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Preface

Paul Wintrebert, a French embryologist, was the first to introduce the concept and
the term of cytoskeleton (cytosquelette in French) in 1931. Since then, much has
been learned about the organization and structure of the cytoskeleton in many types
of cells. In no cell is the cytoskeleton more complex and well developed than in
the nervous system, where the remarkable polarity of neurons and the extensive
process formation in several types of glial cells are especially reliant on this super-
structure. The Cytoskeleton of the Nervous System is intended to help bring together
key advances from the enormous body of information relevant specifically to the
cytoskeleton in the nervous system. The cytoskeleton of neurons is comprised of
three main components - microtubules, neurofilaments, and actin filaments - which
are important for axonal transport along long distances, establishing the uniquely
polar cellular shapes, and providing a scaffold for regulating the topography and
function of axonal and synaptic proteins and organelles. Alterations of cytoskeleton
function in neurons are linked to the development of major neurodegenerative disor-
ders such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis,
and a host of others. Glial fibrillary acidic protein replaces neurofilaments and is
the main intermediate filament component of the cytoskeleton in astrocytes, and
mutations in this gene product cause Alexander disease. New technologies such as
live-cell imaging and genetic engineering to create an array of in vivo models have
powered the exponential development of our knowledge of the cytoskeleton in the
nervous system. The topics included in the areas covered were selected to capture
this technical progress and conceptual development.

This monograph begins with a general description of the cytoskeleton in axonal
development and pathology and then moves to more detailed descriptions of particu-
lar components, including microtubules and associated proteins, neurofilaments and
interacting proteins, actin and its binding proteins, and glial fibrillary acidic protein.
The later chapters focus on the functional significance of the neuronal cytoskeleton
in axonal transport and its regulation in health and disease states. Because each
chapter is intended to read as a self-contained review of a specific topic, some
unavoidable overlaps between them may exist. We hope that, by bringing relevant
data together, “The Cytoskeleton of the Nervous System” will encourage further
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development of unifying principles and stimulate new conceptual and technical
approaches toward a better understanding of cytoskeleton functions in health and
disease.

Orangeburg, NY Ralph A. Nixon
Orangeburg, NY Aidong Yuan
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Chapter 1
Central Axonal Development
and Pathology in Early Life

Robin L. Haynes and Hannah C. Kinney

Abstract Critical to brain development is the proper growth and maturation of
the axons underlying neuronal circuitry and communication throughout the nervous
system. During development, the axon undergoes a remarkable process of outgrowth
from the cell body, elongation, pathfinding to its target, differentiation of its synaptic
junction, and establishment of connections with dendritic and/or somatic synapses.
In the human brain, the most dramatic period of axonal development is midgesta-
tion to the end of the second year of life (i.e., the period when the brain itself attains
approximately 80% of its adult weight). During this period, the developing axon
is especially vulnerable to different types of injury as it undergoes rapid elongation
and differentiation. In this chapter, we review critical aspects of axonal development
and pathology in early human life with a focus on the central nervous system. These
aspects include the initial growth of the axon, the pathfinding mechanisms by which
the axon locates the proper target, elimination of axonal connections to ensure the
correct axon-to-target balance, and maturation of the axons to ensure proper trans-
mission of signal, as well as the susceptibility of the developing axon to injury and
selected disorders of axons in the developing human brain.

Keywords Growth cone - Axonal guidance - Myelination - Extracellular
matrix - Antegrade axonal injury - Retrograde axonal injury
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1.1 Introduction

The central axon is a smooth, thin process of variable length that extends from the
polarized neuronal cell body and propagates action potentials, thereby assisting in
synaptic communication between neurons. Axonal development involves complex
processes of growth, pathfinding, target selection, and maturation, each of which
requires specific proteins or “cues” to ensure proper connectivity and function. In
this chapter, we review critical aspects of each of these processes as well as axonal
pathology in early human life. To establish a basic understanding of axons, we first
begin with a brief review of the structure and function of the mature axon and how
this structure serves as the basis for signal propagation. In this chapter, we focus
upon the axons of the central nervous system (CNS), given the broad scope of the
biological and pathologic aspects of central and peripheral axons in combination.

1.2 General Structure and Function of Axons

Though the diameter of the axon is relatively uniform in caliber, it is composed of
morphologically and functionally distinct regions. These regions include the axon
hillock, the initial segment, and the nodal segment.

1.2.1 Axonal Components

At the site where the axon emerges from the soma of the neuron, there is a slightly
expanded region known as the axon hillock and identified by light microscopy by
the absence of Nissl substance (i.e., rough endoplasmic reticulum at the ultrastruc-
tural level) (Graham and Lantos, 2002); it is the interface between the soma and the
initial segment of the axon. The structural differences in the hillock and the initial
segment are subtle and detected only at the ultrastructural level. At the intersection
of the hillock and the initial segment, a fine granular material containing electron-
dense granulations spaced at regular intervals appears under the plasma membrane
(Palay et al., 1968); this material extends from the initial segment to the origin of the
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myelin sheath. A second differentiating feature is the appearance of rosettes or clus-
ters of polyribosomes that appear in the hillock but disappear along the length of the
initial segment (Graham and Lantos, 2002; Palay et al., 1968). Whereas morpholog-
ically the axon hillock and initial segment are distinct, electrophysiologically they
are similar. At the hillock/initial segment, the membrane potential reaches a trigger-
ing threshold, and an action potential propagates through the remainder of the axon.
The importance of the site is based on evidence of a high density of sodium (Na*)
channels (Farinas and DeFelipe, 1991; Palay et al.,1968). Nevertheless, Na* chan-
nels in the initial segment may contribute little to the initiation of action potentials,
whereas Na* channels located in the axon beyond the initial segment are likely
to be critical for determining threshold (Colbert and Johnston, 1996; Colbert and
Pan, 2002; Stuart et al., 1997). Beyond the initial segment, the axon is ensheathed
by phospholipid-rich myelin, which serves to insulate the axon and increase the
velocity at which the nerve impulse travels down the axon. The myelin sheath is
interrupted at regular intervals by the nodes of Ranvier, which are rich in Na*
channels and therefore generate an intense depolarizing inward Na* current in
response to depolarization down the myelinated component of the axon (Rasband
and Trimmer, 2001). This structural organization acts to periodically intensify the
amplitude of the action potential to ensure the complete transfer of signal from
origin to destination without loss of “strength.”

1.2.2 Cytoskeletal Structure of Axons

The neuronal cytoskeleton is composed of three different types of filaments: actin
microfilaments, microtubules, and intermediate filaments (IFs). Each of these fila-
ments serves a distinct purpose in organization and function in adult axons as well as
in various stages of axonal growth and development (see later). The most abundant
of these filaments is the IF. They are stable polymers and consist of three different
subunits: neurofilament (NF) light (NFL), NF medium (NFM), and NF heavy (NFH)
with molecular mass of 68, 160, and 200 kDa, respectively (Graham and Lantos,
2002). Together these NFs form a cytoskeletal core with a backbone running paral-
lel along the axon that is composed predominately of the amino terminus of NFL.
The shell covering the backbone is composed of the carboxy-terminal side arms of
NFM and NFH (Kumar et al., 2002; Lee and Cleveland, 1996). Phosphorylation
of these side arms is associated with a decrease in NF transport rate, as well as an
increase in axonal caliber during axonal development (see later) (Sihag et al., 2007).
The second cytoskeletal component of axons is the microfilaments, of which the
predominant type is actin. Actin filaments compose the cytoskeletal meshwork of
filaments immediately underlying the axolemma. Whereas neurofilaments are stable
with very low turnover, the actin component of the cytoskeleton is dynamic and is
adjusted in response to physiologic cues, a property that underlies its prominent role
in growth cone function during axonal growth and pathfinding (see later). The third
component of the axon cytoskeleton includes microtubules and the microtubule-
associated proteins (MAPs). Within the axon, they are long, tube-like structures with
a diameter of 25 nm and are composed of 13 protofilaments consisting of dimers of
a- and B-tubulin arranged side by side to form the microtubule walls. Associated
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with the microtubule structures are the MAP proteins, which serve as side arms
or cross-links that interconnect microtubule structures to each other, as well as to
other cytoskeletal components. The most prominent MAPs located within the axon
are MAP1A, MAP1B, MAP3, MAPS, and Tau (Halpain and Dehmelt, 2006; Huber
et al., 1985; Paglini et al., 2000; Riederer et al., 1986). Of note, MAP2 is restricted
to neuronal cell bodies and dendrites and is not expressed in the axon (Dehmelt and
Halpain, 2005).

1.2.3 Axonal Transport

Due to the variable and oftentimes long distance between the axonal terminal (site of
the synapse) and cell body (site of production of the secretion molecules necessary
at the synapse), a mechanism for transport down the axon is in place that involves a
system of both anterograde transport from the cell body to the terminal, as well as
retrograde transport from the terminal back to the cell body. Once produced in the
cell body, membrane-bound organelles, including mitochondria and secretory vesi-
cles, are transported down the length of the axon using microtubules and the motor
molecule kinesin, which is thought to “walk” molecules along the microtubule
(Amaratunga et al., 1993; Brady et al., 1990; Hirokawa et al., 1991; Hirokawa and
Takemura, 2004; Muresan, 2000). Other cytoskeletal proteins are subject to antero-
grade transport to the axonal terminal but by a mechanism known as slow axonal
transport. To achieve microtubules movement, transport along the actin cytoskele-
ton involves the protein dynein as a motor (Dillman et al., 1996a, b; Hirokawa and
Takemura, 2004; Pfister, 1999). In addition to anterograde transport, axons par-
ticipate in the retrograde transport of membrane-bound organelles involved in the
endocytotic pathway (e.g., in neurotransmitter packaging and release), which are
delivered back to the cell body for reuse. In addition, ligand-receptor complexes
interacting at the axonal terminal are endocytosed at the site of action and carried
by retrograde transport to the neuronal cell body (Howe and Mobley, 2005; Ibanez,
2007; Zweifel et al., 2005). This retrograde signaling is thought to be particularly
important in mediating the action of the neurotrophin nerve growth factor (NGF)—
TrkA receptor complex (Howe and Mobley, 2005; Ibanez, 2007; Zweifel et al.,
2005). Retrograde trafficking of membrane-bound organelles as well as ligand—
receptor complexes is thought to involve dynein as a motor (Ha et al., 2008; Motil
et al., 2006; Schnapp and Reese, 1989).

1.3 Axons in Development

1.3.1 Axonal Outgrowth

1.3.1.1 Growth Cone and Cytoskeleton

One of the most notable features of axons during development is their ability to
navigate long distances and accurately target a precise destination; the key structure
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underlying their outgrowth is the motile growth cone. The growth cone is formed
at the tip of the growing axon and is responsible for “sensing” environmental cues,
determining the direction of growth, and guiding the growing axon in the proper
direction. The mechanism underlying its formation and movement is the dynamic
nature of cytoskeletal elements, which are continuously changing during outgrowth,
with retraction of the filopodia and lamellipodia (i.e., narrow cylindrical exten-
sions and veil-like extensions, respectively) protruding from the periphery of the
growth cone. During axonal outgrowth, the growth cone participates in three dis-
tinct stages termed (1) protrusion, (2) engorgement, and (3) consolidation (Dent and
Gertler, 2003; Goldberg and Burmeister, 1986). Protrusion involves the extension
of filopodia and lamellipodia associated with the rapid rearrangement and polymer-
ization of actin (Letourneau, 1983; Okabe and Hirokawa, 1991). If the filopodia
“senses” a cue to turn, the actin selectively polymerizes on the side toward the
cue, with collapse of the filopodia and lamellipodia on the opposite side (Bentley
and O’Connor, 1994; Dent and Gertler, 2003; Lin et al., 1994). Once the filopodia
have been extended, engorgement occurs when microtubules along with membra-
nous vesicles and organelles from the central core of the axon advance into the
growth cone (Dailey and Bridgman, 1991; Gordon-Weeks, 1991; Lin et al., 1996).
These microtubules are transported into the extended filopodia by dynein-driven
forces either against the actin network or against longer microtubules (Grabham
et al., 2007; Myers et al., 2006). This invasion of microtubules into the growth
cone and into individual direction-oriented filopodia is thought to turn the growth
cone toward a directional cue (Myers et al., 2006; Zhou and Cohan, 2004). The
final stage of axonal growth involves the depolymerization of actin around the neck
of the growth cone to generate a new segment of axon (Goldberg and Burmeister,
1986).

A notable phenomenon associated with the protrusion phase of growth cone
extension involves the retrograde flow of actin away from the tip of the growth
cone toward its central core (Lin et al., 1996; Mitchison and Kirschner, 1988;
Okabe and Hirokawa, 1991). This retrograde F-actin flow is inversely proportional
to the advance of the growth cone (Lin and Forscher, 1995) and involves a “clutch”
mechanism that links this retrograde flow to forward motion of individual filopo-
dia through interaction with the substrate or matrix in which it travels (Fig. 1.1)
(Jay, 2000; Mitchison and Kirschner, 1988). In stationary filopodium, individual
actin subunits are added to an actin filament on the membrane-associated side or
tip of the filopodium. Upon addition of actin subunits on one end, the entire fila-
ment is translocated via the action of myosin motors (Lin et al., 1996; Medeiros
et al., 2006) toward the center of the growth cone where actin subunits and frag-
ments are removed from the opposite end and recycled (Fig. 1.1a). For filopodia
to move forward, attachments to the substrate or matrix must be made (Fig. 1.1b).
These attachments consist of ligand—receptor interactions involving members of the
integrin family of extracellular matrix proteins and the cadherin family of cell adhe-
sion molecules, as well as other molecules. When the filopodium makes contact
with the substrate, a clutch is engaged, thereby preventing retroactive flow, fixing
the actin filament in place, and allowing the forward movement of materials such
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Fig. 1.1 Retrograde actin flow and the clutch hypothesis. a Stationary filopodium undergoes a
cycle of actin polymerization at the tip of the filopodium and retrograde flow of the actin filament
toward the center of the growth cone where the filament is broken down into individual actin sub-
units. b Contact between the filopodium and the matrix mediated by ligand-receptor interactions
engages a “molecular clutch” that acts to prevent the retroactive flow of actin. Simultaneous addi-
tion of actin at the tip (shown in red) results in the elongation of the actin filament and subsequent
growth cone advancement

as membrane and actin monomers to supply the growing tip (Fig. 1.1b) (Jay, 2000;
Mitchison and Kirschner, 1988).

1.3.1.2 Axonal Guidance

The temporal and spatial movement of the axon to its appropriate target is critical
to the proper development of neuronal circuits. This movement is controlled by a
number of different environmental cues that direct the axons via interactions with
the growth cone receptor. Environmental cues are categorized as either permissive
or inhibitory and can be divided into two separate categories: nondiffusible and
diffusible signals (Table 1.1).

Nondiffusible Signals for Axonal Guidance

Nondiffusible signals include a number of molecules categorized into three fam-
ilies of ligands — cell adhesion molecules (CAMs), extracellular matrix (ECM)
molecules, and ephrins — each of which acts through receptor-mediated interactions
on the cell surface of the growth cone.
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Table 1.1 Axonal Guidance Molecules in the Central Nervous System

NONDIFFUSIBLE
Interactions with Primary effect
CELL ADHESION
MOLECULES (CAM)
Cadherins Cadherins (homophilic) Permissive
L1-CAM L1-CAM (homophilic) Permissive
CAMS (heterophilic)
NCAM NCAM (homophilic) Permissive
L1-CAM and others (heterophilic)
EXTRACELLULAR MATRIX
MOLECULES (ECM)
Hyaluronan Glycoprotein receptor CD44 Permissive
Chondroitin sulfate proteoglycans Hyaluronan, Tenascins, NCAM Inhibitory
Glycoproteins
Tenascins Integrin receptors, CAMS, other ECMs  Both
Laminin Integrin receptors Permissive
Heparin-binding growth-associated  heparin sulfate proteoglycan Permissive
molecule
EPHRINS
Ephrin Eph Receptor Both
DIFFUSIBLE
Netrins DCC, Neogenin, Unc5a-Unc5d Both
Slit Robo Inhibitory
Semaphorins neurophilin, and plexin Inhibitory
Neurotrophins
NGF TrkA Permissive
BDNF TrkB Permissive

Legend: This list represents a subset of molecules that signal axonal guidance. The primary effect
of each of these molecules is listed; however, there are circumstances for many of these molecules
where the opposite effect on axonal guidance is seen (see text).

Cell Adhesion Molecules and Axonal Guidance

CAMs are transmembrane receptors with three characteristic structural components:
a transmembrane domain, an intracellular domain that interacts directly with the
elements of the cytoskeleton, and an extracellular domain that interacts with CAM
proteins of the same kind or different kinds by homophilic or heterophilic binding,
respectively. Upon either homophilic or heterophilic binding, CAMs function in
growth cone mobility by activating intracellular signaling cascades, rather than by
directly modulating the adhesion of the growth cone to cellular substrates (Doherty
et al., 2000). Below, we focus on three different classes of CAMs — cadherins, L1-
CAM, and NCAM - each of which is implicated in the control of axonal growth
and guidance.

Cadherins. During axonal development and growth, cellular contact results from
the specificity of cadherin binding between the cadherin extracellular domain on
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axonal growth cones and those on the substrate on which the growth cone trav-
els (Ranscht, 2000). The mechanisms underlying the function of cadherins as a
CAM and the role of cadherins in axonal elongation are not completely understood.
One proposed mechanism involves fibroblast growth factor receptor (FGFR) sig-
naling within the growth cone (Fig. 1.2a). In this mechanism, N-cadherin on the
growth cone of an axon interacts with an N-cadherin molecule on a substrate for
axonal growth (Williams et al., 1994). This interaction results in a cascade that
involves the activation of FGFR, a downstream production of arachidonic acid,
and a subsequent influx of calcium (Ca?*). Upon Ca®* influx, multiple down-
stream effectors are activated that contribute to the cytoskeletal changes involved

Growth Cone
Filapodium

®
s Axon; outgrowth

Extracellular Matrix

Growth Cone
Filapodium

of- catenm proteins
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B- catenm
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Fig. 1.2 Mechanisms of cadherin function in growth cone advancement. a Cadherins function
through intracellular signaling involving the interactions of cadherins (as well as other CAMs) with
FGFR. Upon interaction, FGFR activation and phosphorylation ultimately leads to arachidonic
acid (AA) release and Ca?* influx. Increased cytoplasmic Ca®* activates CAMKII as well as GAP-
43, both of which are important for axonal outgrowth. b Cadherins couple to cytoskeletal actin
filaments either directly though interactions with cytoplasmic catenins or indirectly though actin
binding proteins
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in outgrowth. One such effector is CaM kinasell, whose activation has been shown
to be important for axonal growth in vivo (Bolsover, 2005; Doherty et al., 2000).
A second downstream effector of Ca®* is GAP-43, an actin-capping protein that
becomes phosphorylated by protein kinase C upon Ca?* influx, leading to a ces-
sation of actin-capping activity (He et al., 1997) and subsequent initiation of actin
polymerization and axonal outgrowth (Fig. 1.2a) (Bolsover, 2005; Doherty et al.,
2000). Of note, while FGFR signaling is detailed here with cadherins, similar FGFR
signaling occurs upon interaction with other CAMs including L1-CAM and NCAM
(Williams et al., 1994).

A second mechanism by which cadherins function in growth cone movement
involves the direct coupling of cadherins to the actin cytoplasm through the inter-
action of cadherins with catenins (Fig. 1.2b). Here, homophilic cadherin binding
leads to the interaction of the cytoplasmic tail of cadherin with catenin molecules
that interact with actin filaments either directly or indirectly through actin binding
proteins such as ZO-1 and a-actinin (Fig. 1.2b) (Gates and Peifer, 2005; Goodwin
and Yap, 2004; Itoh et al., 1997; Knudsen et al., 1995). This model has recently
been expanded upon to suggest that cadherin receptors are linked to actin flow via
catenin interactions and are involved in a molecular clutch within the growth cone
to drive growth cone advance (see earlier) (Fig. 1.1) (Bard et al., 2008).

LI-CAM. L1 is a cell adhesion molecule concentrated in the axon that plays a
role in growth cone mobility and axonal extension. The structure of L1 consists
of six immunoglobin (Ig) domains, a single transmembrane domain, and a highly
conserved cytoplasmic domain. L1 can participate in both homophilic binding with
other L1 molecules and heterophilic binding with other CAMs to mediate its role
in axonal growth and extension (Burden-Gulley et al., 1997). The mechanism of
L1-mediated axonal outgrowth involves indirect interactions with the cytoskeletal
protein actin, whose retrograde flow generates traction force, which in turn drives
process outgrowth forward (see earlier) (Fig. 1.1). One of the best characterized
mediators of the L1-actin interaction is the cytosolic protein ankyrin, which binds
to the L1 cytoplasmic tail (Burden-Gulley et al., 1997; Davis and Bennett, 1994; Gil
et al., 2003; Nishimura et al., 2003). Ankyrin plays a critical role in L1-mediated
axonal growth based on the following observations: (1) L1-CAM and ankyrins are
colocalized in premyelinated axon tracts during development (Gil et al., 2003); and
(2) ankyriny (isoform of ankyrin) deficient mice exhibit axon tract hypoplasia (Gil
et al., 2003). Although it has been established that ankyrin, couples actin retro-
grade flow to L1 during neurite initiation (Nishimura et al., 2003), the role of the
Ll-ankyrin interaction in neurite outgrowth and axonal extension is now thought
to be inhibitory, based on ankyrin binding inhibition studies that show stimula-
tion of retrograde actin movement (Gil et al., 2003; Nishimura et al., 2003). Other
proteins may mediate the L1-actin traction force involved in axonal outgrowth,
including the adaptor protein ezrin (Sakurai et al., 2008) and the brain-specific
protein shootin (Shimada et al., 2008). Experimental data show inhibition of ret-
rograde actin transport upon inhibition or reduction of actin and/or L1 binding to
these proteins (Sakurai et al., 2008; Shimada et al., 2008).

L1-induced axonal outgrowth is not only dependent on L1 adhesion and sub-
sequent interaction with actin but also on several signaling cascades. Similar to
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cadherin, L1 activates FGFR, resulting in a downstream cascade, an increase in
Ca”*, and ultimately cytoskeletal changes associated with axonal outgrowth (see
earlier) (Burden-Gulley et al., 1997; Doherty et al., 1996). In addition to signal-
ing through FGFR, L1 is endocytosed, resulting in a signaling cascade that leads
to the activation of extracellular signal-regulated kinases (ERK1/2) and subsequent
neurite outgrowth (Schmid et al., 2000). In this cascade, L1 endocytosis results in
the activation of PI3 kinase, Rac-1, mitogen-activated protein kinase kinase (MEK),
and mitogen activated protein kinase (MAPK) or ERK1/2 (a member of the MAPK
family) (Bearer, 2001; Kiryushko et al., 2004; Schmid et al., 2000). The regulation
of axonal growth mediated by ERK1/2 likely involves both local, growth cone—
specific mechanisms, as well as distant events, such as regulation of transcription
(Perron and Bixby, 1999).

NCAM. The neural cell adhesion molecule (NCAM) protein, highly expressed
in the mammalian nervous system, is similar to L1-CAM in that it is a mem-
ber of the Ig superfamily of adhesion molecules. While there exists only one
NCAM gene, multiple forms of NCAM are generated through alternative splic-
ing, including NCAM-180, NCAM-140, and NCAM-120. These variants differ not
only in molecular weight but also in the presence of a transmembrane domain
and differences in the cytoplasmic domain (Kiryushko et al., 2004; Rinaldi et al.,
2001). As with other CAMs, NCAM mediates cell adhesion primarily through
homophilic binding to other NCAM molecules, although heterophilic interactions
with other molecules, including L1-CAM, have been reported (Kadmon et al., 1990;
Kiryushko et al., 2004; Milev et al., 1996). Similar to L1-CAM, NCAM medi-
ates neurite outgrowth through activation of FGFR and subsequent Ca®* release
(see earlier) (Fig. 1.2) (Doherty et al., 2000; Kiryushko et al., 2004). At least
one of the NCAMs, NCAM-140, has also been shown to participate in neurite
outgrowth mediated by the activation of the MAPK (ERK1/2) cascade discussed
earlier. Though the NCAM-140 and L1-CAM signaling pathways converge to acti-
vate MEK and ERK, NCAM-140 activation involves recruitment of p125fak to a
membrane-associated complex consisting of NCAM-140 and p59™™, rather than
endocytosis and subsequent activation of PI3 kinase as seen in L1-CAM (Schmid
et al., 1999).

In addition to alternative splicing, NCAM is also subject to posttranslational
modification. The most notable modification is the attachment of carbohydrate
polysialic acid (PSA) exclusively to NCAM to generate PSA-NCAM, a molecule
highly expressed in the nervous system. Unlike NCAM, which is widely expressed
in the entire CNS throughout development and adulthood, PSA-NCAM is develop-
mentally regulated and is widely expressed in the embryonic and early postnatal
brain, a period of time correlating with axon outgrowth, branching, and contact
formation (Bonfanti, 2006; Ronn et al., 1998). Though PSA-NCAM expression
is thought to negatively regulate the process of myelination (see later), it also
plays an important role in the development of the corticospinal tract and specif-
ically in the formation of collateral branches (Daston et al., 1996), as well as
in the fasciculation of mossy fiber axons of the hippocampus (Cremer et al.,
1997).
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Extracellular Matrix Molecules and Axonal Guidance

The second category of nondiffusible growth signals includes components of the
ECM. During brain development, the ECM is primarily formed from the lin-
ear polysaccharide hyaluronan, which promotes aggregates of chondroitin sulfate
proteoglycans. These proteoglycans include members of the lectican family
aggrecan, versican, neurocan, and brevican. Lectican proteins then bind, via their
C-terminal ends, to glycolipids and glycoproteins, which in turn bind to and cross-
link other lecticans. One of the most prominent glycoproteins in the nervous system
is tenascin R. Other components of the CNS extracellular matrix include the laminin
family of glycoproteins, heparin-binding growth-associated molecule (HB-GAM),
and heparin sulfates.

Hyaluronan. Although hyaluronan is present in high quantities in the develop-
ing brain, little is known as to the contribution of hyaluronan in axonal outgrowth.
Recent studies examining hyaluronan and its glycoprotein receptor CD44 in the
developing optic chiasm suggest a role for this interaction in the routing process
of axons crossing at the midline. In these studies, disruption of the hyaluro-
nan/CD44 ligand-receptor interaction results in a failure of midline crossing of
newly generated optic axons (Chan et al., 2007a; Lin et al., 2007).

Chondproitin sulfate proteoglycans. The second group of ECM proteins thought
to play a role in axonal guidance is the chondroitin sulfate proteoglycans (CSPGs).
In the developing CNS, these molecules display primarily inhibitory effects but
have also been shown to display growth-promoting effects depending on the neu-
ronal cell type and the way in which they are presented to the neuron (Friedlander
et al., 1994; Garwood et al., 1999; lijima et al., 1991; Snow et al., 1990; Wu et al.,
2004; Yamada et al., 1997; Yamaguchi, 2000; Zacharias and Rauch, 2006). The
primary inhibitory role of CSPGs is that of a barrier molecule that blocks axonal
growth (Carulli et al., 2005; Yamaguchi, 2000). This inhibitory effect is primarily
attributed to the chondroitin sulfate moiety (Friedlander et al., 1994; Masuda et al.,
2004; Yamaguchi, 2000), although the core proteins of these molecules also have
an inhibitory effect on neurite outgrowth (Ughrin et al., 2003; Yamaguchi, 2000).
Although the mechanism of the inhibitory effect of CSPGs is not clearly under-
stood, it is most commonly explained by the CSPGs’ ability to interfere with binding
of the neurite to the matrix on which it is extending, resulting in decreased adhe-
sion to the matrix and subsequent immobility (Friedlander et al., 1994; Viapiano
and Matthews, 2006). There is evidence, however, suggesting that CSPGs inhibit
neurite outgrowth directly through cellular signaling involving activation of the epi-
dermal growth factor receptor and signaling through the GTP binding proteins of
the Rho-ROCK pathway (Koprivica et al., 2005; Monnier et al., 2003; Viapiano and
Matthews, 2006).

Tenascin. The tenascins are a family of glycoproteins that show very discreet
patterns of expression particularly in the developing embryo. Specific to the CNS
are tenascin C and tenascin R, with tenascin C being the best characterized. The
tenascins mediate their action during development by modulating or cross-linking
homophilic and heterophilic binding between families of CAMs. These interac-
tions are further modulated by additional interactions with the lectican family of
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CSPGs. Through the various interactions, tenascins mediate both restrictive and
growth-promoting effects on neurite and axonal extension (Jones and Jones, 2000).
Of particular interest is the finding that tenascin C protein expression in the develop-
ing rat brain is restricted in early development to the marginal and subplate zones,
extending with development into the cortical plate, a pattern in close correlation
with afferent innervation (Gotz et al., 1997). In vitro studies perturbing tenascin C
function suggest a growth-promoting effect on both thalamic and cortical axons as
they grow and innervate the cortex (Gotz et al., 1997).

Laminins. The laminins are a family of extracellular matrix glycoproteins
expressed throughout developing neural tissue (Powell and Kleinman, 1997).
Laminins interact with cells to mediate a response primarily through the integrin
receptor family. In the CNS, laminin expression has been observed in a spatial and
temporal pattern correlating with growth of axonal tracts (Zhou, 1990). Expression
also occurs in the developing visual pathway, cerebellum, cerebral cortex, and spinal
cord (Cohen et al., 1987; Hunter et al., 1992; Liesi and Silver, 1988; McLoon
et al., 1988; Vuolteenaho et al., 1994). In vitro studies showing neurite outgrowth-
promoting activity support a role of laminins in axonal growth (Lein et al., 1992;
Lein and Higgins, 1989; Powell and Kleinman, 1997). Recent in vivo studies
suggests that the laminin isoform, laminin al, influences neuronal polarity and
directional guidance (Wolman et al., 2008).

Heparin-binding growth-associated molecule. HB-GAM plays a role in CNS
axonal outgrowth. The molecule HB-GAM is localized to certain axonal tracts,
including the commissural pathways and the corpus callosum, as well as the tha-
lamocortical pathways in embryonic and postnatal tissues (Kinnunen et al., 1998,
1999; Rauvala et al., 1994). HB-GAM promotes neurite outgrowth in a variety of
neuronal cell types via interactions with heparin sulfate proteoglycan, another ECM
protein (Kinnunen et al., 1999, 1996; Raulo et al., 2005; Rauvala et al., 1994).

Ephrins and Axonal Guidance

Ephrins and their Eph receptors are membrane-bound proteins that together consti-
tute an important nondiffusible family of guidance molecules. The Eph receptors
serve as tyrosine kinases and interact with ligand through an extracellular N-
terminal domain. Ephrin ligands, categorized as A or B, bind Eph receptors A and
B, respectively, with a limited amount of cross-binding between the two groups
(Martinez and Soriano, 2005). The axonal pathfinding cues established by the
interactions between Eph receptors and Eph ligands during development are pri-
marily repulsive, resulting in growth cone collapse (Drescher et al., 1995; Wang
and Anderson, 1997). The opposite effect with receptor-ligand interaction resulting
in enhancement of axonal growth has also been shown in certain cell types (Hansen
et al., 2004; Knoll et al., 2001), suggesting cell-specificity of axonal response.
Upon interaction of Eph receptors and Eph ligands, high-affinity heterodimers
are formed, and downstream signaling is initiated. Interestingly, this signal-
ing is seen in multiple forms including forward and reverse signaling (Cowan
and Henkemeyer, 2002; Davy and Soriano, 2005; Martinez and Soriano, 2005)
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Fig. 1.3 Forward and reverse signaling of the Eph—ephrin interaction Upon the Eph—ephrin
interaction, downstream signaling results in the response of the growth cone, either repulsive or
attractive, to its environment. This signaling can be either in a forward direction mediated through
Eph receptors on the growth cone or in a reverse direction mediated through ephrin ligands on the
growth cone. See text for details

(Fig. 1.3). In forward signaling, the binding of ephrin ligand on the matrix in which
the axon travels by Eph receptors on the axon triggers receptor activation and down-
stream signaling through activation of an intrinsic catalytic tyrosine kinase and
subsequent modulation of actin cytoskeletal organization and axonal growth cone
mobility (Cowan and Henkemeyer, 2002; Davy and Soriano, 2005; Martinez and
Soriano, 2005) (Fig. 1.3). In reverse signaling, the binding of ephrin ligands, which
have no intrinsic catalytic activity, on the axon by Eph receptors on the matrix results
in downstream signaling in one of two ways depending on the class of ephrin.
In the case of ephrin B, signaling results from the association of the cytoplasmic
domain of ephrin B with intracellular kinases. In the case of ephrin A, which lacks
a cytoplasmic domain, signaling results from the association of transmembrane pro-
teins capable of inducing signaling pathways with the glycosylphosphatidylinositol
(GPI)-linkage attaching ephrin A to the cell membrane (Bruckner et al., 1997,
Kalo et al., 2001; Martinez and Soriano, 2005). Similar to forward signaling, the
activation of ephrin results in cytoskeletal modulation (Fig. 1.3).

Diffusible Signals for Axonal Guidance

Several diffusible molecules guide axonal growth by generating either attractive or
repulsive forces to guide the axon to the appropriate target. Prominent among the
diffusible factors are the netrins, Slits, and semaphorins.

Netrins. Netrins are guidance cues that can trigger either attraction or repulsion
of the growing axon depending on the context in which the cue is encountered.
Netrins have multiple known receptors on the surface of the growth cone that spec-
ify the axonal response. In vertebrates, netrin receptors include DCC (Deleted in
colorectal cancer) and Neogenin, which mediate primarily attractive signals, and
Unc5a—Unc5d, which mediate repulsion signals (Baker et al., 2006; Round and
Stein, 2007).



14 R.L. Haynes and H.C. Kinney

Netrins play a prominent role in the development of the midline and specifically
the formation of the commissural pathway that connects the two cerebral hemi-
spheres. A netrin gradient along the path of developing commissural axons supports
a role for netrin in axonal growth along the midline (Kennedy et al., 2006). This
netrin expression has been thought to provide long-range guidance cues to direct the
axons toward the midline (Baker et al., 2006; Kennedy et al., 2006). Recent evidence
suggests that the primary function of netrins in the midline is that of a short-range
guidance molecule promoting midline crossing (Brankatschk and Dickson, 2006).

Slit. Working in opposition to the attractive effect of netrins on the commissural
axons of the midline are the slit proteins. These proteins act as repulsion cues that
prevent noncommissural axons from crossing the midline and commissural axons
from crossing back over the midline once they have emerged on the opposite side
(Dickson and Gilestro, 2006). The Slit family is a group of proteins found in both
vertebrates and invertebrates that are expressed in the midline and act as the lig-
and to the cell receptor Robo (Dickson and Gilestro, 2006). The posttranscriptional
regulation of Robo on the growth cone of commissural and noncommissural axons
mediates the role of Slit on commissural development (Kidd et al., 1998). On non-
commissural axons, Robo expression is high, thus mediating a strong repulsive
effect of Slit in the midline and preventing the axon from crossing the midline
(Kidd et al., 1998). On commissural axons, Robo expression is low, allowing the
axon to cross the midline. Upon crossing the midline, however, Robo expression
is upregulated in the growth cone of commissural axons, thus preventing the axon
from crossing back over to the ipsilateral side (Kidd et al., 1998). The contribution
of Slit to the development of the midline is underscored by genetic mutants of Slit
in Drosophilia, which show collapse of axonal tracts onto the midline, and in mice,
which show aberrant crossing or stalling of axons at the midline (Kidd et al., 1999;
Long et al., 2004; Rothberg et al., 1990).

Semaphorins. The third category of diffusible signals includes the semaphorins,
which are a large family of secreted and transmembrane proteins that act primar-
ily as repulsive guidance cues during axonal pathfinding, although examples of
semaphorins exerting a chemoattractant role have also been reported (Bagnard et al.,
1998; de Castro et al., 1999; Dickson, 2002; Falk et al., 2005; Mann et al., 2007;
Mann and Rougon, 2007; Polleux et al., 2000). In the CNS, the semaphorins are
involved in the development of many neuronal networks including the hippocampus,
olfactory system, and cerebral cortex (Chedotal et al., 1998; Polleux et al., 1998;
Schwarting et al., 2000; Taniguchi et al., 2003). The most prominent semaphorin in
vertebrate development is that of the Sema 3 class of semaphorins, which induces
growth cone collapse in vitro (Luo et al., 1993; Messersmith et al., 1995; Puschel
et al., 1995) and provides short-range inhibitory cues for axonal growth in vivo
(Cheng et al., 2001; Dickson, 2002; Raper, 2000). The specific members of the Sema
3 family of semaphorins selectively bind members of the cell surface glycoprotein
neurophilin, although the actions of Sema 3 are mediated by Sema 3 binding to a
family of signaling receptors identified as the Plexin family (Mann et al., 2007; Zhou
et al., 2008). The spatiotemporal coexpression of the various Sema, neurophilin, and
plexin members likely results in differential effects of Sema on the axonal growth in
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various brain regions during different stages of development (Chilton and Guthrie,
2003; Cohen et al., 2005).

Neurotrophins. Neurotrophins, a class of proteins known to regulate neuronal
growth, survival, and neurotransmission, have also been shown to signal axonal
growth as well as provide cues for axonal guidance. This family of proteins includes
nerve growth factor (NGF), neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5), and
brain-derived neurotrophic factor (BDNF). The actions of these molecules are medi-
ated by two types of membrane receptors: Trk tyrosine kinase receptors (Trk) and
neurotrophic receptor p75 (p75NTR), with very specific interactions between the
particular neurotrophin and members of these receptor families. Although there
are many examples of neurotrophins as axonal guidance cues, the most prominent
is that of the chemoattractant effect of NGF (Letourneau, 1978; Menesini Chen
et al., 1978). This effect is mediated through the interaction of NGF with TrkA
receptors on the cell surface, which results in receptor dimerization, activation of
TrkA’s intrinsic tyrosine kinase activity, and the subsequent autophosphorylation
of TrkA (Ming et al., 1999). The downstream signaling resulting in the attractant
effect of NGF involves the activation of phosphatidylinositol-3 kinase (PI3-K) and
phospholipase C (PLC-y), the latter of which, through further downstream signal-
ing involving other kinases [RhoA kinase (ROCK), Akt, and MEK], effects the actin
cytoskeleton of growth cones to promote growth cone motility (Lykissas et al., 2007,
Tornieri et al., 2006).

A second neurotrophin BDNF is also known to be a chemoattractant with this
activity mediated through the interaction with TrkB (Lykissas et al., 2007). Studies
examining this attractant property of BDNF, however, have revealed insight into the
complexity of the mechanisms behind neurotrophin-induced growth cone activity.
For example, varying the cellular levels of two second messengers, cyclic AMP
(cAMP) and protein kinase A, can affect the response of growth cones to BDNF to
yield a repulsive rather than an attractive effect (Song et al., 1997; Wang and Zheng,
1998). Similar to NGF, BDNF affects the dynamics of the actin cytoskeleton to
promote growth cone motility (Avwenagha et al., 2003).

1.3.2 Target Selection

Once the axon has traveled, using the above molecules as guidance cues, to its
approximate destination, it must then invade the region of its final address or tar-
get, find its proper topographic location, and locate the correct individual cell in
which it will form a synaptic connection. To ensure proper connectivity, this inva-
sion must be accurate with the factors imparting this accuracy being numerous and
highly specific for the type of pre- and postsynaptic connection. While the mecha-
nisms that govern this specificity are poorly understood for many of the connections
of the brain, there are certain systems in which this mechanism has been elucidated.
One of the best characterized examples of target selection is that of the migration of
the ganglion axon to the optic tectum. Here axons from ganglion cells of the retina
travel along the optic nerve toward the optic chiasm where they either cross to the
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contralateral side or remain on the ipsilateral side to continue traveling to the optic
tectum (superior colliculus in mammals) of the midbrain. This path is mediated by
many of the factors discussed above including cadherins, NCAM, netrin, and ECM
molecule condroitin sulfate proteoglycan. Once the axons enter the highly layered
structure of the tectum, specific target selection begins as they migrate from the
tectal surface, descend into the tectum navigating to their appropriate layer after
which they turn and navigate through that layer to find their appropriate synaptic
partner. The mechanism by which these events occurs involves gradients of ephrin
A ligand and EphA receptor in the tectum and along ganglion axons, respectively
(Ernst et al., 1998; Mann et al., 2004), with these gradients dependent on the axis
of development (anteroposterior axis versus dorsoventral axis) and the origin of the
growing axon. Given that the interaction of ephrin A and EphA is inhibitory to
axonal growth, these gradients likely provide a stop signal for the growing axon.
More recently, a gradient of ephrin B and EphB has been discovered that provides
permissive cues for the growing axon thus creating, along with other yet unknown
signals, a chemical map on which the axon responds to locate its specific target
(Mann et al., 2004, 2002).

Development of thalamocortical projections is also thought to involve a similar
ephrin concentration gradient controlling the trajectory of thalamic axons into the
developing telencephalon and ultimately into specific cortical lamina (Maruyama
et al., 2008; Uziel et al., 2006). Ephrins work in combination with other guidance
molecules, including semaphorins and slits, to guide axons initiating in the tha-
lamus, exiting the thalamus, penetrating the internal capsule, and innervating the
cerebral cortex (Maruyama et al., 2008). Ephrin receptors exist in a high rostro-
medial to low caudolateral expression gradient with a complementary gradient of
ephrin ligand in the ventral telencephalon (Dufour et al., 2003). Ephrin expression
also influences layer-specific wiring of the thalamocortical connections, with ephrin
A5 expressed in the upper layers of the cortex working in cooperation with other
repulsive molecules to suppress thalamic fibers from growing past their intended
target of layers 4 and 6 (Maruyama et al., 2008; Uziel et al., 2006).

1.3.3 Axonal Pruning

The ultimate goal of axonal target selection is connection specificity, which is
met using the rather indirect approach of initial axonal excess followed by axonal
refinement or pruning. Much of what is known about axonal pruning comes from
studies of the peripheral neural muscular junction (NMJ), as well as studies of
the Drosophila mushroom body (MB), a brain structure implicated in learning and
memory. There are examples, however, in the vertebrate CNS that show conserva-
tion of the mechanisms used in the NMJ and MB. These mechanisms exist in at least
two known variations, terminal arbor pruning and stereotyped axon pruning. In ter-
minal arbor pruning, a single target is innervated by multiple terminal arbors. As the
target develops, however, activity-dependent competition occurs, and weaker arbors
are eliminated leaving the strongest input to maintain its synaptic connectivity. In
the case of the NMJ, terminal arbor pruning is associated with distinct changes in
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the morphology of the axon to be eliminated. These changes include thinning of the
temporary axon prior to elimination and the appearance of retraction bulbs, rounded
structures filled with vesicles, cytoskeletal components, and damaged mitochondria
(Low and Cheng, 2005, 2006; Riley, 1981). In the CNS, a similar pattern of axonal
elimination occurs in the development of the cerebellum, where several climbing
fibers extend terminal arbors to a single Purkinje cell, and with development the
arbors in excess are eliminated leaving a singe connection (Hashimoto and Kano,
2003; Mason and Gregory, 1984).

The second type of axonal elimination, stereotyped axonal pruning, involves
axonal elimination on a much larger scale relative to terminal arbor pruning in
terms of the length of axon to be eliminated. Here an axon extends to a target
region and branches to a second, distinct, target region. During the process of devel-
opment, the inappropriate connection is eliminated leaving the proper axon—target
connection (Low and Cheng, 2005, 2006). The most notable example of this in the
CNS involves axons of layer V cortical neurons from the motor and visual cortex
that extend initially to overlapping areas of the spinal cord and superior collicu-
lus. With development, the axons innervating the inappropriate target (i.e., those
originating in the motor cortex and extending to the superior colliculus and those
originating in the visual cortex and extending to the spinal cord) are eliminated
(O'Leary and Stanfield, 1989; Stanfield and O’Leary, 1985; Stanfield et al., 1982).
Although the mechanisms underlying this elimination are unclear, there is evidence
for the role of transcription factor Otx/, which is expressed in the cytoplasm of
layer V neurons prior to axonal pruning but then translocates to the nucleus upon
axon elimination (Weimann et al., 1999). These data, in addition to data showing
a lack of axonal pruning in Ofx loss-of-function mutants, suggests that the genes
involved in axonal refinement are transcriptional regulated (Weimann et al., 1999).
Most recently, semaphorin signaling through plexin receptors has been implicated
in the refinement and pruning of axons originating in the visual but not motor cor-
tex, suggesting that the mechanisms of refinement are specific to axonal origin (Low
et al., 2008).

1.3.4 Myelination

Once an axon makes synaptic contact with its target cell, it is necessary to ensure
a fast and efficient action potential from the presynaptic to the postsynaptic cell.
In the CNS, this is done through the myelination of axons by glial cells, specif-
ically oligodendrocytes (OLs), which establish contact with the axon, synthesize
myelin membrane components, and deliver these components to the axon contact
site where they act to wrap or ensheath the axon. Here we divide the process of
myelination into two distinct phases: (1) axonal and OL maturation and (2) active
axonal ensheathment.

1.3.4.1 Axonal and Oligodendrocyte Maturation

Prior to myelination, the maturation of the OL as well as the axon is necessary.
Axonal maturation involves an increase in axonal caliber, which is associated with
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the phosphorylation of the carboxy-terminus side arms of neurofilaments, partic-
ularly NFM and NFH (Haynes et al., 2005; Martin et al., 1999). OL maturation
from an OL progenitor into a myelinating OL involves a sequence of developmental
stages, each characterized by a progressively complex morphology, as well as by
the expression of stage-specific markers. This progression includes the following
OL-developmental stages in increasing order of maturation: (1) A2B5-expressing
premyelinating OL; (2) O4-expressing precursor OLs; (3) Ol-expressing immature
OLs; and (4) myelin basic protein (MBP)-expressing mature OL (Back et al., 2002,
2007). It is the MBP-expressing OL that marks a fully differentiated OL capable of
myelination with this differentiation being associated with a redistribution of MBP
from the OL cell body to the OL processes (Butt and Berry, 2000; Butt et al., 1997).

1.3.4.2 Active Axonal Ensheathment
Oligodendrocyte Process Growth and Axonal Contact

In the CNS, one mature OL with a large network of processes is capable of making
contact with and myelinating multiple axons. Proper positioning and contact of the
OL process on the axon is critical for ensuring complete myelination and is highly
complex requiring a numerous number of signals, many of which are unknown,
generated by both the axon and the OL. The initial contact between the axon and
the OL process requires OL process extension, which, similar to the lamellipo-
dia of a growth cone, involves the dynamic remodeling of cytoskeletal elements
regulated by signaling molecules at the leading edges of the OL process. In OL
process protrusion toward the axon, polymerization of actin monomers into actin
filaments is mediated by the actin nucleation factor ARP2/3 complex. Two proteins,
neural-Wiskott Aldrich syndrome protein (N-WASP) and WASP family verprolin
homologous (WAVE), have recently been identified as important for myelination,
specifically for formation and protrusion of OL processes, via that direct activa-
tion of the ARP2/3 complex and subsequent actin motility (Bacon et al., 2007; Kim
et al., 2006). Inhibition of N-WASP decreases the initial ensheathment of axons in
optic nerve samples, and mice lacking WAVE1 show hypomyelination in the cor-
pus callosum and optic nerve (Bacon et al., 2007; Kim et al., 2006). In the human,
OL contact with the axon involves the extension of immature, O4+/O1+/MBP—,
“pioneer” processes that extend longitudinally along the length of an axon (Back
etal., 2002) (Fig. 1.4). The distal ends of these processes then divide to form finger-
like projections that make contact along the longitudinal extent of the axon and are
hypothesized to anchor the OL before the initiation of myelination and the insertion
of MBP into mature myelin sheets (Back et al., 2002).

Cell Adhesion Molecules in Axonal Ensheathment

Upon axon—-OL contact, ensheathment begins. Important to the onset and mainte-
nance of myelination are CAMs, which play very distinct roles specific to the stage
of myelination.

Mpyelin-associated glycoprotein. One of the most prominent adhesion molecules
is myelin-associated glycoprotein (MAG), which is expressed by actively
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Fig. 1.4 Myelination in human cerebral white matter. a The relationship of OLs to axon as myeli-
nation is initiated is visualized with double-label immunocytochemistry (ICC) using the O1 marker
of immature OLs (green) and pan-axonal marker SMI 312 (red) in the cerebral white matter of a
case at 18 postconceptional weeks. OL processes are longitudinally oriented in close association
with individual axons (arrows). b Morphologic features of axonal contact by an immature OL are
demonstrated by the three-dimensional reconstruction of a region of the optic radiation in a case
at 30 postconceptional weeks. An O4-labeled immature OL (green) spirals around an axon labeled
with SMI 312 (red) making multiple points of contact (arrows, shown in yellow) (Back et al., 2002)

myelinating OLs and plays a role throughout the process of myelination, including
OL-axon contact, initiation of myelination, and stabilization of axon—-myelin con-
tacts (Bartsch, 2003). Studies of MAG-deficient mice show an increased number of
unmyelinated axons at adult ages (Bartsch et al., 1997; Li et al., 1998), significant
delays in the formation of myelin sheaths (Montag et al., 1994), and alterations
in myelin structure, specifically the length of the periaxonal cytoplasmic collar,
the cytoplasm-filled inner loop of the myelin sheath (Li et al., 1994). In addition
to myelin deficits, MAG-deficient mice also show degeneration of distal OL pro-
cesses with pathologic changes similar to the “dying-back” oligodendrogliopathy in
mouse models of demyelination, thus suggesting that MAG also acts to maintain
OL integrity (Lassmann et al., 1997).

Polysialic acid—neural cell adhesion molecule. A second cell adhesion molecule,
polysialic acid—neural cell adhesion molecule (PSA-NCAM), is localized on the
surface of axons during development and negatively regulates the onset of myelina-
tion. PSA—-NCAM represents the cell adhesion molecule NCAM that has undergone
the posttranslational attachment of a polysialic polymer. During development in
the rodent, as well as the human, the expression of PSA-NCAM is detected on
unmyelinated cortical axonal tracts (Jakovcevski et al., 2007; Oumesmar et al.,
1995). Interestingly, the loss of PSA-NCAM expression on these tracts is coinci-
dent with the appearance of MBP expression, suggesting that PSA-NCAM inhibits
initiation of myelination and that the downregulation of PSA—NCAM is necessary
for its onset. Although the mechanism of this inhibition is unknown, it has been
suggested to involve prevention by PSA-NCAM of the initial attachment of OL to
the axon (Coman et al., 2005).
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The Role of Electrical Stimulation in Axonal Ensheathment

In addition to molecular influences upon both the axon and the OL, electrical activ-
ity generated by the neuron is necessary for the proliferation of OLs and initiation
of myelination (Barres and Raff, 1993; Demerens et al., 1996). Prior to the onset
of myelination, the activity-induced release of adenosine from the axon induces the
differentiation of immature OLs through purinergic receptors on the OLs ultimately
resulting in an increase in myelination (Stevens et al., 2002). Most recently, neuronal
activity has been shown to stimulate myelination in mature OLs through a mecha-
nism involving activity-dependent release of ATP. Interestingly, the ATP released
from the axons’ firing action potentials acts indirectly on the mature OL through
the stimulation of astrocytes to release the cytokine leukemia inhibitory factor (LIF)
(Ishibashi et al., 2006; Spiegel and Peles, 2006). This study provides insight on not
only the role of cytokines but also on the role of astrocytes and the interaction of
both with OLs in the process of myelination.

In addition to adenosine and ATP, axonal activity also induces the release of
glutamate, which in turn acts via glutamate receptors on the OL cell body (AMPA
and kainate) and OL processes (NMDA) to inhibit OL proliferation (Gallo et al.,
1996; Karadottir and Attwell, 2007; Salter and Fern, 2005; Yuan et al., 1998). This
inhibition may serve to control the number of OLs to ensure a proper ratio of OLs
to axons in the process of myelination (Karadottir and Attwell, 2007). Selective
expression of NMDA receptors on OL processes suggests their involvement in
the process of myelination and particularly in mediating the axon—OL interaction
(Benarroch, 2009). In addition to glutamate receptors, developing OLs also express
the glutamate transporter EAAT?2 during the period prior to the initiation of myeli-
nation (Desilva et al., 2007). It is possible that the OL glutamate transporter, which
clears extracellular glutamate, helps to maintain the proper balance of extracellular
glutamate and OL glutamate receptor activation during the process of myelination.

Polarization of Oligodendrocytes in Myelination

Once axonal contact has been made and myelination initiated, OLs deliver myelin
components, proteins and lipids, to the myelin membrane. Whereas the plasma
membranes of the OL cell body and the myelin sheath are continuous, the com-
position of each is significantly different, thus necessitating the polarization of OLs
and transport of membrane components from the cell body to the myelin. Many
myelin proteins, such as 2'3’-cyclic nucleotide 3’-phosphodiesterase (CNP) and
myelin basic protein (MBP), are transported from the OL cell body to the cyto-
plasm of the myelin sheath and are transported either as protein in association with
cytoskeletal components or mRNA incorporated into granules and transported along
microtubules. Other proteins such as proteolipid protein (PLP) and MAG, as well
as lipids such as galactosylceramide (GalCer) and sulfatide, are transported to and
incorporated into the membrane component of myelin. The mechanisms of traffick-
ing of proteins and lipids to the myelin membrane likely includes synthesis at the
endoplasmic reticulum followed by either direct endosomal transport to the myelin
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membrane or indirect endosomal transport to the myelin membrane after initial
transport to the plasma membrane (Maier et al., 2008; Simons and Trotter, 2007).

1.4 Disorders of Central Axons in Early Human Life

1.4.1 Tissue Assessment of Axonal Pathology

Axonal pathology in early life is characterized by (1) absent, altered, or delayed
development, including impaired decussation of fiber tracts; or (2) secondary
damage to the fully or partially mature axon with resultant degeneration (Fig. 1.5).
Prior to the complete maturation of axons, neural injury affects the developmental
programs of axonal elongation, growth cone formation, diameter increase, guid-
ance, and wrapping by myelin sheaths, resulting in fiber tract aplasia, hypoplasia,
abnormal decussation, and/or hypo- or delayed myelination. For the assessment of
developmental axonal pathology, normative quantitative standards are needed to
establish total/partial agenesis or aberrant crossing of an axonal tract and secondary
myelin disturbances. Yet, the normative sequences of axonal development in differ-
ent fiber tracts at a quantitative level have yet to be established in the human brain.
They are best extrapolated, however, from the well-studied sequences of myelina-
tion because axonal sequences are thought to follow upon those of myelination,
given that axons are known to differentiate first and in turn initiate myelin sheath
wrapping (Brody et al., 1987; Kinney et al., 1988) (Table 1.2). In this regard, the
general rules of myelination are likely obeyed by axonal maturation; that is, caudal
to rostral, proximal to distal, motor before sensory fibers, primary before associa-
tion fibers, projection before association fibers, central sulcus to poles, occipital pole
before temporal pole before frontal pole, and posterior telencephalic before anterior
telencephalic sites (Kinney et al., 1988) (Table 1.3). In an illustrative study of central
axonal development, the temporal and spatial profile of the expression of different
neurofilaments (Fig. 1.6) and GAP-43 (marker of axonal elongation) (Fig. 1.7) was
determined from midgestation through early infancy in the parietal white matter
using immunocytochemistry and Western blot analysis (Haynes et al., 2005). This
study demonstrated that axonal elongation, as assessed by GAP-43 expression, is
not complete in the telencephalic white matter until after infancy, indicating that
axonal formation occurs in the human brain throughout the last half of gestation
and well after birth (Fig. 1.7). Normative information about axonal number, width,
and myelin sheath thickness at the ultrastructural level is of major interest but is
extraordinarily difficult to obtain due to the need for special (electron microscopic)
fixatives and very short (rarely attainable) postmortem intervals in autopsy cases
and is not currently available for central axons. Currently, the means to establish
aplasia or hypoplasia of a fiber tract at autopsy is by qualitative comparison with
age-matched controls; consequently, subtle deficiencies in fiber tract size or crossing
in the forebrain (e.g., corpus callosum, anterior commissure) and brain stem (e.g.,
corticospinal tract) are likely underdiagnosed at autopsy due to the lack of rigor-
ous quantitative methods and special cellular markers. As specific products of genes



22

Fig. 1.5 Forms of axonal
pathology in CNS
development. Axonal
pathology in early life
involves developmental
abnormalities or delays, seen
here as an absent axon or a
delay in the developmental
increase in axonal caliber. It
also involves injury to the
axon either through injury to
the neuronal cell body and
subsequent antegrade
degeneration of the axon,
injury to the distal axon
resulting in retrograde
degeneration without
obligatory loss of the
neuronal cell body, or primary
injury directly to the axon
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are increasingly identified that are critical for axonal elongation and guidance, for
example, GAP-43 (Kinney et al., 1993), KIF2IA (Chan et al., 2007b; Yamada et al.,
2003), and AHI1 (Ferland et al., 2004; Jiang et al., 2002) (see later), their analy-
sis with immunocytochemical, Western blot, and other methods in human axonal
disorders will provide important new insights into pediatric disorders of axonal

formation.

The morphologic assessment of degeneration of fully or partially mature axons
relies upon conventional and silver stains. Stereotypical features include spheroids,
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Table 1.2 Sequence of myelination in human brain development before birth

Neural system <7 months

7.5-17 months

20-24 months >24 months

Optic tract
Optic chiasm

Sensory: visual

Sensory: auditory

Pyramidal Posterior limb
Midbrain CST
Pons CST
Central white
matter
Commissures
Limbic

Pyramid

Stria medullaris
thalami

Brachium
Inferior colliculus
Cervical CST
Thoracic CST
Lumbar CST

White matter sites that begin to myelinate before birth. The time period in postnatal months rep-
resents the median age at which tract reaches mature myelin (grade 3 of 4). Abbreviation: CST,
corticospinal tract (Kinney et al., 1988).

Table 1.3 Sequence of myelination in human brain development after birth

Neural system <7 months 7.5-17 months 20-24 months >24 months
Sensory: Proximal OR SAF calcarine Stripe of Gennari
Visual Distal OR cortex
Sensory: Proximal AR Heschl’s gyrus
Auditory
Pyramidal
Central white Posterior frontal ~ Temporal lobe at
matter Posterior parietal LGN
Occipital pole Temporal pole
Frontal pole
SAF all sites
Commissures Body corpus Rostrum Anterior
callosum commissure
SPLENIUM
Limbic Cingulum MMT, alveus, Medial fornix
fimbria Lateral fornix

White matter sites that begin to myelinate affer birth. The time period in postnatal months rep-
resents the median age at which tract reaches mature myelin (grade 3 of 4). Abbreviation: CST,
corticospinal tract; OR, optic radiation; AR, auditory radiation; MMT, mammillothalamic tract;
SAF, subcortical association fibers; LGN, lateral geniculate nucleus (Kinney et al., 1988).

beading, and fragmentation (Fig. 1.8). The classic silver stains for axons, for exam-
ple, demonstrate swelling due to the interruption of their fast transport system and
the proximal accumulation of organelles and fluid (Medana and Esiri, 2003). Upon
transaction of an axon, the distal part (separated from the cell nucleus and body)
degenerates, so-called Wallerian degeneration. This axonal disintegration is fol-
lowed in turn by degeneration of the myelin sheath, which is readily visualized
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Fig. 1.6 Patterns of NF PCA
immunostaining in human (weeks)
cerebral white matter.
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with myelin stains specific for degenerating (not normal) myelin (e.g., the Marchi
stain). An attempt at axonal repair in the developing human brain is suggested
by the demonstration of the expression of GAP-43, a marker of axonal out-
growth and regeneration, in spheroids in the focally necrotic foci of periventricular
leukomalacia (PVL) (Haynes et al., 2008) (see later).

1.4.2 Mechanisms of Axonal Degeneration

Axonal degeneration may occur in early life secondary to the death of the par-
ent neuron (i.e., antegrade degeneration) (Fig. 1.5), as illustrated in this chapter
by the infantile ascending hereditary spastic paralysis, an entity of motor neurons
that results in central axonal degeneration in the corticospinal and corticobulbar
tracts (see later). Yet, this chapter is focused upon selective injury to axons that typ-
ically occurs without the death of the parent neuron or somatic/dendritic alterations.
Central axonal disorders in early life, for example, can result from distal or ret-
rograde degeneration without obligatory loss of the neuronal soma (Fig. 1.5). This
“dying-back” phenomenon is thought to be due to a deficiency of unspecified trophic
factors upon the dying axon that are generated by the neuron to which it projects;
if the projecting axon is traumatically or otherwise severed from this “next-in-
line” neuron, the trophic influences are lost, and retrograde degeneration results. In
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Fig. 1.7 GAP-43 expression in developing human cerebral white matter. a GAP-43 expression
levels were determined in the cerebral white matter by Western blot analysis. b GAP-43 levels
were grouped according to ages reflecting epochs of human brain development and plotted as a
percentage of adult human standard. GAP-43 levels remain high, relative to adult levels, beyond
birth and into infancy (Haynes et al., 2005)

Fig. 1.8 Axonal spheroids in
PVL. Axonal spheroids
(indicated by arrows), as
detected by B-APP
immunostaining, are seen in
the focal necrotic lesion of
PVL (Haynes et al., 2008)
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selective axonal injury (Fig. 1.5), multiple metabolic, ischemic, toxic, and inflam-
matory insults result in stereotypic patterns of axonal injury, including increased
permeability, abnormal intracellular cascades, and disturbed transport (Medana and
Esiri, 2003). Increased axonal permeability results from pathologic elevations in
intra-axonal calcium and sodium resulting, for example, from energy deficits and
acidosis (LoPachin and Lehning, 1994; Wolf et al., 2001). Such changes in the
ion homeostasis of the axolemma typically result in excess calcium influx, leading
to calcium-mediated mitochondrial abnormalities, cytochrome c release, caspase
activation, cytoskeletal disturbances, and degeneration (Medana and Esiri, 2003).
Caspase-3 cleaves calpastatin, an inhibitor of calpain that acts on such cytoskeletal
proteins as neurofilament and microtubule-associated proteins (Schumacher et al.,
1999); the structural disruption of the cytoskeleton ultimately affects the neuron as
a whole (Fitzpatrick et al., 1998). Reactive astrocytes and activated microglia are
a source of cytokines and other factors toxic to axons that are produced in inflam-
matory processes (Medana and Esiri, 2003). Note that understanding of the basic
mechanisms of axonal injury is based mainly on adult experimental paradigms, and
mechanisms unique to immature axons are not well delineated.

The introduction of different immunomarkers has advanced the analysis of
axonal degeneration in the human brain because of their increased sensitivity and
specificity compared with that of silver stains. Antibodies are now available to
certain neurofilaments indicative of axonal injury (Trapp et al., 1998), B-amyloid
precursor protein (B-APP) (Haynes et al., 2008; Medana and Esiri, 2003), and
fractin (Haynes et al., 2008). A constitutive component of neurons, $-APP accumu-
lates in axons to a level detectable by immunocytochemistry due to the disruption
of fast axonal transport systems, typically upon axonal transaction (Medana and
Esiri, 2003). In transected axons, B-APP accumulates in the proximal axonal
ends (i.e., axonal end bulbs) before conventional morphologic evidence of axonal
damage occurs (Medana and Esiri, 2003), underscoring the increased sensitivity
of the B-APP immunocytochemistry to conventional methods. In the human brain,
B-APP immunopositive axons are identified 1-3 h after head trauma and remain
positive for 1 month, perhaps as long as 3 months (Medana and Esiri, 2003).
Fractin, an antibody to the 32-kDa product of caspase-cleaved actin, is a marker
of apoptosis-related events. In human developmental abnormalities, it is expressed
in degenerating axons in periventricular leukomalacia (Haynes et al., 2008) and
apoptotic cell bodies in pontosubicular necrosis due to perinatal hypoxic—ischemic
injury (Haynes et al., 2008).

1.4.3 Neuroimaging of Central Axons

The introduction of diffusion tensor imaging (DTI) combined with tractography is
leading to major advances in our understanding of pediatric disorders of central
axonal pathology, including in perinatal brain damage, autism, agenesis of the cor-
pus callosum, and temporal lobe epilepsy (Conturo et al., 2008; Govindan et al.,
2008; Thomas et al., 2005; Vangberg et al., 2006; Wahl et al., 2009). DTI is based
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on the pattern of the diffusion of water molecules, that is, whether it is free in all
directions (isotropic diffusion) or restricted to certain directions (anisotropic diffu-
sion); anisotropic water diffusion is a characteristic property of white matter and is
highly sensitive to maturational and pathologic conditions (Govindan et al., 2008).
In combination with tractography, DTI has become a powerful tool to subdivide
cerebral white matter into tracts so that their diffusion properties can be analyzed
and their development and pathology can be assessed in vivo (Govindan et al.,
2008). Definitive correlations, however, between pathologic findings concerning
human axonal injury and DTI data cannot be made without DTI data obtained at
or close to the time of autopsy and correlated with postmortem brain findings, infor-
mation that requires major coordination of clinical and pathology services at the
time of death. Nevertheless, DTI and tractography — with its capability for three-
dimensional and regional visualization of axonal damage — will clearly direct future
morphologic analyses of axons in pediatric neurologic disorders, thereby leading
to important new insights. It should be emphasized that it is possible to deter-
mine the anatomy of fiber pathways in the postmortem human brain with the use
of 1,1’-dioctadecyl-3,3.3’,3/-tetramethylindocarbocyanine perchlorate (Dil) track-
tracing methods, as demonstrated in the optic radiation of the visual system (Hevner,
2000), the entorhinal-hippocampal pathway (Hevner and Kinney, 1996), and brain-
stem interconnections related to cardiorespiratory control (Fig. 1.9) (Zec et al.,
1997b; Zec and Kinney, 2001, 2003). The major drawback, however, is that this
technique depends upon the diffusion of the dye through unmyelinated fibers, as
myelin is known to inhibit this process, and thus only fetal (unmyelinated) spec-
imens can be used that may not be truly representative of the mature tract of
Interest.

Fig. 1.9 Dil track-tracing in the human postmortem brain. a The results of placement of Dil crystal
(c) in the pyramid at the cut surface are shown. The ventral view of the human fetal medulla at
midgestation shows labeling of the corticospinal tract (cst) with the crossing of the Dil-labeled
corticospinal fibers to the contralateral side at the decussation (d). b The Dil crystal (c) placed in
the pyramid produced labeling of the corticospinal tract (cst) in the pyramid (pyr) adjacent to the
crystal. There was no labeling in the arcuate nucleus (ARC) or caudal raphé (RPa, raphé pallidus)
(Dil/DAPI double exposure, x19) (Zec et al., 1997a)
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1.4.4 Axonal Disorders in Early Human Life

Axonal injury occurs in multiple pediatric disorders of the central and periph-
eral nervous systems leading to a spectrum of clinical disability. A comprehensive
review of all pediatric disorders with axonal injury is beyond the scope of this chap-
ter. Rather, we focus here upon representative central disorders in which axonal
injury is primary, selective, or predominant and which illustrate the spectrum of
etiologies and mechanisms at work in axonal pathology in early life.

1.4.4.1 Developmental Disorders

Agenesis of the corpus callosum (ACC). The corpus callosum is the major inter-
hemispheric fiber bundle in the human brain and is composed of approximately
200 million axons (i.e., 2-3% of all cortical fibers) (Paul et al., 2007; Schell-
Apacik et al., 2008). Agenesis of this structure is among the most frequent human
brain malformations with an incidence of 0.5-20/10,000 live births (Schell-Apacik
et al., 2008); in children with developmental disorders, the incidence is as high as
230/10,000 (Jeret et al., 1987). The clinical spectrum of ACC varies from asymp-
tomatic to profound neuropsychological disabilities (Glass et al., 2008; Paul et al.,
2007). Itis a heterogeneous condition due to multiple genetic and environmental dis-
orders, including acardia syndrome, Meckel-Gruber syndrome, CRASH syndrome,
Walker—Warburg syndrome, oro-facial-digital syndrome, chromosomal rearrange-
ments, X-linked lissencephaly, familial white matter hypoplasia, and fetal alcohol
syndrome (Curatolo et al., 1993; Glass et al., 2008; Paul et al., 2007; Schell-Apacik
et al., 2008; Tang et al., 2009). In as many as 68-75% of cases of ACC, the cause
remains unknown (Paul et al., 2007; Schell-Apacik et al., 2008).

A complex disorder, ACC results from disruption of one or more of the multi-
ple steps in the formation of the corpus callosum, which involves formation of the
telencephalic hemispheres, birth and specification of commissural neurons, mid-
line glial patterning, axonal growth, and axonal guidance across the midline to the
final target in the contralateral hemisphere (Paul et al., 2007). Midline crossing is a
major event as fibers passing through the corpus callosum link homologous cortical
regions in the left and right hemispheres according to an anteroposterior organi-
zation. The human corpus callosum begins to form around 6 gestational weeks
when axons destined to cross the midline grow medially within the hemispheres
(Schell-Apacik et al., 2008). At 11-12 gestational weeks, the first fibers cross the
midline, and by 18-20 weeks, the corpus callosum assumes its final configuration
(Schell-Apacik et al., 2008). Several glial populations play a role in the guidance
of the crossing of the callosal fibers (e.g., midline zipper glia) (Paul et al., 2007,
Schell-Apacik et al., 2008), as well as a “sling” of midline migratory neurons (Paul
et al., 2007). In instances in which axons form but do not cross the midline, large
aberrant (noncrossing) bundles occur along the midline, so-called Probst bundles.
Certain genes in humans and/or animal models have been linked to ACC, includ-
ing schizophrenia 1 (Discl) (Clapcote and Roder, 2006; Paul et al., 2007), L1 cell
adhesion molecule (L1-CAM) (Demyanenko et al., 1999), meckelin (Smith et al.,
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2006), and aristaless-related homeobox gene (ARX) (Sherr, 2003). Likewise impli-
cated in ACC are molecules involved in attracting and repelling axons that cross
the midline; for example, NFIA (Paul et al., 2007) and Racl (member of the Rho
family of GTPases) (Kassai et al., 2008). In addition, ACC is associated with major
forebrain malformations with an onset prior to the formation of the callosal anlage
(e.g., holoprosencephaly). In addition to genetic influences, environmental factors
are important in the pathogenesis of ACC. Prenatal alcohol exposure, for exam-
ple, adversely affects gliogenesis and neuronal-glial interactions (i.e., processes
crucial for callosal development) (Paul et al., 2007). The interplay of genetic and
environmental factors in ACC is well-illustrated by the role of L1-CAM in its patho-
genesis. Mutations in the L1-CAM gene are associated with ACC, corticospinal
tract hypoplasia, hydrocephalus, and lower-limb spasticity in humans (Burden-
Gulley et al., 1997; Rosenthal et al., 1992; Wong et al., 1995). Prenatal alcohol
exposure, which is also associated with ACC, interacts with L1-CAM-mediated
functions (e.g., it disrupts L1-mediated cell-cell adhesion in various cell types)
(Charness et al., 1994; Ramanathan et al., 1996; Wilkemeyer and Charness, 1998)
and decreases neurite outgrowth in cerebellar granule cell cultures (Bearer et al.,
1999). The identification of novel proteins involved in callosal formation provides
important means for the study of human ACC, for it is now possible to use relevant
markers (e.g., antibodies, mRNA probes) in tissue sections [e.g., markers to prod-
ucts of the gene LIM domain only 4 (Lmow4)] to assess specific callosal projection
neurons in the cerebral cortex (Arlotta et al., 2005).

Agenesis of the corticospinal tracts. This rare condition occurs in relative isola-
tion or in association with diverse disorders, including X-linked congenital aque-
ductal stenosis, holoprosencephaly, anencephaly, porencephaly, hydranencephaly,
Meckel syndrome, Moebius syndrome, agyria, microcephaly with arthrogryposis
and renal hypoplasia, schizencephaly, Walker—Warburg syndrome, and hypoxic—
ischemic lesions of the cerebral cortex (Bubis and Landau, 1964; Chow et al., 1985;
Coad et al., 1997; Hori et al., 1986; Nardelli et al., 1982). Agenesis of the cor-
ticospinal tract is best assessed in transverse sections of the medulla where the
pyramids are distinctly defined. It is characterized by bilateral absence in an oth-
erwise intact medulla, including the presence of the arcuate nucleus and external
arcuate fibers overlying the ventral medullary surface (Bubis and Landau, 1964,
Coad et al., 1997). The cerebral peduncles in midbrain sections are small, and the
longitudinal fibers in pontine sections are reduced. The corticospinal tracts mediate
voluntary motor activity, and their absence in early life results in reduced move-
ment and, in some instances, the fetal akinesia deformation sequence (Coad et al.,
1997). The role of the corticospinal tract in motor dysfunction is underscored by
the report of two sibling infants in whom relatively isolated agenesis of the cor-
ticospinal tract was associated with delayed motor development, head lag, and
spasticity (Roessmann et al., 1990).

Little is known about the underlying molecular cues in the development of the
human corticospinal tract; moreover, specific mutations have not been identified in
genes responsible for its axonal elongation and/or guidance. The netrin 1 receptors
Unc5h3 and Dcc are of particular interest as they are necessary at multiple “choice”
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points in the guidance of corticospinal tract axons, and netrin I mutant mice demon-
strate corticospinal tract abnormalities (Finger et al., 2002). The time-table of the
growth of the human corticospinal tract is well delineated: its axons reach the
lower medulla by 10-12 gestational weeks, where they apparently stop until around
14 weeks, then decussate and descend slowly (Humphrey, 1966; Sidman and Rakic,
1982); by 17 gestational weeks, the axons reach the midthoracic level, and by
29 weeks, they reach their final targets in the lower spinal cord (Humphrey, 1966;
Sidman and Rakic, 1982). The expression of GAP-43, a marker of axonal elonga-
tion, is extremely intense in the corticospinal tracts in the human pons and medulla
at 19-20 gestational weeks; it decreases over the last half of gestation and at term
but persists into infancy (beyond the time the lower spinal cord targets are reached)
at low levels in the medullary pyramids (Fig. 1.10) (Kinney et al., 1993). This persis-
tence in expression suggests a possible role for GAP-43 in axons beyond the period
of targeting, perhaps in retaining plastic capacities for increase in diameter, elon-
gation, and/or sprouting (Kinney et al., 1993). This idea seems particularly relevant
because the human corticospinal tract must continue to elongate over long distances,
even after its spinal targets are reached, to accommodate the enormous changes in
the somatic length of the growing infant and child (Kinney et al., 1993). The possi-
bility that the human corticospinal tract originates solely within the rolandic region
of the cerebral cortex, including area 4, is supported by the report of agenesis of the
corticospinal tracts in association with schizencephalic clefts isolated to the rolandic
cortex in a 6-year-old child (Bubis and Landau, 1964).

PYR

Fig. 1.10  GAP-43 expression in corticospinal tract. The relative distribution of GAP-43 immunos-
taining in the corticospinal tract in the human medulla across development. Bars = 10 mm. a Fetus
at 21 gestational weeks. b Infant at 5 postnatal months. ¢ Adult at 52 years. Immunostaining is
extremely intense in the corticospinal tract at the level of the pyramid (PYR) at 21 gestational
weeks and mildly intense at 5 postnatal months; by adulthood, it has completely disappeared
(Kinney et al., 1993)

Agenesis of the corticospinal tract is due to either developmental defects or to
destructive lesions rostral to the medulla before its outgrowth and elongation (i.e.,
in the embryonic period or early part of the second trimester). In anencephaly and
holoprosencephaly (i.e., disorders of cortical formation in the embryonic period),
for example, agenesis of the corticospinal tract is a constant feature (Chow et al.,
1985). Destructive lesions to the precentral gyrus due to prenatal hypoxia—ischemia
are also found (Bubis and Landau, 1964). Yet, this destructive damage likely occurs
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early in gestation (i.e., the first trimester or early second trimester) in order to result
in anomalous development of the corticospinal tract and not secondary degener-
ation of axonal fibers, because the histologic hallmarks of acquired damage (i.e.,
gliosis, macrophagocytic infiltration, and/or Wallerian degeneration) are not found.
Congenital hemiplegia due to corticospinal tract abnormalities occurs in early life
in association with multiple developmental and acquired lesions, including mul-
ticystic encephalomalacia, venous infarction, polymicrogyria, and periventricular
leukomalacia (Bleyenheuft et al., 2007; Glenn et al., 2007), and occurs in one-third
of patients with the clinical diagnosis of cerebral palsy (Glenn et al., 2007). The
severity of motor dysfunction in such patients correlates with the degree of asym-
metry in diffusion measures in the pyramidal tracts, which are defined by diffuse
tensor MRI tractography (Glenn et al., 2007).

Abnormal central axonal development associated with congenital encephalopa-
thy, cardiomyopathy, and myopathy. This familial entity was first reported in three
infants, two of whom were siblings, who died at 5, 10, and 16 months after a compli-
cated course of progressive psychomotor retardation, microcephaly, cataracts, long
tract signs, hypotonia, failure to thrive, cardiomyopathy, and necrotizing myopa-
thy that began around the time of birth (Lyon et al., 1990). All three cases had
neuropathologic examination at autopsy that was remarkable for an extremely
thin corpus callosum without Probst bundles, reduced white matter volume in the
cerebral hemispheres, diffuse axonal swellings throughout gray and white matter
structures, including in the corpus callosum, and absence of the corticospinal tract
at the level of the medullary pyramid (Lyon et al., 1990). A causative gene mutation
has not been described to date. The pathogenesis of this disorder is thought to result
from a primary disorder of axonal development resulting in a thin (hypoplastic)
corpus callosum and agenesis of the corticospinal tract as there is no morpho-
logic evidence of the secondary features of axonal degeneration (i.e., gliosis and
myelin breakdown). The possibility of abnormal axonal elimination is a considera-
tion as axonal swellings are associated with this regressive developmental process
in experimental models (Lyon et al., 1990).

1.4.4.2 Hypoxia-Ischemia

Periventricular leukomalacia (PVL). Periventricular leukomalacia is the major neu-
ropathologic substrate of cerebral palsy and cognitive deficits in survivors of
prematurity (Kinney and Volpe, 2009; Volpe, 2009). It is a problem of major pub-
lic health significance because 10% of premature infants less than 1,500 g born in
the United States each year develop cerebral palsy, and 25-50% develop cognitive
deficits (Volpe, 2009). Periventricular leukomalacia is a disorder of the immature
telencephalic white matter characterized by (1) focal necrosis in the periventricular
white matter; (2) diffuse reactive gliosis and microglial activation in the surrounding
white matter; and (3) relative (albeit not complete) sparing of the overlying cerebral
cortex (Kinney and Volpe, 2009). The major cause of PVL is cerebral ischemia—
reperfusion oftentimes complicated in some cases by maternofetal infection (Kinney
and Volpe, 2009). A complex interplay of vascular factors also predisposes to human
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periventricular white matter injury, including the presence of vascular end-zones
and a propensity for the sick premature infant to exhibit a pressure-passive circu-
lation reflecting disturbance of cerebral autoregulation (Kinney and Volpe, 2009).
The greatest period of risk for PVL is the second half of gestation (24-32 weeks),
although it also occurs in full-term neonates, particularly those with congenital car-
diac or pulmonary disease. The peak window of vulnerability coincides with the
period of dominance of premyelinating OLs (Back et al., 2001) and active axonal
elongation (Haynes et al., 2005) in the cerebral white matter, and thus developing
OLs and axons are postulated to underlie the selective susceptibility of the imma-
ture white matter to ischemic injury (Kinney and Volpe, 2009). The white matter
damage is further characterized in the diffuse component by deficits in myelin for-
mation (without loss of OL cell bodies) that is likely due to combined free radical,
excitotoxic, and cytokine toxicity to developing OLs but without a loss of OL cell
bodies (Billiards et al., 2008; Kinney and Volpe, 2009).

Axonal injury with spheroids has long been recognized in the periventricular
necrotic foci of PVL and is part of the destruction of all cellular elements, not only
axons, in the periventricular “core” infarcts in the arterial end zones (Kinney and
Volpe, 2009) (Fig. 1.8) Intra-axonal accumulation of B-APP, indicative of distur-
bances in axoplasmic transport, are present within and at the edge of the necrotic
foci (Fig. 1.8). Recently, diffuse and widespread axonal injury was demonstrated
in the white matter surrounding and distant from the focally necrotic foci (i.e.,
in the penumbra of ischemic injury) (Fig. 1.11). Long-standing axonal damage in
the diffuse white matter may contribute to the reduced white matter volume and
callosal thinning found in severe and end-stage PVL in combination with myelin
deficits (Haynes et al., 2008). Indeed, the myelin deficits may be secondary to the
axonal damage that results in impaired axonal-OL interactions in the initiation and

Fig. 1.11 Diffuse axonal injury in PVL. a In a 39-postconceptional-week case with organizing
PVL, a hematoxylin and eosin stain indicates the presence of multiple cysts within the deep white
matter and widespread rarefaction of the diffuse gliotic component. b A Neurolucida image of this
same section stained for fractin indicates focal microcysts (red circles) and fractin-positive axons
(blue lines) (C) that can be detected throughout the white matter, distant from the focal necrosis,
and into the intragyral white matter and corpus callosum (Haynes et al., 2008)
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maintenance of myelination (Haynes et al., 2008). The finding of extensive axonal
pathology suggests the possibility that PVL is not only a “primary” disorder of the
premyelinating OL but also of developing axons. This primary axonal injury in the
diffuse component of PVL is likely due to hypoxia—ischemia based on the recog-
nized hypoxic—ischemic insults to developing axons in animal models (McCarran
and Goldberg, 2007; Underhill and Goldberg, 2007); it may also reflect secondary
degeneration of thalamocortical afferents based on the recent report of thalamic
damage in association with PVL (Ligam et al., 2008). Injury to axons throughout
the diffuse and focal components of PVL may also lead to architectonic changes in
the overlying cortex, as demonstrated in Golgi preparations (Marin-Padilla, 1997).
Afferent fibers appear to fail to reach their cortical targets due to the white matter
lesions; in addition, cortical pyramidal neurons from which long-projecting axons
originate undergo transformations due to severance of these axons via a dying-back
mechanism, and the pyramidal neurons change from long-projecting cells to local
circuit interneurons (Marin-Padilla, 1997). Indeed, the neurologic sequelae follow-
ing perinatal PVL may be, at least in part, a direct consequence of postinjury gray
matter transformations that involve axons (Marin-Padilla, 1997). DTI of very low
birth weight infants, as early as term equivalent age (Thomas et al., 2005; Vangberg
et al., 2006), and then later in childhood (Prayer et al., 2001) demonstrate dimin-
ished relative anisotropy, especially in infants with cerebral white matter injury.
This impairment in anisotropic diffusion could be caused by either a disturbance of
axonal number, size, packing, or of axonal membranes or intracellular constituents
or, alternatively, a disturbance in axonal ensheathment by OLs.

Of major interest is the demonstration by diffusion tensor MRI of alterations in
the microstructure of the genu of the corpus callosum in young adult females who
were born very preterm (<33 gestational weeks) compared with that of those born
at term (Kontis et al., 2009). Moreover, these callosal alterations were associated
with reduced performance IQ in the affected women (Kontis et al., 2009). The genu
contains axonal fibers that connect the right and left prefrontal lobes, and pathologic
changes in their organization may adversely affect prefrontal function (Kontis et al.,
2009). These observations highlight the potential long-term consequences of diffuse
axonal injury in PVL in the perinatal period (Haynes et al., 2008).

1.4.4.3 Trauma

Shaken baby syndrome. Head injury due to homicide typically involves children less
than 3 years of age and is the most common cause of traumatic death in this pop-
ulation (Reichard et al., 2003); its main neuropathologic feature is diffuse axonal
injury (Geddes et al., 2001; Reichard et al., 2003; Shannon et al., 1998). In the
early 1970s, Caffey reported that violent shaking of infants caused severe neuro-
logic damage (i.e., the shaken baby syndrome) (Caffey, 1972, 1974). This syndrome
typically presents as a seemingly inexplicable, catastrophic decline in the infant’s
neurologic status leading to coma and oftentimes cardiopulmonary arrest and death.
It is associated with acute subdural hematomas, subarachnoid hemorrhages, cere-
bral edema with or without transtentorial herniation, and retinal hemorrhages with
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no or minimal evidence of blunt head trauma (Shannon et al., 1998). The typical
history is that the infant experienced minor trauma, fell in the bath tub or from
the bed, or was found unresponsive or dead (Reichard et al., 2003). Shaking of the
infant is thought to result in flexion/extension injury of the weakly supported infant
neck and acceleration/deceleration of the infant brain with tearing of vessels and
intracranial hemorrhage (Shannon et al., 1998). In shaken baby syndrome, as in
adult entities of traumatic head injury, immunoreactive 3-APP spheroids are found
in the cerebral hemispheric white matter, including the corpus callosum and inter-
nal capsule, and in the brain stem, including the superior cerebellar peduncle and
corticospinal tracts. The pathogenesis of traumatic axonal injury appears to involve
(1) vascular compromise secondary to apnea and/or cardiopulmonary arrest result-
ing in hypoxic brain injury and increased intracranial pressure (Geddes et al., 2001;
Reichard et al., 2003; Shannon et al., 1998); and/or (2) acceleration-induced shear-
ing injury of axons (Geddes et al., 2001; Shannon et al., 1998). A primary role for
hypoxic-induced axonal injury is emphasized because axonal spheroids/bulbs are
not specific to traumatic head injury but also occur in children and adults dying
with atraumatic, hypoxic—ischemic encephalopathy in which axonal injury occurs
in a similar frequency and distribution to that in trauma (Geddes et al., 2001; Kaur
et al., 1999; Shannon et al., 1998). Noteworthy in the shaken baby syndrome com-
pared with hypoxic—ischemic encephalopathy is the common occurrence of cervical
cord and root injury in the former disorder (Geddes et al., 2001; Shannon et al.,
1998). Indeed, in shaken baby syndrome, f-APP immunoreactivity is present at the
glial head of the cervical spinal nerve roots, suggesting that this lesion results from
stretch-induced injury secondary to cervical hyperextension/flexion; damage to this
region could account in turn for apnea and cardiopulmonary arrest leading to brain
hypoxia, edema, and diffuse axonal damage in the forebrain and brain stem (Geddes
et al., 2001; Shannon et al., 1998).

1.4.4.4 Infection

Infantile botulism. This life-threatening disorder of flaccid paralysis is due to intesti-
nal infection with Clostridium botulinum in infants, resulting in the production of
botulinum neurotoxin. It presents in infants with weakness, hypotonia, poor feeding,
and constipation typically between 2 weeks and 6 months of age (Volpe, 2008b). It is
further characterized by a neurologic syndrome of ptosis, facial diplegia, weak suck,
impaired swallowing and gag, pupillary dysfunction, peripheral neuropathy, and
hypotonia, with the paralytic process progressing in a descending direction (Volpe,
2008b). The most severe cases require mechanical ventilation and tube feeding. The
typical duration of infantile botulism is 1-2 months; it is rarely fatal. Diagnosis
depends primarily upon the isolation of Clostridium botulinum from the stool in
conjunction with the clinical picture (Brook, 2007). Infantile botulism illustrates the
principle that toxic interactions at the presynaptic terminal of the axon can produce
disease without a morphologic “footprint.” The botulinum toxin prevents exocytosis
of presynaptic vesicles that contain the neurotransmitter acetylcholine both in cen-
tral and peripheral axons (Brooks, 1956; Brunger et al., 2008), thereby inhibiting
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cholinergic release and transmission and leading to paralysis of cranial and somatic
motor nerves. The toxin specifically blocks neurotransmitter release by proteolytic
cleavage of SNARESs (soluble N-ethylmaleimide—sensitive factor attachment pro-
tein receptor) that play a key role in calcium-triggered neurotransmitter release in
the synaptic vesicle fusion machinery (Brunger et al., 2008).

Acquired immunodeficiency syndrome (AIDS). Neurologic disorders are well-
recognized complications of AIDS in infants and children, resulting from direct
HIV infection and secondary infections due to immune compromise (Dickson et al.,
1989; Kinney and Armstrong, 2002). In the majority of pediatric AIDS cases, HIV
infection is vertically transmitted from mother to infant during gestation. Neurologic
manifestations of direct HIV infection in infants and young children include primary
HIV encephalopathy, with microcephaly and subsequent cognitive impairment in
the congenital cases (Dickson et al., 1989; Kinney and Armstrong, 2002). In a neu-
ropathologic study of pediatric AIDS, corticospinal tract degeneration was noted in
15 of 20 examined spinal cords at autopsy; in 6 cases the tract degenerations were
consistent with delayed myelination with little or no axonal injury and in the remain-
ing cases with axonal and Wallerian degeneration likely secondary to encephalitic
lesions in the forebrain (Dickson et al., 1989). The characteristic long-tract signs in
pediatric AIDS (i.e., hyper-reflexia, clonus, Babinski sign, paraparesis, and quadri-
paresis) are considered the neurologic consequences of this corticospinal injury. The
precise role of HIV in producing delayed myelination or primary long-tract injury
of the corticospinal tract is unknown.

1.4.4.5 Genetic Disorders

Infantile ascending hereditary spastic paralysis (IAHSP). Presenting at 1-2 years of
life with lower-limb spasticity, this autosomal recessive disorder is characterized by
severe degeneration of the pyramidal tracts; it progresses slowly to affect the upper
limbs and bulbar muscles in the second decade resulting in wheelchair confinement
in association with intact cognition (Lesca et al., 2003). The clinical, neuroimaging,
and neurophysiologic findings are consistent with a relatively selective involvement
of the corticospinal and corticobulbar pathways, and ISHSP is therefore classified as
a motor neuron disease (i.e., selective dysfunction and/or loss of upper and/or lower
motor neurons). It is reviewed here as representative of motor neuron diseases in
very early life that selectively involve central axons and to emphasize the princi-
ple that injury/death to the cell body of the central neuron can result in antegrade
axonal loss and tract degeneration. The neuropathology of ISHSP, however, has
yet to be well characterized. Causative mutations in the gene ALS2 have now been
reported in a juvenile autosomal recessive form of motor neuron diseases, including
IAHSP, amyotrophic lateral sclerosis (ALS) 2, and juvenile primary lateral sclero-
sis (Chinnery et al., 2004; Eymard-Pierre et al., 2002; Hadano et al., 2007; Panzeri
et al., 2006); to date, 12 independent ALS2 mutations (small deletion, non-sense
mutation, or mis-sense mutation) have been reported (Hadano et al., 2007). A loss of
functions in the ALS2-coded protein thus accounts for the motor dysfunction and/or
degeneration of the ALS2-linked motor neuron diseases (Devon et al., 2005; Hadano
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et al., 2007; Panzeri et al., 2006). The ALS2 gene encodes the protein ALS2 or
alsin, which activates Rab5 small GTPases and is involved in endosome/membrane
trafficking and fusion at the synapse, the promotion of neurite outgrowth in cell
culture, and neuroprotection against cytotoxicity generated by oxidative stress and
excitotoxicity (Devon et al., 2005; Hadano et al., 2007). The protein is expressed in
neurons but not glia; it is present in motor neurons and the cerebellum (Devon et al.,
2005; Hadano et al., 2007). The precise mechanism(s) and basis of motor neuron
selectivity underlying ALS2 mutations in ISHSP are under active investigation.

Infantile neuroaxonal dystrophy (IND). This autosomal recessive disorder, also
known as connatal Seitelberger disease, is a familial, progressive neurodegenera-
tive disease that originates in utero, presents at birth or within the first 2 years of
postnatal life, and involves neurodevelopmental regression, hypotonia, tetraplegia,
visual impairments, dementia, and death in the first decade (Chow and Padfield,
2008). The disease gene has been mapped to a 1.17-Mb locus on chromosome
22q13.1, and an underlying mutation has been identified in PLA2G®6; this gene
encodes phospholipase A2 group VI, suggesting a role for phospholipase in the
pathogenesis of the axonal defects (Khateeb et al., 2006). In IND, axonal swellings
and spheroids are found through the central and peripheral nervous system; cen-
tral involvement includes the cerebral and cerebellar cortex, deep cerebellar nuclei,
brain-stem tegmentum, and posterior columns of the spinal cord. Associated find-
ings in occasional cases are microcephaly and arthrogryposis (Chow and Padfield,
2008).

Congenital cranial disinnervation disorders. This rare group of genetic disor-
ders is defined by congenital oculomotility syndromes that result from mutations
in genes that are critical to the development and connectivity of cranial motoneu-
rons (Engle, 2007). Human homeobox Al (HOXA1) syndromes are part of the
congenital cranial disinnervation disorders due to disruption of early motor neuron
development (Engle, 2007). Germane to our focus are two disorders affecting axons
predominately: (1) horizontal gaze palsy with progressive scoliosis in which there is
aberrant axonal targeting onto the motor neurons of cranial nerve VI (abducens); and
(2) congenital fibrosis of the extraocular muscles type I (CFEOM1) in which there is
aberrant axonal targeting onto the extraocular muscles (Engle, 2007). In CFEOM1,
there is bilateral ptosis and ophthalmoplegia with a fixed downward gaze. An auto-
somal recessive disorder, the mutated gene is now known to be KIF21A, a member
of the kinesin family of molecular motors (Chan et al., 2007b; Yamada et al., 2003).
Kinesins are responsible for anterograde transport in axons, moving cargo along
microtubules from the neuronal cell body to the growing or mature synapse (Engle,
2007). There are at least 45 human kinesins that transport different cargoes, includ-
ing mitochondria, vesicles, and protein complexes; the cargo of KIF21A is currently
unknown (Engle, 2007). The KIF2I1A mutation nevertheless may disrupt the pro-
tein’s ability to bind to specific cargo critical to the development of oculomotor
axons (Engle, 2007).

Joubert syndrome. This syndrome is a rare, autosomal recessive, neurodevel-
opmental disorder that is characterized by ataxia, hyperpnea/apnea, abnormal eye
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movements, hypotonia, and cognitive deficits; variable features include retinal dys-
trophy and renal cystic disease. The pathologic features of Joubert syndrome include
aplasia or hypoplasia of the cerebellar vermis, olivary anomalies, and cranial nerve
nuclei abnormalities of cranial nerves V and X (Yachnis and Rorke, 1999). Of major
interest here is the occurrence of abnormalities in axonal tracts that cross the pos-
terior midline of the brain (e.g., superior cerebellar peduncles and corticospinal
tracts) (Yachnis and Rorke, 1999). Not all midline crossing tracts are abnormal,
however, in Joubert syndrome; the corpus callosum and optic chiasm, for exam-
ple, are intact. Differences in the clinical and neuropathologic characteristics among
patients suggest that this disorder is indeed a syndrome composed of heterogeneous
disorders (Doering et al., 2008). Mutations in the Aberson-helper integration site-1
gene (AHII), mapped to chromosomal region 6q23.3, cause at least some cases of
Joubert syndrome; this gene encodes a cytoplasmic protein that is likely a signaling
or scaffolding protein involved in protein—protein interactions (Ferland et al., 2004;
Jiang et al., 2002). In mice, the Ahil protein is expressed in the cytoplasm, den-
drites, and axons of neurons of the forebrain and brain stem (Doering et al., 2008);
its expression appears around embryonic day 10 and persists into adulthood. In the
human brain, Ahil protein expression, as determined by Western blot analysis, is
present in the mature cerebellar vermis, cerebral peduncles, and medulla (Doering
et al., 2008). Its mRNA is expressed in the neurons that give rise to the crossing
axons of the corticospinal tract and superior cerebellar peduncle (Ferland et al.,
2004; Utsch et al., 2006). Jouberin, the protein encoded by AHII, is involved in
multiple functions, including signal transduction and cytoskeleton assembly (Jiang
et al., 2002). It is reasoned that the AHII gene is important in midline crossing of
axons such that mutations within it are related to the pathogenesis of the decussation
defects in Joubert syndrome (Meng et al., 2009). Of note, up to 40% of children with
Joubert syndrome are diagnosed with autism spectrum disorder, and several linkage
studies in autism have implicated the region on 6q where AHII resides; recently,
common variants in AHI1 have also been associated with autism (Alvarez Retuerto
et al., 2008).

Down syndrome. This autosomal disorder is the leading cause of inherited men-
tal retardation and is due to trisomy 21. The neuropathology is complex, including
an underweight brain, hypoplasia of the superior temporal lobe, cytoarchitectonic
anomalies, and dendritic abnormalities in the cerebral cortex (Volpe, 2008a). The
report of abnormalities in proteins related to axonal targeting in Down syndrome
is of interest here (Weitzdoerfer et al., 2001). Based on a proteomic approach, five
members of the semaphorin/collapsin family have been found to be significantly
decreased in the cerebral cortex of aborted fetuses (around 19 weeks) with Down
syndrome compared with that of controls (Weitzdoerfer et al., 2001). These pro-
teins are involved in the guidance of axons in fetal life (Weitzdoerfer et al., 2001).
This proteomic study suggests that possibility that they are involved in the abnor-
mal wiring underlying cognitive impairment in Down syndrome in conjunction with
neuronal, dendritic, and myelin impairments. Further research is needed into central
axonal pathology in Down syndrome.
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1.4.4.6 Neurodegenerative Disorders of Unknown Etiology

Central nervous system degeneration is defined as progressive deterioration in a
neural system(s) that is oftentimes familial and the cause of which is unknown.
It typically affects a neural system (e.g., motor, sensory, and/or autonomic path-
ways) in a bilateral and symmetric distribution. Pathologically it is characterized by
neuronal loss, axonal loss, and/or gliosis, oftentimes without a distinct histologic
hallmark. Neurodegenerative disorders are due to genetic, toxic, metabolic, or other
causes: Once the cause is determined, the entity is labeled in regard to the specific
gene defect or other causative factor and is no longer categorized as a “neurode-
generative” disorder. Degeneration implies the deterioration of a neural system that
is fully mature, and thus the possibility of its occurrence in early life (i.e., before
complete maturation) seems counterintuitive. Yet, certain disorders of the devel-
oping nervous system meet the criteria of a neurodegenerative disease (Folkerth
et al., 1993; Salman et al., 2009), particularly after 20-22 gestational weeks when
adult-like gliosis is first recognized and the embryonic ground-plan of neural sys-
tems is complete. In addition, a combination of developmental and degenerative
features may be present in the same case as found in pontocerebellar hypoplasia
(Barth, 1993), suggesting that a particular insult in early life may simultaneously
affect neural systems that are under development and that are completely developed,
thereby leading to a mixture of developmental and degenerative features. Moreover,
degenerative processes may be superimposed on developmental programs as the
insult extends beyond the developmental period for a particular system. It should
be emphasized that the developmental sequences of axonal maturation are incom-
pletely unknown, as are the cellular and molecular factors that constitute axonal
“maturity.”

Arthrogryposis multiplex congenita (AMC) with posterior column degeneration
and peripheral neuropathy is an example of a complex neurodegenerative disorder
associated with a malformative process (i.e., AMC) in early life. In a report of this
entity, a 9-week-old, full-term infant was born with multiple fixed joints (AMC),
hypotonia, areflexia, failure to sustain respiration at birth, and ventilatory depen-
dence from birth (Folkerth et al., 1993); a sural (sensory) nerve biopsy was devoid
of myelinated axons. At autopsy, there was severe, bilateral, and symmetric degener-
ation of the posterior columns with gliosis in association with posterior horn gliosis,
posterior root atrophy, and degeneration of peripheral axons (Fig. 1.12). This case
underscores the occurrence of a bilateral and symmetric neurodegeneration of a
neural (sensory) system that begins in utero, presents at birth, and leads to death in
infancy. The neuropathologic features suggest a dying-back neuropathy of the kines-
thetic pathway in utero leading to AMC as the structurally intact posterior columns
demonstrated histopathologic features consistent with secondary degeneration (i.e.,
gliosis and Wallerian degeneration) (Fig. 1.12) (Folkerth et al., 1993). In this case,
AMC is likely a consequence of arrested joint modeling during its critical period
of 14-16 gestational weeks. Joint modeling is dependent upon fetal movement, and
AMC is well recognized to result from depressed or absent movement due to mul-
tiple intrauterine motor disorders (Folkerth et al., 1993). The case of AMC with
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Fig. 1.12 Posterior column degeneration. There is bilateral, symmetric degeneration of the poste-
rior columns (PC) with severe myelin pallor and gliosis at all spinal levels, including the thoracic
level. a At the age of the patient (9 weeks), the posterior columns are normally completely myeli-
nated and stain intensely blue with the Luxol-fast-blue stain for myelin. The myelin pallor of the
anterior (Ant CST) and lateral corticospinal (Lat CST) tracts reflects age-appropriate immaturity
of myelination. At high power, there is intense gliosis in the posterior column in association with
myelin loss. b A mild decrease in axonal number in the posterior columns was demonstrated by a
Bodian stain (not shown) (Luxol-fast-blue/hematoxylin and eosin, x 1)

posterior column degeneration, however, suggests that intact kinesthetic, as well as
motor, innervation is essential for normal joint modeling (Folkerth et al., 1993) and
thus exemplifies the interface between malformations and degenerative processes in
central axons in early life.

1.5 Summary

In this chapter, we reviewed the development and pathology of central axons in early
life. Though much is now known about the processes involved in axonal growth,
maturation, and myelination, there remain many unanswered questions, particularly
regarding the mechanisms and signaling pathways underlying axonal function and
pathology. To gain further insight, the integrated study of human disorders, the
molecular biology of axons, and experimental paradigms of axonal function and
dysfunction continue to be essential
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Chapter 2
Microtubules in the Nervous System

Nobuyuki Fukushima

Abstract Neurons undergo various morphologic changes during development,
including neuritogenesis, neurite outgrowth, neurite branching, and neurite retrac-
tion. Many studies have examined how microtubules (MTs) are reorganized or
transported within the neurites of developing neurons and have revealed that MT
dynamics are regulated by MT-interacting proteins and motor proteins, in concert
with actin microfilaments. Here, I will describe recent progress in research on the
behavior of MTs in the nervous system.
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2.1 Introduction

Microtubules (MTs) are one component of the cytoskeleton and are composed of
heterodimers of «- and B-tubulin. These o/f heterodimers are polymerized in a
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head-to-tail fashion, resulting in a polarity to the MT, with one end designated the
plus end and the other the minus end. The plus ends of the MTs exhibit cycles of
growth and shrinkage, a behavior that is termed dynamic instability. In contrast,
the minus ends are relatively unstable and shrink without stabilization. MT func-
tions are highly regulated by the intrinsic GTPase activity of tubulins as well as
MT-interacting proteins, including MT-associated proteins (MAPs), MT-severing
proteins, MT plus-end tracking proteins (+TIPs), and motor proteins (Dent and
Gertler, 2003; Rodriguez et al., 2003; Akhmanova and Steinmetz, 2008; Jaworski
et al., 2008). The interactions between MTs and MT-interacting proteins are influ-
enced by diverse posttranslational modifications (PTMs), which include acetylation,
tyrosination, detyrosination, and polyglutamylation, and play a role in neuronal
development (Westermann and Weber, 2003; Hammond et al., 2008). Although I
will discuss some topics related to tubulin PTMs in this chapter, the current progress
in PTM research will be reviewed in detail elsewhere.

For many years, MTs and actin microfilaments (MFs) (Fukushima et al., 2009)
were viewed as functionally separate. In neurons, MTs serve as a scaffold for
organelle transport and structural components of the neurite that play an impor-
tant role in neurite elongation. In contrast, MFs regulate growth cone morphology
and motility and play a role in proper axon guidance. Many studies over the past
20 years have provided clear evidence that MTs structurally and functionally inter-
act with MFs in developing neurons. For example, MTs themselves are transported
in an axon or a growth cone in an actin-dependent manner. Furthermore, a grow-
ing number of actin-MT cross-linking proteins, which include some of the known
MAPs and +TIPs, have been identified. In this chapter, I will address how MTs are
involved in the development of neurites and also review recent reports showing how
interactions between actin and MTs regulate the shape and motility of neurites.

2.2 Tubulin in the Brain

In mice, there are seven a-tubulin genes and eight B-tubulin genes. Each a-tubulin
isoform shows more than 90% amino acid identity to other a-tubulins, and -
tubulins, with the exception of B1-tubulin, show more than 90% amino acid identity
to other B-tubulins, but only approximately 78% to B1-tubulin. The expression of
the tubulin isoforms in brain is developmentally regulated. The al-, a2-, ad-, a6-,
and a8-tubulin and the B2-, $3-, B4-, and B5-tubulin isoforms are expressed in the
brain (Lewis et al., 1985; Villasante et al., 1986; Stanchi et al., 2000). Levels of
al- and a2-tubulin expression remain constant during postnatal brain development.
In contrast, expression of a4-, 3-, and B4-tubulin increases during postnatal brain
development, whereas that of $2- and B5-tubulin decreases (Lewis et al., 1985;
Villasante et al., 1986). The developmental expression profile of a8-tubulin remains
to be determined. Because any combination of a- and B-tubulin isoforms can copoly-
merize, the combination of o/f-tubulin heterodimers is thought to vary during
brain development. However, the actual isoforms constituting individual MTs in
developing neurons have not been directly demonstrated.
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2.3 Microtubules in Neuronal Development

Neurons display various morphologic changes during development in culture (da
Silva and Dotti, 2002). After neuronal commitment, spherical neurons make mem-
brane sprouts, which are transformed into neurites (neuritogenesis) and are extended
as the neurons differentiate (neurite outgrowth) (Fig. 2.1). Extending neurites may
generate branches (neurite branching), corresponding with axon collaterals or den-
dritic arbors, or exhibit transient retraction (neurite retraction) (Fig. 2.1). Each event
overlaps functionally and structurally with other events, and there are currently no
clear boundaries that have been used to classify each step. However, for the purposes
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Fig. 2.1 Microtubule organization and dynamics in the developing neuron in culture. a a and b;
Shortly after plating, the spherical neurons produce protrusive membrane structures containing
actin microfilaments (red) at the leading edges and microtubules (green) behind actin meshwork
(neuritogenesis). ¢; These protrusions develop into several immature neurites and are guided by
the advancement of motile growth cones as the neurons differentiate (neurite outgrowth). d and
e; Extending neurites generate branches (neurite branching) and display transient retraction intrin-
sically or in response to extracellular repulsive signals (neurite retraction). Centrosome (green
circle in b) localization or the presence of higher levels of stable microtubules (magenta in c)
than dynamic microtubules (blue in c) is involved in the establishment of neuronal polarity. b The
growth cone contains bundled microtubules in the center, an actin meshwork (red thin lines) in the
lamellipodia, and actin bundles in filopodia. Dynamic microtubules extending from the C domain,
which are oriented with the plus-ends (yellow) pointing to the periphery, grow along filopodial actin
bundles (red thick lines) and move rearward coupled with actin retrograde flow. ¢ Microtubules are
bidirectionally transported within the axon. The anterograde microtubule transport is actin depen-
dent, whereas the retrograde transport is actin independent. Short microtubules accumulate at the
branching sites

Microtubule growth
and proper organization
Microtubule retrograde flow
coupled with actin flow




58 N. Fukushima

of the current discussion, I will describe MT organization separately for these four
events: neuritogenesis, neurite outgrowth, neurite branching, and neurite retraction.

2.3.1 Neuritogenesis

The roles of the cytoskeleton in neuritogenesis have been investigated in cul-
tured neurons. Neurons initially form membrane sprouts consisting of MF-rich
lamellipodia (Fig. 2.1) (Dotti et al., 1988; da Silva and Dotti, 2002). The actin
cytoskeleton and its upstream modulators, including Rho, Rho-associated, coiled-
coil containing protein kinase (ROCK), and profilin, have been well documented to
be negative regulators of membrane sprouting (da Silva and Dotti, 2002). The mem-
brane sprouts subsequently extend further to become short neurites containing MTs
(Fig. 2.1). These processes clearly involve rearrangements of the cytoskeletal ele-
ments, which are thought to be mechanically and functionally integrated. Recent
evidence using the neuronal cell line Neuro-2a showed that MAP2c, a juvenile
MAP expressed in immature brains, is involved in neuritogenesis through accumu-
lation and bundling of stable MTs (Dehmelt et al., 2003). This effect is reproduced
by cotreatment of cells with the MT-polymerizing (stabilizing) drug paclitaxel and
the actin-depolymerizing drug cytochalasin D, but not by treatment with paclitaxel
alone. Thus, MAP2c seems to regulate the interactions between MTs and MFs, and
not simply to cause MT stabilization. Indeed, it was reported that MAP2c binds not
only MTs but also MFs via its MT-binding domain (Roger et al., 2004).

As multiple neurites extend during neuritogenesis, neurons choose one neurite
as an axon and others as dendrites, leading to the establishment of neuronal polar-
ity (Dotti et al., 1988). Such axon fate determination depends on intrinsic activities
of both MTs and MFs in neurites. Local instability of the MF network within a
single growth cone is known to determine neuronal polarization in cultured hip-
pocampal neurons (Bradke and Dotti, 1999). Recently, MT stability has also been
demonstrated to be a signal specifying neuronal polarization (Witte et al., 2008).
Before the establishment of neuronal polarity or during neuritogenesis, the future
axon contains more stable (acetylated) MTs versus dynamic (tyrosinated) MTs than
do other neurites (Fig. 2.1). After establishment of polarity, the single axon still
maintains higher levels of stable MTs. When neurons are treated with a glycogen
synthase kinase-38 (GSK-38) inhibitor that is a known inducer of multiple axons,
many axon-like neurites contain stable MTs. In contrast, synapses of the amphid
defective (SAD) kinase—deficient neurons that exhibit a loss of neuronal polarity
have decreased levels of stable MTs in their neurites. Conversely, a low dose of
paclitaxel induces the formation of multiple axons. In contrast, a low dose of the
MT destabilizer nocodazole reduces dendrite formation without affecting axon for-
mation, presumably due to the presence of more nocodazole-resistant, stable MTs
in the axon and less in the dendrites. These observations suggest that changes in
MT dynamics in neurites play a crucial role in the initial polarization of neuronal
cells. Thus, the behavior of MTs and MFs must be coordinated to determine neu-
ronal polarity. Although there is an increasing number of signaling molecules that
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regulate the dynamics of MTs and MFs to affect neuronal polarity (Arimura and
Kaibuchi, 2007), the molecular mechanisms are not fully understood.

Another study has demonstrated that the location of the centrosome, rather than
cytoskeletal dynamics, may play an important role in establishment of neuronal
polarity in the very early phase of neuritogenesis (de Anda et al., 2005). Shortly
after plating hippocampal neurons on a substrate in culture, centrosomes, together
with the Golgi apparatus and clusters of endosomes, accumulate beneath the first
neurite that later develops into an axon (Fig. 2.1). Furthermore, suppression of
centrosome function inhibits polarization and, conversely, neurons having multiple
centrosomes develop multiple axons. Thus, localization of a functional centrosome
is a key determinant in polarization, and MTs may be delivered only to the first neu-
rite from the centrosome. However, the location of the centrosome is regulated by
phosphoinositide 3-kinase (PI3K), Cdc42, and dynein (Palazzo et al., 2001; Etienne-
Manneville and Hall, 2003; Arimura and Kaibuchi, 2007). Whether the location of
the centrosome is cause or consequence is still under debate.

2.3.2 Neurite Qutgrowth

2.3.2.1 Axon Outgrowth

Because extending axons are guided by the advancement of motile growth cones, it
is important to understand the morphologic changes and their regulation through
cytoskeletal rearrangements. In a growth cone, there are three distinct domains:
the peripheral (P) domain composed of MF-rich filopodia and lamellipodia; the
transitional (T) domain, an interface zone between the P domain and the central
(C) domain; and the C domain composed of a thicker, MT-rich region containing
organelles and vesicles and connected to the axon shaft (Fig. 2.1). Early studies
have demonstrated that MFs are the primary elements that alter the growth cone
shape and are essential for proper axon guidance, whereas MTs are essential to sta-
bilize the axon structure and play an important role in axon elongation (Yamada
etal., 1970, 1971).

Growing evidence suggests that MF-MT interactions in the growth cone play a
role in the shape changes of the growth cone and in axon outgrowth (Dent et al.,
1999; Rodriguez et al., 2003; Kalil and Dent, 2005). In the P domain, dynamic MTs
are present and sometimes penetrate into and retract from the filopodia (Fig. 2.1).
This restricted MT organization in the P domain is likely to be regulated by actin
assemblies. Forscher and Smith showed that, in an Aplysia bag cell neuron, MTs
rapidly advance into the P domain when actin networks are completely abolished
by treatment with cytochalasin B, suggesting an inhibitory role for MF structures
in MT advance (Forscher and Smith, 1988). Further studies demonstrated that MTs
advance along actin bundles within the filopodia, and retrograde actin flow is cou-
pled with MT retrograde movements observed in the P domain (Schaefer et al.,
2002). Closer analyses have revealed that selective loss of filopodia, but not the
actin network in the lamellipodia, by treatment with low doses of cytochalasin B
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induces increased lateral MT movements and a more randomized MT distribution
in the P domain (Burnette et al., 2007). These results indicate that actin bundles
in the filopodia are essential for proper MT organization, but not MT advance-
ment, in the P domain. Interestingly, when the actin bundles are locally disrupted
in the P domain, growth cones respond with repulsive turning (Zhou et al., 2002).
This turning is accompanied by reorientation of dynamic MTs within the P domain
from areas where actin bundles are lacking into the regions where actin bundles
remain.

MTs exploring the P domain exhibit properties of dynamic instability (Schaefer
etal., 2002). Although the precise mechanisms of MT invasion into the P domain are
not well understood, MF-MT interactions are presumably involved in MT growth
toward the leading edge in the direction of the growth cone extension and axon
outgrowth. Dynamic MTs invading the P domain are oriented with their plus-ends
pointing toward the leading edge of the growth cone and preferentially interact
with plus-end tracking proteins (+TIPs) (Akhmanova and Steinmetz, 2008; Jaworski
et al., 2008) (Fig. 2.1). Indeed, growth cones have been shown to contain sev-
eral +TIPs, including CLIP-associated protein 1 (CLASP1), CLASP2, adenomatous
polyposis coli (APC), dynein, and Miller-Dieker lissencephaly-1 (LIS1) (Lee et al.,
2004; Zhou et al., 2004; Grabham et al., 2007). CLASPs stabilize MTs and inter-
act with other +TIPs, such as end-binding protein-1 (EB1) and cytoplasmic linker
protein-170 (CLIP-170), and MFs (Mimori-Kiyosue et al., 2005). APC also has MT-
stabilizing properties and the ability to interact with actin or signaling molecules
that modulate actin polymerization (Zhou et al., 2004). Direct evidence implicating
+TIPs in MT advance in the P domain comes from a study showing that dynein
and LIS1 inhibition reduced penetration of MTs into the P domain during laminin-
induced axon outgrowth (Grabham et al., 2007). This suggests that dynein and LIS 1
cooperatively play a prominent role in MT advance within the growth cones during
axon outgrowth. Whether these +TIPs bind MF remains unknown. Rather, dynein
interacts with the actin cytoskeleton, presumably via dynactin, and LIS1 regulates
MF organization by affecting signaling molecules, such as IQ motif-containing
GTPase-activating protein (IQGAP) and Cdc42 (Ahmad et al., 2000; Kholmanskikh
et al., 2006). Thus, +TIPs may regulate direct and indirect MF-MT interactions
crucial for growth cone extension or turning.

In addition to growth cone advancement, generation of a new segment of the
axon is essential for axon outgrowth and is achieved by bundling of MTs at the
growth cone neck (Dent and Gertler, 2003). Very recently, myosin II-mediated lat-
eral movements of actin arcs, contractile structures present in the T domain, have
been shown to promote MT bundling and to transport the MTs into the C domain,
resulting in the formation of a new segment of the axon shaft contiguous with the
growth cone neck (Burnette et al., 2008). Although these experiments employed
pharmacologic manipulations of Aplysia bag cell neurons, similar observations have
been obtained using local application of the Ig superfamily cell surface molecule
aplysia cell adhesion molecule (apCAM), a physiologic guidance cue, to the growth
cone of Aplysia neurons (Schaefer et al., 2008). Stimulation of growth cones with
apCAM induced activation of Rho/Rho kinase/myosin II signaling pathways and
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resulted in MT movements in the growth cone neck and subsequent axonal out-
growth. This response is in contrast with the well-known observations that the Rho
pathway is required for repulsive cue—induced neurite retraction (see later). Thus,
this pathway must be locally and precisely controlled within the growth cones.
Recent studies have also revealed a new aspect of MT behavior in the shaft of
the growing axon. A live-cell imaging study using rat sympathetic neurons showed
that short MTs (a few micrometers in length) are transported down the axon and
that the transport is bidirectional, rapid, infrequent, and highly asynchronous (Wang
and Brown, 2002). Baas and colleagues demonstrated that in chick sensory neurons,
the anterograde transport of short MTs is mediated by cytoplasmic dynein in concert
with actin, whereas the retrograde transport is presumably dependent on the kinesin-
5 family, but not actin (Fig. 2.1) (Hasaka et al., 2004; He et al., 2005; Baas et al.,
2006). Interestingly, the motor activities of dynein and kinesin are in part regulated
by tau, a MAP present in axons (Dixit et al., 2008). Retarded axonal extension in
tau-deficient hippocampal neurons may be due to reduced MT transport by lack of
tau-mediated regulation of motor protein activities (Dawson et al., 2001).

2.3.2.2 Dendrite Outgrowth

In contrast with our understanding of the mechanisms regulating development of
the axon, our knowledge of the roles of MTs in dendrite development is limited
(Georges et al., 2008). As discussed above, axon/dendrite fate determination is par-
tially mediated through selective MT stabilization in the future axon and localization
of the centrosome beneath the cell surface where the future axon will extend (de
Anda et al., 2005; Witte et al., 2008). However, whether dendrite fate is determined
by a default mechanism, as a result of axon fate determination, or an active mech-
anism, which selectively decreases MT stability in the future dendrites, remains
unclear.

Unlike axonal MTs, which exhibit a unidirectional polarity with the plus-
ends directed away from the cell body, dendrite MTs are oriented bidirectionally,
although more distal dendrites contain unipolar MTs oriented similarly to those in
axons (Baas et al., 1988). Thus, the cytoskeletal mechanisms underlying dendrite
outgrowth may differ from those in axons. Because dendrite outgrowth and devel-
opment is associated with dendrite branching, I will discuss this issue in the next
section.

2.3.3 Neurite Branching

The formation of neurite branches is essential for the establishment of neuronal net-
works and requires remodeling of the cytoskeleton. Branch formation can occur by
different modes: splitting, delayed, and interstitial (Acebes and Ferrus, 2000; Dent
and Gertler, 2003). The splitting mode involves branch formation via concomitant
growth cone bifurcation and is likely to be related to dendritic branch formation.
The delayed mode is mechanistically linked to behaviors of the growth cone. In this
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mode, the primary growth cones of axons enlarge during prolonged pausing behav-
iors to leave remnants behind on the axon shaft after the axon resumes forward
extension, and these remnants subsequently give rise to branches. The interstitial
mode consists of development of sprouts from a stable axon shaft.

Dent et al. examined MT reorganization during axonal branch formation, which
resembled the delayed mode of neurite branching, in hamster cortical neurons (Dent
and Kalil, 2001). Time-lapse imaging of neurons co-injected with fluorescently
labeled tubulin and phalloidin revealed that dynamic MTs colocalize with MFs
in transition regions of growth cones and at axon branch points. When neurons
were treated with low doses of paclitaxel or nocodazole to inhibit MT dynamic
instability, branch formation was prevented, whereas axonal elongation was not
substantially affected. Similarly, treatment with cytochalasin D and latrunculin A,
which attenuate MF dynamics, inhibited neurite branching. These data suggest that
the coordinated dynamics of MTs and MFs regulate the delayed mode of branch
formation.

In contrast, when chick sensory neurons are treated with low doses of paclitaxel
or nocodazole, the growth of the axonal shaft is markedly suppressed, whereas inter-
stitial branch formation is only minimally affected (Gallo and Letourneau, 1999).
In addition, vinblastine treatment to inhibit MT repolymerization after depletion
of MTs by a high dose of nocodazole results in the reappearance of branches.
Therefore, branch formation is unlikely to be dependent on MT dynamics. Rather,
transport of MT polymers appears to be involved in branch formation. Thus, the
mechanism of MT reorganization in the interstitial mode of branch formation may
be different from that of the delayed mode. However, the possibility that the mode
of MT reorganization in axon branch formation varies depending on the neuronal
cell type cannot be excluded.

Detailed analyses using electron micrographs and time-lapse imaging revealed
that large numbers of short MTs are present, and that long MTs are absent, at the
sites of axonal branches (Yu et al., 1994), suggesting that short MTs are transported
into axon branches (Fig. 2.1). The questions to be resolved were the source of short
MTs and the mechanism of their production. Baas and colleagues examined the
behavior of spastin, an MT-severing protein concentrated at the sites of branch for-
mation (Yu et al., 2008). They showed that exogenous expression of spastin results
not only in production of short MT polymers but also in increases of the number of
axonal branches. Generation of short MTs gives rise to an abundance of new MT
ends, which could interact with various MT-interacting proteins, +TIPs, and motor
proteins (Akhmanova and Steinmetz, 2008; Jaworski et al., 2008). These proteins
may mediate anterograde transport of short MTs into branches, in concert with actin,
which has been observed in the axon or growth cone (Hasaka et al., 2004; Grabham
et al., 2007).

How guidance cues influence the cytoskeleton in axonal branch formation is
still unknown. However, one report shows that some guidance cues change the
organization and dynamics of the cytoskeleton at the growth cone and the axon
shaft, resulting in promotion or suppression of branch formation without stimu-
lation of axon elongation (Dent et al., 2004). FGF and netrin-1, which stimulate
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branch formation, increase actin polymerization and formation of MT loops and
splaying in growth cones. In contrast, semaphorin 3A, which inhibits branch for-
mation, stimulated actin depolymerization and attenuated MT dynamics in growth
cones. However, the signaling mechanisms by which these guidance cues regulate
cytoskeletal dynamics and produce axon branching remain unclear.

Dendrites of most types of neurons are highly elaborated, and their out-
growth during development involves branch formation. A recent study has shown
that stathmin, an MT destabilizer, is involved in dendrite branch formation
(Ohkawa et al., 2007). Overexpression of stathmin in Purkinje cells leads to sup-
pression of dendritic arborization. In contrast, inhibition of stathmin by neural
activity and/or phosphorylation by calcium/calmodulin-dependent protein kinase
increases dendritic arborization. However, knockdown of stathmin reduces den-
drite growth. Thus, proper regulation of stathmin expression and activity is likely
to be important in the development of dendritic arbors. Another study from
the same laboratory has demonstrated that acetylated tubulin, present in stable
MTs, plays a crucial role in dendrite branch formation (Ohkawa et al., 2008).
These researchers identified an enzyme responsible for tubulin acetylation, an
N-acetyltransferase complex consisting of ARD1 and NAD1, and found that inhibi-
tion of the complex limited dendrite branch formation in cortical neurons. Both
studies implicate the importance of MT stability in dendrite branch formation.
However, these results are in contrast with findings that MT stability determines
the fate of the axon (Witte et al., 2008). Further investigation will be needed to
understand how MTs are organized during dendrite growth.

2.3.4 Neurite Retraction

Transient neurite retraction is a fundamental process in neuronal network forma-
tion. This morphologic change occurs not only intrinsically but also in response to
extracellular repulsive signals. Many studies have been conducted to further our
understanding of the regulation of cytoskeletal rearrangements during repulsive
signal-induced neurite retraction. Baas and colleagues have proposed an interest-
ing model in which two motor proteins, dynein and myosin, are counterbalanced in
their activities, and alterations in this balance determine whether the axon elon-
gates or retracts (Baas and Ahmad, 2001; Baas et al., 2006). According to this
model, dynein-dependent anterograde MT transport is predominant in growing
neurites, and when neurites encounter repulsive signals, transient activation of acto-
myosin systems and the relative inhibition of dynein may result in enhancement
of retrograde MT transport and neurite retraction. Indeed, nitric oxide (NO), a
physiologic candidate for repulsive signals, induces neurite retraction that is rem-
iniscent of that induced by dynein inhibition (Ahmad et al., 2000; He et al., 2002).
Treatment of sensory neurons with an NO donor induces a rapid retraction of axons,
characterized by an enlarged distal region, a thin trailing remnant, and unique sinu-
soidal MT structures. The NO-induced retraction is also accompanied by a lack of
detectable changes in MT amounts and MT retrograde transport, and these effects
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are not blocked by the MT stabilizer paclitaxel. These responses are similar to those
observed in dynein-inhibited neurons (Ahmad et al., 2000). However, whether NO
inhibits dynein or stimulates myosin remained to be determined.

A similar neurite retraction response is observed in cortical neurons treated with
lysophosphatidic acid (LPA), a major lysophospholipid that exerts diverse cellu-
lar responses in many cell types (Fukushima et al., 2002; Fukushima and Morita,
2006). LPA causes neurite retraction through the Rho-actomyosin pathway in vari-
ous neuronal cells (Fukushima, 2004). This effect is observed within 1~60 min after
LPA exposure, depending on the cell types. Exposure of young cortical neurons that
are initiating neurite extension to LPA results in neurite retraction accompanied by
the rearrangement of MTs in neurites and the accumulation of MTs in cell bodies,
without significant changes in the total amount of MTs in the cytoskeletal fraction
of cultured neurons (Fukushima and Morita, 2006). These effects of LPA on MTs
are blocked by pretreatment with inhibitors of the actomyosin and Rho pathways
(cytochalasin D, blebbistatin and Y27632), but not by paclitaxel, although pacli-
taxel inhibits neurite retraction and MT depolymerization induced by nocodazole
(Fig. 2.2). These observations suggest that LPA-induced MT rearrangement is not
due to depolymerization of MTs and is dependent on actin polymerization during
neurite remodeling.

no
treatment

cyto-
chalasin D

Fig. 2.2 Lysophosphatidic acid (LPA)-induced microtubule rearrangements in cultured cortical
neurons. Cortical neurons were pretreated with 2 wM cytochalasin D or 10 wM paclitaxel for 5 min
and exposed to vehicle, 1 wM LPA, or 10 wM nocodazole for 15 min. Then, cells were stained for
a-tubulin. LPA-induced neurite retraction and concomitant microtubule rearrangements depend on
actin polymerization. Bar = 20 pm

Interestingly, two recent reports using MAP1B-deficient neurons have shown that
MAPIB, which can cross-link MTs and MFs, is required for MT transport during
NO- and LPA-induced neurite retraction (Bouquet et al., 2007; Stroissnigg et al.,
2007). Exposure of neurons to an NO donor induces S-nitrosylation of MAP1B,
leading to enhanced interaction with MTs. This interaction interferes with dynein
motor function, resulting in neurite retraction. Whether LPA induces S-nitrosylation
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is unknown. Rather, phosphorylation of MAP1B may be an important signal in LPA-
induced neurite retraction, because LPA can activate many protein kinases including
glycogen synthase kinase 38, which phosphorylates MAP1B, and phosphorylated
MAPI1B then alters the interaction between LIS1 and dynein (Jimenez-Mateos et al.,
2005; Trivedi et al., 2005; Shano et al., 2008). Further investigation is needed to
unveil the underlying mechanisms for LPA-induced neurite retraction.

2.4 Microtubules in Neuronal Injuries and Diseases

When injured, neurons respond with neurite regeneration or degeneration, depend-
ing on the property or intensity of the injury or the type of neuron. Generally, after
injury, axons in the central nervous system (CNS) do not regenerate well, whereas
those in the peripheral nervous system easily regenerate. A recent report has demon-
strated that the state of MTs in the neurite tip after injury determines the ability
of the neurite to regenerate (Erturk et al., 2007). When CNS axons are injured,
the tips form swelled structures designated retraction bulbs, which contain disor-
ganized MTs. MT stabilization inhibits the formation of retraction bulbs in CNS
axons, resulting in axonal growth, whereas MT destabilization causes growth cones
to transform into retraction bulb-like structures, resulting in restriction of axonal
growth. The molecular mechanisms by which the MT state is controlled during
nerve injury and regeneration remain unknown.

Another study has demonstrated that axotomy of Aplysia neurons induces the
formation of swelling about 100 pm proximal to the cut end (Erez et al., 2007). With
time, the cut axonal end retracts and produces a flat lamellipodium, and a swelling
develops at the center of the newly formed growth cone. During this process, MTs
are reconstructed and play a role in vesicle transport into the swelling.

Many investigations have revealed that MTs and MAPs are involved in the onset
and/or progression of neuronal diseases. For example, hyperphosphorylated tau is
a well-known component of neurofibrillary tangles detected in Alzheimer’s dis-
ease (Higuchi et al., 2002; Stoothoff and Johnson, 2005). Excellent reviews have
discussed many other examples that have differential aspects of MTs in neuronal
diseases, such as MT-based transport, MAP-related functions, and MT-targeted
drugs (Benitez-King et al., 2004; Gerdes and Katsanis, 2005; Michaelis et al., 2005;
Chevalier-Larsen and Holzbaur, 2006; Feng, 2006; Stokin and Goldstein, 2006;
El-Kadi et al., 2007; Kerjan and Gleeson, 2007; Riederer, 2007; Sonnenberg and
Liem, 2007). Here, I will discuss tubulin acetylation and mutations related to
neuronal diseases.

Several lines of evidence have indicated that tubulin acetylation may be involved
in neurodegenerative diseases, such as Huntington’s disease (HD) and Parkinson’s
disease (PD) (Dompierre et al., 2007; Outeiro et al., 2007; Suzuki and Koike,
2007). HD is a neurodegenerative disorder characterized by cognitive and motor
deficits. In HD, the MT-dependent transport of vesicles containing brain-derived
neurotrophic factor (BDNF) is reduced, resulting in a reduction of trophic support
and subsequent neuronal cell death. Pharmacologic inhibition of histone deacetylase
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6 (HDACO), a tubulin deacetylase, increases the level of acetylated MTs and con-
comitantly enhances BDNF transport in neuronal cell lines (Dompierre et al., 2007).
Because this increased MT acetylation led to enhanced recruitment of kinesin-1
and dynein, these molecular motors are likely to be involved in BDNF transport.
Interestingly, acetylated MT levels are reduced in HD patients, and the HDAC
inhibitor trichostatin A (TSA) rescues the transport defect in neuronal cells carry-
ing a polyglutamine expansion model of HD. These observations imply that HDAC
inhibition and regulation of MT acetylation may be a therapeutic target in HD.

PD is characterized by motor deficits and loss of dopaminergic neurons, which
may be induced by accumulation of a-synuclein in the midbrain. Inhibition of sirtuin
2/a mammalian homolog of yeast silent information regulator 2 (SIRT2), another
tubulin deacetylase, results in protection of neurons from a-synuclein—induced cell
death (Outeiro et al., 2007). SIRT?2 inhibition also causes resistance to axonal degen-
eration in cerebellar granule neurons of mutant mice displaying slow Wallerian
degeneration (Suzuki and Koike, 2007). However, in both cases, the mechanisms
by which SIRT?2 inhibition protects neurons from cell death remain unknown.

A recent mutagenesis study using mice has revealed that mutation in o 1-tubulin
causes developmental brain abnormalities and that a1-tubulin (TUBAIA) is a gene
responsible for lissencephaly in human (Keays et al., 2007). Investigators screened
mice treated with N-ethyl-N-nitrosourea, a strong mutagen, and identified a mutant
mouse line that showed disorganized neuronal architecture of the hippocampus
and cortex, impaired neuronal migration, and abnormal behavior, which resem-
bled features observed in the lissencephaly mouse models (e.g., Lis/, Dcx mutants)
(Paylor et al., 1999; Corbo et al., 2002). A mutation in the GTP-binding domain
in al-tubulin was identified. Interestingly, several mutations in the human tubulin
homolog were also found in patients with lissencephaly (Keays et al., 2007; Bahi-
Buisson et al., 2008; Fallet-Bianco et al., 2008; Morris-Rosendahl et al., 2008),
characterized by abnormal migration of neural progenitor cells in the cerebral cor-
tex, although the location of these mutations differs from that in the mutant mice.
The mutations in human may affect interactions of tubulin with MAPs.

2.5 Concluding Remarks

During the past two to three decades, growing evidence has changed our under-
standing of the roles and functions of MTs. MTs are more dynamic cytoskeletal
components than previously understood and produce a variety of changes in neu-
ronal morphology; they are not simple, stable, static structures to merely support
neuronal shapes. As I described in this chapter, MTs function in concert with MFs
and are transported in an MF-dependent manner. Similar interactions with inter-
mediate filaments (IFs) also play a crucial role in MT functions. This observation
is supported by the finding of MT-IF cross-linkers, such as the plakin family pro-
teins (Leung et al., 2002; Sonnenberg and Liem, 2007). Moreover, the identification
and analyses of various types of molecules mediating the interactions of MTs with
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MFs or other signaling molecules, such as +TIPs, suggest that MTs are the final
acceptors of extracellular signals (Gundersen and Cook, 1999; Hollenbeck, 2001;
Galjart, 2005; Akhmanova and Steinmetz, 2008). A good example has recently
been published from two independent laboratories, which showed that MTs are also
present in MF-rich dendritic spines that are correlated with neural development and
activity-dependent plasticity, and the localization of MTs is mediated via the +TIP
EB3 (Gu et al., 2008; Hu et al., 2008). A more systematic and integrated analysis
will help us to understand MT functions and dynamics in the nervous system in
development and disease.
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Chapter 3
Tau Phosphorylation

Jesis Avila and Félix Hernandez

Abstract Tau protein is a brain microtubule—associated protein having 79 putative
phosphorylatable sites that could be modified by serine/threonine protein kinases.
This phosphorylation can be divided in two types, depending whether the modi-
fied residue is phosphorylated by proline-directed or by non-proline-directed protein
kinases. In neurodegenerative processes (tauopathies), tau is mainly (but not only)
modified by a proline-directed protein kinase, glycogen synthase kinase 3 (GSK3).
In this chapter, we will review that phosphorylation at serine and threonine residues,
the modification that can take place at tyrosine residues, and the dephosphorylation
of the modified residues by tau phosphatases. In addition, we will comment on the
toxicity of phosphotau in disorders such as Alzheimer’s disease and the development
of possible therapies to prevent tau phosphorylation.
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3.1 Introduction

Tau protein was discovered more than 30 years ago as a brain microtubule—
associated protein (Fellous et al., 1977; Weingarten et al., 1975) at the same time
that other microtubule-associated proteins (MAPs) were found in brain cell extracts
(Shelanski et al., 1973).

By performing experiments in vitro or with cell cultures, a general function for
tau and the other MAPs as microtubule stabilizers of assembled microtubules or as
promoters of microtubule polymerization in vitro was indicated (Cleveland et al.,
1977). Because tau protein was abundant in brain, a cDNA for tau was first isolated
from a mouse brain expression library (Lee et al., 1988), and the sequence of the
translated protein was obtained (Lee et al., 1988). Since then, the sequence of tau
protein from different organisms, including human (Goedert et al., 1989), has been
reported. The human tau gene is present on chromosome 17 (Neve et al., 1986)
where it occupies more than 100 kb and contains at least 16 exons. This unique
tau gene is transcribed into nuclear RNA that, by alternative splicing, yields several
mRNA species. The translation of these different mRNAs results in the expression
of different isoforms with different functional characteristics. Also, the expressions
of these different isoforms are developmentally regulated (Kosik et al., 1989). At
early developmental brain stages, mainly tau isoforms lacking exon 10 are present,
whereas exon 10 is alternatively spliced in adult brain (Kosik et al., 1989). This is
of interest because exon 10 encodes for one of the four repeated regions involved
in the binding of tau to microtubules (see later). Thus, alternative splicing of exon
10 produces tau isoforms with either three (tau 3R) or four (tau 4R) microtubule
binding regions. In the central nervous system (CNS), alternative splicing of exons
2, 3, and 10 results in the appearance of six tau isoforms. The expressed tau isoforms
can be posttranslationally modified, mainly by phosphorylation, yielding additional
tau isoforms.

Tau protein is mainly expressed in the frontal and temporal lobes in the
brain, being present in a higher proportion in neurons (Santa-Maria et al., 2005;
Trojanowski et al., 1989), where it can be associated with the plasma membrane,
although it has, preferentially, a cytoplasmic localization (Arrasate et al., 2000;
Brandt et al., 1995). In differentiated neurons, the majority of tau isoforms are
located at the axons, although highly phosphorylated tau isoforms are present in
the somatodendritic compartment (Dotti et al., 1987).

Tau protein (441 residues, the longest CNS isoform) can be divided in four
regions. The first region, the amino-terminal 1-100 residues, is rich in acidic
residues. This part of the molecule can be involved in the interaction with plasma
membrane (Brandt et al., 1995), an interaction that can be modulated by phos-
phorylation (Arrasate et al., 2000), and with mitochondria (Atlante et al., 2008).
Also, it has been reported that a peptide containing residues 26—44 of tau protein
impairs mitochondrial oxidative phosphorylation acting at the level of the adenine
nucleotide translocation (Atlante et al., 2008). In addition, tau protein, through its
N-terminal regions, can interact with dynactin complex (Magnani et al., 2007). A
second region, rich in proline, accounts for residues 101-239, and this region may
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be involved in the interaction of tau protein with proteins containing Src homology
3 (SH3) domains. Phosphorylation regulates tau interaction with SH3 domains of
phosphatidylinositol 3-kinase, phospholipase cy1, and Src family kinases (Reynolds
et al., 2008).

However, the most important tau binding protein is tubulin, the main compo-
nent of microtubules. This protein binds to tau through the third region containing
residues 240-370. This is a basic region rich in lysine (and arginine) residues that
contains four similar, but not identical, repeated sequences directly involved in the
binding to tubulin (Avila et al., 2004; Lee et al., 1988). One of these sequences is
codified by exon 10, as previously indicated. Because exon 10 can be alternatively
spliced, there are tau 3R and tau 4R isoforms, the binding of tau 4R to microtubules
being of higher affinity than that of tau 3R (Avila et al., 2004). Finally, there is
a fourth region comprising the C-terminal residues from amino acid 371 to the
C-terminal residue (amino acid 441). This is an acidic region that is rich in ser-
ines. Through this region, tau may interact with muscarinic receptors M1 and M3
(Gomez-Ramos et al., 2008).

3.2 Tau Phosphorylation

Tau is a protein rich in serine and threonine, having 79 putative phosphorylation
sites (in the longest CNS isoform) that could be modified by serine or threonine
protein kinases. In addition, phosphorylation at its tyrosine residues has also been
reported (Williamson et al., 2002). Focusing on serine—threonine protein kinases,
tau phosphorylation has been divided in two types: (1) the modified residue is
phosphorylated by proline-directed protein kinases (PDPKs) such as tau kinase I
(GSK3p) (Ishiguro et al., 1993), tau kinase II (cdk5) (Ishiguro et al., 1994), or
other kinases belonging to the family of MAP kinases; (2) the modified residue is
phosphorylated by a non-proline-directed protein kinase (NPDPK) such as protein
kinase A (PKA), microtubule affinity regulating kinases (MARK), partition defec-
tive 1 (PAR1), protein kinase C (PKC), or other kinases (Avila et al., 2004). The
phosphorylation carried out by these kinases mainly takes place in regions flank-
ing the tubulin-binding region domain, although phosphorylation at the residues
present in that tubulin-binding region could also take place mainly by NPDPK.
In many cases, phosphorylation regulates the binding of tau to microtubules, and
therefore, phosphorylation could be a way in which tau function can be regulated.
Also, tau phosphorylation can modulate its subcellular localization in neurons (Dotti
et al., 1987), the binding of tau to membranes (Arrasate et al., 2000), or the possible
transport of tau to the cell nucleus (Greenwood and Johnson, 1995).

3.2.1 Tau Phosphorylation by GSK3

Tau phosphorylation changes during development. Thus, fetal tau is more highly
phosphorylated than adult tau, and the degree of phosphorylation of tau isoforms
decreases with age (Alonso et al., 2008; Mawal-Dewan et al., 1994). However,
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in neuronal disorders such as Alzheimer’s disease or other tauopathies, tau iso-
forms are in a hyperphosphorylated form (Avila et al., 2004). In any case, tau has
been defined as a phosphoprotein that can be modified, as shown above, by several
kinases. Here, we will focus on its phosphorylation by GSK3 because this phospho-
rylation has different characteristics. This kinase could modify tau in two different
ways: one way requires that tau protein must be previously phosphorylated (primed)
by other kinase; the other way is that tau can be modified by unprimed phosphory-
lation. GSK3 can not only modify tau in monomeric form, but also it has been
shown that assembled tau filaments can be phosphorylated by GSK3 to form large
tangle-like structures (Rankin et al., 2008).

On one hand, tau phosphorylation could be affected by the presence or absence of
specific proteins. The absence of the signaling adapter p62 leads to accumulation of
hyperphosphorylated tau (Ramesh Babu et al., 2008). Also, the p53 family member
p73 regulates the levels of tau phosphorylation (Wetzel et al., 2008). The presence
of heat shock protein Hsp90 (Tortosa et al., 2009) may also affect tau modification.
Also, there are compounds such as nicotinamide (Green et al., 2008) that reduce
the phosphorylation at those sites modified by GSK3. In addition, there are several
small molecules that can specifically inhibit GSK3 (see later).

On the other hand, it has been discussed that the development of tau pathology
can correlate with that of Alzheimer’s disease (Braak and Braak, 1991) and can be
followed by analyzing tau phosphorylation (Delacourte et al., 1999). Tau pathology
initiates at the entorhinal cortex; from there, it propagates to the limbic regions and
afterwards to the cortex, in a process in which extracellular tau (coming from dead
neuron) could play a role (Gomez-Ramos et al., 2008).

3.2.2 Tau Phosphorylation at Tyrosine Residues

Tau phosphorylation can also take place at tyrosine residues (Williamson et al.,
2002), with tyrosine 394 identified as the major site of tyrosine phosphorylation in
tau (Derkinderen et al., 2005) when tyrosine kinase Abl was used, whereas tyrosine
18 appears to be the major site for Fyn (another tyrosine kinase) phosphorylation
(Lee et al., 2004). However, it is not clearly known if the tyrosine residue amino
acid 310 is modified or not by phosphorylation, although it has been suggested that
if phosphorylation occurs at amino acid 310, this may have an important influence
in tau fibrillation (Inoue et al., 2008).

3.3 Tau Phosphatases

The phosphorylation level of protein like tau is the consequence of equilibrium
between its phosphorylation (by kinase) and its dephosphorylation (by phos-
phatases). The majority of brain cellular phosphatase activity on phosphoserine and
phosphothreonine residues is due to the action of four main phosphatase classes:
PP1, PP2A, PP2B (or calcineurin) and PP2C (Cohen, 1989). PP2A is the most impli-
cated in phosphotau dephosphorylation (Gong et al., 1994b; Wang et al., 1995),
whereas PP2C appears to dephosphorylate tau only when it is phosphorylated by
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PKA in vitro (Gong et al., 1994). PP2A is composed of three subunits, with the B
subunit being involved in the binding to the substrate (Ramesh Babu et al., 2008).
It has been suggested that PP2A binds to tau through its tubulin-binding region
(Goedert et al., 2000). The B subunits consist of four families (Janssens and Goris,
2001), with the Ba subunit being the one that facilitates tau dephosphorylation
(Drewes et al., 1993). PP2A activity could be regulated by at least two inhibitors,
I;PP2A and I,PP?A (Chen et al., 2008). Phosphorylation of tau by proline-directed
protein kinase takes place on serine or threonine that precedes a proline, and it
may alter the rate of prolyl-isomerization. There exists a chaperone, Pin-1, that
could restore this isomerization (Lu et al., 1999) facilitating the action of PP2A
to dephosphorylate tau protein.

3.4 Toxicity of Phosphotau

There is converging evidence, through use of cell culture and animal (invertebrate
and vertebrate) models, that an aberrant tau hyperphosphorylation can cause neu-
rodegeneration in the absence of tau aggregate formation (for review, see Brandt
et al., 2005). Examples can be found in a mouse model overexpressing human tau.
This tau overexpression induces tau phosphorylation, neural dysfunction, and mem-
ory deficits without tau aggregation (Kimura et al., 2007). In another model, tau
phosphorylation and synapse loss precede formation of aggregates (Kimura T, et al.,
2010). Also, in a mouse overexpressing GSK3p (Engel et al., 2006b), phosphotau
appears to be toxic in the absence of tau aggregation; a result that correlates well
with a previous observation (Santacruz et al., 2005). Also, there are other models,
mainly in Drosophila melanogaster, indicating phosphotau toxicity (Steinhilb et al.,
2007).

A possible mechanism to explain tau toxicity is based on the fact that phospho-
rylated tau can recruit unmodified tau (and other MAPs) from microtubules, which
may result in disruption of microtubules (Alonso et al., 1996). Another possible
mechanism could be related to an impairment of axonal transport, although this
possibility is now under discussion (Yuan et al., 2008).

3.4.1 Tau Phosphorylation and Alzheimer’s Disease

The best known tauopathy is Alzheimer’s disease (AD), in which neurofibrillary
tangles are made up of paired helical filaments formed by hyperphosphorylated
tau (Grundke-Igbal et al., 1986). As previously indicated, there are several tau
kinases, but among them a major role has been assigned to GSK3. For a transgenic
Drosophila model, it has been described that tau phosphorylation by GSK3 facili-
tates tau aggregation (Ishihara et al., 2001). Similar results were found for mouse
models (Engel et al., 2006; Perez et al., 2003) and by use of cell culture and in vitro
models (Perez et al., 2000; Perez et al., 2002).

It is known that there are two types of AD: familial AD (FAD) and sporadic
AD (SAD). In FAD, mutations in three genes (app, ps-1, and ps-2) result in the
appearance of the disease (Price and Sisodia, 1998). The mutations may yield an
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increase in the amount of f-amyloid peptide (AP), a peptide that could increase
GSK3 activity because it acts as an antagonist of insulin/IGF-1 receptor (Townsend
et al., 2007). Also, an increase in intracellular calcium that can occur in AD can
increase the activity of calpain protease and the activity not only of GSK3 (Goni-
Oliver et al., 2007) but also of other tau kinases such as cdk5 (Patrick et al., 1999;
Yoo and Lubec, 2001). Interestingly, it has been recently indicated that an intron,
non-codifying GSK3p polymorphism shows association with AD (Schaffer et al.,
2008).

Also, inflammatory cytokines such as interleukin 18 produced by activated
microglia, an event occurring in AD, may increase tau phosphorylation by GSK3
or cdk5 (Ojala et al., 2008). Both kinases could also be activated in mice treated
with 3,4-methylenedioxymethamphetamine (“Ecstasy”) (Busceti et al., 2008).

On the other hand, it has been described that tau in polymer form can be
phosphorylated by GSK3 to form large, tangle-like structures (Rankin et al.,
2008).

3.5 Therapies to Prevent Tau Phosphorylation

Because tau phosphorylation could be toxic for neurons, some strategies have been
developed to attempt to inhibit tau phosphorylation in a direct or in an indirect
way (Schneider and Mandelkow, 2008). A direct way to inhibit tau kinases such as
GSK3 could involve the use of iRNA (Yu et al., 2003) or the use of small molecules
such as (for GSK3) lithium (Noble et al., 2005); indirubins (Leclerc et al., 2001);
maleimides (Smith et al., 2001); paullones (Leost et al., 2000); thiazoles (Bhat et al.,
2003), or thiadiazolidinones (Martinez et al., 2002).

Also, a reciprocal relationship between phosphorylation and O-GIcNAC modifi-
cation of tau has been indicated (Yuzwa et al., 2008).

Indirect ways to inhibit tau phosphorylation have also been indicated. For exam-
ple, it has been reported that use of folate decreases tau phosphorylation through
its regulation of PP2A (Sontag et al., 2008) and that use of nicotinamide reduces
tau phosphorylation through a mechanism involving sirtuin inhibition (Green et al.,
2008). Also, inhibition of calpain (Trinchese et al., 2008), which could activate
GSK3 (Goni-Oliver et al., 2007), may prevent tau phosphorylation. Inhibitors
of PP2A inhibitors (Tsujio et al., 2005) could also be used for decreasing tau
phosphorylation.
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Chapter 4
Tau Pathology

Nicolas Sergeant and Luc Buée

Abstract Tau pathology refers to molecular mechanisms leading to the intracellular
aggregation of abnormally modified tau protein isoforms and to the propagation
of this degenerating process along neuronal circuitry. Tau proteins belong to the
family of microtubule-associated proteins. They are essential for the assembly of
tubulin dimers into microtubules and their parallel-ordered organization. Tau is
strongly expressed in neurons, localized in the axon, and is essential for neuronal
architecture, plasticity, and network. From the gene to the protein, several post-
transcriptional and posttranslational modifications regulate tau. At each of these
levels, mechanisms can be deregulated and associated with the development of tau
pathology such as in Alzheimer’s disease and in several neurologic disorders — the
so-called tauopathies. In animal models, overexpression of mutated tau proteins is
often used to induce a tau pathology leading to motor and/or cognitive dysfunction.
Tau pathology is certainly a good therapeutic target, but untangling tau remains a
major therapeutic challenge.

Keywords Alzheimer’s disease - Neurofibrillary degeneration - Microtubule-
associated protein tau - Tauopathies - Tau pathology
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4.1 General Introduction

In Alzheimer’s disease (AD), microtubule-associated protein tau is the major
component of paired helical filaments inside degenerating neurons referred to as
neurofibrillary tangles (NFTs). However, aggregation of tau inside neurons or glial
cells is observed in more than 20 neurologic disorders, which together form the
so-called tauopathies. The Tau/MAPT gene locus is associated with the development
of frontotemporal dementia, and microdeletion in the locus region is associated with



4 Tau Pathology 85

mental retardation. Besides its most well-known function as being a microtubule-
polymerizing and -stabilizing factor, tau is implicated in the architecture and
organization of the parallel order of microtubules and is also important for the reg-
ulation of axonal transport through the regulation of motor proteins and vesicular
transport. When aggregated, one of the major questions that remain to be answered
is whether there is a loss or gain of toxic functions. Recent development of trans-
genic animal models may be useful to address this question. In this chapter, several
of those important aspects of tau biology will be addressed as well as the use of tau
proteins as potential diagnostic markers.

4.2 Microtubule-Associated Tau

4.2.1 Tau/MAPT Gene

The human 7au/MAPT gene is unique and contains 16 exons located over more than
150 kb on the long arm of chromosome 17 at band position 17q21 (Neve et al.,
1986; Andreadis et al., 1995) (Fig. 4.1b). The restriction analysis and sequencing of
the gene shows that it contains two CpG islands, one associated with the promoter
region, the other within exon 9 (Andreadis et al., 1995). The CpG island in the
putative MAPT promoter region resembles a previously described neuron-specific
promoter. Two regions homologous to the mouse Alu-like sequence are present. The
sequence of the promoter region also reveals a TATA-less sequence that is likely to
be related to the presence of multiple initiation sites, typical of housekeeping genes.
Three SP1-binding sites that are important in directing transcription initiation in
other TATA-less promoter are also found in the proximity of the first transcrip-
tion initiation site (Andreadis et al., 1996). The SP1-binding sites are suggested to
control neuronal-specific expression of tau (Heicklen-Klein and Ginzburg, 2000).
Although the mechanism underlying the neuronal expression of tau is not known,
the expression of Cre recombinase under the control of the murine tau promoter
results in an almost complete restricted expression of the recombinase in neurons
(Muramatsu et al., 2008). In human, tau expression is also found in muscle and
scarcely in other tissues or organs (Castle et al., 2008). Several polymorphisms
are identified and found to be in complete linkage disequilibrium with one another
defining an extended haplotype that covers the entire MAPT gene (Schraen-Maschke
et al., 2004) and even spans to a region covering ~1.8 Mb (Pittman et al., 2004)
(Fig. 4.1a). The H2 haplotype is much more rare than the H1 haplotype (73-79%)
in healthy individuals and results from H1 by the inversion of a ~970-kb segment
(Stefansson et al., 2005). The H2 haplotype is associated with an increased risk of de
novo microdeletion and developmental delay and learning disability (Shaw-Smith
et al., 2006; Zody et al., 2008). Specific H1 sub-haplotypes are associated with the
risk of developing AD, parkinsonian syndromes such as corticobasal degeneration,
and progressive supranuclear palsy and likely influence the profile of tau isoform
expression (Rademakers et al., 2005; Myers et al., 2007; Caffrey et al., 2008).
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Fig. 4.1 Chromosome localization and microtubule-associated MAPT/tau gene. a Chromosome
localization and haplotypes of tau. Tau gene is located on chromosome 17 at position q21.31. The
locus of the human 7au gene occurs as two haplotypes H1 and the inverted version of H1, H2. NO
recombination is observed between H1 and H2 over a region of approximately 1.5 Mb. Tau gene
locus and the surrounding genes are represented. H1 and its ~970-kb inverted H2 haplotype are
represented. b Tau gene. Tau gene spans more than 130 kb and is composed of 16 exons. Transcript
initiation starts at exon —1, and the start codon is located in exon 1. They are two alternate stop
codons located following exon 13 or inside exon 14. The 3’ ending of exon 14 is not completely
characterized in humans. The initiation of transcription is indicated by +1. The promoter region of
tau encompasses the sequence upstream exon — 1, the exon —1 and the intron 0. Intron 0 contains
many haplotype tagging single-nucleotide polymorphisms; among those, htSNP167 modulates
tau promoter function depending on the allele. The promoter is GC-rich and contains SP1 and
Activator protein-2 (AP2) binding-motifs proximal to exon —1. The SP1-binding sites are sug-
gested to control neuronal specific expression of tau (Heicklen-Klein and Ginzburg, 2000). The
A allele of the haplotype tagging SNP167 abolishes putative binding sites for LBP-1c/LSF/CP2.
The G allele of htSNP167 promotes a higher expression of luciferase in mouse and human neurob-
lastoma cells (Rademakers et al., 2005). It is noteworthy that polymorphism in LBP-1¢/LSF/CP2
gene is potentially a genetic determinant for AD (Lambert et al., 2000; Bertram et al., 2005)

4.2.2 Posttranscriptional Modifications

The tau primary transcript contains 16 exons (Fig. 4.2a). In the central nervous
system (CNS), two transcripts of 2 and 6 kb arise from the use of two alterna-
tive polyadenylation sites: the 2 kb mRNA targets tau to the nucleus, and the 6 kb
encodes the major form in axons (Andreadis, 2005; Gallo et al., 2007). In the human
brain, tau exons 4A and 8 are skipped. Exon 4A is found in bovine, human, and
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Fig. 4.2 Alternative splicing and tau proteins in the central nervous system. a Alternatively spliced
cassettes. Several mRNAs are generated by alternative splicing of exons 2, 3, 4A, and 10. The
6p and 6d are cryptic splicing sites rarely used. The selection of those sites is supposed to gen-
erate carboxy-truncated tau proteins (Luo et al., 2004) (for review, see Andreadis, 2005). Exon
4A is excluded in the brain and included in the spinal cord and peripheral nervous system. Exon
8 is found included only in muscle and found also in other species such as bovine tau. b Tau
protein isoforms in the central nervous system. In the human brain, six major tau isoforms are
generated from the alterative splicing of exons 2, 3, and 10. Exon 3 is always included with
exon 2. Exon 10 encodes an additional microtubule-binding motif numbered R1-R4 that together
define the microtubule-binding region. Half of tau proteins contain three microtubule-binding
motifs (light gray) and the other half (dark gray) has four microtubule-binding motifs. Upstream
the microtubule-binding is the proline-rich domain containing several phosphorylation sites that
regulate tau binding to microtubules

rodent peripheral tissues with a high degree of homology. Exon 8 is alternative and
found in striated muscle spinal cord and pituitary (Castle et al., 2008). Notably, tau
expression is 10-fold higher in brain and spinal cord than in skeletal muscle. Cryptic
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splicing sites are described in exon 6 that generate tau mRNA lacking the remaining
3’ exon cassettes (Wei and Andreadis, 1998). Those are found in muscle and the
spinal cord, but the presence of the protein remains to be determined. Exon—1 and
the adjacent intron are part of the promoter. Exon—1 is transcribed but not translated.
Exons 1,4,5,7,9, 11, 12, and 13 are constitutive exons. Exon 14 is part of the 3’
untranslated region of tau mRNA (Goedert et al., 1989a, b; Andreadis et al., 1992).
Exons 2, 3, and 10 are alternatively spliced and are adult brain specific (Andreadis
et al., 1995). Exon 3 is never included independently of exon 2 although exon 2
can be included independently of exon 3 (Andreadis et al., 1992). Thus, alterna-
tive splicing of these three major exons allows for six mRNAs (2-3—-10—; 2+3-10—;
2+43+10—; 2-3-10+; 2+3-10+; 2+3+10+), and in the human brain, the tau primary
transcript is composed of six mRNAs translated into six protein isoforms (Goedert
et al., 1989a, b; Himmler, 1989) (Fig. 4.2b).

4.3 Tau Proteins: Posttranslational Modifications and Functions

4.3.1 Tau Functions

Tau was first discovered in the middle of the 1970s as a factor promoting tubu-
lin polymerization (Weingarten et al., 1975). Tau is a neuronal protein essentially
located within the axonal compartment. Its structure makes it essential for the orga-
nization, stabilization, and dynamics of microtubules. The primary sequence of tau
can be subdivided in an amino-terminal region followed by a proline-rich domain,
the microtubule-binding repeat motifs, and the carboxy-terminal tail (Fig. 4.2b).
Regarding the primary structure, the polypeptide sequences encoded by exons 2/3
add to tau acidity, whereas exon 10 encodes a positively charged sequence that adds
to the basic character of tau. More generally, the amino-terminal region has a pI of
3.8 followed by the proline domain, which has a pl of 11.4, and the carboxy-terminal
region is also positively charged with a pI of 10.8. Tau is rather a dipole with
two domains with opposite charge, which can be modulated by posttranslational
modifications. Structural analysis of human tau using several biophysical methods
showed that in solution, tau behaves as an unfolded protein (Schweers et al., 1994).
However, functions of tau are distributed both in the amino- and the repeat-domains.

The amino-terminal region together with the proline-rich domain is referred to
as the projection domain. This unstructured and negatively charged region detaches
from the surface of microtubules (Hirokawa et al., 1988) and can interact with the
plasma membrane or cytoskeletal proteins (Brandt et al., 1995). Tau may also con-
tribute to the spacing in between microtubule lattice and to the parallel-ordered
organization of microtubules in axons (Chen et al., 1992). The spacing may be
dependent upon the presence of additional amino-terminal sequences such as exons
2, 3, or 4A. The latter is included only in the spinal cord in peripheral nerve tissue
(Georgieff et al., 1993). More recently, using a biophysical assay, Rosenberg and
colleagues suggest that the amino-terminal regions of two tau molecules, each one
individually binding to a microtubule, form an electrostatic “zipper” (Rosenberg



4 Tau Pathology 89

et al., 2008). The amino-terminal region of tau also interacts with a growing panel
of proteins including motor proteins such as kinesin-1 (Utton et al., 2005) and dyn-
actin/dynein complex (Magnani et al., 2007), SH3 containing tyrosine kinases such
as the phospholipase C-gamma 1, or the p85a subunit of PI3K (Reynolds et al.,
2008). Recently, it has been established that tau regulates the motility of dynein and
kinesin motor proteins by an isoform-dependent mechanism (Dixit et al., 2008).
Indeed, the shortest tau isoform lacking exons 2, 3, and 10 impedes the motil-
ity of both kinesin and dynein, whereas the longest tau isoforms with all exons
have less effect on motor protein motility (Dixit et al., 2008). Thus, the axonal
transport of vesicles may be finely tuned by the ratio of tau isoforms expressed.
In neurodegenerative disorders, a modified pattern of tau isoform expression/ratio,
due to tau aggregation for instance, may profoundly affect the axonal transport and
could possibly lead to neurodegeneration (Crosby, 2003). Interactors of tau proteins
may also regulate tau function. Tau has been shown to interact with thioredoxin-
like protein RACVFL in the retinal neurons (Fridlich et al., 2009). One isoform of
RACVFL having the thioredoxin-like function likely regulates the phosphorylation
and degradation of tau.

The carboxy-terminal region, which is the basic region of tau protein, is charac-
terized by the presence of three or four repeat motifs, depending on the inclusion
or not of the exon 10 encoding sequence. The repeat motifs corresponding with
the microtubule-binding domains. Apart from binding to microtubules, the repeat-
domains of tau interact with the histone deacetylase 6 (HDAC6), and HDACS6 is
suggested to regulate tau phosphorylation. The inhibition of the proteasome activity
by MG132 enhances the interaction of HDAC6 with tau. Interestingly, in this con-
dition HDAC6-tau complexes are observed in perinuclear aggresomes (Ding et al.,
2008). The proteasomal degradation of tau is also sensitive to chaperone and co-
chaperones Hsc70 and Bcl2-associated athanogene-1 (BAG-1), respectively, which
are interactors with tau proteins (Elliott et al., 2007; 2009). The repeat-domains
also interact more strongly with apolipoprotein E3 than the E4 isovariant (Huang
et al., 1995). Apolipoprotein E4 genotype is a major risk factor in AD (for review,
see Lambert and Amouyel, 2007). The interaction of tau and ApoE is reduced by
phosphorylation of tau at serine 262 residue. The functionality of the tau—ApoE
interaction remains unknown. However, a triple transgenic mouse model of AD
crossed with a knock-in ApoE4 mouse showed a strong influence of ApoE4 upon the
topographical distribution of amyloid deposits, but surprisingly, the tau pathology
was strongly reduced (Oddo et al., 2008). Together, tau interacting partners may pro-
foundly regulate its function but also modulate the tau pathology. The physiologic
and pathologic function of tau is also regulated by posttranslational modifications
such as phosphorylation.

4.3.2 Tau Phosphorylation

Tau microtubule-associated proteins are phosphoproteins (Butler and Shelanski,
1986). There are 85 potential phosphorylation sites on the longest tau isoform (see
Fig. 4.3). Phosphorylation sites were characterized using phospho-dependent tau
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antibodies, phospho-peptide mapping, mass spectrometry, or NMR. According to
the latest extensive analysis of tau phosphorylation (Hanger et al., 2007) and that of
a previously published review (Buee et al., 2000), 71 among the 85 putative phos-
phorylation sites can be phosphorylated in physiologic or pathologic conditions
(for review, see Hanger et al., 2009). Most of the phosphorylation sites surround
the microtubule-binding domains in the proline-rich region and carboxy-terminal
region of tau. A total of more than 20 protein kinases can phosphorylate tau pro-
teins. This include four groups of protein kinases: (1) the proline-directed protein
kinases (PDPK), which phosphorylate tau on serines or threonines that are followed
by a proline residue. This group includes cyclin-dependent kinase 2 and 5 (Baumann
et al., 1993; Vincent et al., 1997; Hamdane et al., 2003a), mitogen-activated protein
kinase (MAPK) (Holzer et al., 2001), and several stress-activated protein kinases
(SAPKSs) (Goedert et al., 1997; Buee-Scherrer and Goedert, 2002). (2) The non-
PDPK group includes tau-tubulin kinases 1 and 2 (Tomizawa et al., 2001; Sato et al.,
2006; Kitano-Takahashi et al., 2007), casein kinases 1, 2, and 13 (Greenwood et al.,
1994; Hanger et al., 2007), Dual specificity tyrosine-phosphorylation-regulated
kinase 1A (DYRKI1A) (Drewes et al., 1997; Woods et al., 2001; Drewes, 2004,
Liu et al., 2008), the phosphorylase kinase (Paudel, 1997), Rho kinase (Amano
et al., 2003), and protein kinase A (PKA), protein kinase B (PKB/AKT), protein
kinase C (PKC), protein kinase N (PKN) (for review, see Sergeant et al., 2008). (3)
The third group includes protein kinases that phosphorylate tau on serine or threo-
nine residues followed or not by a proline. Glycogen protein kinases (GSK3a and
GSK3p) belong to this group and have a recognition motif (SXXXS or SXXXD/E)
(Hanger et al., 1992). This group also includes mitogen and stress-activated pro-
tein kinase MSK1, which belongs to the AGC kinases group AGC kinases group
(for protein kinases A, G, and C). AGC kinases preferentially phosphorylate serine
and threonine residues that lie in RXRXXS/T motifs (Virdee et al., 2007). The S6
kinases p70 and p90 (RSK1 and RSK?2) also phosphorylate tau as well as serum-
and glucocorticoid-induced kinase-1 (SGK1) (Virdee et al., 2007). (4) The fourth
group corresponds with tyrosine protein kinases such as Src kinases, C-abl, and
c-met (Kinoshita et al., 2008). (The phosphorylation sites for each kinase are rep-
resented on the longest tau isoform in Fig. 4.3; see also Diane Hanger’s Web site,
http://cnr.iop.kcl.ac.uk/hangerlab/tautable.)

These different groups share or have specific structural functions. The PDPK and
GSK families are involved in modulation of tau binding to microtubules (Thr231
and Ser396) and also in the pathologic process of aggregation (for review, see Buee
et al., 2000). The second group includes a number of kinases involved in signal
transduction where tau may act as a linker or modulator. In contrast, microtubule-
affinity regulating kinase (MARK) kinases are strictly involved in the regulation
of tau binding to microtubules by phosphorylating specific motifs (KXGS) within
the microtubule-binding domains (R1-R4 encoded by exons 9-12) (Mandelkow
et al., 2004). Finally, regarding the fourth group, studies have determined that
human tau Tyr18 and Tyr29 are phosphorylated by the src family tyrosine kinase
fyn (Williamson et al., 2002; Lee et al., 2004). The same proline-rich region of
tau proteins is likely involved in the interaction with phospholipase C-y (PLC-y)
isozymes (Hwang et al., 1996; Jenkins and Johnson, 1998). Hwang and colleagues
have demonstrated in vitro that tau proteins complex specifically with the SH3
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domain of PLC-y and enhance PLC-y activity in the presence of unsaturated fatty
acids such as arachidonic acid. These results suggest that in cells that express tau
proteins, receptors coupled to cytosolic phospholipase A2 may activate PLC-y indi-
rectly, in the absence of the usual tyrosine phosphorylation, through the hydrolysis
of phosphatidylcholine to generate arachidonic acid (Hwang et al., 1996; Jenkins
and Johnson, 1998). Altogether, these data indicate that tau proteins may also
play a role in the signal transduction pathway involving PLC-y (for review, see
Rhee, 2001; Rhee, 2001). Interestingly, tau is phosphorylated by c-met (Kinoshita
et al., 2008), the tyrosine kinase receptor of hepatocyte growth and scatter factor
(HGF/SF) (Sergeant et al., 2000). This tyrosine receptor is also proteolyzed by the
same proteases as the amyloid protein precursor (APP) (Foveau et al., 2009). Yet, it
remains unknown whether HGF/SF could also modulate tau function.

Tau-tubulin kinase 1 (TTBK1) phosphorylates tau on tyrosine 197 and therefore
belongs to the fourth group of tau protein kinases (Sato et al., 2006). TTBK1 shows
high similarity with tau-tubulin kinase 2 (TTBK2) that is supposed to phosphory-
late tau at serine 208 and 210 as TTBK1 (Tomizawa et al., 2001; Kitano-Takahashi
et al., 2007). Notably, a very recent study from Holden and collaborators has dis-
covered a mutation of TTBK?2 gene associated with spinocerebellar ataxia of type
11. Neuropathologic examination of the brain demonstrated the accumulation of
tau in degenerating neurons of the medullary tegmentum of brain stem (Houlden
et al., 2007). TTBK1 and TTBK2 belong to the casein kinase 1 (CK1) phylogenetic
tree, and TTBK1 shows more than 30% similarity with CK18. Although the phos-
phorylation sites were characterized using mass spectrometry, TTBK1 and CK13
do not phosphorylate tau at identical residues. Tau is phosphorylated by CK18 on
37 residues, not including a tyrosine residue. Only serines 198, 208, and 210 are
phosphorylatable by TTBK1 and CK13.

Finally, kinases may also regulate the posttranscriptional maturation of tau
RNAs. Thus, several kinases, including GSK3g, DYRKIA, and CLK2 or
p25/CDKS indirectly modulate the splicing of tau exon 10 through the phospho-
rylation of splicing factors (Hartmann et al., 2001; Hernandez et al., 2004; Shi et al.,
2008). Phosphorylation or dephosphorylation of tau may also contribute to the cell
localization of tau. Phosphorylation of tau by GSK3 regulates its axonal transport
by reducing its interaction with kinesin (Cuchillo-Ibanez et al., 2008). In sharp con-
trast, dephosphorylated tau is located to the cell nucleus (Loomis et al., 1990) and
is suggested to contribute to nucleolar organization (Sjoberg et al., 2006) and may
also contribute to chromosome stability (Rossi et al., 2008).

4.3.3 Tau Prolyl Isomerization

The peptidyl-prolyl cis/trans isomerase Pinl isomerizes the peptide bond of
a phosphorylated-serine or phosphorylated-threonine followed by a proline
(pSer-/pThr-Pro). Pinl potentiates the cis-/trans-isomerization of its substrates,
consequently changing the accessibility of the phospho site for further dephospho-
rylation, ultimately leading to a modified activity of the substrate or degradation.
Through isomerization of pSer-/pThr-Pro, Pinl therefore regulates a number of
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proteins including mitotic and proapoptotic proteins. Pinl consists of two functional
domains. The amino-terminal region is a group IV WW domain that specifi-
cally binds to pSer-/pThr-Pro motifs. The carboxyl-terminal region is the catalytic
domain that isomerizes the peptidyl-prolyl bond between pSer-/pThr and proline
(for reviews, see Landrieu et al., 2006; Lippens et al., 2007). During neuronal dif-
ferentiation, Pinl may be a key actor because its expression is strongly increased
at both mRNA (Zhang et al., 2004) and protein levels (Hamdane et al., 2006). Pinl
levels are also high in mature neurons (Galas et al., 2006; Hamdane et al., 2006).

Pinl is of particular interest in AD because it was first described as a new reg-
ulator of phosphorylation and conformation of tau proteins (Lu et al., 1999). In
vitro, Pinl would bind to two pThr-Pro motifs (Thr212 and Thr231) (for reviews,
see Landrieu et al., 2006; Lippens et al., 2007). Pinl may isomerize peptide bonds
and facilitate dephosphorylation of these pThr-Pro motifs in trans-conformation by
protein phosphatase 2A (Zhou et al., 2000). Thus, in vitro, the dephosphorylation
of prephosphorylated tau by brain extracts obtained from Pinl knocked-out mice
is attenuated when compared with that of control brain extracts (Yotsumoto et al.,
2009). Notably, when using mutated tau instead of wild-type tau, the lack of Pinl
had no effect (see later). In situ, in SY5Y human neuroblastoma cells and mouse
primary neuronal cortical cultures, Pinl facilitates a differential dephosphorylation
of tau at pThr231 (Galas et al., 2006; Hamdane et al., 2006). Furthermore, some
hypotheses state that Pinl could regulate some cell cycle markers that are altered in
AD (Hamdane et al., 2003b; Dourlen et al., 2007). Thus, all of these data suggest a
potential neuroprotective function of Pinl against AD but likely not in frontotempo-
ral dementia linked to tau mutations. However, Pinl is oxidized and downregulated
in the hippocampus of AD (Sultana et al., 2006) and patients with mild cognitive
impairment (Butterfield et al., 2006). Furthermore, soluble Pinl is depleted in AD
brains (Lu et al., 1999), and a subcellular mislocalization of Pin1 is observed in AD
and frontotemporal dementias (Lu et al., 1999; Thorpe et al., 2001; Holzer et al.,
2002; Thorpe et al., 2004). Thorpe and collaborators hypothesized that the mislo-
calization of Pinl could be due to an excessive amount of hyperphosphorylated tau
(Thorpe et al., 2001). An abnormal regulation of Pinl in AD might participate in the
disease process.

4.3.4 Tau O-glycosylation

Phosphorylation is regulated by kinases and phosphatases, but growing evi-
dence shows that phosphorylation of serine or threonine residues interplay with
O-glycosylation. O-glycosylation of cytosolic proteins is a dynamic and abun-
dant posttranslational modification that is characterized by the addition of an
O-linked N-acetylglucosamine (O-GlcNAc) residue on serine or threonine in the
vicinity of Pro residues (Haltiwanger et al., 1997) by an O-GIcNAc transferase
(Kreppel et al., 1997). Although the functional significance of O-GlcNAcylation
is not yet fully understood, it is implicated in transcriptional regulation, pro-
tein degradation, cell activation, cell cycle regulation, and the proper assem-
bly of multimeric protein complexes (for review, see Hart, 1997). It occurs in
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neurofilaments (Dong et al., 1997) and in microtubule-associated proteins includ-
ing microtubule-associated protein 2 (MAP2) and tau proteins (Lefebvre et al.,
2003b). The number of O-GlcNAcylated sites on tau proteins is lower than
the number of phosphorylation sites. Site-specific or stoichiometric changes in
O-GIcNAcylation may modulate tau function. In fact, phosphorylation and O-
GlcNAcylation may have opposite effects. For instance, O-GlcNAcylation of tau
proteins and other microtubule-associated proteins suggest a role for O-GlcNAc
in mediating their interactions with tubulin. Alternatively, O-GlcNAcylation could
be implicated in the nuclear shuttling of hypophosphorylated tau proteins. Thus,
O-GlcNAcylation may also play a role in the subcellular localization and degra-
dation of tau proteins (for reviews, see Lefebvre et al., 2003a). However, as
for phosphorylation, it would be essential to determine precisely the serine or
threonine residues on tau that can be O-GlcNAcylated by the O-GIcNAc trans-
ferase. Phosphorylation and O-GlcNAcylation are both labile upon ionization likely
explaining the challenge to identify the sites that are targets for both phosphorylation
and N-GIcNAcylation. Nuclear magnetic resonance (NMR) could be an alternate
approach to investigate further the O-glycosylation of tau and help to decipher the
structure—function relationship of N-GlcNAcylation of tau.

4.3.5 Other Posttranslational Modifications

Apart from phosphorylation and glycosylation, tau proteins have also been shown
to exhibit ubiquitination (Morishima-Kawashima et al., 1993), nitration (Mailliot
et al.,, 2002), glycation, and modification by advanced glycation end-products
(AGEs) (Munch et al., 2003). Those posttranslational modifications were essentially
evidenced on aggregated tau (for review, see Avila et al., 2004).

4.4 The Microtubule Assembly Domain

Tau proteins bind microtubules through repetitive regions in their C-terminal part
(Fig. 4.2b). These repetitive regions are the repeat domains (R1-R4) encoded by
exons 9-12 (Lee et al., 1989). The three (3R) or four (4R) copies are made of
a highly conserved 18-amino-acid repeat (Lee et al., 1988; Goedert et al., 1989a;
Himmler, 1989; Lee et al., 1989) separated from each other by less conserved
13- or 14-amino-acid inter-repeat domains. Tau proteins are known to act as pro-
moters of tubulin polymerization in vitro (Weingarten et al., 1975; Cleveland et al.,
1977a, b; Brandt and Lee, 1993). They have been shown to increase the rate of
microtubule polymerization and to inhibit the rate of depolymerization (Drechsel
etal., 1992). Tau also protects microtubules from being severed by severing proteins
such katanin (Qiang et al., 2006).

The binding of tau to microtubules implicates the repeat domains. The 18-amino-
acid repeats bind to microtubules through a flexible array of distributed weak sites
(Lee et al., 1989; Butner and Kirschner, 1991). Tau isoforms with 4R (R1-R4) are
more efficient at promoting microtubule assembly than the fetal isoform with 3R
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(R1, R3, R4) (Goedert and Jakes, 1990; Butner and Kirschner, 1991; Gustke et al.,
1994). Interestingly, the most potent polypeptide to induce dimers of tubulin poly-
merization is the inter-region between repeats 1 and 2 (R1-R2 inter-region) and
more specifically peptide 274KVQIINKK281 within this sequence. This R1-R2
inter-region is unique to 4R tau (because it occurs between exons 9 and 10), adult
specific, and responsible for differences in the binding affinities between 3R and
4R tau (Goode and Feinstein, 1994). Using a cysteine mutant of the repeat domain
of tau enabling nanogold-labeling of the microtubule-binding domain, tau protein is
shown to decorate the inner surface of the microtubule close to the Taxol (Paclitaxel)
binding site on -tubulin (Kar et al., 2003a, b).

Recent evidence supports a role for the microtubule-binding domain in the mod-
ulation of the phosphorylation state of tau proteins. A direct and competitive binding
has been demonstrated between residues 224-236 (according to the numbering
of the longest isoform) and microtubules on one hand and residues 224-236 and
protein phosphatase 2A (PP2A) on the other hand (Sontag et al., 1999). As a con-
sequence, microtubules could inhibit PP2A activity by competing for binding to tau
at the microtubule-binding domains.

4.5 Tau Pathology

4.5.1 Tau in Neurofibrillary Degeneration

Neurofibrillary degeneration, as first described by Alois Alzheimer, consists of the
intraneuronal accumulation of proteinaceous fibrils forming flame-shaped neurons.
Fibrils were later demonstrated to correspond with paired helical filaments (PHF)
indicating the well-structured organization of the molecular constituent (Kidd,
1964). This material is insoluble, and this biochemical property was used to iso-
late the material and to generate antibodies. The major antigen of PHF was shown
to correspond with tau protein, namely PHF-tau (Brion et al., 1985). Similarly, anti-
bodies raised against isolated PHF stained tau proteins (Delacourte and Defossez,
1986). Proteomic isolation and characterization of the most aggregated components
of PHF showed that the core of PHF was mostly composed of the microtubule-
binding motif lacking the exon 10 encoding sequences (Kondo et al., 1988; Wischik
et al., 1988; Jakes et al., 1991).

The most striking difference between postmortem tau and PHF-tau proteins is
the molecular weight, as tau protein derived from postmortem control individuals
is resolved as 6 main bands (45-67 kDa), whereas PHF-tau comprises four main
bands between 60 and 74 kDa. Two-dimensional gel electrophoresis followed by
Western blotting is a useful method to demonstrate that PHF-tau is more acidic
than normal tau (Ksiezak-Reding et al., 1988; Bretteville et al., 2009). Increased tau
acidity is due to hyper- and abnormal phosphorylation in degenerating neurons. A
number of studies, using phosphatase, antibodies against PHF-tau (thereafter shown
to be phospho-dependent tau antibodies) and mass spectrometry analyses, together
demonstrated that PHF-tau is hyperphosphorylated on “native” phospho-sites and
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abnormally phosphorylated on pathologically related sites (phosphorylation sites
on PHF-tau corresponds with the red “P” in Fig. 4.3). The former observation
was demonstrated using phospho-dependent antibodies and two-dimensional gel
electrophoresis on human brain tissue obtained from tumor resections and, there-
fore, without postmortem/surgery delay (Matsuo et al., 1994; Sergeant et al., 1995).
Abnormal phospho-sites were demonstrated using antibodies that recognize PHF-
tau and not normal or “native” tau, such as AT100 or AP422, which recognize the
phosphorylated threonines 212-214 and serine 217 or the serine 422, respectively.
Nonetheless, to generate the pathologic phospho-sites at AT 100 epitope, a sequential
phosphorylation by two kinases (Yoshida and Goedert, 2006) is necessary suggest-
ing that several kinases may be deregulated in AD. It is also interesting to note that
the AT100 epitope includes a Pinl binding site (see earlier).

4.6 Tau Pathology Spreading from “Normal” Aging
to Alzheimer’s Disease

The prospective and multidisciplinary study of tau pathology in multiple human
brain regions either by neuropathologic or biochemical approaches has shown that
with aging, the entorhinal cortex and hippocampal formation are prone to develop
a tau pathology. Phenotypically, this tau pathology is not different from the one
observed in AD. It is characterized by a quadruplet of abnormal tau proteins and
is systematically present in variable amounts in the entorhinal and hippocampal
regions of nondemented patients aged over 75 years (Vermersch et al., 1992; Lace
et al., 2009). Tau pathology affects the cholinergic system in AD, but the nucleus
basalis of Meynert, which contains most cholinergic axonal projections to the cor-
tex, is the only basal forebrain structure displaying an age-related tau pathology
(Mesulam et al., 2004).

In AD disease, tau pathology is found in brain areas affected with aging, and
several additional brains areas are also affected. However, the tau pathology fol-
lows cortico-cortical connections with a stereotyped, sequential, and hierarchical
pathway affecting large pyramidal neurons. Braak and Braak proposed a six-stage
spatiotemporal progression of tau pathology in AD (Braak and Braak, 1991). A sim-
ilar scheme of spatiotemporal spreading into 10 stages is also described according to
the brain regions sequentially affected: transentorhinal cortex (S1), entorhinal (S2),
hippocampus (S3), anterior temporal cortex (S4), inferior temporal cortex (S5), mid
temporal cortex (S6), polymodal association areas (prefrontal, parietal inferior, tem-
poral superior) (S7), unimodal areas (S8), primary motor (S9a) or sensory (S9b,
S9c) areas, and all neocortical areas (S10). Up to stage 6, the disease could be
asymptomatic. In all cases of our study, stage 7 individuals with two polymodal
association areas affected by tau pathology were cognitively impaired (Delacourte
etal., 1999).

Yet, the cortical factors that trigger the cortical spreading of tau pathology in
AD remain ill-defined (Delacourte et al., 1999; Duyckaerts et al., 1999; Delacourte
et al., 2002). However, recent data suggest that neurofibrillary degeneration cortical



4 Tau Pathology 97

spreading could follow a transmissible prion-like process. In fact, purified aggre-
gates of PHF-tau were purified from transgenic mice. Intracranial injection of this
preparation was done in a mouse model that overexpresses human tau protein but
does not display tau pathology. After the injection, development of a tau pathol-
ogy was observed. This pathology progressed from the injection site to neighboring
brain structures (Clavaguera et al., 2009).

4.7 Tau Pathology Classification

In several neurodegenerative disorders, referred to as tauopathies, abnormally and
hyperphosphorylated tau proteins aggregate. Comparative biochemistry of the tau
aggregates shows that they differ in both tau isoform phosphorylation and content,
which enables a molecular classification of tauopathies. In previous reviews, we
proposed a classification composed of five classes of tauopathies, defined depending
on the type of tau aggregates that constitute the “bar code” for neurodegenerative
disorders (Delacourte et al., 2007; Sergeant et al., 2008). This classification con-
tains four classes because the class O corresponding with frontal lobe dementia of
non-Alzheimer, non-Pick type is genetically linked to mutations in the progranulin
gene (Baker et al., 2006; Cruts et al., 2006). Brain morphologic changes comprise
a neuronal cell loss, spongiosis, and gliosis mainly in the superficial cortical lay-
ers of the frontal and temporal cortex. No tau aggregates are observed although
a loss of tau protein expression is observed in this disorder (Delacourte and Buee,
1997; Zhukareva et al., 2001, 2003). In contrast, ubiquitin-positive nuclear inclusion
composed of TDP-43/TAR DNA-binding Protein (TARDBP) is a characteristic neu-
ropathologic lesion of this disease, which is considered a novel proteinopathy (for
review, see Forman et al., 2007). The relationship between progranulin loss of func-
tion and intranuclear inclusion of TDP-43 and loss of tau protein expression remains
unknown.

4.7.1 Class I: All Brain Tau Isoforms Are Aggregated

Class I is characterized by a pathologic tau quartet at 60, 64, and 69 kDa and a
minor pathologic tau at 72/74 kDa. This pathologic tau quartet corresponds with
the aggregation of the six tau isoforms (Goedert et al., 1992; Hanger et al., 1992;
Sergeant et al., 1997a, b). The pathologic tau 60 is composed of the shortest tau
isoform (2-3—10-). The pathologic tau 64 and 69 are each composed of two tau iso-
forms. Tau isoforms with either the exon 2 or exon 10 alone compose the pathologic
tau 64. The pathologic tau 69 is made of tau isoforms either with exon 2+10 or exon
2+3. The longest tau isoform containing exons 2, 3, and 10 (2+3+10) constitute
the 72/74 kDa pathologic component, as determined by two-dimensional gel elec-
trophoresis coupled to Western blotting using exon-specific tau antibodies (Sergeant
etal., 1997a). This typical tau profile was first characterized in AD but now includes
nine additional neurologic disorders listed on Fig. 4.3 (for review, see Buee et al.,
2000).
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4.7.2 Class I1: Tau Isoforms Containing the Exon 10 Encoding
Sequence Aggregate

The class II profile is characterized essentially by the aggregation of tau with four
microtubule-binding domains (Fig. 4.3). This pathologic tau profile is observed
in corticobasal degeneration (CBD), argyrophilic grain dementia (AGD), progres-
sive supranuclear palsy (PSP), and frontotemporal dementia linked to chromosome
17 due to tau gene mutations (Sergeant et al., 1999; Tolnay et al., 2002). PSP is
a late-onset atypical parkinsonian disorder described by Steele, Richardson, and
Olszewski in 1964 (Richardson et al., 1963; Steele et al., 1964). CBD was first
described in 1967 and referred to as corticodentatonigral degeneration with neuronal
achromasia (Rebeiz et al., 1967, 1968). It is a rare, sporadic, and slowly progressive
late-onset neurodegenerative disorder characterized clinically by cognitive distur-
bances and extrapyramidal motor dysfunction. AGD was described in 1987, when
Braak and co-workers reported a series of eight patients with a non-Alzheimer,
late onset dementia (Braak and Braak, 1987). Clinically, AGD is characterized by
behavioral disturbances such as personality change and emotional imbalance, as
well as memory and cognitive impairment. The Consortium for Frontotemporal
Lobar Degeneration is giving an update on clinical and neuropathologic criteria for
the pathology diagnosis in neurologic disorders grouped as frontotemporal lobar
degeneration (Cairns et al., 2007).

A series of 10 polymorphisms within the tau gene, including 8 single nucleotide
polymorphism (SNP) and 1 deletion, have been found to be inherited in complete
linkage disequilibrium with each other and with the dinucleotide polymorphism
116507(TG),, defining two extended haplotypes (H1 and H2) that cover at least the
entire tau gene (Baker et al., 1999; for review, see Schraen-Maschke et al., 2004).
The H1/H1 haplotype is more frequent in PSP/CBD patients than in controls or other
tauopathies (Baker et al., 1999; Hutton, 2000; Rademakers et al., 2004). HI/H1 may
be more frequent in AGD patients than in controls, though recent studies have failed
to establish a statistically significant difference (Ishizawa et al., 2002; Miserez et al.,
2003).

4.7.3 Class I1I: Tau Isoforms Lacking the Exon 10 Encoding
Sequence Aggregate

Class III of tauopathies includes Pick’s disease and autosomal dominant inherited
frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17)
(Fig. 4.3). Pick’s disease is a rare form of neurodegenerative disorder characterized
by a progressive dementing process. Early in the clinical course, patients show signs
of frontal disinhibition (Brion et al., 1991). Neuropathologically, Pick’s disease is
characterized by the presence of typical spheroid inclusions in the soma of neurons
called Pick bodies (Buee Scherrer et al., 1996; Delacourte et al., 1996). Pick bod-
ies are labeled by tau antibodies, with a higher density in the hippocampus than
in the neocortex. The pathologic tau profile of Pick’s disease contrasts with that
of class II tauopathies, with the pathologic tau isoforms consisting essentially of
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the 3R tau isoforms. In addition, aggregated tau proteins in Pick’s disease are not
detected by the monoclonal antibody 12ES raised against the phosphorylated residue
Ser262/Ser356, whereas in other neurodegenerative disorders, this phosphorylation
site is detected (Delacourte et al., 1996; Probst et al., 1996). The lack of phospho-
rylation at Ser262 and 356 sites is likely to be related to either a kinase inhibition
in neurons that degenerate in Pick’s disease or an absence of these kinases within
degenerating neurons (Mailliot et al., 1998).

4.7.4 Class IV: Tau Isoform Lacking Exons 2, 3, and 10 Principally
Aggregate

Class IV is represented by myotonic dystrophy of type I and type II (Fig. 4.3).
Myotonic dystrophy (DM) is the most prevalent form of adult-onset muscular
dystrophy. Many systems including the central nervous system (cognitive and
neuropsychiatric impairments), the heart (cardiac conduction defects), the geni-
tal tract (testicular atrophy), eyes (cataracts), ears (deafness), the gastrointestinal
tract (smooth muscle), and the endocrine system (insulin resistance and type 2 dia-
betes) are affected, thus leading to a wide and variable complex panel of symptoms
(Harper, 1997; Reardon and Harper, 1992). DMs are inherited autosomal domi-
nant disorders caused by dynamically instable CTG or CCTG expansions in the
3’'UTR of DPMK (Brook et al., 1992) or the first intron of ZNF9 in DM1 and
DM2, respectively (Ranum et al., 1998). Cognitive impairment, including memory,
facial-emotion recognition, visuospatial recall, verbal scale, with cortical atrophy
of the frontal and the temporal lobe and white matter lesions are often described
in both DM1 and DM2 (Meola, 2000; Meola and Sansone, 2007; Sansone et al.,
2007). Neuropathologic lesions, such as neurofibrillary tangles, have been observed
in adult DM1 individuals over 50 years of age (Yoshimura, 1990; Yoshimura et al.,
1990; Vermersch et al., 1996). The pathologic tau profile of DM1 is characterized
by a strong pathologic tau band at 60 kDa and to a lesser extent a pathologic tau
component at 64 and 69 kDa. This typical pathologic tau profile is reflected by a
reduced number of tau isoform expression in the brain of individuals with DM1,
at both the protein and mRNA levels (Sergeant et al., 2001). In addition, tau pro-
tein expression is also altered in transgenic mice with human DMI1 locus (Seznec
et al., 2001; Gomes-Pereira et al., 2007). The analysis of multiple brain regions
of one genetically confirmed DM2 patient aged 71 years showed some neurofibril-
lary degenerating processes. Using specific immunologic probes against amino acid
sequences corresponding to exons 2 and 3, the neurofibrillary lesions were shown to
be devoid of tau isoforms with N-terminal inserts (Maurage et al., 2005). An altered
splicing of tau characterized by a reduced expression of tau isoforms containing the
N-terminal inserts characterizes both DM1 and DM2. Overall, it demonstrates that
the central nervous system is affected and that DMs are real tauopathies. The direct
relationship between the altered splicing of tau and neurofibrillary degeneration in
DM remains to be established. Indeed, such an altered splicing of tau is commonly
observed in FTDP-17 and considered reminiscent of neurofibrillary degeneration
and tauopathies.
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4.8 Inherited Frontotemporal Dementia Linked
to Chromosome 17 and Tau Gene Mutations

Historically, frontotemporal dementia (FTD) was often classified as a form of Pick’s
disease, even when Pick cells or Pick bodies were not found (Constantinidis et al.,
1974). However, this denomination may involve different subgroups of pathologies,
and the Lund and Manchester groups published in 1994 a consensus on Clinical
and Neuropathological Criteria for Frontotemporal Dementia. This publication clar-
ified the position of Pick’s disease within FTD, and several of the reported cases of
familial Pick’s disease were probably cases of familial FTD. Indeed, it is difficult to
ascertain families that have the classic pathologic features of Pick’s disease in the
literature (Brown, 1992) because they often have unusual clinical features.

In 1994, Wilhelmsen and colleagues described an autosomal dominantly inher-
ited disease related to familial FTD, characterized by adult-onset behavioral distur-
bances, frontal lobe dementia, parkinsonism, and amyotrophy (Wilhelmsen et al.,
1994). They demonstrated a genetic linkage between this pathology, designated
disinhibition—dementia—parkinsonism—amyotrophy complex (DDPAC), and chro-
mosome 17q21-22 (Wilhelmsen et al., 1994). Since then, several families sharing
strong clinical and pathologic features and for which there is a linkage with chromo-
some 17q22-22 have been described (Wijker et al., 1996; Bird et al., 1997; Heutink
etal., 1997; Murrell et al., 1997). They have been included in a group of pathologies
referred to as frontotemporal dementia with parkinsonism linked to chromosome 17
(FTDP-17) (Foster et al., 1997).

Although clinical heterogeneity exists between and within the families with
FTDP-17, usual symptoms include behavioral changes, loss of frontal executive
functions, language deficit, and hyperorality. Parkinsonism and amyotrophy are
described in some families but are not consistent features. Neuropathologically,
brains of FTD patients exhibit an atrophy of frontal and temporal lobes, severe neu-
ronal cell loss, gray and white matter gliosis, and a superficial laminar spongiosis.
One of the main characteristics is the filamentous pathology affecting the neu-
ronal cells, or both neuronal and glial cells in some cases. The absence of amyloid
aggregates is usually established (Foster et al., 1997; Spillantini et al., 1998c).

»
»

Fig. 4.4 (continued) intracytoplasmic tau aggregation in astrocytes (arrow, left panel). Tau E2
and tau E10 show glial tau pathology as well, astrocytic (upper right, arrow) or oligodendrial
(arrowhead, lower right). The “globoid” neurofibrillary tangles are seen here in the substantia
nigra (upper right, asterisk) and are stained by both tau E2 and tau E10. ¢ Tau isoforms with three
microtubule-binding domains are found in Pick’s disease and few FTDP-17, corresponding with
class III diseases. Pick bodies are stained by anti-pTau and tau E2 (arrows showing spherical 10-
pm bodies) but not by tau E10 (in the lower right panel, a Pick body is readily seen but unstained,
asterisk). d At last, class IV is characterized by the aggregation of tau isoforms lacking sequences
encoded by exons 2 and 3. To date, the only known class IV diseases are DM1 and DM2. On the
left panel, aggregates of hyperphosphorylated tau are labeled with AD2. On the right panel, only
unphosphorylated, nonaggregated normal tau are stained by anti—tau E2, which in turn labels no
aggregate
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Fig. 4.4 The “bar code” of neurodegenerative diseases. Aggregated tau proteins from the brain
tissue of patients suffering from different neurodegenerative disorders were resolved by one-
dimensional gels. Four main patterns of tau bands were observed, and the isoform content was
determined using tau exon-specific antibodies or two-dimensional gel electrophoresis. A classifi-
cation is proposed according to tau isoforms composing four biochemical patterns. a Class I, which
encompasses the largest number of degenerative diseases with tau aggregation, is characterized by
the aggregation of six tau isoforms. This class is characterized by the occurrence on the brain sam-
ples of the hallmarks of AD, that is, (1) intraneuronal somatic neurofibrillary tangles (NFTs) as
shown on the left panel by an antibody against pSer396—404 of tau (AD2, arrows); (2) neuropil
threads (NTs), corresponding with neuritic processes filled with aggregated tau (asterisks); and
(3) neuritic plaques (NPs). Antibodies raised against the sequences coded either by exon 2 (tau
E2, upper right panel) or by exon 10 (tau E10, lower right) stain similarly NFTs (arrows), NTs
(asterisks), and NPs (arrowhead) in AD and in other class I tauopathies. b Only tau isoforms
containing four microtubule-binding domains aggregate in Class II disorders. They are repre-
sented here by a PSP case. AD2 anti-pTau labels the so-called astrocytic tufts, corresponding with
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FTDP-17 has been related to mutations on the tau gene (Dumanchin et al., 1998;
Hutton et al., 1998; Poorkaj et al., 1998; Spillantini and Goedert, 2001). Tau muta-
tions always segregate with the pathology and are not found in the control subjects,
suggesting their pathogenic role. To date, 17 mutations have been described in the
tau gene among the different families with cases diagnosed as FTDP-17 (Fig. 4.4). A
total of 44 mutations are indexed. Thirty-one missense mutations in coding regions
R5H (Hayashi et al., 2002), RSL (Poorkaj et al., 2002), K257T (Pickering-Brown
et al., 2000; Rizzini et al., 2000), 1260V (Grover et al., 2003), L266V (Kobayashi
et al., 2003), G272V (Hutton et al., 1998; Spillantini et al., 1998c), N279K (Delisle
et al., 1999; Hasegawa et al., 1999; Yasuda et al., 1999; Wszolek et al., 2000),
N296H (Iseki et al., 2001) and deltaN 296 (Yoshida et al., 2002), G303V (Ros et al.,
2005), P301L (Heutink et al., 1997; Dumanchin et al., 1998; Poorkaj et al., 2001),
P301S (Bugiani et al., 1999; Sperfeld et al., 1999), P301T (Llado et al., 2007),
S305N (Hasegawa et al., 1999; Iijima et al., 1999), S305I (Kovacs et al., 2008),
S305S (Stanford et al., 2000), L315R (Rosso et al., 2003; van Herpen et al., 2003),
K317M (Zarranz et al., 2005), S320F (Rosso et al., 2002), G335V (Neumann et al.,
2005), G335S (Spina et al., 2007; Ghetti et al., 2008), Q336R (de Silva et al., 2006),
V337M (Hasegawa et al., 1998), E342V (Lippa et al., 2000), S352L (Nicholl et al.,
2003), K369I (Neumann et al., 2001), G389R (Murrell et al., 1999), R406W (Hutton
et al., 1998), N424K (A. Brice, personal communication), T427M (Giaccone et al.,
2005), three silent mutation L284L (D’Souza et al., 1999), N296N (Spillantini et al.,
2000), S305S (Stanford et al., 2000), two single amino acid deletions AK280 and
AN296 (D’Souza et al., 1999; Rizzu et al., 1999), and nine intronic mutations in
the splicing region following exon 10 at position +3 (Spillantini et al., 1998c¢), + 11,
+12, +13, +14 (Hutton et al., 1998), +16 (Goedert et al., 1999), +19, +29, and +33
have been reported (Stanford et al., 2003) (Fig. 4.5). More recently, a tau gene dele-
tion encompassing exons 6—9 has been described in a French family and associated
with the development of FTD (Rovelet-Lecrux et al., 2009).

4.9 Mutations Affecting Tau Splicing

Depending on their functional effects, tau protein mutations may be divided into
two groups: mutations affecting the alternative splicing of exon 10, and leading to
changes in the proportion of 4R- and 3R-tau isoforms; and mutations modifying tau
interactions with microtubules. In patients with FTDP-17 mutations affecting splic-
ing include intronic mutations in the splicing region following exon 10 (+3, +13,
+14, +16) and some missense mutations. Intronic mutations disturb a stem loop
structure in the 5 splice site of exon 10 that stabilizes this region of the pre-mRNA
(Hutton et al., 1998; Spillantini et al., 1998c; Grover et al., 1999; Varani et al., 1999;
Stanford et al., 2003). Sequence analysis of this splicing region in different animals
indicates that the lack of the stem loop structure is associated with an increase in tau
mRNAs containing exon 10 (Grover et al., 1999). Indeed, without this stem loop,
access of UlsnRNP to this site may be facilitated, increasing the formation of exon
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Fig. 4.5 Schematic representation of the tau gene mutations and deletion involved in FTDP-17.
There are currently 44 Tau gene mutations characterized. Tau gene mutations located either in
exon 10 and outside the second repeat domain R2 (N279K, AK280/281, P301L/P/S/T, L284L,
N296H/N/AN, S305N/S/T) (slashed frame) or in intron 10 (E10+3, +11, +12, +13, +14, +16, +19)
(dotted line) affect the alternative splicing of exon 10. Intronic mutations modify the regulatory
elements of the splice site or disturb the stem loop structure in the 5" end of the site, respectively.
The final effect is a modification of the 4R-tau/3R-tau proportion leading to PSP or CBD Western-
blot profile. Patients bearing the mutation G272V develop a hereditary form of Pick’s disease with
Pick bodies and increased inclusion of tau protein lacking the exon 10 encoding sequence (Bronner
et al., 2005). Mutations located in tau region common to all six isoforms, outside exon 10 (RSH/L,
K257T, 1260V, L266V, G272V, G273R, L315R, K317M, S320F, G335S, Q336R, V337M, E342V,
S352L, V3631, K3691, G389R, R406W, N424K, T427M) (Giaccone et al., 2005), affect the func-
tion of the six tau proteins in microtubules. The missense mutations located in the sequence of

exon 10 corresponding with the R2 domain (P301L, P301S) (black box) affect only the 4R

-tau

binding. The mutation AK280 modulates the ratio 4R-tau/3R-tau and also affects the interaction
with the microtubules. Mutation R406W modifies the phosphorylation of tau in residues surround-
ing the mutation. The Tau gene deletion Aexon 6-9 produces tau proteins with a lower or lack
of affinity for microtubules depending on the presence or not of exon 10 (Rovelet-Lecrux et al.,
2009). Mutations located in exons are indicated as peptidic sequence (framed part), and intronic

mutations are indicated as nucleotidic sequence (dotted part). Updates of Tau gene mutations

and

polymorphisms are referenced in Christine Van Broeckhoven’s laboratory and Marc Cruts’ Web

site (http://www.molgen.ua.ac.be/ADMutations)

10+ tau mRNAs and thus the 4R-tau isoform (D’Souza et al., 1999; Grover et al.,
1999; Varani et al., 1999). Interestingly, in these families, abnormally phosphory-
lated 4R-tau isoforms aggregate into filaments and display a tau electrophoretic
profile similar to the major tau doublet at 64 and 69 kDa found in PSP and CBD
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(Buee Scherrer et al., 1996; Spillantini et al., 1998a; Spillantini and Goedert, 1998b;
Sergeant et al., 1999). Some missense mutations (N279K and S305N) also modify
the splicing of exon 10 (D’Souza et al., 1999). For instance, the change in nucleotide
for N279K and S305N mutations also creates an exon-splicing enhancer sequence
(D’Souza et al., 1999). The silent mutation L.284L increases the formation of tau
mRNAs containing exon 10, presumably by destroying an exon splicing silencing
element (D’Souza et al., 1999). Families with one of these three missense muta-
tions display the same electrophoretic tau pattern as those having intronic mutations,
namely a tau doublet at 64 and 69 kDa (Hong et al., 1998; Reed et al., 1998; D’Souza
et al., 1999). Finally, the twisted ribbon filaments described in neurons and glial
cells are a common neuropathologic feature in all of the neurodegenerative disorders
belonging to this first group.

4.10 Tau Missense Mutations and Tau Aggregation

The second group of tau mutations found in FTDP-17 affects tau interaction with
microtubules and includes several missense mutations as well as a deletion muta-
tion. Goedert and colleagues (Hasegawa et al., 1998) reported the consequences
of G272V, P301L, P301S, V337M, G389R, and R406W mutations in an in vitro
system of microtubule assembly. They showed that mutated tau isoforms bind
microtubules to a lesser extent than wild-type isoforms. They suggest that the
mutated isoforms may induce microtubule disassembly (Hasegawa et al., 1998;
Goedert et al., 1999). These data were confirmed by a number of studies (Hong et al.,
1998; D’Souza et al., 1999; Yen et al., 1999b). When missense mutations are located
in tau regions common to all isoforms, outside exon 10 (G272V, V337M, G389R,
R406W), the six tau isoforms do not bind properly to microtubules. These pro-
teins aggregate into paired helical filaments and straight filaments similar to those
described in AD and are present in neuronal cells. Their biochemical characteriza-
tion shows a tau electrophoretic profile similar to the AD tau-triplet. Conversely,
when missense mutations are located in exon 10 (P301L, P301S), 4R-tau isoforms
are affected, and these do not bind to microtubules, but instead aggregate into
twisted ribbon filaments. This type of filamentous inclusion is described in both neu-
rons and glial cells. The biochemical characterization shows a tau electrophoretic
profile similar to the major tau doublet encountered in PSP and CBD.

The AK280 mutation is particular, because it modifies the ratio 4R-tau/3R-tau
ratio and could also affect the interaction between tau and microtubules. This muta-
tion may decrease the formation of tau mRNAs containing exon 10 and thus enhance
the formation of 3R-tau isoforms. Moreover, this deletion mutation is also respon-
sible for a considerably reduced ability of tau to promote microtubule assembly and
is stronger than the effect of the P301L mutation. Finally, this mutation has a strong
proaggregating effect in both cell and animal models (Barghorn et al., 2000; Mocanu
et al., 2008). No data are currently available on the biochemistry of tau aggregates
in this family (D’Souza et al., 1999; Rizzu et al., 1999).
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Mutations of the tau gene and their involvement in FTDP-17 emphasize the
fact that abnormal tau proteins may play a central role in the etiopathogenesis of
neurodegenerative disorders, without any implication of the amyloid cascade. The
functional effects of the mutations suggest that a reduced ability of tau to inter-
act with microtubules may be upstream of hyperphosphorylation and aggregation.
These mutations may also lead to an increase in free cytoplasmic tau (especially the
4R-tau isoforms), therefore facilitating their aggregation into filaments (Yen et al.,
1999b). Finally, some mutations may have a direct effect on tau fibrillogenesis (Chiti
et al., 2003).

4.10.1 Tau Missense Mutations and In Vivo
Microtubule Stabilization

Regarding the functional effects of tau mutants, it was shown that mutations G272V,
AK280, P301L, P301S, and V337M cause a decreased ability of tau to promote
microtubule assembly in vitro (Hasegawa et al., 1998). However, the magnitude
of the observed effects and the reported rank order of potency of individual muta-
tions have been variable. Overexpression of mutant tau in transfected cells has given
inconsistent results as far as effects on microtubule binding and stability are con-
cerned (Hasegawa et al., 1999; Rizzu et al., 1999; Yen et al., 1999a). Such studies
are confounded by the problem that high expression of mutant tau may override any
effects that are present at more physiologic levels.

For in vivo investigation, recombinant tau 3R, 4R, or mutated tau are injected
in Xenopus oocytes, and maturation of oocytes is used as an indicator of micro-
tubule function (Delobel et al., 2002). Normal oocyte maturation can be visualized
by the appearance of a white spot, which indicates that oocyte meiosis driven
by microtubules is normal. Wild-type 4R tau inhibits maturation of oocytes in a
concentration-dependent manner, whereas 3R tau has no effect. These data sug-
gest that there is a direct interaction of 4R tau and microtubules that interferes
with oocyte maturation. Whatever the concentration of the 4R mutant tau (G272V,
P301L, P301S, and V337M) injected in the oocyte, it fails to affect oocyte matu-
ration although few changes in the organization of meiotic spindles are observed.
In contrast with wild-type 4R tau, these mutations are likely to reduce the interac-
tion of tau with microtubules. Two additional mutations (R406W and S305N) have
been analyzed and found to perturb oocyte maturation. Differential phosphoryla-
tion cannot explain the data obtained for the first group of tau mutants because
wild-type 3R and 4R tau are found to be phosphorylated at the same extent as
the G272V, P301L, P301S, and V337M 4R tau mutants. Therefore, these muta-
tions strongly reduce the ability of tau to interact with microtubules (Delobel et al.,
2002).

Regarding the R406W mutation, there are some controversial effects: state of
phosphorylation and reduced microtubule binding. At low concentrations, R406W
tau mutant strongly interferes with oocyte maturation even when no effect is
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observed with wild-type 4R tau. Conversely, at high concentrations similar to those
of injected wild-type 4R tau that block maturation, oocyte maturation is never com-
pletely abolished. Altogether, these data suggest that at low concentrations, the
R406W mutant tau is less phosphorylated and thus shows a better microtubule
binding, whereas at high concentrations, the phosphorylation state is not sufficient
to thwart the reduction of microtubule binding of this tau mutant (Delobel et al.,
2002).

The most pronounced inhibitory effect on oocyte maturation is observed with the
S305N tau, even following microinjections of small amounts of tau protein. This
effect is independent of phosphorylation. It was shown that S305N tau has a slightly
increased ability to promote microtubule assembly in vitro compared with wild-type
protein (Hasegawa et al., 1999).

Altogether, our data demonstrate that in vivo tau missense mutations either
strongly reduce interactions with microtubules or increase these interactions.
The observed phenotype is dependent on the combined effect of tau phospho-
rylation and concentration. It also demonstrates that the Xenopus oocyte is an
interesting heterologous model system for following perturbations in microtubule
function.

4.11 Tau Catabolic Products as Biomarkers of Tau Pathology

The presence of tau in cerebrospinal fluid (CSF) was first described in 1993
(Vandermeeren et al., 1993) and subsequently independently confirmed by several
groups using different tau antibodies (Mori et al., 1995; Motter et al., 1995; Zemlan
et al., 2003). A first attempt to characterize tau in CSF via Western blot was done
by Johnson et al. (1997) and further confirmed and extended by both Sjogren and
Borroni (Sjogren et al., 2001; Borroni et al., 2007). Tau in CSF consists essen-
tially of two polypeptides of 55 kDa and 33 kDa. The 55-kDa band contains a
large domain of tau extending from the N-terminal region (amino acid 159) to the
carboxy-terminal region (amino acid 432). In contrast, the 33-kDa band shares a
similar amino-terminal epitope with that of the 55-kDa band but is truncated at the
C-terminus of tau. Together, those studies suggest that tau in CSF essentially con-
sists of partially proteolyzed fragments of tau, mainly at the carboxy-terminus of
tau. Those tau fragments were shown to be present in the brain tissue. Zemlan and
collaborators using C-terminal tau antibodies (Zemlan et al., 2003) also evidenced
a 14-kDa fragment of tau. Using our C-terminal tau antibody, a C-terminal frag-
ment of tau is also observed in the cerebral cortex. Therefore, it cannot be excluded
that several other proteolytic fragments of tau are present in the CSF, and for a
complete characterization of these, a large panel of tau antibodies should be used.
The use of phospho-dependent antibodies showed that, in CSF, tau polypeptides are
phosphorylated at many sites, such as serine 181, 199 (Hampel et al., 2004), 202
(Maccioni et al., 2006), 231 (Hampel et al., 2004; 2005), 396, and 404 (Hu et al.,
2002). Together these data show that microtubule-associated tau is recovered in the
CSF and that several phospho-epitopes are present (for review, see Blennow, 2004).
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4.12 Modeling Tau Pathology

4.12.1 Aged Mammal Individuals

As seen above, tau pathology is encountered in many neurodegenerative disor-
ders in humans but also in aging. In some non-human mammals, tau pathology
is also encountered with aging. For instance, hyperphosphorylated tau proteins
(AT8 immunoreactivity) were identified in baboon, spectacled bear, bison, guanaco,
Campbell’s guenon, rabbit, reindeer, and rhesus monkey. These neuropathologic
lesions were striking in old bisons with a clear neuritic pathology. Moreover, in old
rhesus monkeys, NFTs were identified in the hippocampal formation and entorhinal
cortex, which are known as starting points for tangle spreading in the cortex of AD
patients (Hartig et al., 2000). Finally, similar data are also observed in aged baboons
with an age-related NFT progression close to that encountered in humans (Schultz
et al., 2000). Altogether, the data suggest that tau pathology may be encountered
not only in great apes but also in other aged mammals. Nevertheless, the use of such
models for the understanding of etiopathogenic factors involved in tau pathology
will be difficult, but they remain valuable models for validating present and future
tau pathology therapeutics. Moreover, they can be valuable to evaluate tau pathology
brain imaging tracers.

4.13 Overexpression Models in Non-mammal Individuals

4.13.1 Caenorhabditis elegans

This nematode has a short life span. Because a large number of genetic mutants
can be made and are available, it is also an easy tool for studying genetic mod-
ifiers (Kraemer et al., 2006). Pan-neuronal overexpression of tau [wild-type and
FTDP-17 or pseudo-hyperphosphorylated mutants (Ser/Thr sites mutated in Glu
residues)] was induced to model tauopathy. It leads to a progressive uncoor-
dinated locomotion (Unc), which is characteristic of nervous system defects in
worms. Hyperphosphorylated tau proteins accumulate leading to axonal vacuoliza-
tion and subsequent neurodegeneration. FTDP-17 and pseudo-hyperphosphorylated
tau mutants lead to more severe axonopathy and Unc phenotype (presynaptic defect)
compared with that in lines overexpressing wild-type tau (Kraemer et al., 2003;
Brandt et al., 2009).

In C. elegans, the most recent data suggest that tau pathology may lead to specific
interference with intracellular mechanisms of axonal outgrowth and pathfinding.

4.13.2 Drosophila melanogaster

This fruit fly has been widely used for studying genetic interactors of different
neurodegenerative disorders. Regarding tauopathies, different groups developed fly
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models by overexpressing wild-type and mutant forms of human tau. Transgenic
flies showed key features of these human disorders: adult onset, progressive neu-
rodegeneration, early death, enhanced toxicity of mutant tau, accumulation of
abnormal tau, and relative anatomic selectivity. However, neurodegeneration often
occurred without the neurofibrillary tangle formation that is seen in human disease
and some rodent tauopathy models. These fly models allow for a genetic analysis
of the cellular pathways underlying tau neurotoxicity including wingless pathway,
kinases/phosphatases equilibrium, actin-binding proteins, microtubule dynamics,
and so forth (Wittmann et al., 2001; Jackson et al., 2002; Shulman and Feany, 2003).

Among the kinases, GSK3f, mammalian target of rapamycin (mTOR), and
protease-activated receptor-1 (Par-1) (MARK) have been involved in tau pathology
in fly models, whereas cdk5 has no effect (Mudher et al., 2004; Nishimura et al.,
2004). For instance, it is possible in a fly model to reverse the pathologic phenotype
(axonal transport defects and behavior) by inhibiting GSK3p8 (Mudher et al., 2004).
Altogether, these data should allow for the identification of a tau phosphorylation
pattern involved in neurotoxicity.

Another interest in fly models is to better understand tau biology through its
proteolysis or its binding partners. For instance, the role of proteasome has been
investigated, and actin-binding proteins were identified in genetic screens in fly
models of tauopathies (Blard et al., 2006, 2007).

Altogether, although they lack real tau aggregation, fly models may allow for a
better understanding of tau biology in neurodegeneration.

4.13.3 Danio rerio

Due to their optical transparency and small size, zebrafish larvae are well suited for
in vivo imaging and developmental gene modifier identification. Only two studies
were reported on zebrafish tau models. Tomasiewicz et al. reported that FTDP-17
mutant form of human tau expressed in zebrafish neurons produced a cytoskeletal
disruption that closely resembled the NFT in human disease (Tomasiewicz et al.,
2002). Paquet et al. generated fluorescently labeled tau transgenic zebrafish, which
rapidly recapitulated key pathologic features of tauopathies, including phosphoryla-
tion and conformational changes of human tau protein, tangle formation, neuronal
and behavioral disturbances, and cell death (Paquet et al., 2009). This model is
particularly useful for drug screening.

4.13.4 Petromyzon marinus

A unique cellular model of tau filament/NFT formation for studying the cytopatho-
logic changes that accompany chronic overexpression in human was also developed.
This cellular model of tau-induced NFT consists of giant neurons [anterior bul-
bar cells (ABCs)] in the hindbrain of the ammocoete sea lamprey, Petromyzon
marinus, which have been induced to overexpress human tau. With this system,
overexpression of the shortest human tau isoform can cause the incorporation
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of human tau into filaments, tau hyperphosphorylation, and gross degenerative
changes. Moreover, this sequence of degenerative changes is spatiotemporally cor-
related with the appearance of several AD-related phosphoepitopes. These results
are reminiscent of cellular degeneration sequences proposed for human NFT (Hall
etal., 2001).

4.14 Tau Transgenic Mice

4.14.1 Tau Knockout Mice

Tau expression was suppressed in different mouse models by MAPT deletion or
invalidation (Harada et al., 1994; Dawson et al., 2001; Tucker et al., 2001). All
of them appear physically normal and are able to reproduce. They do not dis-
play any change in central or peripheral nervous systems (Dawson et al., 2001;
Tucker et al., 2001). In one model, slight changes were seen in axonal diameter
(Harada et al., 1994), and motor and cognitive deficits were also reported (Ikegami
et al., 2000). Moreover, delay in axonal maturation was also reported in primary
neuronal cell cultures from tau-deficient mice (Dawson et al., 2001). Tau defi-
ciency is likely to be compensated by other microtubule-associated proteins such
as MAPIA.

4.14.2 Wild-Type Tau Transgenic Mice

When 3R-tau isoforms are overexpressed in transgenic mice, hyperphosphorylated
tau mainly accumulates in spinal cord neurons. The main pathology observations
were axonal degeneration, diminished number of microtubules, and reduced axonal
transport (Brion et al., 1999; Ishihara et al., 1999). Similar data were observed in
transgenic mice expressing the longest human brain tau isoform under the control
of the human Thy-1 promoter. Hyperphosphorylated human tau protein was present
in nerve cell bodies, axons, and dendrites (Gotz et al., 1995; Spittaels et al., 1999;
Probst et al., 2000).

Interestingly, transgenic mice bearing the human MAPT mini-gene were also
developed (Duff et al., 2000). This model overexpresses human tau proteins by
2- to 3-fold higher than murine tau but it does not exhibit any tau pathology.
However, surprisingly, when this model was crossbred with the murine MAPT
gene deletion background model (Tucker et al., 2001), the offsprings displayed tau
pathology in a time-dependent manner suggesting that murine tau proteins may act
as inhibitors of tau aggregation (Andorfer et al., 2005). Independently, crossbreed-
ing between other tau-deficient mice (Dawson et al., 2001) and transgenic mice with
MAPT mini-gene was also used for understanding tau splicing in early developmen-
tal stages (from 3R to 4R isoforms) (McMillan et al., 2008). There is no data yet
available on aged animals in these strains.
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4.14.3 Mutated Tau Transgenic Mice

With the discovery of FTDP-17 mutations on MAPT, numerous transgenic models
using these mutations were developed. They all allow for the development of tau
pathology characterized by tau aggregation and neurofibrillary degeneration. Tau
transgene is under various promoters [2’,3’-cyclic nucleotide 3’-phosphodiesterase,
calcium calmodulin protein kinase II (CaMKII), platelet-derived growth factor
(PDGF), prion, or Thy1.2) under an inducible system or not.

They display various phenotypes with the most prominent one being motor
deficits. In Table 4.1, we summarize the general phenotypes of these models. In the
next section, we describe four representative mutated tau transgenic mice: rTg4510,
Taurp/AK280, K3, and Thy-Tau22 (Santacruz et al., 2005; Schindowski et al.,
2006; Ittner et al., 2008; Mocanu et al., 2008), which allow for better understanding
of tau pathology.

In rTg4510 Tau transgenic mice, P301L mutant tau protein is expressed in an
inducible way. After P301L Tau expression, these mice develop NFTs, neuron loss,
and behavioral impairment in a time-dependent manner (Santacruz et al., 2005).
However, it is possible to switch off the expression of the transgene at a given time.
Suppression of P301L tau expression in rTg4510 tau transgenic mice, which nor-
mally express the mutant protein at a high level, reverses behavioral impairments
in these mice, although NFT formation continues. It suggested that NFT forma-
tion could be dissociated from neuronal dysfunction. In fact, soluble tau rather than
NFTs may be neurotoxic (Santacruz et al., 2005). Thus, NFTs are unlikely to be
the major toxic tau species, at least in the early stages of tauopathy. Two forms of
tau multimers (140 and 170 kDa), whose molecular weight suggests an oligomeric
aggregate, were recently described in rTg4510 tau transgenic mice. They accumu-
late early in the pathogenic cascade, and their levels correlated consistently with
memory loss at various ages in the rTg4510 mouse model (Berger et al., 2007).
These tau oligomers were also found in the brains of JNPL3 mice and patients
presenting with FTDP-17 (Berger et al., 2007).

Taurp/AK280 is also an inducible mouse model of tauopathy that is based on
the expression of only the 4R tau microtubule-binding domains carrying the AK280
mutation (deletion of both amino- and carboxy-terminal parts of tau protein). The
AK280 mutation accelerates tau aggregation and is referred to as a proaggregation
mutant. Low expression of AK280 tau repeats leads to tau aggregation followed
by astrogliosis and loss of synapses and neurons (Mocanu et al., 2008). Thus, tau
aggregates are required for neuronal death. It is interesting to note that expression of
AK280 tau repeats in Taurp/AK280 is very low (about 70% of endogenous murine
tau). When the transgene is switched off, AK280 tau repeats disappear and only
aggregated murine tau proteins are found. Thus, this construct acts as a nucleation
factor for tau aggregation (Mocanu et al., 2008).

The K3 transgenic mouse strain expresses human tau carrying the K3691 muta-
tion under the Thyl promoter (Ittner et al., 2008). The K369I tau mutation was
found in a family of patients presenting with Pick’s disease without parkinsonism
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and amyotrophy (Neumann et al., 2001). K3 mice show early-onset memory impair-
ment, Pick body-like inclusions, amyotrophy, and parkinsonism in the absence of
overt neurodegeneration. Amyotrophy is likely to be related to tau expression in the
sciatic nerve as described in Leroy et al. (2007). Moreover, tau transgene is mainly
expressed in the substantia nigra, and such expression leads to an early-onset parkin-
sonism phenotype. Interestingly, motor performance of young, but not old K3 mice
improves upon L-DOPA treatment (Ittner et al., 2008). This model emphasizes that
tau mutations are responsible for some phenotypes (Pick body-like inclusions and
memory impairment) but not others, which are likely to be related to the insertion
site of the transgene in the murine genome.

Thy-Tau22 mouse transgenic line exhibits progressive neuron-specific AD-like
tau pathology devoid of any motor deficits. In this model, a progressive devel-
opment of NFT is observed in the hippocampus and amygdala, which parallels
behavioral impairments as well as electrophysiologic alterations (Schindowski et al.,
2006; Van der Jeugd et al., submitted). These latter changes are observed despite
any striking loss of neuronal/synaptic markers until 12 months of age in the hip-
pocampus (Van der Jeugd et al., submitted). In addition, in the hippocampus,
hyper- and abnormally phosphorylated tau species accumulate within the somato-
dendritic area (Schindowski et al., 2006, 2008), supporting a possible influence
on hippocampal-dependent plasticity always confirmed by behavioral and elec-
trophysiologic evaluations. Indeed, a careful evaluation of learning and memory
at 12 months of age indicates alterations in various spatial and nonspatial tests.
These alterations were sustained by long-term depression and depotentiation defects
within the hippocampus (Van der Jeugd et al., submitted).

Interestingly, at that time point, Thy-Tau22 mice exhibit septo-hippocampal tau
pathology accompanied by altered retrograde transport from hippocampus to medial
septum and the loss of cholinergic neurons within this latter area (Belarbi et al.,
2009).

In summary, NFD with accumulation of abnormal tau species in the Thy-Tau22
transgenic model leads to synaptic plasticity defects underlying learning and mem-
ory alterations without striking neuronal loss and is thus a unique model to study
molecular dysfunctions resulting from NFD.

Altogether, this section indicates that a large number of animal models are avail-
able. They allow for both understanding tau pathology and developing innovative
therapeutic strategies. All models have strengths and weaknesses, but they are still
valuable tools for studying tau biology and pathology.

4.15 Conclusions

In this review, we indicate that tau is clearly first a microtubule-associated protein
and then a key actor in dementia. Most of the research has focused on the role
of tau proteins in microtubule dynamics and its dysfunctions. However, the role
of tau in neurodegeneration may be trickier than a simple defect in axonal trans-
port due to microtubule depolymerization. However, different therapeutic strategies
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have emerged from this hypothesis. For instance, overexpression of wild-type tau in
transgenic mice leads from 3 to 12 months of age to hyperphosphorylation of tau
proteins accompanied by reduced microtubule numbers, impaired fast axonal trans-
port, and motor deficits (Ishihara et al., 1999). By using the microtubule-stabilizing
drug paclitaxel, such mice exhibit improvement in motor behavior, but cognitive
functions were not analyzed (Zhang et al., 2005). Others have chosen to target GSK3
to modulate microtubule dynamics and rescue axonopathy (Spittaels et al., 2000;
Noble et al., 2005; Engel et al., 2008). Nevertheless, until now, these approaches did
not show any promising follow-ups in clinical trials (Hampel et al., 2009; Checler
and Buée, 2009).

From the data obtained on myotonic dystrophies and amino-terminal part of the
protein, tau is more than a microtubule-associated protein and is likely involved in
signal transduction and cytoskeleton dynamics (Brandt et al., 1995; Hwang et al.,
1996; Lee et al., 1998; Sergeant et al., 2001; Blard et al., 2007; Kraemer and
Schellenberg, 2007; Dhaenens et al., 2008; Reynolds et al., 2008; Guthrie et al.,
2009). This function has not been analyzed in the scope of the tau pathology but it
may be more promising.

Finally, the way of propagation of neurofibrillary degeneration in tauopathies
is a real question. Is it related to specific neuronal subpopulations, genetics, or
other mechanisms? Recent data have suggested that tau aggregates may act as a
prion-like agent. In their experiment, the authors performed intracranial injections
of PHF from P301S transgenic brain extracts in hTau40 transgenic mice. They
observed tau aggregation at the injection site and then cortical spreading of neu-
rofibrillary degeneration in a time-dependent manner (Clavaguera et al., 2009). This
shows that, similar to prion disease, exogenously induced tauopathy depends on
both the host and the source of the agent, suggesting the existence of polymorphic
tau-PHF strains reminiscent of prion strains. It is known that tau may be secreted
and then captured by neighboring neurons (Frost and Diamond, 2009a; Frost et al.,
2009b). Such mechanisms have interesting outcomes for therapeutic and especially
tau immunotherapy (Asuni et al., 2007; Kayed and Jackson, 2009; Sigurdsson,
2009).

More specifically, in AD, tau pathology was thought to be downstream of
amyloid pathology. However, higher 4R tau levels increase risk of developing neu-
rodegeneration (Myers et al., 2005; Tobin et al., 2008). Conversely, when human
amyloid precursor protein (hAPP)-expressing mice were crossed onto tau knockout
backgrounds, this prevented behavioral deficits, without altering the high A levels
(Roberson et al., 2007). Reducing tau levels may be a relevant solution to postpone
tau pathology and the toxicity associated with the amyloid pathology (Rapoport
et al., 2002; Roberson et al., 2007).

Which tau species are toxic? Are toxic tau species phosphorylated? It was shown
that any stress will lead to tau phosphorylation (amyloid, anesthesia, temperature,
infection, etc.) (Hof et al., 1992; Buee-Scherrer et al., 1997; Bussiere et al., 1999;
Planel et al., 2007, 2008, 2009), but a nucleation factor is needed for tau aggre-
gation (Mocanu et al., 2008). As many aggregating proteins, tau has the property
to self-aggregate. In vivo, stabilizing factors may exist, and the loss of function of
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these factors may also trigger tau aggregation. Several factors are potentiating tau
aggregation such as heparan sulfate (Goedert et al., 1996), fatty acids (Wilson et al.,
1997), or polyanions (Friedhoff et al., 1998). Thus, anti-aggregating agents may also
be of interest.

Thus, in conclusion, tau is more than a microtubule-associated protein: it is a
sensor, a reservoir of phosphorylation, and a killer. It has likely other functions,
which may be of interest in understanding its biology and pathophysiology. It is
clear that more studies are needed to understand fully all of its facets.
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Chapter 5
Tauopathy and Brain Aging

Akihiko Takashima

Abstract Rigorous studies investigating tauopathies have revealed that the pro-
cesses involved in neurofibrillary tangle (NFT) formation, not NFTs themselves,
play a key role in neuronal dysfunction and neuronal loss in tauopathies. In neurode-
generation, tau becomes hyperphosphorylated and dislodged from microtubules.
In the cytoplasm, the naive structure of hyperphosphorylated tau transforms into
a pathologic structure, which may have a greater affinity for engaging in tau—tau
interactions than that of microtubule-bound tau. These tau—tau interactions promote
the formation of tau oligomers. When tau oligomers form a B-sheet structure, a
granular form of tau appears in the form of sarcosyl-insoluble tau. Granular tau
molecules bind together and form tau fibrils. In this sense, changes in tau — such
as hyperphosphorylation and the formation of different aggregate species — may
affect neuronal function, and NFTs can be thought of as a tombstone of neuronal
dysfunction. Changes in tau may be involved in brain aging and may consequently
lead to the formation of NFTs in the entorhinal cortex. This chapter introduces the
mechanisms underlying neurodegeneration and brain aging that occur through tau
dysfunction.
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5.1 Introduction

5.1.1 Tauopathies

Tauopathies are a class of neurodegenerative diseases stemming from the pathologic
aggregation of tau protein, which in the human brain is called neurofibrillary tan-
gles (NFTs). NFTs are observed in many age-related neurodegenerative diseases,
such as Alzheimer’s disease, Pick’s disease, progressive supranuclear palsy (PSP),
and corticobasal degeneration. Because all NFT-related diseases are associated with
neurologic disorders characterized by neuronal dysfunction, NFTs are considered
to be a common pathologic marker of neurologic disorders. However, some NFTs
in the entorhinal cortex are also present even in clinically nondemented aged per-
sons. When the distribution of NFTs also includes frontotemporal regions and other
parts of the neocortex, brain function is impaired, which in terms of clinical diagno-
sis is manifested as dementia. Thus, distribution of NFTs is closely related to brain
dysfunction.

Alois Alzheimer first described NFTs in the brain of one of his demented
patients, a disorder now known as Alzheimer’s disease (AD). The major component
of NFTs is hyperphosphorylated tau. In its normal state, tau is linked to micro-
tubules as a microtubule-associated protein (MAP). In neurodegeneration, tau is
hyperphosphorylated, has a reduced affinity for microtubules, and forms aggregates
of hyperphosphorylated tau, which is an insoluble form referred to as paired helical
filaments (PHFs).

In tauopathies, neuronal death is observed in the same brain regions as NFTs, and
both neuronal death and NFTs correlate with the duration and severity of illness in
AD, although the amount of neuronal death is many times more than the number of
NFTs (Gomez-Isla et al., 1997). Recently, a tau mutation was identified as the causal
factor in frontotemporal dementia parkinsonism-17 (FTDP-17), a dementing disease
characterized by NFT formation and neuronal loss (Spillantini and Goedert, 1998,
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Goedert and Spillantini, 2000; Hutton, 2000, 2001; Ingram and Spillantini, 2002;
van Swieten et al., 2004). The elucidation of mutated tau in FTDP-17 conclusively
demonstrated that tau dysfunction or abnormality alone could induce neurodegen-
eration characterized by NFTs and neuronal death, leading to a clinical dementia
similar to that found in AD.

Tau dysfunction may also arise through modification of the tau protein in addition
to genetic mutation. Phosphorylation is a major modification of the tau protein found
in NFTs, and hyperphosphorylation of tau is thought to be the critical step in NFT
formation. Although tau abnormalities do not appear to be a single causative factor
in AD, they do appear to be a critical intermediate step in at least one of the pathways
involved in the ultimate pathology and neuronal dysfunction. Thus, investigations of
tau and NFTs are thought to be useful in elucidating intracellular events that occur
during neurodegeneration and in increasing our understanding of mechanisms and
pathways of neurodegeneration.

5.2 Function of Tau

Tau is a member of the MAP family, and the major role of tau is thought to be
to bind and stabilize microtubules. Microtubules have a dynamic structure, which
flexibly change in response to cellular signals such as cell division, migration, and
differentiation (Caceres and Kosik, 1990). Tau is expressed in several different tis-
sues, but the brain is the major site of tau expression. Here tau is mainly localized
in axons (Kosik and Finch, 1987; Kosik and Caceres 1991). In human brain, tau
protein has six isoforms (generated through alternative splicing), varying in length
from 352 to 441 amino acids (Goedert et al., 1989; Goedert and Jakes, 1990). The
N-terminal region has three alternatively spliced forms with exon 2 and/or exon 3
and is required for interacting with the cellular membrane through phospholipase
C (Shimohama et al., 1995; Hwang et al., 1996) or the src family kinase, fyn, a
non-receptor-type tyrosine kinase (Lee et al., 1998; Lee et al., 2004; Lee, 2005).
Moreover, the N-terminal region affects axon diameter by determining the distance
between microtubules (Chen et al., 1992).

In the C-terminal region of tau, there are two alternatively spliced forms, with or
without exon 10. Exon 10 encodes part of the repeat sequence in the microtubule-
binding domain consisting of 31-32 amino acid core sequences with a PGGG
motif, called R1, R2, R3, and R4. R1 consists of residues Q244-K274, R2 con-
sists of residues V275-S305, R3 consists of residues V306-Q336, and R4 consists
of residues V337-N368. Tau encoded by exon 10 is called 4-repeat tau, whereas tau
encoded without exon 10 is called 3-repeat tau. Because exon 10 encodes the R2
amino acid sequence, 3-repeat tau is formed by R1, R3, and R4, whereas 4-repeat
tau is formed by R1, R2, R3, and R4. The core region for microtubule binding is
R1-R2 in 4-repeat tau and R1-R3 in 3-repeat tau. Because the amino acid sequence
274-281 (R1-R2) shows the highest affinity for microtubules, 3-repeat tau is less
able to associate with tubulin and promote the formation of microtubules compared
with 4-repeat tau. The P301L and G272V FTDP-17 mutations localize in R1 and
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R2 so that P301L and G272V mutant tau are less capable of promoting microtubule
formation.

Tau accelerates tubulin polymerization and stabilizes microtubules by binding
to them. Whereas tau gene—deficient mice do not show significant morphologic
changes — because another MAP, MAP1b, compensates for normal tau function in
microtubule formation and stabilization — behavioral analysis of these mice indi-
cates that they have muscle weakness, are hyperactive in a novel environment, and
are impaired in fear-conditioning memory. This suggests that tau may have other
functions besides promoting microtubule formation and stabilization.

5.3 Phosphorylation of Tau

5.3.1 Tau Phosphorylation Sites

The longest tau isoform (tau 40), which is encoded by exons 2, 3, and 10, con-
tains 45 presumed serine (Ser) phosphorylation sites, 35 presumed threonine (Thr)
phosphorylation sites, and 5 presumed tyrosine (Tyr) phosphorylation sites. Mass
spectral analysis and analyses employing phosphorylation site-specific antibodies
to tau have shown that PHF-tau contains at least 30 phosphorylated Ser and Thr
residues (Morishima and Thara, 1994). Hyperphosphorylated tau is normally present
in the brain during late embryonic to early postnatal periods (Brion et al., 1993),
when the selection of synapses and destruction of axons is greatest and the result-
ing naturally occurring neuronal death occurs. During brain development, tau is
highly phosphorylated, supporting the idea that flexibility of the microtubule system
underlies neural plasticity. Although the PHF-1 epitope (phospho-Ser396, Ser404)
is found in distal regions of the axon, the phosphorylated tau-1 epitope (Ser195,
Ser198, Ser199, and Ser202) is found in proximal regions of the axon (Otvos et al.,
1994; Mandell and Banker, 1996).

In mature brain, tau-1 immunoreactivity is found in axons, and, on average, two
phosphates are incorporated into one tau molecule. However, an average of seven
phosphates modifies one tau molecule in the developing brain, whereas an aver-
age of eight phosphates are incorporated into one tau molecule in the AD brain
(Ksiezak-Reding et al., 1992; Kenessey and Yen, 1993; Kopke et al., 1993). Fetal
tau, by contrast, is highly phosphorylated, but tau accumulations, such as those
observed in AD brain, have not been observed in the developing brain. Furthermore,
whereas PHF-tau completely loses the ability to bind to microtubules, highly phos-
phorylated fetal tau retains this ability, although the extent of microtubule binding
is significantly reduced compared with that of tau in the normal mature brain
(Bramblett et al., 1993; Yoshida and Ihara, 1993). In AD brain, phosphorylation
of tau at some specific sites is observed, including at the Ser262, Ser422, and the
AT100 epitope (phospho-Thr212/Ser214) (Morishima and IThara, 1994). The phos-
phorylation of these sites might contribute to the formation of tau fibrils and the
loss of microtubule-binding ability. A combination of kinases might be required to
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account for all of the phosphorylation sites of tau that have been observed in PHF-
tau, because single kinases phosphorylate specific sites of tau. For example, Ser262
of tau is phosphorylated by partition-defective or microtubule-affinity regulating
kinases (PAR-1/MARK), Ser422 is phosphorylated by c-Jun N-terminal kinase
(JNK), and the AT100 epitope (phospho-Ser212/Ser214) is formed by being phos-
phorylated by a combination of JNK and glycogen synthase kinase 38 (GSK-3p)
(Sato et al., 2002).

5.3.2 PAR-1/MARK

PAR-1/MARK can phosphorylate tau at Ser262 and Ser356, sites that are within the
microtubule-binding domain of tau. Indeed, the phosphorylation of these tau sites
reduces the ability of tau to bind microtubules (Schneider et al., 1999). However,
phosphorylated tau at Ser262 and Ser356 also reduces tau self-aggregation.
Recently, it was shown that inhibition of PAR-1 in a Drosophila model that over-
expressed human tau with the FTDP-17 mutation R406W attenuated tau-induced
toxicity (Schneider et al., 1999; Nishimura et al., 2004). This attenuation of tau-
induced toxicity was accompanied by less phosphorylation at Ser262 and Ser356.
The overexpression of human mutant tau containing substitutions of Ser262 and
Ser356 to alanine entirely abolished tau-induced neurotoxicity (Chatterjee et al.,
2009). Surprisingly, this mutant tau overexpression also inhibited phosphoryla-
tion of several other tau sites known to be phosphorylated by different kinases,
suggesting that tau phosphorylation by PAR-1/MARK may act as a trigger for
subsequent multistep phosphorylation by other kinases. Although the mechanism
would need to be clarified, because PAR-1/MARK has recently been reported to be
phosphorylated by GSK-38, which inhibits its activity (Timm et al., 2008), it is con-
ceivable that the activation of PAR-1/MARK dislodges tau from microtubules and
primes tau for further phosphorylation, first by INK, then by GSK-38. Activation of
GSK-3p inhibits PAR-1/MARK and dephosphorylates Ser262 and Ser356 sites of
hyperphosphorylated tau, leading to tau aggregation and neurodegeneration.

5.3.3 JNK

Tau phosphorylation at Ser422 is specifically observed in AD brain; however,
neither GSK-3 nor PAR-1/MARK phosphorylates Ser422. Although extracellu-
lar signal-regulated kinase (ERK) is known to be capable of phosphorylating tau
at Ser422 in vitro, the activation of ERK tends to inhibit tau phosphorylation
through the inhibition of GSK-3, and ERK itself does not phosphorylate tau in vivo
(Lovestone et al., 1994; Latimer et al., 1995). This led to the search of other kinases
responsible for phosphorylating Ser422.

JNK was first cloned as a stress-activating kinase that responded to cellular
stress, such as exposure to ultraviolet light or tumor necrosis factor (TNF) (Yan
et al., 1994). JNK has three isoforms and belongs to the MAP kinase family. In
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vitro, it was confirmed that JNK could phosphorylate tau at Ser422 (Reynolds et al.,
1997). When JNK and the JNK activator, delta MAP kinase kinase kinase (MEKK),
are overexpressed with tau in COS7 cells, active JNK robustly phosphorylated tau
at Ser202, Thr205, and Ser422; moderately at Thr212, Ser214, Thr181, Thr231,
Ser235, and Ser396; and not at all at Ser199, Ser262, and Ser404. When active
JNK and GSK-3 are coexpressed with tau in COS7 cells, all potential phosphory-
lation sites of tau become highly phosphorylated (Sato et al., 2002). Moreover, the
resulting phospho-tau has AT100 immunoreactivity, which is specifically observed
in PHF-tau. In addition, highly phosphorylated tau was recovered in the sodium
dodecyl sulfate SDS-insoluble fraction, suggestive of aggregation, and observation
by electron microscopy revealed that tau aggregates formed in the cytoplasm (Sato
et al., 2002). These results suggest that hyperphosphorylation of tau is sufficient to
trigger the transition from soluble tau to insoluble tau fibril formation.

GSK-3p has been shown to phosphorylate and activate MEKK1, consequently
leading to activation of JNK (Kim et al., 2003). Thus, when neurons begin to
receive fewer extracellular signals, such as neurotrophic factors and neurotrans-
mitters, GSK-3p may be activated through inactivation of Ser/Thr protein kinase
(AKT) signaling in response to weak extracellular survival stimuli, and activation
of GSK-3B may simultaneously activate JNK. Activating both kinases may then
induce high levels of tau phosphorylation resulting in identical epitopes to those of
PHF-tau. Interestingly, active JNK is observed at tau granules in early stages of NFT
formation (Lagalwar et al., 2006).

5.3.4 GSK-3p

GSK-3f was initially called tau protein kinase 1 (TPK1). It was isolated from the
microtubule fraction of bovine brain as a tau kinase and was found to induce hyper-
phosphorylation of tau at the same epitopes as PHF-tau (Ishiguro et al., 1992).
Previously, Woodgett and colleagues cloned a kinase for glycogen synthase, called
GSK-3, which was a rate-limiting enzyme for glycogen biosynthesis (Woodgett,
1990). Cloning of TPK1 revealed that TPK1 was identical to GSK-3f (Ishiguro
etal., 1993).

Expression levels of GSK-3f8 are higher in developing brains than in mature
brains (Takahashi et al., 1994; Takahashi et al., 2000). Although GSK-38 is found
predominately in the perikarya and proximal parts of neuronal dendrites in adults,
it can also be found in embryonic axons (Takahashi et al., 1994; Leroy and Brion,
1999). Importantly, GSK-3p is activated by amyloid beta (Af) in hippocampal pri-
mary cell cultures, leading to hyperphosphorylation of tau and subsequent neuronal
death (Takashima et al., 1993). This was confirmed in mutant tau-overexpressing
mice treated with a GSK-3 inhibitor (Perez et al., 2003; Noble et al., 2005).

Unlike many other kinases, GSK-3f is constitutively active in resting cells, and
this activity is regulated by Ser9 phosphorylation at the phosphorylation site of pro-
tein kinase A (PKA), PKB (also called AKT), PKC, p90Rsk, and p70 S6 kinase
(Grimes and Jope, 2001). Cell survival signals are known to activate PKA, PKB,
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and PKC, thereby inactivating GSK-38. Thus, GSK-3p can be activated by cell death
signals, such as the experimental reduction of growth factors.

The phosphoserine-binding protein 14-3-3 forms a complex that connects the
inactivated form of GSK-3f, phospho-Ser9 GSK-3f, to tau, which stimulates
GSK-3p phosphorylation of tau (Yuan et al., 2004). The active form of GSK-3f can
phosphorylate many substrates and participates in various cellular events, including
metabolism, signaling, and transcription (Grimes and Jope, 2001). Although GSK-3
is categorized as a proline-directed kinase, most GSK-3 targets are phosphorylated
by another kinase before they can be phosphorylated by GSK-3p. GSK-3f binds to
the resulting phosphate at position Py+4 through the GSK-3f “priming pocket” and
transfers a phosphate to position Py (Frame et al., 2001; Harwood, 2001). This phos-
phate transfer requires Arg96 to form the priming pocket and is an important feature
of GSK-38 (Frame et al., 2001; Hagen et al., 2002). For example, after Ser404
is phosphorylated, GSK-3p recognizes this phosphorylation and sequentially phos-
phorylates Ser400 and Ser396 of tau. Thus, GSK-3p is a potent tau kinase in terms
of forming highly phosphorylated, PHF-tau.

5.3.5 Effects of Tau Phosphorylation

Phosphorylation of tau at Ser262 and Ser356 by PAR-1/MARK dislodges tau from
microtubules. In Drosophila neurons, when Ser262 and Ser356 of tau are substituted
with Ala, tau is not highly phosphorylated, thus reducing cell death (Nishimura
et al., 2004; Chatterjee et al., 2009). Therefore, kinases may be prevented from
accessing tau on microtubules but can phosphorylate tau in the cytoplasm. In this
way, hyperphosphorylated tau may gain a toxic function.

Conformation of tau may be affected by phosphorylation state. Jeganathan
and colleagues reported that tau in solution adopts a “paperclip” conformation
(Jeganathan et al., 2008), and pseudophosphorylation of the ATS site or PHF-1 sites
opened up the paperclip conformation. Pseudophosphorylation of both ATS8 and
PHF-1 sites causes tau to form a compact paperclip conformation, and additional
phosphorylation induces a pathologic conformational change in tau (Jeganathan
et al., 2008). This tau conformational change may lead to the formation of NFTs.

5.4 Tau Aggregation and Neurodegeneration

5.4.1 Tau Fibril Formation Process

One FTDP-17 mouse model displays age-related NFTs, neuronal death, and behav-
ioral deficits. FTDP-17 mice overexpress P301L mutant tau under the regulation of
a tetracycline-inducible promoter. Although inhibiting mutant tau overexpression in
these mice blocks neuronal death and improves memory, NFTs continue to form
(Santacruz et al., 2005). NFT-bearing neurons are associated with caspase activa-
tion but do not show acute apoptosis (Spires-Jones et al., 2008). These findings



140 A. Takashima

suggest that NFTs are not themselves toxic, but instead that the mechanism of
NFT formation is shared by the process underlying neuronal death and neuronal
dysfunction.

Tau fibril formation has been studied extensively in vitro. Anionic surfactants
accelerate fibril formation of tau protein in vitro (Barghorn and Mandelkow, 2002).
Fibril formation can be monitored with thioflavin (ThT) fluorescence; ThT rec-
ognizes aggregations having a p-sheet conformation. We applied atomic force
microscopy (AFM) to tau in solution to track structural changes in tau. To under-
stand the relationship between these different tau aggregates, we investigated how
tau assembly in vitro changes over time by measuring ThT fluorescence and by
using AFM (Maeda et al., 2007).

Before ThT fluorescence intensity increases, tau forms oligomers (dimers to
octamers) as incubation time increases; however, these oligomers are not visible
with AFM (Sahara et al., 2007). These tau oligomers were originally analyzed
under nonreducing SDS-gel conditions. However, under reducing conditions, tau
oligomers (except dimers) disappear, suggesting that tau oligomers form through
disulfide bonds and other SDS-resistant tau—tau associations. At increased ThT flu-
orescence intensities, two forms of tau aggregate are observed under AFM. One is
a granular form of tau aggregate, and the other is a fibrillar form of tau aggregate.
Laser light scattering analysis of granular tau aggregates purified by sucrose gradi-
ent centrifugation indicated that granular tau aggregates consist of approximately 40
tau molecules. Because increased concentrations of granular tau aggregate induce
tau fibril formation, granular tau is thought to be an intermediate form of tau fib-
ril (Maeda et al., 2007). As shown in Fig. 5.1, monomeric tau first binds together
through disulfide bonds and SDS-resistant interactions to form tau oligomers, which

= — = \
Tau Phosphorylated tau
‘ — Synapse loss

Tau oligomer R 3

Granular tau oligomer ﬁ — Neuron loss

Tau fibril 5 —» Neurofibrilarly tangle

Fig. 5.1 Tau fibril formation process and its corresponding role in neurodegeneration.
Hyperphosphorylated tau dislodges from microtubules and then binds together to form tau
oligomers (i.e., oligomers that are detected on SDS-PAGE but are not detectable by ThT stain-
ing or AFM). Next, granular tau oligomers form before NFTs are formed. In vivo studies showed
that hyperphosphorylated tau induces neuronal dysfunction, but NFTs do not. Therefore, hyper-
phosphorylated tau oligomers induce synapse loss, whereas granular tau oligomers may represent
a potent toxic species of tau that is responsible for neuron loss
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are not visible with AFM. Forty tau molecules bind together and take on a B-sheet
structure; these aggregates appear granular in shape with AFM. When granular tau
levels increase, granular tau aggregates stick together and form tau fibrils. Therefore,
tau forms two different types of aggregate — (1) tau oligomers, which are not
detectable by AFM, and (2) granular tau oligomers — before forming tau fibrils.

Increased levels of granular tau oligomer are observed in frontal cortex during
Braak stage I, whereas NFTs do not appear in frontal cortex until Braak stage V,
suggesting that increased granular tau oligomer formation precedes NFT formation
(Maeda et al., 2006). Even nondemented elderly individuals display reduced frontal
cortical function, and frontal lobe volume decreases with aging (Buckner, 2004).
Therefore, granular tau oligomers might be involved in neuronal loss.

5.4.2 Mouse Model of Tauopathy

Understanding the role of tau on neurodegeneration can be achieved by ana-
lyzing tau Tg Transgenic Mouse. The occurrence of tau mutations in FTDP-17
strongly supports the hypothesis that tau abnormalities induce the NFT formation
and neuronal loss that ultimately lead to dementia (Goedert and Spillantini, 2000;
Hutton, 2000; Spillantini et al., 2000). Therefore, studying and understanding the
mechanisms underlying NFT formation may lead to new strategies for preventing
tauopathy-associated dementias (Gotz et al., 2000; Lewis et al., 2000; Gotz et al.,
2001; Lewis et al., 2001; Tanemura et al., 2001; Tanemura et al., 2002; Tatebayashi
etal., 2002; Gotz et al., 2004; Egashira et al., 2005; Lee et al., 2005; Taniguchi et al.,
2005; Yoshiyama et al., 2005; Murakami et al., 2006). Indeed, Tg mice that harbor
FTDP-17 mutant tau display NFTs, neuronal death, and behavioral deficits.

Although most mouse models of FTDP-17 mutant tau exhibit NFTs, neuronal
loss, and behavioral deficits, one model does not: 12-month-old mice expressing
mutant N279K tau exhibit behavioral deficits but do not display NFTs and neuronal
loss (Taniguchi et al., 2005). These findings suggest that behavioral deficits might
occur before NFTs form and neuronal death occurs.

Kimura and colleagues (Kimura et al., 2007) generated a Tg mouse line that
expresses wild-type human tau. These mice exhibit impaired place learning and
memory in the absence of NFT formation or neuronal loss at old age. To determine
which brain region’s activity is linked to impairment of place learning in this mouse
model, we analyzed the relationship between age-dependent tau-induced changes
in behavior and the corresponding activity in all brain regions using Mn-enhanced
MRI (MEM) methods. MEM showed that the activity of the parahippocampal area
strongly correlates with the decline of memory as assessed by the Morris water
maze. Moreover, hyperphosphorylated tau and synapse loss are found in the same
regions where hyperphosphorylated tau and synapse loss normally occur in old age.
Taken together, the accumulation of hyperphosphorylated tau in aged mice, lead-
ing to inhibition of neural activity due to synapse loss in parahippocampal areas
including the entorhinal cortex, may underlie place learning impairment in Tg mice
that express wild-type human tau. Thus, the accumulation of hyperphosphorylated
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tau that occurs before NFT formation in the entorhinal cortex may contribute to
neuronal dysfunction at old age.

5.5 Brain Aging
5.5.1 Tau and Brain Aging

Although amyloid deposition, which is a hallmark of AD, is observed in older indi-
viduals, it is relatively uncommon in the brains of individuals who died without
showing signs of dementia. On the other hand, NFTs, a tombstone of neuronal dys-
function, are rarely seen in nondemented elderly people. As individuals grow older,
they experience memory loss and cognitive slowing that can interfere with their
daily routine. Thus, a person can experience memory loss and cognitive slowing
even though they do not have dementia. Two types of brain dysfunction are com-
monly observed in the elderly: One is diminished memory recall and disruption
of executive functions, which rely on prefrontal cortex, and the other is decline
of long-term memory, which relies on the entorhinal cortex and hippocampus.
NFTs are commonly observed in most elderly people over the age of 75 years.
When NFTs occur in the entorhinal cortex, increased granular tau levels are also
observed in prefrontal cortex, suggesting that the tau aggregation process may
underlie manifestations associated with age-related brain dysfunction.

5.5.2 Development of NFTs and Brain Dysfunction

Braak and colleagues defined the progression of disease in terms of six stages based
on the distribution of NFTs in the brain (Braak and Braak, 1996). In Braak stage
I, NFTs are formed in the transentorhinal cortex and the CA1l region of the hip-
pocampus. The number of NFTs increase in Braak stage II, and Braak stages I and
II together are called the transentorhinal stage. Braak stages I and II are classified as
normal aging. In Braak stages III and IV, called the limbic stage, many ghost tangles
appear in the entorhinal cortex, and NFTs are found throughout the entire limbic sys-
tem, in hippocampal regions CA1-4, and the amygdala. In the limbic stage, patients
show various AD-specific symptoms, such as memory impairment, reduced spatial
cognition, and reduced desire, as a result of neural dysfunction in the limbic system.
In Braak stages V and VI, called the isocortical stage, NFTs in the cerebral cortex
impair cortical neural function, resulting in dementia. This increasing extension of
NFTs correlates with increasing impairment of brain function.

Figure 5.2 summarizes the relationship between NFTs and AP deposition dur-
ing aging. During the transentorhinal stage, Af deposition varies, sometimes with
no AP deposition. The prevalence of the transentorhinal stage increases with age,
independent of AP deposition (which peaks at approximately 75 years of age, and
then decreases). However, the prevalence of NFTs in Braak stages III-VI increases
after AP deposition. Thus, NFT formation in normal aging is not dependent on AP
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Fig. 5.2 Relationship between NFT formation and AP deposition

deposition. After NFTs form in the entorhinal cortex, the spread of NFTs through
the limbic system and neocortex seen in AD may require Af deposition. Thus, the
chronology of the pathologic changes seen in AD seems to start with the appear-
ance of NFTs in the entorhinal cortex independent of AR deposition, which may be
caused by aging-related factors. This is followed by AP deposition, which triggers
the spread of NFTs into the limbic system and neocortex (Fig. 5.3). This chronology

Aging brain
. Actival NFT formation
Aging — Azamiten  Avelor . i crtorinal—» Brain aging
cortex
Dementia

Fig. 5.3 Development of AD requires brain aging. AP accelerates the aging process, leading to
dementia
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suggests that NFT formation in the entorhinal cortex may reflect brain aging and that
AP accelerates this brain aging, resulting in AD.

5.5.3 Memory Maintenance May Be a Factor of Brain Aging

GSK-3B is a tau kinase that induces the formation of NFTs in AD and tauopathies
(Bhat et al., 2004). In an animal model of AD, increased AP levels induce mem-
ory impairment due to learning deficits that are accompanied by inhibition of
long term potentiation (LTP) (Chapman et al., 1999). In a cell culture model, AP
was shown to activate GSK-38, leading to tau hyperphosphorylation and neuronal
death (Takashima et al., 1993; Takashima et al., 1996; Takashima et al., 1998;
Takashima, 2006). Moreover, the inhibition of GSK-3f rescued Ap-induced neu-
ronal death and tau hyperphosphorylation. In an FTDP-17 animal model, lithium,
which inhibits GSK-3p, prevents NFT formation (Perez et al., 2003; Noble et al.,
2005). Overexpression of GSK-3p in mouse induces tau hyperphosphorylation
and decline in cognitive performance, which is accompanied by inhibition of LTP
(Hernandez et al., 2002; Hooper et al., 2007). Cognitive performance decline is due
to impairment of learning. Therefore, AP constitutively activates GSK-38, leading
to impairment of learning through inhibition of LTP. Even in normal aging, NFTs
occur in the entorhinal cortex without AP deposition. This may represent a very
early pathologic change that occurs in sporadic AD, suggesting that GSK-3f may
be activated also in the aged brain through aging factors.

Analyses of GSK-3p heterozygote mice have helped us to understand the role
of GSK-3f activation in the brain, showing that GSK-3f is required for mem-
ory reconsolidation (Kimura et al., 2008). Recently, GSK-38 activation has been
reported to be required for NMDA-dependent long term depression (LTD) induc-
tion (Peineau et al., 2007). Because activation of GSK-38 can induce LTD but inhibit
LTP (Hooper et al., 2007), the state of GSK-3p may determine the nature of synap-
tic plasticity. If memory traces are formed through the contributions of both LTP
and LTD, memory consolidation may preferentially depend on LTP for the ultimate
formation of stable memory traces but on LTD to maintain prior potentiated cir-
cuits through competitive synaptic maintenance (Diamond et al., 2005). GSK-3p
activation may also play a role in protecting stable memory traces from forming
additional synaptic connections. Because memory reconsolidation is required for
GSK-3B activation, tau might become hyperphosphorylated when memories are
reconsolidated. As we recently reported, the accumulation of hyperphosphorylated
tau impairs learning and memory in old age (Kimura et al., 2007). Therefore, fre-
quent activation of memory reconsolidation in older brains may damage learning
and memory processes through the hyperphosphorylation of tau. Thus, when elderly
people are confronted with a new idea, they recall related memories to help them
understand this new information, because memories accumulate as the elderly age.
The frequent need to recall and reconsolidate memories relies on the activation of
GSK-3p, which leads to tau phosphorylation and aggregation and ultimately to brain

aging.
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5.6 Conclusions

Rigorous studies of tauopathies have demonstrated that processes underlying NFT
formation, not NFTs themselves, play a role in neuronal dysfunction and neuronal
loss in tauopathies. In this sense, some changes in tau may affect neuronal function
without resulting in the formation of pathologic tau aggregates. During the aging
process, tau may be involved in brain aging, during which changes in tau conse-
quently lead to the formation of NFTs in the entorhinal cortex. In addition, function
of the prefrontal cortex and the entorhinal cortex and hippocampus become par-
tially impaired. Granular tau appears in the prefrontal cortex when NFTs occur in
the entorhinal cortex, suggesting that tau changes may play a role in brain dysfunc-
tion with aging. However, elderly people with NFTs in the entorhinal cortex are
clinically normal. This suggests the existence of a compensatory mechanism whose
function is to maintain normal brain function. This hypothesis is consistent with
recent findings showing that although older adults have reduced functional connec-
tivity between the hippocampus and parietotemporal network, they have increased
connectivity between rhinal and frontal cortical network (Grady, 2008), indicat-
ing that older adults compensate for hippocampal deficits by relying more on the
rhinal cortex, possibly through top-down frontal modulation. This type of compen-
sation plays an important role in maintaining normal brain function in the elderly.
More studies are needed to examine the mechanisms underlying brain compensa-
tion. Understanding this mechanism may pave the way toward developing strategies
to resist brain aging.

Currently, most studies on neurodegenerative diseases, including AD,
tauopathies, Parkinson’s disease, and Huntington’s disease, focus on the molecular
mechanisms underlying neurodegeneration. However, this approach seems to over-
look mechanisms that underlie disease progression ultimately leading to dementia.
Explaining the progression of disease is definitely an important target for the study
of neurodegenerative diseases, as doing so may provide a new therapeutic way to
treat these diseases from a different approach.
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Chapter 6
Microtubule-Associated Protein 4

Structural and Functional Features

Kiyotaka Tokuraku, Kazuyuki Matsushima, Hiroyuki Nakagawa,
and Susumu Kotani

Abstract In contrast with neural microtubule-associated proteins (MAPs) such as
MAPI, MAP2, and tau, MAP4 is identified as a ubiquitous MAP. MAP4 stimu-
lates tubulin polymerization and stabilizes polymerized-microtubules as do neural
MAPs. Because MAP2, MAP4, and tau are structurally similar, the three MAPs
are considered to constitute a superfamily. The architecture of the superfamily
proteins consists of an amino-terminal projection domain and a carboxyl-terminal
microtubule-binding domain, and the microtubule-binding domain is further divided
into three subdomains: the Pro-rich region, the repeat region, and the tail region.
Recent studies have revealed the functions of these domains/subdomains in the
MAP4 molecule: the projection domain keeps individual microtubules separated
by suppressing the bundle-forming ability of the microtubule-binding domain, the
Pro-rich region promotes the nucleation of microtubules, the repeat region promotes
their elongation, and the tail region may contribute to the proper folding of the
molecule. Isoforms of MAP4 are produced from the single MAP4 gene by alterna-
tive RNA splicing, thereby five isoforms, with a deletion in the Pro-rich region or the
repeat region, are expressed. The expression of these isoforms depends on the tissue
type and the developmental stage, suggesting that the function of MAP4 is elabo-
rately regulated by alternative splicing. In this chapter, we will address the structural
and functional futures of MAP4 focusing on the functions of domains/subdomains
and add some insights into the roles of the protein in neurons.
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6.1 Introduction

From the 1970s up to the 1980s, several microtubule-associated proteins (MAPs) —
MAPI1, MAP2, MAP3, MAP4, MAPS, and tau — were found in mammalian
cells (Murphy and Borisy, 1975; Weingarten et al., 1975; Sloboda et al., 1976;
Huber et al., 1985; Riederer et al., 1986; Kotani et al., 1988; Tokuraku et al.,
2002; Matsushima et al., 2005; Matsushima and Kotani, 2007). Subsequent stud-
ies revealed that MAP3 is identical to MAP4 (Kobayashi et al., 2000) and MAPS to
MAPIB (Garner et al., 1990). Because these MAPs stimulate microtubule assembly
and stabilize assembled microtubules, they are believed to play important roles in
the regulation of microtubule dynamics in eukaryotic cells (for review, see Tokuraku
et al., 2002).

In contrast with brain-specific MAPs such as MAP1, MAP2, and tau, MAP4
is identified as a major ubiquitous MAP. Bulinski and Borisy isolated and charac-
terized a 210-kDa heat-stable MAP from HeLa cells (Bulinski and Borisy, 1979,
1980a, 1980b, 1980c), and Olmsted and Lyon identified a 215-kDa MAP in neurob-
lastoma cells, and named it MAP4 (Olmsted and Lyon, 1981; Parysek et al., 1984).
We rather chose mammalian organs than cultured cells as starting materials, and suc-
cessfully isolated a 190-kDa MAP from bovine adrenal gland (Kotani et al., 1986;
Murofushi et al., 1986). MAPs similar to the 190-kDa MAP were also found in
human fibroblast cells, HeLa cells, and rat liver (Kotani et al., 1987; Murofushi et al.,
1987; Kotani et al., 1988). We compared the characteristics of these MAPs, includ-
ing the HeLa 210-kDa MAP and the neuroblastoma 215-kDa MAP, and concluded
that they should be considered as orthologs (Kotani et al., 1988). Subsequent pri-
mary structure analyses (Aizawa et al., 1990; Chapin and Bulinski, 1991; West et al.,
1991) supported this idea, and now these MAPs are considered to be members of the
MAP4 family. MAP4 family member proteins are ubiquitously expressed in various
cells and organs, suggesting that this MAP is important for microtubule-dependent
fundamental cellular functions.
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MAP3 was originally found in rat brain as a 180-kDa MAP (Huber et al., 1985).
Anti-MAP3 antibody staining showed that MAP3 is present in neurofilament-rich
axons and glial processes in the adult brain (Bernhardt et al., 1985; Huber et al.,
1985). MAP3 was induced in nerve growth factor (NGF)-treated PC12 cells, and
the timing of this induction coincided with the bundling of microtubules and neu-
rite outgrowth (Brugg and Matus, 1988), suggesting that MAP3 plays an important
role in regulating the growth of the neuronal process. Because MAP3 was mainly
identified as an antigen of a monoclonal antibody, its biochemical nature had long
been uncertain, and its similarity to MAP4 was pointed out at an early stage (Kotani
et al., 1988). MAP3 was eventually identified as MAP4 (Kobayashi et al., 2000), as
described above. Consequently, the reported characteristics of MAP3 are referred to
as those of MAP4 in this chapter.

Early reports revealed that MAP2 consisted of two domains: a microtubule-
binding domain and a projection domain (Vallee and Borisy, 1977; Vallee, 1980)
(Fig. 6.1a). Subsequently, MAP4 (Aizawa et al., 1987) and tau (Aizawa et al., 1988)
were also revealed to have the two domains (Fig. 6.1a). Studies of the primary struc-
tures (Drubin et al., 1984; Goedert et al., 1988; Lee et al., 1988; Lewis et al., 1988;
Himmler et al., 1989; Aizawa et al., 1990; Kindler et al., 1990; Chapin and Bulinski,
1991; West et al., 1991; Andreadis et al., 1992; Kalcheva et al., 1995) showed
that these MAPs have a homologous sequence of 18-amino-acid residues (AP
sequence) in the microtubule-binding domain responsible for microtubule-binding
and assembly-promoting activities (Aizawa et al., 1989; Ennulat et al., 1989; Joly
et al.,, 1989). The AP sequences imperfectly repeat from three to five times in
the microtubule-binding domain of these MAPs, constituting the repeat region
(Fig. 6.1b). In any of these MAPs, the repeat region is flanked by a Pro-rich region,
a region rich in proline and basic residues, and a tail region, a short C-terminal
region with hydrophobic and acidic residues. Because the domain organization of

Projection Domain Mt-binding Domain
(PD) (MBD)
s [ e T U Y | 12P4
— 1
KDM-repeat Pro-rich Repeat Tail

region region region
(P) Ry (T}

o~ ] | vaP2
%&/[5-lubulin m——— e
Wy

. g-tubulin

200 aa

Fig. 6.1 Schematic structures of the MAP2/MAP4/tau superfamily proteins. a Side view of a
MAP-bound microtubule to show how each domain operates in binding to microtubules. PD and
MBD show a projection domain and a microtubule-binding domain, respectively. b Domain orga-
nizations of the three proteins. Each protein has a projection domain and a microtubule-binding
domain. The projection domain of MAP4 contains a KDM-repeat region. The microtubule-binding
domain is further divided into three subdomains, the Pro-rich region (P), the repeat region (R), and
the tail region (T)
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the three MAPs is similar, researchers have considered that these MAPSs constitute
a MAP2/MAP4/tau superfamily (Tokuraku et al., 2002).

Over the past few decades, the domain functions in these MAP superfamily pro-
teins have been revealed. In this chapter, we will mainly address the structural and
functional features of MAP4 protein focusing on the domain functions and will add
discussion about the functions of the protein in neurons.

6.2 Overall Structure

MAP4, MAP2, and tau proteins are encoded by their respective single genes
(Tokuraku et al., 2002). For the molecular phylogenetics of MAP4, the MAP4
genes on the Web sites PubMed Home (http://www.ncbi.nlm.nih.gov/sites/entrez),
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), and NCBI Conserved Domain
Database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) were surveyed, and MAP4-like
genes from 17 species were successfully found. Figure 6.2 shows the evolutionary
tree of the MAP4 genes. The tree shows that the molecular evolution of MAP4 is
almost consistent with the traditional theory of eukaryotic evolution. It also reveals

H. sapiens
M. mulatta
B. raurus
E. caballu
C. familiaris
M. musculus
100
== R. norvegicus
: G gallus
g M. domestica
a5 D. rerio
95 A laevis
rsaT D. melanogaster
194 | == 8 cerevisiae
o C. elegans
P R gambiae

S. purpuratus
B. floridae

Fig. 6.2 An evolutionary tree of MAP4 molecules. The protein sequence data were ana-
lyzed by DINASIS version 2.07 (Hitachi Software Engineering, Tokyo, Japan) using the
Clustal W algorithm. The boxed numbers are bootstrap values. Seventeen species of MAP4
were analyzed: Homo sapiens (NP_002366), Macaca mulatta (XP_001113017), Bos tau-
rus (BACO07258 and NP_776530), Equus caballus (XP_001495345), Canis lupus famil-
iaris (XP_541897), Mus musculus (AAH55364), Rattus norvegicus (EDL77097), Gallus gal-
lus (XP_418480), Monodelphis domestica (XP_001375442), Danio rerio (XP_001920671),
Xenopus laevis (BAA36221), Drosophila melanogaster (NP_733465), Saccharomyces cere-
visiae (NP_012493), Caenorhabditis elegans (AAB97090), Anopheles gambiae (XP_321540),
Strongylocentrotus purpuratus (XP_788973), and Branchiostoma floridae (XP_002238608)
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that the MAP4 structures of mammalian species, except for Monodelphis domes-
tica (Homo sapiens—Rattus norvegicus), are significantly different from those of
other species (bootstrap value, 61%), suggesting that MAP4 serves some specific
functions in mammalian cells.

The MAP4 gene in a genome invariably consists of plural exons. Figure 6.3
shows the human MAP4 gene with 18 exons. Isoforms are derived from single
MAP4 gene by alternative RNA splicing (Chapin et al., 1995), thereby at least five
MAP4 variants are expressed (Matsushima and Kotani, 2007) (Fig. 6.4). The struc-
tural features of the MAP4 variants are a shortening of the Pro-rich region or the
repeat region in the microtubule-binding domain. The alternative splicing in gen-
eral is now expected to account for the proteomic and functional diversity of higher
eukaryotic organisms. The expression of MAP4 isoforms depended on the tissue
type and the developmental stage (Chapin et al., 1995; Matsushima et al., 2005),
suggesting that the functions of MAP4 are regulated by alternative splicing.

Projection domain  Microtubule-binding domain

100 aa Pro-rich Repeat Tail
= ¥ Y

MAP4

[Homo sapiens]

01000———1000000000001

exon 1 23 45 6 7 8 9 10111213 141516 17 18

Fig. 6.3 The genomic structure of Homo sapiens MAP4 (GeneBank Accession No. NT005825),
consisting of 18 exons (CCDS database; http://www.ncbi.nlm.nih.gov/CCDS)
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As mentioned in Section 6.1, the overall structure of MAP4 consists of an amino-
terminal projection domain and a carboxyl-terminal microtubule-binding domain,
and the microtubule-binding domain is further divided into three subdomains: the
Pro-rich region, the repeat region, and the tail region (Fig. 6.1b). The detailed
structures and functions of the domains will be elaborated in the following sections.

6.3 Projection Domain

6.3.1 Structural Feature of Projection Domain

Electron microscopic observation revealed that microtubules reconstituted from
purified tubulin and MAP4 possessed lateral projections extending from their sur-
face (Murofushi et al., 1986) (Fig. 6.1a). Because microtubules had no lateral
projections when the proteolytic microtubule-binding fragment was used instead of
full-length MAP4 (Aizawa et al., 1987), the lateral projection seemed to correspond
with the domain removed by the cleavage. The primary structure of MAP4 (Aizawa
et al., 1990; Chapin and Bulinski, 1991; West et al., 1991) revealed that MAP4 is
a bipolar molecule consisting of an amino-terminal acidic domain and a carboxy-
terminal basic domain. A bacterially expressed amino-terminal acidic domain did
not bind to microtubule, whereas a carboxy-terminal basic domain did, indicating
that the amino-terminal acidic domain constructs the projection domain (Aizawa
etal., 1991).

A comparison of MAP2, MAP4, and tau sequences revealed that the projection
domains of these MAPs have no structural characteristics in common (Lee et al.,
1988; Lewis et al., 1988; Aizawa et al., 1990). Consequently, it is generally assumed
that each projection domain plays a role specific to each MAP. The interspe-
cific homology of extreme N-terminal 80-amino-acid residues in MAP4 projection
domains was higher (>90%) than that of the other regions in the domain, suggesting
that the N-terminal region is important for specifying some unknown functions of
the projection domain (West et al., 1991). A repetitive region containing 18—26 con-
secutive repeats of an imperfect 14-amino-acid KD(M/V)X(L/P)(P/L)XETEVALA
(KDM-repeat) is located in the middle of the MAP4 projection domain (Fig. 6.1b)
(Aizawa et al., 1990; West et al., 1991). The KDM-repeat is predicted to form a
highly flexible filamentous structure composed of a series of short a-helixes inter-
spersed by frequent proline residues between the KDM-repeat (West et al., 1991).
The KDM-repeats from mouse, human, and bovine sources vary considerably with
respect to both the sequence and the number of repeat units.

6.3.2 Functional Feature of Projection Domain

To investigate the roles of the projection domain, lida et al. (2002) prepared trun-
cated forms of human MAP4 with different lengths of the projection domains and
examined their effects on bundle formation of microtubules. The projection domain
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suppressed the bundle-forming ability intrinsic to the microtubule-binding domain
of MAP4 by keeping individual microtubules separated. The suppressive activity
was correlated with the length of the projection domain but independent of the
amino acid sequence (Iida et al., 2002). Truncation of the projection domain also
led to the attenuation of microtubule dynamic instability (Permana et al., 2005).
Although the projection domains of MAPs have long been expected to possess their
own functions other than the regulation of microtubule dynamics, neither in vitro nor
in vivo experiments have yet clarified the interacting counterpart of the MAP4 pro-
jection domain. When a green fluorescent protein (GFP)-fused projection domain
was introduced into living baby hamster kidney cells, the transfected proteins dis-
played diffuse distributions and showed no interactions with either microtubules or
other organelles (Olson et al., 1995). The MAP4 projection domain may regulate
intrinsic properties of microtubules rather than interact with other components.

6.4 Pro-Rich Region of Microtubule-Binding Domain

6.4.1 Structural Feature of Pro-Rich Region

The Pro-rich region of bovine MAP4 (residues 641-880) contains a high proline
content (19%) (Aizawa et al., 1990) as do the Pro-rich regions of mouse MAP2
(residues: 1,420-1,673) or bovine tau (residues 110-262) (13% and 19%, respec-
tively) (Lewis et al., 1988; Himmler et al., 1989). The amino acid composition of
the three Pro-rich regions showed an additional similarity, that is, the abundance of
the three limited amino acid species, Lys, Thr, and Ser, yet no significant sequence
homology was observed among them. Although the MAP2/MAP4/tau superfamily
proteins regulate their activity by producing multiple splicing variants as mentioned
in Section 6.2, the Pro-rich region variants were not found until our recent identifi-
cation of a MAP4 isoform lacking 72 consecutive amino acid residues, encoded by
exon 9 (Matsushima et al., 2005). The amino acid sequence of the missing region
was highly conserved (about 85% identity/similarity) among the corresponding
region of bovine, human, mouse, and rat MAP4, suggesting the functional signif-
icance of this region. The newly identified isoform is especially interesting from
a neurobiological viewpoint, as it is exclusively expressed in the brain and related
tissues. This issue will be discussed later in Section 6.7.

6.4.2 Functional Feature of Pro-Rich Region

To study the function of the Pro-rich region per se, the microtubule-binding and
microtubule assembly—promoting activities of a bacterially expressed protein frag-
ment exclusively containing the Pro-rich region of MAP4 was observed (Katsuki
et al., 1999). Although the fragment bound to preformed microtubules, it induced
the assembly of tubulin into amorphous aggregates, suggesting that the Pro-rich
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region alone is incompetent at forming normal microtubules. Because the pres-
ence of the Pro-rich region greatly enhanced the microtubule-nucleating activity
of the truncated MAP4 fragments, as revealed by molecular dissection stud-
ies, we proposed a hypothesis in which the Pro-rich region of MAP4 promotes
microtubule nucleation (Tokuraku et al., 1999). The Pro-rich regions of MAP2
and tau are presumed to function in a similar manner despite the low sequence
homology.

Three Pro-rich region—related regulatory mechanisms, phosphorylation, binding
of septins, and alternative splicing, have been reported. Ser-696 and Ser-787 in
the Pro-rich region of MAP4 were phosphorylated by cyclin B-cdc2 kinase, and
the phosphorylation rendered more dynamic microtubules by decreasing the fre-
quency of the rescue process in microtubule dynamic instability (Ookata et al.,
1995, 1997). Of the two phosphorylation sites, Ser-787 was critical (Kitazawa et al.,
2000). Septins are a family of GTP-binding proteins conserved among eukaryotes,
except plants (Hartwell, 1971; Longtine et al., 1996; Nguyen et al., 2000). The
SEPT2:6:7 heterotrimer bound directly to the Pro-rich region of MAP4, blocked its
binding to microtubules, and consequently regulated microtubule dynamics (Kremer
et al., 2005). The Pro-rich region variant lacking exon 9 showed lower microtubule-
stabilizing activity than the full-length MAP4 variant (Matsushima et al., 2005).
Fluorescence recovery after photobleaching analyses revealed that the turnover
of the MAP4 variant on cytoplasmic microtubules is more rapid than that of the
full-length variant (Hasan et al., 2006).

6.5 Repeat Region of Microtubule-Binding Domain

6.5.1 Structural Feature of Repeat Region

The repeat region contains three to five imperfect repeats, each consisting of 18-
amino-acid residues responsible for microtubule-binding activity (AP sequence).
The AP sequences of MAP4, MAP2, and tau are more than 70% identical, and
each AP sequence is flanked by a 13- to 20-amino-acid-long inter-repeat sequence
(Fig. 6.5). Phylogenic implications of the repeat region are discussed elsewhere
(Tokuraku et al., 2002). We reported four MAP4 variants, which differed from each
other in both the number and the arrangement of the AP sequences in bovine cells
(Tokuraku et al., 2003) (Fig. 6.4). These variants are generated by skipping exon
14 and/or exon 13 (Fig. 6.3) by alternative splicing. The expression of these vari-
ants depended on the tissue type and the developmental stage (Chapin et al., 1995),
suggesting that the repeat region variants play a role in tissue type—specific and/or
developmental stage—specific processes.

The number of AP sequences on genes varies among species (Fig. 6.6). From 1
to 10 AP sequences are found in the repeat region of MAP4 (Fig. 6.6), suggesting
that neither the set number of AP sequences nor the tandem repeat are essential for
MAP4 function. The splicing-dependent regulatory mechanism may be acquired in
the later stages of evolution.
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Repeat sequences

Inter-repeat sequence

MAP4

(935) VRSKVGSTENIKHQPGGG
(974) VTKTAGPIASAQKQPAG-
(1004) IQSKCGSKDNIKHVPGGG
(1035) VSSKCGSKANIKHKPGGG
(1067) AQAKVGSLDNVGHLPAGG

RAKVEKKTEARATTRKPESNA
KVQIVSKKVSYSH
NVQIQNKKVDISK
DVKIESQKLNFKEK

MAP2

(1673) VESKIGSTDNIKYQPKGG
(1704) VTSKCGSLKNI -DRPGGG
(1735) VQAKVGSLDNAHHVPGGG

QVQIVTKKIDLSH
RVKIESVKLDFKEK

tau

(198) VKSKIGSTENLKHQPGGG
(229) VQSKCGSKDNIKHVPGGG
(260) VTSKCGSLGNIHHKPGGG

KVQIINKKLDLSN
SVQIVYKPVDLSK
QVEVKSEKLDFEDR

159

(292) VOSKIGSLDNITHVPGGG

consensus

V-SK-GS--NIKH-PGGG

Fig. 6.5 Alignment of the repeat region of human MAP4, MAP2, and tau. The consensus of the
AP sequences is shown at the bottom cell
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Fig. 6.6 Alignment of MAP4 species with respect to the number and the positions of AP
sequences. Nine species are represented: Homo sapiens, Monodelphis domestica, Gallus gallus,
Xenopus laevis, Danio rerio, Strongylocentrotus purpuratus, Branchiostoma floridae, Anopheles
gambiae, and Caenorhabditis elegans. Closed boxes indicate AP sequences. The ruler at the top
shows the amino acid residue numbers

6.5.2 Functional Feature of Repeat Region

Because synthetic polypeptides, containing one AP sequence, bound to micro-
tubules and stimulated tubulin polymerization, and the maximum binding of the
synthetic polypeptide reached 1.2 mol of the polypeptide/mol of tubulin dimer
(Aizawaet al., 1989), a theory was once widely accepted that multiple AP sequences
in the repeat region bind to multiple tubulin molecules to make nuclei for micro-
tubule assembly (Aizawa et al., 1990). However, this traditional hypothesis was not
supported by further studies. The subsequent stoichiometric studies agreed that only
one or two AP sequences are active in binding to tubulin molecules (Tokuraku et al.,
1999; 2002). We also showed by molecular dissection studies that the nucleating
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activity does not reside in the repeated region but in the Pro-rich region (Tokuraku
et al., 1999).

Why are the AP sequences tandemly arranged in one MAP molecule? To
answer this question, we examined the functional differences of MAP4 variants,
which differed from each other in both the number and arrangement of the AP
sequences (Tokuraku et al., 2003). The microtubule-binding domain fragments of
the MAP4 variants showed a similar degree of microtubule assembly promoting
activity and microtubule binding affinity, suggesting that variation in the repeat
region is not important for the control of microtubule dynamics, the main func-
tion of MAP4, which agrees with the phylogenic consideration (Section 6.5.1).
On the other hand, the microtubule bundle—forming activity differed among the
variants (Tokuraku et al., 2003). Consequently, we proposed a hypothesis that
the role of the variations in the repeat region is to alter the microtubule surface
properties. As a result, the interaction between microtubules and other microtubule-
binding proteins, such as microtubule-dependent motor proteins, may be regulated.
Thus, we examined whether the MAP4 variants affect the movement of kinesin by
an in vitro gliding assay (Tokuraku et al., 2007). When the microtubule-binding
domain fragments of MAP4 variants were present in the in vitro gliding assay,
only the five-repeat variant inhibited the kinesin-driven microtubule movement.
The results strongly supported our idea that the repeat region variation is gener-
ated to regulate the interaction between microtubules and other microtubule-binding
factors.

6.6 Tail Region of Microtubule-Binding Domain

6.6.1 Structural Feature of Tail Region

The MAP2/MAP4/tau superfamily has a slightly acidic and hydrophobic tail
region (about 70-amino-acid length) on the extreme carboxyl-terminal part of the
microtubule-binding domain (Fig. 6.1). MAP2 and tau share a homologous tail
region (Lewis et al., 1988), whereas MAP4 does not (Aizawa et al., 1990). Basic
residues accounted for 4.5% in the tail region of MAP4 but 14.5% in those of MAP2
and tau, indicating that the MAP4 tail region is more acidic than those of MAP2 and
tau (Katsuki et al., 1997). The acidity of the MAP4 tail region implies that the region
interacts with basic Pro-rich/repeat regions.

6.6.2 Functional Feature of Tail Region

Because the bacterial expression of a fragment exclusively containing the tail region
was not successful, we fused fragments with thioredoxin (Katsuki et al., 1999).
The thioredoxin-fused tail region fragment did not bind to microtubules, indicat-
ing that the tail region lacks microtubule-binding activity. In an earlier report, we
argued that the tail region is indispensable for the nucleation step, based on the



6 Microtubule-Associated Protein 4 161

result that removal of the tail region greatly reduced the nucleating activity of one
of the MAP4 microtubule-binding domain fragments (Katsuki et al., 1997). The tail
region affected nucleating activity despite its lack of microtubule-binding activity,
suggesting that the tail region contributes to the proper folding of the molecule by
an intramolecular interaction with other subdomains by an electrostatic interaction
between the acidic tail region and the basic Pro-rich/repeat regions.

6.7 Function of MAP4 in Neurons

Although MAP4 has long been known as a ubiquitous MAP and its presence in the
brain was also demonstrated at an early stage, a histochemical study reported that
MAP4 was expressed only in glia and was absent from neurons in the brain (Parysek
et al., 1985). However MAP3, which was subsequently proved to be identical to
MAP4 (Kobayashi et al., 2000), was present in both glia and neurons (Bernhardt
et al., 1985; Huber et al., 1985). The discrepancy of MAP4 localization may be
ascribed to the specificity of the antibodies, as various MAP4 variants are expressed,
depending on the tissue type and the developmental stage (Chapin et al., 1995;
Matsushima et al., 2005). Either or both of the studies may have used antibodies
specific to a certain subtype of MAP4. We also performed immunohistochemistry
with anti-MAP4 antibody and have confirmed that MAP4 is expressed not only in
primary cultured neurons but also in many types of neurons in the brain (Tokuraku
et al.,, 2010).

What are the functions of MAP4 in neurons? In this respect, early studies of
Matus and his co-workers (Bernhardt et al., 1985; Huber et al., 1985; Brugg and
Matus, 1988) can provide some insights (MAP4 was designated as MAP3 in their
studies). MAP4 transitorily appeared in granule cells and their parallel fiber axons
during the developmental stage of the cerebellum. The expression of MAP4 also
coincided with the development of neurites in cultured PC12 cells in response to
NGF treatment, with a concomitant proliferation of microtubule bundles. In the
adult brain, MAP4-bound microtubules were usually co-localized with neurofila-
ments. These studies suggest the roles of MAP4 not only in developing neurites but
also in mature neurofilament-rich axons.

As described in Section 6.4, we have found a new MAP4 variant specific to neural
cells. The expression of this isoform was also induced by NGF treatment in PC12
cells (Matsushima et al., 2005). Since this manner of induction is similar to that
reported by Brugg and Matus (1988), the antigen detected in their work may be the
neuron-specific variant of MAP4. The diffused distribution of NGF-induced MAP4
in the cytoplasm (Brugg and Matus, 1988) may be related to the rapid turnover of
the neuron-specific variant (Hasan et al., 2006). The rapid MAP turnover results in
an increase in the number of dynamic microtubules, which may contribute to neural
tissue differentiation and neurite dynamics.

In neurons, the long-distance transportation by the microtubule motors plays
an important role. As described in Section 6.5.2, the five-repeat variant of
MAP4 inhibited the movement of kinesin motor in vitro (Tokuraku et al., 2007).
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Meanwhile, overexpression of the five-repeat MAP4 variant reportedly resulted
in the inhibition of organelle and receptor traffic (Bulinski et al., 1997; Nguyen
et al., 1997; Cheng et al., 2002, 2005), suggesting that the five-repeat variant also
inhibits movement of motor proteins in vivo. Consequently, the presence of the
five-repeat variant seems to be unfavorable to long-distance transportation; this may
explain the lack of five-repeat versions in the neuron-specific MAPs, MAP2 and tau
(Fig. 6.5). During brain differentiation, the expression ratio of the five-repeat iso-
form decreased with an increase in that of the four-repeat isoform (Chapin et al.,
1995). The replacement of MAP4 isoforms may facilitate the long-distance and
smooth transportation in mature neurons.

In the past few decades, a large number of studies have revealed the structure and
function of MAP4. Although MAP4 has been studied in the light of its ubiquitous
nature, various MAP4 isoforms have been revealed to be expressed in the brain in
a site- and stage-specific manner. To understand the roles of MAP4 in neurons, we
should not only characterize the isoforms in vitro but also develop techniques to
trace the behavior of each isoform.
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Chapter 7
Structure of Neural Intermediate Filaments

David A.D. Parry

Abstract The basic structure of neural intermediate filament (IF) molecules is
known, as are the modes of interaction that direct these molecules into highly spe-
cific and fully functional IF. It has been established that the IF molecule is a dimer
and that its two constituent chains lie parallel to each other and in axial register. The
molecule has a tripartite structure with a central, a-helical, coiled-coil-rich region
(the rod domain) separating the head (the region N-terminal to the rod) from the
tail (the region C-terminal to the rod). A regularity in the linear dispositions of
the charged residues in the longest coiled-coil segments aids assembly through the
formation of numerous intermolecular ionic interactions. By analogy with the well-
defined surface lattice structure of trichocyte keratin (deduced from the extensive
x-ray diffraction data available), the surface lattice structure of neural IF can also
be deduced, primarily from the pattern of cross-links induced between molecules.
Using scanning transmission electron microscopy (STEM) and cryo-tomographic
data, the neural IF are likely to have a four-protofibril structure containing 32 chains
in section. Assembly occurs through a rapid lateral aggregation of about eight
tetramers to form a unit-length-filament (ULF), with each of these tetramers consist-
ing of a half-staggered, antiparallel pair of molecules. Elongation occurs through the
axial aggregation of ULF to form immature IF about 16 nm in diameter and many
micrometers in length. Radial compaction then takes place resulting in close pack-
ing of the molecular filaments and the formation of IF with diameter in the range
8—12 nm.
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Abbreviations

IF Intermediate filament

STEM Scanning transmission electron microscopy
DST Disulfosuccinimidyl] tartrate

NF-L, NF-M, NF-H Neurofilament-light, -medium and -heavy chain respectively
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7.1 Introduction

Intermediate filaments (IF) are a ubiquitous component of a wide diversity of
eukaryotic cells. They are circular in cross section with diameters lying in the range
8—12 nm and have lengths that are generally measured in micrometers. As such,
the IF represent a family of closely related, nonpolar cytoskeletal filaments interme-
diate in size between the other two filaments found in the cell — the microtubules
(25-nm diameter) and the actin-containing microfilaments (7-nm diameter). Both
of these filaments are polar structures. Unlike the microtubules and the microfil-
aments, however, the IF have low solubilities and are frequently phosphorylated
(Omary et al., 2006). Examples of cytoplasmic IF include the keratins, which are
found in trichocytes and epithelial cells, and desmin found in myogenic cells. The
lamin IF are, in contrast, located in the cell nucleus.

In this contribution, discussion will be concentrated on the structure of neural IF,
and reference will only be made to other IF where structural information is available
for them and not, as yet, for those of neural origin. The family of neural IF include
the glial fibrillary acidic proteins (found in glial cells such as astrocytes, the majority
cell type in the central nervous system), peripherin (in peripheral neurons), vimentin
(in cells of mesenchymal origin), synemin (in astrocytes), the neurofilament-light
(NF-L), neurofilament-medium (NF-M), and neurofilament-heavy (NF-H) chains
(in both central and peripheral neurons), a-internexin (in central neurons), and nestin
(in neuroepithelial cells). The structures of these chains, their alignment, and the
interactions they make with one another allow molecular formation to proceed. In
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turn, the assembly of these molecules into fully functioning IF can be described in
terms of several, well-defined modes of molecular interaction.

The thrust of this contribution is primarily structural, and only limited reference
to functional attributes will be made, as these aspects are covered by others else-
where in this book. Nonetheless, it is worth noting that useful background reading
is available in earlier reviews of IF structure and function. These include those writ-
ten by Lazarides (1982); Parry and Steinert (1995, 1999); Herrmann et al. (2003);
Herrmann and Aebi (2000, 2004); Parry (2005); Parry et al. (2007). In addition, sev-
eral books and special editions of journals have been produced on various aspects
of the structure and function of IF. These include one in Methods in Cell Biology
(M.B. Omary and P.A. Coulombe, eds., 2004, volume 78) and, most recently,
that published in Experimental Cell Research (M.B. Omary, H. Herrmann, and
U. Lendahl, eds., 2007, volume 313).

7.2 Neural IF Structure

7.2.1 Chain Structure

Although IF chains differ significantly from one another in terms of molecular mass,
it has been shown above that all of them have highly conserved sequence charac-
teristics over a region that is about 310-315 residues long (Geisler et al., 1982;
Crewther et al., 1983). This is approximately “centrally located” in the chains and
is predicted to be a-helix-rich, a point confirmed from biochemical data and from
crystallographic studies on IF fragments from non-neural IF molecules (see, e.g.,
Herrmann et al., 2000; Smith et al., 2002; Strelkov et al., 2002, 2004) (Fig. 7.1).
Importantly, the sequences contain a heptad repeat of the form (a-b-c-d-e-f-g)n,
where positions a and d are generally occupied by apolar residues (about 70-75%
frequency). Using the heptad repeats as a criterion, the central domain sequence
can be subdivided into four segments 1A, 1B, 2A, and 2B (35, 101, 19, and 121
residues long, respectively) and three (generally) nonhelical linkers L1, L12, and
L2 (typically 8-10, 16-22, and 8 residues long, respectively) (Table 7.1).

At the center of segment 2B, a “stutter”” occurs in the sequence. This is equivalent
to a three-residue deletion from an otherwise continuous heptad repeat (Dowling
et al., 1983). Interestingly, a short region comprising segment 2A and linker L2 also
displays a hendecad substructure (11 residue quasi-repeat) (Parry, 2006). This is a
variant of the heptad repeat and has the form (a-b-c-d-e-f-g-h-i-j-k),, where apolar
residues lie in key positions (a, d, e, and k) akin to those in the heptad repeat.

Further characteristics of all IF sequences are the highly conserved sequences
found at the N-terminal end of segment 1A and the C-terminal end of segment 2B.
These are known respectively as the helix initiation and the helix termination motifs.
Their consensus sequences are, respectively, L-N-D-R-F-A-S-Y-I-D/E-K-V-R-F-
L-E and E-Y-Q-X-L-L-D/N-V-K-X-R/A-L-D/E-X-E-I-A-T-Y-R-K/R-L-L-E-G-E-
E/D-X-R-L/N/I. Segments 1B and 2B both display a regular linear disposition of
acidic and basic residues as first described by Parry et al. (1977) for two fragments
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Fig. 7.1 a Schematic representation of the two-stranded structure of the NF-L/NF-H heterodimer.
The large tail domain corresponds with that of NF-H. The rod domain contains four coiled-coil
segments (1A, 1B, 2A, and 2B), and these are separated from one another by three linkers (L1,
L12, and L2). A stutter occurs in the sequence at the center of segment 2B. This corresponds
with a three-residue deletion from an otherwise continuous heptad repeat. b The head domains
are shown lying over segment 1A, thereby stabilizing its two-stranded coiled-coil conformation.
¢ When the head domains move away from segment 1A, it has been suggested that the latter will
become less stable and that the coiled coil will unwind into two separate strands. This would allow
the heads a much greater degree of spatial freedom and, hence, interaction potential

from wool keratin. For human keratin IF, as a whole these have periods of 9.51
and 9.87 residues in segments 1B and 2B, respectively (Smith and Parry, 2007).
Comparable values are found in the far smaller number of neural IF chains that have
been studied to date. This periodicity specifies various modes of molecular aggrega-
tion (see Section 7.5) that occur through the formation of ionic interactions between
antiparallel molecules that are appropriately aligned axially.

The domains that are N- and C-terminal to the central region are known as the
head and tail domains, respectively, and, in contrast with the central region, have
a wide range of sizes, sequence characteristics, structures, and functions that are
dependent on cell type. The (limited) structural information on these regions is
described in Sections 7.4.1 and 7.4.2, respectively.
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7.2.2 Chain Typing

On the basis of sequence homology within the central domain, IF sequences may
be classified into five different but nonetheless closely related types. In addition to
the keratins, which are defined as type I (net acidic, pI values 4.5-5.5 and molecular
masses 40—64 kDa) or type II chains (neutral-basic, pI values 6.5-7.5 and molecular
weights 52-68 kDa), desmin, vimentin, glial fibrillary acidic protein, peripherin,
syncoilin, and synemin are all classified as type III (molecular masses 52-55 kDa
except for human synemin o and g, which are much larger at 173 and 140 kDa,
respectively). Human type IV chains include NF-L, NF-M, NF-H, a-internexin, and
nestin (molecular masses of about 62, 102, 112, 55, and 177 kDa, respectively), and
type V chains are those from the nuclear lamina (lamins A/C, B1, and B2; molecular
masses 62—78 kDa). Syncoilin and nestin differ from other IF chains in that they lack
linkers L1 (Kemp et al., 2009) and L2, respectively. The lengths of the coiled-coil
segments in IF chains are conserved in all cases. Consensus sequences have been
derived for types I-V chains (Smith et al., 2002).

7.3 Rod Domain Structure

The heptad substructure, first predicted in the early 1950s and subsequently recog-
nized in the sequences of many fibrous and globular proteins, has 3.5 residues per
turn on average (Crick, 1953). As this is less than the average number of residues per
turn in a standard a-helix (typically 3.60-3.63), this implies a coiled-coil structure in
which right-handed a-helical chains will wind around one another in a left-handed
manner (with pitch lengths now known to be typically in the range 14—17 nm for a
two-stranded structure). This type of assembly internalizes the apolar residues and
stabilizes the conformation adopted through close packing of these residues. For
segment 2A and linker L2, however, there are 11 residues in three turns of a-helix
(3.67 residues per turn on average) (Parry, 2006). As 3.67 is slightly greater than
the average number of residues per turn in a standard a-helix (3.60-3.63), the right-
handed a-helical chains will wind around one another in a right-handed manner
with a very long period pitch length (possibly infinite). Thus, whereas segments 1A,
1B, and 2B will form left-handed coiled-coils (a point confirmed from x-ray crys-
tallographic studies of IF coiled-coil fragments from non-neural sources), segment
2A and L2 may form either a short piece of right-handed coiled-coil with a very
long pitch length (say 100 nm) or, alternatively, a region in which the component
a-helices lie parallel to one another (Parry, 2006).

Cross-linking, biochemical data, and theoretical modeling have confirmed that
there are two chains in all IF molecules, that these lie in axial register, and that the
chains are parallel to each other [see, e.g., Steinert et al. (1993a, b, c) for epider-
mal keratins, Quinlan and Franke (1983) for heteropolymers of vimentin and glial
fibrillary acidic protein, and Carden and Eagles (1983) and Parry et al. (1985) for
neurofilaments]. The molecules may be in the form of homodimers or obligate het-
erodimers, depending on the situation (see Parry, 2005 for a summary). Homodimers
have been formed from vimentin (III/III), glial fibrillary acidic protein (III/III),
peripherin (III/III), synemin (III/IIT), NF-L chains (IV/IV), a-internexin (IV/IV),
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and nestin (VI/VI), and heterodimers have been observed between various chain
combinations that include the following: peripherin (III)/NF-L (IV), glial fibrillary
acidic protein (III)/NF-L (IV), nestin (IV)/vimentin (III), nestin (IV)/a-internexin
(IV), NF-L (IV)/NF-M (IV), and NF-L (IV)/NF-H (IV). Heteropolymers, some of
which are almost certainly in the form of heterodimers, have also been shown to
exist for desmin (IIT) with synemin (IIT), and for vimentin (IIT) with synemin (III).
There are no examples of neural IF chains that form only homodimers or, put in
a different way, all neural IF chains are capable of participating in heterodimer
formation. Two chains — NF-M and NF-H — are present only in heterodimers.

At the center of segment 2B, a stutter (Brown et al., 1996) is observed in the
sequences of all IF protein chains (Dowling et al., 1983). This corresponds with a
deletion of three residues from an otherwise continuous heptad repeat. Structurally,
this results in the chains unwinding a little over a short distance axially, thereby
causing the local pitch length of the coiled coil to increase (see crystal structure
of vimentin: Strelkov and Burkhard, 2002). This effectively allows some relative
reorientation to occur between the two parts of coiled-coil segment 2B that lie on
either side of the stutter.

Parry et al. (2002) and Smith et al. (2002) have suggested that the two-stranded
coiled coil comprising segment 1A depends for its structural integrity on the head
domain folding back over it to stabilize it. It follows that if the head domain moves
away from segment 1A, the latter would become destabilized, and the two a-helical
strands would separate (Fig. 7.1). An advantage of this would be that the heads
would have a much greater opportunity of interacting with other IF molecules or
associated molecules. Two observations provided support for this hypothesis. First,
it was shown that a vimentin dimer was formed only in the presence of the head
domain (Strelkov et al., 2001), and second, the crystal structure of segment 1 A alone
was not a two-stranded coiled coil but displayed instead individual coiled a-helical
strands (Strelkov et al., 2002).

The IF molecule as a whole thus has a polar, tripartite structure with a two-
stranded coiled-coil rod domain about 45.5 nm long, that is, 310-315 residues
multiplied by 0.1485 nm, the average unit rise per residue in a coiled-coil con-
formation. Segment 1A, however, may be stable as a two-stranded coiled-coil rope
only when the head domains fold back over this region. In their absence, it has been
suggested that segment 1A is less stable and that the coiled coil will separate into
two distinct a-helical strands connected to the remaining rod domain through the
flexible linker L1.

7.4 Terminal Domain Structures

No tertiary (and only very little secondary) structural information is available for
either the head or the tail domains of any neural IF chain. Fortunately, the amino
acid sequences of the neural IF chains are well known, and this does provide a
source of data from which conformational inferences can be made. Sequence repeats
have been observed in the heads and tails of some neural proteins and, allied to
biochemical data, it has sometimes been possible to ascribe them functional and/or
structural attributes, albeit imperfectly. The head domains and tail domains thus



174 D.A.D. Parry

remain major areas of challenge and continue to impose serious limitations to the
depth of understanding of IF structure and function that is desired by those working
in the field. The limited information currently at hand is listed below.

7.4.1 Head Domain

The number of residues in the head domains of human neural IF chains show
relatively little variation (69-103 residues). There are, however, two exceptions
with human nestin and synemin containing just 8 and 11 residues, respectively
(Table 7.1). The sequences of the head domains as a whole vary considerably, but
in types III and IV IF chains, a conserved nonapeptide of the form S-S-Y-R-R-T-
F-G-G has been observed. Furthermore, it has been shown that its maintenance is
important if assembly is to proceed normally (Herrmann et al., 1992).

Phosphorylation is known to be an important regulator of IF dynamics and, as
such, is involved in modulating the organization of IF networks, the distribution
of IF proteins in the cell, and their functions. This has been characterized in some
detail for both type III and IV IF (Ivaska et al., 2007; Sihag et al., 2007). Vimentin,
for example, contains multiple phosphorylation sites — generally serine residues —
in both its head and its tail domains though the sites are much more prevalent in
the former than in the latter (for a summary of the sites, see Ivaska et al., 2007).
Those in the head domain are specific for various cellular states including mitosis,
differentiation, and stress. The phosphorylation events vary with the cell cycle and
are directly involved in both the assembly of IF molecules into IF and, conversely,
in the disassembly of the IF back into IF molecules. In this regard, peripherin has
many similarities to vimentin (Huc et al., 1989; Giasson and Mushynski, 1998).
Head phosphorylation is also known to affect the phosphorylation of sites in the tail
domains.

Postsynthetic modifications of a different sort occur to both NF-L and NF-M
chains in the form of O-glycosylation (Dong et al., 1993). This affects the state of
assembly of the IF both in vivo and in vitro.

No crystal structures are known for any head domain at the present time.

7.4.2 Tail Domain

The tail domains, in contrast with the heads, differ widely in size. They may contain
as few as 55 residues — as in glial fibrillary acidic protein — but as many as 607
residues in the human neurofilament heavy chain, 1,243 residues in human synemin
a, and an even greater number in nestin (1,308 and 1,683 residues in human and
hamster nestin, respectively; Table 7.1).

The tail domains of the type IV IF chains are net basic and are thought to
adopt a folded structure containing many B-turns. They can be subdivided into
several clearly defined subdomains on the basis of residue type and/or sequence
repeat. These include those that are glutamic acid-rich (E-segments in NF-L, NF-M,
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Fig. 7.2 Amino sequence of the tail domain of the human NF-H chain. This shows a glutamic
acid-rich region (the E-segment), the lysine-serine-proline—containing repeat region (the KSP-
repeats), and the lysine, glutamic acid, and proline-rich region (KEP-segment). Regions of the
KSP-repeat segment that display the consensus repeats A-K-S-P-A/V-K and A/V-K-S-P-E-K are
colored yellow and red, respectively. They are separated from each other by glutamic acid residues
(0, 1, or 2) and are colored green. The repeats are degenerate

NF-H, and a-internexin), those that are rich in lysine and glutamic acid residues
(KE segments in NF-M and a-internexin), and those that contain frequent lysine-
serine-proline repeats (KSP segments in NF-M and NF-H) (Fig. 7.2). In addition,
a lysine—glutamic acid—proline-rich region (KEP segment) exists at the C-terminal
ends in NF-M, NF-H, and a-internexin (Fig. 7.3). It has been proposed that the
E-segments may be involved in IF assembly (Birkenberger and Ip, 1990).

In human NF-H, the K-S-P sequences are present in degenerate repeats of the
form (A-K-S-P-A/V-K) (E)o,12 (A/V-K-S-P-E-K) (E)o,1 2. A strong pseudo-halving
is clearly evident, and whereas both “halves” often occur consecutively in the
sequence, it is not uncommon for one or the other to be absent (Fig. 7.2). The
KSP repeats vary in number between one species and another, but, in all cases, they
represent major sites of phosphorylation (for a recent summary, see Omary et al.,
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Fig. 7.3 Domain structure of nine neural IF molecules. Four of these are type III molecules
[peripherin, vimentin, glial fibrillary acidic protein (GFAP), and synemin «], and five are type
IV (a-internexin, NF-L, NF-M, NF-H, and nestin). The E and KEP segments are rich in glutamic
acid residues and in lysine, glutamic acid, and proline residues, respectively. The KSP sequences
are embedded in homologous pairs of hexapeptide repeats. The 22- and 44-residue repeats in nestin
vary substantially in extent depending on the species involved

2006). They are thus of particular importance functionally and are involved in such
features as transport and associations with other components in the cytoskeleton (for
a summary of earlier work, see Parry and Steinert, 1995).

The tail domains of type IV nestin contain quasi-repeats 11 residues long
based on repeats of 22 residues in human (consensus sequence E-E-D/N-L/Q-
E-S/T-L-R/K-X-L-E-K-E-N-Q-E-P/S-L-R/K-S-L-E) and 44 residues in hamster
(E-E-D-Q-L/R-V-E-R/T-L-I-E-K-E-G-Q-E-S-L-S-S-P-E-E-E-D-Q-E-T-D-R-P-L-
E-K-E-N-G-E-P-L-K-P-V-E) and rat (E-E-D/E-Q-E-A/I-X-R-P-L-E-K-E-N-Q-E-
S-L-G-Y/S-L-E-A-E-D-Q-M-L-E-R-L-L-E-K-E-S-Q-X-S-L-R/K-S-P-E)  (Parry
and Steinert, 1999; Steinert et al., 1999b). The structural implications of these
repeats are, as yet, unknown.
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Disappointingly, the crystal structures of tail domains from IF proteins have
remained elusive, though the tail domain of human lamin A has been solved at
atomic resolution (Krimm et al., 2002; Dhe-Paganon et al., 2002). In this case, the
conformation adopted is closely akin to an Ig-fold.

7.5 Modes of Molecular Assembly

The presence of a regularity in the linear distribution of the acidic and basic residues
in a-helical, coiled-coil segments 1B and 2 (2A+L2+2B) provided a strong indica-
tion that intermolecular ionic interactions would likely drive the assembly of IF
molecules into fully functional IF. On this assumption, it was proposed by Crewther
et al. (1983) that three modes of alignment between antiparallel molecules were
likely to occur. In the first of these, it was suggested that the 1B segments would
be largely overlapped (this was subsequently termed the Aj; mode), in the sec-
ond it was believed that the 2B segments would be largely overlapped (the A
mode), and in the third it was thought that the molecules as a whole would be
largely overlapped (the Aj> mode). In each case, the alignments were proposed
on the assumption that maximization of intermolecular interactions between two
IB or two 2B segments (or a combination of both) was probable. A fourth mode
of molecular alignment (Acyn) involving a short head-to-tail overlap between simi-
larly oriented (parallel) molecules was subsequently defined (Steinert et al., 1993a)
and arose directly, in effect, from the consecutive application of the Aj; and A,
modes. Indicative evidence to support the existence of the Aj; mode came from
work on epidermal keratin (Parry et al., 1985; Steinert, 1991a, b) and wool (Woods
and Inglis, 1984; Sparrow et al., 1989), but definitive data were only obtained some
years later using disulfosuccinimidyl tartrate (DST) cross-linking between spatially
adjacent lysine residues in epidermal keratins K1/K10 (Steinert et al., 1993a) and
K5/K14 (Steinert et al., 1993b). In all cases, their dispositions were consistent with
the A1, A2z, A2, and Acn modes of alignment. Several intramolecular cross-links
were also found, thereby providing additional evidence that the two chains in the
molecule were indeed parallel to each other and in axial register. Using the cross-
link data, least squares analyses was performed to determine the axially projected
lengths of the linker regions (L1, L12, and L2) and the precise values of Ay, Ao,
Ajz, and Acn.

In addition to keratin data that involve only type I and type II chains, equivalent
parameters derived from cross-linking have been obtained for type III homod-
imers (vimentin: Steinert et al., 1993c; Parry et al., 2001), type IV homodimers
(o-internexin: Steinert et al., 1999a), and type IIl/type IV copolymers (vimentin/a-
internexin: Steinert et al., 1999) (Fig. 7.4). The Aj; mode of interaction was also
supported from the work of Miicke et al. (2004) on vimentin. It follows, there-
fore, that type III, IV, and VI IF chains (in a variety of well-specified combinations)
assemble in a common manner and that this is different from that adopted in both
the “reduced” and “oxidized” states of trichocyte keratin.

There are no x-ray diffraction data pertaining to the surface lattice structure of
any vertebrate neural IF. There are, however, some data from neurofilaments in



178

2B

2A

1B

1A

2B

2A

1B

1A

A,
i
dl
el
T
2B
<4
Lo 2A
1B
e
A,
Vi
dl
\/4
2B
<4
2A
1B
1A

Fig. 7.4 (continued)

2B

2A

Key: INX VIM

vl

al

Ve

a¢

Vi

al

Ve

ga¢

2B

2A

1B

1A

2B

2B

2A

HH

1B

1A

[ H

2B

2A

1B

S — e ——— HH



7 Neural Intermediate Filaments 179

the invertebrate Myxicola (Wais-Steider et al., 1983) that shows an axial period of
25.2 nm. This can be compared with the repeat of 47 nm observed in trichocyte
keratin. (In this case, there are extensive x-ray data available, and a surface lattice
structure has been deduced; Fraser and MacRae, 1985, 1988; Watts et al., 2002;
Fraser et al., 2003; Fraser and Parry, 2005, 2007). The invertebrate neurofilament
chains do differ significantly from the vertebrate ones, however, in having a lamin-
like chain structure with a 42-residue insert in segment 1B. The lack of detailed
x-ray diffraction data from neural IF means that it is only from the cross-linking
data that a surface lattice structure can be deduced (Fig. 7.5). From cross-link data
for all IF, it has been possible to show that the assembly of IF molecules into fila-
ments leads to four closely related structures. These arise from the small but very
characteristic sequence differences that are associated with chain type. Refined val-
ues of the parameters corresponding with the three most closely related structures
are listed in Table 7.2 (Parry et al., 2007). The fourth relates to lamin IF, which, as
noted earlier, has a 42-residue insert in segment 1B. By definition, it must therefore
have a structure different from the others. It follows that the differing structures for
IF provide a ready mechanism that permits assembly and turnover between allowed
molecules while preventing that between those molecules that are not functionally
appropriate.

Evidence supports the concept that all IF, with the exception of lamin IF, are
formed by a common mechanism. This involves three steps. First, there is a rapid
lateral aggregation of about eight tetramers in the Aj> mode of interaction to
form a ULF. Each of these tetramers consists of a half-staggered, antiparallel pair
of molecules assembled (in all probability) in the Ajj rather than the Ay, mode
(Fig. 7.6). The latter mode cannot be totally excluded, however. The ULF is thus
about 55 nm in length. In the well-characterized case of epidermal keratin, the
assembly at the two- to four-molecule level is facilitated through interactions involv-
ing the H1 zones in the head domain of type II chains (Steinert et al., 1993a; Steinert
and Parry, 1993; Hatzfeld and Burba, 1994). The equivalent sequences are present
in the trichocyte keratin chains thereby suggesting that they have the same role
in assembly as that shown experimentally for the epidermal keratins. Second, an
elongation step occurs that involves the axial aggregation of ULF through (in all
probability) the Az> mode to form immature IF about 16 nm in diameter and many
micrometers in length. Aggregation through the Aj; mode remains a possibility.

<
<

Fig. 7.4 (continued) Molecular alignments deduced by the DST cross-linking method for (fop) a-
internexin IF and (lower) a-internexin—vimentin copolymer IF. In the latter case, the vimentin
chains are colored green. In each of these two cases, some of the observed cross-links are
intramolecular (leff) thereby showing that the two chains must be parallel and in axial register.
A2z, A2, and Aj; show antiparallel arrays in which, respectively, the molecules are half-staggered
with their 2B segments largely overlapped, with their entire lengths largely overlapped, and with
their 1B segments largely overlapped. Acn shows that there is a parallel, short, head-to-tail overlap
of the ends of segment 1A and 2B. This arises in effect from the consecutive applications of Ay
and Ap;. Reproduced in a modified form from Steinert et al. (1999a)
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Fig. 7.5 The two-dimensional surface lattice model for vimentin is based on the cross-linking
data derived by Steinert et al. (1993c). The STEM data indicate a best estimate of 16 molecules in
cross section, hence the numbering along the bottom of the figure. The model comprises alternating
rows of antiparallel in-register (A>) and antiparallel staggered (A1 and Ajy) molecules. There is a
small head-to-tail overlap (shown hatched) between similarly directed molecules. The intermediate
filament has an axial repeat of about 45 nm with equivalent points occurring at axial intervals of
about half this value (heavy parallel diagonal lines), interrupted at the dislocation. The second
diagonal line is obtained by connecting equivalent points on the molecules, and the dislocation
between 16 and 1’ is denoted between the arrows. In a 16-molecule IF, the discontinuity will almost
match when the lattice is folded in three dimensions. If there are more or less than 16 molecules in
cross section, the magnitudes of the discontinuities will, necessarily, differ also. Reproduced from
Steinert et al. (1993c) with permission

Dimers within this structure are believed to undergo some reorganization at this
stage. Third, radial compaction takes place that results in close packing of the molec-
ular filaments and the formation of IF with diameter in the range 8—12 nm (Eichner
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Fig. 7.6 Schematic figure illustrating the proposed mechanism of assembly of IF molecules into
functional IF. Initially, pairs of antiparallel molecules align with their 1B segments largely over-
lapped (Aj; tetramer) and/or (possibly) their 2B segments largely overlapped (Ajzy). After the
addition of salt, eight tetramers rapidly aggregate laterally in an antiparallel manner and are sta-
bilized by A, interactions. These are termed unit-length-filaments (ULFs). These then assemble
axially through antiparallel A, and/or possibly Ay interactions to form wide, loosely packed fil-
aments of considerable length. Finally, these undergo compaction to form IF of normal diameter.
Reproduced from Miicke et al. (2004) with permission

et al., 1985; Herrmann et al., 1999, 2002; Wang et al., 2000; Parry et al., 2007).
Equivalent data for most of the neural IF is lacking at present, but it is widely
believed that the fundamentals listed here are applicable to them also.

It is appropriate at this point to describe the terminology commonly used to
describe specific postassembly aggregates. A molecular strand is defined as a
filament containing similarly directed molecules linked by a short head-to-tail over-
lap or gap in many cases (Acn). It is thus one molecule or two chains wide
(excluding the gap/overlap regions). Pairs of antiparallel molecular strands are
termed protofilaments (two molecules or four chains in width) and are defined
by Aj; and Ay interactions. Finally, pairs of protofilaments are defined as a
protofibril (four molecules or eight chains in width) and are linked by Aj, inter-
actions. It should be emphasized that these subfibrillar elements are not functional
intermediates in assembly but are a convenient way to define postassembly IF
substructure.

STEM provides a method that readily allows the mass-per-unit-length of fila-
ments to be determined experimentally. For native vimentin IF, the data indicate
that the majority of filaments have a mass-per-unit-length corresponding with about
32 chains in cross section (Steven et al., 1982), though a small number contain only
about 22 chains in section. Reconstituted vimentin IF showed a similar mass-per-
unit-length distribution except that larger polymorphs were also seen with about 40
and 48 chains in section (Herrmann et al., 1996; Herrmann and Aebi, 2000). Heins
and Aebi (1994) have undertaken similar STEM studies on NF-L chains (Fig. 7.7).
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Fig. 7.7 Mass-per-unit-length distributions determined by STEM for (a) native human vimentin
(Herrmann et al., 1996) and (b) native mouse NF-L (Heins et al., 1993). Both distributions are
unimodal. Their peak values are 37 kDa/nm (30.5 chains in cross section) and 47 kDa/nm (33.8
chains in section), respectively. However, it is not uncommon for in vitro IF assemblies to display a
multimodal mass distribution. The observed peaks generally differ from one another by the equiv-
alent of eight chains in section. In these cases, the numbers of chains in section are about 16, 24,
32, 40, and 48. These provide evidence that an eight-chain protofibril may exist as an identifiable
substructure postassembly. Redrawn from the original figures

Fig. 7.8 Cryo-electron tomography has allowed the supertwist of protofibrils in vimentin IF to be
visualized and characterized. a Sequential 1.8-nm-thick slices along a vimentin IF reveal a right-
handed supertwist of the protofibrils with a period of about 96 nm. The filament was followed
over a distance of 18 nm axially. Over this length, the filament showed a 70-degree rotation to the
right. Variability between filaments suggests that the supertwist is less than perfectly regular and
that the axial interactions along an individual protofibril are considerably stronger than the lateral
ones. b Side view of the same filament with the slices used in (a) illustrated by dashed lines. ¢ A
three-dimensional model. Reproduced from Goldie et al. (2007) with permission
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In this instance, the data were consistent with about 33 chains in section in vivo, 41
chains in vitro, and, for NF-L lacking the head domains, about 24 chains. Overall,
these data are suggestive of preferred mass modes corresponding with about 24, 32,
40, and 48 chains, and hence the existence of an eight-chain subfibrillar element
(the protofibril). Although the interpretation of these results is not totally straight-
forward, the 32-chain structure in section does appear to be the dominant one. This
is consistent with cryo-tomographic studies on vimentin (Goldie et al., 2007) that
show a four-stranded protofibrillar structure with a right-handed twist and a pitch
length of about 96 nm (Fig. 7.8). It was noted, nonetheless, that variability did exist
between the filaments and that the supertwist length was not invariant. The impli-
cation of this observation was that the lateral interactions within the IF were not as
strong and well-defined as the axial ones (Goldie et al., 2007).

7.6 Summary

Through a combined theoretical and experimental approach, a consistent model
for the structure of the neural IF molecule has been deduced, as has the assem-
bly of such molecules into fully functional IF. In some cases, however, aspects of
the model could only be deduced through the use of complementary data obtained
from non-neural IF. The IF molecule has been characterized as a dimer with the
two chains parallel to each other and in axial register. A central, a-helical, coiled-
coil-rich region (the rod domain) separates the head (the region N-terminal to the
rod) from the tail (the region C-terminal to the rod). The molecule thus has a tri-
partite structure with the rod domains having especial (but not sole) importance in
specifying the assembly of the molecules into intact IF. In contrast, most of the
functional attributes of the IF molecules lie with the heads and tails. These occur
predominately on the surface of the IF and are in positions that render them partic-
ularly accessible to interactions with other IF-associated molecules. Regular linear
dispositions of charged residues in the main coiled-coil segments provides a mech-
anism to aid assembly through the formation of intermolecular ionic interactions.
Although there are no x-ray diffraction data to specify the surface lattice structure
of any vertebrate neural IF, the latter can be deduced from the pattern of cross-links
induced between molecules. Allied to STEM and cryo-tomographic data, it seems
probable that neural IF have a four-protofibril structure containing 32 chains in sec-
tion. The assembly occurs in a three-part process. First, a rapid lateral aggregation
of about eight tetramers occurs through the A1, mode of interaction to form a ULF.
Each of these tetramers consists of a half-staggered, antiparallel pair of molecules
assembled, in all probability, in the Aj; mode. Second, an elongation step occurs
that involves the axial aggregation of ULF to form immature IF about 16 nm in
diameter and many micrometers in length. In this case, the Ay> mode appears to be
the dominant one. Dimers within this structure are believed to undergo some reor-
ganization at this stage. Third, radial compaction takes place that results in close
packing of the molecular filaments and the formation of IF with diameter in the
range 8—12 nm.
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Chapter 8
Alpha-Internexin: The Fourth Subunit
of Neurofilaments in the Mature CNS

Aidong Yuan and Ralph A. Nixon

Abstract Because o-internexin is expressed in embryonic brain and can form
homopolymers in vitro, it was originally considered to be an independent filament
system critical mainly during brain development and distinct from that assembled
in neurons from neurofilament (NF) triplet proteins. Analysis of mice engineered
to eliminate individual or different combinations of NF triplet or a-internexin has
proved that a-internexin and NF proteins are constituents of the same NF and func-
tionally interdependent. a-Internexin satisfies all criteria previously used to establish
the NF triplet proteins as subunits of a single intermediate filament and can now be
considered to be a fourth subunit of NF in the adult CNS. Its role as a subunit of
CNS NF explains the close relationship of a-internexin with the pathology of CNS
diseases associated with NF accumulation.

Keywords Alpha-internexin - Neurofilament - Intermediate filament
Cytoskeleton - Cytoskeletal protein - Axonal transport - Neurofilament inclusion
disease - Tropical spastic paraparesis
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8.1 Discovery of «-Internexin

a-Internexin, together with p-internexin (Napolitano et al., 1985), was originally
discovered as a 66-kDa intermediate filament-binding protein, rather than as an
intermediate filament protein, by Liem and colleagues (Pachter and Liem, 1985).
Internexins were so named because of their close association with isolated inter-
mediate filaments and by their inability to assemble into 10-nm filaments under
conditions that promote the assembly of glial filaments and neurofilaments from
their individual purified subunits (Liem and Hutchison, 1982; Pachter and Liem,
1985). Analyses of the cDNAs and predicted amino acid sequences of internexins
later proved that B-internexin is a microtubule-associated protein identical to the
70-kDa heat-shock cognate protein and the clathrin-uncoating ATPase (Green and
Liem, 1989) and that o-internexin is a neuronal intermediate filament protein
(Fliegner et al., 1990; Kaplan et al., 1990) probably identical to a 66-kDa neuronal
intermediate filament protein reported earlier (Chiu et al., 1989).

The subsequent cloning of the a-internexin gene and characterization of its exon—
intron organization and sequence establish a-internexin as a member of the type IV
intermediate filament (IF) gene family (Ching and Liem, 1991), which includes the
genes encoding the neurofilament (NF) triplet proteins, NF-L, NF-M, and NF-H,
and also genes encoding nestin, syncoilin, and synemin (Yuan, 2007). Its speci-
ficity for neurons and abundance in axons led early investigators to suspect that
a-internexin, like peripherin, may be a subunit of NFs (Portier et al., 1983; Chiu
et al., 1989; Kaplan et al., 1990) although some early evidence seemed to suggest
that a-internexin might function independently of the triplet proteins. a-Internexin
was shown to form homopolymers (Ching and Liem, 1993), unlike the NF triplets,
which are obligate heteropolymers requiring NF-L and NF-M or NF-H (Lee et al.,
1993; Lee and Cleveland, 1996). a-Internexin gene expression was also found to be
highest before birth and to decline somewhat before the expression of the triplet
protein sharply rises postnatally (Kaplan et al., 1990; Fliegner et al., 1994). In
some exceptional cases, such as mature cerebellar granules cells, a-internexin was
reported to exist in the absence of detectable NF triplet proteins (Chien et al., 1996).
These studies contributed to the view that a-internexin forms a filament system dis-
tinct from NFs composed of triplet proteins. More recent studies involving mice
lacking individual NF subunits or combinations of subunits, however, have now
established that a-internexin is present in stoichiometric amounts with the NF triplet
proteins in mature CNS NFs and is critical for transport of the NF triplet proteins,
providing strong evidence that a-internexin is, in fact, an authentic subunit of NFs
in the mature CNS.

8.2 «a-Internexin Structure
Like other intermediate filament proteins, a-internexin has a homologous central

rod domain of 321 amino acid residues flanked by an amino-terminal head region
of 87 residues and a carboxyl tail of 91 residues (Fig. 8.1). The rod domain of
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a-internexin is organized into coil 1a, 1b, and 2 segments similar to those in NF-L,
peripherin, and vimentin (Fliegner et al., 1990). The tail domain of a-internexin is
enriched in glutamate and lysines, and both head and tail domains contain sequences
highly homologous to NF-M (Fliegner et al., 1990). This unique hybrid nature of
a-internexin may contribute to its role both in neuronal development and in the
mature CNS (Fliegner et al., 1994; Yuan et al., 2006). The structure of a-internexin
is highly conserved among mice (501aa), rats (505aa), and humans (499aa) (Chien
and Liem, 1994; Chan and Chiu, 1996). Although a-internexin is able to self-
assemble into homopolymers in the absence of a preexisting filament network in
SW13vim™ cells (Ching and Liem, 1993), its transport and content in axons in the
mature CNS is largely dependent upon the presence of other NF subunits, especially
NF-M (Yuan et al., 2006). Moreover, a-internexin is also critical for NF-M trans-
port and content in axons in the absence of NF-L and NF-H (Yuan et al., 2006).
These studies suggest the NF-L, NF-M, and NF-H form obligate heteropolymers
with a-internexin in the mature CNS. Obligatory 10-nm NF formation is believed
to begin with the formation of heterodimers from two parallel, unstaggered subunit
chains via their a-helical rod domains (Fuchs and Weber, 1994). Two heterodimers
then align to form an antiparallel heterotetramer (protofilament) of four subunit
chains. Two heterotetramers are then packed together to form hetero-octamers of
protofibrils and ultimately 10-nm NF (Figs. 8.2 and 8.3) (Wen and Wisniewski,
1984; Cohlberg et al., 1995).

8.3 a-Internexin Expression

When neuronal precursor cells become postmitotic, the expression of vimentin
and nestin is downregulated (Cochard and Paulin, 1984; Lendahl et al., 1990),
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Fig. 8.2 Schematic
representation of four NF
subunits and their assembly.
(A) NF proteins consist of
head and tail domains
separated by a coiled-coil rod
domain. (B) A schematic
showing that NFs are
heteropolymers composed of
NF-L, NF-M, NF-H, and
a-internexin with the
protrusions of NF-H and
NF-M to form cross-bridges
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Fig. 8.3 Current model of mature NF fiber construction in the CNS. NF subunit monomer pairs
with a different monomer to form a heterodimer in which the conserved central rod domains are
aligned in parallel and wound together into coiled-coil. Two heterodimers then line up side by side
to form an antiparallel heterotetramer of four polypeptide chains. Two heterotetramers are packed
together to form a hetero-octamer, which eventually associates in a helical array to form the final
10-nm ropelike obligate NF composed of NF-L, NF-M, NF-H, and a-internexin. Note that NF-M
shows the strongest partnership with NF-L among the four subunits (indicated by the thickness of

the double arrow)
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whereas o-internexin expression rises. Although it is possible that a-internexin
forms homopolymeric filaments at an early stage in development (Ching and Liem,
1993; Fliegner et al., 1994), it is important to note that, even during the peak of late
embryonic expression of a-internexin, NF-M, the critical partner for a-internexin
transport, is also expressed albeit at low levels (Faussone-Pellegrini et al., 1999;
Undamatla and Szaro, 2001). The expression of NF-M has been reported to precede
that of NF-L and NF-H both in rat cerebral cortex and in cultured cortical neurons
(Giasson and Mushynski, 1997). Similar earlier expression of NF-M than NF-L
and NF-H has also been observed in the developing nervous system of Xenopus
laevis (Szaro et al., 1989), chicken (Bennett and DiL.ullo, 1985), mouse (Faussone-
Pellegrini et al., 1999), rat (Schlaepfer and Bruce, 1990), and human (Tohyama
etal., 1991). Because NF-M protein by itself does not assemble into homopolymers
(Ching and Liem, 1993; Lee et al., 1993; Nakagawa et al., 1995), detection of NF-M
in the absence of other triplet proteins NF-L and NF-H during embryonic develop-
ment implies that it forms heteropolymers with a-internexin. In fact, a-internexin
has been shown to be critical for NF-M transport in the absence of NF-L and
NF-H (Yuan et al., 2003). a-Internexin is highly expressed in the developing CNS
and is only modestly reduced in expression postnatally (Fliegner et al., 1990; 1994).
Despite somewhat lowered expression of a-internexin mRNA (Fliegner et al., 1994;
Usui et al., 1996), the abundance of a-internexin protein in the mature CNS remains
in the same range as that of the NF triplet proteins, which are among the most
abundant proteins in brain (Chiu et al., 1989; Chan et al., 1997; Yuan et al., 2006).
Although a-internexin was previously believed to be the only neuronal intermedi-
ate filament protein expressed in the parallel fibers of developing cerebellar granule
neurons (Chien et al., 1996), genetic deletion of NF M and H subunits in cerebel-
lar granule cells blocks the efficient axonal transport and function of a-internexin
(Yuan et al., 2006). These results are consistent with previous findings showing that
limited amounts of NF mRNA or protein may be present in cerebellar granule cells
(Liesi et al., 1986; Gilad et al., 1989; Vitadello and Denis-Donini, 1990; Dahlstrand
et al., 1995; Riederer et al., 1996). Although a-internexin is initially expressed in
peripheral axons, its expression is markedly downregulated during embryonic devel-
opment and is expressed at very low levels in most adult peripheral nerve tissues.
The developmental downregulation of a-internexin in the PNS coincides with the
appearance of another intermediate filament protein, peripherin, which could inter-
act with NFs in vivo and possibly serve a role in the PNS analogous to a-internexin
(Portier et al., 1983).

8.4 o-Internexin As a Fourth Subunit of CNS Neurofilament

NFs were originally believed to be composed of only three subunits, NF-L together
with NF-M and NF-H (Lee et al., 1993; Lee and Cleveland, 1996; Al-Chalabi and
Miller, 2003; Lariviere and Julien, 2004). However, recent studies provide strong
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evidence that a-internexin functions in the adult CNS principally as a fourth sub-
unit of NFs based on every criterion previously used to establish the NF “triplet
proteins” as subunits of the NFs as well as on the basis of novel genetic criteria
(Yuan et al., 2006). a-Internexin is as abundant as the NF triplet proteins in the
adult CNS and exists in isolated NFs in a fixed stoichiometry with the triplet. a-
Internexin is transported along axons at the identical rate to the triplet proteins, and
all four subunits exhibit the same turnover rates in optic axons. a-Internexin co-
localizes ultrastructurally with NF-M on single NFs in vivo and co-assembles with
all three NF proteins into a single network of filaments in quadruple-transfected
SW13vim~ cells (Yuan et al., 2009). Moreover, in the absence of NF-H and
NF-L, NF-M forms filaments with a-internexin that disappear if a-internexin
is deleted (Yuan et al., 2003; Yuan and Nixon, manuscript in preparation).
Genetically deleting NF-M alone or together with NF-H in mice dramatically
reduces a-internexin transport and content in axons throughout the CNS. Similarly,
a-internexin is required for axonal transport of NF-M in the absence of NF-H and
NF-L in optic axons, and deleting a-internexin potentiates the effects of NF-M
deletion in reducing the export of NF-H and NF-L into axons (Yuan et al., 2003).
Overexpressing an NF-H- LacZ fusion protein in mice induces a-internexin and
NF triplet to aggregate in neuronal perikarya and greatly reduces their transport
and content selectively in axons. These findings establish that a-internexin and
the NF proteins are functionally interdependent in the mature CNS. More recently,
a-internexin has been shown to be an integral and abundant component of NFs in
cultured sympathetic neurons (Yan et al., 2007).

8.5 «a-Internexin Function

As a fourth subunit of NFs, a-internexin influences the structure and function of
CNS NFs. Some of the serine/threonine residues in the head domain of a-internexin
are phosphorylated by second messenger—dependent kinases such as protein kinase
A and C, which may modulate filament assembly (Tanaka et al., 1993). a-Internexin
is a crucial factor in the transport of these assemblies. In the absence of NF-H and
NF-L, a-internexin mediates NF-M axonal transport and content in CNS axons
(Yuan et al., 2003). In addition to partnering with the NF-M subunit, some a-
internexin also partners with NF-H and NF-L subunits (Yuan et al., 2006). A second
function of a-internexin is likely to be in facilitating the integration of NFs with
the membrane-associated cytoskeleton (Jing-Ping et al., 2005) and with receptor
components (Ehlers et al., 1998; Kim et al., 2002; Ratnam and Teichberg, 2005).
The higher proportions of a-internexin in dendritic spines (Benson et al., 1996)
and at postsynaptic densities (Suzuki et al., 1997) are consistent with this role. A
third function of a-internexin may be to confer greater plasticity to the NF network
(Nixon and Shea, 1992; Giasson and Mushynski, 1997), perhaps by modifying the
cross-linking capabilities of NF populations (Giasson and Mushynski, 1997). The
relatively high proportions of a-internexin in the NFs of small-caliber axons (Kaplan
et al., 1990; Fliegner et al., 1994; Yuan et al., 2006), which are highly dynamic in
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vivo (Stettler et al., 2006), are compatible with this proposed role. a-Internexin may
also facilitate axonal outgrowth. Gelfilin and zefiltin, homologs of a-internexin in
zebrafish and Xenopus laevis, respectively, are highly upregulated during optic axon
growth and regeneration (Glasgow et al., 1994; Zhao and Szaro, 1997a, b). Similar
upregulation of a-internexin is also observed in injured rat motoneurons (McGraw
et al., 2002). Consistent with this role, overexpressing a-internexin in PC12 cell
enhances neurite outgrowth (Chien et al., 2005), whereas knocking down the expres-
sion of a-internexin by antisense oligonucleotides decreases axonal outgrowth in
differentiated NB2a/d 1neuroblastoma cells (Shea and Beermann, 1999). Although
the deletion of a-internexin gene in mouse had no visible effect on development of
the nervous system (Levavasseur et al., 1999), it may well be that the function of
a-internexin is compensated by other proteins or not fully revealed yet.

8.6 o-Internexin Disease Associations

As a fourth subunit of NFs, dysfunction of a-internexin in disease states impairs
NF function. Abnormal neuronal aggregates of a-internexin along with NF triplet
proteins NF-L, NF-M, and NF-H have been identified as the pathologic hallmarks
of NF inclusion disease, a human neurodegenerative disease associated with frontal
temporal dementia and motor disability (Cairns et al., 2004b; Budrys et al., 2007). In
tropical spastic paraparesis, a degenerative neurologic disorder, a-internexin inter-
acts selectively with the human T-cell leukemia virus transcriptional transactivator
Tax leading to cytoskeletal disorganization and marked NF accumulation (Wu et al.,
1993; Liberski et al., 1994; Reddy et al., 1998; Liberski et al., 1999). a-Internexin
abnormalities have also been observed in other human neurodegenerative disorders
such as Alzheimer’s disease (Dickson et al., 2005), dementia with Lewy bodies,
and amyotrophic lateral sclerosis (motor neuron disease) (Cairns et al., 2004a).
a-Internexin together with NF triplet proteins are also among the first cytoskele-
tal proteins lost during the course of Wallerian degeneration (Soifer et al., 1981),
and their axonal transport is similarly impaired in giant axonal neuropathy (Monaco
et al., 1985). Overexpression of a-internexin in mice causes NF accumulations in
perikarya and axons of Purkinje cells, leading to the progressive neurodegenera-
tion and ultimate death of the neurons and motor coordination deficits (Ching et al.,
1999). Overexpression of a-internexin in PC12 cells upregulates the expression of
NF-L and NF-M, leading to abnormal accumulations of NFs, progressive neurode-
generation, and cell death (Chien et al., 2005). The evidence that a-internexin is
a fourth subunit of NF in CNS provides a basis for its close relationship to NF
pathobiology in these disease states.

8.7 Conclusion

NFs were once believed to be composed of only the triplet subunits NF-L, NF-M,
and NF-H. Recent studies now provide strong evidence, however, that a-internexin
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is a functional subunit of NF fibers in the mature CNS based on all criteria previ-
ously used to establish the NF “triplet proteins™ as subunits of the same filament.
a-Internexin and the NF proteins are functionally interdependent in mature CNS.
The concept of a-internexin as a CNS NF subunit provides a new framework within
which to interpret the interrelationship among a-internexin and the NF proteins pre-
viously observed during axon outgrowth, regeneration, and degeneration. Given that
a-internexin is the pathologic hallmark of NF inclusion disease, a form of frontal
temporal dementia with motor disability, it will be critical to define further whether
a-internexin dysfunction is the key pathogenic factor in this disorder or acts by dis-
rupting one or more functions of NFs. Understanding this role may shed light on
emerging functions of NF in neuronal processes that modulate learning, memory,
and movement.
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Chapter 9
Peripherin Pathology

Jesse R. McLean and Janice Robertson

Abstract Peripherin, a 58-kDa, type IIl intermediate filament (IF) protein
expressed in the peripheral nervous system (PNS) and in defined subsets of neu-
rons in the central nervous system (CNS), is thought to play an integral role in the
development of the highly plastic neuronal cytoskeleton and to provide mechanical
support to terminally differentiated neurons. Peripherin expression is a dynami-
cally regulated process that involves mediation by a number of cis- and trans-acting
factors throughout the gene region. Peripherin expression is characterized by a stoi-
chiometric ratio of functionally distinct isoforms that arise as a result of alternative
splicing and translation. Pathologically, peripherin has been implicated in several
human diseases but is best known for its descriptions in the literature of the devas-
tating motor neuron disease, amyotrophic lateral sclerosis (ALS). Here, peripherin
is a component of the major pathologic hallmarks of both familial and sporadic
ALS - intracellular aggregates — and is found upregulated and abnormally spliced
in areas of disease. Moreover, peripherin mutations have been associated with spo-
radic ALS cases, and transgenic overexpression of peripherin in mice recapitulates
some of the clinical and pathologic aspects of ALS. Peripherin pathology represents
a point-of-convergence for both the familial and sporadic forms of ALS; however,
despite our increasing knowledge about peripherin biology, little is known about
the nature of its involvement in disease pathogenesis. This chapter is aimed at
providing the first intensive review of peripherin biology and its involvement in
disease.

Keywords Peripherin - Intermediate filament - Cytoskeleton - Amyotrophic lat-
eral sclerosis - ALS - Motor neuron - Aggregate - Alternative splicing -
Translation - Epilepsy - Cancer - Diabetes

J. Robertson ()

Centre for Research in Neurodegenerative Diseases, University of Toronto, Toronto, ON, Canada
MS5S 3H2

e-mail: jan.robertson @utoronto.ca

R.A. Nixon, A. Yuan (eds.), Cytoskeleton of the Nervous System, 201
Advances in Neurobiology 3, DOI 10.1007/978-1-4419-6787-9_9,
© Springer Science+Business Media, LLC 2011



202 J.R. McLean and J. Robertson

Contents

9.1 Structure and Development . . . . . . . . . . . ... 202
9.2 Regulationand Function . . . . . . . . ... ... 203
9.3 Traumatic Neuronal Injury . . . . . . . . . . .. .. ..o, 206
9.4 Posttranscriptional and Posttranslational Modifications . . . . . . . . . . . .. 207
9.5 Amyotrophic Lateral Sclerosis . . . . . . . . ... ..o 210
9.6 CancerandDiabetes . . . . . . . . . ... ... 000 215
9.7 Conclusions . . . . . . . . . ..o e e e e e e e e e e 216
References . . . . . . . . . L L L e 216

9.1 Structure and Development

Peripherin, a 58-kDa, Triton-X—insoluble protein, was first identified by its anti-
genic and filamentous similarity to the larger class of intermediate filament (IF)
proteins (Portier et al., 1983). Along with vimentin, desmin, and glial fibrillary
acidic protein (GFAP), peripherin is classified as a type III IF protein, which share
>70% nucleotide sequence identity with each other (Fuchs and Weber, 1994). Like
all IFs, peripherin shares the same tripartite protein structure, composed of a cen-
tral conserved a-helical rod domain flanked by non-a-helical N-terminal “head”
and C-terminal “tail” domains, which show variation among different IF mem-
bers (Steinert and Roop, 1988). The a-helical rod domain is further subdivided
into four coil domains (la, 1b, 2a, and 2b) that are joined together by three non-
a-helical linker sequences. Hydrophobic residues, as part of a sequential heptad
repeat pattern, characterize the a-helical domain and provide a template for dimer-
ization between two IF polypeptides. These dimers associate to form staggered and
antiparallel tetramers, which are the building blocks for further lateral and longitu-
dinal growth, until a complete ~10-nm-wide filament is achieved. The N terminus
is involved in the regulation of polymer elongation and assembly, and the function
of the C terminus is largely unknown but may play a role in establishing interac-
tions with other cellular components. Peripherin is capable of self-assembly into
homopolymers, however, it can be co-expressed with other IFs, particularly the type
IV neurofilaments, to form mature filament networks (Parysek et al., 1991; Cui et al.,
1995; Athlan and Mushynski, 1997; Beaulieu et al., 1999b).

Peripherin assembly and organization into cytoplasmic networks is associated
with the acquisition of a terminally differentiated neuronal phenotype. During devel-
opment, peripherin, a-internexin, and vimentin are expressed early to form an initial
IF protein scaffold that is temporally and spatially regulated (Chien et al., 1998;
Merigo et al., 2005). Differentiation into a mature cytoskeletal network is a tightly
integrated process that requires peripherin to form homopolymers or to heteropoly-
merize with neurofilament subunit proteins (Athlan and Mushynski, 1997; Athlan
etal., 1997). The sequential and transitional appearance of different IF proteins dur-
ing development is related to cytoskeletal plasticity during neurite outgrowth and
is considered a mechanism to enhance the stability of existing filament networks
(Giasson and Mushynski, 1997). Unlike the ubiquitous neurofilaments, peripherin
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expression during development is limited to motor neurons, autonomic pregan-
glionic and ganglionic neurons of the retina and optic nerves, sensory neurons of
the dorsal and cranial root ganglia (DRG and CRG, respectively), sympathetic neu-
rons from the neural crest, and some neuronal placodes, including olfactory axons
and acoustic ganglia (Escurat et al., 1990). In the mature nervous system, peripherin
is predominately expressed in small-caliber fibers of the PNS but is also present
at lower levels in defined neuronal populations of the CNS, particularly of efferent
spinal motor neurons and their projections (Table 9.1).

9.2 Regulation and Function

The human peripherin gene (PRPH) contains nine exons spanning an ~3.9-kb
region within q12—q13 of chromosome 12 (Moncla et al., 1992; Foley et al., 1994).
Gene sequencing of the human PRPH and other mammalian species has revealed
several highly conserved coding, intragenic, and transcriptional motifs (Thompson
and Ziff, 1989; Karpov et al., 1992; Foley et al., 1994), suggesting important evolu-
tionarily defined developmental and tissue-specific regulatory elements. The major
contributor to neuron type—specific peripherin expression is the presence of an intact
intron 1 sequence (Belecky-Adams et al., 1993; Uveges et al., 2002), and the acti-
vation of the peripherin gene, itself, appears to be the result of dynamic cis- and
trans-acting interactions between different regions mapped to within a 5.8-kb region
upstream of the 5'-flanking sequence, with the strongest determinants of promoter
activity situated just upstream of the transcriptional start site (Desmarais et al., 1992;
Ferrari et al., 1995). The identification of a negative regulatory element (NRE) and
two positive regulatory elements within the 5'-flanking region has fueled specula-
tion that complete activation of peripherin is based on the dissociation of inhibitory
elements at the NRE, and thus, derepression of the gene (Chang and Thompson,
1996). The normal repression of peripherin in undifferentiated and nonneuronal
cells may be regulated by several DNA-binding proteins, such as NF1-L, a member
of the CCAAT-binding transcription factor/nuclear factor 1 (CTF/NF-1) transcrip-
tion factor family (Adams et al., 1995), and Spl (Ferrari et al., 1995; Chang and
Thompson, 1996). As of yet, the identity of the repressor(s) is unknown; however,
blockage of axoplasmic transport in intact nerves with vincristine suggests a dis-
tal, retrogradely transported inhibitory signal (Terao et al., 2000). These findings
highlight the importance of environmental cues and neuron-target interactions in
peripherin regulation and, indeed, a few in vitro studies have identified nerve growth
factor (NGF) (Portier et al., 1983; Leonard et al., 1987; Parysek and Goldman, 1987,
Aletta et al., 1988; Leonard et al., 1988; Thompson et al., 1992), fibroblast growth
factor (FGF) (Choi et al., 2001), leukemia inhibitory factor (LIF) (Lecomte et al.,
1998), and interleukin-6 (IL-6) (Sterneck et al., 1996) as transcriptional inducers
of peripherin expression. These factors, acting alone or synergistically, have been
shown to elicit peripherin-associated neurite outgrowth and differentiation by trig-
gering the tyrosine kinase (Trk) receptor signaling cascade through the JAK protein
family, which in turn stimulates the activity of STAT transcription factors (Djabali
et al., 1993; Sterneck et al., 1996; Lecomte et al., 1998.



J.R. McLean and J. Robertson

204

SIUQIQJJE QJB SNA[ONU JB[NQTISIA

(6661) B 12 IS{MOYBSAT y3noIy) suoxe [enuad jey) uonou uoddng w10 S[[20 uor[3ues Je[NqQNSIA
uorssaxdxa Apoq [
(8861) uewWIp[on pue yosAred pUE SI19qY 9AIU JOqI[EI-93Ie] pUE QUL] 1 S1001 QAIQU [BTUBID)
wajsurerg
WSS SNOALaN [D1JUI)
OIN-N-MIS
(£661) ‘Te 12 UasIaPad N Uuey) uorssaidxa ssof ‘uorssardxa s[qeries q 029NN (AN) eworaydeoinan
(9661) 'Te 10 JoouIals ADN/L pue 9-1 Aq pasearour uorssardxyg 1 710d BUWOIAO0WOIYI0YJ
(9661) 'Te 10 0FeD-ZoTeATY
(€661) 'Te 10 utopneg S[[90 Jown) 931e[ Ul UoNEe3aIZTe JB[ONULIDJ q 1199 [N
(AN) QULIDOPUOINAN
(6661) 'Te 12 Teqelq w VZ-0ImaN
(2661) 'Te 10 19yore uolssaldxe paonpur urAwWeLpy w €0I-VIN
(0002) ‘T& 19 uopue|
(1661) "Te 3 1eqelq Toupred Surpuiq e se ¢ uruwe| w SITHIN
sisojdode pue uone3aI3de
(8007) 'Te 10 uossoung utoyduad seonpur uoneande 3D d D(QAgd-N-3S
(42141
uonnquysip redponuriad jusurwoid Syy 1-9N
(€661) eI UASIOPdd  pue JINVOQP Aq paonpur ‘uorssaidxe o[qeriep q L-9NN (gN) ewO)SL[qOINAN
(1661) 'Te 12 JeIndsy aurf [[99 ©1oq dnearoued sueyroSue Jo J9[S| 1 JSNTY ewournsuy
(0007) 'T& 10 sSurwwiny) ewodIes projoyiids ur passaidxa 0N q BWODILSOIPUOYD PIOXAW [BIS[SLIXH
NIAN PU® ‘Ndd ‘HOS ‘qtAN
(L661) T8 12 011 POALISP-[[90 UUBMYDS JO IIBW [BNUIJJI(] q SUOISI SNOAUBIND)
si1sauagotouny|
SOURIRJIY somea] soeadg  (9sn uouwruiod) QIM[NO/aNSSL],

Ul 1eD

anssy pue o1nj[nod ur uorssaidxa ueydieg 16 dqeL



205

9 Peripherin Pathology

(886 1) UBWIP[OD) pue YasAred
(L661) T8 1 Tuney
(9002) 'Te 30 yoney

SQIqQY JoqI[ed 93Ie] 10J 3urjeqe]
J[qeLIeA (Fulfoqe] 21qY I2qQI[ed [[BWS ASUU] 1

G719 woiy erodwe) (uofod

(NS) 2AIoU O11RIOS

(6661) & 10 TULISa[[od-ouossne,]  [eIsIp 0} snFeydoso woij uorssardxe pasearouy w Iy esoonwiqns 0) snxa[d dLIUALA
(1661) 'Te 12 urISpjon WAISAS SNOAIOU JLIAUF
(8861) UBWIP[OD) pue YasAred suorjeindod paxtur {uorssardxe a[qerrep hi (DYQ) e13ues joo1 [esio
wa1s§ snoataN p1aydiiag
(0661) ‘Te 32 yeIndsy uIS1I0 9qn) [RINON 1 soAtou ondo pue eunoy
(S661) T8 12 Yorg s12qQ 9qo] Jotrdisod ur Apysour uorssardxyg I Ipue[3 Areymig
SWIN[od [eNUAA Ul Surjaqe|
(8861) uBWIP[OD) pue YasAred Yeam ‘SUWN[od [esIop ur uoissaidxa Suong 1 pi0o [eurdg
(0661) 'Te 19 JeIndsy Surjoqey [ewIuIn 1 suoxe K10108J[0
(L00D) Te 1 SNDS IIT pue [ od4) suonoafoxd
puowae {(900T) ‘Te 10 Suepy poonpuI-urAwoau 10 sNOS ] 2dA) ur passardxg 1 pue (SNDS) suoinau uorj3ues [endg
BI[YO0D)
BIWOYOSI [BIQOIAD
(Z002) ‘Te 12 narneag pue Anfur uorsa[ 1a1ye uoIssardxa pasearouy w SUOINAU JIWR[RY],
(S007) 'TB 10 ZIIY  SAINZIAS PAdNPUI-YY Jojje uorssaidxa pasearouy w sojumnou [edwresoddry
(10027) Te 390 mayleN snieydoous Suump uorssardxs onkoonsy bu X310 Tejonred/rerodway,
wniqaio))
(8861) uewp[on pue yasAred joe) [eurdsoonIod pue 19Ae] Je[nueln) 1 wn[[eqaIe)
SjuaIa)jo are suendwe
(9007) 19119A93] pue pIeuoo| Qe)sLIo oY) Jo xade jeyy uonou syoddng 193 SNA[ONU pue Joe1) JB[NQUISIA
SOOUQIJIY someo] soadg  (esn uowrwod) IMNO/ANSSL],

[ulf oD

(ponunuod) 6 dIqeL



206 J.R. McLean and J. Robertson

Although there are currently ~70 individual proteins constituting the IF super-
family (http://www.interfil.org), with an abundance of literature on their structural,
biochemical, histochemical, regulatory, and interactive properties (Herrmann et al.,
2007; Kim and Coulombe, 2007; Goldman et al., 2008), surprisingly, very little is
known about their exact biological role. Unlike other cytoskeletal filaments, such as
microtubules and actin that are polymers of globular subunits, IFs as fibrillar com-
plexes appear suited for maintaining the structural integrity of cells in response to
mechanical stress. In addition, the widespread cellular distribution and associative
properties of IFs make them ideally suited for signal transduction at the receptor
and subcellular levels. Elucidating the role of peripherin in vitro has come from
studies limiting peripherin expression through the use of antisense oligonucleotides
and small interfering RNAs (siRNAs) in rat pheochromocytoma cells (PC12) stim-
ulated with NGF (Troy et al., 1992; Helfand et al., 2003). These studies found that
whereas peripherin is not required for neurite formation, its absence was associated
with an inability to initiate, extend, and maintain neuritic outgrowth. The generation
of peripherin knockout (Per”") mice by Julien and colleagues demonstrated that
a complete loss of peripherin results in a substantial decline (~34%) of unmyeli-
nated sensory fibers in the dorsal horn (Lariviere et al., 2002). Although these mice
developed normally, with no overt behavioral phenotype, a significant increase in
a-internexin was observed in the ventral horn, suggesting that homeostatic mecha-
nisms are in place to minimize the effects of peripherin loss in response to abnormal
congenital alterations.

9.3 Traumatic Neuronal Injury

Considering the importance of peripherin in providing cytoskeletal stability during
development and in the adult nervous system, and that peripherin expression can be
induced by neurotrophins and cytokines, several groups have assessed the effects
of nerve injury on peripherin expression and assembly. Examination of DRG after
unilateral sciatic nerve axotomy revealed that peripherin is substantially upregu-
lated in both small and large DRG neurons (Oblinger et al., 1989b; Troy et al.,
1990). Moreover, using >>S-methionine to label proteins in newly regenerating
axons, Parysek and colleagues also demonstrated that, in primed conditions, where
neurons are preconditioned with a prior axotomy, increased amounts of peripherin
can be observed in transit en route to regenerating axonal sprouts (Oblinger et al.,
1989b). These studies are in stark contrast with the neurofilaments, where there is
a significant downregulation in synthesis and transport after peripheral nerve injury
(Hoffman et al., 1987; Wong and Oblinger, 1987; Goldstein et al., 1988; Oblinger
et al., 1989a).

Despite being transcriptionally silent in the majority of neuronal populations
in the brain, peripherin expression can be induced at the site of traumatic injury,
including stab-like lesions and cerebral focal ischemia (Beaulieu et al., 2002).
This response was shown to be enhanced in adjacent regions when IL-6 and LIF
were administered at the site of injury. The relationship between peripherin and
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neuronal injury was subsequently extended to other pathologies by systemic injec-
tions of the excitatory amino acid, kainate (Kriz et al., 2005), which invokes an
epileptogenic-like response through limbic seizures (Ben-Ari and Cossart, 2000).
Increased peripherin expression can be observed after kainic acid (KA)-induced
seizures in the cortex, hippocampus, and thalamus. Interestingly, in transgenic
peripherin overexpressing mice (described later; Beaulieu et al., 1999a), KA induces
an enhanced peripherin response, which is associated with alterations in synaptic
plasticity, as measured by short- and long-term potentiation in the cornu ammo-
nis (CA) fields of the hippocampus (Kriz et al., 2005). The significance of these
findings is certainly not lost in humans, as increased IF expression is observed to
occur in focal cortical dysplasia — the most common cause of intractable epilepsy
among children. Here, peripherin increases occur predominately within dysplas-
tic “ballooned” neurons, suggesting that abnormal IF expression may contribute
to the cytoarchitectural disorganization in the cortices of these patients (Taylor
et al., 2001).

9.4 Posttranscriptional and Posttranslational Modifications

After transcription, the ability of peripherin to respond accordingly to the require-
ments of the neuron may, in part, be regulated through posttranscriptional and
posttranslational modifications. Like other IFs, peripherin is constitutively phos-
phorylated, and, depending on the cell line or tissue of interest, different degrees of
peripherin phosphorylation in both the amino- and carboxyl-terminals are observed
(Aletta et al., 1989; Huc et al., 1989; Angelastro et al., 1998; Konishi et al., 2007).
Enhanced peripherin phosphorylation can be demonstrated in PC12 cells when
exposed to NGF, activators of protein kinases A and C, and even depolarizing
levels of K* (Aletta et al., 1989). Peripherin was recently identified to be a novel
IF substrate for phosphatidylinositol 3-kinase (P13K)-Akt-mediated phosphoryla-
tion at Ser®® in PC12 and HEK 293T cells, with phosphorylation being particularly
pronounced in the cell body of damaged hypoglossal motor neurons undergoing
regeneration (Konishi et al., 2007). Akt (also known as protein kinase B) is thought
to mediate various cellular processes, such as cell survival, proliferation, and differ-
entiation (Franke, 2008). Considering that the phosphorylation of IF head domains
has been associated with disassembly (Omary et al., 2006), Akt may be a valuable
mechanism for sensitive regulation of newly synthesized peripherin. In addition
to phosphorylation, peripherin residues Tyr!” and Tyr>’® were recently shown to
undergo nitration after NGF-induced differentiation in PC12 cells (Tedeschi et al.,
2007). These authors also found that nitration of peripherin is correlated with
increased microtubule stability even in the presence of depolymerizing agents such
as nocodazole.

Peripherin is unique among neuronal IFs in that several alternative protein
isoforms have been characterized. The constitutive and most typically described
peripherin isoform expressed from the peripherin gene is Per-58, which is encoded
by all nine exons of the gene (Thompson and Ziff, 1989; Parysek et al., 1991;
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Karpov et al., 1992). The first nondescript identification of peripherin isoforms
was made by Alletta and colleagues when several peripherin electrophoretic bands
were localized on two-dimensional IEF x SDS-PAGE gels by a polyclonal anti-
serum (Aletta et al., 1989). While the identity of these prospective isoforms was
unknown, they noticed that isoform-specific expression was changed in response
to NGF stimulation, suggesting that these isoforms play a role in peripherin func-
tion. In addition to Per-58, two alternative isoforms have been identified in human
(Per-45 and Per-28) and three in mouse (Per-61, Per-56, and Per-45) (Fig. 9.1). The
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Fig. 9.1 Peripherin isoforms. a The constitutively expressed, full-length peripherin isoform, Per-
58, is generated as a result of complete intron splicing to produce the typical intermediate filament
protein structure with a molecular weight of ~58 kDa. b Alternative peripherin isoforms: Per-28
arises from full retention of introns 3 and 4 with premature stop codon to generate an ~28-kDa
protein product; Per-45 results from internal translation of an in-frame start codon to generate an
N-terminally truncated protein of ~45 kDa; Per-56 has a cryptic acceptor site in exon 9 leading
to replacement of the COOH-terminal 21-aa of Per 58 with a unique 8-aa sequence; Per-61 arises
from full retention of intron 4, which leads to an in-frame amino acid insertion into coil 2b
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events generating these isoforms have been determined; briefly, Per-61 is generated
by an in-frame retention of intron 4 that introduces a unique 32-amino-acid inser-
tion; Per-56 is generated by a cryptic acceptor site at the start of exon 9, resulting
in an open reading frame shift that replaces the COOH-terminal 21 amino acids of
Per 58 with a unique 8-amino-acid sequence (Landon et al., 1989; 2000); Per-45
is an N-terminally truncated protein that is generated in both human and mouse as
a result of in-frame alternative translation from internal initiation codons (McLean
et al., 2008); and finally, Per-28 is a C-terminal truncated protein that arises from
a premature stop codon created via the in-frame retention of intron 3 (Xiao et al.,
2008). There has also been a higher molecular weight disulfide peripherin dimer
of ~130 kDa identified in rat sciatic nerve and DRG that is dramatically increased
after sciatic crush (Chadan et al., 1994).

Although the functional relevance of these isoforms is unknown, distinct mor-
phologies and assembly properties can be observed when expressed in SW13vim™
cells (Fig. 9.2) (Robertson et al., 2003; McLean et al., 2008; Xiao et al., 2008),
a human adrenal carcinoma cell line that lacks endogenous cytoplasmic IF pro-
teins (Sarria et al., 1990). Though these findings are similar to the morphologic
changes that are observed in peripherin assembly studies using truncated or mutated
cDNA transcripts to elucidate the functional roles of the head, tail, and rod domains
(Cui et al., 1995; Ho et al., 1995; 1998), peripherin isoforms represent a rele-
vant physiologic process capable of modulating filament structure, and, as such,

Fig. 9.2 Peripherin isoform expression. Distinct peripherin morphologic phenotypes can be
observed when the cDNA encoding each isoform is transfected into SW13vim™ cells. The full-
length ¢cDNA encoding Per-58 produces a filament network, but also produces Per-45. Per-58
expression alone (Per-58M30L) is filamentous, but with shortened fibrils and a collapsed filament
network; Per-45 is assembly incompetent; Per-28 forms large inclusions; Per-56 forms normal
filament networks; and Per-61 forms small punctuate aggregates
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function. Several new avenues of peripherin research have arisen as a result of the
characterization of alternative isoforms. For example, understanding the roles of
these isoforms may lie partly in the recognition that peripherin is capable of form-
ing intra-isoform associations. We have recently established that the coexpression
of these isoforms, notably Per-58 and Per-45, constitute an intra-isoform ratio that
is associated with the structural integrity of peripherin filament networks; changes
to the normal expression pattern of these isoforms are associated with malformed
filaments and/or intracellular inclusions (McLean et al., 2008; Xiao et al., 2008).
Importantly, these ratios are seen in vivo exhibiting regional variation, with, for
example, Per-45 being the predominant species expressed in the brain, whereas
Per-58 is the major species expressed in the spinal cord (McLean et al., 2008).

A surprising point to emerge from studies on Per-45 was the finding that the loss
of the N-terminal head domain does not prevent intra-isoform polymerization. Prior
to these findings, it was thought that the head domain was an absolute requirement
for filament assembly while the C-terminal tail domain imparted specific functional
properties to different IF proteins (Kreplak et al., 2004). Though Per-45, itself,
is unable to form homopolymers, its incorporation within peripherin filaments is
part of an emerging trend of type III IFs whereby assembly-compromised sub-
units or splice variants are incorporated within filaments to modulate IF structure
and/or modify intracellular signaling pathways (Steinert et al., 1999; Schweitzer
et al.,, 2001; Sahlgren et al., 2006; Perng et al., 2008). For the peripherin iso-
forms Per-56, Per-61, and Per-28, the generation of novel protein sequences as
a result of the splicing process may represent important protein binding regions
and/or provide a gain-of-function toxicity. Indeed, Per-61 and Per-28 have been
identified to contribute to the neurodegenerative mechanism in human mutant
Cu®"/Zn®" superoxide dismutase (mtSOD1) transgenic mice and in amyotrophic
lateral sclerosis (ALS), respectively (Robertson et al., 2003; Xiao et al., 2008).

9.5 Amyotrophic Lateral Sclerosis

ALS, also known as motor neuron disease (MND) or Lou Gehrig’s disease, is an
age-dependent fatal neurodegenerative disease that manifests as a result of progres-
sive and selective death of upper and lower motor neurons of the CNS. The majority
of individuals are afflicted during their fifth and sixth decades of life and mani-
fest symptoms of muscle weakness, spasticity, and atrophy, ultimately culminating
in death by denervation of respiratory muscles within <5 years of symptom onset
(Strong, 2003; Goodall and Morrison, 2006). The majority of ALS cases (90-95%)
are considered sporadic with no apparent genetic linkage (Broom et al., 2004). A
familial inheritance pattern is observed in the remaining patients, with ~10-15%
of these cases caused by mutations in the genes encoding the antioxidant protein,
copper/zinc superoxide dismutase-1 (SOD1) (Rosen et al., 1993), and the nuclear
factors TAR DNA binding protein (TDP-43) (Kabashi et al., 2008; Sreedharan
et al.,, 2008) and fused in sarcoma/translated in liposarcoma gene (FUS/TLS)
(Kwiatkowski et al., 2009; Vance et al., 2009). As yet, there is no treatment that
significantly prolongs life as both symptomatic and disease-targeting therapies
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remain largely ineffective (Aggarwal and Cudkowicz, 2008). The clinical diag-
nosis of ALS is considered difficult due to the phenotypic heterogeneity of the
disease, including the manifestation of extra motor symptoms (van der Graaff et al.,
2009) and possible clinical resemblance or overlap with other neurodegenerative
diseases (Majoor-Krakauer et al., 1994; Wokke, 2000; Annesi et al., 2005; Vance
et al., 2006). The El Escorial diagnostic criteria for ALS was established by the
World Federation of Neurology (Brooks, 1994; Brooks et al., 2000) to increase diag-
nostic consistency and to classify patients into various levels of certainty, ranging
from possible to definite ALS. To date, there is no single diagnostic marker or test
available for differential diagnosis (Turner et al., 2009).

As several neurodegenerative disorders may mimic the clinical symptoms of
ALS, including disorders like myasthenia gravis, Kennedy’s disease, multifo-
cal motor neuropathy, and certain myelopathies (Traynor et al., 2000; Wokke,
2000), only a post-mortem pathology review can provide a definitive diagnosis.
Three neuropathologic hallmarks characterize ALS and assist with diagnosis: (1)
the finding of selective degeneration of populations of motor neurons, particu-
larly in the descending supraspinal motor pathways and their neurons of origin,
and of brain-stem and spinal motor neurons (Strong and Rosenfeld, 2003); (2)
neuroinflammation, predominately characterized by reactive gliosis, as well as
infiltrating macrophages and lymphocytes (Lampson et al., 1990; Troost et al.,
1990; Appel et al., 1993; Nagy et al., 1994; Schiffer et al., 1996; Schwab et al.,
1996; Henkel et al., 2004); and (3) the presence of abnormal intracellular inclu-
sions within the perikarya and axons of motor neurons (Averback, 1981; Delisle
and Carpenter, 1984; Munoz et al., 1988; Murayama et al., 1990; 1992; Wong
et al., 2000; He and Hays, 2004). In the latter, peripherin is found to be one
of the major protein constituents in ubiquitinated inclusions (Corbo and Hays,
1992; Migheli et al., 1993; Wong et al., 2000; He and Hays, 2004), co-localizing
with TDP-43 in compact and Lewy-body-like inclusions of sporadic and famil-
ial forms of ALS (Sanelli et al., 2007), as well as with neurofilaments in axonal
spheroids and hyaline conglomerate inclusions, the last of which appear specific
to ALS cases caused by mutations in SOD1 (Fig. 9.3) (Xiao et al., 2006). In
addition, there is an overall general upregulation of peripherin mRNA and pro-
tein levels in spinal cords of ALS patients when normalized to neuron-specific
markers (Robertson et al., 2003; Strong et al., 2004; McLean et al., 2008;
Xiao et al., 2008), although interindividual variations in expression are observed
(Corbo and Hays, 1992; Wong et al., 2000; Xiao et al., 2008, McLean et al.,
2010).

Although the mechanism of inclusion formation in ALS remains unknown,
cytoskeletal abnormalities are prominent features of most neurofilament and periph-
erin transgenic mice (Robertson et al., 2002). It is believed that perturbations in the
normal IF stoichiometry through targeted deletion or overexpression leads to unsta-
ble filament associations, ultimately causing a collapse in the filament network and
the formation of cytoplasmic inclusions. Whereas some of these mice demonstrate
the co-occurrence of a number of specific pathologies reminiscent of ALS (Cote
etal.,, 1993; Leeetal., 1994; Zhu et al., 1997; Kriz et al., 2000; McLean et al., 2005),
only peripherin-overexpressing mice, under the control of the wild-type (Per) or the
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Fig. 9.3 Peripherin pathology in ALS. Immunolabeling of lumbar spinal cord tissue from ALS
cases with peripherin antibody. a Motor neuron containing a compact/round inclusion. b Motor
neuron from a mutant A4V SOD1 ALS case containing a hyaline conglomerate inclusion. These
types of inclusion appear specific for mutant SOD1 cases. ¢ Axonal spheroids. Note size can be as
great as the motor neuron perikaryon. Scale bar = 35 pm

human Thy-1 (TPer) gene promoters, have been shown to develop an age-dependent
motor neuron disease (Beaulieu et al., 1999a). Inclusions bodies, appearing as dis-
organized 10-nm filaments entangled with various membranes and mitochondria,
were found in the presymptomatic stages of these mice, with disease onset occur-
ring around ~2 years of age and coinciding with an ~35% loss in motor neurons
of the lumbar ventral roots. Though few studies have used these mice to study
motor neuron degeneration because of the long latency of disease onset, crossing
these mice with the low-molecular-weight neurofilament (NF-L) knockout (NFL’/ )
mice (Per;L”’), mimicking more closely the neuronal IF conditions found in ALS
(Bergeron et al., 1994), augments the formation of inclusions and disease onset
to ~6—-8 months, with ventral root loss observed as early as 4 months (Beaulieu
et al., 1999a). The inclusion bodies in Per and in TPer mice were also abnormally
immunoreactive for the medium- and high-molecular-weight neurofilament subunits
(NF-M and NF-H, respectively), with the majority of NF-H being hyperphosphory-
lated. To evaluate further the mechanisms underlying peripherin-mediated motor
neuron degeneration, Per;L~~ mice were crossed with mice overexpressing human
NF-H, a mouse model with massive perikaryal accumulations of human NF-H
with no motor neuron loss (hH;TPer;L‘/‘) (Beaulieu and Julien, 2003). Although
peripherin expression was not changed in these mice, per se, there was a dramatic
redistribution of peripherin accumulation from the axon to the perikarya, and a reor-
ganization of peripherin ultrastructure, from 10-nm filaments in TPer;L~~ mice to
nonfilamentous protein aggregates in hH;TPer;L "~ mice. The benefits associated
with these changes may reflect a reduction in the burden associated with dysfunc-
tional axonal transport seen in the TPer and TPer;L’/’ mice (Millecamps et al.,
2006); however, this has yet to be confirmed.

Although the nature of intracellular inclusions in transgenic neuronal IF mice
and in ALS remains a hotly debated topic, it is clear that the in vivo associa-
tions of neuronal IFs are crucial for motor neuron viability (Julien and Beaulieu,
2000; Robertson et al., 2002; Bruijn et al., 2004; Xiao et al., 2006). Peripherin
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abnormalities are also found in mtSOD1 transgenic mice, which develop early-onset
motor neuron degeneration (Shibata, 2001). In addition to the immunodetection
of peripherin inclusions in mtSOD1637R (Beaulieu et al., 1999a; Lariviere et al.,
2003), there is also abnormal expression of the Per-61 isoform in motor neurons of
these mice (Robertson et al., 2003). The expression of Per-61 is far from innocu-
ous, having been shown to disrupt neuronal IF associations, induce neurofilament
aggregation, and cause cell death when Per-61 is expressed via intranuclear microin-
jection of plasmid cDNA into motor neurons in culture (Robertson et al., 2003).
Some of our more recent work has demonstrated that Per-61 is expressed after the
presymptomatic stages of the disease in mtSOD-19%34 mice (McLean et al., 2010),
suggesting that the progression of motor neuron degeneration as a result of the toxic
effects of mutant SOD1 may trigger abnormal alternative splicing. The proof that
abnormal splicing of peripherin occurs in ALS came when we identified periph-
erin mRNA transcripts that retain introns 3 and 4, leading to the generation of a
C-terminally truncated protein of 28 kDa, termed Per-28 (Xiao et al., 2008). Per-28
is aggregate-prone in SW13vim™ cells, is associated with inclusion body formation,
and is upregulated in ALS cases. Considering that peripherin expression is char-
acterized by the generation of multiple isoforms, we were able to observe distinct
peripherin isoform expression patterns in various neuronal tissues, during traumatic
neuronal injury, in mouse models of motor neuron disease, and in ALS (McLean
et al., 2008; Xiao et al., 2008, McLean et al., 2010). The consequences associated
with abnormal changes in the isoform ratio, such as the generation of Per-61 and
Per-28, are likely to have unwanted cellular effects (McLean et al., 2008; Xiao et al.,
2008). The recent findings of peripherin mutations in sporadic ALS (sALS) have
reinforced the importance of peripherin as a prospective causative or propagative
factor of ALS. Direct evidence for peripherin genetic changes in ALS has come
from three studies that have identified at least three pathogenic mutations associ-
ated with sporadic ALS cases (Gros-Louis et al., 2004; Leung et al., 2004; Corrado
et al., 2010). One variant consists of a nucleotide deletion (PRPH?228d¢IC) resulting
in a frameshift within exon 1 and a stop codon predicted to generate a truncated
peripherin species of 85 aa encompassing the head domain; a second variant is a
homozygous nonconservative D141Y mutation within the first linker sequence of
the rod domain; and the third is a missense R133P mutation. Although the mech-
anism of their toxicity is unknown, the former two mutations are associated with
aggregate formation, suggesting that their toxicity arises from isoform-mediated
disruption of the cytoskeletal network.

Our current understanding of the cause and propagation of ALS is now inti-
mately linked to the non-cell autonomous theory of disease pathogenesis, which
states that the selective vulnerability of motor neurons in ALS is derived from dam-
age incurred to both neurons and their non-neuronal neighboring cells (Boillee et al.,
2006a; Rothstein, 2009). From experiments using restricted promoters in transgenic
mice to selectively express mtSOD1 in various cell types, it has been shown that
astrocytes, Schwann cells, and microglia are determinants of disease progression,
while toxicity arising within motor neurons initiates disease onset (Gong et al.,
2000; Lino et al., 2002; Clement et al., 2003; Boillee et al., 2006b; Lobsiger et al.,
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2009). Recent evidence suggests that the activation of microglia and astrocytes in
ALS leads to a disturbance in the normal interrelationships, or “cross-talk,” between
glia and motor neurons (Van Den Bosch and Robberecht, 2008). This has particu-
lar relevance to our discussion about peripherin in ALS as certain neurotrophins
(NGF and FGF) and proinflammatory cytokines (LIF and IL-6) are capable of elic-
iting a peripherin response (Portier et al., 1983; Leonard et al., 1987; Parysek and
Goldman, 1987; Aletta et al., 1988; Leonard et al., 1988; Thompson et al., 1992;
Choi et al., 2001). As these factors are robustly secreted by glial cells in ALS (Giess
et al., 2000; Moreau et al., 2005; Pehar et al., 2005), it is reasonable to speculate
that neuroinflammation may play a role in modulating peripherin expression. In
fact, Robertson et al. (2001) identified that inclusion-bearing DRG derived from
TPer mice were uniquely susceptible to apoptosis upon exposure to the proinflam-
matory environment of dissociated spinal cord cultures, which are rich in activated
microglia and astrocytes. The proapoptotic effect could be blocked by the adminis-
tration of tumor necrosis factor-o. (TNF-a)—neutralizing antibody, showing that this
selective effect was downstream of receptor-mediated signaling pathways. Although
the exact mechanisms of these interactions remain elusive, they suggest that periph-
erin maintains specific properties that can lead to or enhance neuronal degeneration.
Our recent work, combined with previous studies on neuronal intermediate filament
(nIF) transgenic mice, suggests that the environmental conditions found among
degenerating motor neurons in ALS patients, including oxidative stress and neu-
roinflammation, may have a direct impact on peripherin isoform expression and
formation of peripherin-immunoreactive aggregates (McLean et al., unpublished
results). Although very few studies have attempted to identify relationships between
neuroinflammation and IF expression, it is possible that peripherin abnormalities
may be part of a vicious cycle of disease propagation involving both neuronal
and non-neuronal cells (Fig. 9.4). Whereas the cause and propagation of ALS are

Inflammation
Oxidation
ﬁ Excitotoxicity
ProteinAggregation Neuron death /' 4—  Protein Isoform

—> injury / regeneratlon —> Expression
t Expression and
Ratio Changes

Fig. 9.4 Model of peripherin involvement in neuronal degeneration or regeneration. The effects
of peripherin on neuronal fate may be dependent on both autonomous and non-cell autonomous
factors. For example, in ALS, inflammation, oxidation, and excitotoxicity may alter peripherin
isoform expression. These changes may involve the generation of abnormal splice variants, such
as Per-28, or modify the normal isoform ratio. These ratio changes have been associated with
aggregate formation, which, in turn, may interfere with neuronal metabolism and elicit a further
inflammatory response or cause oxidative stress
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believed to be separate events and likely to involve multiple causative factors, it
may be argued that there is no other protein in the ALS literature that is more
representative of a pathologic point-of-convergence for both the autonomous and
non-autonomous causes of motor neuron degeneration.

9.6 Cancer and Diabetes

The utility of peripherin as a marker for disease can be found in its neuron-specific
expression patterns that originate from different lineages (neural tube, neural crest,
placodes) and with different functions (motor, sensory, and sympathetic). This has
been best demonstrated in its use as an enteric marker of gastrointestinal abnormali-
ties (Eaker and Sallustio, 1994; Szabolcs et al., 1996; Eaker, 1997; Petchasuwan and
Pintong, 2000; Ganns et al., 2006) and for delineating the origin and differentiation
status of various cancer cell lines (Ho and Liem, 1996; Prasad et al., 1999; Mattiazzi
et al., 2002), including, among others, neuroendocrine carcinomas (Baudoin et al.,
1993; Alvarez-Gago et al., 1996), neuroblastomas (Pedersen et al., 1993; Foley
et al., 1994; Willoughby et al., 2008), and melanocytic lesions (Moll et al., 1996;
Prieto et al., 1997b; a; Kanitakis et al., 1998). Although the use of peripherin as
a marker for tumor identification is of particular value, caution should be taken in
assigning neuronal origin to tumors based solely on IF expression patterns, consid-
ering that, as we have seen, peripherin expression can be dramatically influenced
by exogenous factors. Common genetic or chromosomal alterations associated with
cancer growth and differentiation may also play a role in peripherin expression and
further confound its nosological and diagnostic use.

Recently, peripherin has received considerable attention for its role in diabetoge-
nesis. In type 1 diabetes, insulin-producing p-cells are destroyed by the immune
system by an, as of yet, unknown mechanism. The expression of both periph-
erin and NF-L in the rat insulinoma Rin5SF cell line was the first substantial link
between peripherin and the endocrine system suggesting an ectodermal origin for
the B-cells of the islets of Langerhans (Escurat et al., 1991). A more direct role
for peripherin came from the discovery that several anti-I-A2’ autoantibodies cir-
culating in the RinSF cells and islets in sera from nonobese diabetic (NOD) mice
were cross-reactive (Boitard et al., 1992). The antigenic repertoire of peripherin
was further established when islet-infiltrating B lymphocytes from different mouse
NOD strains, which develop different degrees of insulitis and incidence of dia-
betes, were found to secrete antibodies against peripherin (Puertas et al., 2007).
These findings are relevant to the early development of peripheral neuropathy in
the diabetogenic process, considering that autoreactive B lymphocytes have been
shown to be primed against peripherin early in the course of the disease (Carrillo
et al., 2008). The relationship here further highlights the importance of periph-
erin and its interactions with other intracellular proteins, including nuclear lamin
B (Djabali et al., 1991) and bullous pemphigoid antigen 1 (BPAG1-n) (Leung et al.,
1999), which may act as attachment sites and/or mediators of peripherin functional
specificity.
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9.7 Conclusions

As we have seen, the increasing knowledge about peripherin biology, from gene
regulation to protein expression patterns and interactions, has provided an excep-
tional opportunity from which to understand peripherin involvement in a number of
human diseases, both neurologic and systemic. The recent identification and char-
acterization of normal and abnormal peripherin isoforms tells us that peripherin
expression is a complex process capable of responding to a number of cellular events
in a highly specific way. Several questions, however, regarding the nature of periph-
erin expression, remain: How and why does peripherin become part of intracellular
inclusions? Is the regenerative or degenerative capacity of peripherin encoded in the
specific set of isoforms expressed in response to stress or disease? To what extent
do exogenous factors regulate peripherin isoform-specific expression? Does TDP-
43 or FUS/TLS modify peripherin isoform expression? What signal transduction
pathways is peripherin a component of? These questions, and many left unsaid,
are at the heart of an ongoing debate regarding peripherin involvement in ALS and
other serious human diseases, and, in time, our understanding of the protein may
yield useful biomarkers and/or biotherapeutic applications.
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Chapter 10

Neurofilament Cross-Bridge — A Structure
Associated Specifically with the Neurofilament
Among the Intermediate Filament Family

Takahiro Gotow

Abstract The neurofilament (NF) is a member of the intermediate filament family,
which is composed of different proteins but all having the same width, approxi-
mately 10 nm diameter. Among intermediate filaments, NFs have unique chemical
and structural properties. They are composed of three distinctly different proteins
called triplet proteins (NF-L, NF-M, and NF-H) and are constituted morpholog-
ically of two distinct domains in vivo: core filaments and cross-bridges laterally
interconnecting the core filaments. Core filaments are ~10 nm thick, and cross-
bridges are much thinner, 3-5 nm thick. Cross-bridges are constructed from
carboxy-terminal tail domains of NF-M and NF-H. When NFs are isolated in vitro,
they are observed to be constructed of core filaments and long projections extend-
ing vertically from the core filaments. The projections, 3—-5 nm in width, correspond
morphologically with the tail domains of NF-M and NF-H and are much longer than
cross-bridges, but with similar widths. The projections have ramified meshwork-like
profiles, whereas the cross-bridges are smooth and straight; however, the projections
are the structural scaffolding of cross-bridges, although the mechanism whereby
projections are converted to cross-bridges is unknown. Although the tail domain of
NF-H is longer and can be phosphorylated more extensively than that of NF-M,
curiously NF-M appears to be more essential to form cross-bridges that are related
to orienting core filaments parallel and increasing axonal calibers. However, cross-
bridges are still constructed even in the presence of the NF-H tail alone without
the NF-M tail, and more importantly, the cross-bridges are almost normal when
having a phosphorylation-incompetent NF-M tail and an intact NF-H tail. I still
have a question whether the NF-M tail or the NF-H tail is essential for cross-bridge
formation but emphasize in this chapter that both tails are involved in the bridge
formation and are able to compensate for each other when either protein is absent.
In this reciprocity between NF-M and NF-H, phosphorylated tail domains of both
proteins would be necessary. That is, normal cross-bridges are not as frequent as in
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either NF-M or NF-H tail-less mice when compared with wild-type mice expressing
both tails, suggesting strongly that both tail domains are necessary for typical cross-
bridges. When cross-bridges are not formed in the absence of both NF-M and NF-H
tails, core filaments without cross-bridges are irregular in alignment, resulting in the
impairment of axonal transport of membrane-bound organelles, even where micro-
tubules are normal in appearance. Although it remains unresolved how projections
are converted to cross-bridges, it seems certain that cross-bridges are an essential
structure in axons, especially in long projection axons where NFs are extremely
numerous. Cross-bridges are critical to enhance resistance of NFs to mechanical
stress in elongated, nonrigid axoplasm and also to create a constant space between
core filaments for the axonal transport of various organelles and molecules regulated
by microtubules and their associated proteins.

Keywords Neurofilament - Cross-bridge - Core filament - Projection
Neurofilament triplet proteins - Carboxyl-terminal tail domain
Phosphorylation - Deletion of tail domains - Axoplasm
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10.1 Introduction

The cytoskeletal system is well developed in the mature neuron — which is divided
into three distinct cytoplasmic domains (i.e., cell body, dendrite, and axon) — and
maintains the complicated cellular shape (especially that of the extremely elon-
gated axon, which is the most essential) and unique structure of this cell. In the
neuron, among the major cytoskeletons, such as actin filament, microtubule, and
intermediate filament, the intermediate filaments are most conspicuous in the most
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essential compartment of the neuron (i.e., the axon) in comparison with other neu-
ronal compartments (cf. Matus, 1988; Nixon and Sihag, 1991; Cleveland, 1996;
Julien, 1997; Shea and Chan, 2008). The intermediate filament appearing in the
adult mammalian central nervous system is called the neurofilament (NF). NFs are
therefore most abundant in the axon, in which they are densely and regularly ori-
ented along the axon, and occupy almost all cytoplasm, especially in large-caliber
myelinated axons. In these orderly bundled NFs, features called cross-bridges are
conspicuous. That is, NFs are constituted of an elongated filamentous backbone,
called core filaments. Cross-bridges interconnect adjacent core filaments to create a
constant space between the filaments.

Visualization of cross-bridges of NFs is dependent on the technical methods
used in electron microscopy because they are very fine in structure as well as del-
icate in nature, and their dimension is nearly at the resolution level of the electron
microscope. They are difficult to see with the most common electron microscopic
technique (i.e., the thin-section method) because they are too fine in profile to be
distinguished from the background texture when embedded in resin. Quick-freeze
deep etching using fresh or mildly chemically fixed tissues, isolated or reassembled
NF proteins, is the only method at present by which the cross-bridges are convinc-
ingly detectable (Hirokawa, 1982; Tsukita et al., 1982; Gotow et al., 1992). In this
electron microscopic technique, the morphologic organization of NFs is more dis-
tinctly recognized than with any other technical approaches. Although cross-bridges
are very fine, they are essential for structural organization and function of NFs and
appear only in NFs and not in other intermediate filaments (Hirokawa, 1982; Tsukita
et al., 1982; Gotow and Hashimoto, 1988). To reveal the structural and biochemi-
cal mystery of the cross-bridges, the structure of whole NFs at the macromolecular
level will be described first.

10.2 Macromolecular Structure of Neurofilament

Neurons, or nerve cells, are, as described earlier, morphologically intricate due
to the presence of two different types of processes extending from the cell bod-
ies. The cellular processes are composed of dendrites and axons, and axons are
mostly more elongated than the dendrites, sometimes reaching approximately 1 m
in length in the human. Due to the intricate structure brought by numerous cellu-
lar processes in the neuron, cytoskeletons are well developed in this cell compared
with those of other types of cells in mammals. As described earlier, among the
major cytoskeletons — actin filaments (~6 nm in diameter in thin-section electron
microscopy), microtubules (~25 nm), and intermediate filaments (~10 nm, thus
also called 10-nm filaments) — the intermediate filaments, that is, NFs, are the most
conspicuous cytoskeleton in the neuron. The three kinds of cytoskeletons are a little
thicker when they are seen with replica techniques for electron microscopy, such as
the quick-freeze deep-etch method, because of the coating of biological structures
by platinum. NFs are especially abundant in long, large-caliber myelinated axons,
occupying most parts of the axoplasm (Figs. 10.1 and 10.2).
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Fig. 10.1 Electron micrographs of quick-frozen and deep-etched axoplasm of myelinated axon in
rat spinal cord that is directly frozen by impacting against a copper block cooled to 4 K by liquid
helium from a living animal. Axoplasm is occupied with regularly oriented core filaments (thick
arrows) of NFs. Microtubules (arrowheads) are also visible among NF core filaments. Because
the axoplasm is not either extracted or incubated with buffer solution, the space between NF
core filaments is filled with soluble granular proteins. Due to this condition, cross-bridges (thin
arrows) between core filaments are sometimes difficult to see in this specimen. Membrane-bound
organelles (M), such as mitochondria and vesicles, are located among NF core filaments. They are
also seen between NF core filaments and microtubules or membrane-bound organelles (long thin
arrows). Inset shows higher magnification from another axon. Here, ramified cross-bridges (thin
arrows) are detectable between widely spaced core filaments. Scale bars, 0.2 um

NFs are different from other intermediate filaments, unique in both molecular
and morphologic organization, although their core filaments are 12—13 nm in diam-
eter, the same as those of other intermediate filaments when seen by quick-freeze
deep-etch electron microscopy (~10 nm in width in the thin section) (Hirokawa,
1982; Hirokawa et al., 1984; Gotow and Hashimoto, 1988; Gotow et al., 1994,
1995, 1999; Gotow, 1995, 2000). First, morphologically NFs are composed of two
distinct domains, which is clearly recognized when viewed by the deep-etch replica
method: a central 12- to 13-nm filament backbone (core filaments) and peripheral
4- to 5-nm thin filaments protruding laterally from the former (Figs. 10.1 and 10.2).
Thin filaments protruding from the core filaments construct cross-bridges intercon-
necting the core filaments when NFs are close enough to orient parallel to each
other (Figs. 10.1 and 10.2) (Hirokawa, 1982; Hirokawa et al., 1984; Gotow and
Tanaka, 1994; Gotow, 1995, 2000; Gotow et al., 1999), and also to other kinds of
cytoskeletons, such as microtubules (Fig. 10.1) (Hirokawa et al., 1988). Among
intermediate filaments, the most unique morphologic feature in the NF is the cross-
bridge, which is never detectable in other intermediate filaments (Figs. 10.1, 10.2,
and 10.3) (Gotow and Hashimoto, 1988; Gotow, 1995), and must be related to a
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Fig. 10.2 Axoplasm of myelinated axon in rat spinal cord that is chemically fixed with 2%
buffered paraformaldehyde before quick freezing. Because soluble proteins between core filaments
(thick arrows) are mostly removed, cross-bridges (thin arrows) are clearly visible here. Ramified
profiles of cross-bridges are still detectable. Scale bar, 0.2 pm. Reproduced from Gotow (2000),
with permission of the publisher

specialized function of this intermediate filament, especially in longer and thicker
axons.

Second, biochemically, although other intermediate filaments are usually consti-
tuted of proteins with similar molecular weights, around 50-70 kDa (Shaw, 1986,
1991), NFs are constituted of three proteins with distinctly different molecular
weights, called NF triplet proteins; that is, according to their lighter-to-heavier
molecular weights, light (called NF-L), medium (NF-M), and heavy (NF-H) sub-
unit proteins. The molecular weights of these three proteins are, from NF-L to
NF-H, approximately 68—70, 140-160, and 200 kDa as determined by SDS-PAGE
(Leterrier and Eyer, 1987; Nixon and Sihag, 1991; Gotow et al., 1992, 1994), but
they are, from complete amino acid sequence data, actually around 60-68, 90-100,
and 110-115 kDa, respectively (cf. Shaw, 1991; Cleveland, 1996; Julien, 1997). The
increase in molecular weight of NF subunit proteins, especially of NF-M and NF-H
measured by SDS-PAGE, may be due to the presence of their extremely extended
carboxyl-tail domains having abundant KSP (Lys-Ser-Pro) and its related repeat or
charged motifs. In SDS-PAGE, according to the data from the dephosphorylation
of NF proteins (Eyer and Leterrier, 1988; Hisanaga and Hirokawa, 1989; Gotow
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Fig. 10.3 Glial filaments in astrocyte, covered by the basement membrane (BM) and forming
the glial limitans at the pial surface, quick frozen after incubation with artificial cerebrospinal
fluid (CSF). Although some soluble proteins are still visible between the filaments, images
corresponding with cross-bridges are hardly visible, and filaments are smooth in contour and
attached frequently to each other (arrows). Cross-bridge-like profiles are visible around or
close to the plasma membrane (PM) covered by basement membrane, but they may be plasma
membrane—associated cytoskeletons, such as actin filaments. Scale bar, 0.2 pm

et al., 1994), the highly phosphorylated condition of the KSP motif of NF-H con-
tributes to a significant increase of the weight, but that of NF-M is hardly related to
the increase of the molecular weight, due to much smaller number of KSP repeat
and charged motifs in NF-M than in NF-H. The major factor for the increase in
molecular weight of both NF-M and NF-H must be due to the extended molecular
conformation of their tail domains.

10.3 Carboxyl-Terminal Tail Domains of NF-M and NF-H

Carboxyl-tail domains of NF-M and NF-H can be detectable morphologically as
long, thin strands extending vertically from core filaments when isolated or reassem-
bled NFs are viewed by low-angle rotary-shadow electron microscopy (Fig. 10.4a)
(Hisanaga and Hirokawa, 1988, 1989; Gotow et al., 1992, 1994). With this elec-
tron microscopic technique, core filaments are about 20 nm in width, twice as
much as those measured by samples obtained from thin-section or negative-stain
electron microscopy, due to the decoration of glycerol (which is mixed with NF
proteins during preparation of the sample) around the core filaments (Hisanaga and
Hirokawa et al., 1988; Gotow et al., 1992, 1994). Different from other intermediate
filaments, these peripheral thin strands, called projections, are the structure specific
to NFs, and they are not decorated by glycerol, possibly because their too-thin,
3- to 5-nm width cannot be adhered to by glycerol (Fig. 10.4). Curiously, profiles
corresponding exactly with projections are not detectable in axons in vivo. To detect
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Fig. 10.4 Isolated (a) and reassembled bovine NFs (b, ¢) revealed by low-angle rotary-shadow
electron microscopy. NF proteins with 50% glycerol sprayed onto mica and shadowed with plat-
inum at low angle (6 degrees). NFs reassembled in vitro by triplet proteins (b) and filaments by
NF-H alone (c). All filaments are composed of core filaments (thick arrows), thicker (~20 nm)
than those revealed by quick-freeze deep-etching due to the decoration of glycerol, and projections
(thin arrows). Projections of NF-H alone appear to be similar in thickness and length to those of
isolated or triplet proteins, although core filaments of NF-H are much shorter and thinner. Where
projections from, adjacently located core filaments are close enough to touch each other, they are
ramified or irregularly aligned in profile (arrowheads). Scale bar, 0.2 pm. Image (a) is reproduced
from Gotow (2000), with permission of the publisher

projections, it is necessary to isolate NFs from axons or the nervous tissue. Filaments
reconstructed from NF-L and NF-M or those from NF-L and NF-H also show sim-
ilar projections, but both are slightly shorter than those of NFs isolated directly
from the nervous tissue or reconstructed in vitro from the triplet proteins (Hisanaga
and Hirokawa, 1988). Widths of projections of filaments reassembled by NF-L and
NF-M or NF-H are somewhat different between investigators; slightly thinner
(~3 nm) (Hisanaga and Hirokawa, 1988) than or similar (4-5 nm) (Gotow et al.,
1992) to those of isolated NFs.
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Because NF-L lacks a long carboxyl-tail domain, filaments formed by NF-L
alone are not expected to be provided with projections (Hisanaga and Hirokawa,
1988; Gotow et al., 1992), though NF-L alone cannot form filamentous profiles in
vivo (Lee et al., 1993). Although the carboxyl-tail domain of NF-L is much shorter
than that of NF-M or NF-H, it is still significantly longer (provided with a glutamate-
rich domain) than those of other kinds of intermediate filament proteins (cf. Shaw,
1986, 1991; Nixon and Sihag, 1991; Julien, 1997). It is thus also expected that NF-L
filaments may be provided with very short projections. However, we cannot see any
profiles corresponding with projections by use of any technical methods. Such possi-
ble short projections may be inside the glycerol decoration around the core filaments
by rotary-shadow electron microscopy (Hisanaga and Hirokawa, 1988; Gotow et al.,
1992) or may be difficult to extend straight from the core filament due to the absence
of KSP phosphorylatable domains, even in the presence of charged motif by gluta-
mates, in the quick-freeze deep-etch electron microscopy (Gotow et al., 1992; Gou
etal., 1998). This subject of the NF-L tail and projections will again be discussed in
a later section of the chapter (see Section 10.5).

10.4 Morphologic Difference Between Projection
and Cross-Bridge

Projections formed by long tail domains of NF-M and NF-H are the structural
scaffolding of the cross-bridges interconnecting the core filaments, although the
mechanism by which they form the cross-bridges, which are frequent in native
NFs in axons (Figs. 10.1 and 10.2), is still controversial (Gotow et al., 1992;
Leterrier et al., 1996; Gou et al., 1998; Rao et al., 2002, 2003). Are cross-bridges
between core filaments formed by single projections combined by two opposed
projections from adjacent core filaments? Also, are both projections of NF-M and
NF-H necessary for cross-bridges or are single projections from either NF-M or
NF-H enough for the bridges? In rotary-shadow electron microscopy, where iso-
lated NFs or filaments reconstructed with NF-L and NF-M and/or NF-H are diluted
with 50% glycerol and sprayed on the mica, projections are easily seen but cross-
bridges are not, even where plural core filaments are close, located within 50 nm
in distance (enough to form them), because structural images of projections or
cross-bridges in the space between core filaments cannot be disclosed distinctly
due to too low an angle of platinum shadowing (6 degrees). However, the projec-
tion structure in such space, where core filaments are separated more than 100 nm
from each other, can be seen as meshwork profiles with irregularly ramified strands
(Fig. 10.4b, c).

Such images formed by projections are quite different from cross-bridges in
reassembled NF-H and NFs, isolated NFs, and NFs in the axon visualized by quick-
freeze deep-etch electron microscopy, where the cross-bridges are simple (i.e.,
smooth and straight in both in vitro and in vivo conditions) (Figs. 10.1, 10.2, and
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Fig. 10.5 Quick-freeze deep-etch images of filaments reassembled by NF-H alone. As described
in Fig. 10.4, core filaments (thick arrows) are shorter and thinner, but cross-bridges (thin arrows)
are similar to those in isolated NFs or reassembled by NF triplet proteins (Gotow et al., 1992)
and also to in vivo NFs in the axon (Figs. 10.1 and 10.2). a Cross-bridges form ramified profiles
(arrowheads) where core filaments are separated far from each other. These profiles are similar to
the ramified structure between projections revealed by rotary shadowing. b When NF-H filaments
are almost attached to the mica, but slightly separated from it, they show the same profile as projec-
tions. Here, these projections are ramified, except portions close to the core filaments are smooth
and straight (arrowheads), to make a meshwork structure (asterisks) between core filaments. These
ramified projections are considered to convert into typical cross-bridges (thin arrows) when core
filaments are located close to each other. Scale bar, 0.2 pm. Reproduced from Gotow et al. (1992),
with permission of the publisher

10.5a). Closer analysis, however, shows the appearance of extended ramified cross-
bridges in isolated, reassembled (Fig. 10.5a), or native NFs in the axon (Figs. 10.1
and 10.2), where core filaments are separated a little wider from each other. These
images are, although fewer in appearance in deep etching, similar somewhat to those
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revealed by rotary shadowing. This suggests that these ramified cross-bridges are
flexible in structure and alterable by the change in distance between core filaments.
This idea is also related to the opinion that ramified-distal portions are important for
binding of the projections to form cross-bridges. That is, it might be concluded that
single cross-bridges are constructed by plural projections, but importantly, we still
do not understand how ramified portions of projections are incorporated into a part
of cross-bridges.

Curiously, when core filaments together with projections are directly attached
to the mica, different from the case of low-angle rotary shadowing, images corre-
sponding with cross-bridges disappear, although their very proximal parts, which
are similar to images of projections, protrude from the surface of core filaments
(Gotow et al., 1992). This may be due to the extremely hydrophilic nature of the
mica, to which NF-M and NF-H tail domains with higher ionic charges (KEP (Lys-
Glu-Pro) and phosphorylated KSP domains) (Gou et al., 1998) may strongly bind.
Such possible strong electrostatic binding may make the conformational change of
NF-M and NF-H tail domains impossible to distinguish from the mica surface in
the absence of glycerol. This physicochemical property of both NF-M and NF-
H tails is important for the tails to interact with each other and may provide a
clue to the mechanism by which longer projections are converted to shorter cross-
bridges (Gou et al., 1998). Such manner of electrostatic binding could be carried out
when two opposed projections are involved in the formation of single cross-bridges,
brought about by conformational changes of NF-M and NF-H tails, between the core
filaments.

When core filaments and projections are slightly separated from the mica sur-
face, however, detailed analysis with quick-freeze deep etching using mica flakes
shows complicated networks of projections similar to those revealed by low-angle
rotary shadowing. With this deep-etch analysis, a meshwork pattern of projections
and their relationship to core filaments is more clearly visible, probably due to
higher shadowing angle (25 degrees) than that for rotary shadowing (6 degrees) and
also to the absence of glycerol decoration (Figs. 10.4b, c and 10.5b) (Gotow et al.,
1992). If core filaments are located much closer to each other within 40-50 nm,
ramified projections may be straight and smooth in profile (i.e., typical or normal
cross-bridges must be established between core filaments) (Fig. 10.5b). Ramified
projections extending from respective core filaments closely located to each other
may interact through distal portions of tail domains of NF-M and NF-H, or these
projections extending from single core filaments may interact directly with portions
of core filaments themselves located adjacently (Nakagawa et al., 1995; Chen et al.,
2000), resulting in formation of the cross-bridge structure. Such images of projec-
tions disclosed by the deep etching and rotary shadowing favor the concept that
opposed or plural long projections from respective core filaments interact to form a
meshwork pattern resulting in the formation of smooth cross-bridges between core
filaments. Length of the projections shown by rotary shadowing varies, 60-90 nm,
according to the composition of NF subunit proteins in isolated or reconstructed
NFs (Fig. 10.4) (Hisanaga and Hirokawa et al., 1988; Gotow et al., 1992), but that
of cross-bridges revealed by deep etching varies, 20—50 nm, in native NFs in axons
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and also in the filaments formed by in vitro reassembly (Figs. 10.1, 10.2, and 10.5)
(Hirokawa, 1982; Gotow et al., 1992, 1994, 1999) or by transfection of recom-
binant baculovirus vectors encoding NF-L and NF-M or NF-H into the Sf9 cell
devoid of endogenous intermediate filament (Nakagawa et al., 1995; Chen et al.,
2000).

10.5 Is the NF-M or the NF-H Tail Domain Essential
for Formation of Cross-Bridges?

10.5.1 How Are Projections Structurally Converted
into Cross-Bridges?

With regard to the idea of the formation of a single cross-bridge by two dif-
ferent proteins, a cross-bridge may be formed by combination of two opposed
projections, which are formed by NF-M and NF-H tails, respectively, derived from
adjacent core filaments with local charge interactions brought by KSP and KEP
or KE (Lys-Glu) domains (Shaw, 1991; Gou et al., 1998). If this is the case,
according to the difference in length between the projection and cross-bridge, it
is unaccountable why a single cross-bridge formed by antiparallel-aligned pro-
jections becomes much shorter (20-50 nm) than completely overlapped domains
of the projections (60-90 nm). Although we cannot explain such difference in
length between projections (visible only when NFs are isolated or reassembled
in vitro) and cross-bridges (detectable most clearly by the deep-etching method
with either in vitro or in vivo conditions), overlong projections would be neces-
sary for interactions between opposed projections formed from NF-M and/or NF-H
tail domains. In in vitro reassembly and transfection experiments, the cross-bridges
formed from NF-L plus NF-M are slightly (Nakagawa et al., 1995; Chen et al.,
2000) or significantly (Gotow et al., 1992) shorter than those formed from NF-L
plus NF-H, but both bridges are much shorter than single projections formed by the
respective combination of NF triplet proteins. Because the projections formed from
NF-L plus NF-M are slightly shorter than those from NF-L plus NF-H (Hisanaga
and Hirokawa, 1988), the length of projections is somewhat proportionally related
to that of cross-bridges. Indeed, the genetic deletion of some parts of NF-H or
NF-M carboxyl tail domains shows clearly the reduction in length of cross-bridges
(Nakagawa et al., 1995; Chen et al., 2000). Curiously, in the cell transfection exper-
iment, the essential domain to form cross-bridges appears not to be identical in
NF-M and NF-H tails; the proximal to middle portion of NF-M (Nakagawa et al.,
1995) and the distal portion of NF-H (Chen et al., 2000) might be essential for
the cross-bridge formation. In the filaments constructed with NF-L plus various
deletion mutants of the NF-H tail, cross-bridges are still formed in the presence
of only a distal portion corresponding with the KEP domain of NF-H (Chen et al.,
2000). However, in the filaments constructed of NF-L plus deleted portions of the
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NF-M tail, cross-bridges can be formed in the presence of only a short proxi-
mal portion of the KSP domain or the remainder without the former (Nakagawa
et al., 1995). Thus, some restricted portions of projections may be enough to be
the structural scaffolding for cross-bridges, but this does not explain why long
meshwork projections are converted to short, straight cross-bridges. It is again spec-
ulated that the unusually hydrophilic property of projection domains is related to
this molecular conformation between reciprocal change of projections and cross-
bridges.

Nevertheless, we hypothesize that the tail domain of projections associates with
the rod domain of core filaments located adjacently, although it seems impossible
that hydrophilic distal projection domains can intrude into a hydrophobic a-helical
central rod domain (Shaw, 1991) of core filaments. Even in this case, the discrepancy
in the difference in length between projections and cross-bridges still appears to be
unresolved, because we cannot explain how 60- to 90-nm-length projections will be
a half-length of cross-bridges and also even if possible how the distal half portion of
projections interacts with the coiled-coil rod domain of core filaments, associating
on the surface or intruding into the inside of the latter. However, this seems to be
supported by the involvement of NF-M and NF-H tails in the elongation of core
filaments when combined with NF-L (Nakagawa et al., 1995; Chen et al., 2000).
The possibility that distal portions of projections are directly associated with other
core filaments will be discussed later in this chapter (see Section 10.5).

10.5.2 NF-M Appears To Be More Essential for Forming
the Cross-Bridge than NF-H

Surprisingly, however, in vivo evidence demonstrates that complete deletion of the
tail domain of NF-H in the mutant mouse, in which a gene expressing tail-less NF-H
is inserted resulting in deletion of endogenous NF-H (Rao et al., 2002), does not
alter the NF organization, especially with appearance of cross-bridges (Fig. 10.6).
In NF-H tail-deleted mice, cross-bridges are formed from the NF-M tail domain
alone. Cross-bridges constructed of the NF-M tail in the absence of NF-H tail are
similar in both length and width to those in wild-type mice. Closer analysis indicates
that cross-bridges in NF-H tail-less mice are not as frequent as those in wild-type
animals, and core filaments are closely apposed with each other in many places
along the filaments (Fig. 10.6b). Nevertheless, inter-core-filament spacing observed
in NF-H tail-less mice is similar in interval to that in wild-type mice, making core
filaments align parallel with each other. That is, NF-M alone has an ability to form
cross-bridges by its tail in in vivo condition, suggesting that the extensively phos-
phorylated tail domain of NF-H is not essential for forming normal bridges. In
this condition, NF-M enhances significantly the phosphorylation degree in the tail
domain without change in expression ratio of the NF triplet proteins (Rao et al.,
2002). Such exceptionally highly phosphorylated condition of NF-M tail domain
may contribute to construction of normal cross-bridges in the axon.
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Fig. 10.6 Deep-etch images
of NFs in myelinated axons
of the sciatic nerve from
wild-type (a), NF-H tail-less
(b), and NF-M tail-less (c)
mice that were quick frozen
after incubation with artificial
CSF. The following
micrographs (Figs. 10.7, 10.8,
and 10.9) were obtained in
the same technical way.
Compared with the NFs in the
wild-type mouse,
cross-bridges are less
conspicuous in both NF-H
and NF-M tail-less mice and a
little more frequent in NF-M
tail-less than in NF-H tail-less
mice. Interspace between
core filaments appears to be
similar in NF-H tail-less but
narrower in NF-M tail-less
mice compared with that in
wild-type mouse, indicating
that cross-bridges formed by
the NF-M tail are longer than
those formed by the NF-H
tail. This suggests that the
NEF-M tail plays a more
essential role in formation of
cross-bridges than the NF-H
tail. Scale bar, 0.2 pm. These
micrographs are related to
Garcia et al. (2003) and Rao
et al. (2003)

When NF-M tail domain alone is deleted in a similar gene-replacement method
as in the case for the NF-H tail-less, however, NF-M-tail-less mutant mice display
significantly altered NF organization in axons (Fig. 10.6¢c) (Garcia et al., 2003; Rao
et al., 2003). Cross-bridges are still visible, somewhat more frequent, but signifi-
cantly shorter here than in the case of NF-H tail-less, resulting in reduced spacing
between core filaments in the former. That is, cross-bridges formed from the NF-H
tail alone are shorter than those from the NF-M tail alone. This is unexpected,
because, as mentioned earlier, the projections of NF-H are longer than those of
NF-M (Hisanaga and Hirokawa, 1988), and cross-bridges formed by the NF-H tail
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are also longer than those formed by the NF-M tail in reassembly (Gotow et al.,
1992) or transfection (Nakagawa et al., 1995; Chen et al., 2000) in vitro analyses.
The in vivo situation for cross-bridge length is quite the reverse of the results from
in vitro experiments.

The length of the cross-bridge might not be exactly related to that of the projec-
tion in the in vivo condition. The projection domain essential to form cross-bridges
appears to be only a limited part that is not identical in both NF-H tail and NF-M
tail by the transfection experiment using deletion mutants of each tail domain, that
is, as pointed out earlier, portions essential for formation of cross-bridges are prox-
imal for NF-M tail (Nakagawa et al., 1995) and distal for NF-H tail (Chen et al.,
2000). Distal portions of projections are frequently ramified, and this unique com-
plicated structure might be important to form cross-bridges through interaction with
the same frame of opposed projections extending from adjacent core filaments. This
story corresponds well with the case for NF-H tail but not for the NF-M tail, whose
distal portion would not be essential for cross-bridge formation. Instead, in the case
of NF-M, its proximal or middle portion might be important for cross-bridge for-
mation. In filamentous profiles reconstructed in vitro by NF-M or NF-M plus NF-L,
ramified distal structures formed from NF-M tail are not conspicuous compared
with those formed from NF-H or NF-H plus NF-L (Hisanaga and Hirokawa, 1988;
Gotow et al., 1992). The difference in such structural organization and also in amino
acid sequences between NF-M and NF-H tails may be related to the difference in
essential portion for the cross-bridge formation in both proteins. This may reflect
the difference in ability to form cross-bridges between NF-M and NF-H tails in the
axon.

It may be difficult for NF-H tail alone to form longer cross-bridges in the absence
of whole tail of NF-M in vivo. This may be associated with the reduction of axon
caliber by the compaction of core filaments in axoplasm without change in number
of NFs (Garcia et al., 2003; Rao et al., 2003). This also suggests that NF-M tail is
more essential to form normal cross-bridges than NF-H tail, related to the differ-
ence in caliber of axons, which corresponds well with results from mice deficient
in whole NF-M or NF-H (Fig. 10.7) (Rao et al., 1998, 2002; Elder et al., 1998,
1999), although the detailed organization of cross-bridges in NF-M—deficient mice
is not analyzed by the deep-etching method. NF-M, more specifically NF-M tail,
instead of NF-H or NF-H tail, is therefore essential for cross-bridge construction.
Compared with cross-bridges formed by NF-H, NF-M cross-bridges are closer in
structure to normal bridges constructed with both NF-M and NF-H tails and also
contribute more to increase of axon calibers to the normal level, especially in myeli-
nated axons. In the neuron, cross-bridges are constructed with both NF-M and NF-H
and are more developed than those formed by each protein individually. However,
results from genetic manipulation experiments (Rao et al., 1998; Elder et al., 1998,
1999) suggest that NF-M is indispensable for formation of cross-bridges and NF-H
is not always necessary for them, although the phosphorylation level of NF-M or
NF-H tail domain is significantly increased in full-length NF-H—deficient or NF-
M-—deficient mice (Rao et al., 1998; Elder et al., 1998, 1999), as in NF-H or NF-M
tail-less mice, respectively (Rao et al., 2002, 2003). The phosphorylated KSP motif
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Fig. 10.7 Myelinated axon in the sciatic nerve from the NF-H—deficient mouse. Cross-bridges
here are similar in organization to those of wild-type mouse, resulting in similar organization of
core filaments in both mice. The cross-bridges are formed only by NF-M that is more highly
phosphorylated than in the wild-type condition (Rao et al., 1998; Zhu et al., 1998), similar to
the case of NF-H tail-less (Rao et al., 2002), but the total amount of NF-M itself is more than
in the latter case (Rao et al., 1998, 2002), suggesting that NF-M compensates greatly for NF-H
in biochemical function when whole NF-H is deleted instead of deletion of its tail alone. This
suggests a difference in NF organization between the NF-H deficiency and NF-H tail-less mice.
Scale bar, 0.5 pm. This micrograph is related to Rao et al. (2002)

and its related sequence including the serine residue in NF-M tail may be required
for normal cross-bridge formation and also for maintaining normal radial axonal
growth (Garcia et al., 2003; Rao et al., 2003).

10.5.3 Which Is Really Essential for the Cross-Bridge Formation,
NF-M Tail or NF-H Tail?

The constitutive phosphorylation of NF-M is considered to be essential for cross-
bridge formation; however, this hypothesis is distinctly excluded as follows.
When all serines of KSP repeats in NF-M tail domain are genetically replaced
with phosphorylation-incompetent alanines, mice provided with such phospho-
incompetent NF-M tail do not show any significant alteration in cross-bridge
organization and axonal caliber (Fig. 10.8) (Garcia et al., 2009). This means that
phosphorylation of NF-M tail is not essential for cross-bridge formation. However,
because these mutant mice devoid of serines in the KSP repeats of NF-M tail
express intact NF-H provided with its tail, this NF-H tail, whose phosphorylation
degree is slightly increased (Garcia et al., 2009), may contribute to formation of
normal cross-bridges together with the phospho-incompetent NF-M tail, although
significant increase in phosphorylation level of NF-H cannot form normal cross-
bridges, different from the case of mice with phospho-incompetent NF-M, when
the NF-M tail is completely deleted (Garcia et al., 2003; Rao et al., 2003). The tail
domain itself of NF-M may be necessary to make up normal cross-bridges, either in
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a phosphorylation-competent or -incompetent manner, and NF-H may support the
property of NF-M to form cross-bridges by the augmentation of its phosphorylation
level. It will be of interest to observe how the cross-bridges are altered when NF-H
tail domain is deleted from the mice expressing phospho-incompetent NF-M.

The NF-H tail is significantly longer than the NF-M tail, but the former forms
shorter cross-bridges than the latter in the axon when the latter is absent, result-
ing in the reduction of axonal caliber. The NF-H tail alone, however, still forms
cross-bridges, and, more importantly, allows the core filaments to align regularly,
suggesting the axonal transport of molecules or cellular organelles including NFs
are unaltered even in NF-M tail-less mice (Rao et al., 2003). That is, both NF-M
and NF-H may compensate with each other, and when each of them is deleted, the
other subunit would maintain, in compensatory manner, the axonal structure and
function, although NF-M appears to be more basic in property. However, the nature
of NF-H is still mysterious, because its tail is provided with much more numerous
phospho-competent KSP repeats than that of the NF-M tail and is phosphorylated
later in the developing stage, nearly corresponding with the termination of myelina-
tion (Willard and Simon, 1983; Cleveland, 1996; Sanchez et al., 2000; Garcia et al.,
2003). Such NF-H with unusually heavily phosphorylated tail must be important
for the ordered organization of core filaments, extensively related to maintaining
specific structure and function for the axon, especially in long projectional axons,
such as those in the pyramidal tract and sciatic nerve of large mammals including
the human, which could not be clarified significantly in smaller mammals, such as
rodents.

10.6 Importance of Cross-Bridges in Axon of the Neuron

When NF-M and NF-H are both genetically deleted from mice, NFs or interme-
diate filaments are not constructed at all in neurons, although NF-L protein is still
expressed (Jacomy et al., 1999). The absence of NFs in the neuron is also pro-
duced when NF-L gene alone is deleted (Zhu et al., 1997). That is, although NF-L
is more important for the NF backbone, the construction of NFs requires NF-L with
either NF-M or NF-H in vivo (Lee et al., 1993). It is well known that NF-L is
the most essential protein to form core filaments in vitro (Hisanaga and Hirokawa,
1988; Gotow et al., 1992), but it demands either of the other two NF subunit pro-
teins to form core filaments in vivo (Jacomy et al., 1999), suggesting that formation
of NFs in neurons is always associated with the presence of cross-bridges formed
by either NF-M or NF-H tail. That is, in the neuron, NFs or core filaments can-
not be formed without cross-bridges or projections, meaning that any intermediate
filaments made from NF proteins in vivo should be provided with cross-bridges.
Cross-bridges must therefore be indispensable for NF architecture and function,
and, as mentioned above, also more important for large-caliber, long myelinated
axons.

To address the significance of cross-bridges in the axon, we made the condi-
tion of absence of cross-bridges in vivo from both NF-M and NF-H tail-less mice
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(Garcia et al., 2003). These double tail-less mice, in which both NF-M and NF-
H tails are absent, as expected, reveal core filaments alone without cross-bridges
in axons, whose calibers are somewhat more reduced than those in NF-M tail-less
mice (Garcia et al., 2003). Surprisingly, these mutant mice appear to live normally
without any behavioral problem (Garcia et al., 2003), like genetically engineered
mice in which NFs are completely deleted (Zhu et al., 1997; Jacomy et al., 1999).
The importance of NFs and also cross-bridges might be related to much longer
axons in mammals larger in size and also with longer life spans than rodents. When
cross-bridges are absent, core filaments, which are the same in diameter to nor-
mal NF core filaments, arrange irregularly and are frequently attached to each other
(Fig. 10.9a), like other kinds of intermediate filaments, such as glial filaments shown
here (Fig. 10.3). These core filaments are completely smooth in contour, which also
proves distinctly that the NF-L tail does not contribute to the formation of either
projection or cross-bridges even between closely apposed filaments. Membrane-
bound organelles, such as mitochondria and vacuoles/vesicles, are frequently visible
among core filaments, even though microtubules appear to be increased in distri-
bution density here (Garcia et al., 2003). This suggests that the axonal transport
capacity, which may be related to not only microtubules but also NF cross-bridges, is
significantly impaired, due possibly to the lack of regular inter-core-filament space
that should be formed by cross-bridges. More importantly, abnormal axoplasmic
organization in the absence of both NF-M and NF-H tails supports strongly the idea
that a well-phosphorylated condition of these tails, contributing intimately to the
formation of cross-bridges, is necessary for orderly oriented NF bundling related to
normally organized axoplasm (Gotow et al., 1992, 1999; Gou et al., 1998; Gotow,
2000; Shea and Chan, 2008).

In these mutant mice, cross-bridges between microtubules or microtubules
and NFs are still detectable (Fig. 10.9b). These cross-bridges must be formed
by microtubule-associated proteins (MAPs) including kinesin superfamily pro-
teins essential for the axonal transport of many kinds of organelles (cf. Hirokawa
and Noda, 2008; Shea and Chan, 2008). Nevertheless, as indicated earlier, many
organelles are retained in the axoplasm in double tail-less mice (Fig. 10.8), sug-
gesting again that both NF-M and NF-H tails contribute greatly to the axonal
transport for membrane-bound organelles, although the possibility that the ordered
organization of NFs modulated by NF-M and NF-H tails is required for func-
tions of MAP-related motor proteins to transport organelles and molecules is also
conceivable.

Cross-bridges appearing between NF core filaments and microtubules in dou-
ble tail-less axons must be formed by single projections of MAPs, such as tau
(Hirokawa et al., 1988; Chen et al., 1992). This means that single side ends of
MAP projections extending from microtubules combine with or intrude into the sur-
face or inside of NF core filaments, respectively. Although projections of MAPs are
proportionally related in length to their cross-bridges between microtubules (Chen
et al., 1992), in a similar manner, NF-M and NF-H tails also form cross-bridges
by their single projections extending from each of two core filaments, as pointed
out earlier. It therefore seems that the interaction of two opposed projections is not
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Fig. 10.8 Myelinated axon in the sciatic nerve from the mouse in which serines of KSP repeats
in the NF-M tail are genetically replaced by alanines, meaning that this animal has a phospho-
incompetent NF-M tail but normal NF-H tail. NFs here are almost similar to those of the wild-type
mouse: cross-bridges are well developed and normal in appearance (long, smooth, straight, and
frequent), and core filaments are aligned regularly. This suggests that phosphorylation of the
NF-M tail domain is not required to form a normal cross-bridge. Scale bar, 0.2 wm. This
micrograph is related to Garcia et al. (2009)

necessary for formation of cross-bridges between two adjacently located core fila-
ments. If this is the case, half the number of projections remains as projections with
free endings instead of forming cross-bridges, or the frequency of cross-bridges
along core filaments is twice as much as that of projections. In the former case, we
do not see such images: Projections located between core filaments always appear as
cross-bridges connecting the latter in vitro—assembled filaments (Gotow et al., 1992,
1994) and in vivo axonal NFs (Gotow and Tanaka, 1994; Gotow et al., 1995, 1999;
Rao et al., 2002, 2003; Garcia et al., 2003, 2009) with the presence of NF-M and/or
NF-H. In the latter case, we see only two-dimensional images of core filaments with
projections, in vitro, in the rotary-shading method, where all projections protruding
from core filaments are visible, but we see three-dimensional organization, in vivo,
in the deep-etching method, where cross-bridges are broken, when freeze fractured
before coating of platinum, if they are located closer to the fractured face, or invis-
ible if they are located behind core filaments. This technical problem might result
in reducing the frequency of cross-bridges to approximately half that of projections.
That is, four projections are considered to protrude from the same sites of core fil-
aments when NFs are isolated and viewed with rotary shadowing (Hisanaga and
Hirokawa, 1988, 1990), but eight cross-bridges could be formed around the same
sites of core filaments that are close to each other.

NFs themselves are more resistant to mechanical stress than other intermedi-
ate filaments due to the presence of cross-bridges, which might be regulated by
phosphorylation degree (Eyer and Leterrier, 1988; Lewis and Nixon, 1988; Nixon
and Sihag, 1991; de Waegh et al., 1992; Gotow and Tanaka, 1994; Leterrier et al.,
1996; Julien, 1997; Sanchez et al., 2000; Leterrier, 2001). This mechanical rigid-
ity of NFs must contribute greatly to the physical scaffolding of long projection
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Fig. 10.9 Deep-etch images of NFs in myelinated axons from sciatic nerves in both NF-M and
NF-H tail-less mice. a In the double tail-less mouse, NFs are devoid of cross-bridges, and core
filaments are irregular in alignment and attached frequently to each other (arrows). Such image is
very similar to that of glial filaments in the astrocyte (see Fig. 10.3). Membrane-bound organelles
are frequently seen between NFs, suggesting that their transport is impaired. b In the region where
the axon is narrower close to the node of Ranvier, NF core filaments are relatively parallel in
alignment but almost attached to each other (arrows) without cross-bridges However, cross-bridges
are still visible between NF core filaments and microtubules (arrowheads), indicating clearly that
they are formed by MAPs, such as tau and motor proteins. Membrane-bound organelles (M), round
or tubular in profile, are also frequently visible here. MS, myelin sheath. Scale bar, 0.5 jum. These
micrographs are related to Garcia et al. (2003)

axons. The space between core filaments, which is formed by cross-bridges and
thus the NF-specific feature, could be important for also providing the strong resis-
tance of extremely elongated delicate cytoplasmic structure, from the mechanical
viewpoint, and essential for both anterograde and retrograde transport of various
cell organelles and molecules along the long distance between cell bodies and axon
terminals. This may be why the long projection axons of motor and sensory neurons
connected to the peripheral nervous system contain more numerous NFs than that
of shorter axons in the central nervous system neurons, such as those of cerebellar
Purkinje cells and hippocampal CA1 pyramidal cells (Shiozaki et al., 2008; Gotow,
2008). The development of cross-bridges may also be related to augmentation of
axon caliber and conduction velocity of impulse because they are not frequent in
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smaller-caliber, unmyelinated, and autonomic neuronal axons due to less frequent
NF density (cf. de Waegh et al., 1992; Cleveland, 1996; our unpublished data). NF-
M and also NF-H (i.e., specifically their tail domains), therefore, must be essential
for the axonal property in large, elongated, myelinated axons.

10.7 Conclusion

The significance of NFs is still controversial, but they are important especially in
longer and thicker myelinated axons. Because NFs are most abundant in projection
axons, they play an essential role in a specialized property or a function carried out
in these axons. Specifically, the cross-bridge, which is a neuron-specific structure
of intermediate filaments, must contribute significantly to such a role by modu-
lating the inter-core-filament space in extremely elongated axons. Although I do
not determine whether NF-M tail or NF-H tail is more important for the cross-
bridge function, the phosphorylated condition of these tail domains must be related
to establishment as well as function of cross-bridges. Especially, the unusually
highly phosphorylated condition of NF-H is very attractive for the significance
of the cross-bridge in the axon, although this idea is still a puzzle at present.
Projections constructed from NF-M and NF-H tails revealed in isolated NFs in
vitro are shifted into cross-bridges interconnecting core filaments in the axon, but it
is unresolved how the projections, which form a meshwork pattern when interact-
ing with opposed projections extending from different core filaments, convert into
cross-bridges. Although NF-H tails form longer cross-bridges than those of NF-M
tails in vitro, this seems to be the inverse in the in vivo condition. In any case,
because the axonal caliber is reduced and ordered organization of core filaments is
destroyed with impairment of axonal transport of membrane-bound organelles in
the absence of cross-bridges in NF-M and NF-H double tail-less neurons, NFs with
developed cross-bridges may be essential for the regular alignment of core filaments
and enlargement of axon caliber, which are related to mechanical rigidity of the deli-
cate axoplasm and axonal transport of various organelles, especially in longer axons
and also in large-sized animals including humans, who have much more elongated
axons than those of the rodents used for the experiments.
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Chapter 11
Neurofilament Transport

Andrew J. Grierson and Christopher C.J. Miller

Abstract Neurofilaments are the most plentiful intermediate filament proteins
found in neuronal cells. They are important cytoskeletal proteins that are made in
the soma and transported into axonal and dendritic processes. Neurofilaments are
transported by the process of slow axonal transport, which arises from fast transport
interrupted by extended pauses. Some of the mechanisms regulating neurofilament
assembly and transport have been identified. It is thought that phosphorylation
decreases the rate of neurofilament transport by increasing the time neurofila-
ments spend pausing. There is also increasing evidence for the involvement of
neurofilaments in a number of neurodegenerative disorders such as amyotrophic
lateral sclerosis, hereditary spastic paraplegia, Charcot—Marie—Tooth disease, and
Alzheimer’s disease. Disrupted neurofilament transport is thought to be a common
mechanism in some or all of these disorders.

Keywords Neurofilaments - Cytoskeleton - Phosphorylation - Axonal transport -
Neurodegeneration
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11.1 Introduction

The majority of neuronal proteins are synthesized by ribosomes located in or near
the cell body. These proteins are then delivered to their appropriate subcellular

A.J. Grierson ()
Department of Neuroscience, University of Sheffield, Sheffield S10 2RX, UK
e-mail: a.j.grierson @sheffield.ac.uk

R.A. Nixon, A. Yuan (eds.), Cytoskeleton of the Nervous System, 249
Advances in Neurobiology 3, DOI 10.1007/978-1-4419-6787-9_11,
© Springer Science+Business Media, LLC 2011



250 A.J. Grierson and C.C.J. Miller

location, which presents a unique problem in neurons that have axons that may
be more than 1 m long. Transport over such distances is mediated by kinesin and
dynein molecular motor proteins, which travel along the microtubule cytoskeleton
[reviewed in De Vos et al. (2008); Hirokawa and Takemura (2005)].

Cytoskeletal proteins are a major cargo of the transport machinery, as axons
require microtubules, actin, and intermediate filaments to maintain their highly
polarized structure and to function normally. Neurofilaments (NFs) are the most
abundant intermediate filaments in neuronal cells, and alterations in their pathology
are reported in several neurodegenerative diseases. In this chapter, we will present
evidence that supports a primary role for NFs in the development of these diseases.

11.2 Neurofilaments

In neurons, the intermediate filaments are composed of NF light chain (NF-L), mid-
dle chain (NF-M), and heavy chain (NF-H), peripherin, and a-internexin [reviewed
in Lee and Cleveland (1996); Miller et al. (2002)]. NFs and a-internexin are the
major intermediate filaments in mature CNS axons, whereas peripherin is expressed
mostly in autonomic nerves and sensory neurons (Escurat et al., 1990; Parysek and
Goldman, 1988; Troy et al., 1990; Yuan et al., 2006).

Structurally, all intermediate filament proteins have three distinct domains, com-
prising a central a-helical rod domain, an amino-terminal head domain, and a
carboxy-terminal tail domain. Macroscopically, intermediate filaments are 10-nm
fibers that are formed by assembly of the rod domains into coiled-coil oligomers.
Assembly of the neuronal intermediate filaments is thought to be regulated by the
head domains, and the large tail domains of NF-M and NF-H are thought to project
from the filaments (Ching and Liem, 1998; Gill et al., 1990; Nakagawa et al., 1995).

Until recently, the precise ways by which intermediate filaments increased their
length was not clear. Using a cell fusion assay with differently labeled mCherry-
or EGFP-tagged NF subunits and vimentin, Colakoglu and Brown demonstrated
that end-to-end annealing is a major mechanism by which intermediate filaments
elongate (Colakoglu and Brown, 2009). The same investigators also elucidated one
way that intermediate filaments may exchange subunits along their length: a process
termed intercalary subunit exchange (Colakoglu and Brown, 2009). Direct evidence
for both processes was obtained using in vivo imaging techniques.

NFs are phosphoproteins and are phosphorylated on their head and tail domains.
The tail domains of NF-M and NF-H have multiple copies of a lys-ser-pro motif,
which is a target for phosphorylation. NF-H has about 50 copies of this motif,
and most or all of these are phosphorylated by kinases including GSK38, ERK1/2,
INKSs, p38, and cdk5/p35 [reviewed by Sihag et al. (2007)]. The head domains are
also phosphorylated, and in the case of NF-L, phosphorylation is proposed to inhibit
filament formation (Giasson and Mushynski, 1998; Gonda et al., 1990; Hashimoto
etal., 1998; Hisanaga et al., 1994; Nakamura et al., 1990; Yates et al., 2009). In vivo,
serines 2, 55, 57, and 66 have been demonstrated to be phosphorylated (Giasson
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et al., 1996; Hashimoto et al., 2000; Nakamura et al., 2000; Sihag and Nixon, 1991;
Trimpin et al., 2004). Protein kinase A (PKA) phosphorylates serines 2 and 55,
Rho-associated kinase (ROK) phosphorylates serine 57, Ca2+/calmodulin depen-
dent protein kinase (CAMKII) phosphorylates serines 57 and 66, and protein kinase
N (PKN) phosphorylates an undetermined number of site(s) in the head domain
(Cleverley et al., 1998; Giasson and Mushynski, 1998; Hashimoto et al., 1998, 2000;
Manser et al., 2008; Mukai et al., 1996; Nakamura et al., 2000).

Axonal caliber is known to determine nerve conduction velocity. We know that
NFs are particularly abundant in large-diameter axons such as motor neurons, where
fast conduction velocities are essential. Studies in both quail and mice have shown
that disruption of NFs leads to reduced axonal caliber (Eyer et al., 1998; Ohara
et al., 1993; Sakaguchi et al., 1993). The involvement of NF tail domain phos-
phorylation in determining axon caliber is less clear. Initially, it was proposed that
increasing the charge on NF-M and NF-H tail domains by phosphorylation would
increase the repulsive forces between the individual filaments (Fuchs and Cleveland,
1998; Lee et al., 1987). However, more recent experiments where tail domain phos-
phorylation is precluded by deletion, or amino acid substitution of phosphorylated
serine residues with alanine residues, suggest that phosphorylation may not play an
essential role in determining axon caliber (Garcia et al., 2009; Rao et al., 2002b).

11.3 Axonal Transport of Neurofilaments

The rate of NF transport was first inferred from classical in vivo metabolic labeling
studies. Radiolabeled [3°S]methionine is injected into mice to label the proteins of
the optic or sciatic nerve. After a number of days, the nerve is dissected into ordered
segments from the cell body to the nerve terminal, and cytoskeletal fractions are
prepared from each segment. These fractions are separated by polyacrylamide gel
electrophoresis and the amount of radiolabel in each cytoskeletal component deter-
mined by autoradiography. By analyzing how far the radiolabel has traveled during
the experiment, one is able to calculate an inferred rate of NF transport, which is
typically in the range 0.1-3 mm/day. This is up to two orders of magnitude slower
than vesicle transport, which is usually in the region of 1 pm/s (Baas and Brown,
1997; Hirokawa, 1997; Nixon, 1998). This rate of cytoskeletal transport is termed
slow axonal transport. For a time this led to debate over the precise mechanisms by
which there could be a number of different transport rates within cells. For exam-
ple, were there motors that moved at different speeds? Eventually, this problem was
solved by using modern live-imaging methodologies.

To facilitate live imaging, several groups introduced enhanced green fluores-
cent protein (EGFP) tags onto the N and C termini of plasmid DNA—-encoded NF
proteins. These were then introduced into primary neurons, which have a limited
endogenous NF network, enabling transport of motile EGFP-labeled NFs to be
imaged using microscopy focused on the gaps between stationary EGFP-labeled
NFs (Roy et al., 2000; Wang et al., 2000). These investigations revealed that slow
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axonal transport of NFs occurs by fast transport at rates of approximately 1 pm/s
that is interrupted by prolonged pauses. Similarly, experiments in extruded squid
axoplasm and in vitro demonstrated transport of NFs at fast rates (Prahlad et al.,
2000; Shah et al., 2000). Therefore, the basic mechanisms underlying slow axonal
transport are now understood.

The ways in which NF transport is regulated is the subject of intense investiga-
tion. There is strong evidence to support a role for phosphorylation of NF side-arm
domains as an important regulatory mechanism. This was first proposed on the basis
of the correlation between the degree of side-arm phosphorylation and overall trans-
port rate (Archer et al., 1994; Nixon et al., 1994). It is possible that phosphorylation
of NF side arms regulates attachment or detachment of molecular motors such as
kinesin or dynein (Shah et al., 2000; Yabe et al., 2000). In addition, phosphorylation
of NFs may lead to bundling and reduced motility (Leterrier et al., 1996; Yabe et al.,
2001). Direct evidence for the importance of NF-H side-arm phosphorylation was
demonstrated using site-directed mutagenesis. Known in vivo phosphorylation sites
within the motif KSPXK were mutated to either alanine residues to preclude phos-
phorylation or aspartate residues to mimic permanent phosphorylation (Ackerley
et al., 2003). These mutations did not disturb filament assembly but had dramatic
effects on the transport rate of EGFP-tagged NF-H through axons of transfected
cortical neurons. Wild-type NF-H moved at 80 wm/h, whereas the nonphosphory-
latable Ala mutant moved at 108 wm/h, and the permanently phosphorylated Asp
mutant moved at 52 pm/h (Ackerley et al., 2003). Analysis of individual motile
NFs using time-lapse imaging revealed that the velocity and direction of transport
of motile NFs was unchanged in Ala and Asp mutants. However, Ala mutant NFs
paused significantly less often than Asp mutants (16% compared with 37% of the
time spent pausing) (Ackerley et al., 2003). Therefore, NF phosphorylation reg-
ulates the time NFs spend pausing. Experiments with photo-activatable forms of
GFP-NF-M suggest that there may be two distinct stationary states for NFs, dis-
tinguished by average pause durations of 30 s or 60 min (Trivedi et al., 2007). The
mechanisms underlying the difference between these two pause states are not yet
known. The stationary NF network in axons is thought to determine transport rate
to some extent because conditional expression of NF-L in the absence of endoge-
nous axonal NFs led to much faster rates of NF-L transport (10 mm/d) than were
observed in the presence of endogenous NFs (1 mm/d) (Millecamps et al., 2007).

We know that NFs and other intermediate filaments bind to motor proteins. Thus,
exchange between anterograde and retrograde directed motors may explain the bidi-
rectional transport of NFs. At present, the precise molecular motors for NF transport
are unknown, but evidence from a Kif5A conditional knockout mouse supports a
role for Kif5A in anterograde transport of NFs (Xia et al., 2003). In these mice, fast
axonal transport appeared to be unaffected, however NFs accumulated in the cell
bodies of affected neurons, and axonal caliber was reduced, resulting in hindlimb
paralysis (Xia et al., 2003). Similarly, inhibition of dynein increases anterograde
transport of NFs and ultimately induces the formation of focal accumulations of
NFs in neurites. Conversely, inhibition of kinesin slowed anterograde transport of
NFs but did not lead to focal accumulation (Motil et al., 2007). The motor myosin
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Va has been shown to interact with NFs (Rao et al., 2002a) and to increase their
transport rate by a mechanism that involves decreasing the duration of long-term
pauses (Alami et al., 2009).

11.4 Neurofilaments and Disease

Evidence for the involvement of NFs in neurodegeneration comes from several
sources. First, mutations in NF-L underlie some types of Charcot—Marie—Tooth dis-
ease (CMT2A) (De Jonghe et al., 2001; Mersiyanova et al., 2000). Expression of
some of these pathogenic forms of NF-L in cultured neurons leads to disruption of
axonal transport of NFs and mitochondria (Brownlees et al., 2002; Perez-Olle et al.,
2005).

Second, mutations in the highly phosphorylated tail-domain of NF-H are found
in a small proportion of amyotrophic lateral sclerosis (ALS) patients, implicating
NF-H as a risk factor for developing ALS (Al-Chalabi et al., 1999; Figlewicz et al.,
1994; Garcia et al., 2005; Tomkins et al., 1998). Third, altering the expression of
NFs, a-internexin, and peripherin in mouse models can lead to the development of
neurologic phenotypes, some of which resemble ALS (Beaulieu et al., 1999; Ching
et al., 1999; Cote et al., 1993; Lee et al., 1994; Vickers et al., 1994; Xu et al., 1993).
Fourth, crossing mouse models of ALS expressing mutant copper/zinc superoxide
dismutase (SOD1) transgenes with genetically modified mice with altered NF genes
can modify the ALS phenotype (Couillard-Despres et al., 1998; Williamson et al.,
1998). Most notably, deletion of the heavily phosphorylated tail-domain of either
NF-M or NF-H leads to significant life extension in mice carrying a G37R mutant
SOD1 transgene (Lobsiger et al., 2005). Finally, NF pathology is a hallmark of neu-
rodegenerative diseases including ALS, Alzheimer’s disease, diabetic neuropathy,
Parkinson’s disease, and some forms of dementia (Carpenter, 1968; Hirano et al.,
1984; Itoh et al., 1992; Rouleau et al., 1996; Schmidt et al., 1987, 1996; Schmidt
et al.,, 1997a, b; Sobue et al., 1990; Trojanowski and Lee, 1998). The proximal
accumulation of NFs in these diseases suggests that their axonal transport may be
defective. In support of this idea, axonal transport defects have been reported for a
number of other cargoes in several of these disorders (De Vos et al., 2007; Lazarov
et al., 2007; Pigino et al., 2009; Saha et al., 2004), and in the case of ALS, slowing
of NF transport is known to precede the onset of clinical symptoms (Williamson and
Cleveland, 1999).

NFs are phosphoproteins, however the tail domains are usually heavily phospho-
rylated in the axonal compartment and not in the cell body or perikaryon (Carden
et al., 1985; Julien and Mushynski, 1982; Lee et al., 1987, 1988; Sternberger and
Sternberger, 1983). NF accumulations in neurodegenerative disease may occur in
the cell body or perikaryon and are reported to label strongly for phosphorylated
NF epitopes (Hirano, 1991; Schmidt et al., 1996, 1997b; Trojanowski et al., 1993).
Thus it is likely that altered NF phosphorylation is causally linked to defective NF
transport, and this leads to accumulation of phosphorylated NFs in, or close to,
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the cell body. As discussed earlier, a number of NF kinases have been identified,
several of which are activated by increased levels of the neurotransmitter gluta-
mate. Excitotoxic disease mechanisms caused by increased levels of extracellular
glutamate have been proposed in ALS. For example, there are changes in glutamate
handling (Van Den Bosch et al., 2006); mutant SOD1 has been reported to damage
the glutamate transport EAAT?2 (Trotti et al., 1999); and EAAT?2 levels are reduced
in mutant SOD1 mice (Bruijn et al., 1997). Two papers describe how extracellular
glutamate reduces the axonal transport of NFs (Ackerley et al., 2000; Hiruma et al.,
2003) via a mechanism involving the activation of protein kinases that can phospho-
rylate NF side arms (Ackerley et al., 2000; Brownlees et al., 2000; Kawasaki et al.,
1997; Lee et al., 2000; Schwarzschild et al., 1997). Recently, the prolyl isomerase
Pinl has been demonstrated to modify the effect of glutamate on NF side arms,
implicating its potential as a therapeutic target in ALS and Alzheimer’s disease
(Kesavapany et al., 2007; Rudrabhatla et al., 2008).

In addition to alterations in NFs, it is possible that disruption of specific molecu-
lar motor proteins may be involved in the development of NF pathology in diseased
states. Mutations in the kinesin motor Kif5A have been reported in hereditary spas-
tic paraplegia (Reid et al., 2002). Because conditional disruption of KifSA in mice
is associated with the accumulation of NFs in the cell body, it is likely that NF
transport is disturbed in patients with Kif5A mutations.

Future work will target the mechanisms, such as phosphorylation, that regulate
NF transport and how these relate to the pathogenic process in neurodegenera-
tive diseases such as ALS, hereditary spastic paraplegia, and Alzheimer’s disease.
This work may form the basis for development of rational therapeutic interventions
targeting NFs in neurodegenerative disease.
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Chapter 12
Knockout Models of Neurofilament Proteins

Rodolphe Perrot and Jean-Pierre Julien

Abstract Neurofilaments (NFs) are the most prominent cytoskeleton components
of large myelinated axons from adult central and peripheral nervous systems. In the
last 15 years, the gene targeting technique has been widely used to investigate the
role of NF proteins in neuronal function. Gene knockout studies have demonstrated
that NFs are crucial to expand the caliber of myelinated axons and consequently to
increase their conduction velocity. However, the mechanism by which NFs deter-
mine the axonal diameter is not yet fully elucidated. NFs also contribute to the
dynamic properties of the axonal cytoskeleton during neuronal differentiation, axon
outgrowth and regeneration. Perturbations of their metabolism and organization are
frequently associated with neurodegenerative disorders, including amyotrophic lat-
eral sclerosis, Charcot-Marie-Tooth disease, Alzheimer’s disease and giant axonal
neuropathy. Here, we describe how mouse knockout models of NF proteins have
been used to study the multiple aspects of NF biology.
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12.1 Introduction

Three interconnected structures compose the neuronal cytoskeleton: actin micro-
filaments (MFs), microtubules (MTs) and intermediate filaments (IFs). IF proteins
are classified into six types based on similarities in sequence and gene structure.
Neurons express differentially several IF proteins depending on their developing
stage or their localization in the nervous system: nestin (200 kDa; type IV), NF
triplet proteins (called NFL (light, éthique, 68 kDa), NFM (medium, 160 kDa)
and NFH (heavy, 205 kDa); type 1V), a-internexin (66 kDa; type IV), peripherin
(57 kDa; type III) and synemin isoforms (Low synemin (41 kDa), Middle or beta
synemin (150 kDa), High or alpha synemin (180 kDa); type IV) (Lariviere and
Julien, 2004; Perrot et al., 2008). It was originally believed that NFs were com-
posed only by NFL, NFM and NFH, but recent studies indicated that a-internexin
and peripherin are also integral and abundant components of NFs in CNS and PNS,
respectively (Beaulieu et al., 1999; Yuan et al., 2006; Yan et al., 2007). These
NF proteins share with other members of the IF family a tripartite structure, with
non-helical amino and carboxy-terminal regions (called the head and tail domains)
flanking a homologous central rod domain of approximately 310 amino acids which
is involved in the assembly of 10-nm filaments (Geisler et al., 1983; Fuchs and
Weber, 1994). Head and tail domains of the NF subunits are less conserved. Tail
domains of NFM and NFH are longer and contain numerous repeats of phosphory-
lation sites Lys-Ser-Pro (KSP) (Jones and Williams, 1982; Julien and Mushynski,
1983; Geisler et al., 1987; Goldstein et al., 1987; Lee et al., 1988; Pant and Veeranna,
1995). When they are phosphorylated, tail domains of NFM and NFH form lateral
projections extending from the filament backbone (Hirokawa et al., 1984; Hisanaga
and Hirokawa, 1988). These sidearms participate to the stabilization of the filament
network by forming cross-bridges between NFs and other cytoskeletal elements or
organelles.

NFs play a central role in growth and maintenance of axonal caliber. This was
first suggested by the observation that increased NF numbers and densities are cor-
related with increased axonal diameters (Friede and Samorajski, 1970). Moreover,
the expansion of the axonal caliber coincides with the entry of NFs into axons dur-
ing axonal development and regeneration (Hoffman et al., 1984). The first evidence
for the implication of NFs in axonal caliber expansion in an animal model was pro-
vided by Japanese quiver quails. These quails displayed a spontaneous mutation in
NFL gene that generates a truncated protein incapable of forming NFs (Ohara et al.,
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1993). In these animals, radial growth of myelinated axons is strongly decreased
(Yamasaki et al., 1991), with consequent reduction in axonal conduction velocity
(Sakaguchi et al., 1993). The function of NFs in the radial axonal growth was there-
after confirmed by the generation of various mouse models. Here, we will describe
mouse knockout models that have been generated to elucidate the functions of NFs.
Their analysis revealed an unequivocal role of NFs in determining the diameter of
large myelinated axons. We will also discuss other mouse models that express mod-
ified NF subunits and which contributed significantly to the study of the role of
the NFs.

12.2 Knockout Models of Neurofilament Proteins

12.2.1 NFL Knockout Mice

The de novo assembly of NFs in vivo requires both NFL and either NFM or NFH
(Lee et al., 1993). The importance of NFL in NF assembly was confirmed by the
targeted disruption of the Nefl gene in mice (Zhu et al., 1997). In the absence of NFL,
the levels of NFM and NFH subunits are strongly decreased to ~5% of the normal
level in sciatic nerve while an increased level of a-tubulin occurs (Table 12.1). As
a result, NFL—/— axons have a scarcity of IF structures but display a higher density
of MTs, possibly as a compensating effect. In CNS, optic axons from NFL—/— mice
contain 52% of the normal level of NFM and smaller proportions of the NFH protein
(13%) (Yuan et al., 2003). This suggests that NFM is capable of transport without
NFL, probably via its association with a-internexin whose level is unchanged in
NFL~/- optic nerve. Indeed, NFM transport is completely abolished by deleting
a-internexin (Yuan et al., 2003).

NFL—/- mice exhibit a severe axonal hypotrophy with a ~50% decrease of
axonal caliber in L5 ventral root, confirming that NFs are a major determinant of
axonal diameter. Note that a ~50% decrease in the NFL mRNA levels of NFL+/—
mice provoked a modest reduction of ~15% in the calibers of ventral root axons,
indicating that there is no direct correlation between NFL. mRNA levels and axon
diameter (Zhu et al., 1997). Consistent with axonal atrophy, lower conduction veloc-
ities were observed in NFL—/— mice (Kriz et al., 2000b). Despite this, the NFL-null
mice exhibit only mild sensorimotor dysfunction and spatial deficits without overt
signs of paresis (Dubois et al., 2005b). However, the absence of axonal NFs is not
entirely innocuous since altered cytochrome oxidase activities in numerous hind-
brain regions and a significant loss of motor axons have been detected in NFL—/—
mice (Zhu et al., 1997; Dubois et al., 2005a). The regeneration of myelinated axons
is also delayed in the absence of axonal NFs (Zhu et al., 1997). The exact mech-
anism by which NFs contribute to maturation of regenerating myelinated axons
remains to be elucidated. It is conceivable that the NF network could provide a
scaffold that contributes to the stabilization of newly growing axons. Alternatively,
the IF cytoskeleton could indirectly support axonal regeneration by contributing to
MT and/or MF dynamics and functions.



R. Perrot and J.-P. Julien

264

(88661) T8 12 19pI

(6661)
‘Te 30 Awooef

(€007) 'Te 10 ueng
(6661)
‘2 19 INoSseARAS

(L661) 'Te 1 NYZ

suoxe
J10J0W JO SSO[ %]~

suoxe
J1010W JO SSO[ 9%()] ~

suoxe
10J0W JO SSO[ %07~

X91100 Ul
HAN parejAioydsoyd Afiaeay
JO [9AQ] [BWLIOU JO %0 [
A[oAnoadsal
‘)S pUB X31100 Ul TIN
urnqni-g Jo [9A9[ [BULION  JO [9AQJ] [BUWLIOU JO 95 €7 PUB ¢
KISuap LA paseaiouf KIISUSp N PaseaI1od(

NO pue DS ‘ureiq ut
UIXQUIJUI-0 JO [9A] PISLAII
HAN
Jo uonejAroydsoyd pasearouy
A1oAnoadsar
‘NO pue DS ut HAN
JO [9A9[ [eULIOU JO % EE PUe [T
A[oanoadsal
‘NO Pue NS ‘DS Ul TN Jo
urnqni-g Jo [9A] [BWION [9AJ] [BUWLIOU JO 9,77 PUB G¢ ‘89
K)ISuap LA peseaiouf KIISUSp N paseaI1od(q

UIXQUISIUI-0 JO [9A9] [EWION
unraydriad Jo [9A9] paseaIoa(
NO Ul HAN
JO [QAQ] [BULIOU JO 9 €| pUe
INAN JO [9A9] [BULIOU JO 9%TC
NS Ul HIN pue

INAN JO [9A9] [BULIOU JO 956
s ] Jo AoIesg

NS pue ureiq ur
urngn}-o JO [OAJ[ PASLAIdU]
ANSudp LA paseoIouy

dd ST %OT~
PUB YA ST UL %S~
JO PIsBAIOAP :p[O SILAK 7
NO ut %0¢
PUB NS Ul %%T “JA ST
Ul 95() JO PIsLaIddP ‘DS
UL POSBAIOAP :P[O SYIUOUI

PIo syyuou ¢ 38 YA 1
Ul 9()G~ JO PIseaIna(

PIO sqpuowr 7 e YA ST
ur 950G~ JO Pasearndq

(t/as621)
—/~INAN

(9/19LSD)
—/~INAN

—/~1AN

SQOUQIOJOY

SSO[ [RUOXY

juquod 1IN JuANUOd J1

I9qI[ed [BUOXY

OIN

soua3 ] [euoinau jo uondnisip pejodie], 1°TT dqeL



265

12 Knockout Models of Neurofilament Proteins

Ioquinu

UTXOUIOUI-0 JO [QAQ] [EWLION
A[eAnoadsal
‘DS pue NO ‘urelq
ur JALIN JO [9A9] [euLIOu
J0 9S8 PU® %0 ‘%0~

(£007) ‘Te 12 ueng PAUTULIDIAP JON LIA Ul 9Sea10Ul [[BWS NO UI ] JO Joquinu [[ews pasea1daq —/—HANTAN
urroydrrad Jo [9AQ] [RWION
NO UI UIXoUuIdjuI-0
JO [°A9] [eULIOU JO %0 > dqastur
(9000) 'Te 10 ueng NO UI 9qe10919p A[oreq pue %1y PUB JA STTUL %09
(96661) ‘Te 12 1op[q ‘Aroanoadsar YA ST pue NS JO PaseaIdap o sIeak ¢
(86661) T8 19 1op[d uInqny Jo [2A3] [BULON DS Ul TAN JO [2A9] [pwrioU dA
(6661) suoxe Ayisuop JO %TI PUC %HLI-TI ‘%ET ST PUR $T Ul %0S—0€ JO
‘[e 30 AWooef  JOJOUI JO SSO[ %%¢  LIA JO PISeaIoul p[ojomy, S JO A)10180S  PISLaIdap PO SYIUOW $—¢ —/-HAN:INAN
AN JO S[9AQ] [eULION
TAN PO stpuou
urmnqny Jo [9A9] [EULION JO [9A9] [eULIOU JO %06-CL 8 NO PU® DS ‘NS YA (t/as 621)
(a8661) 'T& 10 19p1 SSO[ [eUOXE ON Ayisuop [N [eWION  AJISUSP N JO 9SBA109P JYSIS G UT 90T~ JO PASEAId(] —/~HAN
(8661) T8 10
oey] 10J suOxe HAN
KI0SUDS JO SSO[ Jo uone[Aroydsoyd pasearouy
(6661) %61 pue suoxe urngm-yig AN
‘Te 30 Awodef  JOJOUI JO SSO[ %€ JO 9SBQIOUI P[OJINO]  JO [9AJ] [BWLIOU JO 9%(007—0Z1
(8661) Te@NYZ  (8661) T2 19 NYZ Ayisuop TAN JO [9A9] [BULION PO syjuour g (9/19LSD)
(8661) Te10 0By  IOJ SSO[ [UOXB ON  LJA JO PISBaIoul p[oJomy[, KIsuop N [PWION 18 YA ST Ul 9Sueyd JOUIjy —/-HAN
SQOUQIOJOY SSO[ [RUOXY JUAUOd TN JUUOD JT IoqI[ed [eUOXY Q0T

(ponunuod) T°ZT AqEL



R. Perrot and J.-P. Julien

266

JOOI [ENUA YA ‘QAIAU JMJRIDS NS ‘PI00 Teurds D¢ ‘@atou ondo Ny 9001 [esI0p y (T

(2002
“Te 32 QIIALIR]

(€002) T8 10 ueng

(6661)
‘2 19 INoSsBARAS]

(€007) "Te ¥ ueng
(6661)
‘Te 19 INASSBABAY |

UNUAWIA

JO [QAQ] [BULIOU JO 9G] ~
SUOXE JOJoul UT
UIXQUIIUI-0 JO [9A] PasLaIou]
urnqni-¢ Jo [9AJ] [BULION HAN parejAioydsoydodAy

SUOXE AIOSuas suoxe pue JALIN JO 9sea109p WSIS
pojeurjoAwun [[eWS QWOS Ul Joquinu H:AN parejAroydsoyd

[[BWS JO SSO[ %€ LIA JO 2sea109p Y31 pue TN JO S[OA9] [EULION
NS

ur urroydriad Jo [9A9] paseardog
NS
PuE NO ‘DS Ul S[A3] HAN

suoxe NS pue NO ‘DS pue AN JO asearoop Suong

Jojow JO SSO[ 957~ Ul uInqni-¢ Jo [9A9] [EULION NO UI S JO 90Uasqe [e10],
NS

ur unreydrrad Jo [9A9] [BWLION
NS pue NO OS Ul HAN pue
urngn-¢ Jo [9A9] [eWlIoN  JNAN “TAN JO S[9A] [PULION
SSO[ [RUOXE ON Ajsuop LA [BWION Ansuap N [eULION

urroydrrad Jo [oAQ] TeULION
UIXOUIDIUI-0 JO [9AQ] [BULION

pIo syjuow § Je
dd PuB YA T Ul [PULION

9%0S~ JO PaseaIdnq

pIo syjuowr g
1B JA 1 Ul [BULION

—/—unoydrrad

—/~TAN-UIXoUINUI-0

—/-UIXoUIUI-0

(0002) DS ul HAN pue W AN PIO Syjuow / 38 YA
‘[ 30 usAn3N SSO[ [eUOXE ON urnqni-g Jo [9AJ[ [BWLION  “TJN JO [9AJ] [BWLIOU JO 95()9~  G7T Ul 95()S~ JO PIseAINd(] —/+HINTAN
SQOUAIRY SSO[ [BUOXY JUUOD TN JUUOD ] 19qI[BD [RUOXY AN

(Panunuod) 7Y AqeL



12 Knockout Models of Neurofilament Proteins 267

NFL~/— mice develop abnormal NF accumulations in perikarya and proximal
axons from motor neurons (Williamson et al., 1998). The onset of motor neurons
loss has been found to begin at about 10 months of age (McLean et al., 2005).
These mice were thus used as a neurodegenerative disease model to investigate the
temporal relationship between the neuronal aggregates and the activation of glial
cells, two common phenomena in neurodegenerative diseases. Three distinct phases
of neurodegeneration were identified. First, NF aggregate formation is prominent.
In the second phase, microglial proliferation is marked and the numbers of NF
aggregate-bearing motor neurons decline. In the last stage, motor neuron numbers
decrease while astrocytic proliferation increases (McLean et al., 2005). This tempo-
ral pattern of proliferating microglia suggests that they may be responding to signals
released by aggregate-bearing motor neurons. The first stage, which is before the
onset of motoneuron loss, is characterized by a significant downregulation in the
expression of complement receptor type 3 a (CD11b) subunit in microglia (Li et al.,
2006). This microglial inhibition might play a particular role in the survival of the
abnormal protein aggregate-bearing motoneurons in the early development stage of
neurodegeneration in NFL—/— mice.

12.2.2 NFH Knockout Mice

It has long been considered that the extensive phosphorylation of NFs controls
radial axonal growth by regulating NF transport (Nixon et al., 1982; Lewis and
Nixon, 1988) and/or interfilament spacing (Gotow et al., 1992; Nixon et al., 1994;
Sanchez et al., 1996). It has been suggested that phosphorylation of KSP repeats
on NFM and NFH sidearms could increase their total negative charge and cause
their lateral extension by repulsive attraction, increasing NF spacing and axonal cal-
iber. Many lines of evidence reinforced this assumption, including the presence of a
weak repulsive force around the core of the filament detected by using atomic force
microscopy (Brown and Hoh, 1997). This force is absent in homopolymers of NFL
or trypsinized native filaments which lack the sidearms and attenuate when the fil-
aments are enzymatically dephosphorylated (Kumar and Hoh, 2004). The number
of KSP repeats being much more important in NFH than in NFM (51 vs 7 in mice),
it was thought that this subunit should contribute more to the radial axonal growth.
This idea was reinforced by the observation that phosphorylated NFH sidearms are
less pliant and larger structures than dephosphorylated ones (Aranda-Espinoza et al.,
2002). However, this hypothesis was invalidated by the generation of three differ-
ent NFH-null mice (Elder et al., 1998b; Rao et al., 1998; Zhu et al., 1998). Indeed,
the absence of NFH has a minor effect on the radial growth of axons, even if sub-
tle differences exist between these models. Rao et al. (1998) and Zhu et al. (1998)
reported only a slight reduction in the caliber of myelinated axons from the ventral
roots of NFH—/— mice, no modification in NF density, and a twofold increase of
MT density, whereas NFH knockout mice described by Elder et al. (1998b) exhib-
ited a more pronounced reduction in the caliber of axons, a slight decrease of NF
density and a normal density of MTs. Somehow, there are discrepancies regarding
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the NFL and NFM levels. Rao et al. (1998) and Zhu et al. (1998) reported normal
levels of NFL and an up-regulation of NFM (respectively, 100% and 20%) whereas
a decreased level of NFL and no modification in NFM protein level were observed
by Elder et al. (1998). This divergence could be explained in part by differences in
the mouse genetic backgrounds (C57BL/6 strain for Rao et al. (1998) and Zhu et al.
(1998); 129 J strain for Elder et al. (1998)) and by the chronological differences
between the data (2 months for Rao et al., 1998 and Zhu et al., 1998; 4 months for
Elder et al., 1998), suggesting a later effect of NFH on the radial axonal growth. In
any case, the combined results suggest that NFH has a minor effect on the radial
expansion of axons. It is also important to note that Rao et al. (1998) and Zhu et al.
(1998) described a compensatory increase in MT density and NFM phosphorylation
in their NFH—/— mice, complicating the conclusions about the exact role of NFH in
the determination of the axonal caliber.

Surprisingly, large myelinated axons in NFH—/— mice showed a significant
decrease in conduction velocity despite normal axonal diameter, g ratio and intern-
odal length (Kriz et al., 2000b). Moreover, NFH—/— mice expressed a significant
decrease in outward rectification and the refractory period was prolonged, provid-
ing strong evidence that NFs are involved in defining not only the structural but also
the functional integrity of myelinated axons. It was proposed that NFH may have a
specific role in modulating ion channel function (Kriz et al., 2000a, b), but the pre-
cise mechanism is still unclear even if it appeared that localization of Na+ and K+
channels is unaffected by the absence of axonal NFs (Perrot et al., 2007). Finally, it
cannot be excluded that the absence of NFH, the most extensively phosphorylated
and thus negatively charged subunit, also affects the axoplasmic resistance.

12.2.3 NFM Knockout Mice

The generation of two different NFM knockout mice has shown a more preponder-
ant role of this subunit in controlling NF content and axonal caliber (Elder et al.,
1998a; Jacomy et al., 1999). Elder et al. (1998a) reported a decrease of the axonal
caliber of 20-25% in L5 ventral root, sciatic nerve and optic nerve at 4 months old
and a more pronounced atrophy (reduction of 55%) in LS ventral root at 2 years
old, whereas axonal caliber in L5 dorsal root is only reduced by ~10%. In the
second model, the diameter of axons is decreased by ~50% in L4 ventral root as
soon as 3 months old (Jacomy et al., 1999). In keeping with smaller axon diame-
ter, the conduction velocity was significantly decreased and a prolongation of the
refractory period was observed in NFM—/— animals (Kriz et al., 2000b), without
phenotypic changes. Both models are characterized by important decreases in NFL
levels, resulting in a reduced axonal NF content and thus in axonal atrophy. As a
compensatory mechanism, MT density and NFH phosphorylation were increased in
the absence of NFM (Elder et al., 1998a; Jacomy et al., 1999).

The simultaneous absence of both NFM and NFH provokes the retention
of unassembled NFL subunits in neuronal cell bodies (Jacomy et al., 1999).
Consequently, axons from NFM—/—; NFH-/— mice are deprived of NFs, resulting in
a reduction of axonal caliber equivalent to the NFL—/— mice. An important decline
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also occurred in the levels of a-internexin while a twofold increase in the den-
sity of MTs is observed (Elder et al., 1999b; Jacomy et al., 1999). As in NFL—/—
mice, a significant loss of motor axons (24%) was detected in NFM—/—;NFH-/—
mice and these animals developed an age-related atrophy of motor axons accom-
panied by a hind limb paralysis (Elder et al., 1999a; Jacomy et al., 1999). These
results show a requirement of the high molecular weight subunits for the in vivo
assembly of NFs. Finally, a 40% decrease of NF content in triple heterozygous mice
(NFL+;NFM4#;NFH=+) was sufficient to induce a 50% decrease of axonal diameter
in L5 ventral root, without altering the normal subunit stoichiometry and the levels
of other cytoskeletal proteins (Nguyen et al., 2000).

12.2.4 a-Internexin Knockout Mice

a-Internexin is an IF protein that is expressed abundantly in neurons during devel-
opment of the PNS and CNS (Kaplan et al., 1990; Fliegner et al., 1994), and
found mainly in the CNS in adults (Chiu et al., 1989; Kaplan et al., 1990). Some
lines of evidence suggested that a-internexin could play a key role in axonal out-
growth (Glasgow et al., 1994; Zhao and Szaro, 1997; Leake et al., 1999; Shea and
Beermann, 1999), but the disruption of the /NA gene in mice did not support this
view (Levavasseur et al., 1999). Mice deficient in a-internexin exhibited normal
pre- and postnatal development and showed no overt phenotype. The levels of other
neuronal IF proteins were unchanged and a normal axonal caliber was achieved in
L4 ventral root, indicating that a-internexin is not required for radial axonal growth.
In the same way, a normal retinotectal topographic organization was observed in
the absence of a-internexin, excluding a role in outgrowth and guidance of axons
(Levavasseur et al., 1999). A normal development is also observed in mice deficient
in both NFL and a-internexin. No IF structures were observed in their optic nerves,
demonstrating that type IV IFs do not play an essential role in axonal outgrowth
during development of the nervous system.

Lack of a-internexin did not affect the transport of NFs in optic axons (Yuan
et al., 2003), but deletion of a-internexin in the absence of NFH accelerated the
transport of NFM and NFL, indicating that a-internexin interacts with NFM or NFL
or both during transport under these conditions. This also implied redundancy of
function or cooperation between a-internexin and NFH for the axonal transport of
NFs (Yuan et al., 2003). It now appears that o-internexin functions in the adult
CNS principally as a fourth subunit of NFs, with a stoichiometry of 4:2:2:1 (NFL:
a-internexin:NFM:NFH), and facilitates the transport of NFs in central axons (Yuan
et al., 2006; Yan et al., 2007).

12.2.5 Peripherin Knockout Mice

Peripherin is a type III neuronal IF protein widely expressed in developing neurons,
but in the adult it is mainly found in neurons extending to the PNS, as well as in sub-
sets of CNS neurons that have sensory, motor and autonomic functions (Brody et al.,
1989; Escurat et al., 1990; Gorham et al., 1990; Barclay et al., 2007). Peripherin can
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self-assemble or co-assemble with other NF subunits to form IF networks in vitro
(Beaulieu et al., 1999). The precise function of peripherin is not clear, but as it is
expressed concomitantly with axonal growth and following nerve injury, periph-
erin was believed to play a role in nerve elongation and in the regeneration process
(Escurat et al., 1990; Gorham et al., 1990; Wong and Oblinger, 1990). To investigate
the function of peripherin further, mice with a targeted disruption of the peripherin
gene were generated (Lariviere et al., 2002). As for a-internexin—/— mice, peripherin
knockout mice were viable, reproduced normally and did not exhibit overt pheno-
types. No morphological defects in the ventral and dorsal roots, spinal cord and
retina were observed. The number and caliber of myelinated motor and sensory
axons in the L5 roots remained unchanged in peripherin deficient mice (Lariviere
et al.,, 2002). All these data provided the proof that peripherin, as o-internexin,
is dispensable for axogenesis and is not a modulator of axon diameter. However,
it should be noted that the ventral root, but not the dorsal root from peripherin-
null mice showed increased levels of a-internexin, suggesting that motor neurons
from peripherin—/— mice might compensate for the lack of peripherin by increas-
ing their amount of a-internexin (Lariviere et al., 2002). This question could be
addressed through the generation of double knockout mice derived by the breed-
ing of peripherin—/— mice with a-internexin—/— mice. It is also interesting to note
that L5 dorsal roots from peripherin-null animals revealed a 34% loss of small
unmyelinated sensory axons, demonstrating a requirement of peripherin for the
proper development of a restricted subset of sensory neurons (Lariviere et al.,
2002). Further investigations are necessary to determine its function in peripheral
myelinated axons. Recent data showed that peripherin is expressed in the tubero-
mammillary neurons of the mouse hypothalamus, but no visible differences in the
appearance of these neurons or their axons were detected in peripherin—/— mice
(Eriksson et al., 2008). Monitoring of locomotor activity, feeding, drinking and
energy expenditure in these mice also revealed no difference, so the significance
of peripherin in these neurons remains to be elucidated.

12.3 Mice Expressing Modified NF Subunits

12.3.1 NFH-LacZ Mice

NFH-LacZ transgenic mice expressed a fusion protein in which one half of the
carboxy-terminal domain of the NFH protein was replaced by f-galactosidase sub-
unit from Escherichia coli (Eyer and Peterson, 1994). This transgene was controlled
by NFH regulatory sequences, but its expression was obviously low compared to the
endogenous NFH protein. The $-galactosidase is composed of four identical sub-
units which must tetramerize to form a functional protein. So, NFH-f-galactosidase
fusion proteins polymerized and caused the perikaryal aggregation of NFs in NFH-
LacZ mice (Eyer and Peterson, 1994). Their axons were thus deprived of NFs
while MT density was significantly increased. The absence of axonal NFs resulted
in a generalized reduction of the axonal caliber in both PNS and CNS (Eyer and
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Peterson, 1994; Perrot et al., 2007). In accordance with axonal hypotrophy, the
conduction velocity was significantly reduced in NFH-LacZ mice and abnormal-
ities of somesthetic and auditive-evoked potentials were also detected (Zochodne
et al., 2004; Perrot et al., 2007). Finally, a significant loss of motor axons and the
degeneration of Purkinje cells occurred with age (Eyer and Peterson, 1994; Tu et al.,
1997). Interestingly, the replacement of the carboxy-terminal end of NFH by the
GFP reporter in transgenic mice did not alter the normal assembly and the axonal
transport of the fusion protein together with the endogenous IFs (Letournel et al.,
2006). This confirmed that in the NFH-LacZ transgenic model NFs accumulated in
neuronal cell bodies because of the presence of p-galactosidase and not because of
the removal of the carboxy-terminal end of NFH.

It was recently shown that the synemin L isoform is also sequestered in perikarya
of dorsal root ganglion neurons from NFH-LacZ mice, whereas synemin M and
H associated with peripherin are present along NF-deficient peripheral axons
(Izmiryan et al., 2009). Dorsal root ganglion neurons can be classified into two neu-
ronal subpopulations: large-light neurons and small-dark neurons (Ferri et al., 1990;
Goldstein et al., 1996; Fornaro et al., 2008). Peripherin has been found only in the
small unmyelinated fibers while NF proteins are expressed in the large myelinated
fibers. These data strongly suggest that synemin H/M associated with peripherin
define a distinct subpopulation of small neurons within the DRG (Izmiryan et al.,
2009). This would also explain why only a subset of unmyelinated sensory axons
degenerates in peripherin—/— mice (Lariviere et al., 2002).

12.3.2 NFM"!A qnd NFH''A Mice

As mentioned above, the phosphorylated tail domains of NFM and NFH subunits
were originally proposed to regulate NF spacing and axon radial growth. In agree-
ment with results obtained in NFH-null mice, no major modifications in NF spacing
and axonal diameter were observed in adult mice expressing NFH deprived of
its carboxy-terminal domain (NFH®@I2 mice) (Rao et al., 2002), confirming that
phosphorylation of the NFH tail cannot be a primary contributor to radial growth.
However, examination of younger NFH®!4 animals revealed a delay in the acqui-
sition of a normal diameter for the largest axons, suggesting that the NFH tail may
affect the kinetics of growth of large axons. The organization of axoplasm is also
subtly altered in NFH®!2 mice, with fewer cross-bridges spanning between adja-
cent NFs and an increase frequency in NFs that longitudinally contact each other.
NFM and other linkers would continue to support the three-dimensional array of the
axonal cytoskeleton. It should also be mentioned that, in contrast to NFH-null mice,
conduction velocity is not altered in NFH®!'® mice. The authors proposed that the
significant slowing of conduction velocity observed in 3- to 4-month-old NFH—/—
mice (Kriz et al., 2000b) arises from a slowed propagation in radial growth distally
along the nerves (Rao et al., 2002).

In contrast to mutant NFH?!2 mice, NFM®@!2 mice displayed a strong decrease
of the axonal caliber in both motor and sensory nerves (Garcia et al., 2003; Rao
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et al., 2003). This was accompanied by reduced NF spacing and loss of long
cross-bridges without any change in the NF protein content. These results con-
firmed the preponderant role of NFM in radial axonal growth and showed that NFM
tail increased interneurofilament spacing by extending the cross-bridges laterally
between filaments. An increased MT density was also reported in NFM®%!2 axons
(Garcia et al., 2003; Rao et al., 2003) but not in NFH®@A mice (Rao et al., 2002),
indicating that the NFM tail is essential for maintaining the proper number of MTs
in the axon. Finally, it is interesting to note that axonal caliber in double transgenic
NFEM/H®!2 mice from 6 months of age is similar to that of NFM®!2 mice, whereas
deletion of both tail domains reduced average NF spacing even further and accentu-
ated the disappearance of cross-bridges extending from the surface of NFs and the
disorganization of the axoskeleton (Garcia et al., 2003). This suggests a role of the
NFH tail in stabilizing NF cross-bridging.

12.3.3 NFM®~4 Mice

The absence of NFM or the removal of its tail domain resulted in a decreased NF
spacing and an impaired radial growth of myelinated axons (Elder et al., 1998a;
Jacomy et al., 1999; Garcia et al., 2003; Rao et al., 2003). Since interneurofila-
ment spacing strongly correlates with the extensive phosphorylation of NFM tail
domains, it was speculated that the regulation of the NF spacing by the phosphory-
lation of KSP repeats contained in the NFM tail domain represent the mechanism
by which axons modulate their calibers. To test this assumption, mice express-
ing phosphorylation-incompetent NFM were produced by using gene replacement
to substitute all serines of NFM’s KSP repeats for alanines (Garcia et al., 2009).
Surprisingly, axonal calibers in L5 ventral root from NFM>~# mice were indis-
tinguishable from those of wild-type mice. The spacing between NFs is slightly
reduced at 2 months of age but not at 6 months old and the axoskeleton is struc-
tured similarly in adult NFM3~# and wild-type mice. Finally, conduction velocity,
locomotor activity and recovery rates after nerve injury were not altered in phospho-
incompetent NFM expressing mice. A modest increase in NFH phosphorylation
was reported but the authors stated that this cannot be sufficient to serve as a
compensatory mechanism (Garcia et al., 2009). All these results indicate that phos-
phorylation of NFM KSP repeats is not required for a proper organization of the
axonal cytoskeleton and for radial axonal growth.

12.4 Mice with Conditional Suppression of NF-L Expression

Recently, mice have been generated with doxycycline control of human NF-L trans-
gene in context of the absence (tTA;hNF-L;NF-L—/-) or presence (tTA;hNF-L;
NF-L#) of endogenous mouse NF-L proteins (Millecamps et al., 2007). These mice
have been very useful to study the turnover and transport rate of NF proteins in
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vivo. After treatment with doxycycline, there was rapid loss of human NF-L mRNA
within days but the human NF-L proteins remained with a half-life of 3 weeks in
the CNS. Interestingly, in the sciatic nerve, the disappearance of NF-L proteins after
suppression of transgene expression occurred in synchrony along the nerve, sug-
gesting a proteolytic degradation of NF proteins along the entire axon. The results
demonstrated that NF proteins have a very slow turnover in vivo. Another surpris-
ing observation was that, after re-induction of transgene expression by cessation
of doxycycline treatment, there was no evidence of a leading wave of newly made
human NF-L proteins migrating anterogradely into the sciatic nerve axons, as would
be predicted from classical pulse chase studies with amino acid precursors. The
NF-L proteins reappeared and accumulated in synchrony at similar rates along nerve
segments, a phenomenon consistent with a fast transport of NF-L proteins into axons
devoid of pre-existing NF structures (Millecamps et al., 2007). So, the transport rate
of NF proteins is highly influenced by the presence of the existing NF network and
it might differ in neuronal cell types with different NF content. In the absence of a
pre-existing NF network, it was estimated that the transport rate of NF proteins was
of about 10 mm/day which is 10 fold faster than the transport rate of NF proteins in
axons having NF structures.

12.5 Conclusion

Our understanding of the regulation, structure and functions of NFs in neurons
has been considerably improved by the characterization of knockout mice for NF
proteins. Although NFs appear dispensable for nervous system development, defi-
ciencies in NF proteins are not completely innocuous as significant loss of axons
has been noticed in these models (Table 12.1). The gene knockout approach has
confirmed a requirement of NFL together with NFM and NFH subunits for the in
vivo formation of a NF network and has provided definite proof that NFs are crucial
for the radial growth of large myelinated axons and thus to increase the conduc-
tion velocity. However, several aspects of NF biology remain elusive and further
investigations are required to solve these issues. While it is clearly established that
NFs play a central role in the growth and maintenance of the axonal caliber, the
exact mechanism employed remains unanswered. Two surprising discoveries were,
however, made using mouse models. First, NFM tail domain rather than NFH tail
play an essential role in the expansion of the axonal diameter. Second, NFM KSP
phosphorylation is not required for radial axonal growth and does not affect the
axonal cytoarchitecture. A major challenge will be to elucidate how NFs, and in
particular the NFM tail domain, control the radial axonal growth. Future studies
are needed to determine the precise role of NF phosphorylation in modulating the
axonal caliber and to identify the exact phosphorylation sites and signaling pathways
involved.
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Chapter 13

Neurofilaments and Radial Growth:
Deconstruction of a Hypothesis Through
the Construction of Gene Targeted Mice

Michael L. Garcia and Devin M. Barry

Abstract Radial axonal growth determines the diameter of myelinated axons,
which is one major axonal property that influences the rate of impulse propagation
along the axon. Prior to the development of neurofilament gene-targeted mice, it
was thought that radial growth was mediated by myelin-dependent phosphorylation
of neurofilament heavy and neurofilament medium within the axon. The system-
atic analysis of gene-targeted mice has furthered our understanding of the role of
neurofilaments in radial growth but these analyses have also led to surprising new
insights that have challenged the proposed role of neurofilament carboxy terminal
phosphorylation in establishing axonal diameter. In this review, the contribution of
each neurofilament gene-targeted mouse to our current understanding of the role
of neurofilaments and neurofilament phosphorylation in radial axonal growth is
discussed.
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13.1 Introduction — Neurofilaments

Neurofilaments (NFs) are obligate heteropolymers of neurofilament light (NF-L),
medium (NF-M), heavy (NF-H) and a-internexin (Yuan et al., 2006b) subunit pro-
teins (Ching and Liem, 1993; Lee et al., 1993), and are type IV members of the
intermediate filament (IF) family (Fuchs and Weber, 1994). All three subunits have
an amino terminal (NH»-terminal) head domain, a central rod domain and a carboxy
terminal (C-terminal) tail domain (Fig. 13.1). These three domains have different

NF-L
NF-M and/or NF-H

NF-M or NF-H C-Terminal Tail Domain
Amino Head Domain Polar Heterodimer -4{

O
0
\

— Coiled-Coil Rod Domain
o _- - /
— -~
P /
Apolar -~ /
protofilament -~ /

(2-3 nm

diameter) /

/
/
/

Neurofilament Fiber

Intermediate Filament
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Fig. 13.1 Formation of 10-nm filament from individual neurofilament subunits. a Schematic of
neurofilament assembly into 10-nm filament that is characteristic of all intermediate filaments.
Neurofilament subunits form polar heterodimers that assemble into half-staggered, anti-parallel
strands to form protofilaments. Two protofilaments polymerize to form protofibrils. Two to four
protofibrils polymerize to form the 10-nm filament that is characteristic of intermediate filaments.
b Schematic of neurofilament with NF-M and NF-H side arm projections from the core of the
filament (adapted from Fuchs and Cleveland, 1998)
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effects on assembly into a 10-nm filament that is characteristic of all members of the
IF protein family. The NH,-terminal head domain promotes lateral association of
protofilaments into protofibrils and ultimately 10-nm filaments (Heins et al., 1993).
The central rod domain contains a highly conserved ~310-amino acid a-helical
domain containing a hydrophobic heptad repeat that is essential for assembly into
a 10-nm filament (Fuchs and Weber, 1994). The C-terminal tail domain of NF-L
controls lateral assembly of protofilaments so that the filament terminates at 10-nm
(Heins et al., 1993), whereas the C-terminal tail domains of NF-H and NF-M project
from the core of the 10-nm filament (Hirokawa et al., 1984). While neurofilaments
consist of all three subunits, NF-L is essential for the assembly of NF-H and NF-M
into 10-nm filaments (Lee et al., 1993; Liem and Hutchison, 1982).

Amino acids within the NH;-terminal head and C-terminal tail domain are post-
translationally modified. The NH,-terminal head domains of all three NF subunits
contain multiple serine and threonine residues that are potential sites for post-
translational modification. Indeed, O-linked glycosylation sites have been identified
within the head domains of all three subunits (Dong et al., 1993, 1996). Moreover,
NF-L (Sihag and Nixon, 1991) and NF-M (Sihag and Nixon, 1990) are both ser-
ine phosphorylated within the NH;-terminal head domain. Mimicking constitutive
phosphorylation, by mutating serine 55 to aspartate (NF-L53P) in the NH,-terminal
head domain of NF-L, results in NF-L aggregates in cultured cells (Gibb et al.,
1996). Additionally, expression of low levels of NF-L33°P transgene results in
central nervous system (CNS) pathology that is associated with the formation of
neurofilament inclusions within neuronal cell bodies (Gibb et al., 1998). These data
suggest that phosphorylation within the NHj-terminal head domain of NF-L alters
higher order neurofilament organization (Fig. 13.1).

Unlike other IF proteins, neurofilament heteropolymers have side arms that
project from the core of the 10 nm filament (Hirokawa et al., 1984). These side
arms consist of the C-termini of both NF-M and NF-H proteins (Hisanaga and
Hirokawa, 1988). Moreover, both C-termini contain central repeats, the majority
of which consist of the trio of amino acids lysine (K), serine (S) and proline (P) in
one of three possible combinations: KSP, KXSP and KXXSP (Julien et al., 1988;
Levy et al., 1987; Myers et al., 1987). The C-terminus of NF-M also contains a
single, highly conserved variant, lysine-serine-aspartate (KSD) (Levy et al., 1987;
Myers et al., 1987). (For simplicity, all repeats will be referred to as KSP repeats for
the remainder of this review.)

The KSP repeats are posttranslationally modified. The most abundant posttrans-
lational modification of neurofilament C-termini is phosphorylation of the KSP
repeat serine residues (Julien and Mushynski, 1982; 1983). However, the C-terminus
of NF-H has several O-linked glycosylation sites within the KSP repeat domain
(Dong et al., 1996). Recently, O-linked glycosylation sites have also been identified
within the KSP repeat domain of NF-M (Deng et al., 2008; Ludemann et al., 2005).
Interestingly, O-linked glycosylation is reciprocally regulated with phosphorylation
(Deng et al., 2008; Ludemann et al., 2005).
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13.2 Introduction — Radial Growth

Motor neurons undergo two distinctive phases of growth each dependent upon
different components of the neuronal cytoskeleton. During development, motor
neurons extend axons from the ventral horn of the spinal cord to their prospec-
tive targets. This phase of growth is dependent upon actin/myosin for growth cone
motility and microtubules for timely delivery of proteins from the cell body and
to provide direction to the growing axon terminus (Letourneau, 1996). After stable
synapse formation, a second phase of growth (Cleveland, 1996), referred to as radial
axonal growth, is initiated in which neurofilaments accumulate and axonal diame-
ter increases up to tenfold. Specification of axon diameter is a key component of
neuronal function as it is one major axonal property that influences the velocity of
electrical signal conduction.

Radial growth initiates with, and is dependent on, formation of compact myelin
(de Waegh et al., 1992), which begins on the first postnatal day (PD1), and is com-
plete by PD14 in mice (Mirsky et al., 2002). During radial growth, neurofilaments
become the most abundant cytoskeletal proteins in the axon (Lee and Cleveland,
1996). Indeed, neurofilament number has been linearly correlated with the cross sec-
tional area of an axon (Friede and Samorajski, 1970; Hoffman et al., 1985; Nixon
et al., 1994; Weiss and Mayr, 1971). However, the generation of transgenic mice
suggested that neurofilament composition (Xu et al., 1996), not simply the number
of neurofilaments (Monteiro et al., 1990), regulates radial growth.

Mechanistically, it has been proposed that myelination regulates neurofilament
phosphorylation, which in turn influences radial growth (Lee and Cleveland, 1996).
In myelinated regions of central (CNS) and peripheral nervous system (PNS) axons,
NF-H and NF-M are more heavily phosphorylated on their C-terminal tail domains
(de Waegh et al., 1992; Hsieh et al., 1994; Nixon et al., 1994; Starr et al., 1996; Yin
et al., 1998). Moreover, axonal diameter is increased in myelinated regions of CNS
(Nixon et al., 1994) and PNS (de Waegh et al., 1992; Hsieh et al., 1994; Yin et al.,
1998) axons relative to unmyelinated regions of the same axon. These data have laid
the foundation for the myelin-dependent neurofilament phosphorylation hypothe-
sis of radial growth, which has been the proposed mechanism for over 15 years.
Analysis of neurofilament gene-deleted mice has furthered our understanding of the
role of neurofilaments in radial growth by identifying the required subunit. However,
new gene-targeted mice led to surprising new insights that have challenged the
proposed role of neurofilament C-terminal phosphorylation in establishing axonal
diameter.

13.3 Preventing Neurofilament Axonal Accumulation:
Neurofilaments Are Required for Radial Growth

The first gene deletions of neurofilaments were not the result of gene targeting in
embryonic stem cells. In fact, the first model to address unequivocally the role of
neurofilaments in myelin-dependent radial axonal growth was not even a mouse.
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We will begin our review of neurofilament gene targeting with these non-traditional
gene deletion models.

13.3.1 The First Gene Deletions: Intriguing
Results from Unlikely Sources

The first gene deletion of neurofilaments occurred in an unlikely source, the
Japanese quail Coturnix coturnix japonica. Myelinated axons of both the central and
peripheral nervous system of the quiver (Quv) quail were hypotrophic (Yamasaki
et al., 1991) and devoid of neurofilaments (Yamasaki et al., 1992, 1991). Loss of
axonal neurofilament accumulation was due to the introduction of a nonsense muta-
tion in the NF-L gene (Ohara et al., 1993). Failure of radial axonal growth in Quv
quail resulted in reduced conduction velocities (Sakaguchi et al., 1993), generalized
quivering and mild ataxia (Yamasaki et al., 1991). This established unequivocally
that axonal accumulation of neurofilaments is required for radial axonal growth.
The dependence of radial axonal growth on axonal accumulation of neurofil-
aments was confirmed, serendipitously, by the development of a transgenic line
of mice that was originally developed as a means of analyzing NF-H distribution.
The C-terminus of NF-H was replaced with the complete enzyme B-galactosidase
(NF-H-LacZ) (Eyer and Peterson, 1994). Neurofilaments failed to transport into the
majority of axons. Instead they formed large protein aggregates within neuronal cell
bodies (Eyer and Peterson, 1994). As in the Quv quail, the axons of this mouse
failed to grow radially, resulting in small diameter axons (Eyer and Peterson, 1994).
Moreover, NF-H-LacZ mice had a ~24% reduction in the number of ventral root
axons in aged mice (Eyer and Peterson, 1994). Unlike the Quv quail, no overt phe-
notype was observed in these mice. However, when challenged, these mice exhibited
abnormalities that were consistent with sensorimotor deficits (Dubois et al., 2002).

13.3.2 Deletion of Neurofilament Genes Determines
Which Subunits Are Required for Radial Growth

Gene targeting has been performed for all three neurofilament genes as well as
a-internexin, which was recently shown to associate with neurofilament proteins
(Yuan et al., 2006b). Moreover, many of these models have been interbred. For
simplicity, we will focus on the original deletions of neurofilament genes.

13.3.2.1 Deletion of NF-L Confirms Dependence of Radial Growth
on Axonal Accumulation of Neurofilaments

Deletion of NF-L (NF-L~") in mice recapitulated many of the results observed in
both the Quv quail and the NF-H-LacZ transgenic mouse. Specifically, axons of
the sciatic nerve were devoid of neurofilaments and failed to grow radially (Zhu
et al., 1997). Moreover, conduction velocity in NF-L mice was severely reduced
(Kriz et al., 2000). However, there were important differences observed between
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the NF-L™~ mice and the two previous models. Both Quv quail and NF-H-LacZ
mice maintained a bimodal distribution in axons of the sciatic nerve (Sakaguchi
et al., 1993) or axons of the fourth lumbar ventral root (Eyer and Peterson, 1994),
albeit the peak diameter of the largest axons, in both of these models, was reduced
relative to wild type controls (Eyer and Peterson, 1994; Sakaguchi et al., 1993).
Deletion of NF-L resulted in the most severe reduction in axonal diameter of any of
these three models. Axons of the fifth lumbar ventral root in NF-L~7~ mice failed to
establish a bimodal distribution with a reduction in peak axonal diameter of ~67%
in NF-L~ mice (Fig. 13.2) as compared to littermate controls (Zhu et al., 1997).
The reduction in axonal diameter resulted in a ~70% reduction in neuronal con-
duction velocity (Kriz et al., 2000). Additionally, NF-L7~ mice displayed an early
~10% reduction in the number of ventral root axons (Zhu et al., 1997). Despite
the reduction in conduction velocity and the loss of motor axons, NF-L~~ mice did
not display any overt phenotypes. However, as with the NF-H-LacZ mice, when
challenged, NF-L~~ mice exhibited abnormalities that were consistent with senso-
rimotor deficits (Dubois et al., 2005). Finally, NF-L ™~ mice had increased a-tubulin
content in sciatic nerve axons suggesting a compensatory increase in microtubule
content due to loss of neurofilaments (Zhu et al., 1997). Taken together, these three
models unequivocally established a role of neurofilaments in determining axonal
diameter, thereby influencing the rate of neuronal conduction velocity.

13.3.2.2 Deletion of NF-H and NF-M: Identification of NF-M
as the Required Neurofilament Subunit for Radial Growth

Axons of Quv quail, NF-H-LacZ and NF-L ™~ mice established that neurofilaments
are required for radial growth. However, since axons in all these models are com-
pletely devoid of neurofilaments, what remained unclear was which neurofilament
protein subunit was required for radial growth. In myelinated axonal segments,
axonal diameter is increased relative to unmyelinated segments of the same axon
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(de Waegh et al., 1992; Hsieh et al., 1994; Yin et al., 1998) and NF-H and NF-M
are heavily phosphorylated on their C-terminal tail domains, suggesting a poten-
tial role for phosphorylation in radial growth (de Waegh et al., 1992; Hsieh et al.,
1994; Nixon et al., 1994). The most heavily phosphorylated subunit is NF-H, which
is nearly stoichiometrically phosphorylated on KSP repeat serine residues (Julien
and Mushynski, 1982, 1983). If C-terminal phosphorylation of neurofilaments is
essential for radial growth, it was reasonable to conclude that the most heavily
phosphorylated subunit would contribute the most to radial growth. However, the
analysis of NF-M and NF-H gene deleted mice yielded surprising results.

Deletion of NF-M (NF-M~") resulted in a substantial decrease in radial axonal
growth (Elder et al., 1998a). Axons of the fifth lumbar ventral root failed to establish
a bimodal distribution (Fig. 13.3) as was observed in NF-L7 mice (Zhu et al.,
1997). Peak axonal diameter was reduced by ~43% in NF-M~~ mice vs littermate
controls (Elder et al., 1998a). Overall neurofilament content was reduced in axons
of the fifth lumbar ventral root in NF-M™" relative to control (Elder et al., 1998a).
Additionally, axonal diameters were reduced within the ventral spinal cord and optic
nerve in NF-M~~ mice (Elder et al., 1998a). As expected, due to decreased axonal
diameter, neuronal conduction velocity was ~40% reduced in NF-M~" mice vs wild
type (Kriz et al., 2000). These results suggested that NF-M was required for radial
growth.

Deletion of NF-H supported the requirement of NF-M for radial growth. Three
independent lines of NF-H gene-targeted (NF-H ") mice were developed. While the
particulars of each experiment differed slightly, the overwhelming message is that
loss of NF-H did not result in severe reductions in radial growth as predicted (Elder
et al., 1998b; Rao et al., 1998; Zhu et al., 1998). The peak diameter of the largest
motor axons of the fifth lumbar ventral root was reduced (Fig. 13.4) by ~10-20%

300 1

—— wild type
- —R —= NF-M"

Number of Axons

Diameter (um)

Fig. 13.3 NF-M is essential for radial growth. Targeted deletion of the NF-M subunit resulted in a
failure of radial growth. Peak diameter distributions of axons of the fifth lumbar ventral root were
~43% reduced relative to wild type mice in 16-week-old mice. Moreover, similarly to NE-L 7~
mice, NE-M~" mice failed to establish a bimodal distribution. Axon numbers were approximated
using the average number of axons (927499 n=26) reported in (Clement et al., 2003) and the
originally reported percentiles (© Elder et al., 1998a)
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(Rao et al., 1998; Zhu et al., 1998). There was also a small decrease in peak axonal
diameter in sensory neurons of the fifth lumbar dorsal root (Rao et al., 1998). Loss
of NF-H resulted in a ~13% and ~19% loss of motor and sensory neurons, respec-
tively (Rao et al., 1998). Surprisingly, despite a reduction in peak diameter that was
approximately half as much as the reduction observed in NF-M~~ mice (Fig. 13.4),
NF-H™~ mice had a significant decrease in conduction velocity (Kriz et al., 2000).
The decrease in NF-H”~ conduction velocity was of the same magnitude as that
observed in NF-M~~ mice (KTriz et al., 2000). Furthermore, loss of the NF-H sub-
unit resulted in a significant increase in the rate of neurofilament transport in sciatic
(Zhu et al., 1998) and optic nerves (Rao et al., 2002; Zhu et al., 1998).

Taken together, these results suggested that the failure of radial growth observed
in axons devoid of neurofilaments resulted from loss of NF-M, not NF-H as was pre-
dicted, indicating that the NF-M subunit was essential for radial growth. However,
interpretation of the NF-M~~ and NF-H~~ phenotypes was complicated by com-
pensatory alterations in the remaining cytoskeletal components. Deletion of NF-M
resulted in decreased NF-L levels and decreased phosphorylation of NF-H in spinal
cord (Elder et al., 1998a). Axons of NF-M~~ mice have fewer, more widely spaced
neurofilaments with increased microtubule accumulation (Elder et al., 1998a).
Deletion of NF-H resulted in a twofold increase in NF-M expression (Rao et al.,
1998), increased NF-M phosphorylation (Zhu et al., 1998) and increased micro-
tubule accumulations in axons (Rao et al., 1998; Zhu et al., 1998). Despite these
complications, neurofilament gene deleted mice supported the myelin-dependent
neurofilament phosphorylation hypothesis of radial growth. However, analysis of
these mice suggested that if phosphorylation was essential to radial growth, then
the critical sites of phosphorylation will be located within NF-M, not NF-H, as was
widely expected.

13.3.3 Truncation of NF-H and NF-M Identifies
Different Roles for Each Subunit’s C-Terminus

Classic gene deletions demonstrated the role for neurofilaments as necessary com-
ponents of the cytoskeleton for the development of the nervous system. Moreover,
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gene deleted mice indicated that NF-M, not NF-H, was critical for radial growth.
The generation of mice expressing C-terminally truncated neurofilaments not only
supported these observations, but also identified the critical domain of NF-M, and
suggested a role for the C-terminal tail of NF-H.

13.3.3.1 Expressing C-Terminally Truncated NF-H: No Role for the Highly
Phosphorylated Tail Domain in Determining Axonal Diameter

Deletion of NF-H suggested that this subunit does not play a critical role in
radial axonal growth. However, loss of a single neurofilament subunit was asso-
ciated with compensatory increases in the remaining cytoskeletal components. To
address directly the role of neurofilament C-terminal tail domains during radial
growth, gene-targeted mice were generated that express C-terminally truncated neu-
rofilaments. Additionally, replacing full-length neurofilaments with C-terminally
truncated neurofilaments did not result in compensatory increases in the expression
of other cytoskeletal proteins.

The first neurofilament gene targeting was performed on NF-H (referred to as
NF-H!2 mice). The C-terminal 612 amino acids were replaced with a c-myc tag
resulting in loss of all KSP repeats without compensatory increases in remaining
cytoskeletal proteins (Rao et al., 2002). Loss of the entire C-terminal tail domain,
including all 51 phosphorylation sites, resulted in minor axonal alterations. Radial
growth was measured at 2 and 6 months in axons of the fifth lumbar ventral root
from both NF-H®!4 mice and wild type littermates (Fig. 13.5). At 2 months there
was an ~18% decrease in axonal diameter for the largest motor axons relative to
wild type (Garcia et al., 2003; Rao et al., 2002). There was also a reduction in the
peak diameter of small motor axons at 2 months (Garcia et al., 2003; Rao et al.,

—e—wild type
s NF_HlailA
O NF_MtailA
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6 month

Number of Axons

Diameter (Um)

Fig. 13.5 The C-terminal tail domain of NF-M is required for radial growth. Expression of
C-terminally truncated neurofilaments indicated that the C-terminal 426 amino acids of NF-M
were critical for radial growth. At 6 months, peak diameter distribution was reduced by ~42% in
NF-M%@!A mice relative to control. However, by 6 months, peak distributions in mice expressing
C-terminally truncated NF-H (NF-H®!4) were indistinguishable from wild type. At 2 months,
NF-(M/H)®!2 mice showed the initial delay in radial growth observed in NF-H@!4 mice,
whereas, by 6 months, NE-(M/H)®%!4 mice obtained a peak diameter that is indistinguishable from
NE-M®@I2 mice (© Garcia et al., 2003)
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2002). However, by 6 months the peak in axonal diameter was indistinguishable
from wild type (Fig. 13.5) for both populations of motor axons (Garcia et al., 2003;
Rao et al., 2002). At this time point, only the very largest motor axons (greater than
7 wm) were reduced relative to wild type (Garcia et al., 2003; Rao et al., 2002).
Neuronal conduction velocity was measured in the sciatic nerve of 5-month-old
mice. Unlike loss of the entire NF-H subunit, loss of the NF-H C-terminus did not
affect conduction velocity (Rao et al., 2002).

Despite the initial reduction in axonal caliber at 2 months, peak axonal diameters
were indistinguishable by 6 months (Fig. 13.5). This suggested that the rate of radial
growth in NE-H®!'2 mice was faster than in wild type littermates, as axons from NF-
H@!A mice would have to grow more over the same time span to have overlapping
peaks in diameter with their wild type littermates. Taken together, these data sug-
gested that the highly phosphorylated C-terminal tail of NF-H did not influence the
overall size of myelinated axons, but did influence the rate of radial growth.

Mechanistically, radial growth and neurofilament transport have been linked
(Hoffman et al., 1984; Marszalek et al., 1996). Deletion of the entire NF-H sub-
unit increased the rate of neurofilament transport in both the sciatic (Zhu et al.,
1998) and optic nerves (Rao et al., 2002). NF-H dependent slowing of the rate of
neurofilament transport has been linked to increased NF-H C-terminal phosphory-
lation (Ackerley et al., 2003; Jung and Shea, 1999; Jung et al., 2000; Nixon et al.,
1994). However, the role of C-terminal NF-H phosphorylation in influencing rates
of neurofilament transport has become controversial. Initially, it was reported that
truncation of NF-H resulted in increased rates of neurofilament transport in the optic
nerve (Rao et al., 2002). However, in a subsequent report, NF-H truncation did not
affect the rate of neurofilament transport in the optic nerve (Yuan et al., 2006a).
The differences between the two reports were attributed to experimental varia-
tion (Yuan et al., 2006a). Alternatively, C-terminal truncation of NF-H may have
failed to alter transport rates due to compensatory phosphorylation of NF-M (Rao
et al., 2002). Analysis of neurofilament transport in mice expressing both truncated
NF-H and NF-M will be necessary to address sufficiently the role of C-terminal
phosphorylation in determining the rate of neurofilament transport.

13.3.3.2 Truncation of NF-M Determines that the C-Terminus
Is Required for Radial Growth

Deletion of NF-M suggested that this was the critical subunit for radial axonal
growth. However, it was not clear which domain of NF-M was critical for radial
growth. Moreover, compensatory increases in the remaining cytoskeletal proteins
again complicated the interpretation of NF-M~~ mice.

Gene targeting of NF-M was also performed (referred to as NE-M@!2 mice).
Much like NF-H, the C-terminal 426 amino acid tail domain was replaced with
a c-myc tag resulting in loss of all KSP repeats (Garcia et al., 2003; Rao et al.,
2003). Truncation of NF-M did not result in increased expression of the remaining
cytoskeletal proteins (Garcia et al., 2003; Rao et al., 2003). However, much like
truncation of NF-H, preventing NF-M phosphorylation by C-terminal truncation
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resulted in compensatory phosphorylation of NF-H (Rao et al., 2003) and the
microtubule associated protein, tau (Lobsiger et al., 2005).

Radial growth was measured at 2 and 6 months in axons of the fifth lumbar
ventral root from both NE-M®!2 mice and wild type littermates (Fig. 13.5). The
peak axonal diameter was reduced in both small and large motor axons as early
as 2 months, with the largest motor axons reduced by ~29% (Garcia et al., 2003).
Surprisingly, radial growth did not occur in the largest motor axons from 2 to 6
months in NF-M@!2 mice (Fig. 13.5). Therefore, by 6 months, the peak diam-
eter in the largest motor axons was ~42% smaller in NE-M®@!4 mice vs wild
type littermate controls, resulting in a ~30% reduction in sciatic nerve conduc-
tion velocity (Garcia et al., 2003). There was no difference in peak diameter in
the smallest motor neurons by 6 months (Garcia et al., 2003). Interestingly, this
reduction in peak diameter distribution was the same magnitude as that observed
in NF-M~~ mice (Elder et al., 1998a), with the exception that NF-M®@!4 mice
established a bimodal distribution (Garcia et al., 2003). Taken together, these data
suggest that the NH>-terminal head and rod domains of NF-M provided suffi-
cient structural support for myelinated axons to distribute into two groups forming
the characteristic bimodal distribution of motor axons and the C-terminal tail
domain contributed to radial growth after a bimodal distribution was established.
Compensatory phosphorylation of cytoskeletal proteins did occur in NE-M&@ilA
mice (Lobsiger et al., 2005; Rao et al., 2003). However, increased C-terminal
NF-H phosphorylation was not sufficient to compensate for the loss of the NF-M
C-terminus.

Analysis of neurofilament transport in the optic nerve of NF-M™'2 mice sug-
gested that phosphorylation of NF-M C-terminal tail domain did not contribute to
the rate of neurofilament transport (Rao et al., 2003). Unaltered rates of neurofil-
ament transport may again be due to compensatory phosphorylation of the NF-H
C-terminus. Elimination of this possibility will require an analysis of neurofilament
transport in mice expressing both truncated NF-H and NF-M.

ailA

13.3.3.3 Expressing Truncated NF-H and NF-M: A Compound Phenotype
that Supports the Individual Roles of Each C-Terminus

The analysis of mice expressing either C-terminally truncated NF-H or NF-M
suggested non-overlapping roles for the NF-H and NF-M C-termini in myelin-
dependent radial growth. These roles were confirmed in mice expressing both
C-terminally truncated NF-H and NF-M (referred to as NE-(M/H)@12A mice).
Radial growth was measured at 2 and 6 months in axons of the fifth lumbar
ventral root from both NF-(M/H)tailA mice and wild type littermates (Fig. 13.5).
The peak in axonal diameter distribution was reduced for both large and small
axonal populations at 2 months (Garcia et al., 2003). The largest axons were ~55%
reduced, which is greater than the reduction observed in NF-M®lA mice at this time
point (Garcia et al., 2003). By 6 months, the peak for the smaller motor axons was
indistinguishable from wild type (Garcia et al., 2003). Unlike NE-M%!2 mice, large
axons in NF-(M/H)™!2 mice grew from 2 to 6 months (Fig. 13.5). Interestingly,
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large axons grew to the same size as NF-M®@!2 mice resulting in a peak diame-
ter distribution that was ~42% smaller than wild type littermates with conduction
velocities that were ~30% reduced (Garcia et al., 2003).

Radial growth profiles in NF-(M/H)®!2 mice supported the roles for NF-H
and NF-M C-terminal tails that were initially suggested in mice expressing sin-
gle truncations. At 2 months, NF-(M/H)®!2 mice had a compound phenotype. Peak
diameters in the largest motor axons were reduced in NF-(M/H)®@!2 mice relative to
NE-M'@!A mice as the loss of the NF-H C-terminus delayed radial growth (Garcia
et al., 2003). The early reduction in peak diameter for the largest motor axons in
NE-(M/H)@12 mice was similar to the early reduction observed in NE-H®!A mice
(Garcia et al., 2003). However, much like NE-H®@!2 mice, axons of NF-(M/H)®@i1A
mice grew from 2 to 6 months, obtaining the largest diameter that can be obtained
without NF-M C-terminus. Therefore, NF-H C-terminus influenced the rate of
radial growth whereas the peak in diameter distribution was determined by NF-M
C-terminus.

Phosphorylation of NF-H and NF-M C-termini is associated with increased
neurofilament-to-neurofilament spacing or nearest neighbor distance (NND) (de
Waegh et al., 1992). Moreover, increased NND is associated with larger axonal
diameters (de Waegh et al., 1992). In NF-H®@!A mice, there was no difference in
axonal diameter and NND due to loss of the NF-H C-terminus supporting a role for
NND in determining axonal diameter (Rao et al., 2002). However, analysis of NND
in both NF-M®!2 and NF-(M/H)®@!2 mice suggested that NND did not directly cor-
relate with axonal diameter. NND in both mice was analyzed at 2 and 6 months. At
2 months, both mice have reduced axonal diameters (Garcia et al., 2003). Moreover,
NF-(M/H)tailA axons were reduced relative to NF-M™!2 axons. At 2 months, NND
in both mice was reduced relative to control littermates and NND in NF-(M/H)®@ilA
mice was reduced relative to NND in NF-M%!2 mice, again supporting a role for
NND in establishing axonal diameter (Garcia et al., 2003). However, at 6 months,
axonal diameters in NE-M®ilA and NE-(M/H)?4 mice were reduced relative to
control, but indistinguishable from each other (Garcia et al., 2003). NND, on the
other hand, in NF-(M/H)@!2 axons, was reduced by the same percentage as was
observed at 2 months relative to NE-M®!2 mice (Garcia et al., 2003). Neurofilament
C-termini did influence neurofilament spacing. However, interfilament spacing was
not a primary determinant of axonal diameter.

To this point, analyses of gene-targeted mice identified the critical subunit,
NF-M, and the critical domain within this subunit, the C-terminal tail domain.
The surprise from these analyses was that the critical subunit was NF-M. However,
the requirement of the NF-M C-terminal tail domain for radial growth was consis-
tent with the myelin-dependent neurofilament phosphorylation hypothesis of radial
growth. The C-terminus contained all KSP repeats (Levy et al., 1987; Myers et al.,
1987), which were phosphorylated in myelinated axonal segments (de Waegh et al.,
1992; Hsieh et al., 1994; Starr et al., 1996). Moreover, in cultured dorsal root
ganglion neurons, six of the seven KSP repeats were phosphorylated (Xu et al.,
1992).
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13.3.4 Full-Length, Phospho-Incompetent NF-M: No Role
Jor KSP Phosphorylation in Radial Growth

The most recent gene targeted mice provide the most direct test of the myelin-
dependent neurofilament phosphorylation hypothesis. Site directed mutagenesis was
utilized to mutate all KSP repeat serine residues to alanine residues (referred to as
NF-MS—4 mice). Mutation to alanine residues prevented the phosphorylation of
KSP repeats (Julien and Mushynski, 1982, 1983) without deletion of all 426 amino
acids of the NF-M C-terminus. Mutation of all seven KSP repeat serine residues
resulted in an increased electrophoretic mobility of NF-M (Garcia et al., 2009) that
was similar to the increase in mobility observed after prolonged incubation of NF-M
with alkaline phosphatase (Julien and Mushynski, 1982). Increased electrophoretic
mobility was consistent with the loss of KSP phosphorylation.

Radial growth was measured at 2 and 6 months in axons of the fifth lumbar ven-
tral root from both NF-M3~ mice and wild type littermates. The peaks in axonal
diameter distribution for both large and small axonal populations were indistin-
guishable from wild type littermates at both time points examined (Garcia et al.,
2009). Interestingly, at 2 months there were more axons in the range of 7-8 pwm
in NE-M5~4 mice (Garcia et al., 2009). The increased number of large motor
axons resulted in a small, but significant, difference in the overall axonal distri-
butions between NF-MS~4 and wild type mice at 2 months (Garcia et al., 2009).
Additionally, at 2 months the total number of axons was reduced relative to wild
type littermates (Garcia et al., 2009). Average interfilament distances of NF-MS—~4
mice and wild type littermates were similar at both time points (Garcia et al., 2009).
Neuronal conduction velocities were measured from the sciatic nerve in 5-month-
old NF-M5~4 mice and wild type littermates. As expected, due to similar sized
axons, conduction velocities were indistinguishable (Garcia et al., 2009).

Expression of full length, KSP phospho-incompetent NF-M did not affect the
expression of other cytoskeletal proteins, including NF-L and NF-H (Garcia et al.,
2009). Expression of NFE-MS~ much like the expression of C-terminally truncated
NF-M, resulted in increased phosphorylation of NF-H C-terminus as determined by
increased immunoreactivity with phosphorylation specific antibodies (Garcia et al.,
2009). In fact, the increased level of NF-H C-terminal phosphorylation in NF-MS—#4
mice was identical to the level observed in NF-M®%!2 mice (Garcia et al., 2009).
Therefore, compensatory phosphorylation of NF-H was insufficient to explain the
lack of difference in peak axonal diameter observed in NE-MS~4 mice relative to
wild type littermates.

Taken together, the analysis of NE-H®@!A  NE-M®ilA and NF-MS—4 mice indi-
cated that the C-terminal tail domain of NF-M was essential for radial growth.
However, phosphorylation of C-terminal KSP repeats in both NF-H and NF-M did
not play a significant role in radial growth. Yet again, the analysis of a gene targeted
mouse yielded unexpected results. However, unlike previous unexpected results,
these new results may represent a paradigm shift in understanding neurofilament
biology and its role in determining axonal caliber.
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These new mice have challenged the long-standing myelin-dependent neurofila-
ment phosphorylation hypothesis of radial growth, which seemed to be supported by
previous models. However, it must be stressed that, without the knowledge gained
from previous gene-targeted mice, the generation and analysis of the NF-MS—~4
mice would not have been possible. For example, the length and repetitive nature
of the KSP repeat region of NF-H C-terminus would have made the generation of
NF-H3~A mouse extremely difficult. Therefore, the myelin-dependent neurofila-
ment phosphorylation hypothesis of radial growth was put to the test through the
systematic generation and analysis of gene-targeted mice.

13.4 Conclusions

Radial axonal growth determines the diameter of myelinated axons, thereby influ-
encing the rate of impulse propagation along the axon. For well over 15 years
radial growth was thought to be mediated by myelin-dependent phosphorylation
of neurofilament heavy and medium within the axon. The systematic analysis of
gene-targeted mice supported a role for neurofilaments in mediating radial growth.
These analyses identified the critical subunit, NF-M, and the critical domain within
NF-M, the C-terminal 426 amino acids. However, newly developed gene targeted
mice indicated that myelin dependent phosphorylation of neurofilament C-termini
does not play a significant role in radial axonal growth. This leads to two immedi-
ate questions: (1) why phosphorylate neurofilament C-termini and (2) which amino
acids, within the C-terminal 426, are required for radial growth? If history is indeed
prologue, these important questions will be addressed through careful analysis of
newly developed gene-targeted mice.
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Chapter 14
Deregulation of Cytoskeletal Protein
Phosphorylation and Neurodegeneration
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Abstract Phosphorylation of cytoskeletal proteins is tightly regulated by the activ-
ities of multiple protein kinases and phosphatases. Three kinases, Cyclin-dependent
kinase 5 (Cdk5), Glycogen synthase kinase 38 (GSK3f) and MAPKSs have been
implicated in their direct involvement in neuronal cytoskeletal protein phosphoryla-
tion. CdkS and GSK3p have been identified as prime candidates for pathogenesis.
CdkS is a proline-directed serine/threonine protein kinase that requires an interac-
tion with its activators, p35 or p39, to be catalytically active. While CdkS5 expression
is ubiquitous, p35 and p39 are abundantly expressed in postmitotic neurons which,
therefore, exhibit enhanced levels of CdkS5 activity. A pleiotropic kinase, Cdk5 has a
multifunctional role in the mammalian central nervous system. Cdk5 was originally
identified as a major Tau kinase. It associates with early stages of neurofibrillary tan-
gles (NFTs). NFTs are composed mainly of hyperphosphorylated Tau aggregates,
the pathological hallmarks of neurodegenerative tauopathies and Alzheimer’s dis-
ease (AD). Cdk5, by phosphorylating neuronal cytoskeletal proteins, such as Tau
and neurofilaments (NFs), plays a critical role in neurodegeneration. In this review,
we focus on the specific roles of CdkS phosphorylation of the neuronal cytoskeletal
proteins (NFs and Tau) that contribute to neurodegeneration.
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14.1 Introduction

The cytoskeleton is cellular “scaffolding” or “skeleton” contained within the cyto-
plasm. The cytoskeleton is present in all cells. Eukaryotic cells contain three main
cytoskeletal structures, which are microfilaments, intermediate filaments and micro-
tubules. Microfilaments are composed of two intertwined actin chains, are most
concentrated just beneath the cell membrane and are responsible for resisting
tension and maintaining cellular shape, forming cytoplasmic protuberances (like
pseudopodia and microvilli — although these by different mechanisms) and partici-
pation in some cell—cell or cell-matrix junctions. Intermediate filaments (vimentins,
keratins, lamins and neurofilaments) are more stable (strongly bound) than actin fil-
aments, and heterogeneous constituents of the cytoskeleton. Like actin filaments,
they function in the maintenance of cell-shape by bearing tension. Intermediate fila-
ments organize the internal tridimensional structure of the cell, anchoring organelles
and serving as structural components of the nuclear lamina and sarcomeres. They
also participate in some cell—cell and cell-matrix junctions. Microtubules are most
commonly comprised of 13 protofilaments which, in turn, are polymers of alpha and
beta tubulin. They have a very dynamic behavior, binding GTP for polymerization.
They are commonly organized by the centrosome and are involved in intracellu-
lar transport (associated with dyneins and kinesins, they transport organelles like
mitochondria or vesicles) and forming the mitotic spindle.

14.2 Neuronal Cytoskeleton

The eukaryotic neuronal cytoskeleton also comprises three distinct, interacting
structural complexes that have very different properties: microtubules (MTs),
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intermediate filaments (IFs) and microfilaments (MFs). Each has a characteristic
composition, structure and organization that may be further specialized in a
particular cell type or subcellular domain.

14.2.1 Neuronal Microtubules

Neuronal MTs are structurally similar to those found in other eukaryotic cells. The
core structure is a polymer of 50-kDa tubulin subunits. The a- and p-tubulins are the
best-known members of a unique protein family, the members of which have signif-
icant sequence similarity (Burns and Surridge, 1994). Anchoring and nucleation of
MTs appear to require a third class of tubulin, y-tubulin, which is detectable only as
part of the pericentriolar complex (Joshi, 1994). Brain MTs also contain a variety of
post-translational modifications.

MTs in vivo invariably include members of a heterogeneous set of proteins
known as MAPs (Schoenfeld and Obar, 1994). MAPs interact with MTs rather
than with free tubulin and maintain constant stoichiometry with the tubulin in MTs
through cycles of assembly and disassembly. Several categories of brain MAPs
can be distinguished: the high-molecular-weight MAPs, which include: MAPs 1A,
1B, 2A and 2B (>270 kDa); the Tau proteins; MAPs of intermediate molecular
weight, such as MAP3 and MAP4; and the molecular motors kinesin and dynein,
which drive the intracellular transport of membrane-bound organelles along MT
tracts. Some MAPs are differentially distributed in neurons (Schoenfeld and Obar,
1994). For example, MAP2 is found primarily in cell bodies and dendrites, and
Tau is enriched in axons. Additionally, changes in MAP expression and MAP
phosphorylation during development suggest that they may play a role in mod-
ulating MT function in the developing brain (Schoenfeld and Obar, 1994). For
example, MAPs 1A and 1B occur in both axons and somatodendritic domains,
but MAPI1B is preferentially phosphorylated in axons and especially in developing
axons.

Another neuronal MAP is the well-known Tau proteins. As many as six different
Tau proteins are derived by alternative splicing from a single Tau gene (Goedert
et al., 1995; Mandelkow et al., 1996) (Fig. 14.1). The six separate isoforms in
adults vary in the number of microtubule-binding domains (three and four) and in
the number and size of N-terminal inserts (Himmler et al., 1989). Both the expres-
sion and the phosphorylation of the different Tau isoforms are regulated throughout
development and in neurodegenerative processes. Fetal Tau is highly phosphory-
lated (Kanemaru et al., 1992; Watanabe et al., 1993). Characterization of most Tau
phosphorylation sites (Fig. 14.2a,b) emerges from using phosphorylation-specific
antibodies (Kosik et al., 1988; Goedert et al., 1994). Tau is hyperphosphorylated
in Alzheimer’s disease (AD) brains (Grundke-Igbal et al., 1986; Kosik et al.,
1986; Wood et al., 1986). However, further analyses of the various patterns of Tau
phosphorylation suggested considerable overlap between AD and adult patterns of
phosphorylation, although there were quantitative differences in levels (Hasegawa
et al., 1993). Surprisingly, most, if not all, of the AD-specific sites on Tau are seen



300 J. Kanungo et al.

2N4R ! EI® [Ril-}{re} s} -Re] 41
;
2N3R [E2KED) [R1 | {R3|{R4 | 410

1

R
wR

R
R !

D Microtubule-binding domain
() Finst N-terminal insert
D Second N-terminal insert

Fig. 14.1 Alternative splicing and domain structure of Tau. There are six isoforms of Tau in
the adult human brain that result from a single gene via alternative splicing. Microtubule-binding
repeats are located in the C-terminal half of Tau. Two N-terminal inserts and inserts flanking the
microtubule-binding domain 2 are characteristics of the larger isoforms. Fetal Tau corresponds to
isoform A

in living neurons (Brion et al., 1994; Garver et al., 1994; Matsuo et al., 1994,
Seubert et al., 1995). The electrophoretic mobility patterns of insoluble and sol-
uble forms of Tau in the brain extracts of Alzheimer’s disease and Amyotropic
Lateral Sclerosis (ALS) patients as observed in a 7.5% SDS-PAGE are presented in
Fig. 14.2c.
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Fig. 14.2 (continued)
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Fig. 14.2 (continued) a Schematic diagram of Tau protein shows its domains, phosphorylation
sites and reported mutations. The N-terminal inserts (exons 2, 3 — E2 and E3) and the second of
the 4 repeats (exon 10 — E10) can be absent due to alternative splicing. The C-terminal half is the
‘assembly domain’ that binds to the microtubules and stabilizes them. The N-terminal half is the
‘projection domain’ that protrudes from the microtubule surface. The regions flanking the repeats
are rich in Ser-Pro or Thr-Pro motifs that can be phosphorylated by proline-directed kinases, such
as MAPK, GSK3p and CdkS. These sites are epitopes of antibodies diagnostic of Alzheimer Tau.
Ser214 and Ser262 (in the KXGS motif of the first repeat) are non-proline motifs phosphorylated in
AD and in vitro by PKA or MARK leading to the detachment of Tau from microtubules. Some of
the mutations linked to neurodegeneration (tauopathy) are indicated. b A variety of antibodies that
recognize phospho-specific sites of the Tau protein are shown. ¢ Electrophoretic mobility patterns
of the soluble and insoluble Tau of brain extracts from Alzheimer’s disease and Amyotropic Lateral
Sclerosis patients as would be resolved in a 7.5% SDS-PAGE



302 J. Kanungo et al.
14.2.2 Intermediate Filaments (Neurofilaments)

Neurofilaments (NFs) are intermediate filaments (IFs) exclusively expressed in neu-
rons that add rigidity, tensile strength and possibly intracellular transport guidance
to axons and dendrites. IFs are the most insoluble components of the cell cyto-
plasm. The nervous system contains an unusually diverse set of IFs with distinctive
cellular distributions and developmental expression (Fliegner and Liem, 1991; Lee
and Cleveland, 1996; Shea and Flanagan, 2001). The primary type of IF in large
myelinated axons is formed from three NF subunits: NF high-molecular-weight
subunit (NF-H, 180-200 kDa), NF middle-molecular-weight subunit (NF-M, 130—
170 kDa) and NF low-molecular-weight subunit (NF-L, 60-70 kDa) (Fliegner and
Liem, 1991; Lee and Cleveland, 1996). Each of the subunit proteins is encoded
by a separate gene. The NF triplet proteins are type IV IF proteins, which are
expressed only in neurons and have a characteristic domain structure (Fig. 14.3).
The amino-terminal regions of all three subunits interact via a-helical coiled coils
to form the core of the filament. NF-M and NF-H also have long carboxy-terminal
regions, which project from the core filaments as sidearms. NF-H and, to a lesser
extent, NF-M have a large number of consensus phosphorylation sites for proline-
directed kinases in this carboxy-terminal extension (>50 on NF-H and >10 on
NF-M in many species) (Fig. 14.4). In large myelinated axons, most, if not all,
of these sites are phosphorylated (Fliegner and Liem, 1991; Lee and Cleveland,
1996). This phosphorylation of NF-H and NF-M side arms alters the charge den-
sity on the NF surface, repelling adjacent NFs with similar charge. Such mutual
repulsion by the side arms of NFs is thought to be a major determinant of axonal
caliber (Brady et al., 1993). There is evidence that critical phosphorylation of sites
in head terminal domains of NF-M can impact C-terminal phosphorylation (Zheng
et al., 2003).

KSP KSP

Cc

Fig. 14.3 Schema of the neuronal intermediate filaments (NFs). Based on the molecular mass, NFs
are classified into three distinct groups. Coill and Coil2 regions are conserved a-helical domains
that contain heptad repeats of hydrophobic amino acids. These regions are separated by nonhelical
‘links’. The NFs contain one or more glutamic acid-rich segments. NF-M and NF-H both contain
regions of lysine-serine-proline or KSP repeats, which are highly phosphorylated. The extreme
ends of NF-M possess lysine- and glutamic acid-rich regions (KE segments). The extreme ends of
NF-H possess lysine-, glutamic acid- and proline-rich segments (KEP segments)
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Fig. 14.4 Schema shows phosphorylation of the NF subunit domains by a number of kinases. All
three subunits, NF-L, NF-M and NF-H are phosphorylated at their N-terminal domains by PKA,
PKC and CamK. NF-L and NF-M are phosphorylated at their KSP repeat regions by ERK1/2 and
Cdk5. The number of phosphates incorporated per mole of NF protein is shown on the right. NF-
L and NF-M are phosphorylated on 1-3 and 6-15 phosphates per mole, respectively. NF-H has
40-57 phosphates/mole that are potentially phosphorylated by ERK1/2 and Cdk5

14.2.3 Post-Translational Modifications and Neuronal
Cytoskeletal Protein Solubility

Two major posttranslational modifications are involved in the formation and func-
tions of neurofilaments, phosphorylation and glycosylation. The mechanisms by
which normal soluble cytoskeletal elements, such as Tau and neurofilament pro-
teins, are transformed into insoluble paired helical filaments and aggregates are an
important issue (Selkoe et al., 1982; Smith et al., 1996b). Insolubility has been
linked to the best known posttranslational change of Tau, abnormal phosphoryla-
tion (Goedert et al., 1991; Greenberg et al., 1992) and a number of specific kinases
and phosphatases have been implicated (Trojanowski et al., 1993). However, while
increased phosphorylation of Tau decreases microtubule stability, a salient feature
of the pathology of Alzheimer disease (Perry et al., 1991; Alonso et al., 1994; Igbal
et al., 1994; Alonso et al., 1996; Praprotnik et al., 1996a, b), NFT insolubility is
not mediated by phosphorylation (Smith et al., 1996a). Indeed, in vitro phosphory-
lation of normal Tau or complete dephosphorylation of NFT has no effect on their
solubility (Goedert et al., 1991; Greenberg et al., 1992; Gustke et al., 1992; Smith
et al., 1996a). Several studies suggest Tau phosphorylation as found in Alzheimer
disease may be part of a novel process similar to that seen during mitosis (Pope
et al., 1994; Preuss et al., 1995), suggesting that it might be abortively entering
the cell cycle (Vincent et al., 1996; McShea et al., 1997). Phosphorylation of NF
tail domain sites regulates inter-filament interaction, filament spacing, transport
properties, cytoskeleton stability and proteolysis, while phosphorylation of head
domain sites appears to be involved in NF assembly and solubility (Hisanaga and
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Hirokawa, 1989; Pant and Veeranna, 1995; Tsuda et al., 1997; Elder et al., 1998;
Miller et al., 2002; Sihag et al., 2007). Suppression of dephosphorylation by phos-
phatase inhibitors increases the solubility of NF-H (Tsuda et al., 1997; Fiumelli
et al., 2008; Shea and Chan, 2008).

14.3 Neurofilament Proteins (NFs), Tau and Neurodegeneration

In several neurodegenerative disorders, known as ‘tauopathies’, hyperphosphory-
lated Tau proteins aggregate. The discovery that highly phosphorylated Tau protein
is the major component of the paired helical filaments (PHFs) of AD and other
neurodegenerative diseases directed focus onto the post-translational modifications
of Tau (Selkoe et al., 1982). Although there are contradictory findings, generally, the
degree of dementia correlates with the sites and severity of Tau-based NFTs, where
NFTs, a hallmark of AD pathology, comprise Tau-based PHFs and extracellular
B-amyloid plaques (Holzer et al., 1994; Feany and Dickson, 1996).

Abnormal accumulation of NFs is detected in many human neurodegenera-
tive disorders, including amyotropic lateral sclerosis (ALS), Alzheimer’s disease
(AD), and dementia with Lewy bodies, Parkinson’s disease (PD), among others.
Accumulation of phosphorylated neurofilament proteins (NFPs) may result from
many alterations of the behavior of these proteins, such as dysregulation of NFP
synthesis, defective axonal transport, aberrant phosphorylation and proteolysis.
NFs also affect the dynamics and function of other cytoskeletal proteins, such as
microtubules and actin filaments (Zhu et al., 1998; Ahlijanian et al., 2000; Shea
and Chan, 2008). NF abnormalities are generally considered as the hallmarks of
neurodegenerative disorders.

14.3.1 Alzheimer’s Disease (AD)

AD is a CNS neurodegenerative disease, which was first described in 1906 by
Dr Alois Alzheimer. The pathological presentation of Alzheimer disease, the leading
cause of senile dementia, involves regionalized neuronal death and an accumula-
tion of intraneuronal and extracellular lesions termed neurofibrillary tangles and
senile plaques, respectively [reviewed by (Smith and Perry, 1997)]. Several indepen-
dent hypotheses have been proposed to link the pathological lesions and neuronal
cytopathology with, among others, apolipoprotein E genotype (Corder et al., 1993;
Roses et al., 1995), hyperphosphorylation of cytoskeletal proteins (Trojanowski
et al., 1993) and amyloid-f metabolism (Selkoe, 1997). In AD, neuronal cytoskele-
ton disruption is a prominent feature along with oxidative damage (Smith and
Perry, 1995; Ahlijanian et al., 2000; Nunomura et al., 2001). Many hypotheses have
been proposed as determinants of AD, such as amyloid-f cascade (Selkoe, 2000),
tauopathy (Lee et al., 2001), inflammation (McGeer and McGeer, 2002; Weiner
and Selkoe, 2002) and oxidative stress (Markesbery, 1997; Perry and Smith, 1998;
Christen, 2000; Perry et al., 2002; Picklo et al., 2002). NFT, a hallmark of AD, is
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composed of inappropriately phosphorylated NFs and other cytoskeletal proteins,
especially Tau. However, not one of these theories alone is sufficient to explain
the diversity of biochemical and pathological abnormalities of Alzheimer disease,
which involves a multitude of cellular and biochemical changes. Furthermore,
attempts to mimic the disease by a perturbation of one of these elements using cell
or animal models, including transgenic animals, do not result in the same spectrum
of pathological alterations. The most striking case is that, while amyloid-8 plaques
are deposited in some transgenic rodent models over-expressing Af3-protein precur-
sor (Hsiao et al., 1996), there is no neuronal loss — a seminal feature of Alzheimer
disease.

In AD, aberrant hyperphosphorylation of proteins, such as Tau and NF is promi-
nent and is considered as the consequence of the perturbation in the balance between
the activities of kinases and phosphatases (Gong et al., 2000). MAPK (Trojanowski
etal., 1993), GSK-3 (Picklo et al., 2002) and Cdk5 (Lew et al., 1994; Maccioni et al.,
2001; Kesavapany et al., 2003) pathways are known to be involved in Tau and NF
phosphorylation. One of the earliest changes noted in AD is accumulation of hyper-
phosphorylated Tau and NF in perikarya (Sternberger et al., 1985; Manetto et al.,
1988; Sobue et al., 1990; Cleveland and Rothstein, 2001). This aberrant hyperphos-
phorylation is thought to be the cause of protein aggregation in NFT in AD neurons,
although the role of NFT and senile plaques in AD is still not clear.

14.3.2 Amyotropic Lateral Sclerosis (ALS)

ALS is a motor neuron disease, also called Lou Gehrig’s disease. It was first iden-
tified in 1869 by the noted neurologist Jean-Martin Charcot. Pathologically, ALS
is characterized by the loss of motor neurons in the motor cortex (upper motor
neurons), known as Betz cells, brainstem and spinal cord (lower motor neurons),
astrogliosis localized to the areas of neurodegeneration, which eventually results
in muscle atrophy. The presence of various types of ubiquitinated cytoplasmic
inclusions, an extensive array of protein aggregates, including Bunina bodies, and
neurofilament-rich ‘hyaline conglomerate inclusions’ is the basis of a definitive
diagnosis of ALS (Ince et al., 2003; Wharton et al., 2003). Neurofilament aggre-
gates intensely colocalize with peripherin, a related intermediate filament protein.
Peripherin can co-assemble with the NF subunits in vitro and has been observed to
co-aggregate with NF aggregates in ALS (Robertson et al., 2003).

NF aggregate formation is a common phenomenon consequent to aberrant NF
hyperphosphorylation. The phosphorylation of cytoskeletal proteins is tightly reg-
ulated in the nervous system. Cytoskeletal proteins, especially neurofilaments and
microtubules-associated proteins (MAP-2) and Tau, are extensively phosphorylated
in the axonal component (Veeranna et al., 1995). Most of this phosphorylation takes
place on proline-directed serine and threonine residues of the proteins in a topo-
graphically regulated manner. In the cell body of normal neurons, these proteins are
little or not at all phosphorylated, whereas extensive phosphorylation is observed in
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the axonal compartment (Nixon et al., 1994; Sun et al., 1996; Pant et al., 1997; Jaffe
et al., 1998).

Proline-directed S/T kinases, such as Cdk5, MAPKs and GSKs, are known
to contribute to the pathogenesis of ALS. Regulated topographic phosphorylation
induces compartmentally restricted phosphorylation by these kinases (Grant et al.,
1999). Extensive phosphorylation of NF-H in human spinal cervical motor neurons
of ALS but not in control subjects has been reported (Strong et al., 2001). Mass
spectroscopic analysis of NF-H from ALS showed some new phosphorylation sites
in ALS when compared with the control subjects. However, studies on hereditary
canine spinal muscular dystrophy (HCSMA), an animal model of human motor neu-
ron disease, showed no new S/T phospho-sites were detected (Green et al., 2005).
These studies suggest that deregulation of topographic phosphorylation of neuronal
cytoskeletal proteins is the major contributor to the development of ALS.

14.3.3 Parkinson’s Disease (PD)

PD is a progressive disorder of the CNS. The disease was originally described in
1817 by an English physician, James Parkinson. PD is characterized by degeneration
of the pigmented neurons in the substantia nigra of the brain, resulting in decreased
dopamine availability. The clinical symptom of the disease involves a decrease in
spontaneous movements, gait difficulty, postural instability, rigidity and tremor. The
major pathological change of PD is an accumulated protein inclusion called the
Lewy body, comprised of a number of proteins, including the essential components
of a-synuclein protein, the three NF subunits (Galloway et al., 1992), ubiqutin and
proteasome subunits (Trimmer et al., 2004). Electron microscopy and biochemical
analyses indicate that the abnormally phosphorylated NFs form a non-membrane-
bounded compacted skein in the neuronal soma in the affected neurons.

Mutations in the Parkin gene have been identified in familial PD, in which
approximately 20 different mutations have been reported (Abbas et al., 1999;
Lucking et al., 2000; Lim et al., 2002). A point mutation resulting in the substitution
of serine for glycine at residue 336 in the NF-M gene coding for the rod domain of
NF-M in a PD patient has also been reported (Lavedan et al., 2002). Interestingly,
in PD, a decrease in NF-L mRNA has also been found (Hill et al., 1993).

14.3.4 Phosphorylation of Tau in Neuropathological Conditions

Neurofibrillary tangles (NFTs) are a common feature of many neurodegenerative
diseases, including AD. Human NFTS are composed primarily of Tau in paired heli-
cal filaments (PHF), which are hyperphosphorylated at several sites (Grundke-Igbal
et al., 1986; Friedhoff et al., 2000). Tau hyperphosphorylation has been consid-
ered to be a pathogenic process that may regulate the initiation and progression
of tauopathy. In tauopathy, hyperphosphorylated Tau is less likely to bind to and
stabilize microtubules, resulting in the accumulation of insoluble Tau aggregates
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and the formation of NFTs. The serine/threonine phosphorylation sites of Tau are
divided into two main groups: those that can be phosphorylated by proline-directed
kinases like Tau protein kinase I (GSK3), Tau protein kinase II (Cdk5), p38 MAPK,
JNK and other stress kinases or Cdc2, and those that can be phosphorylated by
non-proline-directed kinases like PKA, PKC, CaM kinase 1I, MARK kinases or
CK II (Baudier and Cole, 1987; Correas et al., 1992; Hanger et al., 1992; Scott
et al., 1993; Goedert et al., 1997; Imahori and Uchida, 1997; Lucas et al., 2001;
Drewes, 2004). Several kinases, including Cdk5, have been implicated as candi-
dates in pathogenic Tau phosphorylation. It has been reported that CdkS physically
interacts with Tau (Sobue et al., 2000), and phosphorylates several epitopes of Tau
that are hyperphosphorylated in AD brains, thus enabling the transformed Tau to
form NFTs (Flaherty et al., 2000). Early stage tangles in human AD brains associate
with Cdk5 (Augustinack et al., 2002). Studies on transgenic mice that over-express
p25/CdkS further support the link of NFTs to Cdk5 (Cruz et al., 2003; Noble et al.,
2003).

14.3.5 Phosphorylation of NFs in Neuropathological Conditions

NF phosphorylation is topographically regulated within neurons (Grant and Pant,
2002). Phosphorylation of the NF subunits plays a critical role in the regulation of
filament translocation, formation and function. Obviously, it is also involved in the
pathogenesis of some neurodegenerative diseases.

Almost all of the assembled NFs in the myelinated internodal regions are sto-
ichiometrically phosphorylated in the Lys-Ser-Pro (KSP) repeat domains (Hsieh
et al., 1994; Veeranna et al., 1995, 1998). In contrast, the KSP repeats of NFPs in
cell bodies, dendrites and nodes of Ranvier are less phosphorylated. The unphos-
phorylated NFs only account for ~1% of NFs in the neuron as judged by NF
density and the relative volumes of the respective compartments (de Waegh et al.,
1992; Cole et al., 1994; Hsieh et al., 1994). A hallmark of affected motor neu-
rons in amyotrophic lateral sclerosis (ALS) is the accumulation of filamentous
‘spheroids’ within proximal axons (Julien and Mushynski, 1998; Rao and Nixon,
2003; Strong et al., 2005; Shea and Beaty, 2007; Sihag et al., 2007). These spheroids
are comprised of disorganized NFs that display epitopes in common with those nor-
mally segregated to distal axonal NFs. Notably, the pattern of NF phosphorylation
in spinal tissue from patients with ALS is identical to that of normal individu-
als, suggesting that the accumulation of perikaryal/proximal axonal phospho-NFs
consists of mislocalized but otherwise normally phosphorylated NFs (Bajaj et al.,
1999; Strong et al., 2001). This supports the notion that precocious activation of
the kinase(s) resulting in aberrant phosphorylation could perturb association of NFs
with their anterograde motor and promote aberrant accumulation by fostering pre-
cocious NF-NF associations (Shea and Flanagan, 2001). Several reports support
this possibility. The NF kinases Cdk5, GSK3p and p38MAP kinase each phospho-
rylate NFs to generate epitopes in common with NF spheroids and are associated
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with ALS (Bajaj et al., 1999; Strong, 1999; Ackerley et al., 2004). Over-expression
of MEKK-1, which in turn over-activated the stress-activated/c-jun terminal kinase,
inhibited translocation of NFs into growing axonal neurites and fostered accumula-
tion of axonal-specific phospho-NF epitopes within perikarya (DeFuria et al., 2006).
Notably, deletion of the C-terminal region of NF-H delays motor neuron pathology
in a murine model of ALS (Lobsiger et al., 2005). These findings confirm that the
kinase(s) that generate extensive C-terminal NF phosphorylation are present and
active within perikarya and proximal axons. This not only suggests that the extent of
C-terminal NF phosphorylation within these regions is dependent upon a balance of
kinase and phosphatase activities, but also supports the notion that decreased com-
pensatory phosphatase activity could contribute to aberrant NF phosphorylation and
mislocalization.

Regarding a phospho-dependent decrease in association of NFs with kinesin
(Yabe et al., 2000), a phospho-dependent increase in association of NFs with dynein
(Motil et al., 2006) and/or a phospho-dependent increase in association of NFs with
each other (Yabe et al., 2001; Shea et al., 2004), all of the phospho-dependent
dynamics could contribute to perikaryal accumulation of phospho-NFs, either by
inhibiting anterograde NF transport, enhancing a retrograde ‘pull’ and/or by induc-
ing precocious NF-NF associations within perikarya instead of axons. NF spheroids
accumulate kinesin and dynein (Toyoshima, 1998; Toyoshima et al., 1998) and
such a motor entrapment may ultimately impair overall axonal transport, includ-
ing that of non-cytoskeletal elements (Collard et al., 1995). Resultant increased
residence time of NFs within perikarya may contribute further to their aberrant
phosphorylation (Black and Lee, 1988), detrimental to neuron survival. Even a sub-
tle shift in the balance of NF kinases and phosphatases may, over time, lead to NF
phosphorylation-dependent mislocalization that accompanies motor neuron disease.
Similarly, comparative studies on axonal transport and models of traffic model-
ing suggest that a critical imbalance in the association of NFs with their transport
motors could generate a long-lasting ‘pile up’ of NFs (Shea and Beaty, 2007). These
studies indicate that restoration of appropriate motor balance could diminish con-
tinued delivery of NFs into these and perhaps deplete NF accumulations, as is the
case for experimentally induced NF aggregates in cultured cells (Shea et al., 1997).
Perikaryal NF accumulations contain NFs that are apparently normally phosphory-
lated but are mislocated (Bajaj et al., 1999; Strong et al., 2001), suggesting that NF
phosphorylation affects both transport and NF-NF associations, major contributing
factors in motor neuron pathogenesis.

14.4 Cyclin-Dependent Kinase 5 (CdkS) and Neuronal
Cytoskeletal Protein Phosphorylation

Cdk5 and GSK3p have been identified as prime candidates for neurodegenerative
pathogenesis (Sato et al., 2002; Drewes, 2004). Normally, cytoskeletal proteins are
phosphorylated on (S/T-P) residues selectively in the axonal compartment of the
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neuron. Although all kinases, phosphatases, their substrates and their regulators
are synthesized in the cell body, no cytoskeletal protein phosphorylation on these
proline directed S/T-P residues is detected in the cell body. This compartmentaliza-
tion of phosphorylation is tightly regulated, and in a number of neuropathological
conditions, such as amyotrophic lateral sclerosis (ALS), Alzheimer’s disease (AD),
Neiman Pick’s Type C disease and others, it becomes deregulated. Proline directed
S/T-P residues on cytoskeletal proteins are aberrantly hyperphosphorylated within
cell bodies, resulting in the accumulation of abnormal cellular aggregates and mas-
sive neuronal cell death. The mechanisms of the topographic phosphorylation are
not understood.

Studies on kinases responsible for phosphorylation of neuronal cytoskeletal pro-
teins specifically in their S/T-P residues revealed that Cdk5 is one of the principal
kinases involved in their phosphorylation (Shetty et al., 1993). Although Cdk5 is
ubiquitously expressed in all cells and shares a high degree of homology with other
members of the cyclin-dependent kinase family (CDK3), its activity is found specif-
ically in post-mitotic neurons because its activators, p35 and p39, are expressed
primarily in neurons (Ko et al., 2001). Cdk5 is a multi-functional S/T protein
kinase that is involved in a wide range of neuronal functions from neurite out-
growth and neuronal migration to synaptic activity and cell survival (Cruz and Tsai,
2004).

Studies to identify the consensus sequence in NF-M/H, MAPs/Tau, show that
only the first serine with a neutral amino acid followed by a basic residue, VKS (1)
PAK, is phosphorylated but not the second, KS(2) PEK, where it is acidic (Sharma
et al., 1998). Also, unlike MAPKSs (Erk1/2), Cdk5 is more selective for S/T-P K/R
motifs of the human NF-M/H proteins.

CdkS5 activity is tightly regulated in the developing nervous system. Cdk5-null
(KO) mice are lethal (Ohshima et al., 1996), exhibiting abnormal corticogenesis
and other neuronal abnormalities before dying between E16 and PO. Experimental
re-expression of Cdk5 in neurons of Cdk5 KO mice in vivo completely restores the
wild type phenotype, clearly demonstrating that neuronal and not glial CdkS5 activity
is necessary for normal development and survival (Takahashi et al., 2003).

During neuronal insults, increase in intracellular calcium and activation of
calpains result in the cleavages of p35—p25, thereby inducing deregulation and
hyperactivation of Cdk5. As a result, aberrant hyperphosphorylation of cytoskele-
tal proteins (e.g. NFs, MAPs, Tau) occurs, forming aggregates of these proteins in
the cell body and consequently inducing neuronal death (Fig. 14.5). This process
has been associated with a large number of neurodegenerative diseases (Ko et al.,
2001). Cdk5 is not only involved in phosphorylating the NFs, MAPs and Tau but
also involved directly or indirectly in modulating the other kinase activities that
phosphorylate the same proteins as well as other proteins. Cross-talk of CdkS with
many different signal transduction pathways is involved in nervous system develop-
ment and neurodegeneration (Kesavapany et al., 2003; Rudrabhatla et al., 2008a).
Because of its multifunctional role, as it exerts both positive and negative effects on
neuronal function and survival, Cdk5 has been characterized as a “Jekyll and Hyde”
kinase (Cruz and Tsai, 2004).
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Fig. 14.5 Schematic diagram shows the normal and aberrant Cdk5 activity in the neurons. Cdk5
activity through p35 association assumes a range of function that includes nervous system develop-
ment, neuronal survival, migration, exocytosis, and neuronal cytoskeletal protein maintenance and
stability via phosphorylation. Following various insults, e.g. Ca+2 influx leading to calpain activa-
tion, p35 is cleaved and produces p25 protein that lacks the myristoylation site of the N-terminal
region that is retained in the cleaved pl0 protein. The mislocalized Cdk5/25 in the cytoplasm
is hyperactivated, possibly because of its longer half-life than the Cdk5/p35. Cdk5/p25 exten-
sively phosphorylates Tau and NF proteins, which are assumed as the primers neuron death and
neurodegeneration

),

14.4.1 Deregulation of Cdk5 Activity and Other Kinases in NF
and Tau Phosphorylation

14.4.1.1 MAPK (Erk1/2)

Earlier, during protein purification steps from rat brain lysates, CdkS5, neurofilament
proteins and tubulins were found to coelute with Erk1/2 (Fig. 14.6a) (Veeranna
et al., 2000). Furthermore, formation of a multimeric complex of Cdk5, Erk2
and phosphorylated NF-H was shown in microtubule preparations from rat brain
lysates (Fig. 14.6b) (Veeranna et al., 2000). Later, it was discovered that Cdk5
inhibits Erk1/2 activity by phosphorylating the upstream kinase MEK1 (Sharma
et al., 2002). Immunohistochemical staining of 18-day- old embryonic brain stem
sections from Cdk5~~ and wild type mice with SMI31 antibody, which stains
phosphorylated S/T-P residues in the neuronal cytoskeletal proteins (e.g. NF-M/H,
Tau), shows intense immunostaining of phosphorylated cytoskeletal proteins in the
neuronal cell bodies of Cdk5~~ mice compared to the wild type mice (Sharma
et al., 2002).
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Fig. 14.6 a Purified fractions of ERK1/2 from rat brain lysates are enriched in phospho-NF-H/M,
tubulin, Tau and CdkS5. Lane 1 is the original (total) lysate. Fractions were collected during the
column chromatography. Lane 2 is fraction 25 of the P11 phosphocellulose column that is enriched
in MAPK (Erk1/2) activity. Lane 3 is the fraction 35 of a Superdex 200 that is enriched in Erk1/2
activity. Western blotting shows the presence of abundant NF-H/M, tubulin, Tau and CdkS in these
two fractions. Lane 1 shows levels of NF-H/M, tubulin, Tau and CdkS5 in the crude lysate. b Purified
fraction from rat brain lysates enriched in tubulin is also enriched in phospho-NF-H/M, Tau, ERK2
and Cdk5. Coomassie Blue staining of the fraction is shown that confirms that the fraction is
enriched in tubulin. The same fraction upon Western blotting reveals the co-extraction of NF-H,
NF-M, Tau 1, ERK2 and CdkS5 (adapted with modifications from Veeranna et al., 2000)

The expression of the phosphorylated cytoskeletal proteins is restricted to the
neuronal processes only. Phosphorylation of cytoskeletal proteins and CdkS5 activity
are higher in adult mice brain compared to the embryonic brain. Studies on phos-
phorylation of middle and high molecular weight neurofilament proteins (NF-M/H)
in p35~~ and wild type mice reveals immunoreactivity of NF-M to the SMI31 anti-
body in the cortex of p357 mice is higher than in the wild type-mice (Sharma
et al., 2002). The rodent NF-M appears to be a preferred substrate for Erk1/2
phosphorylation (Veeranna et al., 1998). Also in p35~~ mice, there is an inverse
relationship between Cdk5 and Erkl1/2 activities, while the expression levels of
Erk1/2 remained unchanged (Sharma et al., 2002). Such sustained high activity
of Erkl/2 in the neuronal cells has been implicated as the cause of cell death
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(Cheung and Slack, 2004). Consistent with this assumption, extensive apoptosis
in Cdk™~ brains compared to the wild type brains is observed as evidenced by the
upregulation of the apoptosis marker, cleaved-caspase-3 and appearance of TUNEL-
positive cells (Zheng et al., 2005). Evidence from mouse models, the PC12 cell line
and rat primary cortical neuron cultures demonstrate that Cdk5 modulates MAPK
(MEK/Erk1/2) pathway and is involved in neuronal survival, in which Cdk5/p35
seemed to act as a “molecular switch” to modulate the duration of Erk1/2 acti-
vation, thereby resulting in NF-M/H and Tau phosphorylation (Harada et al., 2001;
Sharma et al., 2002). Cdk5-Ras GRF cross talk upstream of the MAPK pathway also
regulates neuronal apoptosis through nuclear condensation of neurons (Kesavapany
et al., 2004, 2006). Sustained Erk1/2 activation by inhibiting CdkS5 activity using
roscovitine induces apoptosis of primary neuron in culture, where Tau and NF are
also hyperphosphorylated (Zheng et al., 2007).

14.4.1.2 GSK3p

The other kinase that has been linked to neurodegeneration along with CdkS is
glycogen synthase kinase 3 (GSK3p). The role of GSK3 in axonal transport has
been reported. Extruded axoplasm derived from the giant axon of the squid has
been ideal for the visualization and study of both fast and slow axonal transport,
making it possible to study the molecular motors involved and their mode of action
in transporting vesicles from cell body to terminals. One of these motors is kinesin,
which is responsible for fast anterograde transport of vesicles and is also involved
in transport of cytoskeletal proteins. It was observed that low concentrations of
olomucine, which inhibits Cdk5 activity, also inhibited fast axonal transport and
GSK3 phosphorylation of kinesin light chains significantly inhibited anterograde
but not retrograde fast transport (Morfini et al., 2002). There is a complex interaction
between CdkS5, PP1 phosphatase and GSK3 kinase. Inhibiting CdkS5 with roscovitine
or olomucine activates PP1 phosphatase which, in turn, dephosphorylates and acti-
vates GSK3p. Active GSK3p then phosphorylates the kinesin light chain, releasing
it from its cargo, thereby decreasing vesicle transport. These findings predict a more
elaborate cross talk interaction, involving Cdk5, phosphatases and GSK3 kinase,
integrated into a network regulating transport of membrane-bound vesicles and tar-
geting them to terminals that may play a role in the neurodegenerative process.
Cdk5 and GSK3p both generate disease-associated phospho-epitopes on Tau, and
they colocalize with filamentous Tau aggregates in the brains of patients (Imahori
and Uchida, 1997; Shelton and Johnson, 2004) and in a transgenic mouse model of
tauopathy (Imahori and Uchida, 1997; Ishizawa et al., 2003). Cdk5 and GSK3 also
regulate AP production in vivo (Phiel et al., 2003; Cruz et al., 2006). There is a high
degree of redundancy between the two kinases, and several of the phosphorylation
target sites overlap. Therefore the relative impact of each kinase in the context of
amyloid precursor protein (APP) processing and Tau phosphorylation is not very
clear.
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14.4.2 Cdk5 Coactivators and Neurodegeneration

The reported neurotoxic effects of Cdk5 have been linked to p25 production, a prote-
olytically cleaved product of p35, the major activator of neuronal CdkS5. In primary
cortical neuron cultures, p25/Cdk5 complex phosphorylates Tau more efficiently
than does the p35/Cdk5 complex (Patrick et al., 1999). In vitro Tau phosphorylation
assays have demonstrated that p25 accelerates Cdk5 catalytic activity by ~2.4-fold
over p35 (Hashiguchi et al., 2002). Further evidence comes from the preferential
increase in Tau phosphorylation in p25 transgenic mice (Ahlijanian et al., 2000;
Cruz et al., 2003), while p35 transgenic mice displaying increased CdkS5 catalytic
activity do not show increased Tau phosphorylation (Van den Haute et al., 2001).
These findings are complemented by the observation that Cdk5-deficient mice show
decreased Tau phosphorylation (Takahashi et al., 2003). Surprisingly, however, a
new strain of p35-deficient mice displays increased Tau phosphorylation (Hallows
et al., 2003). It is possible that in these mice Tau phosphorylation occurred due to
the compensatory increases in another CdkS5 activator, p39 level or by Cdk-crosstalk
as discussed above. The compensatory increase in p39 expression has been reported
in p35-deficient mice (Chae et al., 1997). Moreover, p39-mediated Tau phosphory-
lation is more efficient than p35-mediated Tau phosphorylation (Iijima et al., 2000).
P39-derived p29 is also potent in phosphorylating Tau (Patzke and Tsai, 2002).

Contrary to its reported pathological role, recent studies now implicate p25 as a
“normal” player in modulating synaptic function, LTD, learning and memory in spe-
cific brain regions in young animals (Fischer et al., 2003, 2005; Angelo et al., 2006).
Transgenic mice expressing either low level of p25, or with expression restricted
spatiotemporally to specific brain regions, show a Cdk5/p25 positive transient effect
on LTD in the hippocampus and water maze learning in these animals. Prolonged
expression of p25, in older animals, however, does exert a predictable effect on
B-amyloid and Tau phosphorylation and neurodegeneration (Cruz et al., 2003; Cruz
and Tsai, 2004). The differential phosphorylation potentials of p25 and p35 are also
associated with another CdkS5 substrate, APP, which is involved in neurodegen-
eration. Cdk5 phosphorylates amyloid precursor protein (APP) in its cytoplasmic
domain at Thr668 (Iijima et al., 2000). Increased APP Thr668 phosphorylation
is observed in p25 transgenic mice in which p35/CdkS5 activity remains unaltered
(Cruz et al., 2003). However, the role of Cdk5/p25 in neuropathological diseases is
far more complex than previously assumed.

14.4.3 Cdk5, p-Amyloid and Neuronal Cytoskeletal Proteins

One of the leading hypotheses for the etiology of Alzheimer’s disease (AD) is the
amyloid hypothesis (Hardy and Selkoe, 2002). In AD, extracellular accumulation
of AP42 that readily aggregates into amyloid plaques occurs due to an altered ratio
of AP generation and clearance. One of the downstream events of this elevated
AP42 levels is the aberrant activation of kinases and inhibition of phosphatases.
The resultant imbalance in the kinase/phosphatase activities causes neurofibrillary
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tangle formation and neuronal death. Myriads of reports now link Cdk5 to AB42
toxicity and Tau pathology leading to neurodegeneration. In primary neurons, AB42
induces the cleavage of p35-p25 (Alvarez et al., 1999; Lee et al., 2000; Town et al.,
2002) (Fig. 14.5). P25 accumulation is found in mutant APP transgenic mice that
display elevated AB42 levels (Otth et al., 2002). Inhibition of Cdk5 activity also
attenuates AP42-induced neuronal death (Alvarez et al., 1999; Lee et al., 2000).
These findings indicate that AB42 is a potent activator of p25/CdkS5 activity.

14.5 Polypeptide Inhibitors of Deregulated Neuronal
Cytoskeletal Protein Phosphorylation

NF- and Tau-directed protein kinases are potential targets for modification when it
comes to therapeutic interventions of AD. However, most of the protein kinases that
phosphorylate Tau and NFs also phosphorylate other substrates. Inhibitors of protein
kinases have not been clinically useful to treat neurodegeneration. However, several
inhibitors for the Cdk5/p25, that hyperphosphorylates Tau and NFs aberrantly, have
been reported. One such polypeptide CIP (Cdk5/p25 Inhibitory Peptide), a deriva-
tive of p35 (Zheng et al., 2002), shows the potential of therapeutic intervention,
since it specifically inhibits the Cdk5/p25 deregulated hyperactivity (Fig. 14.7). It
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Fig. 14.7 CIP specifically inhibits Tau hyperphosphorylation induced by p25/Cdk5 but not Tau
phosphorylation induced by p35/CdkS. a Rat cortical neurons were infected with the following
expression constructs in lentivirus: EV (Empty Vector, lane 2), p25 + Cdk5 (lane 3), p25 + Cdk5 +
CIP (lane 4). The top three panels show phospho-Tau with three different phospho-Tau antibodies
(anti-pS199/202, anti-pS404 and ATS), while the bottom panel shows total Tau (Tau5). b Rat corti-
cal neurons were infected with the following expression constructs: EV (lane 1), p35 + CdkS5 (lane
2), p35 + Cdk5 + CIP (lane 3). The top three panels show Western blots for phospho-Tau using
the same phospho-Tau antibodies mentioned above and the bottom panel shows total Tau (Tau5)
(adapted with modifications from Zheng et al., 2005)
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is important to note that CIP does not inhibit Cdk5/p35 activity and therefore does
not interfere with the normal Cdk5-regulated phosphorylation. Although rare, such
inhibitors that do not inhibit normal kinase activity, but specifically inhibit the aber-
rant, hyperactive kinase activity, are likely to be effective in designing treatment
strategies for neurodegeneration. Lately, it has been reported that Pinl, a peptidyl-
prolyl cis/trans-isomerase substantially increases phosphorylation of NF-H KSP
repeats by proline directed kinases, Erk1/2, Cdk5/p35 and JNK3 in a concentration-
dependent manner (Kesavapany et al., 2007; Rudrabhatla et al., 2008b). Thus,
targeting Pin1 for therapeutic purposes of treating neurodegenerative diseases seems
attractive.

14.6 Conclusions

It is surprising that, although Tau and NF phosphorylation has been extensively
studied, a clear relationship between their phosphorylation and toxicity leading
to neurodegeneration is yet to be established. Since most of the kinases that are
involved in Tau and NF hyperphosphorylation in neurodegenerative processes are
kinases that are also important for normal physiology, it is difficult to draw a fine line
between these two opposing effects of the same kinases. However, there are clues to
understand how a normal kinase becomes aberrantly hyperactive (e.g. Cdk5/p35 vs
Cdk5/p25), and what the cellular signals are that trigger this transition, be it oxida-
tive stress, awry cellular signals, such as f-amyloid deposits and genetic mutations.
Given the complexity of the onset and progression of neurodegenerative processes,
understanding kinase-mediated cytoskeletal protein phosphorylation is a step toward
elucidating what exactly it is that begins this process and, importantly, whether
outlining specific therapies can halt this ‘beginning’.
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Chapter 15
Neurofilaments in Aged Animals

Shin-ichi Hisanaga, Takahiro Sasaki, and Atsuko Uchida

Abstract Neurofilaments (NFs) are neuronal intermediate filaments assembled
mainly from three subunit proteins, NF-L, NF-M and NF-H. NFs are the major
cytoskeletal element of axons, particularly large myelinated axons. Accumulation
of NFs in the cell body or proximal axons is a hallmark of motor neuron diseases, of
which aging is a risk factor. It is not known whether the accumulation of NFs is the
primary causative factor of these diseases; however, it is feasible that accumulated
NFs are obstacles for axonal trafficking, resulting in a decreased supply of proteins
and organelles required for the maintenance of or activity in the distal axons. Axonal
transport of NFs slows down with aging and the decreased rate of transport could
be a risk factor for disease. Therefore, it is important to determine age-dependent
changes in properties of NFs. In this chapter we review the characteristics of NFs
in aged animals. The most striking morphological change in NFs is their density
within axons. NFs are more than twice as densely packed in the proximal region
of aged rat sciatic nerve axons compared with those in young adult rats. A remark-
able biochemical change is the reduction of NF-M content in aged NFs. This is
partly because of the reduced transcription of NF-M in aged rats. The relationship
between NF packing and reduced NF-M is discussed in terms of the age-dependent
decrease in axonal transport and neurodegenerative diseases.

Keywords Aging - Amyotrophic lateral sclerosis - Axon - Axonal transport -
Neurofilament - Phosphorylation - Protein expression
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