
and a number of studies have reported significant correlations between the extent of
axonal damage and the degree of functional deficits following TBI (Adams et al., 1982;
Graham et al., 1988; Povlishock, 1992). Research in traumatic axonal injury (TAl) is a
topic of especially high interest and activity in the field of head injury. Because the
present thesis is concerned primarily with TAI, the following section provides a general
discussion of essential findings in this area. In this discussion, an emphasis is given to
those research results and concepts which provide a theoretical context for the importance
of the axonal cytoskeleton, in general, and the ankyrin molecules, in particular, as key

links in the pathological failure of injured axons.

The distinction between “focal” injury and “diffuse” injury has a special
relevance to research in TAI, both historically and for the interpretation of current
findings. A focal brain injury usually denotes the results of a blow to the head that
produces cerebral contusions and/or hematomas (Gennarelli, 1993). In contrast, a diffuse
injury may occur without an impact component to the injury, but instead usually results
from inertial forces, and is commonly seen clinically after motor vehicle crashes and
some falls (Blumbergs et al., 1989; Grady et al., 1993). The inertial forces result from
rapid head motions, which deform the white matter and lead to a diffuse injury of axons.
Some authors have pointed out that the term “diffuse” is imprecise in the sense that the
axonal damage actually presents as a multifocal pathology, particularly affecting midline

structures such as the corpus callosum (Smith and Meaney, 2000). Microscopic
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examination of diffusely injured white matter reveals numerous swollen and disconnected
axons (Povlishock, 1992). Severe cases of diffuse TAI often show white matter tissue
tears accompanied by intraparenchymal hemorrhage in central commissures, basal
ganglia, and brainstem, and is associated with prolonged postinjury unconsciousness,

high mortality, and poor outcome (Ommaya and Gennarelli, 1974; Gennarelli, 1993).

Historically, it was thought that the rapid acceleration and deceleration of the
brain during a traumatic injury led to a shearing of axons. This stress was presumed to
lead to actual breakage of axons, with each proximal portion retracting and expelling a
ball of axoplasm. This accounted for the appearance of the traditional histological
features of “retraction balls” observed on autopsy (Strich, 1961; Oppenheimer, 1968).
However, more recent evidence has accumulated that does not support this basic concept
of axonal disconnection at the time of injury. Instead, contemporary models of TAI
conceive of the injury process as a more gradual multiphasic progression (Fitzpatrick et
al., 1998; Povlishock, 1992; Erb and Povlishock, 1988; Sheriff et al., 1994). Axonal
membranes may undergo damage at the time of the injury, but rather than an immediate
disconnection, the course of pathology appears to begin with an initial failure of
membrane integrity. Whether due to microporation or changes in transmembrane ionic
channels, the early phases of TAI are characterized by a pathological influx of cations,
Na* and Ca®, which initiates aberrant cellular depolarization and the mobilization of
multiple calcium-dependent processes, such as the activation of proteases which degrade
the structural and functional properties of axons. Pathological changes, caused by the

depolarization, ionic dysregulation, and a cascade of proteolytic processes, evidently



culminates in axonal disconnection and the appearance of retraction balls. This delayed
phase of TAI unfolds over the course of hours to days after an injury, and is referred to as

secondary axotomy.

A critically important feature of axons, which relates to this thesis, is the axonal
cytoskeleton. This intricate molecular network performs multiple functions in axons:
structural support, localization and stabilization of transmembrane proteins such as
receptors and ion transporters, extension and movement during neuritogenesis,
participation in axoplasmic transport both antero- and retrogradely,l and a newly-
appreciated intermediary role in some signal transduction pathways (Pumplin and Bloch,
1993; Robtsov and Lopina, 2000; Panicker et al, 2003). TAI appears to elicit a focal
axonal abnormality that leads to the failure of axoplasmic transport, and the build-up of
organelles and transported material and consequent swelling of the axon (Povlishock,
1992). The disconnection leads to two axonal segments, a proximal portion in continuity
with the soma, and a distal axon segment which undergoes Wallerian degeneration (and
deafferentation of postsynaptic cellular targets). A primary cause of the impaired axonal
transport is damage to the axonal cytoskeleton, a major component of which are
neurofilaments (NF). Some NF subtypes contain “sidearm” domains with dimensions
which are modulated by their phosphorylation. Accordingly, the diameter of axons is
determined, in large part, by the conformation and dimensions of the NF sidearms. An
important series of studies has indicated that TAI induces a compaction of NFs, caused
by proteolysis of the sidearms (Hall et al., 1995; Povlishock et al., 1997; Maxwell et al.,

1997).
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In addition to injury-induced NF changes, TAI also appears to impair additional
cytoskeletal components, such as microtubules. Microtubules are the primary conveyors
of fast axonal transport, and evidence suggests that they are degraded by proteolytic
events triggered by intracellular calcium loading after injury (Maxwell and Graham,

1997).

Ankyrins: structure and isoforms.

The ankyrins form a family of proteins that function not merely as simple linker
molecules, but are also involved in signal transduction and protein sorting. This
molecular family has binding sites for diverse integral membrane proteins, as well as for
cytoskeletal proteins. The diversity in this family has been understood, in part, by studies
employing molecular cloning, which has identified three genes encoding ankyrins:
ANK1, ANK2, and ANK3, which are expressed as alternatively spliced isoforms
(Rubtsov and Lopina, 2000). Polypeptides corresponding to these genes are designated
as ankyrin-R, ankyrin-B, and ankyrin-G. All three ankyrins that have been cloned and
sequenced have a large NH2 terminal domain responsible for binding to integral
membrane proteins, a central domain responsible for binding spectrin and a COOH
domain with regulatory functions (Bennett and Gilligan, 1993). However, other ankyrin
variants have been reported that do not share this structure. The most thoroughly
characterized of these molecules are ankyrin-R with molecular weight (Mr) 206 kD, and

ankyrin-B with Mr = 220 kD. These isoforms exhibit a similarity in domain structure
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(Bennett, 1992). These isoforms contain three domains: an N-terminal membrane-
binding domain, a central spectrin-binding domain, and a C-terminal regulatory domain.
Figure 1 summarizes these isoforms, along with information regarding diversity within

domain structure, and tissue specificity of ankyrin isoforms.

The membrane-binding domain is formed by 24 tandemly organized repeat motifs
("ankyrin repeats"), each of which is made of 33 amino acids (Bennett, 1992). Ankyrin
repeats (ANK repeats) are involved in protein recognition and are found in more than 325
unrelated human proteins, including tankyrase, p53-binding protein (53BP2) among
others. (Sedgewich and Smerdon, 1999). The membrane-binding domain is formed by
four independently folded subdomains of six repeats each (Michaely and Bennett, 1993 ),

and the entire domain assumes a globular shape.

The spectrin-binding domain is based on three sub-domains (Peters and Lux,
1993). The C-terminal region of this subdomain is neutral. The central region contains
mainly basic amino acids. The N-terminal end of this subdomain is enriched in proline
and acidic amino acids. This acidic portion is variable, while the neutral and basic

regions are highly conserved between ankyrins R and B (Bennett, 1992).

The regulatory domain of ankyrin is highly acidic and is sensitive to proteolysis
(Lux et al., 1990; Lambert et al., 1990). This regulatory domain modifies the affinities of
the spectrin-binding and membrane-binding domains to their target proteins (Hall et al.,

1987).
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The various ankyrin isoforms are differentially distributed in various tissues of the
body. In human erythrocytes, the major ankyrin is ankyrin-R (Mr = 206 kD) (Palek and
Lambert (1990). Ankyrin-R is also expressed, although less abundantly, in macrophages,
muscle tissue, and endothelial cells (Birkenmeier et al., 1993; Thevananther et al., 1998).
Ankyrin-R has been identified in neural cells, specifically in granule and Purkinje cells of
the cerebellum, and in some neurons of the spinal cord and hippocampus (Kordeli and

Bennett, 1991).
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Figure 1. Domain structure of ankyrin isoforms. Information regarding regional tissue
levels of ankyrin isoforms and cell type is given for ankyrin-R, ankyrin-B, and ankyrin-

G.
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Isoforms
. Domain Structure
Ankyrin- (kD)
The major ankyrin in human
- R 206  erythrocytes.
Expressed in
erythrocytes, Alternative splice: results from deletion
muscle, 186  of 162 AAs from regulatory domain.
macrophgges.
endothelial cells, Altemative splice: found in skeletal
cerebellar cells, | 9g a@  muscle. Contains only regulatory
spinal cord, domain.
B Found in embryonic unmyelinated
” ; 440 - axons & dendrites. ;
Found mainly > T
in nervous ; Organized similar to ankyrin-R.
tissue. 220  Expressed in cell bodies and dendrites
of neurons and in glia.
Localized in nodes of Ranvier, and initial
480 segments of axons.
-G
Localized in nodes of Ranvier, and
Expressed in 270  initial segments of axons.
many tissues:
epithelial
cells, . .
myocytes, 190 Abundant in unmyelinated axons.
hepatocytes,
and neurons.

Expressed in epithelium, muscle,
100-120 associated with Golgi apparatus.

Key:

Membrane-binding domain: Formed by 24
ankyrin repeats, organized as globular structure
with 4 folded sub-domains of 6 repeats each.

Spectrin-binding domain: Contains 3 sub-domains:
acidic N-terminal, basic central, variable C-terminal.

e Regulatory domain: Modulates activities of membrane-
and spectrin-binding domains. Sensitive to proteolysis.
= Extended rod-shaped domain: 220 kD structure inserted
between C-terminal and spectrin-binding domains.
1 Threonine and serine enriched domain.
— Unique fragments (30-80 amino acid residues) in

non-neural ankyrins.
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Ankyrin-B is present primarily in nervous tissue. The large 440 kD form of ankyrin B
contains a 220 kD rod-shaped domain inserted between the spectrin-binding and C-
terminal domains (Figure 1). This ankyrin isoform is expressed in unmyelinated axons
and dendrites in embryonic brain (Kunimoto et al., 1991). The 220 kD isoform of
ankyrin-B (which lacks the rod-shaped inclusion) is expressed in glial cells and in

neuronal perikarya and dendrites (Otto et al., 1991).

Ankyrin-G is expressed in multiple tissues, being the main form in myocytes,
hepatocytes, and neurons (Peters et al., 1995; Rubtsov and Lopina, 2000). The
distribution of the isoforms of ankyrin-G is particularly interesting. The 190 kD isoform
is abundant in unmyelinated axons, while the 270 and 480 kD isoforms of ankyrin-G are
present in the nodes of Ranvier as well as in the initial segments of myelinated axons
(Kordeli et al., 1995; Peters et al., 1995). The 480 kD isoform of ankyrin-G contains the
extended rod-shaped domain, analogous to that found in ankyrin-B, but also contains a
unique 46 kD fragment enriched in serine and threonine inserted between the spectrin-
binding domain and the terminal part of the 480 and 270 kD ankyrin-G molecules (Figure
1). It is this serine/threonine component which appears to determine the specific
localization of these isoforms, probably mediated by the glycolsylation status of the

fragment (Kordeli et al., 1995).
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The cytoskeleton

The shape of a neuron is a vital and fundamental property, and is primarily
maintained by the cytoskeleton. Any manipulation that damages the cytoskeleton, for
example a mechanical injury or a pharmacological manipulation, will usually have grave
consequences for the cell, and, as discussed below, the consequences will be both
structural and functional. Cytoskeletal changes have been studied in models of
experimental brain injury. A number of studies have reported postinjury changes in
neurofilaments and microtubules, two of the primary cytoskeletal components. A TBI-
induced decrease in microtubule-associated protein (MAP2) and a decrease in the amount
of neurofilament (NF) protein has been reported (Posmantur et al., 1994; Hicks et al.,
1997). Most workers in this area agree that a rapid postinjury influx of calcium is a
primary event that leads to cytoskeletal degradation. High intracellular calcium has been
shown to induce activation of calpains (calcium-activated proteases) which degrade

multiple cytoskeletal components (Newcomb et al., 1997; Zhao et al., 1998).

The membrane cytoskeleton. In addition to the neuronal cytoskeleton, comprised

of neurofilaments, microtubules and actin microfilaments, there is a separate cytoskeletal
component that associates with the plasma membrane. Often referred to as the
"membrane cytoskeleton," it is a molecular assembly forming basically a two-
dimensional network located on the cytoplasmic surface of cell membranes (Bennett and

Gilligan, 1993). The primary component of the membrane skeleton is an arrangement of
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spectrin molecules joined at their ends to form five- or six-sided polygons (Fig. 2 A,B).
At the corners of the polygons, the spectrin is complexed with short actin filaments. The
membrane cytoskeleton is attached to the plasma membrane through ankyrin (Fig. 2
B,C). Ankyrin appears to also provide linkages between the cytoskeleton and the

membranes of intracellular organelles.

The membrane cytoskeleton has been most extensively investigated in human
erythrocytes, both biochemically and ultrastructurally (Bennett, 1990; Pumplin and
Bloch, 1993). It was in this cell type that the modular and flexible properties of spectrin,
and its binding partners, were first appreciated. Spectrin, and related actin-binding
proteins, have a flexible oligomerization property: forming tetramers and larger
oligomers. These polymorphic molecular associations lead to a deformability in
cytoarchitecture, which is essential for a blood-borne element which must pass through
highly tortuous microcapillaries. The membrane cytoskeleton interacts with the general
cellular cytoskeleton in highly specified associations. Specifically, spectrin interacts
preferentially with neurofilaments, while ankyrin has a binding specificity for

microtubules (Bennett, 1990).
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Figure 2. Membrane cytoskeleton structure, relationship to plasmalemma, and detail of
ankyrin domains. A. Interior view of a patch of plasmalemma showing apposition of
spectrin/ankyrin polygons to membrane. B. Detailed view of membrane cytoskeleton,
showing ankyrin as a linker molecule between B-subunit of spectrin and an integral
membrane protein (in this case an ion channel). C. Enlargement showing presumptive

globular domains of ankyrin. [Source: adopted from Rubtsov and Lopina, 2000].
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The assimilation of the results of this thesis into the context of existing theories of
TBI is made difficult by the multiplicity of roles and binding partners of ankyrin. In
addition, because this project is the first to measure ankyrin in the specific pathology of
TBI, the interpretation of the present findings cannot directly appeal to prior published
reports. There are, however, published reports of ankyrin measurements following
ischemia in the brain (Harada et al., 1997) and in the kidney (Woroniecki et al., 2003),
although these did not comparably examine ankyrin-G as in the present investigation. In
spite of these difficulties, the conclusion is reached here that the present observations
accord well with concepts of traumatic neuropathology based upon acute ionic
dysregulation that leads to a failure of cytoskeletal components, in general, and
alterations in the membrane skeleton, in particular. A well established feature of
traumatic axonal neuropathology involves a failure of neurofilament sidearms leading to
a compaction of major axonal cytoskeleton components with deleterious results (Hall et

al., 1995; Povlishock et al., 1997; Maxwell et al., 1997).

As mentioned in the Introduction to this thesis, a hallmark of traumatic axonal
injury is an abnormal cellular depolarization subsequent to the rapid accumulation of
cations into the intracellular compartment. Existing knowledge does not yet allow a
definitive statement as to whether the aberrant ion fluxes arise from a failure of the
bilipid membrane (‘'microporation') or changes in transmembrane ionic channels. In any
event, intracellular loading of Na* and Ca®* mobilizes multiple calcium-dependent

processes, such as the activation of proteases which degrade the cytoskeleton and
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functional properties of axons, culminating, in the worst cases, in axonal disconnection

and degeneration.

Postinjury changes to ankyrin-G expression, as observed in this thesis, are
consistent with an axonal pathology arising from proteolytic changes to the membrane
skeleton, affecting the ankyrin/spectrin subplasmalemmal network and the channel
proteins which are attached on their cytoplasmic domains to ankyrin. This conclusion
does not, in any way, eliminate other pathological roles involving ankyrin and its diverse
associations with other molecules, including various transporters, receptors, and cell
adhesion molecules. However, the association of ankyrin-G with voltage-gated sodium
channels (NaV) appears to be a fundamental tendency of ankyrin-G, and has been the
membrane protein most frequency studied as a linker of ankyrin-G (e.g., Bouzidi et
al.,2002; Custer et al., 2003; Garrido et al., 2003; Jenkins and Bennett, 2001, 2002;
Malhotra et al., 2002). On a conceptual level, a disturbance of the ankyrin/Nav channel
complex would be predicted to lead to functional deficits previous seen in callosal axonal
excitability following identical injury conditions (Reeves et al., 2004; Reeves et al., in
press), and it is reasonable to expect such a pathology to be expressed as behavioral
deficits characteristically seen following these injuries. Sodium channel pathology has
been identified as a very early event in TBI, perhaps preceding intraaxonal calcium
loading (Iwata et al., 2004), and involving specific proteolytic damage to NaV channels.
In addition to the biochemical processes leading to proteolysis of nodal components, the
actual mechanical aspects of injury may preferentially stress ankyrin/Nav linkages. In

this regard, nodes are selectively vulnerable to trauma, for example, being the primary
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site of damage during stretch-induced injury to optic nerves (Maxwell et al., 1991), and it

is known that ankyrin-G molecules cluster with Nav channels at nodes of Ranvier.

It is thus the conclusion of this thesis that the initial increases in ankyrin 220,212 -
kD forms, seen at 1d postinjury in the corpus callosum, probably represent proteolyzed
segments of higher 480,270 -kD ankyrin-G, and are unlikely to represent a de novo
synthesis process. The subsequent recovery of the callosal 220,212 -kD forms to control
levels, seen at 3d and 7d postinjury, agrees well with observations of initial
electrophysiological deficits in myelinated callosal axons that moderate during the first
postinjury week. The summary conclusion regarding the 75-kD ankyrin-G seen to
increase at 1d, and then to fall significantly below control levels at 3d and 7d postinjury,
is that this most likely reflects a more deleterious and persistent pathology that affects the
unmyelinated fiber population. Such an interpretation is supported by initial
ultrastructural evidence that the fluid percussion TBI initiates a pathology in
unmyelinated fibers that leads to the total failure of membrane integrity and the
subsequent dissolution of a percentage of callosal fibers. The restorative mechanisms
whereby the levels of ankyrin return to control levels is beyond the scope of this project.
However, the disparity in the status of the 220,212-kD forms vs. the 75-kD form, at 3d
and 7d, may also reflect the greater loss of unmyelinated than myelinated axons. Finally,
in conclusion regarding observations in the cerebral cortex, the relative lack of TBI-
induced changes in ankyrin supports a preferential role of the ankyrin-G molecule in
axon-enriched regions, although a modest change observed in the 220-kD form may

conceivably reflect pathological events at the initial axonal segments of cortical neurons.
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