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ABSTRACT

Regulation of Growth Cone Mitochondria by Intrinsic and Extrinsic Factors
Zhuxuan Xu
Advisor: Dr. Gianluca Gallo

The activity of the growth cone is necessary for neuron axon elongation during neuron
development and regeneration. This is a highly dynamic process of cytoskeletal recorganization
that requires a significant amount of energy provided by the mitochondria. The localization of a
sufficient number of mitochondria at the growth cone is essential to support its activity during
neuron development and regeneration. Both promotion and inhibition of the motility of growth cones
can be induced by intrinsic factors of neuron itself such as cytoskeleton dynamics and motor protein
activity, as well as extracellular molecules in the vicinity of the neuron such as nerve growth factor
(NGF) and components of the extracellular matrix.
The proposed hypothesis is that some of these factors have an impact on the localization
and morphology of mitochondria. My work in this project is aimed to determine which of these
factors have the greatest impact on mitochondria in neurons. Using sensory neurons isolated from
the dorsal root ganglion of chicken embryo as an in vitro model, I investigated select intrinsic and
extrinsic factors to determine their roles in regulating mitochondria in growth cones.
My results show that laminin as culturing substratum mildly decreased the length of
mitochondria; disturbed dynamic microtubule increased the number of distal mitochondria;
wholesale depletion of actin resulted in a retrograde evacuation of mitochondria along with other
plasmic matter out of growth cone microfilaments; inhibiting actin-motor myosin II results in
mitochondria located closer to the leading edge; E14 DRG neuron contains significantly longer
mitochondria in their growth cone than E7; treatment with NGF and the inhibition of MEK1/2 has
no obvious impact; inhibition of PLC γ lead to changes in mitochondria morphology and growth
cone retraction.
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CHAPTER 1
THE GROWTH CONE: THE LOCOMOTIVE FOR AXON EXTENSION

1.1 The Synopsis of Growth Cone

Neurons are a class of terminally differentiated and highly polarized cells. Mature neurons
have branched morphologies and great span in size because of their extension of neurites, e.g.
axons and dendrites. During embryonic development, newly differentiated neurons begin to be
polarized following with the generation and outwards extension of neurites from the cell body
(soma). One of the neurites will develop into an axon while the rest will give rise to dendrites.
Furthermore, neurons possess the ability of axonal regeneration after injury, such as axotomy,
where new axonal extension takes place from the distal tip of the severed axon that is still
connected to the soma.
The growth cone (GC) is the distal terminal of a growing axon where axonal elongation
occurs. Growth cones firstly emerge from actin-rich protrusion in early stage of neuron development.
Neurons that are injured by axotomy are capable to start the axon regeneration with the assembly
of a new growth cone at the tip of the severed axon (1). Growth cones are morphologically highly
variable in shape and size, and feature high dynamics driven by its most important cytoskeletal
components, filamentous actin(F-actin) and microtubules.
A growth cone can be morphologically divided in to three domains: the central(C) domain,
the transitional(T) domain/zone and the peripheral(P) domain (2-4). The C-domain defines the point
where the axon shaft terminates and the growth cone begins. This region contains sparse actin
filaments but is populated by the tips of axonal microtubules together with many organelles and
vesicles. The T-domain is the interface between the P-domain and the C-domain, where actin
adopts a more steady arc-like structure, most portion of microtubules cannot penetrate through,
and organelle transport terminates (5). The P-domain is characterized by filopodia and lamellipodia,
which contain the bulk of actin and mark the leading edge of growth cone. Depending on the cell

1

type and growing condition, the shapes and sizes of those domains and number of filopodia and
lamellipodia can vary dramatically.
During elongation, the growth cone keeps moving forward resulting in the formation of a new
axon segment behind the advancing growth cone. The process of axon extension can be divided
in chronological order into three stages termed as protrusion, engorgement and consolidation (6).
Protrusion occurs at the P-domain by the forward extensions of filopodia and lamellipodia, which
pushes the leading edge of growth cone ahead. Engorgement refers to the advance of microtubule
dynamic tips towards the P-domain. Extended microtubules pave the road for the transport of
organelles including mitochondria and vesicles into the same area. Consolidation denotes the final
step where the disassembly of F-actin makes the plasma membrane shrink and wrap tightly around
bundles of stationary microtubules, thereby forming a new segment of cylindrical axonal shaft
behind the growth cone. These three stages, iterated many times, give rise to the elongated axon
(7).
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1.2 Cytoskeleton of the Growth Cone

As reviewed by Dent and Gertler (7), although neurofilaments are presented in the axon and
C-domain of the growth cone, their function in growth cone motility and axon guidance is unknown.
Conversely, the other two polarized and dynamic cytoskeleton components, i.e. actin filaments and
microtubules, have been universally confirmed to be remarkably important in growth cone, as
addressed below.

1.2.1 Actin and Microfilaments

Two isotypes of non-muscle actin, β-actin and γ-actin, are expressed in neuron. Each actin
molecule possesses an ATP binding site, therefore in living cells actin exists in the form of ATPactin, ADP-pi-actin, and ADP-actin. Actin monomers are often referred to as globular actin (G-actin).
Actin monomers polymerize into helical filamentous polymers named actin filaments (Factin). Actin filaments are polarized fibers with one end named the “pointed” end and the other end
named the “barbed” end. These two ends have distinct dynamic features. Although ATP- and ADPactin can both associate and dissociate from either barbed or pointed ends in vitro, ATP- actin
addition onto the barbed end and ADP-actin dissociation from the pointed ends are kinetically
favored (8). This results in net elongation of the actin filament at the barbed end and net
disassembly at the pointed end. Actin is also modified as it “ages”. G-actin polymerizes onto actin
filaments as ATP-actin and is hydrolyzed first to ADP-pi-actin and then finally into ADP-actin upon
phosphate release.
Numerous actin binding proteins (ABPs) that bind either F- or G-actin have been discovered
in the growth cone. ABPs can provide functions such as binding and/or sequestering actin
monomers, cross-link actin filaments, capping or anti-capping the barbed or pointed ends of F-actin,
severing actin filaments, rebuild actin structures and anchoring F-actin to membrane adhesions. In
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addition, members of myosin II family motors are closely associated with F-actin and generate
contractile forces in growth cones.

1.2.2 Actin in the Growth Cone: Filopodia, Lamellipodia, Actin Arcs and More

At the P-domain of the growth cone F-actin forms two types of dynamic protrusive structures,
i.e. the filopodia and the lamellipodia. Filopodia are narrow cylindrical extensions. Actin filaments
form the core of filopodia and are tightly bundled together with their barbed ends found at the tip of
each filopodium. Lamellipodia are flattened, veil-like extensions where interconnected actin
filaments are organized as a meshwork. Polarized F-actin bundles within the lamellipodia are
termed F-actin ribs. F-actin ribs and actin core in filopodia continuously extend upon the actin
polymerization at the distal barbed ends while myosin II simultaneously pulls them backwards
toward the central region. This phenomenon is termed as “retrograde actin flow” (5, 9). As the
landmark of the T-domain, F-actin arc is a contractile structure formed by antiparallel bundles of
actin filaments along with myosin II which mediates contraction. As the growth cone center
advances towards an adhesion site, actin arcs on the sides of the C domain become more
prominent and mechanical connect the extracellular adhesion and the C domain (10).
Actin can also take form of other structures in the growth cone. The comet-like structure
named as intrapodia is a dynamic hybrid of both bundled and meshwork arrays emanating from
the T-domain (11). The C-domain also contains actin foci with roles in substratum adhesion and
the migration of growth cones through the extracellular matrix (12) . Activities and functions of these
structures are still not fully clear and seems less obvious compared with filopodia and lamellipodia
(13).
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1.2.3 Tubulin and Microtubules

Microtubules are cytoskeletal structures composed by three types of tubulin. One α-tubulin
subunit and one β-tubulin subunit pairs to form the α/β-tubulin dimer, which is the elemental unit
for the polymerization of the microtubule. In contrast, γ-tubulin is specifically localized to the
centrosome in the soma for the initiation microtubule nucleation.
Tubulin dimers arrange in a head-to-tail configuration and line up to form protofilaments.
Protofilaments arrange in parallel and wrap around to form the hollow cylindered microtubule. For
this reason, the microtubule is intrinsically polarized with two distinct ends: a fast-growing “plus”
end and a slow-growing “minus” end. The plus end of the microtubule is highly dynamic and
undergoes bouts of polymerization and depolymerization, referred to as dynamic instability. In
contrast, the minus end of the microtubule is usually stabilized by end capping proteins.
Both α- and β-tubulin bind GTP. Although the GTP bound to α-tubulin is not changed, the
GTP bound to β-tubulin is hydrolyzed to GDP during or shortly after polymerization. Such GTP
hydrolysis weakens the binding affinity of tubulin for adjacent molecules thereby favoring
depolymerization. Whether a microtubule grows or shrinks is determined by the rate of tubulin
addition relative to the rate of GTP hydrolysis, therefore GTP hydrolysis regulates the dynamic
property of microtubule.
Microtubules are modified by several forms of posttranslational modification. These
modifications includes tyrosination/detyrosination, acetylation, phosphorylation, polyglutamylation,
and polyglycylation (14). Most of these modifications are time-dependent because the enzymes
responsible for these modifications act only on microtubules and not free tubulin. Such later-stage
modification makes microtubule heterogeneous along their axis and correlates directly with the age
of the microtubule.
For example, free tubulin dimers generally contain a C-terminal tyrosine residue on the α
subunit (Try-tub). However, this terminal tyrosine and sometimes the penultimate glutamate can be
cleaved after assembly into microtubules, yielding detyrosinated tubulin (15) or Δ-2-tubulin (16).
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Tubulin acetylation is another time- and polymerization-dependent posttranslational modification
(17). In consequence, individual microtubule tends to be highly tyrosinated and sparsely acetylated
at their plus ends, with highly acetylated and sparsely tyrosinated minus ends (18).
Similar to ABPs, the assembly and organization of microtubules is regulated by diverse
microtubule-associated proteins(MAPs). MAPs distinguish the diversely modulated tubulins and
hence regulate microtubule assembly, disassembly, severing, stability and interactions with other
microtubules and cellular components. Axonal microtubules contain long regions of detyrosinated
tubulin at the minus end and can be extremely stable and long lived in neuron (19), however
microtubule tips with abundant tyrosinated tubulin frequently undergoes polymerization /
depolymerization. This is likely because such posttranslational modifications affect binding of
associated proteins

1.2.4 Microtubules in the Axon and Growth Cone

Axon shafts are supported by a dense parallel array of stable microtubules. These
microtubules are stabilized and uniformly oriented with their plus ends outward pointing the GC and
with most of the minus ends also terminating in the cytoplasm rather than anchored in the
centrosome. These axonal stable microtubules also serve as the substratum for long distance bidirectional transport of organelles and proteins from the cell body to the growth cone.
When axonal microtubules extend into the growth cone, they generally splay apart within the
C- domain (20, 21). Microtubules can also adopt a looped morphology when growth cones are in a
paused state (22). This looped morphology was discovered to be associated with synapse (23).
Although the majority of microtubules are enclosed within the C-domain, a population of individual
“pioneer” microtubules with higher dynamics invade across T-domain into the P-domain, and
explore this periphery region, usually along F-actin bundles. Over time these microtubules can
explore almost the entire P-domain of the growth cone through dynamic polymerization /
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depolymerization and transport (24). These P domain microtubules act as guidance sensors and
help steer the growth cone extension (21, 25).

1.2.5 Interactions Between Actin and Microtubule Are Evident in Growth Gone

Although actin filaments and microtubules do not directly bind one another, many
mechanisms exist in neurons to mediate the crass-talk between actin filaments and microtubules.
The actin arcs contraction in the T-domain and the retrograde flow of actin filaments in the Pdomain are examples of the microtubule-actin interactions involving mechanical forces. In particular,
actin has a pivotal role in determining microtubule localization in the growth cone. The contraction
force of actin arcs contributes to the consolidation of C domain microtubules, possibly by
compressing them into bundles and perhaps securing them until they are stably crosslinked by
microtubule-associated proteins (MAPs) in the growth cone neck (26). The F-actin in actin arcs
capture the microtubules at the periphery and then contract to transport these distal microtubules
back into the C domain (27). Meanwhile, the exploration of a small population of pioneer
microtubules inside the P-domain is directly affected by actin, as they usually extend preferentially
following the trajectories of F-actin bundles (13). Similarly, numerous vesicles and organelles are
observed to be transported by both microtubule and actin systems thereby enhance the physical
cooperation between these two cytoskeleton systems.
As reviewed (28) , static interactions could be mediated by individual proteins that can bind
both filaments simultaneously. Several proteins that contain homology to known actin- and
microtubule-binding motifs, including plakin family, BPAG1a/b, and microtubule-actin crosslinking
factor(MACF). Integrated protein complex can be formed by physical association between
microtubule and actin motors (hetero-motor) or between a motor and an ABP or MAP. These
protein complexes create dynamic interactions allowing the relative movement between F-actin
and microtubules.
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Regulatory signaling cascades can regulate both actin and microtubule systems
simultaneously, which contribute to enhancing the integrity of the cytoskeleton. The best
understood example is the Rho GTPase family, which include RhoA, Rac1 and CDC42. RhoA
mediates formation of contractile actin structures and at the same time promotes stabilization of a
sub-population of microtubules. Similarly, Rac1 along with CDC42 activity promote the
polymerization of both actin and microtubules to promote lamellipodial protrusion. In turn, the
activity of Rho proteins is regulated by the feedback based on the circumstance of microtubules
and actin (29).
The cooperation between actin filaments and microtubules within the growth cone as an
important component of neurite elongation has been summarized as a “Pull and Push” model. In
this model, myosin based retrograde contraction of actin filaments provides the “pulling” force at
the front, and the anterograde assembly of microtubules and organelle transport provide the
“pushing” force at the rear. The “pull” from actin does modulate, but it is not required for neurite
elongation, since the “push” from microtubule is sufficient for neurite elongation in the absence of
“pull”, though at reduced rates (30) .
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Figure 1. Structure and dynamics of the growth cone. The growth cone is a dynamic structure
formed at the distal terminal of axon. A growth cone can be morphologically divided in to three
domains; the central(C) domain, the transitional(T) domain and the peripheral(P) domain, with
filopodia and lamellipodia forming the leading edge. The dynamic activity of growth cone comes
from its most important cytoskeletal components, actin filaments and microtubules, along with many
other associated proteins.
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CHAPTER 2
MITOCHONDRIA: POWER PLANT AS WELL AS SIGNAL HUB

2.1 Mitochondria Carry Out Multiple Functions

The mitochondrion is a double membrane-bound organelle found in all eukaryotic cells.
Mitochondria have their own genome coding for a small subset of mitochondrial proteins. The
proteome of the mitochondrion is composed of both proteins coded for in the mitochondrial genome
and a large number of proteins encoded by the cell’s genome. Mitochondria are dynamic organelles,
exhibit plasticity in their morphology, distribution and mobility, all of which are processes under
control by both intrinsic and extrinsic regulators.

2.1.1 Mitochondria Generate ATP

Mitochondria are well-known for providing energy in the form of ATP. As a center of energy
metabolism, the mitochondrion carries the process of Krebs cycle and oxidative phosphorylation,
thereby serving important functions in the metabolism of carbohydrates, fatty acids and amino acids
(31, 32). Besides cell respiration, the mitochondrion is an important location for biosynthesis and is
essential for the manufacture of signaling molecules such as steroid hormone and prostaglandin
(33, 34).
For eukaryotic cells to survive many common housekeeping tasks require energy
consumption to maintain, including but not limited to the transcription and translation of genes,
intracellular transportation of organelles driven by motor proteins, cell signaling based on protein
phosphorylation-dephosphorylation or GTP-GDP cycle, maintenance of osmotic pressure and
electrochemical gradient etc. Such energy is stored and utilized predominantly in the form of ATP
and in some cases as GTP, which can diffuse freely through aqueous cytoplasm but with limited
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velocity and distance. Therefore, it is rational for cells to localize more mitochondria spatially close
to specific subcellular domains where vigorous activities happen and consume much more energy
than domains at “rest”.

2.1.2 Mitochondria Regulate Intracellular Calcium Signals

Ca

2+

is a common signal transduction elements in cellular organism. Intrinsic burst of Ca

2+

signaling can be triggered by G protein-coupled receptors(GPCR) and receptor tyrosine kinases
(RTKs) through PLC-IP3 pathway, and extracellular Ca

2+

can flush across the plasma membrane

2+

through voltage-gated Ca channel in response to electrophysiological stimuli. This change of Ca
concentration changes the activity of diverse Ca

2+

2+

sensor proteins, such as calmodulin, calcineurin,

α-actinin, protein kinase C(PKC) and nitric oxide synthase(NOS). Gene transcription, cell cycle and
cell death are all under the influence of Ca
contexts (35). Because Ca

2+

2+

signal, thereby enabling the cell response to altered

cannot be metabolized like other organic second-messengers, its

intracellular content is tightly under regulation.
Mitochondria regulate intracellular Ca

2+

homeostasis as they accumulate cytosolic calcium

creating a mitochondrial calcium sink. Mitochondria uptake Ca
through the Ca

2+

2+

through modes of inward transport

uniporter. Once inside of the matrix, the Ca

2+

can either be buffered via the

formation of phosphate salts, or can be transported outward back to the cytosol via two distinct
+

+

mechanisms, that can be Na -dependent or Na -independent (36).

2.1.3 Mitochondrial ROSs Evoke Autophagy and Apoptosis

Reactive oxygen species (ROSs) are molecules derived from oxygen and superoxide radical
and that can readily oxidize other molecules. Intracellular ROSs are predominately synthesized
within mitochondria with their release tightly under control.
ROSs can oxidize a vast array of targets, no matter whether they are proteins, DNA or lipids.
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Such vigorous chemical reactivity makes ROSs a versatile cellular signaling system. ROS have
well described roles in autophagy, where intracellular proteins and organelles get degraded by
lysosomes. This is essential for the clearance of damaged proteins and organelles under normal
conditions as a method of quality control for intracellular composition. Furthermore, ROSs have
been demonstrated as a signaling intermediate in varied cellular processes, including cell
differentiation, autophagy and apoptosis, and response to cellular stress, including starvation,
oxidative stress, and pathogen infection, and function to facilitate cellular adaptation to these
stresses (37).
Since ROSs are generally short-lived molecules, the signaling capacity of ROS relies on
proper localization of mitochondria. Although mitochondria are producers of ROS, ROS always
have immediate feedback on mitochondria. Specifically, the removal of defective mitochondria
through autophagy is termed as ‘mitophagy’. Cells that lack the ability to undergo mitophagy
accumulate dysfunctional mitochondria (38). Damaged mitochondria secrete higher levels of ROS
(39) Oxidative damage of mitochondrial proteins or DNA from ROS is likely to contribute to the
mitochondrial dysfunction, and this is characteristic of many neurodegenerative diseases (40).
Although autophagy has been generally considered to be a survival pathway, under certain
circumstances autophagy can induce cell death through a method distinct from apoptosis but
involving ROS (41).

2.1.4 Mitochondrial Membrane Potential(Δψm) and Mitochondrial Functions

The highest membrane potential found in cells is maintained by mitochondria across their
inner membrane, which is usually between 150 and 180 mV (negative inside). The Δψm reflects an
electrochemical gradient of protons. The phospholipid membrane is impermeable for the free
diffusion of charged ions like protons. As cell respiration occurs, enzymes complexes in the
respiratory chain (complex II, III and IV) actively transfer protons out of the mitochondrial matrix
into the intermembrane space, which creates an electrochemical gradient of proton and
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accumulates chemical potential energy. Such proton gradient is the main driving force for the
synthesis of ATP in oxidative phosphorylation, and also powers the transport of many other
substances including Ca

2+

into and out of mitochondria. Δψm can be indirectly measured and

visualized with many choices of fluorescent dyes to use. For each mitochondrion Δψm alters and
reflects its status. Young and healthy mitochondria have more hyperpolarized Δψm than old and
defective ones. Depolarized Δψm has been broadly confirmed in cell starvation and apoptosis.
Because of this, some researchers have considered Δψm as a part of cell signaling (42).
In summary, various mitochondrial changes have been revealed to identify dysfunction.
These features include impaired Δψm, respiratory complex inhibition, decreased ATP levels,
decreased Ca

2+

buffering capacity, increased ROS levels and et al.
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2.2 Mitochondrial Morphology and Dynamics

Mitochondria exhibit highly variable shapes and size, forming diverse phenotypes that
include small spheres, swollen spheres, straight rods, twisted rods, branched rods and loops (43).
Changes in mitochondrial morphology are highly dynamic during cell proliferation, growth,
differentiation, and apoptosis.

2.2.1 Length of Mitochondria

The length of a mitochondrion is readily measurable in mitochondria specifically labeled with
either mitochondrion specific fluorescent dyes or genetically encoded mitochondrial fluorescent
proteins and is a valuable quantitative description of mitochondrial morphology. Even though the
length of mitochondria in neuron can range widely from 0.3 µm (sphere) to over 20 µm (tube), their
width is usually close to 0.4 µm (43). The length of mitochondria in neuronal axons varies with
developmental age of the neuron and is greatly impacted by disease states or injury, which result
in mitochondrial fragmentation and decreased function. The length of mitochondria is also inversely
related to their ability to undergo transport (i.e. longer mitochondria undergo less transport). While
additional specific relationships between mitochondrial length the function of neuronal axons and
dendrites remain to be determined, the observation that mitochondrial length is regulated indicates
structure-function links.

2.2.2 Mitochondrial Fission and Fusion

Mitochondria are dynamic in morphology. They can independently stretch or shrink, curve
or straighten, or generate branches. Mitochondria combining (via fusion) or separating (via fission)
are mechanisms that alter mitochondrial shape, size and function (44-46). The fission of
mitochondria means that one mitochondrion divides into two or more small mitochondria.
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Conversely, the fusion of several mitochondria can link them into a longer mitochondrion and even
more complex structure as a reticular mitochondrial network. As a result, it has been suggested
that we should not consider mitochondria as autonomous organelles but to think of the hundreds
of mitochondria within the same cell as a population of interacting organelles (47). The balance
between fusion and fission events in cells serve to maintain steady state mitochondrial lengths in
cells.
Investigations of the mechanism of mitochondrial fission/fusion have revealed a group of
“mitochondria-shaping proteins” which can generate mechanical force by hydrolyzing GTP. The
confirmed fusion proteins include mitofusin(Mfn1 and Mfn2) and optic atrophy 1 protein(Opa1),
whereas the fission proteins include dynamin-related protein 1(Drp1) and its outer mitochondrial
membrane adaptors that serve to target Drp1 to the mitochondrion (46).
Mitochondrial fusion is initiated by Mfn1 and Mfn2 which are located on the outer membrane
of mitochondria and cause the tether and fusion of outer membrane. Subsequently Opa1, which is
on the inner mitochondrial membrane, functions to tether and fuse the inner mitochondrial
membrane. In the fission process adaptors anchored on the outer mitochondrial membrane protein
recruit cytosolic Drp1. The Drp1 then forms spirals around mitochondria and constricts it to sever
both inner and outer membranes.
The regulation of fusion proteins is not fully understood, with merely one mitofusin binding
protein (MIB) identified to modulate Mfn1 and hence regulate fusion (48). In contrast, Mfn2 is
revealed to participate in many activities besides mitochondrial fusion. Mfn2 exerts its
antiproliferative effect by inhibiting the Ras-Raf-MAPK signaling pathway (49).; builds a bridge for
ER-mitochondria tethering hence involving in Ca

2+

regulation (50) ; interacts with with miro/Milton

complex therefore contributes to transport of axonal mitochondria (51). Δψm is discovered essential
for fusion, as ionophores that dissipate the Δψm inhibit fusion and cause mitochondrial
fragmentation (52).
On the other hand, the regulation of Drp1 in mitochondrial fission is better understood. The
post-translational modification of Drp1 by phosphorylation at specific sites suppresses its fissionpromoting activity, resulting in not only elongated mitochondria, but also reduced Δψm and
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decreased ATP synthesis (53). Conversely, Drp1 is also activated by phosphorylation thereby
promoting fission. These upstream kinases include but are not limited to cyclin-dependent kinase
2+

(CDK1 and CDK5), Ca /calmodulin-dependent protein kinase(CaMK), protein kinase A(PKA),
protein kinase C(PKC), extracellular signal-regulated kinase(ERK) and PTEN-induced putative
kinase(PINK) (54-56). The endoplasmic reticulum(ER) also contributes to fission, as Drp1
commonly assembles and evokes fission at sites on mitochondria close to mitochondrial-ER
contact (57).
Fusion is essential for maintaining the health of a mitochondrial population, as it allows
mitochondria to exchange lipid membranes and intra-mitochondrial content. It is normal for a few
mitochondria to be transiently nonfunctional owing to the loss of essential components. Fortunately,
these defective mitochondria can regain fresh components through mitochondrial fusion. Cells that
lack fusion proteins have reduced respiratory capacity, and individual mitochondria show great
heterogeneity in shape and membrane potential (58).
Unlike the general agreement on mitochondrial fusion, the impact of enhanced fission on
mitochondrial health is still controversial. One perspective is that mitochondrial fission facilities the
clearance of defective mitochondria through Drp1-dependent mitophagy (59). Suppressed fission
has been observed to cause reduced Δψm and decreased ATP synthesis (53).

In contrast,

pronounced fission leads to fragmentation of mitochondria into small nonfunctional units and cell
death and is observed in a variety of cell trauma and disease states, and decreasing fission has
beneficial effects on cell health in these contexts (42).

2.2.3 Fragmentation of Mitochondria Is A Feature of Degenerating Cells

Mitochondrial fragmentation refers to the breakdown of a mitochondrion through repeated
cycles of fission into multiple small fragments. This is directly caused by a shift in the balance
between fission and fusion, with fission greatly enhanced with or without inhibited fusion.
Mitochondrial fragmentation is evident in cells undergoing apoptosis, raising controversy whether
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mitochondrial fragmentation is the cause or the result of programmed cell death. Apoptosis typically
involves the disturbance of mitochondria, release of mitochondrial contents like cytochrome C,
evocation of caspase system and the eventual cell death through autophagy.
Too much fission negatively affects mitochondrial function. As reviewed (60), enhanced
fission by upregulation of Drp1 depolarizes the mitochondrial membrane potential, increases the
release of cytochrome c and caspase activation. Elongated mitochondria are spared from
autophagic degradation and maintain ATP levels during cell starvation (61). Whereas large
amounts of mitochondrial fission often play a pro-apoptotic role, mitochondrial fusion seems to
protect cells from cell death.
Drp1 is regulated during apoptosis and the response of cells to damage. Oxidative and
nitrosative stress induces mitochondrial fission and damage (62). Pro-apoptotic proteins such as
2+

Bax or Bak activate Drp1-mediated fission indirectly (63). Moreover, Ca released from ER enables
the mitochondrial recruitment of Drp1 during apoptosis (64) .

2.2.4 Mitochondrial Morphology Affects Their Mobility

In most cells, mitochondria are highly mobile, transferred throughout the cell and distributed
to specific subcellular locations. This function is especially important in highly polarized cells such
as neurons. The organelle transport driven by motor proteins requires the cargo to be of particular
size for movement to take place, therefore the shape and size of mitochondria affects their mobility.
Therefore, mitochondrial network must be divided into smaller individuals that can be moved readily
by the motors. Shorter mitochondrial length may assist increased mitochondrial mobility, as less
energy is required to initiate the movement.
Mitochondrial transport is often coupled with the fission and fusion. Small mitochondria may
travel long distance before a fusion with others happens. The changes of mobility will eventual
influence the mitochondrial distribution. For example, mitochondria in hippocampal neurons
accumulate at dendritic spines following neuronal stimulation. Inhibition of mitochondrial fission
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decreases the abundance of dendritic mitochondria and the density of dendritic spines in neuron.
Conversely, increased fission facilitates the mobilization of dendritic mitochondria and leads to an
increased spine number (65) .

Figure 2. Mitochondria structure, functions and their dynamics. Mitochondria carries out
2+

numerous functions such as generating ATP, buffering Ca , regulating ROS and apoptosis.
Mitochondrial fission and fusion are the two mechanisms that directly alter the mitochondria
morphology, there by greatly influence the health of mitochondria and the cell.
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CHAPTER 3
MITOCHONDRIA IN NEURONS

3.1 Mitochondria Are Demanded in Neurons

The biosynthesis of macromolecules and production of organelles are considered to be
mainly sited in the soma. With its polarized and spanning morphology, neuron needs unique
manner to satisfy the matter and energy demand over long distances at the distal ends of dendrites
and axons. The local translation of mRNAs in axons and dendrites serves to attenuate some of
these problems, but nevertheless the neuron has an active and energy consuming system of
intracellular transport that delivers somatically translated proteins and organelles to the distal ends
of processes. Furthermore, the neuron requires local energy sources in its axon and dendrites.
Mitochondria undergo bidirectional transport in axons, a process that allows them to be
redistributed within neuronal processes to sites where they are most needed.
For immature neurons undergoing development or injured neurons undergoing regeneration,
the growth cone is a site of high metabolic and energetic demand. Active growth cones are
characterized by high rates of actin filament turn over. Actin is an ATPase and must be loaded with
ATP in order to undergo polymerization, after which ATP is hydrolyzed to ADP. Blocking actin
filament turn over in developing neurons indicates that up to 50% of neuronal ATP consumption if
due to actin filament turnover (66).
Recent studies have highlighted roles for mitochondria and their respiration in the regulation
of axon extension and regeneration, as well as branching. Promoting mitochondrial transport within
axons has been reported to increase axon regeneration after injury (67-69). Mitochondria have also
been shown to be fundamental components of the mechanism of axon branching, wherein the
positioning and respiration of mitochondria determine sites along the axon where branches can
emerge (70, 71). Although mitochondria are known to have important roles in neuronal
morphogenesis, the mechanisms that regulate the targeting and retention of mitochondria in growth
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cones are minimally understood.
Compared with other cell types, neurons seem to be particularly vulnerable to changes in
mitochondrial morphology and connectivity. Abnormal mitochondrial dynamics may represent a
common final pathway leading to neuronal dysfunction and suggest that mitochondria may be a
therapeutic target for neurodegenerative diseases including Alzheimer’s disease, Parkinson’s
disease, and Huntington’s disease (62).
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3.2 Trafficking and Docking of Mitochondria in the Axon and Growth Cone

Since mitochondria are thought to be synthesized in the perinuclear region, they must be
trafficked appropriately to support cellular functions at specific local regions. In addition, damaged
mitochondria need to be transported to cellular locations where they can be repaired or degraded.
Such mitochondrial transport is particularly evident in neurons. Such directed movements have
been observed to be saltatory rather than continuous, with switching between moving and stop and
reversals of direction. Axonal mitochondria predominately migrate across long distance down the
bundled microtubules. This movement is bidirectional which can be both anterograde (toward the
plus end of microtubule, to the growth cone) and retrograde (toward the minus end of microtubule,
to the soma). Mitochondria moves much slower or stop in actin-rich regions on the axon and at the
growth cone, indicating that myosin motors may also drive mitochondrial movement and anchor in
certain regions where actin filaments are enriched (72) .

3.2.1 Motors Transport Mitochondria along Microtubules and Actin Filaments

This cytoskeleton-based movement of mitochondria is revealed to be powered by motors.
Along microtubules, multiple kinesin family members and cytoplasmic dynein have been implicated
in anterograde and retrograde mitochondrial transport, respectively. Depending on the cell type,
mitochondria can also travel along actin filaments under the control of myosin motors. The
biochemical mechanism of three categories of motor proteins have been investigated in detail.
Kinesins are microtubule associated motor proteins and hydrolyze ATP as energy source.
Kinesin-1(also called KIF5) is the primary motor for the anterograde movement of mitochondria
along axonal microtubules. Kinesin-1 is composed of a homodimer of two kinesin heavy chains
(KHCs) together with two kinesin light chains (KLCs). For each KHC at the N-terminal forms a motor
domain with ATPase activity that binds directly to microtubules, whereas the C-terminal functions
to bind cargos or cargo adaptors. Interestingly, kinesin-1 binds preferentially to detyrosinated rather
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than tyrosinated microtubules, and this has important consequences for the subcellular distribution
of this motor in neurons (73) . Besides kinesin-1, kinesin-3 motors Kif1b and Klp6 have also been
discovered to transport mitochondria and thus alter their distribution in axons (74, 75).
Dynein is the main microtubule-based motor that utilizes ATP hydrolysis to drive the
retrograde transport of mitochondria. Dynein is composed of two dynein heavy chains(DHCs),
which are the motor unit, and several dynein intermediate chains(DICs), dynein light intermediate
chains(DLICs) and dynein light chains(DLCs) (76). Dynein typically binds to dynactin, another large
complex consisting of 11-subunits with function of dynein activator/adaptor, and collectively termed
as dynein-dynactin complex.
Myosins are actin filament binding motors which generate force and movement through ATP
hydrolysis thereby causing either actin filament contraction or cargo transport. Myosin V (moves
toward actin barbed end) and myosin VI (moves toward actin pointed end) are the two primary
motors associating with mitochondria. Myosin V and Myosin VI resist the microtubule-based
mechanisms for mitochondrial movement. It is suggested that myosin may compete against the
binding between mitochondria with microtubule-based motors, derail mitochondria from
microtubule tracks and anchor them to the actin cytoskeleton to create a stationary pool (77).
However, myosin motors probably mediate short-range movement in presynaptic terminals, growth
cones and dendritic spines, where actin filaments form the major cytoskeletal architecture (72).
Axonal mitochondria have been shown to travel along actin filaments but with different velocities
than along microtubules (78).
Kinesins do not directly associate with mitochondria but through linkage mediated by
adaptors. Kinesin-1 (specifically the KHC) forms a motor/adaptor complex with Miro (also known
as RhoT1 and RhoT2) and milton (mammalian isoforms are known as TRAK1 and TRAK2). Miro
is constantly anchored on the outer mitochondrial membrane. Milton directly links KHC and Miro,
2+

thereby associates kinesin motor with mitochondria. Miro is a small GTPase with four Ca -binding
domains (EF hands) (79), which enable Miro to regulate the recruitment and release of kinesin
under Ca

2+

signals. Syntabulin, FEZ1, and RanBP2 also serve as alternative kinesin-1 adaptors in

driving mitochondrial anterograde transport (80). In addition, kinesin-3 motors have been shown to
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bind to a different adaptor protein, the kinesin binding protein(KBP), and contribute the
mitochondrial distribution in cultured cells as well (81). Dynein-dynactin has the ability to bind
mitochondria directly through its subunit p150

Glued

in DIC region (82). Moreover, dynein can also

get linked to mitochondria through the interaction with adaptor milton and Miro (83). The
mechanisms by which myosin motors bind to mitochondria thereby influence their movement have
not been directly demonstrated (83).

3.2.2 Mitochondria Are Stationed at Specific Locations along Axons

Mobile mitochondria would stall and remain stationary once arriving at regions where there
2+

is a great demand for energy production and Ca homeostasis, for example the synaptic terminals,
dendritic spines, nodes of Ranvier (in a myelinated axon) and growth cones. Some hypotheses
have been proposed on the mechanism of how the movement of mitochondria gets arrested.
Mitochondria cease moving once they get released from cytoskeleton track, which could be
caused by the detachment of motor proteins either from mitochondria or from microtubule. Ca

2+

binding to Miro’s EF-hands causes a rearrangement of the Miro-milton-kinesin complex where the
motor domain of kinesin directly binds to Miro, thus prevent the kinesin-microtubule engagement
(84). Alternatively, the PINK1/Parkin pathway triggers the phosphorylation and ubiquitination of
Miro followed with its degradation by proteasomes. This causes an irreversible dissociation of the
motors from the mitochondrial surface (85). However, dynein-driven retrograde transport does not
2+

necessarily take over when kinesin-1 transport machinery is disrupted by elevated Ca , but how
the Miro- Ca

2+

pathway inactivates dynein transport machineries is still unclear (80).

Mobile mitochondria can also be anchored to the cytoskeleton and remain stationary via
either microtubule-based or actin-based anchoring machinery. Known as a neuron-specific docking
protein, the syntaphilin links to mitochondria via a C-terminal transmembrane domain and anchors
directly to axonal microtubules via an N-terminal domain, thereby immobilizing mitochondria (86).
In this stationary status, kinesin-loaded mitochondria remain associated with the microtubule while
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KIF5 ATPase(kinesin-1) is in an inactive state (87). LC8, a dynein light chain, binds to syntaphilin
and stabilizes the syntaphilin–microtubule interaction (88). Meanwhile, myosin (V and VI) can also
help to tether mitochondria to actin filaments, although the docking receptors involved have yet to
be identified (77). Such actin-based docking is facilitated by nerve growth factor(NGF) via
phosphoinositide 3-kinase(PI3K) or ROCK signaling pathways (89, 90).
Perhaps mitochondria can switch their binding affinities for the different motors and anchors.
Alternatively, all motor types could be concurrently bound, but differentially silenced or activated.
The observation that mitochondria can rapidly reverse their direction of transport suggests that
different motor proteins are simultaneously bound to the outer mitochondrial membrane and
regulated there in situ.
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Figure 3. Trafficking and docking of mitochondria along axon and in the growth cone.
Mitochondria are actively transported in neuron along cytoskeleton. Kinesin and dynein connect to
mitochondria via adaptors and carries the mitochondrial transport along microtubule. Myosin V and
VI associate mitochondria with actin filaments, which competes with microtubule-based transport.
Mobile mitochondria get sequestered through either dissociate with motors or contact with specific
anchor proteins.
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CHAPTER 4
MY RESEARCH

4.1 Purpose of My Research

The distribution of mitochondria near growth cone has been revealed to reflect the growth
cone activity. In actively growing axons, mitochondria are recruited toward the growth cone, with a
sevenfold higher density in the region immediately adjacent to the growth cone than in the region
100 µm away. When in growth cone mitochondria usually stay within the C-domain, but can also
transiently enriched in the lamellipodia (91). However, once axonal outgrowth is blocked, the
gradient of mitochondrial distribution collapses as mitochondria exit retrogradely from the distal
region, becoming uniformly distributed along the axon (92).
Analysis of individual mitochondrial behaviors revealed that mitochondrial movement
everywhere was bidirectional but balanced so that net transport was anterograde in growing axons
and retrograde in blocked axons. It has also been reported that ~90% of mitochondria with high
potential (hence are more active ATP generators) are transported forwards to the growth cone and
~80% of mitochondria with low potential are transported backwards to the cell body (93), which
corresponds to the high metabolism rate required for growth cone activities. However, another
study has questioned the relationship between the degree of mitochondrial polarization and their
transport (94) .
Recent evidence indicates that mitochondrial dynamics conjointly regulate growth gone
motility, guidance, and neurite growth rate. Acute inhibition of mitochondrial fission reversibly
suppresses axon growth and lamellar extension, and increasing mitochondrial fusion changes
growth cone steering responses to guidance cues (95). Neurons fail to regenerate after injury or
disease due to reduced intrinsic axon growth ability, insufficient neurotrophic factors, and extrinsic
inhibitors. Recent work has provided evidence that promoting mitochondrial transport along axons
can enhance regeneration of axons (67-69).
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My work focused on investigating how some of these factors regulate mitochondrial
distribution and morphology in growth cones. Dorsal root ganglia from chick embryos were used to
test the effects of both intrinsic factors including cytoskeleton, signaling cascades and embryo age,
as well as extrinsic factors like laminin substratum and neurotrophic factor in the regulation of
growth cone mitochondria.

27

4.2 Materials and Methods
4.2.1 Materials and Reagents

Fertilized chicken eggs containing embryos of either sex were obtained from Charles River.
Used as coating substratum, laminin was obtained from Invitrogen and Poly-lysine from Sigma.
Defined F12H medium added with additive cocktail is used for DRG culturing. Defined F12H
contains F12H medium (from Invitrogen), HEPES buffer (from Sigma), Sodium-pyruvate (from
Sigma), 100x Pen/Strep Fungizone mix (from Fisher Scientific) and L-glutamine (from Fisher
Scientific). The additive cocktail is composed by Phosphocreatine (P-7936), Apo-transferrin (T2252), Sodium-selenate (S-8295), Insulin (I-5500) and Progesterone (P-8783), all from Sigma.
F12HS10 medium was for animal dissection and DRG pretreatment before culturing. Its
components are 10% fetal bovine serum (from Fisher Scientific) and the defined F12H medium, as
described above, with no additives cocktail. NGF was obtained for R&D systems. Two types of
florescent dye for mitochondria, MitoTracker Red and MitoTracker Green, were both obtained from
Invitrogen. Vinblastine, Latrunculin, Blebbistatin, PD325901, U73122 and mDivi are all from Sigma.

4.2.2 Tissue Culture

The videodish used for imaging is a hand-made apparatus as reported (96). Briefly, a ⌀12
mm circle hole was drilled in the center of a ⌀50 mm plastic petri dish. A ⌀25 mm glass coverslip
was glued to the outside bottom of the petri dish completely covering the hole drilled. So the hole
and the glass coverslip combined to form a shallow well inside which the cells of interest can be
cultured.
In general circumstance, a coating process is required to cover the videodish well with
substratum assisting the attachment of neuron and to promote the extension of axons. Laminin(LN)
and poly-lysine(PL) are commonly used culture substrata for primary neurons. Poly-lysine provides
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a strong adhesive substratum while LN, as one component of extracellular matrix abundant in
neural tissue, provides a more biologically relevant substratum.
The coating procedure is described as follow: After 30 min of UV exposure for sterilization,
each videodish was treated with 160 µl of 10 µl/ml PL-Borate Buffer solution inside the well and
was incubated at 38 °C for over 4 h. Then poly-lysine solution was then aspirated and washed
away with 1000 µl PBS for 3 times, and replaced with 160 µl of 25 µg/ml LN-PBS solution. After a
subsequent incubation at 38 °C overnight those dishes became readily utilized for cell culture
Fertilized chicken eggs containing embryos of either sex were obtained from Charles River.
On embryonic day 7 or 14, chicken embryos were removed from the eggs and dissected following
published protocol (97). Dorsal root ganglions(DRGs) at lumbar and sacral division of the embryo
were harvested and cleaned in F12HS10 to remove the ganglion’s capsule.
For each experiment, approximately 40 DRGs were harvested from three or four embryos of
the same age in day and were mixed / grouped at random. Then the DRGs were cultured as explant
in pre-coated videodish well at a density of 4-5 DRGs per well in 300 µl defined F12H medium per
well, incubated at 38 °C. Except for the test of the effects of NGF on GC, neurons were cultured in
the continuous presence of NGF that is standardized using 20 ng/ml for before-after treatment
experimental designs.

4.2.3 Stain and Live Imaging of Mitochondria in DRG Explant

DRG explants were used for experiments between 20 and 28 h after plating. Mitochondria
were labeled right prior to drug treatment and live imaging. MitoTracker was used at 0.1 nM (red)
and 10 nM (green), respectively. Live cells were labeled with the dyes for 30 min culturing, followed
by three washes of fresh defined F12H medium with consistent concentration of NGF. The volume
of medium in each well was adjusted for the follow-up drug supplement.
Live imaging for each dish of explant culture started exactly at 30 min after the supplement
of designated drug, and was completed within 30 min. To maintain a suitable consistency of
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culturing condition when performing the imaging, the sample stage as well as the object lens were
heated and held constantly at 38 ˚C by a Carl Zeiss multiplate heating insert with objective heater.
Cultures are allowed to equilibrate for 5 min on the heating stage prior to imaging
All imaging was performed on a Zeiss Axiovert inverted microscopes equipped with an Orca
ER camera (Hamamatsu) for all wide-field image acquisition. Treated explant cultures were
observed through a 100, 1.3 numerical aperture objective. Separated growth cones not overlapping
with any other growths or axons can be found in the periphery of the explant culture. Photos of
such growth cones were shot by both phase contrast channel and fluorescence channel for
MitoTracker Green (FITC filter) or for MitoTracker Red (Rhodamine filter).

4.2.4 Quantitative measurement and statistical analysis

For each picture of growth cone, three types of measurement were recorded: the number of
mitochondria at the growth cone, the average length of the mitochondria, and their position relative
to the distal most extent of the growth cone (Fig. 4). All these measurements and analysis of images
were performed using Zeiss Axiovision software.
The positioning of mitochondria was quantified by the distance between the distal most
mitochondrion and the leading edge of the growth cone. Given the great diversity of the size and
shape of growth cone, the domain within 20 microns from the growth cone frontier was defined as
“at the growth cone” and only those mitochondria located partially or completely inside such domain
were counted. Mitochondria could accumulate and form clusters, which introduces ambiguity to
measurement, so clustered mitochondria were excluded from statistical analysis. For each counted
mitochondrion without clustering, its length was measured with the curve tool in Axiovision.
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mitochondria
cluster

Figure 4. The measurement of mitochondria at GC: distance, number, and length. The
distance between the distal most mitochondrion and the leading edge of the GC. In this case, 4.6
µm. The number of mitochondria within 20 microns to the GC frontier were counted manually. In
this case, 3 mitochondria were countable with no ambiguity. However, some other mitochondria
gathered at the neck of GC forming a cluster. For each of these 3 mitochondria that got counted,
its length was measured and recorded manually. Top panel: phase contrast channel; bottom panel:
filter channel for Mitotracker
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All statistical analysis was performed using Instate software (GraphPad Software). The
calculations of the distance, the number and the length were mutually independent. When
calculating the distance, datum from every GC containing 0 mitochondrion was discarded as empty
value. When calculating the number, datum from each GCs with mitochondria cluster was
discarded as empty value. The software automatically checks datasets for deviation from a normal
distribution (Kolmogorov–Smirnov test). Since non-normal distribution was detected in each of the
datasets with a comparison group, nonparametric statistics were used. In the Laminin concentration
experiment, Kruskal-Wallis test was performed to analysis data from 3 groups. For other
experiments, Mann-Whitney test was adapted to compare data from 2 groups. Results are
presented as bar plots. Error bar shows median with interquartile range. Sample sizes are indicated
in figure legends and significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
NS = not significant.
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4.3 The Effects of Laminin Contact on Mitochondria in Growth Cone
4.3.1 Experiment and Results

Laminin(LN) is a large, multi-domain glycoprotein composed of three intertwining
polypeptide chains (α, β and γ chain). Different isoforms of laminin proteins get organized into
meshwork-shaped polymers as essential component of extracellular matrix(ECM) or basement
membranes in various tissues (98). Laminin has been indicated to participate in the migration of
neural crest cells, formation of nerve tracts and development of non-neuronal tissues like pia and
blood vessels during embryonic development. During peripheral nerve regeneration laminin plays
a role in maintaining a scaffold within the basement membrane along which regenerating axons
grow. Laminin’s role in mammalian central nervous system injury remains controversial (98).
Laminin interacts with a variety of cell surface receptors, the most prominent being the integrin
family fo receptors, eliciting behaviors such as substrate attachment and process outgrowth. Its
interaction with the neuronal growth cone affects both velocity and direction of neurite outgrowth in
culture and within the nervous system. Experiments were performed to determine whether
substrata coated with different laminin concentrations make a difference on the distribution and
morphology of mitochondria.
Three groups of video dishes were all coated with poly-lysine(PL) as the first layer of
substratum. After 4 h incubation at 38 °C, the PL-coating solution got washed away and replaced
based on group setting with 5 µg/ml, 12.5 µg/ml or 25 µg/ml LN-PBS solution, respectively. After
overnight incubation at 38 °C, those dishes became readily to use for DRG explant culture.
Mitochondria were labeled with MitoTracker Green, and imaging was performed between 20 h to
28 h after DRG transplant. Photos of identifiably separated growth cones were acquired and
analyzed.
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As analyzed, different substratum induced no change to the distance of mitochondria to
growth cone leading edge. However, the growth cones of neurons on low level of laminin (5 µg/ml)
contained mitochondria of greater length. For the two groups with 12.5 µg/ml or 25 µg/ml laminin
coating, however, no differences in mitochondria length were noted (Fig. 5). Laminin concentration
did not alter the percentage of growth cones with mitochondrial clusters (not shown).
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Figure 5. Analysis of mitochondria in DRG explants growing on substrata with different
laminin composition. E7 DRG explants were cultured on substrata with identical amount of PL
but varied laminin. NGF was supplied at constant concentration of 20 ng/ml. Live imaging were
performed 20-28 h after plating. The Kruskal-Wallis Test (Nonparametric ANOVA) was applied.
(A) Distance of distal mitochondria to the GC leading edge. No difference was observed among
these groups (p = 0.0630; median 5.1 µm, n = 97 for 5 µg/ml LN; median 6.9 µm, n = 138 for 12.5
µg/ml LN; median 6.3 µm, n = 147 for 25 µg/ml LN). (B) Number of mitochondria in the GC. There
is no difference among these three groups (p = 0.1285; median 5.0 µm, n = 80 for 5 µg/ml LN;
median 4.0 µm, n = 96 for 12.5 µg/ml LN; median 5.0 µm, n = 100 for 25 µg/ml LN). (C) Length of
mitochondria in the GC. DRG neurons growing on 5 µg/ml LN possess longer mitochondria at
GC, while no significant difference of mitochondrial length existed between the 12.5 µg/ml LN and
25 µg/ml LN group (p < 0.0001; median 1.4 µm, n = 681 for 5 µg/ml LN; median 1.1 µm, n = 644
for 12.5 µg/ml LN; median 1.2 µm, n = 879 for 25 µg/ml LN). E7, embryo day 7; PL, poly-lysine;
LN, laminin; GC, growth cone; NS, no significance.
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4.3.2 Discussion

Axons attach to and extend on the PL substratum through nonspecific electrostatic
interactions. In contrary, axons bind to laminin by specific receptors and induce intracellular
signaling. Laminin has been described to accelerate growth cone extension via inducing
intracellular signals (98).
laminin contact induces Ca

2+

influx into growth cones, which regulates numerous proteins

including calcium-dependent PKC, calmodulin(CaM), and CaM-kinase II (99). This consequently
regulates neuromodulin(GAP-43), an essential regulator of F-actin dynamics and organization in
growth cones (100). On the other side, the binding of laminin to integrin receptor induces focal
adhesion, where occurs the recruitment and activation of specific signaling cascades, represented
by focal adhesion kinase(FAK) and Fyn/Shc pathway. FAK is linked to the modification of
cytoskeleton, and both FAK and Shc contribute to the activation of the Ras-MEK-MAPK cascade
(101).
Drp1 is the motor for mitochondrial fission, and it is modified by numerous kinases and
phosphatases that regulate its distribution and activity. Aimed to explain the reduced length of
mitochondria corresponding to increased laminin contact, I promote two possible mechanisms and
both converge on Drp1. First, Ca

2+

participates in the modification of Drp1 and induces fission. In

2+

rat hippocampal neurons, Ca /calmodulin-dependent protein kinase I α (CaMKIα) is reported to
activate Drp1 and promote its binding mitochondria, hence stimulating fission (102) . Secondly, as
downstream of FAK pathway, ERK1/2 has been demonstrated to directly phosphate Drp1 and
increase its translocation to the mitochondria (103) , and blockade of ERK1/2

resulted in

mitochondrial elongation in neuron (54).
An additional explanation is that laminin influences mitochondrial fission indirectly through
actin dynamics. The recruitment of Drp1 to mitochondria seems to rely on F-actin. Disruption of Factin attenuated mitochondrial inhibitor-induced fission and the recruitment of Drp1 to mitochondria
(104). One consideration regarding the third hypothesis is that mitochondrial length was increased
on the low concentration of laminin but the distribution of mitochondria maintained the same. Based
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on the observation that wholesale depolymerization of F-actin mitochondria evacuated the growth
cone (105), one may instead expect that if there are lowered F-actin levels there may also be less
mitochondria targeting to the growth cone. However, this will require investigation of the F-actin
cytoskeleton and determination if intermediate levels of F-actin loss also impact mitochondria
positioning in the same manner as almost complete loss of filaments.
Finally, the observed increased length of mitochondria on low laminin may also reflect
increased fusion. To date there is not predicted link between laminin signaling and fusion machinery,
which as discussed prior is not quite as well understood as the fission machinery. However, this
possibility should not be discounted. Ultimately, live imaging of fission and fusion events on different
concentrations of laminin should be able to provide insights into this issue.
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4.4 Role of Microtubule Dynamics in the Targeting of Mitochondria to Growth Cone
4.4.1 Experiment and Results

Microtubules sustain the construct of developing neurite. Microtubules are stable in mature
axonal shafts but much more dynamic at growth cone. Such dynamic instability at the plus ends
has been addressed to provide sufficient “pushing” force to generate protrusions from severed axon
and support constant axonal extension in the absence of F-actin (106). Local modification of
microtubule dynamics is essential to induce growth cone turning (107). Furthermore, microtubules
form the track for the transport of numerous cytoplasmic components that supply materials, energy
and information to all the distal cellular activities like growth cone extension. Inhibition of dynamic
microtubules can completely pause axon elongation (108). For these reasons, I addressed the role
of microtubule plus tip dynamic instability in the regulation of mitochondria in growth cones.
Vinblastine(VB) is utilized as microtubule-disruptive drug for its capability to physically bind
β-subunit of tubulin dimer, which induces a conformational change in tubulin in connection with
tubulin self-association and thereby inhibits the assembly of microtubules. At very low
concentrations VB suppresses microtubule dynamics without changing microtubule mass.
However, VB causes depolymerization when applied at higher concentrations (109). VB (1 nM)
completely stopped the growth cone extension of E7 chick DRG neuron without depolymerizing
microtubules, while VB (6 nM) depolymerized approximately 50% of E7 microtubules (108).
Considering such empirical knowledge, in this experiment VB was adjusted to an working
concentration of 3nM which was directly to suppress dynamics without inducing depolymerization
(110) .
To find out whether intrinsic dynamic of microtubule affects the mitochondria in growth cone,
experiment was designed as following: E7 lumbosacral DRGs were explanted inside of PL/LN
coated videodish and supplied with constant NGF of 20 ng/ml. Mitochondria were labeled with
mitoTracker Green from 20 h to 28 h after DRG transplant prior to the administration of VB or
DMSO. Live imaging was applied one-by-one for each videodish precisely 30 min after the
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corresponding drug administration. Photos of identifiably separated growth cones were adopted
and analyzed.
After the treatment of VB, an increase in the number of mitochondria (median of 4 in VB and
2 in DMSO) was observed in the growth cone. Nevertheless, the distance of mitochondria to the
leading edge did not change, and the mitochondrial length maintained constant (Fig. 6). No change
happened to the percentage of growth cones exhibiting the formation of mitochondrial clusters (not
shown).
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Figure 6. Analysis of mitochondria in DRG explants with microtubule disturbance. E7 DRG
explants were cultured on substrata coated with poly-lysine and laminin, and NGF was supplied at
constant concentration of 20 ng/ml. DMSO or VB, an inhibitor of microtubule assembly, were
submitted to videodish 20-28 h after plating. Live imaging for each dish was performed 30 min after
the corresponding drug administration. (A) Distance of distal mitochondria to the GC leading edge.
No difference was observed among these groups (p = 0.9359; median 8.1 µm, n = 169 for VB;
median 8.1 µm, n = 151 for DMSO). (B) Number of mitochondria in the GC. VB treatment
significantly increased the number of mitochondria close to the GC. (p < 0.0001; median 4.0, n =
95 for VB; median 2.0, n = 86 for DMSO). (C) Length of mitochondria in the GC. No significant
difference of mitochondrial length existed between the VB treatment and DMSO control (p = 0.3806;
median 1.4 µm, n = 664 for VB; median 1.4 µm, n = 472 for DMSO). E7, embryo day 7; GC, growth
cone; VB, vinblastine; DMSO, dimethyl sulfoxide; NS, no significance.
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4.4.2 Discussion

In my work VB was used at 3nM to block plus tip dynamic instability while avoiding
microtubule disassembly, as characterized in Ketschek et al (2016) (110). Although administration
of VB prohibited the growth cone extension, no conspicuous change of the appearance of growth
cone was observed under brightfield phase. VB treatment increased the number of mitochondria
in growth cones. An increase in the number of mitochondria could be due to either increased
anterograde transport into the growth cone, or suppression of retrograde evacuation out of the
growth cone. While these possibilities were not directly addressed, which would require live imaging
of transport, the literature is in favor of the latter interpretation.
In neurons, there is a spatial gradient of tubulin modifications along axons. In contrast with
proximal axonal region, the growth cone and distal axon shows a profound enrichment of
tyrosinated α-tubulin, where coincides with the retrograde transport initiation zone (18, 111). VB
inhibits the dynamic instability of microtubule by preventing fresh Tyr-tubulin adding to the plus tips.
It is rational to infer VB treatment decreases Tyr-tubulin levels in growth cones, because
detyrosination of tubulin, as many other posttranslational regulations of microtubule, is timedependent and does not take place immediately as tubulin dimer gets integrated into microtubule
lattice, but occurs later when relevant enzymes get recruited to the tubular polymer.
Microtubule plus-end binding proteins(+TIPs), such as EB1, EB3 and cytoplasmic linker
protein-170(CLIP-170), are associated with dynamic microtubule tips containing high levels of
tyrosinated tubulin in growth cone. EB1 and CLIP-170 have been identified to form distinct plusend complexes along with p150

Glued

(112), an subunit of dynactin and often physically associated

with vesicles and organelles. In this scenario, CLIP-170 comets serve as docking sites for p150

Glued

connected cargos, leading to the initiation of retrograde transport by the motor dynein (113).
Both CLIP-170 and p150

Glued

contains cytoskeleton-associated protein glycine-rich (CAP-

Gly) domain and are robustly sensitive to the tyrosination state of the microtubules (114, 115) .
Collectively, α-tubulin tyrosination enhances the efficiency of cargo binding to microtubules and
promotes the initiation of retrograde transport (116). VB treatment impaired microtubule dynamics
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and thus it is predicted decreased dynein-driven retrograde mitochondrial transport out of the
growth cone, which provides an explanation for an elevated count of mitochondria in growth cone
observed in my work. Additionally, kinesin-1(KIF5) binds preferentially to detyrosinated microtubule
rather than tyrosinated microtubule (73) . VB increasing the detyrosinated microtubule in the growth
cone may facility the anterograde mitochondrial transport and partially contribute to the increased
distal mitochondria as well.

42

4.5 Role of Actin Filament Dynamics in the Targeting of Mitochondria to Growth Cone
4.5.1 Experiment and Results

Actin filaments(F-actin) make complex and dynamic structures e.g. filopodia and
lamellipodia at growth cone. Polymerization at the barbed tip of actin filaments supports pushes
the forward movement of growth cone leading edge. Mediated by myosin II the contraction of Factin bundles provides the “pulling” force to pull the growth cone forward. Once growth cone contact
with specific substratum through receptors such as integrin, actin rapidly responds with altered
arrangement and dynamics, which is significant for the steering of growth cone under differed
circumstances. Research on chick embryo DRG has demonstrated that E7 growth cone relies more
on the actin compared with E14 (108). Depletion of F-actin not only halts growth cone extension
but also causes retrograde cytoplasmic redistribution (105).
Latrunculin A(Lat A) is used as an inhibitor of the polymerization of F-actin because it binds
and sequesters G-actin monomers hence prevents them from adding to the barbed end of actin
filaments (117). Chronic exposure to Lat A significantly halts the growth cone extension and results
in F-actin depletion and distal-proximal thinning of axons, along with debundled microtubules and
sparse neurofilaments. (108).
Experiments are designed to reveal how disrupted F-actin by Lat A alters the mitochondria
status in growth cone. E7 chick DRGs were explanted to PL/LN coated videodish with 20 ng/ml
NGF supplement. Mitochondria were labeled from 20 h to 28 h after DRG transplant prior to the
treating the culture with of Lat A (5µM) or DMSO. Living imaging was applied to each videodish
accurately 30 min after the corresponding drug administration. As expected for Lat A treatment it
collapsed all growth cones as expected for depolymerization of F-actin. Photos of identifiably
separated growth cones in controls and axon termini in Lat A treated samples were acquired and
analyzed.
The 30-min-treatment of Lat A triggered a universal axon retraction and induced remarkable
changes on the morphology of growth cone. Original growth cone structure underwent collapse
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with complete loss of filopodia/lamellipodia, and left the axonal tip and shaft much thinner than
usual. Mitochondria were repelled away from their original locations in the distal, reflected as a
significantly increased distance between the mitochondria and axon tip, together with reduced
count of mitochondria within 20µm from the axon tip (not analyzed) (Fig. 7). Because the growth
cones were not definable in these conditions, and there were almost no mitochondria in the distal
10 microns of axons other parameters were not quantified.
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Figure 7. Analysis of mitochondria in DRG explants with F-actin disturbance. E7 DRG
explants were cultured on substrata coated with poly-lysine and laminin, and NGF was supplied at
constant concentration of 20 ng/ml. Between 20 and 28 hours after DRG planting, cultures were
treated with cultures with lat A (which depolymerizes actin filaments) or DMSO for 30 min followed
by mitochondria imaging. (A) Distance of distal mitochondria to the GC leading edge. Lat A
obviously drove the mitochondria away from the axon terminal. (p < 0.0001; median 30.9 µm, n =
148 for Lat A; median 11.7 µm, n = 168 for DMSO). Comparison of the GC morphology between
Lat A treatment (B) and DMSO control (C). (B) Under the treatment of Lat A, axonal tip lost its
classical sophisticate structure as GC and axon shaft became much thinner than normal. (C) GC
treated with DMSO. E7, embryo day 7; GC, growth cone; NS, no significance.
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4.5.2 Discussion

The effects of Lat A treatment on embryonic sensory explants have be delicately revealed in
previous researches. Depletion of F-actin induced by Lat A results in disappearance of growth
cone stricture and the distal-proximal thinning of axons. Although chronic exposure (for 24 h,
overnight incubation with 2µM Lat A) for E7 DRGs caused the retraction of axons and reduced the
its tip extension rate to undetectable level (108). During acute treatment paradigm (5µM Lat A over
the course of 1 h), however, no retraction of the distal-most extent of axonal tips was evidently
observed.
Moreover, Lat A induces retrograde displacement of the vesicles and organelles, including
mitochondria. By 1 h following treatment with Lat A only a few axons retained one or more
mitochondria in their distal 40 µm segment. Dynein seems essentially involved in the response to
acute F-actin depolymerization, since the dynein inhibitor Ciliobrevin D greatly attenuated axon
thinning and promoted distal axon extension (105).
The observed evacuation of mitochondria from axonal tip in my experiment is consistent with
the notion that Lat A induces redistribution of the cytoplasm and organelles. It seems to be directly
resulted from the induced dynein activity, nevertheless the mechanism of how acute disassembly
of actin filaments trigger the response of activated dynein remains unsolved. Additionally, actin
filaments serve as the base of myosin-mediated mitochondrial docking which competes with the
driving force from microtubule-based motors and cease mobile mitochondria. Depletion of F-actin
could decrease the resistance there by facilitate mitochondrial transport.
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4.6 Role of Myosin II in the Targeting of Mitochondria to Growth Cone
4.6.1 Experiment and Results

Non-muscle myosin II is an actin-binding motor protein that generates contractile force and
movement among actin filaments by ATP hydrolysis. All known isoforms of myosin II (myosin IIA
myosin IIB and myosin IIC) are found in growth cones (118, 119). Myosin II is essential component
of diverse actin dynamic activities in growth cone. At the T-domain myosin II enables the contractile
activity of actin arc, which boundaries the majority of dynamic microtubules tips and microtubulebased cargo transport (27). Myosin II mediated retraction also drives the retrograde flow of F-actin
bundles in filopodia / lamellipodia from the P-domain to the C-domain (120), as an activity essential
for the steering of growth cone in response to guidance cue (121). Furthermore, myosin II functions
as major determinants of axon consolidation at the growth cone neck thereby maintain the growth
cone polarity (122).
Inhibition of myosin II partially decreased the F-actin content in E7 growth cone independent
of substratum (122). However, even though myosin II inhibition increased the frequency of filopodial
and lamellipodial initiation from the distal axon, how it alters the extension rate of growth cone
differs with the substratum. Inhibition of myosin II function decreases the rate of axon extension on
laminin, but conversely promotes extension rate on poly-lysine (123).
Blebbistatin is a selective inhibitor for all isoforms of non-muscle myosin II (IC50 values 0.55 μM) (124). The active stereoisomer (S)-(-)-blebbistatin binds myosin motor domain within the
aqueous cavity between the nucleotide pocket and the cleft of the actin-binding interface. This
Inhibits actin-activated Mg-ATPase activity thereby the motor function of myosins IIA and IIB (125).
My first experiment was aimed to investigate whether impairing myosin II would affect
mitochondria in growth cone on laminin. E7 chick DRGs were explanted to PL/LN coated videodish
with 20 ng/ml NGF supplement. Mitochondria were labeled by MitoTracker Green after overnight
incubation. Treatments of 50 µM blebbistatin or DMSO then get operated, followed by living imaging
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applied to each videodish accurately 30 min after. Photos of identifiably separated growth cones
were adopted and analyzed.
Results show that the inhibition of myosin II results in mitochondria being positioned closer
to the leading edge, as reflected by a decrease in the median distance to the growth cone leading
edge by ~20%. Blebbistatin did not impact the number of mitochondria nor the mitochondrial length
at the growth cone region (Fig. 8). No change happened to the percentage of growth cones
exhibiting the formation of mitochondrial clusters (not shown). In addition, my observation
confirmed the prior reported disto-proximal migration of growth cone lamellipodia onto the axon
shaft (122) (not shown).
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Figure 8. Effects of attenuating myosin II on mitochondria in DRG neuron GC. E7 DRG
explants were cultured in PL/LN coated videodishes, and NGF was supplied at constant
concentration of 20 ng/ml. Cultures were treated with blebbistatin (myosin II specific inhibitor) or
DMSO for 30 min prior to mitochondria imaging. (A) Distance of distal mitochondria to the GC
leading edge. Blebbistatin treatment caused mitochondria located more near the GC leading edge.
(p = 0.0086; median 8.5 µm, n = 150 for blebbistatin; median 10.7 µm, n = 135 for DMSO). (B)
Number of mitochondria in the GC. Blebbistatin cause no difference on the number of mitochondria
at the GC. (p = 0.2996; median 3, n = 123 for blebbistatin; median 2, n = 133 for DMSO). (C) Length
of mitochondria in the GC. No significant difference of mitochondrial length existed between the
blebbistatin treatment and DMSO control (p = 0.9588; median 1.3 µm, n = 408 for blebbistatin;
median 1.3 µm, n = 479 for DMSO). E7, embryo day 7; GC, growth cone; PL, poly-lysine; LN,
laminin; DMSO, dimethyl sulfoxide; NS, no significance.
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As noted above, blebbistatin treatment decreases and increases axon extension rate on
PL+LN and PL alone substrates, respectively. In order to reveal more about the machinery causing
this altered mitochondrial distribution, an identical administration of blebbistatin was duplicated on
videodishes coated only with PL as my second experiment. Similar results appear again on these
PL coated videodishes: impaired myosin II activity significantly results mitochondria being
distributed closer to the growth cone leading edge, although with the number of mitochondria in
growth cone or the mitochondrial morphology remain unaffected.
A parallel effect of myosin II inhibition was also observed on the growth cone extending on
PL substratum. The treatment of blebbistatin significantly drove the distal mitochondrion ahead
making a 25% decrease it the distance to the growth cone leading edge. While the number of
mitochondria and the mitochondrial length near growth cone were left untouched (Fig. 9).
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Figure 9. Effects of attenuating myosin II on mitochondria in DRG cultured on only PL
substratum. E7 DRG explants were cultured on substrata coated with only PL but no LN, with
supplement of NGF of 20 ng/ml. Cultures were treated with blebbistatin (myosin II specific inhibitor)
or DMSO for 30 min prior to mitochondria imaging. (A) Distance of distal mitochondria to the GC
leading edge. Blebbistatin treatment caused mitochondria located more near the GC leading edge.
(p = 0.0002; median 7.950 µm, n = 176 for blebbistatin; median 10.70 µm, n = 161 for DMSO). (B)
Number of mitochondria in the GC. Blebbistatin caused no difference on the number of
mitochondria at the GC. (p = 0.16; median 3, n = 157 for blebbistatin; median 3, n =139 for DMSO).
(C) Length of mitochondria in the GC. No significant difference of mitochondrial length existed
between the blebbistatin treatment and DMSO control (p = 0.9824; median 1.2 µm, n = 601 for
blebbistatin; median 1.2 µm, n = 690 for DMSO). E7, embryo day 7; GC, growth cone; PL, polylysine; LN, laminin; DMSO, dimethyl sulfoxide; NS, no significance.
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4.6.2 Discussion

Myosin II-based contractility of actin arc restricts microtubules from invade out of the Cdomain in growth cone (9, 120). Retrograde flow of F-actin ribs guide but also inhibit the few Pdomain microtubules. Myosin II inhibition facilitated the invasion of microtubule out of C-domain.
When cultured on laminin, blebbistatin administration to E7 DRGs not only increased the
percentage of filopodia containing one or more microtubules, but also increased the distance that
microtubule engorged into individual filopodia. On PL, treatment with blebbistatin similarly
promoted the distance microtubules engorged filopodia but did not increase the percentage of
filopodia containing microtubules (123).
These facts allow me to promote one explanation for how inhibited Myosin II resulted in the
mitochondria to get located closer to the leading edge: following blebbistatin treatment, enhanced
microtubule invasion may pave the road for increased mitochondrial traffic to the peripheral,
reflected as decreased distance from mitochondria to the leading edge.
Secondly, blebbistatin treatment reduced the total actin content in growth cone on both LN
and PL through unknown mechanisms (123). Given that actin filaments serve as the base of
myosin-mediated mitochondrial docking, depletion of F-acting could reduce the anchoring force or
the resistance against anterograde transport of mitochondrial along microtubules.
The similar mitochondrial distribution in growth cone on PL and LN allows us to boycott some
misinterprets. Myosin II is required for substratum attachment on laminin through focal adhesions
but not on poly-lysine (126). This indicates that the focal adhesion, although triggers rearrangement
of F-actin, seems not primarily involved in mitochondrial distribution. Besides, considering the
reversely different responses of extension rate of growth cone to myosin II inhibition on PL and LN,
it can be inferred that alternation of mitochondria location on a scale of microns does not necessarily
correlate with the extension or retraction of growth cone.
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4.7 Comparing the Mitochondria in Growth Cones of Different Developing Stages
4.7.1 Experiment and Results

Neurons at different developmental stages possess innate disparity in their ability of
regeneration and axon development. The whole process of chick embryo development inside the
egg has been systematically divided into and defined as 46 stages, starting from pre-streak embryo
and ending at newly-hatched chick (127). The afferents originating from lumbosacral DRGs extend
into the hind limb, innervating both skin and muscle.
Each lumbosacral DRG (also true for other DRGs) contains two populations of sensory
neurons which are morphologically distinguishable and develop at different pace (128). The
population of large neurons, with soma in a ventrolateral(VL) position of DRG, differentiates early,
reaches the peripheral target and peaks its degeneration through cell death by stage 29-30.
Whereas the group of small neurons in the dorsomedial(DM) region get their target after stage 30,
and undergo partial loss of its population at stage 36-37 (129, 130). Collectively, E7 (around stage
31) is representative for early embryo state, when neurons are actively extending to or have just
arrived at the periphery target. While E14 (around stage 40) reflects a more mature embryo state
when axons extension stops and the elaborate differentiation initiates (131).
Prior work on chick DRG neuron identified an age-dependent difference in the geometric
pattern of axon extension and branching. In this research older neuron (E15) exhibited remarkably
elevated complexity compared to younger neuron (E8), with increased number of growth cones,
initial processes, branch points, and neurite segments per neuron (132). On the other hand, a
progressive simplification of growth cones stricture in chick embryo was also addressed (108).
Relative to E7 growth cones, E14 growth cones contain less F-actin content, has smaller growth
cone size, and exhibits fewer filopodia. The same research addressed an age-dependent switch of
the cytoskeletal mechanism of axon regeneration as embryo develops.
The neurite outgrowth of E7 axons primarily depends on the “pull” of F-actin. Depletion of Factin blocked the extension of growth cone in E7 but not in E14. Meanwhile, axon regeneration in
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E14 predominantly relies on the “push” of microtubule polymerization and E14 growth cone
contains microtubule with higher dynamic instability. Given those differences, however, E7 and E14
axons extended with similar rate in vitro.
Besides, many researches have demonstrated that mitochondrial motility and size alters with
age in diverse organisms and cells. In an example of Caenorhabditis elegans, neurons display
three distinct stages of increase, maintenance, and decrease in mitochondrial size and density
during adulthood; mitochondrial trafficking in the distal neuronal processes also declines
progressively with age starting from early adulthood (133).
Whether the switch from early to late development stages could influence the distribution
and features of local mitochondria in growth cone has not been addressed. To investigate this
question, lumbosacral DRGs from E7 and E14 chicken embryo were explanted separately to polylysine / laminin coated videodish with constant NGF of 20 ng/ml. Mitochondria were labeled with
MitoTracker Green, and imaging of isolated separated growth cones was applied between 20 h to
28 h after DRG transplant.
The number of mitochondria in the growth cone shows no significant difference between E7
and E14. There is neither difference in distance of distal mitochondria to the growth cone leading
edge between E7 and E14. However, the average length of each mitochondria is longer in E14
growth cone. No change happened to the percentage of growth cones exhibiting the formation of
mitochondrial clusters (not shown).
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Figure 10. Analysis of mitochondria in GC from E7 and E14 chicken embryos. E7 and E14
DRG explants were cultured on substrata coated with poly-lysine and laminin, and NGF was
supplied at constant concentration of 20 ng/ml. Live imaging were performed 20-28 h after plating.
(A) Distance of distal mitochondria to the GC leading edge. No difference was observed between
the two ages (p>0.4; median 6.650 µm, n = 74 for E7; median 6.000 µm, n = 86 for E14). (B)
Number of mitochondria in the GC. There is no difference between E7 and E14 (p>0.3; median 3,
n = 66 for E7; median 2, n = 66 for E14). (C) Length of mitochondria in the GC. Relative to E7
axons, E14 axons exhibited higher level of mitochondria length (p < 0.0001, median 1.200 µm, n =
285 for E7; median 1.600 µm, n = 193 for E14). E7, embryo day 7; E14, embryo day 14; GC, growth
cone; NS, no significance.
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4.7.2 Discussion

Results from my experiment defined no difference for the location and distribution of
mitochondria in growth cone between embryos at early or late developing stages. Even with this
result, it is still worth to mention that E7 and E14 possess different patterns of tubulin modification.
E14 neurons exhibited decreased level of tyrosinated tubulin in the distal 20 µm of axons than E7
neurons, while the level of acetylated tubulin exhibited no difference between two ages (108).
Therefore, such negative result in this experiment challenges the observed influence of
detyrosination of tubulin on the mitochondrial distribution in the case of vinblastine-induced
microtubule disturbance. Questions remains unsolved that to what extent the modification of
microtubule directly influences the mitochondrial distribution.
In vertebrate animals, the correlation between mitochondrial length in axon and the
developing age seems to differ depending on the specific type of neuron. In chick embryo
motoneurons, a developmental shortening of mitochondria has been reported to start from E4-E12,
before the onset of programmed cell death (53). In the case of rat cortical neurons, mitochondria
in synaptically immature neurons was shown to be more mobile and shorter, compared with
synaptically mature neurons (134). My result from chick DRG was consistent with another reported
age-associated elongation of mitochondria in rat cortical or hippocampal neurons, where the CDK5dependent inhibitory phosphorylation of Drp1 during neuronal maturation was proposed as an
explanation (54). Anyway, these morphological changes of mitochondria do not appear to correlate
with the dynamic of growth cone at least during the embryonic development.
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4.8 Effects of NGF on Mitochondrial Distribution in E7 Growth Cone
4.8.1 Experiment and Results

Nerve growth factor(NGF) is one of the neurotrophic factors primarily involved in the
regulation of neuronal growth, proliferation and maintenance. NGF is initially expressed as
a precursor composed of α-NGF, β-NGF, and γ-NGF peptides, termed as pro-NGF. The α-NGF is
described as an inactive zymogen; the γ-NGF is a specific active protease that is able to process
the β-NGF to its mature form; only the β-NGF is responsible for the biological activity as signaling
molecule (135).
NGF is generated from periphery target cells of sympathetic and sensory neurons throughout
the body during development. During adult life, most of these cells continue to modulate NGF
production in response to stimuli. In some of these targeted tissue NGF production is markedly
upregulated after injury or tissue inflammation. For example, mature myelinating Schwann cells
usually downregulate NGF expression to undetectable levels. But after nerve injury, reactive
Schwann cells markedly upregulate NGF production in vivo; in vitro, NGF expression by Schwann
cells is upregulated by cytokines and other inflammatory mediators (reviewed by Sofroniew et al.
(135). This indicates a crucial rule of NGF for neuron regeneration in periphery nerve system.
NGF selectively binds to Trk A receptor and p75

NTR

receptor. Current evidence demonstrates

that Trk A takes primary functions in axonal regeneration. NGF binding to the Trk A receptor turns
on tyrosine kinase activity of this receptor. Self-phosphorylated TrkA serves as a scaffold for the
recruitment of a variety of adaptor proteins and enzymes that subsequently transduce the NGF
signal through several signal cascades (135), among which the PI3K-Akt pathway, Ras-MAPK
pathway, and PLC γ signaling pathways have been considered mostly involved in growth cone
dynamics (136).
NGF has been observe to guide the turning of neuronal growth cones in vitro (137). NGF
also affect the morphology of growth cone in vitro with increase the growth cone size and along
with elevated number of filopodia at growth cones (138). For these reasons, my experiment aimed
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to examine whether the NGF treatment generates any effects on the distribution of mitochondria in
growth cone.
E7 DRGs were cultured in poly-lysine / laminin coated videodish with 20 ng/ml NGF or no
NGF, and live imaging of separated growth cone was applied between 20 h to 28 h after DRG
transplant. Analysis reveals no significant influence of NGF on the distance from the growth cone
frontier to the first mitochondria. Meanwhile the number of mitochondria at growth cone had no
statistically significant difference, there is a subjective trend for NGF to increase the mitochondria
number.
NGF treatment did not result in any significant difference for either the distance of
mitochondria to the leading or the number of mitochondria in the growth cone, although in the latter
case p=0.08 and is thus approaching the canonical 0.05 level for significance. Nonetheless, the
data hints at a trend of increased count of distal mitochondria. No change happened to the
percentage of growth cones exhibiting mitochondrial clusters (not shown).
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Figure 11. Analysis of mitochondria in E7 GC explant with or without provision of NGF. E7
DRGs were explanted on videodish coated with poly-lysine and laminin. For no NGF group the
DRG explants were cultured using defined F12H medium. For NGF group NGF was supplied as
pre-mixed with F12H medium and adjusted to 20 ng/ml. (A) Distance of distal mitochondria to the
GC leading edge. No significant distance between 20ng/ml NGF group and no NGF was detected.
(p = 0.8727; median 6.1 µm, n = 159 for NGF; median 5.85 µm, n = 110 for No NGF). (B) Number
of mitochondria in the GC. No significant difference with or without NGF provision, but hinted a
tendency that NGF slightly increase the number of mitochondria in GC. (p = 0.0848; median 4.0, n
= 111 for VB; median 3.0, n = 66 for DMSO). E7, embryo day 7; GC, growth cone; NGF, nerve
growth factor; NS, no significance.
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4.8.2 Discussion

Although my experiment didn’t reveal any significant difference of mitochondria in growth
cone, NGF has been demonstrated to cause remarkable changes in axons. NGF greatly increased
the number of axonal filopodia and actin patch along axon. This effected has been defined to be
through the PI3K pathway which activates the downstream Rac1, induces local synthesis of
WAVE1, regulates Arp2/3 complex thereby increases actin content and causes actin
rearrangement. These dynamic actin structure has been defined to be precursor of axonal collateral
branches (139). Localized NGF signaling along the axon shaft regulates docking of axonal
mitochondria. NGF coated beads contacting the axon caused mitochondria to stop moving and
accumulate, and steady mitochondria always colocalize with F-actin networks. Such actions of NGF
were abrogated by either inhibitors of PI3K and depletion of F-actin from the neurons (140). An
additional phenomenon is of interest that NGF treatment increased the membrane potential(Δψm)
of mitochondria in axon, and this was diminished in the presence of the PI3K kinase inhibitor or the
MAPK inhibitor (94).
Even though NGF affects the growth cone resulting in expanded size and increased number
of filopodia, mitochondria distribution in growth cone seems not greatly affected by NGF. This could
be because the role of actin along axons in NGF-induced mitochondria stalling sequesters mobile
mitochondria, while mitochondria at growth cone tend to undergo only retrograde transport away
from the growth cone.
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4.9 Role of MEK-MAPK Pathway in the Targeting of Mitochondria to Growth Cone
4.9.1 Experiment

The Ras-Raf-MEK-MAPK pathway is another defined signaling cascade down stream of Trk
A receptor. Generally, growth factor induce signal through this pathway to regulate cell proliferation
and differentiation. MEK1 was sufficient to induce neurite outgrowth in PC12 cells, whereas
expression of a dominant negative form of MEK1 blocked NGF-induced outgrowth (141). MEK was
also reported involved in the regulation of growth cone size in developing mouse cortical neurons
(142). Nevertheless, although been promoted in many publications by now, no one can either
confirm or exclude the direct participation of MEK in the regulation of growth cone activities during
regeneration. Furthermore, as the substratum and downstream element of MEK, extracellular
signal-regulated kinases(ERKs) have been reported to induce mitochondria fission in many
scenarios (143, 144).
Trying to find out whether MEK signaling pathway has any function on mitochondria in the
growth cone, a selective inhibitor PD0325901 for MEK1/2 was applied. E7 chick DRGs were
explanted to PL/LN coated videodish with 20 ng/ml NGF supplement. Mitochondria were labeled
with MitoTracker Green prior to the administration with of 1 µM PD0325901 or DMSO. During 20 h
to 28 h after DRG transplant, living imaging was applied to each videodish accurately 30 min after
the corresponding drug administration. Photos of identifiably separated growth cones were adopted
and analyzed
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Figure 12. Analysis of MEK1/2 inhibitor affecting on mitochondria in E7 DRG explants. E7
DRG explants were cultured on substrata coated with poly-lysine and laminin, and NGF was
supplied at constant concentration of 20 ng/ml. MEK1/2 inhibitor PD0325901 (working at 1µM) or
DMSO were submitted to DRG explants 20-28 h after plating. Live imaging for each dish was
performed 30 min after the corresponding drug administration. (A) Distance of distal
mitochondria to the GC leading edge. No difference was observed between two groups (p =
0.8420; median 10.0 µm, n = 195 for PD0325901; median 10.6 µm, n = 177 for DMSO). (B)
Number of mitochondria in the GC. No difference in count of mitochondria was observed
between two groups. (p = 0.1426; median 3.0, n = 179 for PD0325901; median 3.0, n = 158 for
DMSO). (C) Length of mitochondria in the GC. No significant difference of mitochondrial length
existed between No difference was observed between two groups. (p = 0.7416; median 1.2 µm, n
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= 825 for PD0325901; median 1.2 µm, n = 641 for DMSO). E7, embryo day 7; GC, growth cone;
DMSO, dimethyl sulfoxide; NS, no significance.

4.9.2 Results and Discussion

The inhibition of MEK1/2 completely had no effects on mitochondria in growth cone,
exhibiting not any obvious change in the mitochondrial positioning, number and length. No change
happened to the ratio of growth cone exhibiting the formation of mitochondrial clusters. No change
happened to the percentage of growth cones exhibiting the formation of mitochondrial clusters (not
shown). Based on these results, MEK pathway seems not engaged in the control of mitochondria
and the dynamic activity of growth cone.
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4.10 Role of PLC γ Signaling in the Targeting of Mitochondria to Growth Cone
4.10.1 Experiment and Results

NGF binding to Trk A induce the recruitment and activation of phospholipase C γ(PLC γ),
Activated PLC cleaves phosphatidylinositol 4,5-bisphosphate(PIP2), to generate two signaling
molecules, diacylglycerol(DAG) and Inositol trisphosphate(IP3). IP3 binds to its receptor on the
endoplasmic reticulum and triggers the release of Ca

2+

into the cytoplasm. The second lipid
2+

signaling molecule, DAG, stimulates protein kinase C(PKC) either alone or together with Ca (145).
Mutational analysis indicates a coactivation of PLC γ and PI3-kinase in nerve growth cone guidance
(146). Besides, PLC γ has been addressed to mediate the growth cone turning downstream of Gprotein coupled receptors (147).
In order to investigate whether PLC γ participate in the targeting of mitochondria in growth
cone, PLC γ inhibitor U73122 was introduced in my experiment. E7 DRGs were explanted to PL/LN
coated videodish with 20 ng/ml NGF supplement. Mitochondria were labeled with MitoTracker
Green prior to the administration with of 10µM U73122 or DMSO. During 20 h to 28 h after DRG
transplant, living imaging was applied to each videodish accurately 30 min after the corresponding
drug administration. Photos of identifiably separated growth cones were acquired. (Fig. 13)
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Figure 13. Imaging for the effects of PLC γ inhibitor U73122 on E7 growth cone. E7 DRG
explants were cultured on videodishes coated with poly-lysine and laminin, and NGF was supplied
at constant concentration of 20 ng/ml. PLC γ inhibitor U73122 (working at 10µM) or DMSO (as
control) were submitted to DRG explants 20-28 h after plating. Live imaging for each dish was
performed 30 min after the corresponding drug administration. (A) Images of E7 growth cone after
30 min exposure to 10 µM U73122. Classical stricture of growth cone got lost at axonal tip. Instead,
a swelling segment appears at the proximal vicinity to the thinning tips. MitoTracker Green leaked
out from mitochondria and diffuse throughout the swelling region. (B) Images of control group
(treated with DMSO). Top panel: phase contrast channel; bottom panel: FITC filter channel for
Mitotracker Green.
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The experiment revealed a severe impact of PLC γ on growth cones. Acute treatment with
U73122 greatly decreased the number of filopodia and size of lamellipodia, followed by collapse of
growth cone, thinning of axonal tips and a retrograde displacement of cytoplasm. But different from
the evenly thinning observed in Latrunculin A treatment, U73122 resulted in a new region located
at the proximal vicinity to the shrunk tips, featured with swelling and expanding morphology and
apparent accumulation of mitochondria. No typical profile of mitochondria could be reliably
identified in this scenario as MitoTracker Green was observed to leak out from mitochondria and
diffuse throughout the swelling region, preventing quantitative analysis. However, when
mitochondria were visible they exhibited rounding. The observations were not quantified as the
increased cytosolic MitoTracker prevented clear quantitative analysis. These observations indicate
mitochondrial dysfunction in response to U73122.
Could such defect of mitochondria result from the participation of mitochondrial fission during
PLC γ inhibition? Considering Drp1 to be the essential motivator for mitochondrial fission, selective
Drp1 inhibitor mDivi was applied in the consecutive experiment. E7 DRG cultures were prepared
with the same procedure as before. Following the labeling of mitochondria, cultures were pretreated
with 20µM mDivi or DMSO for 15 min. After that U73122 was added to all the cultures with final
concentration adjusted to 10 µM. Living imaging was performed for each videodish accurately 30
min after the administration of U73122. Photos of identifiably separated growth cones were
acquired and analyzed. (Fig.14)
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Figure 14. Imaging for the effects of U73122 along with mDivi pretreatment on E7 growth
cone. E7 DRG explants were cultured on videodishes coated with poly-lysine and laminin, and
NGF was supplied at constant concentration of 20 ng/ml. Drp1 inhibitor mDivi (20 µM) or DMSO
(as control) were administrated for 15 min, followed by additional treatment of PLC γ inhibitor
U73122 at 10 µM for 30 min. (A) Images of E7 growth cone treated with mDivi for 15 min plus
U73122 for 30 min. Pretreatment of mDivi neither prohibited the release of MitoTracker Green out
of mitochondria, nor abrogated the collapse of growth cone structure and retrograde cytoplasmic
redistribution. (B) Images of E7 growth cone treated with DMSO for 15 min plus U73122 for 30 min.
Top panel: phase contrast channel; bottom panel: FITC filter channel for MitoTracker Green.
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4.10.2 Discussion

As shown in images, the pretreatment of mDivi did not prohibit the release of MitoTracker
Green out of mitochondria, causing the routine analysis not applicable. The mDivi administration
did neither abrogated the collapse of growth cone structure and retrograde cytoplasmic
redistribution.
U73122 was first reported to caused collapse of these growth cones at all concentrations
tested (0.1–5 mΜ) (148). Even though suggesting PLC γ pathway to be essentially required for
growth cone mobility, this collapsing response causes the pharmacological analysis of PLC γ in
growth cone turning to be impractical. My observation is in consistent whit the reported result, and
additionally reveals a role of PLC γ in regulating mitochondrial integrity.
Inhibition of mitochondrial fission with the Drp1 inhibitor mDivi-1 failed to keep the
mitochondria intact or alter the response to U73122, which suggests that PLC γ impact
mitochondria through other unidentified pathways. As another downstream element of PLC γ,
PKC is probably desired for the maintenance of the mitochondrial integrity. PLC γ is also
proposed to regulate the Ras-MEK-MAPK pathways (149), nonetheless, my previous work did
not show any effects of MEK-ERK on growth cone mitochondria.
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4.11 Conclusions and Future Directions

This work has begun to identify some of the intrinsic and extrinsic parameters that control
mitochondria positioning in growth cones. The cytoskeleton emerged as an important regulator.
Microtubule dynamics negatively control the number of mitochondria in growth cones and actin
filaments are required to retain mitochondria in growth cones. Myosin II-driven contractility in the
growth cone regulates how distal mitochondria can penetrate into the growth cone. NGF seems to
have a minor role in regulating mitochondrial positioning in growth cones, although the data reveal
a trend toward increased numbers of mitochondria in growth cones with NGF treatment (but the
trend did not quite reach the p=0.05 level of statistical significance). Laminin appears to contribute
to the regulation of mitochondria lengths, an effect observed at the lowest concentration tested.
Within the confines of the experimental design, which involved relatively brief periods of inhibition,
the ERK pathway did not emerge as a major regulator of mitochondria. In contrast, PLC signaling
appears to be rather important for the regulation of mitochondria in growth cones and axons.
These results have implications for future work. Based on these results, it will be necessary
to conduct time-lapse imaging experiments to directly determine how mitochondria transport rates
and frequency of transport are impacted. These data will provide insights into how microtubule
dynamics impact the number of growth cones, and how inhibition of myosin II allows mitochondria
to penetrate deeper into the growth cone. Similarly, live imaging will provide direct data on the rates
of fission and fusion, which are likely of relevance to the effects of laminin on mitochondria lengths.
In the context of possible alterations in fission and fusion, it will also be insightful to investigate how
the dynamics of Drp1 and mitofusins are impacted through live imaging of fluorescently labeled
proteins, and whether these proteins are differentially regulated by established signaling
mechanisms (e.g., regulation of activity through site specific phosphorylation).
Finally, these studies addressed only a few of the possible regulators of mitochondria in
growth cones. Future studies, informed by the current results, will need to consider further specific
molecules that may be involved in the regulation of mitochondria. For example, the multitude of
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proteins that regulate actin filament dynamics and organization and thus mitochondria in growth
cones will need to be considered. As noted in the introduction, myosin V/VI negatively regulate
mitochondria transport along axons through interactions with the actin cytoskeleton, but whether
they may similarly regulate mitochondria in growth cones remains to be addressed. In the context
of microtubule dynamics, it will be of interest to further scrutinize the microtubule plus tip proteins
that may be involved in the regulation of the number of mitochondria at growth cones. With regards
to the effects of inhibiting PLC γ, it will be of interest to analyze the role of calcium in the observed
effects, and the possible involvement of DAG-PKC signaling downstream of PLC γ. In this context,
it would useful to use genetically encoded mitochondrial markers as inhibition of PLC γ resulted in
an unexpected increase in the levels of MitoTracker Green staining in the cytoplasm, thereby
obfuscating mitochondria although clearly showing effects on the mitochondria that were visible.
Collectively, these initial investigations suggest multiple avenues for future investigation.
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