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Abstract

The actin cytoskeleton is important in many cellular processes such as motility,
and establishing and maintaining cell morphology. Members of the
tropomyosin protein family associate with the actin cytoskeleton along the
major groove of actin filaments (F-actin), stabilising them and regulating actin-
filament dynamics. To date over 40 non-muscle tropomyosin isoforms have
been identified, which are encoded by 4 different genes (q, B, v, 8). Individual
tropomyosin isoforms define functionally distinct F-actin populations. Previous
studies have shown that tropomyosins sort to distinct subcellular compartments
at different stages of development in polarised cells. Neuronal growth cones
are highly dynamic polarised structures, dependent on a constant
reorganisation of the actin cytoskeleton. By eliminating tropomyosins in a
knockout (KO) mouse model, we investigated the role of two tropomyosin
isoforms, Tm5NM1 and Tm5NM2 (yTm gene products) in growth cone
dynamics and neurite outgrowth.  Growth cone protrusion rates were
significantly increased in one day old Tm5NM1/2 KO hippocampal neurons
compared to WT controls. Neuritogenesis was significantly affected by the
elimination of TmM5NM1/2, with a slight decrease in neurite length and an
increase in neuronal branching in neurons cultured for four days. At the
molecular level, the depletion of TmM5NM1/2 had no impact on the protein levels
and activity of ADF/cofilin in hippocampal neurons while in cortical neurons a
subtle but significant increase in ADF/cofilin activity was observed. The subtle
phenotype in the early stages of neuritogenesis observed from eliminating

Tm5NM1/2 may be explained with functional compensation by other



tropomyosin isoforms. Functional compensation for the loss of TmM5NM1/2 may
be provided by isoforms Tmb5a/5b, TmBr2 and Tm4 as they localise to the
growth cones, structures where Tm5NM1/2 are normally found. These results
suggest that TM5NM1/2 may not be required for early stages of neuritogenesis

but may still play a fine-tuning role for this process.
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Chapter 1

Introduction

The cytoskeleton is a complex structure located in the cytoplasm of all
eukaryotic cells and is critical for many diverse cellular processes. The various
functions that the cytoskeleton is involved in include cell motility, endocytosis,
intracellular transport of organelles as well as establishing and maintaining cell
morphology. It is crucial in mitosis to pull chromosomes apart and to split the
two daughter cells. In muscle cells, it provides the main machinery for
contraction (reviewed in Alberts et al., 2002). Determining the regulation of the

cytoskeleton will be important to understand these physiological processes.

Changes in the structure and dynamics of the cytoskeleton are observed in
malignant cancer cells. Malignant cancer cells are characterised by their altered
cell morphology and motility. This causes the abnormal cells to metastasise by
migrating away from the local tissue and invade other parts of the body.
Hence, a better understanding of the cytoskeleton and molecular mechanisms
that regulate the cytoskeleton will provide invaluable information into how

cancer progresses.

The actin cytoskeleton is of particular interest because the stability of actin

filaments determines the shape and motility of cells.



1.1 The actin cytoskeleton

Actin is a globular 42kDa protein and it is the major component of the
microfilament cytoskeleton. There are six different actin genes that give rise to
six distinct isoforms. Four isoforms are expressed in muscles. The isoform
found in skeletal muscles is a-skeletal actin, the isoforms a- and y-actin are
expressed in smooth muscle while a-cardiac actin is expressed in cardiac
muscle. In non-muscle cells two cytoskeletal isoforms, B- and y-actin are
expressed. In muscles, the actin filaments are involved in muscle contraction
while in non-muscles they play a role in a number of cellular processes such as

determining cell shape and motility.

The actin microfilaments have a diameter of 5-9nm and are formed by head to
tail polymerisation of globular actin (G-actin) monomers. The actin polymer is
referred to as filamentous actin (F-actin). Each actin microfilament is made up
of two helical strands of F-actin. These actin filaments are dynamic and
undergo a process of polymerisation and depolymerisation. The rate of
assembly and disassembly of actin filaments is regulated by many actin binding
proteins. This regulation is important as the rate of polymerisation and

depolymerisation controls many important processes such as cell motility.



1.1.1 Polymerisation and Depolymerisation of

the actin filament

The actin filament assembly and disassembly process can be divided into three
main stages. The first stage is called actin nucleation which involves the
assembly of three G-actin monomers to form a stable trimer (Figure 1.1). This
trimer acts as a nucleus for further polymerisation. The second stage is known
as actin filament elongation. It involves the addition of G-actin monomers to the
stable nucleus of G-actin trimer to form a F-actin polymer (Figure 1.1). These
G-actin subunits have a nucleotide binding domain which can either bind to
ATP (Adenosine Tri-Phosphate) or ADP (Adenosine Di-Phosphate) although
these monomers bind to ATP with much higher affinity than ADP (Engel and
Neidl, 1979). Also, the ATP-bound G-actin has a higher affinity to the F-actin
than ADP-bound G-actin. The addition of ATP bound G-actin monomers to the
F-actin in a head to tail manner maintains the polarity of actin filaments. The
polarity property of the actin filament is important for the last stage of the
polymerisation process known as treadmilling or steady state dynamics. The
polar actin filament contains a barbed or plus end which is fast growing while
the other end, known as the pointed or minus end is slow growing based on the
total available pool of monomeric actin. The treadmilling process of the F-actin
polymer involves the addition of ATP-bound G-actin monomers to the barbed or
plus end and dissociation of ADP-bound monomers from the pointed or minus
end (Figure 1.2). This creates a dynamic F-actin polymer although the net
length of the filament is unaltered (reviewed in Dos Remedios et al., 2003;

Ishikawa and Kohama, 2007).



The rate of polymerisation and depolymerisation of the F-actin polymer is tightly
regulated by many actin binding proteins. One such actin binding protein that is

the main focus of this project is tropomyosin and this is discussed below.

O ACTIN O O ACTIN

O O NUCLEATION ELONGATION
0% — &° —
G-actin Trimer

F-actin

Figure 1.1 Schematic diagram of actin nucleation and elongation. Actin nucleation
involves three G-actin monomers joining together to form a trimer. These trimers are sites for
further polymerisation. Actin elongation is a process where trimers act as a seed for further
addition of G-actin monomers to form F-actin polymers.

o

\} Iyelrolysis of ATP

Minus end Plus enc

% \ Exchange of ATP for ADP '6

Figure 1.2 Schematic diagram of the treadmilling process of a F-actin polymer. The
treadmilling process of F-actin involves the addition of ATP-bound G-actin monomers to the
plus or barbed end and dissociation of ADP-bound monomers from the minus or pointed end
(from http://kc.njnu.edu.cn/swxbx/shuangyu/6.htm).



1.2 Tropomyosin

Tropomyosin is an actin associated protein that is found in all eukaryotic cells.
This protein is known to play a role in muscle contraction but it is also involved
in regulating the flexibility and stability of the actin filament system in non-
muscles. There are four genes (a, B, y, ©) within the mammalian tropomyosin
protein family. These genes encode over 40 known non-muscle tropomyosin
isoforms as a result of alternative splicing (Helfman et al., 1986; Lees-Miller and
Helfman, 1991) (Figure 1.3). The different tropomyosin isoforms can be
classified as high molecular weight (HMW) (~284 amino acids and 40kDa) and
low molecular weight (LMW) isoforms (~248 amino acids and ~28-32kDa).
Tropomyosin isoforms can form coiled-coil homodimers with each other or
hetero-dimers with other isoforms (Araya et al., 2002). These tropomyosin
dimers align along the major groove of the actin filament and can influence the

stability of the associated actin filament (Phillips et al., 1979).
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Figure 1.3 Schematic diagram of the four tropomyosin genes (a, B, y, 8) and their
corresponding isoforms generated by alternative splicing. Shaded boxes are exons while
unshaded boxes are untranslated sequences. Introns are depicted as lines and A represents
poly A tail. Black shaded exons are common to all genes. (from Stehn et al., 2006)



1.2.1 Tropomyosin isoforms are spatially and

temporally regulated

The expression and localisation of different tropomyosin isoforms are spatially
and temporally regulated during development (reviewed in Gunning et al.,
2005; Gunning et al., 2008). The tropomyosin profiles also differ between

different cell types such as neurons and fibroblasts.

Neurons have distinct subcellular compartments. These compartments include
the cell body, dendrites and the axon with growth cones structures located at
their tips. Tropomyosin isoforms localise to different compartments at different
stages of development. Immunohistochemistry studies on neurons from
cultured embryos have shown that Tm5NM1/2 isoforms are concentrated in the
neurite shaft and the growth cone structure of immature axons (Weinberger et
al., 1996). Further analyses using more specific antibodies have shown that
Tm5NM1 localises to the outer region of the growth cone (Schevzov et al.,
2005a) while Tm5NM2 is mainly located in the neurite shaft (Schevzov et al.,
1997; Hannan et al., 1998). After neuronal maturation, Tm5NM1/2 relocate to
the somatodendritic compartment (Weinberger et al.,, 1996; Hannan et al.,
1998). During this time of Tm5NM1/2 relocation, the brain specific isoform
TmBr3 have been revealed by immunofluorescence and immunohistochemistry
to localise to the axon compartment, suggesting that the Tm5NM1/2 isoforms
are displaced by TmBr3 (Had et al., 1994; Weinberger et al., 1996). Similar to
the localisation pattern of Tm5NM1/2, immunofluorescence stainings of

cultured neurons have shown that Tm4 is expressed in growth cones of



developing neurites and after maturation was restricted to the postsynaptic
compartment (Had et al., 1994). Other tropomyosin isoforms Tmb5a/5b were
found to also localise to the growth cone of cortical neurons but over time when
the growth cones diminish in size, these isoforms are excluded from this
structure (Schevzov et al.,, 1997). Taken together this demonstrates that
tropomyosin isoforms such as Tm5NM1/2, Tm5a/5b and Tm4 define distinct
actin filament populations within neurite and growth cones and these
microfilaments are subject to spatial and temporal regulation.

Tropomyosin isoform localisation in fibroblasts has been shown to be cell cycle
dependent. During early G1 phase, the aTm and BTm gene products localise
to stress fibres in fibroblasts while the yTm gene products are found in the
perinuclear zone. As cells progress through G1 phase, expression of the yTm
gene products (LMW tropomyosins) increases with the exception of two
isoforms Tm5NM1 and Tm5NM2 (Percival et al.,, 2000). The yTm gene
products that increased in expression translocate from the periphery to stress
fibres while Tm5NM1/2 did not show a change in localisation (Percival et al.,
2000). Further analysis by transfecting fluorescently tagged tropomyosins in
fibroblasts showed that TmM5NM1 predominantly localises to stress fibres while
Tm5NM2 targets to the Golgi complex (Percival et al.,, 2004). Immunogold
labelling confirmed this observation showing that Tm5NM2 localises to actin
filaments found in the Golgi (Percival et al., 2004). This suggests that TmM5NM1
may regulate stress fibres while Tm5NM2 may be involved in vesicle budding
from the Golgi complex. This demonstrates that the actin filament populations
defined by different tropomyosin isoforms such as Tm5NM1 and Tm5NM2 are

likely to play distinct roles in the fibroblasts.



The differences in the localisation pattern of tropomyosin isoforms during
development show that tropomyosins define distinct actin filament populations

and perform unique functions in a variety of cell types.

1.2.2 Tropomyosin isoform specific effect on

actin filaments

Differentially sorted tropomyosin isoforms define distinct actin filament
populations. There is evidence to show that distinct tropomyosin isoforms exert
different effects on the actin filaments that they are associated with. For
example, when Tm5NM1 associates with actin filaments, they become more
stable due to the inhibition of actin depolymerising factor/cofilin (ADF/cofilin). In
contrast, the TmBr3 isoform causes more instable actin filaments as ADF/cofilin
associates with TmBr3 decorated filaments (Bryce et al., 2003; Schevzov et al.,
2005a). This demonstrates that different tropomyosin isoforms can affect the

stability of the associated actin filaments.

Tropomyosin isoforms can form homodimers or heterodimers with each other
and may define a wide range of actin filament populations. Muscle

tropomyosins have a preference for heterodimerisation. Cotransfection studies



on skeletal muscle aTm and smooth muscle aTm isoforms have revealed
formation of heterodimers with non-muscle HMW tropomyosins. Also, skeletal
muscle BTm can heterodimerise with HMW tropomyosin isoforms, Tm1, Tm2
and Tm3 (Gimona et al., 1995). In contrast, cytoskeletal tropomyosins mainly
form homodimers (Matsumura and Yamashiro-Matsumura, 1985) even though
heterodimerisation can occur (Temm-Grove et al., 1996). Western blot analysis
and cotransfection studies on tagged HMW tropomyosins show that these
isoforms prefer homodimerisation (Gimona et al., 1995). Also, cotransfection of
tagged LMW tropomyosin isoforms, Tm5NM1/2, Tm4, Tm5a/5b have revealed
that these isoforms cannot heterodimerise with muscle tropomyosins as well as
HMW tropomyosins, Tm1, Tm2 and Tm3 (Gimona et al., 1995; Temm-Grove et
al., 1996). However, further cotransfection studies on LMW tropomyosins have
shown that Tm5NM1, Tm4 and Tm5a/5b can form heterdimers with each other
even though Tmb5a and Tm5b cannot (Temm-Grove et al., 1996; Araya et al.,
2002). Heterodimerisation of tropomyosin isoforms is possible and can confer
properties to actin filaments that are different from homodimerised tropomyosin

isoforms.

In addition to homodimerisation and heterodimerisation, the actin affinity which
is different for individual tropomyosin isoforms may also contribute to the
isoform specifc effects on actin filaments (Matsumura and Yamashiro-
Matsumura, 1985). The overall binding of tropomyosins to actin is very low and
instead they appear to “float” in the major groove of the actin polymer, this
interaction being held together by ionic forces (Perry, 2001). However, the

actin affinity is different for individual tropomyosin isoforms as it depends on
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their N-terminal (amino-terminal) and C-terminal (carboxyl-terminal) sequences
(Moraczewska et al., 1999). TmBr3 had the lowest affinity to actin out of all
tropomyosin isoforms that were studied and this may correlate with associating
to less stable filaments that are decorated with ADF/cofilin (Moraczewska et al.,
1999; Bryce et al., 2003). The low affinity of TmBr3 to actin may allow
ADF/cofilin to bind and depolymerise the actin filament generating less stable
filaments. Tmb5a/5b on the other hand may stabilise actin filaments as they
have the highest affinity to F-actin compared to any other tropomyosin isoforms
that have been studied (Moraczewska et al., 1999). Therefore, the degree of
affinity by different tropomyosins to actin may explain the isoform specific

regulation of the activity of other actin binding proteins on actin filaments.
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1.2.3 Tropomyosins protect the actin filament
and regulate the activity of other actin

binding proteins

Tropomyosins stabilise and protect the actin filament from the action of other
actin  binding proteins thereby regulating the polymerisation and
depolymerisation of actin filaments. Tropomyosin isoforms have been shown to
protect the actin filament from the activity of actin depolymerising factor /cofilin
(ADF/cofilin), Arp2/3, gelsolin and formin (Bernstein and Bamburg, 1982;
DesMarais et al., 2002). These protective effects on actin filaments by

tropomyosins are isoform specific (Bryce et al., 2003).

ADF/cofilin is an actin depolymerising protein that competes with tropomyosin
isoforms for actin filament binding (Bernstein and Bamburg, 1982; Cooper,
2002; reviewed in Ono and Ono, 2002). Cofilin and its closely related protein,
actin depolymerising factor (ADF) function by enhancing the depolymerisation
of F-actin at the pointed end of the polymer as it has a higher affinity to ADP-
bound actin. ADF functions by severing the actin filament and providing new
barbed ends for further polymerisation. By carrying out cryo-electron
microscopy and image reconstruction experiments, cofilin has been shown to
bind between two actin subunits and alter the F-actin twist (McGough et al.,
1997), thereby greatly destabilising the actin filament. The competition of
tropomyosin with ADF/cofilin has been shown using saturation studies. The
saturation of F-actin with tropomyosins displayed no active ADF/cofilin activity

on those filaments, suggesting that ADF/cofilin binds specifically to actin
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filaments that are not decorated with tropomyosins (Bernstein and Bamburg,
1982). However, previous studies have shown that different tropomyosins
confer different protective properties to the actin filaments. The overexpression
of a LMW tropomyosin, Tm5NML1 significantly increased the phosphorylated or
inactive form of ADF/cofilin while the overexpression of a HMW tropomyosin
Tm3 displayed no difference in ADF/cofilin levels as compared to WT controls
(Bryce et al., 2003). This indicates that some tropomyosin isoforms such as

Tm5NMZ1 are strong inhibitors of ADF/cofilin activity.

Tropomyosin isoforms also regulate the action of actin related protein 2 and 3
(Arp2/3) on actin filaments (Blanchoin et al., 2001). Arp2/3 is a protein that
contains 2 actin-homologous subunits and actin-related proteins 2 and 3. This
protein functions as a seed for actin polymerisation by binding to G-actin and
increasing the number of barbed ends (reviewed in Ishikawa and Kohama,
2007). The Arp2/3 complex can also enhance actin polymerisation by
generating new branch points in existing actin filaments (reviewed in Amann
and Pollard, 2001). Fluorescence studies have shown that Arp2/3 is partially
inhibited to varying degrees by different tropomyosin isoforms. Tmba is a
better inhibitor of Arp2/3 than Tm2 shown by the percentage of filament

branches formed (Blanchoin et al., 2001).

Apart from ADF/cofilin and Arp2/3, tropomyosins are also shown to regulate the
activity of gelsolin. Gelsolin is a severing and capping protein that functions by
first binding and severing F-actin in a calcium dependent manner and then
capping the barbed end of the filament thereby preventing further actin

polymerisation (Sun et al., 1999). Tropomyosin is able to dissociate the
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severing and capping protein, gelsolin and promote the annealing of short actin
filaments (Ishikawa et al., 1989a; Maciver et al., 2000; Nyakern-Meazza et al.,
2002). SDS-polyacrylamide gel analysis has revealed that HMW but not LMW
tropomyosin isoforms can directly inhibit and protect the actin filament from the
severing activity of gelsolin (Ishikawa et al., 1989b). However, HMW and LMW
tropomyosins can both indirectly inhibit the severing action of gelsolin by
collaborating with non-muscle caldesmon. LMW tropomyosins and caldesmon
alone cannot inhibit the action of gelsolin to actin filaments and this may be
explained by the fact that LMW tropomyosins have lower affinity to actin than
HMW isoforms (Matsumura and Yamashiro-Matsumura, 1985). When
caldesmon works with LMW tropomyosin, caldesmon can enhance the binding
of LMW tropomyosin to actin filaments therefore increasing the inhibition of the

severing effects of gelsolin on actin filaments (Ishikawa et al., 1989b).

Tropomyosin isoforms have been shown to regulate the barbed ends of actin
filaments by working with formin. Formin is a barbed end binding protein with
weak capping activity. This means that when formin caps actin, the polymer
can still elongate at the barbed end but at a controlled rate. Tropomyosin
isoforms can uncouple the capping function of formin in an isoform specific
manner thereby promoting and regulating the formation of unbranched actin

filaments at the barbed end (Wawro et al., 2007).

Tropomyosins have also been shown to recruit or inhibit myosin, an actin motor

protein to the actin filament in an isoform specific manner. In B35 neuro-

epithelial cells the overexpression of the exogenous Tm5NM1 was able to
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recruit myosin Il to stress fibres (Bryce et al., 2003). Also observed in primary
cortical neurons, the enhanced expression of Tm5NM1 recruited myosin IIB to
the cell periphery (Schevzov et al., 2005a). In contrast, colocalisation studies
on cortical neurons overexpressing HMW Tm3 have shown that myosin IIB was
not enriched in the growth cone or periphery areas where exogenous Tm3 was

found (Schevzov et al., 2005a).

These studies demonstrate that tropomyosins regulate and inhibit a range of
actin binding proteins in an isoform specific manner which results in the
stabilisation and stiffening of the F-actin polymer. Furthermore, certain
tropomyosin isoforms can recruit myosin Il to actin filaments to regulate actin

based cell motility.
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1.2.4 Understanding the role the yTm gene
products using an isoform specific

knockout mouse model

Tropomyosins have been implicated in many cancers (reviewed in Stehn et al.,
2006). Generally, the expression of HMW tropomyosin isoforms, Tml, Tm2
and Tm3 in primary human cancers such as breast, prostate and gastric
cancers is mainly decreased. Hence, there appears to be a reliance on LMW
tropomyosins in malignant cells. In a recent study using B35 neuro-epithelial
cells, it has been shown that the degree of susceptibility of the actin filament
population to actin targeting drugs is determined by the tropomyosin
composition (Creed et al., 2008). Therefore, tropomyosins are the ideal
candidate target to develop drugs in order to treat cancers (reviewed in Stehn
et al.,, 2006). Generally, HMW isoforms contribute to the stability of actin
filaments and function in regulating the cell morphology and division while LMW
tropomyosins have been shown to localise to the leading edge of fibroblasts
which indicates that they may play a specific role in membrane organisation,
motility and cell growth (reviewed in Gunning et al., 2005). Therefore, the
predominance of LMW tropomyosin isoforms in cancers indicates that these
malignant cells rely on LMW tropomyosins for motility and migration and
eventual invasion into other parts of the body. Hence, targeting a subset of
these LMW isoforms may slow motility and migration and make the malignant
cells more vulnerable. In addition, tropomyosins found in actin filaments of
cardiac and skeletal muscle are distinct from those found in the cytoskeleton of

non-muscle cells. This strongly suggests that drugs targeting non-muscle
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tropomyosins would not impact on critical cellular processes such as the
contraction of the heart or the skeletal muscles in the diaphragm required for
breathing. Furthermore, another aspect to consider in drug development is the
possibility that the drug can pass the blood brain barrier. As the brain is the
centre of the nervous system and involved in many processes such as
controlling movement, speech, memory and thought, understanding the effect

of the drug in neuronal development and function is important.

In an initial step to develop chemotherapy drugs targeting certain LMW
tropomyosin isoforms, one must consider the effect the drug has on neuronal
development and function if it passes through the blood brain barrier.
Therefore the aim of this project is to analyse the role of a subset of LMW

tropomyosins in neuronal cells.

To understand the role of LMW tropomyosins in cells, isoforms from the yTm
gene were analysed. The yTm gene expresses at least 11 non-muscle
isoforms that are all classified as LMW tropomyosins. Complete knockout
(KO) of the yTm gene showed that the non-muscle products from this gene
were required for embryonic development and cell survival (Hook et al., 2004).
However, knockout of a subset of isoforms from this gene containing exon 9c
(Tm5NM4/7) are not lethal (Vrhovski et al., 2004). Tm5NM4/7 are specifically
expressed in the brain (Vrhovski et al., 2003). Analysis of brains from
Tm5NM4/7 KO mice showed that they were structurally normal as the loss of
Tm5NM4/7 is compensated by exon 9a containing isoforms from the yTm gene

(Tm5NM3/5/6/8/9/11) (Vrhovski et al., 2004). The exon 9d (Tm5NM1/2) and 9a
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containing isoforms from the yTm gene are also expressed in the brain
although these isoforms are found in other tissue with Tm5NM1/2 being the
most widespread (Vrhovski et al., 2003; Schevzov et al., 2005b). Nevertheless,
the level of TM5NM1/2 expression in the brain is higher than exon 9a and exon
9c containing isoforms from the yTm gene (Vrhovski et al., 2004). The
upregulation of exon 9a containing isoforms and the high level of Tm5NM1/2
may explain why there were no abnormalities in the brain (Vrhovski et al., 2004)

and this suggests that TM5NM1/2 may play a role in brain development.

As Tm5NM1/2 mRNA and protein are found in axons of embryonic mice, these
isoforms may be involved in axon formation as well as the establishment of
neuronal polarity (Hannan et al., 1995). Further analysis of Tm5NM1/2 protein
using immunohistochemical analysis of brain slices revealed that these
isoforms are localised to developing axons but relocate to somatodendritic
compartments after maturation (Weinberger et al., 1996; Vrhovski et al., 2003).
As Tm5NM1/2 levels are high in embryonic brains and downregulated after
birth, TmM5NM1/2 may be involved in the initial stages of neuronal development
(Vrhovski et al., 2003). In contrast, exon 9a and 9c containing products from
the yTm gene, Tm5NM3/5/6/8/9/11 and Tm5NM4/7 respectively are
upregulated after birth (Vrhovski et al., 2003), suggesting a more critical role

later in brain development.

To investigate the role of TM5NM1/2 in early neuronal development, transgenic
mice which overexpress Tm5NML1 (Schevzov et al., 2005a) and mice deficient
in TM5NM1/2 expression (Tm5NM1/2 KO mice) have been analysed (Fath et

al., manuscript in preparation). Tm5NM1/2 KO mice do not express the exon 9d
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containing isoforms from the yTm gene but still express the other yTm gene
products (Fath et al., manuscript in preparation). In addition, western blot
analysis of cell lysates of cultured KO cortical neurons from these mice has
shown a partial compensation of TmM5NM1/2 by Tm5NM4/7 isoforms (Fath et

al., manuscript in preparation).

Studies on cortical neurons from embryonal day 16.5 mouse embryos revealed
the formation of bigger growth cones upon increased Tm5NM1 and smaller
growth cones when Tm5NM1/2 are eliminated. In terms of neurite outgrowth,
there was an increase in the number and total length of dendrites.
Furthermore, the number of axonal branches and total axon length is
significantly increased in cortical neurons from Tm5NM1 transgenic mice
(Schevzov et al., 2005a). Significant differences in growth cones and neurite
outgrowth observed in Tm5NM1 transgenic mice suggest that Tm5NM1 may
play a role in neurite formation and development, a process known as
neuritogenesis. Therefore, the aim of this project is to use the Tm5NM1/2 KO
mouse model to further characterise the role of TmM5NM1/2 in the early stages
of neuritogenesis. As this research is on the analysis of neuronal cells with a
focus on growth cone function and neuritogenesis, the structure and process of

neuronal development will be discussed in the next sections.
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1.3 The Neuronal Cytoskeleton

Neurons are the primary functional unit of the nervous system. They form
processes (neurites) via which they establish synaptic connections with other
neurons in a controlled manner. Both neurite outgrowth and synapse formation
rely heavily on the organisation and remodelling of the neuronal cytoskeleton.
The three main components that make up the neuronal cytoskeleton are actin
microfilaments, microtubules and neurofilaments. These three types of
filaments all localise to distinct compartments of the neurons and play different
roles which are important in developing and maintaining neuronal structure and

synapse function.

The actin filaments provide support to cell protrusions such as filopodia and
lamellipodia which are located at the edge of the growth cones. The
polymerisation and depolymerisation of actin filaments also drives the
protrusion of these structures. Microtubules are polymers of a and B-tubulin
dimers organised in long hollow cylinders with an outer diameter of 25nm.
Microtubules are present in the cell body and extend along both the axon and
dendrites and into the growth cones at the tip of the neurites. These polymers
function by supporting and strengthening these neuronal structures and are
also involved in intracellular transport. Neurofilaments are intermediate
filaments found specifically in axons of the neurons with a diameter of 10nm.
These filaments are made up of flamentous proteins and function by regulating
the diameter of an axon which in turn controls the rate of electrical signals that

travel down this axon (summarised in Alberts et al., 2002).
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The actin filaments and microtubules play a part in regulating the growth cone
structure. As the growth cone structure is a major dynamic structure of the

neuron, the organisation of the growth cone will be discussed below.

1.4 The organisation of the growth cone

Growth cones are located at the tips of the developing neurons known as
neurites and are one of the main dynamic structures of the neuron. These
structures rely on a constant reorganisation of actin filaments to sense
guidance cues and move accordingly towards or away from the cues. The
ability to sense these cues and move is important as the dynamic nature of the

growth cones determine the direction of neurite outgrowth.

The growth cone structure can be divided into three different regions, known as
the peripheral, transitional and central regions (Figure 1.4). The peripheral
region of the growth cone mainly consists of actin filaments arranged in actin
meshwork and actin bundles. These two actin arrangements give shape and
structure as well as motility to the filopodia and lamellipodia which are found at
the periphery of the growth cone. The actin meshwork forms the veil-like
lamellipodia while actin bundles extend into spike-like filopodia structures. The
central region is located at the centre of the growth cone nearest to the neurite
shaft. This region is mainly composed of microtubules and contains many

organelles and vesicles. In between the central and peripheral regions is an
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area known as the transitional zone. In this zone, both actin filaments and
dynamic microtubules are found. These dynamic microtubules can periodically
extend out into the peripheral region of the growth cone and into the filopodia

structures (reviewed in Dent and Gertler, 2003).

The organisation of the actin filaments is important for the function of filopodia
and lamellipodia. Disruption of F-actin by the drug cytochalasin prevents the
formation of filopodia and shows that the growth cone can advance and extend
normally but is highly disoriented (Bentley and Toroian-Raymond, 1986).
Therefore while the lamellipodia is involved in motility, the filopodia has a
sensory role to guide the direction of motility. Filopodia has actin bundles with
the barbed ends orientated towards the tip for rapid polymerisation and hence

protrusion of the structure.

This dynamic process of interaction between the three regions is critical for the
growth cones to move in response to guidance cues in order to direct neurite
outgrowth (reviewed in Rodriguez et al., 2003). The process of neuritogenesis

will be discussed next.
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Lamellipodium

Figure 1.4 Three different regions within the growth cone structure. The three sections of
the growth cone are known as the peripheral, transitional and central regions. On the left is an
example of a “filopodial” growth cone and on the right is an example of a “lamellipodial” growth
cone. Typically growth cone structures have both filopodia and lamellipodia located at the
periphery. The periphery regions contain actin meshwork and actin bundles that give structure
to the lamellipodia and filopodia respectively. The central region contains thick microtubules
while in the transitional zone both actin filaments and dynamic microtubules are found (from
Dent and Gertler, 2003).

Dendrite

Immature
neurite

Growth

cone
°

Figure 1.5 Neurite formation and elongation. Firstly, lamellipodia or buds are formed
around the cell body. Secondly, neurite initiation occurs where these lamellipodia or buds are
extended to form immature neurites with a nascent growth cone at the tips. Neurite elongation
involves rapid extension of a single neurite and neurites have polarised when they become one
long axon and many dendrites. The axon shaft is defined by the shrinking of growth cone
structure due to depolymerisation of F-actin at the tips (from Arimura and Kaibuchi, 2007).
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1.5 Neurite Formation and Elongation

The regulation of the actin filament network is important in many aspects of
neuritogenesis including neurite formation and extension (Endo et al., 2007;
Korobova and Svitkina, 2008). Neuritogenesis is dependent on continuous
actin filament reorganisation. Neuritogenesis involves firstly the formation of
buds or lamellipodia at the cell surface, secondly the protrusion of immature
neurites at the bud sites and finally these neurites polarise into one single axon
and many dendrites (Figure 1.5). The latter steps are known as neurite

outgrowth and polarisation (reviewed in Dent and Gertler, 2003).

Prior to neurite initiation, lamellipodia are formed around the cell body which
has been observed in primary hippocampal neurons (Dehmelt et al., 2003).
These veil-like structures segregate to form distinct and individual lamellipodia
which start to resemble the growth cone. Neurite initiation involves a
reorganisation of microtubules and actin filaments to produce an immature
neurite with a nascent growth cone at the tips (Figure 1.5). Microtubules align
to produce a tight bundle which serves to stabilise and maintain the neurites
while actin filaments drive the motility of lamellipodia and filopodia in response

to guidance cues (reviewed in Da Silva and Dotti, 2002).

After neurite initiation, one neurite differentiates to form an axon. A current
model of neurite extension is shown in three main stages (reviewed in Goldberg
and Burmeister, 1986; Dent and Gertler, 2003). The first stage involves cycles

of filopodial and lamellipodial protrusion where these dynamical structures are
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extended out from the leading edge of the growth cone. The second stage
concentrates around the central domain of the growth cone where it is
engorged. In this process, microtubules move into the lamellipodia and
filopodia of the growth cone, transporting vesicles and organelles to the
structures. The last stage is known as the consolidation of the neurite. This
involves depolymerisation of a majority of F-actin at the neck of the growth
cone which causes the membrane to shrink around the microtubule bundles
and subsequently the axon shaft is defined and formed (Figure 1.5). This final
step is fundamentally essential in maintaining the polarity of the growth cone in
order to restrict the protrusive activity of lamellipodia and filopodia structures to

the distal tip of the axon.
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1.6 Guidance cues and pathways that affect

actin polymerisation

The actin cytoskeleton, as well as many other important cellular processes, is
regulated by Rho GTPases. The most extensively studied RhoGTPases are
Rac, Cdc42 and Rho. They function by responding to guidance cues by
interacting with and regulating the activity of many downstream targets and

effector proteins that alter the structure and function of the cytoskeleton.

The growth cone is a dynamic structure that can move in response to guidance
cues. Filopodia and lamellipodia are specialised structures located at the
periphery of the growth cone which protrude when attractant guidance cues are
present or retract when repulsive cues are around. Filopodia are the
environmental sensors that detect these guidance cues and both the filopodia
and lamellipodia move in response to these cues as a result of altered actin
filaments that support these structures. Distinct guidance cues trigger
activation of different pathways which can in turn recruit and activate actin
binding proteins that can subsequently turnover the actin structure of filopodia

and lamellipodia.

There are attractive cues such as netrin-1 and neurotrophin that can promote
actin polymerisation in filopodia. Netrin-1 attracts axons and fluorescent
imaging techniques using cortical neurons revealed that netrin-1 increases
actin filaments causing more axon branching and filopodia formation (Dent et

al.,, 2004). Netrin-1 has also been found to increase filopodia formation in
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hippocampal neurons through a pathway involving the phosphorylation of
Ena/VASP proteins and protein kinase A (PKA) activation (Lebrand et al.,
2004). A specific type of neurotrophin known as brain derived neurotrophic
factor can also promote the number and length of filopodia and it has been
shown to function via activating ADF/cofilin which is an actin binding protein

that can increase actin dynamics (Gehler et al., 2004b).

Inhibitory cues including Semphorin 3A (Sem3A) and ephrin can enhance actin
depolymerisation. Sem3A can cause growth cone collapse by depolymerising
actin filaments. This involves phosphorylation and inactivation of cofilin at
serine 3 by LIM kinase (LIMK) (Aizawa et al., 2001). LIMK is regulated by p21-
activated kinase (PAK). The association of PAK with LIMK is enhanced by
activated Rac or Cdc42 and LIMK is phosphorylated by PAK at threonine
residue 508. This phosphorylation elevates LIMK activity and increases its
subsequent phosphorylation and inactivation of cofilin by tenfold (Edwards et
al.,, 1999). Cofilin can also be reactivated by the protein phosphatase
Slingshot-1, which contains multiple F-actin binding sites.  The cofilin
phosphatase activity can be greatly enhanced when F-actin is bound.
Slingshot-1 also functions by stabilising and bundling F-actin which is

independent of the cofilin phosphatase activity (Kurita et al., 2007).

PAK has recently been shown to be a crucial factor in the polarisation and
differentiation of neurites to become an axon or dendrite. Manipulation of PAK
activity has resulted in disruption of neuronal morphology by influencing F-actin
and microtubules partially through Racl and cofilin. Through PAK, Racl

regulates both dynamic instability of microtubules and actin polymerisation.
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Thus, this suggests that the PAK pathway may play a major role in regulating
actin filaments as well as polarisation and differentiation of neurons (Jacobs et

al., 2007).

Another pathway downstream of Rac involves the WAVE (WASP (Wiskott -
Aldrich Syndrome Protein)-family Verprolin homologous proteins) complex.
WAVE is a protein complex that has a G-actin binding site, one Arp2/3 binding
site and one profilin binding site and the activation of WAVE is mediated by Rac
without any physical interaction (Eden et al., 2002). As the WAVE complex
contains an Arp2/3 binding site, WAVE can directly bind to and activate the
Arp2/3 complex (Nakanishi et al., 2007). Hence, WAVE can control the

polymerisation process by regulating Arp2/3 activation.

A protein that has a C terminal domain that is homologous to WAVE is N-
WASP. N-WASP is a neuronal specific protein that lies downstream of the
Cdc42 pathway. It contains two G-actin binding sites, one Arp2/3 binding site
and one profilin binding site (reviewed in Ishikawa and Kohama, 2007). N-
WASP is activated when mammalian F-actin-binding protein 1 (Abpl) binds
directly to this protein and in conjunction with Cdc42 can release the
autoinhibition of N-WASP. This activates N-WASP and results in the
subsequent binding of actin and Arp2/3 causing acceleration of actin
polymerisation. Hence, the N-WASP, Abpl and Cdc42 mediated Arp2/3
complex plays an important role in actin polymerisation and controlling the

morphology of neurons (Pinyol et al., 2007).
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Colocalisation studies on fibroblasts have shown that WAVE localises to the
tips of membrane ruffles while N-WASP localises to actin bundles in filopodia
(Nakagawa et al., 2001; reviewed in Takenawa and Miki, 2001). This suggests
that WAVE has a role in lamellipodia formation while N-WASP plays a part in
filopodia formation. Furthermore, WAVE and N-WASP may affect the action of

Arp2/3 in lamellipodia and filopodia respectively.

Another inhibitory guidance cue is ephrin. In prostate carcinoma cells, when
ephrinAl receptor is stimulated by ephrin, the Src-FAK (focal adhesion kinase)
pathway is activated. From studies of dominant negative mutants for FAK and
Src, Rho activation by ephrinAl requires formation of Src-FAK complex.
EphrinAl-induced repulsive motility requires activation of Src-FAK complex to
activate RhoA which is involved in retraction fibre formation (Parri et al., 2007).
RhoA is found to be active in growth cones and distal axons (Gehler et al.,
2004a) and is upstream of RhoA Kinase (ROCK). Both RhoA and ROCK have
been shown to be required for controlling growth cone dynamics (Bito et al.,
2000). Dominant active RhoA significantly reduced the size of growth cones
while inhibition of ROCK significantly increased growth cone size in cerebellar
granule neurons. In addition, cells treated with Y-27632, a specific inhibitor of
ROCK (Uehata et al., 1997) has revealed that membrane ruffles and filopodia
processes were initiated earlier and more frequently than WT controls (Bito et
al., 2000; Loudon et al., 2006). These Y-27632 treated cells also have
increased motility of membrane ruffles and higher turnover of filopodia
processes (Bito et al., 2000). As well as controlling growth cone dynamics,
there is evidence to show that RhoA and ROCK initiate axon outgrowth. Cells

cotransfected with C3, a RhoA inhibitor enzyme and similarly cells treated with
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Y-27632 increased the number of processes without affecting the length (Bito
et al., 2000). These results strongly suggest that the Rho/ROCK pathway is

important in regulating growth cone dynamics and initiating axon outgrowth.

Growth cones contain myosin I, an actin motor protein (Rochlin et al., 1995).
Myosin Il activity is inhibited by myosin light chain phosphatase and can be
activated by myosin light chain kinase. Alternatively, myosin Il can be directly
activated by ROCK through phosphorylation of serine 19 in the regulatory
myosin light chain (Ueda et al., 2002). Myosin Il functions by promoting
retrograde F-actin flow from the peripheral to the central regions of the growth
cone (Lin et al., 1997). However, it has been shown that ROCK does not
regulate myosin Il driven F-actin retrograde flow in growth cone lamellipodia
(Zhang et al., 2003). This suggests that lamellipodial retrograde flow is driven
by myosin Il in a ROCK independent pathway and that ROCK regulates the
activity of myosin Il in a different context. = As well as suppressing protrusive
activity of the growth cone, myosin Il is also required for axon retraction but via
a different pathway than the one that drives F-actin bundle formation and
growth cone collapse (Gallo, 2006). Similar to the inhibition of ROCK, the
suppression of myosin Il activity by blebbistatin increased the initiation of
lamellipodia and filopodia in axons (Loudon et al., 2006), suggesting that ROCK
and myosin Il function in the same pathway to repress the protrusive activity of
growth cones. In addition, inhibition of ROCK and myosin Il disrupts growth
cone polarity and impairs the turning behavior of growth cones towards an
attractive cue (Loudon et al., 2006). This indicates that ROCK and myosin I

are important for axon consolidation and maintaining growth cone polarity.
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Guidance cues are important in regulating actin polymerisation and
depolymerisation in lamellipodial and filopodial structures as well as
maintaining neuron and growth cone polarisation. In response to these
guidance cues, there are a large number of actin binding proteins that impact
on F-actin directly to influence the treadmilling process of the filament which will

be discussed next.

1.7 Actin binding proteins that regulate
actin  filaments and affect early

neuritogenesis and growth cone function

The actin filaments are important in many aspects of growth cone dynamics
and neuritogenesis. As the treadmilling process of actin filaments are
controlled and regulated by many actin binding proteins, the function of these
actin binding proteins will be discussed in the context of growth cones and

neuritogenesis.

As discussed earlier a variety of actin binding proteins including ADF/cofilin,
Arp2/3, gelsolin and formin are regulated by different tropomyosin isoforms.
ADF/cofilin enhances actin depolymerisation when bound to actin filaments.

This protein appears to play a part in growth cone development and neurite
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extension. In neurons, the expression level of ADF/cofilin is high and it
colocalises to F-actin in growth cones (Bamburg and Bray, 1987). Adenovirus-
mediated overexpression of Xenopus ADF in rat cortical neurons significantly
enlarged growth cone size and increased the number of filopodia. Also, the
overexpression of Xenopus ADF caused a significant increase in neurite length
(Meberg and Bamburg, 2000). Studies in chick dorsal root ganglion neurons
have shown that the phosphorylation of ADF/cofilin by LIMK and slingshot
needs to be regulated as it is essential for proper neurite extension (Endo et al.,
2007). Therefore, this suggests that ADF/cofilin plays a part in growth cone
development and neurite extension but these processes may require tight

regulation by LIMK, slingshot and tropomyosin.

Another actin binding protein, Arp2/3 whose activity on actin filaments is
influenced by the presence of tropomyosin appears to play a role in specific
aspects of neuronal development. Arp2/3 enhances polymerisation by
generating new branch points to existing actin filaments (reviewed in Amann
and Pollard, 2001). In fibroblasts, Arp2/3 is located in the peripherial region and
its inhibition severely disrupts actin organisation and membrane protrusion
(Strasser et al., 2004). Immunostaining studies showed that Arp2/3 was also
located at the periphery in hippocampal neurons and neuroblastoma cell lines
(Korobova and Svitkina, 2008). The elimination of Arp2/3 by small interfering
RNA in primary neurons and neuroblastoma cell lines revealed that F-actin
content is decreased, lamellipodial protrusion and retraction are inhibited and
filopodia initiation and dynamics are disrupted (Korobova and Svitkina, 2008).

Also, the depletion of Arp2/3 showed that RhoA activity is increased in these
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cells. Arp2/3is shown to be a downstream effector of Rac and Cdc42 (Rohatgi
et al., 1999; Klooster et al., 2006). These results suggest that Arp2/3 may play
a role in regulating the formation and dynamics of lamellipodia and filopodia by

responding to Rac and Cdc42 as well as affecting RhoA activity.

The activity of gelsolin, an actin severing and capping protein on actin filaments
is also impacted on by tropomyosin. This protein co-localises with actin
filaments in the neurites and central region of the neuronal growth cones as
well as the leading edge of lamellipodia and filopodia shown by immunostaining
of fixed hippocampal neurons (Lu et al., 1997). In gelsolin knockout (KO)
mouse studies it has been shown that hippocampal neurons exhibit a greater
number of filopodia in response to the lack of gelsolin which was due to a
delayed retraction rate. Gelsolin also regulates the generation of filopodial
dynamics (Lu et al.,, 1997). This suggests that gelsolin plays a role in the

formation and dynamics of filopodia.

Tropomyosin works in conjunction with formin as well as myosin to regulate
elongation at the barbed end of the actin filament (Wawro et al., 2007). At the
barbed end of F-actin, mDir/formin which is the mammalian homologue of
formin, enhances polymerisation by promoting actin nucleation (reviewed in
Ishikawa and Kohama, 2007). The mDir/formin protein is found at the tip of

filopodia, suggesting that it may play a role in regulating filopodial dynamics.

Myosin is part of a family of actin motor proteins and is involved in cell motility.

Myosin I, which has been discussed earlier, can be recruited by certain
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tropomyosin isoforms. The most prominent myosins in neuronal growth cones
are myosin Il and V. Myosin Il drives retrograde flow of F-actin from the
peripheral region of lamellipodia and filopodia to the central domain of growth
cones (Lin et al., 1997). In non-muscles, there are two subtypes of myosin I,
myosin IIA and myosin IIB. Myosin IIB is more abundant in the growth cone
than myosin IIA. Both myosin IIA and myosin IIB are found in the central
regions of the growth cone with myosin IIB also located in the periphery of
growth cones (Rochlin et al., 1995). Studies using myosin 1IB knockout mice
have confirmed that myosin 1IB is required for proper growth cone motility and
that the rate of retrograde flow is increased in growth cones with the depletion
of myosin IIB (Bridgman et al., 2001; Brown and Bridgman, 2003). The
increase in rate of retrograde flow suggests that myosin IIA may also play a role
in this process and may functionally compensate for the loss of myosin IIB.
The other myosin that is predominantly found in the growth cones is myosin V.
Myosin V is also found in the cell body and colocalises with F-actin bundles in
filopodial structures (Wang et al.,, 1996). Chromophore-assisted laser
inactivation (CALI) of myosin V in growth cones of chick dorsal root ganglion
neurons significantly decreased the rate of filopodial extension without affecting
the rate of filopodial retraction (Wang et al., 1996). Taken together, myosin I

and myosin V play different roles in controlling growth cone dynamics.

These studies demonstrate that tropomyosin isoforms regulate many actin

binding proteins that affect the treadmilling of F-actin in growth cone dynamics

and neuritogenesis.
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1.8 Aims

The aim of this project is to investigate the role of Tm5NM1/2, isoforms
containing exon 9d from the yTm gene, on growth cone function and the early
stages of neuritogenesis. The effect of eliminating Tm5NM1/2 on growth cone
dynamics and neurite formation including length and branching is investigated.
Functional compensation by other neuronal tropomyosin isoforms for the loss of
Tm5NM1/2 is analysed. Furthermore, the impact of Tm5NM1/2 depletion on

the levels of active and inactive ADF/cofilin is examined.

1.9 Hypotheses

Growth cone structures in Tm5NML1 transgenics are larger (Schevzov et al.,
2005a) while growth cones of Tm5NM1/2 KO neurons are smaller in size as
compared to WT controls (Fath et al., manuscript in preparation). As the
growth cone is a major dynamic structure of the neuron, the depletion of
Tm5NM1/2 is hypothesised to also have an impact on the dynamic behaviour of

growth cones.

In addition, the overexpression of Tm5NM1 increases neurite outgrowth
(Schevzov et al., 2005a). Therefore, it is predicted that the loss of TmM5NM1/2
will affect the regulation of neuritogenesis in neurons of TmM5NM1/2 KO mice.
In TmM5NM1/2 depleted neurons, neurite outgrowth is hypothesised to be

decreased.
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On the molecular level, there is a significant decrease of ADF/cofilin activity
while total ADF/cofilin is unaltered when Tm5NML1 is overexpressed (Bryce et
al., 2003). Therefore, it is hypothesised that with the depletion of TmM5NM1/2
the inactive form of ADF/cofilin is significantly decreased with unchanged total
ADF/cofilin levels. As Tm5NM1 is a competitive inhibitor of active ADF/cofilin,
the depletion of Tm5NM1/2 is predicted to alter the localisation of active

ADF/cofilin in neurons.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Mice deficient for Tm5NM1/2 isoforms

(y9d or Tm5NM1/2 KO mice)

For this study a mouse model was used which is deficient for products of the
yTm gene containing exon 9d (y9d or Tm5NM1/2 KO). All animal experiments
were performed in accordance with institutional and National Health and
Medical Research Council (NH&MRC) guidelines. The knockout construct
used to delete the exon 9d containing isoforms from the yTm gene (Tm5NM1/2)
as well as the generation of mice are described in detail (Fath et al., manuscript

in preparation).
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2.1.2 List of Chemicals and Reagents

2.1.2.1 Media and sera for cell culture

Table 2.1 List of media and sera used in cell culture

MEDIA AND SERA MANUFACTURER
Dulbecco’s Modified Eagle’s medium _
Invitrogen, Carlsbad, CA, USA
(DMEM)
Fetal bovine serum (FBS) HyClone, Ogden, UT, USA
Neurobasal Medium (NB) Invitrogen, Carlsbad, CA, USA
GlutaMax Invitrogen, Carlsbad, CA, USA
B27 Supplement Invitrogen, Carlsbad, CA, USA

2.1.2.2 Solutions and reagents for cell culture

Table 2.2 List of solutions and reagents used for cell culture

OTHER REAGENTS MANUFACTURER
Water for Irrigation (ddH,O) Baxter Healthcare, Deerfield, IL, USA
Poly-D-lysine (PDL) Sigma-Aldrich, Louis, MO, USA

Hanks Balanced Salt Solution

_ ot o Sigma-Aldrich, St. Louis, MO, USA
(without Ca“” and Mg“")

HEPES (4-(2-hydroxyethyl)-1-

_ . _ _ Sigma-Aldrich, St. Louis, MO, USA
piperazineethanesulfonic acid)

Trypsin solution from porcine _ _ _
Sigma-Aldrich, St. Louis, MO, USA
pancreas

Deoxyribonuclease | (DNase) from _ . _
_ Sigma-Aldrich, St. Louis, MO, USA
bovine pancreas

Bovine Serum Albumin Fraction V .
Invitrogen, Carlsbad, CA, USA
IgG Free

Phosphate Buffered Saline (PBS)

MP Biomedicals, Aurora, OH, USA
Tablets
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2.1.2.3 Reagents for Immunofluorescence

Table 2.3 List of reagents for immunofluorescence

SOLUTIONS FOR
IMMUNOFLUORESCENCE

MANUFACTURER

4,6-diamidino-2-phenylindole (DAPI) Invitrogen, Carlsbad, CA, USA

Phalloidin Alexa Fluor 647 (Cy5) Molecular Probes, Eugene, OR, USA

Thermo Electron Corporation,
Waltham, MA, USA

Immu-Mount

2.1.2.4 Other Chemicals

Table 2.4 List of other chemicals used in experiments

OTHER CHEMICALS MANUFACTURER
. International Products Corporation,
Micro-90 ]
Burlington, NJ USA
_ _ Selby-Biolab, Scoresby, Victoria,
Boric Acid .
Australia
Sodium tetraborate BDH, Poole, UK
Sodium Hydroxide Amresco, Solon, OH, USA
Crown Scientific, Minto, NSW,
Ethanol _
Australia
Paraformaldehyde (PFA) powder Sigma-Aldrich, St. Louis, MO, USA
Nonidet P-40 (NP40) Calbiochem, La Jolla, CA, U.S.A
Crown Scientific, Minto, NSW,
Methanol
Australia




2.1.3 Antibodies

2.13.1

Primary Antibodies

Table 2.5 List of primary antibodies used in experiments

ANTIBODIES TARGETS MANUFACTURER
Chiron Mimotopes,
y9d Tm5NM1/2 .
Emeryville, CA, USA
Kind gift provided by
CG3 All yTm gene products Professor Jim Lin, IA,
USA
Chiron Mimotopes,
a9b TmBr2 _
Emeryville, CA, USA
Chiron Mimotopes,
af1b TmBr2, TmBr3, Tmb5a/b _
Emeryville, CA, USA
Chiron Mimotopes,
af9d Tm2, Tm3, Tmba/b .
Emeryville, CA, USA
_ Covance, Princeton, NJ,
TUJ1 Neuronal 33 tubulin
USA
Microtubule associated
protein Tau, _
_ Chemicon, Temecula,
Taul dephosphorylated at serine
CA, USA
192-204 (Axonal marker)
(Szendrei et al., 1993)
Microtubule-associated Chemicon, Temecula,
MAP2 _ N
protein 2 (Dendritic marker) CA, USA
- Kind gift provided by
- Phosphorylated ADF/cofilin
pADF/cofilin _ Professor James R.
(Inactive form)
Bamburg, CO, USA
Kind gift provided by
Total ADF/cofilin Total ADF/cofilin Professor James R.
Bamburg, CO, USA
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2.1.3.2 Secondary Antibodies

Table 2.6 List of secondary antibodies used in experiments

ANTIBODIES MANUFACTURER
) Molecular Probes, Eugene, OR,
Donkey Anti-Mouse Alexa Fluor 488 IgG USA

Donkey Anti-Mouse Cy3 IgG

Jackson ImmunoResearch
Laboratories, West Grove, PA,
USA

Donkey Anti-Rabbit Alexa Fluor 488 1gG

Molecular Probes, Eugene, OR,
USA

Donkey Anti-Rabbit Cy3 IgG

Jackson ImmunoResearch
Laboratories, West Grove, PA,
USA

Donkey Anti-Sheep Alexa Fluor 488 IgG

Molecular Probes, Eugene, OR,
USA

Donkey Anti-Sheep Cy3 IgG

Jackson ImmunoResearch
Laboratories, West Grove, PA,
USA

Goat Anti-Mouse Alexa Fluor 488 IgM

Molecular Probes, Eugene, OR,
USA

Goat Anti-Mouse Cy3 IgM

Jackson ImmunoResearch
Laboratories, West Grove, PA,
USA
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2.1.4 Equipment and Software

2.1.4.1 List of Equipment used in experiments

Table 2.7 List of equipment used in experiments

EQUIPMENT MANUFACTURER

_ _ Menzel-Glaser, Braunschweig,
13mm Glass Coverslips Circle Number 1
Germany

Nalge Nunc International,

8-well Lab-Tekll Chambered Coverglass
Rochester, NY, USA

Becton Dickinson Labware,

Multiwell 24 well tissue culture plates _
Franklin Lakes, NJ, USA

Olympus BX50 Microscope (SPOT) Olympus, Tokyo, Japan
Olympus IX81 Live Cell Microscope Olympus, Tokyo, Japan
LOMB Scientific, Taren Point NSW,

Sail Brand Microscope Slides

Australia

2.1.4.2 List of software used in experiments

Table 2.8 List of software used in experiments

SOFTWARE MANUFACTURER
Adobe Photoshop Adobe Systems, San Jose, CA, USA
MetaMorph Imaging Software

21 Molecular Devices, Sunnyvale, CA, USA

Microsoft Corporation, Redmond,
Washington, USA

Microsoft Excel

SPSS Software SPSS, Chicago, IL, USA
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2.2 Methods

2.2.1 Preparing plates for cell culture

A detergent solution (2% MICRO-90 in milliQ water) was prepared and
incubated in a 60°C incubator for 15 mins. Round glass coverslips (d13mm)
were placed into the heated detergent and incubated at 60°C for 30 mins. After
the incubation, the detergent was carefully decanted and the coverslips were
washed thoroughly (more than 10x) with deionised water. After the washes,
the water was replaced with 100% ethanol. The coverslips were washed twice
with ethanol to ensure that no traces of water were left behind. Coverslips were
left submerged in 100% ethanol in the cell culture hood until needed for plate
preparation. The following steps for setting up cell culture plates were all

performed under sterile conditions in class Il cabinets.

2.2.1.1 Short-term cell culture plates

Cell culture plates (24 wells) were used for short-term cultures. In each well,
500uL of ddH,O was added. Using forceps and an ethanol burner, each
coverslip was flamed and cooled before being placed into separate wells. The
water was aspirated off from each well and replaced with 0.1 mg mL™ poly-D-
lysine (PDL), which was diluted in borate buffer. The plates were incubated
overnight at 37°C in a humidified 5% CO, incubator. After the overnight
incubation, the PDL solution was aspirated from each well. The plates were
washed twice with water for irrigation for 1 hour in total. After the washes, the
water was aspirated off and the plates were left to dry in the hood. Once the

coverslips dried, the plates were sealed with parafilm and stored at 4°C.
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2.2.1.2 Long-term cell culture plates

The protocol for preparing and plating long-term cell culture plates have been
previously described in detail (Fath et al., 2009) (Figure 2.1). For this protocol
12-well cell culture plates were used. These plates were also used for short-
term cultures as the resulting neuronal cells showed better morphology due to
the presence of supporting cortical ring cultures. To prepare the plates, a drop
of ddH,O was placed into the middle of each well. Each glass coverslip was
flamed with an ethanol burner, cooled and placed into the middle of the well, on
top of the water droplet. Firstly at the edge of the bottom of the well, referred to
as the “ring”, 100uL of PDL solution was placed (Refer to section 2.2.1.1). This
was done by dispensing the solution while tracing the edge at the bottom of the
well. Another 100uL of PDL solution was then carefully placed on top of the
coverslip, ensuring that the ring solution and the solution on the coverslip did
not merge. The plates were incubated overnight at 37°C in a humidified 5%
CO; incubator. After the overnight incubation, the PDL solution was aspirated
off from each well. The plates were washed 2x with ddH,O for 1 hour in total.
To wash, 100uL of ddH,O was firstly added to the rings and then on top of the
coverslip. After the two washes, the water was aspirated off and the plates
were left to dry in the hood. The dried plates were sealed with parafilm and

stored at 4°C.
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2.2.2 Dissecting and culturing hippocampal

and cortical neuronal cells

Primary cells from dissected hippocampal and cortical tissues of 16.5 day
embryos were cultured as described previously (Schevzov et al., 2008; Fath et
al., 2009). Pregnant mice were sacrificed by cervical dislocation. Under sterile
conditions, 16.5 day embryos were harvested and placed in petridishes on ice
filed with HBSS. Brains were removed from these embryos and were cut
longitudinally into two hemispheres. The meninges layer was peeled off from
the brains and the cortical tissue was separated from the midbrain of each
hemisphere. The hippocampal tissue was then dissected from the cortex. The
dissected hippocampal and cortical tissues were incubated with 1x Trypsin for
30 mins and 1 hour respectively. The tissues were then treated with 1mg/mL
DNAsel after which the cells were triturated 10x with wide and then narrow fire

polished glass pipettes.

For short-term cultures, neuronal cells were plated onto PDL coated glass
coverslips in 24-well cell culture plates (Fath et al., 2009). The plating volume
was adjusted to 500uL Dulbecco’s Modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS) per well. For plates using the long-
term cell culture protocol, hippocampal or cortical cells were plated onto
coverslips at a density of 2000 cells per mL in plating medium while 1x10°
cortical WT neurons were plated on the outside ring at a density of 1x10°
cells/mL in plating medium (Figure 2.1) (Fath et al., 2009). These cultures were

plated on the coverslip and the ring at 100uL volume per well. All cell culture
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plates were incubated for two hours at 37°C in a humidified 5% CO, incubator
after which the medium was changed to growth medium (Neurobasal medium
containing 2% B27 supplement and 0.5mM GlutaMax). For short-term culture
plates, 500uL of plating medium was replaced with an equal amount of growth
medium while for plates under the long-term culture protocol, the 100uL of
culture on the coverslip and 100uL of culture in the ring were replaced by 1mL

of growth medium added into the well (Figure 2.1).
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Figure 2.1 Protocol for plating long term cultures. A drop of water was placed in the
middle of each well. A 13mm @ round coverslip was placed on top of this water droplet. PDL
was coated on the coverslip and at the edge of the bottom of the well, referred to as the
“ring”. After overnight incubation at 37°C, the PDL solution was washed off and hippocampal
and cortical neuronal cultures were plated onto the coverslip and the ring. After 2hrs at 37°C,
the neuronal cultures in plating medium were replaced with growth medium.



2.2.3 Immunofluorescence

Hippocampal and cortical neurons were cultured on PDL coated glass
coverslips and fixed after 4 days with 4% PFA in PBS for 20 mins. After the
fixation, the cells were washed 5x with PBS for 2 mins and permeabilised with
0.2% NP40 for 20 mins. The permeabilised cells were washed 5x with PBS for
2 mins and incubated with 2% FBS in PBS blocking solution for 30 mins. Cells
were incubated with primary antibodies for 1 hour. After washing the cells 5x in
PBS for 2 mins, the cells were incubated with fluorophore labelled secondary
antibodies and DAPI for 30 mins. To avoid bleaching of the samples, the
procedure was carried out in the dark at room temperature. Neuronal cells
were washed 5x in PBS for 2 mins and then gently rinsed in distilled water
before being mounted onto microscope slides using Immu-Mount. This
protocol was followed by all immunofluorescence experiments unless otherwise

stated.

2.2.3.1 Tropomyosin Localisation

Hippocampal and cortical neurons were cultured, fixed, permeabilised and
stained as stated above. Primary antibodies used were the sheep polyclonal
antibodies y9d (Percival et al., 2004), a9b, af1b, af9d (Schevzov et al., 1997)
and the mouse monoclonal antibodies TUJ1 and CG3 (Novy et al., 1993). The
CG3 and y9d antibodies detect isoforms from the yTm gene while the a9b, af1b
and of9d antibodies detect isoforms from the aTm gene (Schevzov et al.,

2005b). The TUJ1 antibody detects neuron specific 33 tubulin.
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All primary antibodies (except a9b) were diluted to 1:100 in 2% FBS in PBS
blocking solution. a9b was used at a dilution of 1:200. Secondary antibodies
used were the fluorophore-conjugated donkey anti-mouse and sheep
antibodies at 1:250, diluted in 2% FBS in PBS blocking solution. DAPI was
used at 1:1000, diluted in 2% FBS in PBS blocking solution. Cells were
incubated with the secondary antibodies and DAPI for 30 mins in the dark at
room temperature. After the secondary antibody staining, the cells were
incubated with phalloidin far red (Alexa 647) which was used at 60U/mL, diluted
in 1% FBS in PBS. The cells were washed 5x in PBS for 2 mins before being
gently rinsed in distilled water and mounted onto microscope slides using

Immu-Mount.

2.2.3.2 Neurite Outgrowth

Primary antibodies used to identify the axonal and dendritic compartments were
the mouse monoclonal Taul and the rabbit polyclonal MAP2 antibodies. The
Taul and MAP2 antibodies were used at 1:250, diluted in 2% FBS in PBS
blocking solution. The secondary antibodies used were the fluorophore-
conjugated donkey anti-mouse and rabbit antibodies. These were used at
1:250, diluted in 2% FBS in PBS blocking solution. DAPI was used at 1:1000,

diluted in 2% FBS in PBS blocking solution.
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2.2.3.3 Determining the inactive and total levels of

ADF/cofilin

Hippocampal and cortical neurons were cultured and fixed as stated above.
Fixed cells were washed 2x with PBS and permeabilised with ice cold methanol
for 10 mins at room temperature. Neuronal cells were washed once with PBS
and incubated 3x for 5 mins with 0.5% BSA in PBS blocking solution. The cells
were stained with the primary antibodies for overnight at 4°C in a humidified
container.  After 3x washes with 0.5% BSA in PBS cells were stained with the
secondary antibodies for 1 hour in the dark at room temperature. The cells
were then washed 2x in PBS and incubated with DAPI for 10 mins at room
temperature in the dark.  Following DAPI staining, the cells were washed 2x

with PBS and mounted onto microscope slides using Immu-Mount.

Primary antibodies used were the rabbit polyclonal ser3 phospho-ADF/cofilin
(pADF/cofilin) and mouse monoclonal ADF/cofilin, diluted to 1:500 in 0.5% BSA
in PBS blocking solution. Secondary antibodies used were the fluorophore-
conjugated donkey anti-mouse and rabbit antibodies, diluted 1:2000 in 0.5%

BSA in PBS blocking solution. DAPI was used at 1:10,000, diluted in PBS.
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2.2.4 Generation and analysis of kymographs

Hippocampal neurons were plated in 8-well chamber slides at a density of
2x10° cells per chamber. A number of experiments represented by three
different chamber slides were set up. Neurons were cultured for 1 day and
imaged on an Olympus IX81 live cell microscope equipped with an
environmental chamber. Neurons were imaged for 8 mins and 20 secs at 37°C
and 5% CO, with a picture captured every 1.4 secs. Images were assembled
in a stack using MetaMorph software version 7.1. Lines of 1 pixel thickness
were selected at various positions perpendicular to the cell edge of growth
cones in between two filopodia. Using MetaMorph software, kymographs were
generated from growth cone depicted along those lines. Protrusions of growth
cones are represented by positive slope lines on the kymographs while
retractions are shown as negative slope lines. When the growth cone is
pausing this is depicted by a horizontal line (Figure 2.2). Protrusion and
retraction rates of growth cones were analysed from kymographs. For each
growth cone analysed, an average of 4 kymographs were collected and the
mean was determined. The protrusion and retraction rates as well as the
frequency at which the growth cone changes between protrusion and retraction

were analysed.
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Figure 2.2 Analysis of growth cone dynamics using kymographs. Hippocampal neurons
were cultured for 1 day and imaged every 1.4 secs for 8 mins and 20 secs. A still image of a
hippocampal neuron is shown (a) and boxed in white is a growth cone which is enlarged (b).
Lines of 1 pixel thickness were selected at various positions on growth cones perpendicular to
the cell edge in between two filopodia. Kymographs were generated along that line using
MetaMorph software (c). The advancement and retraction of the lamellipodial membrane are
depicted as red and yellow curved lines. The red positive slope line represents growth cone
protrusion while the yellow negative slope line depicts growth cone retraction. The horizontal line
shown in orange corresponds to the pausing of the growth cone. Scale bar 20pum.
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2.2.5 Analysis of Tropomyosin Localisation

Hippocampal and cortical neurons were cultured for 4 days at a density of 5000
cells or 10,000 cells per well. Two to three coverslips were stained per
condition for each experiment. Two independent experiments were performed.
In each experiment, 5 neurons per coverslip were imaged using an Olympus
IX81 live cell microscope with a 40x oil objective. The relative intensity level
and the location of the signals from the two antibodies used to stain each

coverslip were analysed using MetaMorph Software version 7.1.

2.2.6 Analysis of Neurite outgrowth

To determine the optimal conditions for comparing neurite outgrowth of
Tm5NM1/2 KO neurons with WT controls, primary hippocampal and cortical
neurons were plated at 50x10° cells per well and fixed every day from 1 day to
10 days. For each time point, 50 neurons were imaged either on an Olympus
BX50 SPOT or Olympus 1X81 live cell microscopes using 20x objectives.
Neurite lengths were measured using MetaMorph software and the rate of
neurite outgrowth (length vs time) was plotted in Microsoft Excel. The optimal
conditions for comparing neurite outgrowth between Tm5NM1/2 KO and WT

neurons were determined to be at 50x10° cells per well cultured for 4 days.

To compare neurite outgrowth between Tm5NM1/2 KO neurons and WT
controls, hippocampal and cortical neurons were plated at a density of 50x10°
cells per well and at an optimal time of 4 days. Images of 50 fixed neurons were

taken from each coverslip either on the Olympus BX50 SPOT or Olympus 1X81
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live cell microscope using the 20x objective. For each condition, 3 coverslips
were stained and three independent experiments were performed. Neurite
lengths were determined by outlining the entire extension or protrusion using
MetaMorph software version 7.1. The data were collated in Microsoft Excel.
These data for both Tm5NM1/2 KO and WT neurons were first separated into
primary, secondary and tertiary neurites (Figure 2.3) and secondly divided into
axons and dendrites (Figure 2.4). From these results, axon and dendrite
primary and secondary branching were determined and analysed between

Tm5NM1/2 KO and WT neurons (Figure 2.3).
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Figure 2.3 Classification of neurites and branch points. A schematic diagram of a neuron
(a) with a neurite section enlarged (b). A primary neurite protrudes from the cell body while a
secondary neurite extends from the primary neurite. Similarly, tertiary neurites originate from
the secondary neurite. Neurite lengths were measured by outlining the length of the protrusion
using MetaMorph. Branching was determined using these results. A primary branch point is
the junction between primary and secondary neurite whilst a secondary branch point is the link
between secondary and tertiary neurites.

Figure 2.4 Immunofluorescence staining of a polarised neuron. Neurons have been
stained using Taul (green) and MAP2 (red) antibodies that detect axons and dendrites
respectively. A polarised neuron has distinct green staining at one single axon. Scale bar
20pm.
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2.2.7 Analysis of inactive pADF/cofilin as a

ratio of the total ADF/cofilin

Hippocampal and cortical neurons were cultured for 4 days. A total of 2
coverslips were stained and two independent experiments were performed.
For each experiment, 10 images were taken on the Olympus 1X81 live cell

microscope.

The intensity of pADF/cofilin was quantified as a ratio to total ADF/cofilin using
MetaMorph software. The divide function was used to determine the intensity
of pADF/cofilin staining over total ADF/cofilin in neuronal growth cones. The
ratios were collated in Microsoft Excel and compared between WT and

Tm5NM1/2 KO neurons.

2.2.8 Statistical Analysis

Statistical analyses were performed on growth cone dynamics and neurite
outgrowth data using the parametric 2 sample independent T test or non

parametric Mann Whitney U Test from the SPSS software.
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Chapter 3
Effect of TM5NM1/2 depletion

on growth cone dynamics

3.1 Introduction

Tm5NM1 localises to growth cones of developing neurons which indicates that
it may play a role in growth cone development (Schevzov et al., 1997;
Schevzov et al.,, 2005a). When Tm5NM1 is overexpressed the growth cone
sizes of cultured hippocampal and cortical neurons from these mice are
significantly increased (Schevzov et al., 2005a; Schevzov et al.,, 2008).
Furthermore, TM5NML1 alters growth cone size via increasing the F-actin pool
(Schevzov et al.,, 2008). This strongly suggests that Tm5NM1 regulates the
amount of microfilaments in these structures. As tropomyosins are actin
stabilising proteins, TmM5NM1 may also influence the actin dynamics of these
microfilaments. Hence, the depletion of TmM5NM1/2 was hypothesised to have

an impact on growth cone dynamics via its regulation of F-actin.

Results showed that the protrusion rates of homozygous Tm5NM1/2 KO growth
cones were significantly increased compared to WT samples while retraction

rates and rate of directional change were comparable to WT mice. From
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hemizygous Tm5NM1/2 KO growth cones, protrusion and retraction rates were
similar to WT controls while the rate of directional change was significantly

decreased when compared to WT neurons.

3.2 Results

Growth cone dynamics in neurons from hemizygous and homozygous
Tm5NM1/2 KO mice were analysed by generating kymographs at the leading
edge of growth cones (Figure 3.1). From these kymographs, the mean
protrusion and retraction rates as well as rate of directional change were

determined.

Growth cone dynamics were analysed from kymographs of 3 independent
experiments and these results were represented in separate graphs (Figures
3.2a, 3.2b and 3.2c). Slight variations were observed between these three
experiments. The data from these 3 experiments were pooled together into a
single graph (Figure 3.3). Protrusion rates in hemizygous and homozygous
Tm5NM1/2 KO growth cones were both increased when compared to WT
samples, however only the increase in Tm5NM1/2 KO growth cones was found
to be significant (p=0.007). Retraction rates in both hemizygous and
homozygous Tm5NM1/2 samples were comparable to WT samples. The rate
of directional change was significantly decreased in hemizygous Tm5NM1/2
KO growth cones (p<0.0001) while in homozygous KO samples there was a
trend towards an increased rate of directional change when compared to WT

samples.
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Figure 3.1 Kymographs of WT, hemizygous and homozygous Tm5NM1/2 KO neurons.
These kymographs, depicting the dynamics of growth cones, appear similar between WT (a),
hemizygous Tm5NM1/2 (b) and homozygous Tm5NM1/2 KO (c) neurons.
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Figure 3.2 Growth cone dynamics of WT, hemizygous and homozygous Tm5NM1/2 KO
hippocampal neurons from three independent experiments. Each graph represents a
separate experiment (a, b, ¢). Protrusion rates were only significantly different in experiment 3.
There was a significant increase in protrusion rates from both hemizygous Tm5NM1/2 KO
growth cones (p=0.035) and homozygous KO growth cones (p=0.02) when compared to WT
controls. Retraction rates of hemizygous Tm5NM1/2 KO growth cones were all significantly
different when compared to WT samples (Experiment 1 — p=0.017, Experiment 2 — p=0.038,
Experiment 3 — p=0.02) but not from homozygous KO growth cones. Rate of directional
change was only significantly different in hemizygous Tm5NM1/2 KO growth cones in
experiment 3 (p<0.0001) Mean protrusion, retraction rates and rate of directional change for all
growth cones are shown. n represents the total number of kymographs analysed. Error bars
represent standard error of the mean. *p<0.05, **p<0.0001
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Figure 3.3 Effect of Tm5NM1/2 depletion on protrusion, retraction rates and rate of
directional change in hippocampal neurons. Protrusion rates of homozygous KO growth
cones are significantly increased (p=0.007) while rate of directional change from hemizygous
KO growth cones are significantly decreased (p<0.0001) when compared to WT counterparts.
Mean protrusion, retraction rates and rate of directional change for all growth cones are shown.
n represents the total number of kymographs analysed. Error bars represent standard error of
the mean. *p<0.05, **p<0.0001
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3.3 Discussion

3.3.1 Variability between experiments

There are small variabilities between the three experiments. This could be due
to slight alterations in the conditions under which these neurons have been
cultured. Even though the number of days in culture and the density at which
these cultures are plated are controlled, there are some conditions that cannot
be completely controlled between experiments. The neuronal cultures have
been cultured and imaged at 37°C and 5% CO, however these cultures are
very sensitive and react to small changes in culture conditions. The
temperature and CO; levels may be altered with the opening of the incubator
which is necessary for medium changes. The number of times and the duration
each time the incubator is opened cannot be strictly controlled. As these are
live cultures that are imaged, the fluctuating conditions inside the environmental
chamber of the microscope may add another factor of variation in the results

between these experiments.

62



3.3.2 Tm5NM1/2 isoforms are not essential for
the formation of growth cones and

regulation of dynamics

Previous immunofluorescence images showed that Tm5NM1 is present in the
peripheral regions of growth cones of developing neurons (Schevzov et al.,
2005a). This suggests that this isoform may be involved in the regulation of
dynamic structures of the growth cone. However, results show that neurons
lacking Tm5NM1/2 exhibit only a subtle change in their phenotype with regards
to growth cone dynamics as compared to neurons from WT control mice. This
indicates that TmM5NM1/2, products from the yTm gene, may not be essential

for growth cone function.

Alternatively Tm5NM1/2 could be required for growth cone function but are
rescued by compensating tropomyosin isoforms. Previously, western blot
analysis has shown that with the loss of Tm5NM1/2, expression of exon 9c
containing isoforms of the yTm gene (Tm5NM4/7) is upregulated. However, it
is unlikely that the amount of isoform product would be sufficient to rescue the
loss of TM5NM1/2 in neurons cultured for 1 day from Tm5NM1/2 KO mice.
Less than 1% of the depleted Tm5NM1/2 is compensated by total yTm gene
products at 1DIV and this compensation peaks at about 15% at 4DIV (Fath et
al. manuscript in preparation). Another candidate is Tm4. This appears to be
more likely as Tm4 sorts to the growth cone structure and may play a role in the

stabilisation of the actin filaments in this region (Had et al., 1994).
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3.3.3 Partial functional compensation by other
tropomyosin isoforms influence actin
fillament dynamics in neuronal growth

cones

Results presented here show that with regards to growth cone dynamics, the
protrusion and retraction rates were similar between hemizygous Tm5NM1/2
KO and WT neurons. As the effects were comparable to WT controls, this
suggests that the stability and turnover rate of actin filaments within the growth
cone is similar to WT controls. The partial loss of Tm5NM1/2 may have
affected the stability of the actin filaments.  However, in the hemizygous
Tm5NM1/2 KO mice, only half of Tm5NM1/2 isoform product is knocked out
leaving behind a pool of TmM5NM1/2 isoforms which can either homodimerise or
heterodimerise with other tropomyosin isoforms. Even though non-muscle
tropomyosin isoforms have been found to prefer homodimerisation over
heterodimerisation (Gimona et al.,, 1995), Tm5NM1/2 can also form
heterodimers. In vitro data show heterodimer formation of Tm5NM1/2 with
Tmb5a, Tm5b and Tm4, preferentially in that order (Temm-Grove et al., 1996;
Araya et al., 2002). Hence, a potential impact on actin filament instability due
to the hemizygous loss of TmM5NM1/2 may be restored by the dimerisation of
Tm5NM1/2 with Tm4 or Tmb5a/Sb. Tm4 localises to the central part of the
growth cone and to the base of filopodia (Had et al., 1994). Tmb5a/5b isoforms
localise to growth cone structures when they form at the end of neurites

(Schevzov et al., 1997). Tmba/5b isoforms also have the highest affinity to F-
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actin compared to any other tropomyosin isoforms that have been studied
(Moraczewska et al., 1999). As Tm5NM1/2 preferentially associates with Tm4
and Tmb5a/5b, isoforms which are found in growth cones, they are likely

candidates to functionally compensate for the hemizygous loss of TmM5NM1/2.

In homozygous Tm5NM1/2 KO neurons, protrusion rates were significantly
increased while retraction rates were comparable to WT samples. These
results suggest that the stability of actin filaments in growth cones from
homozygous Tm5NM1/2 KO neurons is different to WT controls. A potential
difference in stability of actin filaments due to the depletion of TmM5NM1/2 can
be explained by two possible scenarios. Firstly, the loss of Tm5NM1/2 may be
compensated at a functional level by other tropomyosin isoforms. As discussed
earlier, it appears unlikely that Tm5NM4/7 isoforms are functionally
compensating as it only corresponds to less than 1% of the level of TmM5NM1/2
product (Fath et al. manuscript in preparation). Instead, other tropomyosin
isoforms could functionally compensate by localising to specific regions within
the growth cone structures where Tm5NM1/2 is lost while the overall protein
levels are unchanged. Tm4 and Tmb5a/5b appear to be likely candidates as
they are found in growth cone structures of developing neurons (Had et al.,
1994; Schevzov et al., 1997). Therefore, it is possible that unattached Tm4 or
Tmba/5b can associate with F-actin in the growth cones that have now been
depleted of TM5NM1/2. The resulting actin filament dynamics may differ from
WT controls as it depends on its association with specific tropomyosin isoforms.
Previously, it has been shown that the association of Tm5NM1/2 with actin

filaments results in more stable filaments while the association of another
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isoform, TmBr3, with actin filaments results in higher turnover rate of the
filaments (Bryce et al.,, 2003). Hence, actin filaments decorated by Tm4 or
Tmb5a/5b in homozygous Tm5NM1/2 KO neurons may have different dynamics
to actin filaments associated with Tm5NM1/2 in WT controls.  Another
possibility is that Tm5NM1/2 are not functionally compensated by Tm4 or
Tmb5a/5b as they may bind to different actin filament populations within growth
cones. The actin filaments depleted of TmM5NM1/2 will have an altered stability
compared to actin filaments associated with Tm5NM1/2. The two possible
scenarios may be revealed by examining the levels of unattached Tm4 or
Tmba/5b associating with actin filaments. This may be determined by
analysing the size of the soluble and insoluble pools of Tm4 and Tm5a/5b
isoforms. If the soluble pool of Tm4 or Tm5a/5b is unchanged then this
suggests that Tm4 or Tmb5a/5b are not associating with actin filaments to
compensate for the lack of TM5NM1/2. A decrease in the soluble pool of Tm4
or Tm5a/5b indicates that Tm4 or Tmb5a/5b is recruited to actin filaments.
However, this does not necessarily mean that the corresponding tropomyosin
isoforms have associated with F-actin which lacks Tm5NM1/2. To determine
whether the tropomyosin has bound specifically to F-actin that has been
depleted of TmM5NM1/2, immuno-electron microscopy needs to be performed.
This will allow the visualisation of individual actin filaments and their association

with particular tropomyosin isoforms by immuno-labelling.
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Chapter 4

Localisation of tropomyosin
Isoforms in Tm5NM1/2

depleted neurons

4.1 Introduction

Previous analysis of neuronal tissue from Tm5NM1/2 KO mice revealed a
partial upregulation of yTm products containing exon 9c, Tm5NM4/7. However
a recent study using immunofluorescence staining on neurons cultured at 4DIV
from Tm5NM1/2 deficient mice have shown that only about 15% of total yTm
gene product is formed compared to WT controls (Fath et al., manuscript in
preparation). The aim of this section is to investigate the localisation of the
compensatory isoforms Tm5NM4/7 and products from other tropomyosin

genes.

Results of immunofluorescence analysis show that isoforms from the yTm gene
are not present at neurite tips at detectable levels in Tm5NM1/2 KO neurons
where Tm5NM1/2 are normally found. In addition, other neuronal tropomyosin

isoforms from the aTm gene including Tmb5a/5b, TmBr2 and TmBr3 show no
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difference in their localisation in homozygous Tm5NM1/2 KO neurons
compared to WT control, with the isoforms colocalising to neurite tips and
growth cone structures in hippocampal and cortical neurons. The low levels of
Tm5NM4/7 detected by western blot analysis are also unlikely to functionally
compensate for the loss of Tm5NM1/2. However, a single isoform or a
combination of Tmba/5b, TmBr2 and/or TmBr3 isoforms may increase its
localisation to growth cone structures therefore compensating at a functional

level for the loss of TM5NM1/2.
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4.2 Results

4.2.1 Confirmation of the lack of Tm5NM1/2

expression in TM5NM1/2 KO neurons

Firstly, it was confirmed that neurons from Tm5NM1/2 KO mice used in these
experiments lack Tm5NM1/2 expression. Hippocampal and cortical neurons
from both WT and Tm5NM1/2 KO mice were stained using the y9d antibody
which detects the isoforms Tm5NM1/2. In WT neurons, Tm5NM1/2 have a
prominent localisation at neurite tips and within the growth cone structure. The
deficiency of Tm5NM1/2 in neurons from Tm5NM1/2 KO mice is confirmed by
the lack of y9d signal throughout the neurons (Figure 4.1). Neurons derived
from these mice were then used to determine whether other tropomyosin

isoforms functionally compensate for the lack of TmM5NM1/2.

4.2.2 yTm gene products are not functionally

compensating for the loss of Tm5NM1/2

As Tm5SNM1/2 are isoforms from the yTm gene, functional compensation by
other isoforms from the same gene was investigated. The CG3 antibody was
used as it detects all products from the yTm gene. Results show that the CG3
signal is present at neurite tips and growth cone structures of WT neurons while
no signal is detected in Tm5NM1/2 KO neurons (Figure 4.1). The complete
lack of detectable CG3 signal in Tm5NM1/2 KO neurons indicates that other
isoforms from the yTm gene are not likely to functionally compensate for the

loss of TM5NM1/2.
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Figure 4.1 Alternative isoforms from the yTm gene are not compensating at a functional
level for the loss of Tm5NM1/2. Hippocampal WT and Tm5NM1/2 KO neurons have been
costained with the CG3 and y9d antibodies. The use of the y9d antibody specific for
Tm5NM1/2 showed signal at the neurite tips and growth cone structures in WT samples. As
expected, Tm5NM1/2 signal was not detected at any neuronal structures in Tm5NM1/2 KO
neurons. The CG3 antibody detects all isoforms from the yTm gene. The CG3 antibody
colocalises to neurite tips and growth cone structures in WT neurons but no signal was
detected in any neuronal structures in Tm5NM1/2 KO neurons. This indicates that the

remaining products from the yTm gene were not functionally compensating for the loss of
Tm5NM1/2. Scale bar 20pum.




4.2.3 Other neuronal tropomyosins may
functionally compensate for the lack of

TmS5NM1/2

As isoforms from the yTm gene were not functionally compensating for the lack
of Tm5NM1/2, altered localisation of tropomyosins from other tropomyosin
genes were analysed. Stainings using the a9b (Figure 4.2), af1b (Figure 4.3)
and af9d (Figure 4.4) antibodies were analysed. Samples were co-stained
using the TUJ1 antibody to visualise neurite structures. The TUJ1 antibody
targets 33 tubulin which is present in the soma, dendrites and axons. The a9b
antibody specifically detects the isoform TmBr2 while the af1b antibody targets
the isoforms Tmba, Tm5b, TmBr2 and TmBr3. In addition, the af9d antibody
detects the isoforms Tm6, Tm2, Tm3, Tmb5a and Tm5b. In neurons, the only
expressed isoforms that are detected by the af9d antibody are Tmb5a/5b.
Immunostaining using the a9b, afltb and af9d antibodies showed signal at
some but not all neurite tips and growth cone structures in both WT and
Tm5NM1/2 KO neurons (Figure 4.2, 4.3, 4.4). Therefore either a single isoform
or a combination of these tropomyosin isoforms, TmBr2, TmBr3 and Tmba/5b,
from the aTm gene may be able provide functional compensation for the lack of

Tm5NM1/2.
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Figure 4.2 TmBr2 localises to growth cones and may functionally compensate for the
loss of TmM5NM1/2. Hippocampal WT and Tm5NM1/2 KO neurons have been stained using
the a9b and TUJ1 antibodies. The TUJ1 antibody detects 3 tubulin in all regions of the neuron
except the growth cones. The a9b antibody targets TmBr2. Results using the a9b antibody
showed that TmBr2 localises to some neurite tips and growth cone structures in both
Tm5NM1/2 KO neurons and WT samples. Scale bar 20um.
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Figure 4.3 TmBr2, TmBr3 and/or Tmba/5b isoforms localise to the growth cone
structures and may functionally compensate for the loss of TmM5NM1/2. Hippocampal WT
and Tm5NM1/2 KO neurons have been stained using the aflb and TUJ1 antibodies. The TUJ1
antibody detects B3 tubulin in every structure of the neuron except growth cones. The aflb
antibody detects TmBr2, TmBr3 and Tmb5a/5b isoforms. Staining using the aflb antibody
showed that TmBr2, TmBr3 and/or Tm5a/5b localises to some neurite tips and growth cone
structures in both WT and Tm5NM1/2 KO neurons. Scale bar 20um.
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Figure 4.4 Tmba/5b isoforms localise to the growth cones and may functionally
compensate for the loss of Tm5NM1/2. Hippocampal WT and Tm5NM1/2 KO neurons have
been stained with the af9d and TUJ1 antibodies. The TUJ1 antibody detects 33 tubulin in all
regions of the neuron except the growth cones. The aflb antibody only detects Tmb5a/5hb
isoforms in neurons. The localisations of the af9d signal depicting Tm5a/5b isoforms are found
in some neurite tips and growth cone structures in both TmM5NM1/2 KO neurons and WT
samples. Scale bar 20pum.
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4.3 Discussion

Western blot analysis of neuronal tissue from homozygous Tm5NM1/2 KO
embryonal mice has shown that there is a partial upregulation of Tm5NM4/7,
exon 9c products from the yTm gene. The aim was to determine whether these
yTm gene products translate to partial functional compensation for the loss of
Tm5NM1/2. Results presented here have shown that the yTm gene products
are not present at detectable levels in growth cone structures of Tm5NM1/2 KO
neurons. However, previous immunofluorescence studies on neuronal cultures
have revealed that there were 15% of total yTm gene products present in
Tm5NM1/2 KO neurons at 4DIV. Therefore, about 15% of the total Tm5NM1/2
KO neuronal population are compensated by Tm5NM4/7 at 4DIV. The
compensation by Tm5NM4/7 to the small population of TmM5NM1/2 KO neurons
may be undetected as only a small sample size was analysed in this
experiment. Nevertheless, the formation of other yTm gene products, including
the low levels of TM5NM4/7, may only be partially compensating at a functional

level for the loss of TmM5NM1/2.
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4.3.1 Other tropomyosin iIsoforms  may
functionally compensate for the lack of

Tm5NM1/2 in growth cone structures

As Tm5NM4/7 and other yTm gene products are not likely to fully compensate
at a functional level for the loss of Tm5NM1/2, other neuronal tropomyosins
have been analysed. Using the a9b, af1b and af9d antibodies, the localisation
patterns of the neuronal tropomyosin isoforms, Tm5a/5b, TmBr2, TmBr3 in
Tm5NM1/2 KO neurons were shown to be similar to WT controls. Signals from
the a9b, af1b and af9d antibodies were found in some neurite tips and growth
cones in both WT and Tm5NM1/2 KO neurons, structures where Tm5NM1/2
are normally located (Figure 4.2, 4.3 and 4.4). As Tmb5a/5b, TmBr2 or TmBr3
and Tm5NM1/2 locate to growth cone structures, it is possible that a single
isoform or a combination of Tmba/5b, TmBr2 or TmBr3 isoforms may
functionally compensate for the loss of Tm5NM1/2. However, more
experiments need to be performed to determine whether these isoforms are

associating with F-actin depleted of TmM5NM1/2.

The signal obtained using the af1b antibody detects all Tm5a/5b, TmBr2 and
TmBr3 neuronal tropomyosin isoforms and an antibody that exclusively detects
TmBr3 has not been used. Hence, it cannot be conclusively determined that
TmBr3 is detected in both WT and homozygous Tm5NM1/2 KO cultures.
Nevertheless, TmBr3 appears to be an unlikely candidate as expression is
normally upregulated later in neuronal development, replacing Tm5NM1/2

when the isoforms relocate to somatodendritic compartments (Weinberger et
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al.,, 1996). On the other hand, signals obtained using the a9b and af9d
antibodies exclusively detect the isoforms TmBr2 and Tm5a/5b respectively.
The localisation pattern of Tm5a/5b in growth cones was expected as an earlier
study has shown that these isoforms localise to the central region of growth
cones and also at the base of some filopodia (Schevzov et al., 1997). Tmb5a/5b
relocate to the cell body and neurites when growth cones diminish in size.
Hence, Tm5a/5b may play a role in the early stages of neuronal development.
In contrast, the function of TmBr2 is not yet known. Results presented here
show that the TmBr2 protein is present in growth cone structures of both WT
and Tm5NM1/2 KO neurons, indicating that this isoform may functionally
compensate for the loss of TM5NM1/2. Another tropomyosin isoform that may
compensate for the loss of TM5NM1/2 is Tm4, the only product from the dTm
gene. Tm4 is present in the growth cone of neurons and may play a role in

stabilising actin filaments found in this region (Had et al., 1994).

The likely candidates that may functionally compensate for the loss of
Tm5NM1/2 by virtue of their presence in the growth cones of KO neurons are
neuronal tropomyosin isoforms, TmBr2, Tm5a/5b and Tm4. Even though there
is an upregulation of Tm5NM4/7, the protein levels of isoforms from other
tropomyosin genes including TmBr2, Tm5a/5b and Tm4 are not altered in
Tm5NM1/2 KO neurons (Fath et al., manuscript in preparation). As the protein
levels are unchanged, TmBr2, Tmb5a/5b and Tm4 may relocate from other
regions of the neuron to growth cone structures and associate with F-actin
polymers that are depleted of Tm5NM1/2. However, this appears unlikely as

the localisation patterns of these isoforms are similar in Tm5NM1/2 KO and WT
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neurons. Another alternative is that these isoforms TmBr2, Tm5a/5b and Tm4
may be recruited from the soluble pool of tropomyosins to associate with F-
actin depleted of TmM5NM1/2. This may be determined by analysing the size of
the soluble and insoluble pools of these tropomyosins. A decrease in the
soluble pool of TmBr2, Tm5a/5b or Tm4 and a subsequent increase in the
insoluble pool may indicate that these soluble isoforms have become insoluble
by associating with F-actin, potentially those depleted of Tm5NM1/2. Another
experiment is to quantify the signal intensities of the isoforms TmBr2, Tm5a/5b
or Tm4 at growth cone structures from immunofluorescent images and to
compare these levels between Tm5NM1/2 KO neurons and WT controls.
Higher signal intensities at growth cone structures in Tm5NM1/2 KO neurons
would indicate that there is an increased recruitment of TmBr2, Tm5a/5b or
Tm4 located at those growth cones. To conclusively determine whether
TmBr2, Tmba/5b and Tm4 have been recruited from the soluble pool and
associated with F-actin lacking Tm5NM1/2 immuno-electron microscopy will be
performed in future experiments. This enables individual actin filaments to be
analysed as specific tropomyosin isoforms that have associated with these

actin filaments can be viewed by immuno-labelling.
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Chapter 5

Elimination of TM5NM1/2 on

neurite outgrowth

5.1 Introduction

Previous studies have demonstrated an isoform specific effect of tropomyosin
overexpression on neurite outgrowth. The overexpression of Tm5NM1, a low
molecular weight tropomyosin, resulted in a significant increase in the number
and total length of dendrites. Furthermore, the number of axonal branches as
well as the total axon length was significantly increased when compared to WT
mice. In contrast, the overexpression of a high molecular weight tropomyosin,
Tm3 resulted in an initial inhibition of neurite outgrowth and later a significant
decrease in the number and total length of dendrites (Schevzov et al., 2005a).
This indicates that the expression of tropomyosin isoforms is not functionally
redundant and that distinct tropomyosin isoforms may regulate different aspects

of neurite formation.

The aim of this section is to analyse the effect of Tm5NM1/2 depletion on
neurite outgrowth. Results presented here show that neurite outgrowth is
affected by the loss of Tm5NM1/2. Furthermore, the effect of Tm5NM1/2
depletion on neurite outgrowth is different in both hippocampal and cortical

neurons. These results suggest that TM5NM1/2 may play a role in neurite

79



outgrowth. In addition, TmM5NM1/2 may be used differently by unique types of

neurons for neuritogenesis.

5.2 Results
5.2.1 Neurite Outgrowth Optimisation
Experiment

The purpose of performing an optimisation experiment was to determine the
optimal time window and growth conditions to examine neurite outgrowth. In
order to determine these optimal conditions there are two factors that need to

be considered; density and timecourse.

5.2.1.1 Density

Firstly, the density at which neurons were cultured was selected based on
neurons having clear morphologies for morphometric analysis. A different
density of neurons determines the amount of support provided by surrounding
neurons. Neurons in culture are supported by each other and by secreted
neurotrophic factors from non-neuronal cells. Therefore, neurons are better
supported at higher densities than lower ones. However, neurons at higher
densities which are well supported by the elevated levels of growth factors

could potentially be too dense for clear morphometric analysis.

Therefore, the density 50,000 cells per well was selected as it was dense
enough to allow good survival and growth of neurons (Figure 5.1 and Figure
5.3). Also it was a good density as both cortical and hippocampal neurons had

clear morphology for morphometric analysis (Figure 5.1 and Figure 5.3).
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5.2.1.2 Timecourse

A timecourse analysis was performed to determine the exact timepoint at which
to compare neurite outgrowth between WT and Tm5NM1/2 KO neurons. The
timecourse analysis allows the time point of maximal rate of neurite growth to
be determined. This allowed one to select a timepoint at which an altered
outgrowth rate, in response to changed tropomyosin protein levels, is most

likely to be detected.

To determine the optimal timepoint at which to compare WT and Tm5NM1/2
KO neurons, the cultures were plated at the density of 50,000 cells per well
over a period of 1DIV to 10DIV. Firstly, from this timecourse it is clearly shown
by distinct Taul staining of the longest neurite that neuronal polarisation has
occurred, starting at 2DIV in both cortical and hippocampal neurons (Figures
5.1 and 5.3). During polarisation, neurites differentiate into axons and
dendrites. Therefore, measurements in all neurites (Figures 5.2a and 5.4a)
have been divided into axons (Figures 5.2b and 5.4b) and dendrites (Figures

5.2c and 5.4c).

Results show that the mean primary neurite length of cortical neurons rapidly
increased between 1DIV and 4DIV after which the rate of neurite outgrowth
plateaued (Figure 5.2a). Data on neurite length were collected for axons and
dendrites. The length of primary axons in cortical neurons followed the trend of
total primary length with fast extensions until 4DIV after which the elongation
rate plateaued (Figure 5.2b). Continuous growth was observed in the dendrites

(Figure 5.2c). At 9DIV, mean neurite lengths were unusually higher than at
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adjacent time points of 8DIV and 10DIV and this was also shown in axons and
dendrites at the corresponding time point. At this stage of development, the
neurons have reached a high level of complexity. The complex network makes
it challenging to differentiate the neurites that originate from individual neurons.
At 9DIV a smaller sample number of neurons were analysed resulting in higher

standard error of the mean.

In the optimisation experiment of hippocampal neurons, neurite lengths
including axons and dendrites were measured within the timewindow from 2DIV
to 5DIV (Figure 5.4). This timewindow of 2DIV to 5DIV was determined based
on results from the optimisation experiment of cortical neurons as maximal
growth rate of neurite lengths was determined to be between 1DIV to 4DIV.
Also, neuronal polarisation determined by the presence of axons and dendrites
did not occur until 2DIV in cortical neurons (Figure 5.1). Results show that
neuronal polarisation also occurred at 2DIV for hippocampal neurons (Figure
5.3). Therefore, neurite length data for hippocampal neurons were also
collected for axons and dendrites. Analysis of primary neurite length shows
that there is continuous growth between 2DIV to 5DIV (Figure 5.4a). The
increase in neurite length in hippocampal neurons follows the same trend as
cortical neurons but is less pronounced in hippocampal neurons. The
continuous growth observed between 2DIV to 3DIV and 4DIV to 5DIV (Figure

5.4a) are reflected in axons (Figure 5.4b) and dendrites (Figure 5.4c).

From both optimisation experiments of cortical and hippocampal neurons, the
best time to compare neurite length of homozygous KO Tm5NM1/2 growth

cones with WT samples at 50,000 cells per well was determined to be at 4DIV.
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Figure 5.1 Development of cortical neurons in culture from 1DIV to 10DIV. Clear
polarisation, shown by the distinct green staining at the longest neurite shaft which represents
the axon, occurs from 2DIV. The Taul antibody in green was used to stain for axons while the
MAP2 antibody shown in red were used to stain for dendrites. Scale bar 20um for images from
1DIV to 6DIV. Scale bar 100um for images from 7DIV to 10DIV.
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Figure 5.3 Development of hippocampal neurons in culture from 2DIV to 10DIV. The
Taul antibody in green was used to stain for axons while the MAP2 antibody shown in red was
used to stain for dendrites. Clear polarisation, shown by the distinct green staining at the
longest neurite shaft which represents the axon, occurs from 2DIV. Scale bar 20um for
images from 2DIV to 6DIV. Scale bar 100um for images from 7DIV to 10DIV.
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5.2.2 Neurite Length

Results from neurite length measurements of homozygous Tm5NM1/2 KO and
WT control cortical neurons showed that the mean primary neurite length was
not significantly different between the two groups (Figure 5.5a) which was
reflected in the axonal length (Figure 5.5b). However the length of primary
dendrites was significantly decreased (p=0.04) in Tm5NM1/2 KO neurons even
though this decrease was small (Figure 5.5¢). The decrease in neurite length
from secondary neurites was highly significant (p<0.0001) when comparing
Tm5NM1/2 KO neurons to WT controls (Figure 5.5a). This change was present
in both axons (p<0.0001) (Figure 5.5b) and dendrites (p=0.005) (Figure 5.5c)
where secondary neurites were significantly shortened in Tm5NM1/2 KO
cortical neurons. The decrease of tertiary neurite length was highly significant
(p<0.0001) when comparing Tm5NM1/2 KO neurons to WT controls (Figure
5.5a) which was similar in axons (p<0.0001) (Figure 5.5b). In contrast, the
analysis of tertiary neurites in the dendritic compartment showed a trend
towards increased neurite lengths when comparing Tm5NM1/2 KO neurons to

WT controls (Figure 5.5c).

The mean length of primary neurites was not significantly different between
homozygous Tm5NM1/2 KO neurons and WT controls in hippocampal neurons
(Figure 5.6a). However, primary neurite lengths from axons (p<0.0001) (Figure
5.6b) and dendrites (p=0.021) (Figure 5.6¢c) were shown to be significantly
decreased. Neurite length from secondary neurites was significantly shortened
in TM5NM1/2 KO neurons compared to WT samples (p=0.006) (Figure 5.6a)

which was reflected in axons (p<0.0001) (Figure 5.6b). Secondary neurite
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length from dendrites was not significantly different in Tm5NM1/2 KO neurons
as compared to WT controls (Figure 5.6¢). Mean length from tertiary neurites
was significantly decreased in length when comparing Tm5NM1/2 KO neurons
to WT samples (p=0.018) (Figure 5.6a) which was similar in axons (p=0.001)
(Figure 5.6b). In contrast, the length of tertiary neurites from dendrites was
shown to be comparable between Tm5NM1/2 KO neurons and WT controls

(Figure 5.6c¢).
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5.2.3 Neurite Branching

The number of primary branches from homozygous Tm5NM1/2 KO cortical
neurons was significantly increased in both axons (p<0.0001) (Figure 5.7a) and
dendrites (p<0.0001) (Figure 5.7b) when compared to WT controls. Also, the
number of secondary branches of axons was significantly increased (p<0.0001)

(Figure 5.7a) but not those of dendrites (Figure 5.7b).

In hippocampal neurons, the number of primary branches from axons (Figure
5.8a) and dendrites (Figure 5.8b) were not significantly different between
homozygous Tm5NM1/2 KO neurons and WT controls. The number of
secondary branches was significantly decreased in axons (p=0.005) (Figure
5.8a) while in dendrites the number was similar between Tm5NM1/2 KO

neurons and WT samples (Figure 5.8b).

5.2.4 Number of Dendrites

The number of dendrites from homozygous Tm5NM1/2 KO cortical neurons
was comparable to WT controls (Figure 5.9a). In homozygous Tm5NM1/2 KO
hippocampal neurons, the number of dendrites was significantly decreased

while the effect was subtle (Figure 5.9b).
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Figure 5.7 Elimination of Tm5NM1/2 has an impact on the number of axonal and
dendritic branches in cortical neurons. Both the number of primary branches from axons
(p<0.0001) (a) and dendrites (p<0.0001) (b) was significantly increased in homozygous
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5.2.5 Neuronal Polarisation

The percentage of polarised neurons was similar between both cortical and
hippocampal homozygous Tm5NM1/2 KO neurons and WT controls (Figure
5.10). The data show a slight and insignificant increase in the percentage of
neuronal polarisation when comparing Tm5NM1/2 KO neurons to WT controls
in cortical neurons (p=0.184) (Figure 5.10a). In contrast, the percentage of
neuronal polarisation in hippocampal neurons was slightly decreased when
comparing Tm5NM1/2 KO neurons to WT controls but this difference was found

to be not significant (p=0.268) (Figure 5.10b).

The effect of eliminating TmM5NM1/2 on neurite length, the number of branches
and dendrites in both cortical and hippocampal neurons have been summarised

in Tables 5.1 and 5.2.
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Figure 5.10 Depletion of TmM5NM1/2 has no effect on neuronal polarisation in cultured
cortical and hippocampal neurons. The percentage of polarised neurons were slightly
increased in homozygous Tm5NM1/2 KO cortical neurons (a) (p=0.184) and subtly decreased
in hippocampal (b) neurons when compared to WT samples (p=0.268) and these differences
were found to be not significant. n represents the number of polarised neurons analysed. Error
bars represent standard error of the mean.
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Table 5.1 Neurite length of cortical and hippocampal neurons is
affected by the elimination of Tm5NM1/2

Neurite

Length

Cortical Neurons

Hippocampal Neurons

Primary

Secondary

Tertiary

Length

Axon

Primary

Secondary

Tertiary

Primary

Dendrite

Secondary

. -

Tertiary

o o | (e

Table 5.2 Loss of TmM5NM1/2 has an impact on the number of
branches and dendrites in cortical and hippocampal neurons

Branching

Cortical Neurons

Hippocampal Neurons

Primary -
Axon t
Secondary t l
Primary -
Dendrite t
Secondary - -

Number of Dendrites
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5.3 Discussion

5.3.1 Tm5NM1/2 are not essential for early

stages of neuritogenesis

Results presented here show that there are no obvious alterations in neuronal
morphology between homozygous Tm5NM1/2 KO and WT controls. The
presence of protrusions and neurites from neurons lacking Tm5NM1/2 indicate
that Tm5NM1/2 are not absolutely required for the initial stages of
neuritogenesis. Although Tm5NM1/2 are not needed for early neuritogenesis,
there is evidence to suggest that Tm5NM1/2 may still play a role in the early
stages of neuronal development. Earlier studies have shown that Tm5NM1/2
localise to the immature shafts of axons. The localisation pattern of Tm5NM1/2
suggests that these isoforms may have a role in regulating the formation of
axons. Furthermore, cortical neurons overexpressing Tm5NM1 exhibited
significant increase in the number of dendrites and axonal branches as well as
significant overall lengthening of dendrites and axons. As overexpression of
Tm5NM1 in neurons has affected both axonal and dendritic length and
branches, Tm5NM1 may play a role in regulating and maintaining these

processes (Schevzov et al., 2005a).
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5.3.2 Loss of Tm5NM1/2 affects neuritogenesis

in both axons and dendrites

The neurite lengths including axons and dendrites from both Tm5NM1/2 KO
cortical and hippocampal neurons are significantly but subtly decreased when
compared to WT controls (Figure 5.5, Figure 5.6 and Table 5.1). The number
of dendrites is also significantly decreased in Tm5NM1/2 KO hippocampal
neurons while it was unaltered in cortical neurons (Figure 5.9 and Table 5.2).
In contrast, previous results have shown that the overexpression of TmM5NM1 in
cortical neurons significantly increased the overall lengthening of axons and
dendrites as well as the number of dendrites (Schevzov et al., 2005a). Taken

together, this indicates that Tm5NM1/2 plays a role in neurite extension.

Studies have shown that the regulation of the actin filament network is
important in many aspects of neuritogenesis including neurite formation and
extension (Endo et al.,, 2007; Korobova and Svitkina, 2008). As Tm5NM1
stabilises actin (Bryce et al., 2003), the Tm5NM1/2 depleted actin filament
populations will be unstable which may affect neurite extension. The subtle
phenotype of neurite shortening from Tm5NM1/2 KO neurons at 4DIV may be
explained by partial functional compensation from Tmba/5b, TmBr2 and Tm4
isoforms, as discussed earlier in Chapter 4. The instability formed by the loss
of TmM5NM1/2 in F-actin may be stabilised and partially compensated by
associating with other tropomyosin isoforms such as Tmb5a/5b, TmBr2 and
Tm4. The effect of each tropomyosin isoform is unique to every actin filament
population that it associates with (Bryce et al., 2003; Schevzov et al., 2005a).

For example, while Tm5NM1 stabilises actin, overexpressed Tm3, a high
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molecular weight tropomyosin that is not normally found in neuronal cells,
associates with less stable filaments and causes delayed, as well as reduced
neuritogenesis (Schevzov et al., 2005a; Creed et al., 2008). Even though
TmBr3 locates to neurite tips in TM5NM1/2 KO neurons as shown in Chapter 4,
it is unlikely for TmBr3 to functionally compensate for the loss of TmM5NM1/2 as
it has been shown to give less stable actin filament populations (Bryce et al.,
2003) and one would expect a phenotype similar to Tm3 overexpression.
Tmb5a/5b on the other hand are the most likely candidates because they have
the greatest affinity for actin filaments from all the characterised tropomyosins
(Moraczewska et al., 1999). Therefore, Tmba/5b isoforms could associate with
actin filament populations in Tm5NM1/2 depleted neurons to generate similar
but still subtly reduced stability than actin populations in WT neurons. In
addition, other possible tropomyosin isoforms for functional compensation are
TmBr2 and Tm4, as discussed earlier in Chapter 4. Although the stabilities that
these two isoforms confer on actin filaments are unknown, it is still possible that
a combination of Tm5a/5b, TmBr2 and Tm4 isoforms may associate with actin
filament populations depleted of Tm5NM1/2 that would explain the mild

phenotype observed in Tm5NM1/2 KO neurons.

Another aspect of neurite outgrowth that was analysed in Tm5NM1/2 KO
hippocampal and cortical neurons was branching. Overexpression of TmM5NM1
in cortical neurons significantly increased the number of axonal branches
(Schevzov et al., 2005a). Interestingly, the numbers of both axonal and
dendritic branches are significantly increased in Tm5NM1/2 KO cortical

neurons when compared to WT controls, which is similar to effects observed in
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response to Tm5NM1 overexpression (Figure 5.7). In contrast, the number of
axonal branches is significantly decreased in Tm5NM1/2 KO hippocampal
neurons (Figure 5.8). The different phenotypes observed between cortical and

hippocampal neurons are discussed below.

5.3.3 Loss of Tm5NM1/2 has different effect on
neuritogenesis in hippocampal and

cortical neurons

The elimination of TM5NM1/2 affects neuritogenesis differently in cortical and
hippocampal neurons. Even though overall the neurite lengths in axons and
dendrites are reduced, the decreased lengths of primary, secondary and
tertiary neurites differ between cortical and hippocampal neurons. In addition,
the number of branches from cortical neurons is increased whereas it is

decreased for axons in hippocampal neurons.

The unique phenotypes observed may be due to the different tropomyosin
pools that are present in cortical and hippocampal neurons. Western blot
analyses of neuronal tissue have shown that the pool of tropomyosin isoforms
is different between these two types of neurons (Vrhovski et al., 2003).
Therefore when Tm5NM1/2 are eliminated, neuritogenesis may be impacted
differently as the remaining pool of tropomyosins will be unique to each type of

neuron. The remaining pool of tropomyosin will affect the actin filament
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population differently because as mentioned earlier, the stability of actin
filament populations are unique due to associations with distinct tropomyosin
isoforms (Bryce et al., 2003; Schevzov et al., 2005a). Previously it has been
shown that the level of TmM5NM1/2 is different in various regions of the adult
brain including cortex and hippocampus (Vrhovski et al., 2003). Therefore it is
possible that the normal Tm5NM1/2 protein level is different in cortical and
hippocampal neurons at the embryonic stage of development. Hence, the
elimination of TM5NM1/2 in neurons with higher Tm5NM1/2 levels may cause
greater impact on neuritogenesis compared to neurons with lower Tm5NM1/2

levels.

5.3.4 Lack of Tm5NM1/2 has no detectable

effect on neuronal polarisation

Tm5NM1/2 mRNA is an early polarity marker (Hannan et al., 1995). Also,
Tm5NM1/2 protein is present in axons of developing neurons but relocates to
the somatodendritic compartment after maturation (Hannan et al., 1995;
Vrhovski et al., 2003). This suggests that Tm5NM1/2 may play a role in
polarisation of neurons. However, results presented here show that with the
elimination of TmM5NM1/2, neuronal polarisation does not appear to be altered
(Figure 5.10). This indicates that Tm5NM1/2 are not required for neuronal
polarisation but rather may assist in this process. Alternatively, Tm5a/5b or
TmBr2 may functionally compensate for this process however the role of these

isoforms in neuronal polarisation is not known.
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Chapter 6
Levels of ADF/cofilin In
Tm5NM1/2 depleted neurons

6.1 Introduction

Tropomyosins are known to protect actin filaments from the severing activity by
ADF/cofilin (Bernstein and Bamburg, 1982; reviewed in Cooper, 2002; Ono and
Ono, 2002). Previous studies have shown that distinct tropomyosin isoforms
have different protective effects against the action of ADF/cofilin (Bryce et al.,
2003; Schevzov et al.,, 2005a) When Tm5NM1, a low molecular weight
tropomyosin is overexpressed, a significant increase in the phosporylated or
inactive form of ADF/cofilin is observed. However, when a high molecular
weight tropomyosin Tm3 is overexpressed, the levels of inactive ADF/cofilin
were comparable to WT controls (Bryce et al., 2003). This suggests that
certain tropomyosin isoforms such as Tm5NM1 are strong inhibitors of

ADF/cofilin activity.

The aim is to examine the levels of active and inactive ADF/cofilin between
homozygous Tm5NM1/2 KO and WT mice. As Tm5NML1 is a competitive
inhibitor of active ADF/cofilin, it was hypothesised that with the loss of
Tm5NM1/2 from actin, more active ADF/cofilin is present to depolymerise the

actin filament causing higher turnover.
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Results show that both cortical and hippocampal KO neurons have a small
decrease in the level of phosphorylated (inactive) ADF/cofilin compared to WT,

however only results from cortical neurons were significant.

6.2 Results

6.2.1 Loss of Tm5NM1/2 significantly increases

ADF/cofilin activity in cortical neurons

The ratio of phosphorylated ADF/cofilin (pADF/cofilin) to total ADF/cofilin was
analysed by using phosphorylation specific and unspecific antibodies in cortical
neurons. Both inactive and total ADF/cofilin were present in the growth cone
and neurite tips of homozygous Tm5NM1/2 KO and WT neurons, which is
shown in the ratio images. Overall, the level of inactive ADF/cofilin from
homozygous Tm5NM1/2 KO neurons appears similar to WT controls (Figure
6.1). Further analysis was performed on the growth cone regions where the
staining colocalised. The ratio of staining intensity for pADF/cofilin and total
ADF/cofilin was quantified and the mean intensity was plotted (Figure 6.2).
Results show that the staining intensity ratio from Tm5NM1/2 KO neurons was
significantly decreased (p<0.0001) when compared to WT controls although the
difference was small (0.9593 + 0.0105 (WT) vs 0.8977 + 0.0073 (KO)) (Figure

6.2).
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Figure 6.1 Effect of TM5NM1/2 depletion on levels of inactive ADF/cofilin in growth cones
of cortical neurons. Cortical WT and homozygous Tm5NM1/2 KO neurons have been stained
using the pADF and total ADF antibodies. The pADF antibody detects the inactive form of
ADF/cofilin. Ratio of staining intensity for the pADF and total ADF/cofilin antibodies are shown.
Levels of inactive ADF/cofilin in growth cone structures of homozygous Tm5NM1/2 KO cortical
neurons appear comparable to WT controls. The growth cone regions where the staining
colocalised are highlighted.

105



1.1

*%

0.8 -
0.7 +
0.6 -
0.5
0.4
0.3 -
0.2
0.1 1

pADF vs Total ADF

Staining intensity ratio of

+/+ -/-
Number of growth cones analysed (n = 82 (+/+), n = 82 (-/-))

Figure 6.2 Depletion of TM5NM1/2 increases levels of active ADF/cofilin in growth cones
of cortical neurons. Mean staining intensity of pADF/cofilin over total ADF/cofilin was plotted
for homozygous Tm5NM1/2 KO and WT neurons. The staining intensity levels of inactive
ADF/cofilin were significantly lower in homozygous Tm5NM1/2 KO neurons compared to WT
samples (p<0.0001). n represents the number of growth cones analysed. Error bars represent
standard error of the mean. **p<0.0001
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6.2.2 Level of inactive ADF/cofilin in Tm5NM1/2
KO hippocampal neurons are comparable

to WT controls

Staining results show that the inactive and total ADF/cofilin also colocalised to
neurite tips and growth cone regions in hippocampal neurons. At a qualitative
level, the amount of inactive ADF/cofilin from homozygous Tm5NM1/2 KO
appears comparable to WT neurons (Figure 6.3). Quantitative analysis was
performed on the staining intensity of pADF/cofilin vs total ADF/cofilin in the
growth cone regions. Results show that inactive ADF/cofilin from homozygous

Tm5NM1/2 KO neurons were similar to WT controls (Figure 6.4).
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Figure 6.3 Effect of Tm5NM1/2 depletion on levels of inactive ADF/cofilin in growth
cones of hippocampal neurons. Hippocampal WT and homozygous Tm5NM1/2 KO neurons
have been stained using the pADF and total ADF antibodies. The pADF antibody detects the
inactive form of ADF/cofilin. Ratio of staining intensity for the pADF and total ADF/cofilin
antibodies are shown. Levels of inactive ADF/cofilin in growth cone structures of homozygous
Tm5NM1/2 KO hippocampal neurons appear comparable to WT controls. The growth cone
regions where the staining colocalised are highlighted.
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Figure 6.4 Elimination of Tm5NM1/2 has no effect on the levels of ADF/cofilin in growth
cones of hippocampal neurons. Mean staining intensity of pADF/cofilin over total ADF/cofilin
was plotted for homozygous Tm5NM1/2 KO and WT neurons. Staining intensity levels of
inactive ADF/cofilin were similar in homozygous Tm5NM1/2 KO neurons compared to WT
samples (p=0.131). n represents the number of growth cones analysed. Error bars represent
standard error of the mean.
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6.3 Discussion

6.3.1 Loss of Tm5NM1/2 expression
significantly increases ADF/cofilin activity

in growth cones of cortical neurons

Tm5NM1/2 provides stability to actin filaments by competing with ADF/cofilin for
actin association (Bernstein and Bamburg, 1982; Ono and Ono, 2002; Bryce et
al., 2003). Therefore as expected, the lack of Tm5NM1/2 caused a significant
increase in active ADF/cofilin within growth cones of cortical neurons even
though the effect was small (Figure 6.2). Also, active ADF/cofilin was
increased by a small margin in hippocampal neurons although this was not
significant (Figure 6.4). The marginal effects observed in both cortical and
hippocampal neurons may be due to functional compensation by Tmb5a/5b.
Even though Tm5a/5b have not been proven to be an inhibitor of ADF/cofilin,
their strong affinity for actin filaments suggest that ADF/cofilin may not have an

opportunity to associate.
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6.3.2 Increase in ADF/cofilin activity has
significant but minor impact on actin

fillament dynamics in growth cones

Results presented here have shown that with the depletion of Tm5NM1/2 there
is a significant but small increase in active ADF/cofilin in cortical neurons
(Figure 6.2) while in hippocampal neurons the levels of active ADF/cofilin is
unaltered (Figure 6.4). An earlier study has shown that with the overexpression
of active ADF/cofilin, neurite outgrowth and extension are enhanced (Meberg
and Bamburg, 2000). Therefore intuitively, an increase in active cofilin is
expected to promote neurite outgrowth. However, the significant but subtle
increase in active ADF/cofilin by the loss of TmM5NM1/2 in cortical neurons has
resulted in a repression of neurite outgrowth. In hippocampal neurons, even
though the levels of active ADF/cofilin are not significantly altered in Tm5NM1/2
KO neurons, neurite outgrowth is overall decreased. These interesting results
where ADF/cofilin is increased while neurite outgrowth is decreased suggest

that other parameters must be involved and this is discussed below.
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6.3.3 The effect of tropomyosin on the activity
of other actin binding proteins and

neuritogenesis

Different tropomyosin isoforms have been shown to inhibit the function of
Arp2/3 (Blanchoin et al., 2001) and the severing activity of gelsolin (Ishikawa et
al.,, 1989b) on actin filaments and the degree of protection provided by
tropomyosin is isoform specific. The Arp2/3 complex initiates new branch
points in existing actin filaments thereby promoting actin polymerisation
(reviewed in Amann and Pollard, 2001). Depletion of Arp2/3 has significantly
shortened neurite lengths in B35 cells while neurite lengths were unchanged in
rat hippocampal neurons (Korobova and Svitkina, 2008). The latter may be
due to the timing of Arp2/3 protein knocked down by siRNA as it may have
occurred after significant extension of neurites. Hence, Arp2/3 may play a role
in neurite extension in primary neurons. The action of the Arp2/3 complex is
partially inhibited by different tropomyosin isoforms and out of all the
tropomyosins that have been studied, Tm5a has been shown to be the most
effective inhibitor (Blanchoin et al., 2001). As Tm5NM1/2 KO neurons may be
partially compensated by Tmb5a/5b, the association of Tmb5a with Tm5NM1/2
depleted actin filaments will protect those filaments from the action of Arp2/3.
Therefore, the level of Arp2/3 complex may be decreased from Tm5NM1/2 KO
neurons causing a repression of neurite outgrowth. However, this is only a
speculation and the level of Arp2/3 complex in Tm5NM1/2 KO neurons is

unknown, but this will be subject to further investigation.
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Another possible actin binding protein that may influence neurite outgrowth is
gelsolin and it has been shown to be inhibited by tropomyosin isoforms.
However, the actin-severing activity of gelsolin is only directly inhibited by HMW
(high molecular weight) tropomyosins and not LMW (low molecular weight)
tropomyosins (Ishikawa et al., 1989b). As all tropomyosin isoforms analysed in
this project, TM5NM1/2, Tm5a/5b, TmBr2 and Tm4 are LMW tropomyosins, the

levels of gelsolin may not be altered in Tm5NM1/2 KO neurons.

Interestingly, both HMW and LMW tropomyosins can collaborate with non
muscle caldesmon to block the severing effect of gelsolin on actin filaments.
Caldesmon and LMW tropomyosin alone when bound to actin filaments does
not inhibit the action of gelsolin. However, when caldesmon works in
conjunction with LMW tropomyosin, caldesmon promotes the binding of
tropomyosin to the actin filament thereby increasing the protection of
tropomyosin against the severing effect of gelsolin (Ishikawa et al., 1989b).
Therefore, the loss of Tm5NM1/2 with no upregulation of other tropomyosin
isoforms at this early stage of development may result in a decrease of the
tropomyosin pool. Lower levels of tropomyosin isoforms in neurons may cause
less collaboration with caldesmon which may result in higher levels of gelsolin
at those actin filaments. The increase in gelsolin levels will result in a rise in its
severing effect of actin filaments which may potentially influence neurite
outgrowth. This effect cannot be ruled out and the levels of caldesmon as well
as gelsolin in TmM5NM1/2 KO neurons and WT controls will be quantified in

future experiments.

113



Chapter 7
General Discussion & Future

Directions

7.1 Summary

Previous studies have shown that the yTm gene products are essential for cell
survival and embryonic development (Hook et al., 2004). However, Tm5NM1/2
which are products of the yTm gene containing exon 9d, are not absolutely
required (Fath et al., manuscript in preparation). In this project, the role of
Tm5NM1/2 in neuronal development has been examined. When examining
growth cone dynamics, neurons lacking Tm5NM1/2 showed a significant
increase in protrusion rates. Also, neurite outgrowth was affected by the loss of
Tm5NM1/2 in both hippocampal and cortical neurons. At the molecular level,
the elimination of TmM5NM1/2 had little impact on the levels of ADF/cofilin in
hippocampal neurons while in cortical neurons a significant but subtle increase
in active levels of this actin binding protein was observed. These results reveal
that the early stages of neuritogenesis are largely independent of the presence

of TM5NM1/2. Other tropomyosins such as Tmba/5b, TmBr2 and Tm4 may
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functionally compensate for the loss of Tm5NM1/2 which may explain the mild
phenotypes observed. These results have shown that the initial stages of
neuritogenesis are not greatly impacted on by the loss of Tm5NM1/2. To
determine the role of TM5NM1/2 at later stages of neuronal development and
understand how they impact on brain function, studies analysing synaptic
function as well as in vivo analysis on Tm5NM1/2 KO mice including

behavioural studies will be investigated in future experiments.
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7.2 Significance of Project Findings

7.2.1 Tmb5NM1/2 are not required for early

stages of neuritogenesis

Results presented here on neurons from embryonal brain tissues have
revealed that growth cone dynamics and neurite outgrowth were mildly affected
by the loss of TmM5NM1/2, products containing exon 9d from the yTm gene
(Figure 3.3, Table 5.1 and 5.2). The mild phenotype observed in response to
the elimination of TM5NM1/2 shows that these early stages of neuritogenesis
are able to proceed in the absence of Tm5NM1/2. As discussed in earlier
chapters, this mild phenotype observed from Tm5NM1/2 KO neurons may be
due to functional compensation by other isoforms. The upregulation of
Tm5NM4/7 are unlikely to functionally compensate for the loss of Tm5NM1/2
since only less than 1% and 15% of total yTm gene products at 1DIV and 4DIV
respectively are compensated by these isoforms (Fath et al., manuscript in
preparation). However other neuronal tropomyosins Tmb5a/5b, TmBr2 and
TmBr3 may be able to compensate for the depletion of TmM5NM1/2. While no
upregulation of these isoforms was observed, they are present in growth cone
structures where Tm5NM1/2 are found. These isoforms may bind to actin

filaments which are depleted of TmM5NM1/2 in the knockout mice.

Although the results show that Tm5NM1/2 are not essential for early
neuritogenesis they may play a role in fine-tuning these processes. The role of

Tm5NM1/2 may involve the translation of signals from the environment and
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responding to those signals by recruiting specific actin-binding proteins to the
actin filaments (reviewed in O'Neill et al., 2008). Also as discussed in section
6.3.2, different tropomyosin isoforms can regulate and protect the actin
filaments from the action of actin binding proteins such as Arp2/3 and gelsolin
(Ishikawa et al., 1989b; Blanchoin et al., 2001). Hence, various tropomyosin
isoforms will confer functionally distinct actin filaments, thereby exerting

different effects on early neuritogenesis.

As the tropomyosin profile changes over time, the role of different tropomyosin
isoforms may also differ during development. A recent study on cortical
neurons using immunofluorescence has shown that the level of total yTm gene
products gene products compensate for less than 1% of the loss of Tm5NM1/2
at 1DIV and the protein level of other yTm gene products including Tm5NM4/7
gradually changes over time, covering for 15% of the loss of Tm5NM1/2 at
4DIV. In support of these results, western blot analyses of brain lysates have
revealed that total yTm gene products including Tm5NM4/7 isoforms are only
partially compensating for the loss of Tm5NM1/2 at 1DIV and the level of
expression increases over time where it is at a level equal to Tm5NM1/2 at 4
weeks old (Fath et al., manuscript in preparation). Therefore as other yTm
gene products including Tm5NM4//7 are completely compensating at a
guantitative level for the lack of Tm5NM1/2 in adult mice, these yTm gene
isoforms may provide functional compensation for the depletion of TmM5NM1/2
at later stages of neuronal development. Functional compensation by yTm
gene products during neuronal development in adult Tm5NM1/2 KO mice is

likely and will be investigated in future experiments.

117



7.2.2 Loss of Tm5NM1/2 increases the

protrusion rates of lamellipodia

Growth cones from neurons of Tm5NM1 transgenic mice showed a significant
enlargement in size which correlates with an increase in F-actin content
(Schevzov et al., 2008). Following on from this study, the significant but
subtle decrease in growth cone size observed from Tm5NM1/2 KO neurons
(Fath et al., manuscript in preparation) may also be associated with a small
reduction in the F-actin pool. As growth cone dynamics depend on the
polymerisation and depolymerisation of F-actin, a subtle decrease in the pool of
F-actin in Tm5NM1/2 KO neurons may therefore influence the dynamic

structures of the growth cone.

Previously it has been shown that the filopodia, which are one of the dynamic
structures of the growth cone were not altered in length or number in
Tm5NM1/2 KO mice (Fath et al., manuscript in preparation). In this study, the
loss of Tm5NM1/2 has significantly increased the protrusion rates of
lamellipodia, which are the other major dynamic structure in the growth cone
(Figure 3.3). The increase in protrusion rates with no change in retraction
rates, as a result of depleting Tm5NM1/2 indicates that the regulation of
lamellipodia dynamics by tropomyosin expression may be a complex process.
Tm5NM1/2 are known to inhibit the severing activity of ADF/cofilin (Bryce et al.,
2003) and may also impact on the action of other actin binding proteins such as
Arp2/3 (Blanchoin et al.,, 2001) and gelsolin (Ishikawa et al., 1989b). Actin

filament decoration by different tropomyosin isoforms generate distinct filament
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populations which are protected from the activity of these actin binding proteins
(Ishikawa et al., 1989b; Blanchoin et al., 2001; Bryce et al., 2003). Hence,
functional compensation by tropomyosin isoforms, such as Tmb5a/5b, TmBr2
and Tm4 by binding to actin filaments depleted of Tm5NM1/2, may result in
different degrees of inhibition from the activity of ADF/cofilin, Arp2/3 and
gelsolin to those actin filaments. Therefore, the lamellipodia protrusion and
retraction rates may involve a combination of these actin binding proteins and
their effect on the polymerisation and depolymerisation process of actin

filaments will depend on the local signalling pathways (Refer to section 7.2.3.1).

Another compartment of the growth cone that is dependent on F-actin pool size
as well as polymerisation and depolymerisation rates are filopodia. An altered
pool of tropomyosins in the growth cone may therefore impact on the structure
and dynamics of filopodia. The structure of filopodia has been examined and it
was found that the length and number of filopodia were not affected by the loss
of TM5NM1/2 (Fath et al., manuscript in preparation). However, the dynamics
of filopodia have not yet been analysed in Tm5NM1/2 KO neurons. The
advancement and retraction of filopodia are important in the navigation of
growth cones. When growth cones are deprived of filopodia by disruption of F-
actin, the growth cone can advance and extend normally but are highly
disoriented (Bentley and Toroian-Raymond, 1986). Hence, filopodia are
important as sensory structures and effectors of motility. Therefore, it is critical
for filopodia to function properly so they can act as sensors of their environment

in order to direct neurite outgrowth.
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7.2.3 RhoGTPase pathways and their effectors

that regulate early neuritogenesis

Early neuritogenesis including growth cone dynamics and neurite outgrowth are
regulated by RhoGTPases. The most extensively characterised RhoGTPases
are Cdc42, Rac and Rho. They are active when bound to GTP and function by
interacting with downstream effector proteins to regulate actin cytoskeleton
dynamics and neuritogenesis (reviewed in Govek et al., 2005; Heasman and

Ridley, 2008).

7.2.3.1 RhoGTPases and their impact on growth

cones

Each RhoGTPase, Cell division cycle 42, GTP binding protein (Cdc42), Rac
and Rho, is important in different aspects of growth cone function. A study has
revealed a role for Cdc42 in filopodia formation (Garvalov et al., 2007).
Elimination of Cdc42 has shown that the number and length of filopodia are
suppressed in neurons. As the filopodia structure including length and number
is not affected by the loss of TM5NM1/2 (Fath et al., manuscript in preparation),
this suggests that TmM5NM1/2 is not involved in the Cdc42 signalling pathway in
filopodia. Rac on the other hand is important in the formation of lamellipodia
and in the regulation of membrane ruffles. Dominant negative Rac has been
shown to inhibit lamellipodia and membrane ruffling (Ridley et al., 1992).
Therefore, as growth cone protrusion rates, mainly dependent on lamellipodia
dynamics, are significantly increased by the depletion of Tm5NM1/2 (Figure

3.3), this suggests that Tm5NM1/2 may play a role in the Rac signalling
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pathway in lamellipodia and this is discussed in detail below. The third
RhoGTPase known as Rho appears to be important in regulating the formation
of stress fibres and focal adhesions in fibroblasts (Ridley and Hall, 1992).
Although neurons do not display classical focal adhesions and actin stress
fibres, the navigation of the growth cone and the direction of neurite extension
depend on three distinct adhesions in filopodia (Steketee and Tosney, 2002).
These are the tip, shaft and basal adhesions which perform different functions.
The tip adhesions initiate guidance signal cascades which can alter shaft
adhesions to control veil advance of the lamellipodia. The basal adhesions are
essential for filopodial formation and dynamics but do not have an impact on
veil advance. Hence, Rho may play a role in regulating the formation of these
different adhesions in growth cones. This idea will be subject to further

investigation.

The complexity of lamellipodia dynamics may be due to the presence of
multiple downstream targets such as WAVE (WASP (Wiskott-Aldrich Syndrome
Protein)-family Verprolin homologous proteins) and p21-activated kinase (PAK),
found in the Rac signalling pathway. WAVE is activated when it is dissociated
from its inhibitory complex and this is mediated by Rac without directly binding
to WAVE (Eden et al., 2002). WAVE can then directly bind and activate the
Arp2/3 complex, as it contains an Arp2/3 binding site within its structure
(Nakanishi et al., 2007). As tropomyosins inhibit the action of Arp2/3 in an
isoform specific manner (Blanchoin et al., 2001), the Arp2/3 complex may
compete with some tropomyosins including Tm5NM1/2 which is dependent on

the local signalling activity and its impact on Rac and WAVE.
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A downstream target of Rac as well as Cdc42 is PAK (Edwards et al., 1999).
PAK1 localises to membrane ruffles in fibroblasts (Sells et al., 2000) as well as
lamellipodia and has been shown to phosphorylate and inactivate LIM kinase
(LIMK). LIMK in turn also phosphorylates and inactivates ADF/cofilin, leading
to actin filament stabilisation (Edwards et al., 1999). The competition of
ADF/cofilin with some tropomyosin isoforms for binding to actin filaments will be
influenced by Rac, PAK and their impact on the local activity of LIMK. For
example, active LIMK will cause an increase in inactive ADF/cofilin. The level
of active ADF/cofilin will therefore decrease causing less of this actin binding
protein to compete with tropomyosin isoforms such as Tm5NM1/2 for actin
filament binding, thereby increasing the stability of the actin filament population.
In Tm5NM1/2 KO neurons, actin filaments depleted of Tm5NM1/2 may
associate with TmBr3. This could allow more ADF/cofilin to access the actin

filaments which may result in a more dynamic filament population.

In another pathway downstream of Rac, PAK can inactivate myosin light chain
(MLC) kinase which decreases MLC phosphorylation and reduces actomyosin
assembly (Sanders et al., 1999). Studies have also shown that Rac and PAK1
can regulate the phosphorylation of myosin Il heavy chain (van Leeuwen et al.,
1999; Even-Faitelson et al., 2005). Furthermore, the Rho pathway is also
implicated in myosin Il phosporylation via regulating myosin regulatory light
chain (MRLC) and myosin phosphatase (Ueda et al., 2002). ROCK
phosphorylates the myosin binding site of myosin phosphatase thereby
inactivating its activity. Also, inhibition of Rho kinase (ROCK), a direct target of

Rho, has caused a reduction in the dephosphorylation of MRLC even in the
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presence of myosin phosphatase inhibitor, suggesting that ROCK directly
dephosphorylates MRLC. The inhibition of myosin phosphatase and direct
dephosphorylation of MRLC by ROCK indicates that the Rho pathway plays a

role in regulating myosin Il assembly.

The regulation of myosins, which are actin associated motor proteins, is
important for growth cone dynamics. Myosin IIB has been shown to be
required for growth cone dynamics (Bridgman et al., 2001). It is normally found
in the central region of the growth cone as well as at the base of the filopodia
and is involved in cell spreading. In neurons from transgenic mice
overexpressing Tm5NM1, the exogenous isoform was able to recruit Tm5a and
myosin 1IB into the peripheral region of the growth cones (Schevzov et al.,
2005a). This recruitment of myosin IIB also led to an increase in growth cone
size. As the loss of TmM5NM1/2 significantly decreased growth cone size, cell
spreading in these neurons may be affected due to alterations in active myosin

11B.

Therefore, the polymerisation and depolymerisation rates of actin filaments in
growth cones and lamellipodia dynamics may be impacted by a combination of
these pathways depending on the local activity of downstream targets,
especially from Rac. To gain more insight into the role of Tm5NM1/2 in
lamellipodia dynamics, the local activity of WAVE, LIMK and MLC kinase from

Tm5NM1/2 KO neurons will be the subject of further studies.
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7.2.3.2 RhoGTPases and their effect on neurite

outgrowth

Both RhoGTPases and tropomyosin are regulated spatially and temporally
(Schevzov et al., 1997; reviewed in Bar-Sagi and Hall, 2000; O’Kane et al.,
2003). As growth cone dynamics is examined at 1DIV and neurite outgrowth is
analysed at 4DIV, the levels of Cdc42, Rac and Rho as well as the tropomyosin
pool may differ at these timepoints. As the molecular switches influence local
changes in downstream targets and affect tropomyosin association with actin
filaments, differences in Cdc42, Rac and Rho as well as the tropomyosin pool
may impact on actin polymerisation and depolymerisation differently for growth

cone development and early neurite development.

In terms of neurite outgrowth, generally Cdc42 and Rac appear to be positive
regulators while there is evidence to suggest that Rho is a negative regulator of
this process (reviewed in Luo, 2000). Constitiutively active Cdc42 signficantly
increased neurite length in primary chick spinal cord neurons (Brown et al.,
2000). Similarly, constitutively active Racl increased while dominant negative
Racl decreased neurite extension in rat hippocampal neurons (Schwamborn
and Puschel, 2004). In contrast, Rho displayed opposite effects to Racl as
constititutively active Rho decreased while dominant negative Rho increased

neurite extension in hippocampal neurons.

Previously, the overexpression of Tm5NM1 in cortical neurons has revealed
significant increase in axonal and dendritic lengths. In contrast, the overall

results presented here show that the loss of Tm5NM1/2 significantly but subtly
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repress neurite outgrowth (Tables 5.1 and 5.2). This suggests that Tm5NM1/2
may have an impact on the mechanisms that affect neurite length. Intuitively,
as neurite outgrowth is inhibited, the level of Rho is expected to be increased in
Tm5NM1/2 KO neurons. However, it may not be that simple, as neurite
outgrowth is a complex process. Many downstream targets such as PAK, LIMK
and myosin Il are regulated by a combination of Cdc42, Rac and Rho (reviewed
in Luo, 2000). For example, one of the important common effectors of Cdc42
and Rac is PAK (Edwards et al., 1999). Activated PAK phosphorylates LIMK
and interestingly LIMK is also regulated by Rho through ROCK (Ng and Luo,
2004). Myosin Il on the other hand is regulated by MLC kinase which is
downstream of Rac and MRLC which is a target of the Rho signalling pathway
(Sanders et al., 1999; Ueda et al., 2002). There are also pathways which are
only regulated by one RhoGTPase. Cdc42 can activate Arp2/3 via N-WASP
WASP (Wiskott-Aldrich Syndrome Protein) while Rac can also activate Arp2/3
but only through the WAVE complex (Rohatgi et al.,, 1999; Klooster et al.,
2006). Rho can regulate profilin, a capping protein (Watanabe et al., 1997).
Thus, polymerisation and depolymerisation of F-actin that determine neurite

outgrowth may be regulated by a variety of overlapping and distinct pathways.

Therefore, the different effects in axon and dendrites as well as neurite length
and branching, from depleting Tm5NM1/2 (Tables 5.1 and 5.2) indicate that
different aspects of neuritogenesis may be regulated by a combination of
overlapping as well as distinct mechanisms and pathways. The depletion of
Tm5NM1/2 has a greater impact on axon outgrowth than dendritic outgrowth in

hippocampal neurons (Tables 5.1 and 5.2). Rac, Cdc42 and Rho have been
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shown to affect axon and dendritic growth differently. A study has shown that
downregulation of Racl by siRNA affects dendritic outgrowth but not the
outgrowth of axon in mouse hippocampal neurons (Gualdoni et al., 2007).
Also, the Cdc42 signalling pathway is important for promoting both axon
extension and dendritic growth (Brown et al., 2000; Scott et al., 2003).
Furthermore, RhoA has been shown to affect the growth of axons and
dendrites differently. Dominant negative RhoA inhibited axon growth while
dendritic growth was promoted and the opposite effect was observed in
constitutively active RhoA in hippocampal neurons (Ahnert-Hilger et al., 2004).
This suggests that RhoA activation increases axon outgrowth and decreases
dendritic growth. Taken together, the greater impact on axonal outgrowth in
hippocampal neurons suggest that Cdc42 and RhoA levels may be altered in
Tm5NM1/2 KO neurons but further research needs to be performed to interpret

this result.

In addition to distinct effects shown by axons and dendrites, the data in this
study also shows that the neurite length and branching is affected differently by
the loss of TM5NM1/2 (Tables 5.1 and 5.2). While neurite length is decreased
(Figure 5.5), neurite branching is increased (Figure 5.7) in Tm5NM1/2 KO
cortical neurons. Also, interestingly the axon branching results in Tm5NM1/2
KO neurons are similar to cortical neurons which overexpress Tm5NM1. This
indicates that TmM5NM1/2 may not be directly impacting on neurite branching
and that other pathways or mechanisms may be involved. Studies have shown
that two RhoGTPases, RhoA and Rnd2 can induce neurite branching (Fuijita et

al., 2002; Chen and Firestein, 2007). Rnd2 is a new branch of the RhoGTPase
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family and is specifically expressed in neurons (Fujita et al., 2002). Both RhoA
and Rnd2 interacts with microtubules to influence neurite branching (Fujita et
al.,, 2002; Chen and Firestein, 2007). As neurite outgrowth involves the
assembly of microtubules and remodelling of actin filaments, Rac, Cdc42 and
Rho may still play a role in neurite branching by regulating the polymerisation
and depolymerisation of actin filaments. However, Rnd2 and RhoA may be the
driving force in regulating neurite branching. To gain further insight into the role
of TM5NM1/2 in neurite branching, it will be interesting to analyse the levels of

Rnd2 and RhoA in neurons from Tm5NM1/2 KO mice.
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7.3 Future directions

In this project, growth cone function has only been analysed with respect to the
lamellipodial compartment. Other important aspects of growth cone function
are regulated by the filopodia. The filopodia are important for sensing local
cues and directing growth cone migration and also neurite outgrowth (Bentley
and Toroian-Raymond, 1986). Filopodia extend and retract in order to explore
the environment for chemo-attractants and chemo-repellents, and in turn alter
the direction of growth cone advance in response to these cues. Therefore, as
filopodia dynamics are important for growth cone function this will be subject to
further investigation. For this, chemotaxis experiments will be performed to
determine the proper function of filopodia to sense different cues and the
migration of growth cones towards these cues will be investigated. On a
molecular level, the localisation and activity of RhoGTPases, such as Cdc42,
Rac, Rho and Rnd2, as well as their effector proteins, including LIMK and
PAK1, will be examined in neurons from Tm5NM1/2 KO mice to gain further
insight into the role that Tm5NM1/2 play in these RhoGTPase signalling

pathways with respect to early neuritogenesis.

As a complete knockout of the yTm gene is embryonic lethal (Hook et al., 2004)
and as adult Tm5NM1/2 KO mice show complete compensation by Tm5NM4/7,
analysis using a conditional KO of the yTm gene will provide more insight into
the function of yTm gene products in neuronal cells. A conditional yTm gene
KO mouse model is currently being generated and will be the subject of future

studies.
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7.3.1 Implications for tropomyosin dysfunction

The effect of depleting Tm5NM1/2 in this in vitro study has resulted in a subtle
effect on the early stages of neuritogenesis. Even though early neuritogenesis
may be mildly affected, the later stages of neuronal development and function
are unknown. To further analyse the later stages of neuritogenesis, the
synaptic function of neurons will be investigated in future experiments.
However these results from in vitro studies may not necessarily reflect the
situation in vivo. Therefore, the depletion of TM5NM1/2 on the effect of neurite
length and branching as well as synaptic function still needs to be investigated.
Impaired cognitive function and memory may result from defects in dendritic
branching and synaptic function. One possibility is that dendritic branching may
be decreased but synaptic function is normal. This scenario may limit the
signals which dendrites may receive as these post synaptic terminals may not
be able to spread out to all the axons sending signals. Another alternative is
that dendritic branching is normal but synaptic function is impaired. In this
event, all the dendrites may be able to connect with axons but the impairment
of synaptic function may cause problems in the propagation of signals between
neurons. If defects in dendritic branching and synaptic function are observed in
the in vivo model then behavioural studies on Tm5NM1/2 KO mice, especially
tests that analyse motoric function and memory, will be performed in future
experiments to determine the impact that these neurons have on cognitive

function.
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