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ABSTRACT 

NERVE GROWTH FACTOR INDUCES MITOCHONDRIAL FISSION THAT IS 

REQUIRED FOR AXON BRANCHING 

Lorena Armijo Weingart 

Gianluca Gallo 

 

The formation of axon collateral branches from the pre-existing shafts of 

axons is an important aspect of neurodevelopment and the response of the 

nervous system to injury. Both the actin filament and microtubule components of 

the cytoskeleton are required for the formation of axon branches. Recent work has 

begun to shed light on how these two elements of the cytoskeleton are integrated 

by proteins that functionally or physically link the cytoskeleton. While a number of 

signaling pathways have been determined as having a role in the formation of axon 

branches, the complexity of the downstream mechanisms and links to specific 

signaling pathways remain to be fully determined. Neurotrophins are growth 

factors that have a multitude of roles in the nervous system. In sensory neurons 

nerve growth factor (NGF) induces branching through activation of 

phosphoinositide 3-kinase (PI3K). Recently, mitochondria have emerged as major 

determinants of the sites of axon branching. In this work we reveal a new role of 

neurotrophins in mitochondria fission. We report that NGF promote a rapid burst 

of mitochondria fission, followed by a new steady state of mitochondria length and 

density. Mek- Erk and PI3k pathways are required for NGF-induced fission.  Mek-

Erk controls fission through Drp1 activation, while we suggest that PI3K may 
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contributes to the actin dependent aspect of fission. Drp1 mediated fission is 

required for NGF- induced branching in sensory neurons in vitro and the branching 

of sensory axons along the developing spinal cord. We reveal that fission is also 

required for the intra-axonal translation of the actin regulatory proteins Cortactin 

and Arp2 subunit from the Arp2/3 complex, an important aspect of NGF induced 

branching. Collectively, these observations reveal a novel role of neurotrophins in 

mitochondria fission and the formation of collateral branching 
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CHAPTER 1 

GENERAL INTRODUCTION 

 

Portions of this chapter were published in: Armijo-Weingart, L., and G. Gallo. 2017. 

“It takes a village to raise a branch: Cellular mechanisms of the initiation of axon 

collateral branches”. Mol. Cell Neurosci.84:36-47 

 

The function of the nervous system requires complex neuronal circuitry. The 

formation of circuitry depends on the establishment of synaptic contacts between 

single neurons and multiple targets. During development axon branching allows 

each neuron to establish synaptic contacts with multiple targets and is crucial for 

the assembly of highly interconnected network (Gallo, 2011; Gibson and Le Ma, 

2011; Lewis et al., 2013; Rockland, 2013; Kalil and Dent, 2014; Petrovic and 

Schmucker, 2015). Therefore, understanding the mechanisms underlying the 

control of axonal branching is crucial in the study of neuronal circuit development 

(Gibson and Le Ma, 2011). In the adult nervous system axon branches also 

emerge in response to injury and neurodegeneration, and are repressed by 

extracellular signals (Onifer et al., 2011; Akbik et al., 2012; Carmel and Martin, 

2014; Kadomatsu and Sakamoto, 2014). The injury induced axon 

branching/sprouting contributes to the endogenous circuitry repair mechanisms 

(Carmel and Martin, 2014). 
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Axon branches can arise from two distinct mechanisms. (1) The growth 

cone can split and give rise two Y or T shaped axon branches (discussed in Gallo, 

2011). (2) Axon collateral branches emerge from protrusive filopodia and 

lamellipodia initiated locally along the shaft of the axon independent of the growth 

cone. Studies of the dynamics of collateral branching revealed three mechanisms 

of axon collateral branch initiation primarily involving either formation of filopodia, 

lamellipodia or growth cone pausing (reviewed in Gallo, 2011). In the filopodia 

based mechanism, branches initiate as axonal filopodia protrusions from the 

quiescent axon shaft. In vitro studies demonstrated that along the axons of sensory 

neurons, branches are initiated by the emergence of filopodia followed by 

stabilization of the filopodia and maturation into a branch (Figure 1.1; Gallo and 

Letourneau, 1998, 1999; Ketschek and Gallo, 2010; Spillane et al., 2012). In the 

lamellipodial mechanism branches arise from lamellipodia that form at the base of 

the axon and move anterograde along the axon. These lamellipodial precursors to 

branches are termed growth cone like “waves” and have been observed in 

hippocampal neurons (Ruthel and Banker, 1999; Flynn et al., 2009). Branches 

then emerge from locations along the axon where the waves stop. Moreover, 

lamellipodia can also arise de novo along the axon shaft in the absence of growth 

cone like “waves”. In the growth cone pausing mechanism the collateral branch is 

formed from sites along the axon shaft representative of locations where the 

growth cone stalled, leaving behind a domain of persistent protrusive activity, 

followed by resumption of its advance (Halloran and Kalil, 1994; Kalil et al., 2000).  
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The formation of axon branches involves the regulation of the neuronal 

cytoskeleton. The major constituents of the axonal cytoskeleton include actin 

filaments and microtubules that are highly dynamic and undergo rapid cycles of 

polymerization and depolymerization (Figure 1.1; Gallo, 2011; Kalil and Dent, 

2014; Zhang and Rasband, 2016). Branching initiates through the protrusion of 

actin filament-based filopodia and lamellipodia that are subsequently invaded by 

axonal microtubules as the branch matures and continues extending (Figure 1.1).  

 

Cytoskeletal dynamics and reorganization underlying the early stages of 

branch formation 

 

Actin dynamics in axonal branching 

Unlike the highly dynamic growth cone, the consolidated axon shaft 

contains relatively low levels of actin filaments and exhibits minimal protrusive 

activity.  The formation of axon branches is preceded by the dynamic 

polymerization and reorganization of the cytoskeleton along the axon shaft. This 

includes the local accumulation of actin filaments that is required for the formation 

of actin-driven protrusions and subsequent branch formation. The first step in the 

formation of collateral branches involves the actin filament dependent initiation of 

axonal filopodia, and in some cases lamellipodia (as discussed above). Since the 

formation of axonal filopodia is the most common first step for branching, here we 

will focus on this process. Filopodia are thin finger like membrane protrusions 
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mainly composed of a bundle of parallel actin filaments and actin associated 

proteins. The rapid polymerizing barbed ends of filaments are oriented toward the 

tip of the filopodium generating forces that push the membrane forward. Formation 

of filopodia can be understood in terms of three basic evens: actin filament 

nucleation driving the initiation of new actin filaments, rapid elongation of nucleated 

actin filaments through barbed-end polymerization, and the bundling of elongating 

actin filaments (Svitkina et al., 2003; Mattila and Lappalainen, 2008). 

Focal accumulations of actin filaments along the axon, termed actin 

patches, are precursors to the emergence of filopodia (Figures 1.1A,C; reviewed 

in Gallo, 2011, 2013), a form of filopodial emergence that is similarly described for 

filopodia arising from non-neuronal lamellipodia (Svitkina et al., 2003). Actin 

patches consist of localized highly dynamic domains of actin filaments with general 

organization similar to lamellipodial structures (Spillane et al., 2011). Live imaging 

of chicken sensory neurons transfected with eYFP-actin revealed that actin 

patches form spontaneously and are transient (Loudon et al., 2006; Ketschek and 

Gallo, 2010; Spillane et al., 2011, 2012, 2013; Sainath et al., 2017) and similar 

structures have been reported in other neuronal systems in vitro and in vivo 

(Korobova and Svitkina, 2008; Mingorance-Le Meur and O’Connor, 2009; 

Anderson et al., 2011; Spillane et al., 2011; Chia et al., 2014; Chetta et al., 2015; 

Hand et al., 2015). Actin patches serving as precursors to the formation of axonal 

filopodia and branches have also been imaged in vivo (Andersen et al., 2011; 

Spillane et al., 2011; Hand et al., 2015). Although filopodia emerge from actin 
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patches, only some of patches give rise to axonal filopodia. Along the axons of 

embryonic sensory neurons approximately twenty percent of patches give rise to 

filopodia (Ketschek and Gallo, 2010). The emergence of the filopodia from the actin 

patches involves the reorganization of some of the actin filaments in the patch into 

a bundle of filaments. The branch inducing signal Nerve Growth Factor (NGF) 

promotes formation of axonal filopodia by increasing the rate of formation of actin 

patches through localized microdomains of PI3K signaling without altering the 

probability that an actin patch will give rise to a filopodium (Ketschek and Gallo, 

2010; Spillane et al., 2012). Thus, at least in the context of NGF signaling, the 

regulation of the formation of axonal actin patches is a crucial aspect of the 

mechanism of the initiation of axon branches. If and how other branch inducing 

signals similarly impact the rate of formation of actin patches or the probability of 

filopodia emergence from patches remains to be determined. 

Actin filaments are highly regulated by actin associated proteins that have 

important roles in axonal branching. An important regulator at the earliest steps of 

collateral branch formation is the Arp2/3 complex (Strasser et al., 2004; Spillane, 

et al., 2011, 2012). The Arp2/3 complex nucleates new filaments from the sides of 

existing filaments giving rise to networks of branched actin filaments that can then 

be bundled together to give rise to the actin filament bundle serving as the core of 

the emerging filopodium (Svitkina et al., 2003; Korobova and Svitkina, 2008). 

Spillane et al. (2011) demonstrated that in sensory neurons the Arp2/3 complex is 

required for the formation of actin patches, axonal filopodia and in turn branches. 
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(Spillane et al., 2011, 2012).  WAVE1 and cortactin drive activation of the Arp2/3 

complex and stabilization of Arp2/3-mediated branched filaments, respectively. 

The role of these two proteins in filopodia formation during branching has been 

studied (Kim, et al., 2006; Mingorance-Le Meur and O’Connor, 2009; Spillane, et 

al., 2012). In chicken sensory neurons WAVE1 activity promotes Arp2/3-

dependent actin patch initiation (Spillane et al., 2012) while Cortactin positively 

regulates actin patch duration and promotes the emergence of a filopodia from 

actin patches (Spillane, et al., 2012). The Arp2/3 complex is generally considered 

to require binding to the sides of pre-existing filaments to nucleate branched 

filaments. Therefore, additional actin filament nucleators may also operate in actin 

patches to generate the mother filaments that the Arp2/3 complex subsequently 

binds.  

The emergence of a filopodium involves the rapid elongation of actin 

filaments through barbed-end polymerization and the bundling of actin filaments to 

give rise to the core of filaments supporting the shaft of the filopodium (Lebrand et 

al., 2004; Mattila and Lappalainen, 2008). These processes require the activity of 

different multiple actin binding proteins. For example, the Ena/Vasp family proteins 

are multifunctional actin binding proteins that directly regulate assembly of the 

actin filament network and modulate the morphology and behavior of lamellipodia 

and filopodia (Dent et al., 2007; Mattila and Lappalainen, 2008; Bear et al., 2009).  

Ena/Vasp proteins bind to the barbed ends of actin filaments and enhance actin 

filament elongation. Subcellular depletion of Ena/Vasp, by targeting the proteins to 
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the mitochondria, decreases the number of filopodia in hippocampal neurons and 

inhibits collateral branch formation along retinotectal axons (Lebrand et al., 2004; 

Dwivedy et al., 2007). The actin-severing protein actin-depolymerizing factor 

(ADF)/cofilin increases actin depolymerization, severs filaments and increases the 

turnover of actin filaments thereby promoting filament assembly by increasing the 

available pool of actin monomers and free barbed ends (Fass et al., 2004). 

ADF/cofilin is required for Brain Derived Nerve Factor (BDNF)-induced filopodia at 

retinal growth cones (Chen et al., 2006; Flynn et al., 2012). Fascin is a filament 

bundling protein that increases the stiffness of filopodial bundles and promotes 

extension and maintenance of the filopodia beyond the leading edge in non-

neuronal cells (Vignjevic D et al., 2006; Mattila and Lappalainen, 2008). However, 

the specific contribution of fascin to axonal branching has not been addressed. 

Cortactin and the actin filament binding protein Drebrin have both been shown to 

promote the formation of axonal filopodia and axon collateral branching. Analysis 

of the roles of these proteins in actin patch dynamics revealed that both contribute 

to the emergence of filopodia from actin patches (Spillane et al., 2012; Ketschek 

et al., 2016). 

 

Microtubule dynamics in axon branching 

Although axons generate multiple filopodia during the process of branching 

only a subset of these filopodia mature into collateral branches. The maturation of 

a filopodium into a branch requires the invasion of the filopodium by microtubules 
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(Gallo, 2011; Kalil and Dent, 2014). The targeting of microtubules into filopodia 

provides cytoskeletal support for the nascent branch and allows the delivery of 

axonal transport cargoes into the branch. Microtubules are hollow tubular 

structures composed of linear arrays of α and β tubulin dimers. Microtubules 

exhibit polarity and the two ends are referred to as the plus and minus ends, 

respectively. The majority of the plus ends/tips in axons are directed distally toward 

the axon terminus. The plus end of microtubules is highly dynamic undergoing 

repeated bouts of polymerization and depolymerization, collectively referred to as 

plus end dynamic instability. In developing branches, tubulin dimers are added and 

subtracted at the microtubule plus end that is directed distally toward the 

membrane of the filopodium or branch (Conde and Caceres, 2009; Kalil and Dent, 

2014). In the axon microtubules are organized in a parallel bundled array. 

However, at the site of nascent branches microtubules become unbundled and 

can also undergo local fragmentation along the axon shaft (Yu et al., 1994; Dent 

et al., 1999; Gallo and Letourneau, 1998, 1999; Ketschek et al., 2015). The 

process of branching thus involves both microtubule plus end dynamic instability 

and the local reorganization of the axonal microtubule array. 

Observations at earliest stages of branch formation revealed localized 

disruption of the bundled microtubule array where the microtubules splay apart. 

(Dent et al., 1999; Gallo and Letourneau, 1998, 1999; Kornack and Giger, 2005; 

Ketschek et al., 2015). The mechanism that promotes the splaying apart 

(debundling) of microtubules is not understood. However, a recent study suggests 



 

9 

that actomyosin contractibility along the axon negatively regulates the ability of 

microtubules to undergo splaying/debundling (Ketschek et al., 2015). The same 

study reported that in chicken sensory neurons NGF promotes the localized 

debundling of axonal microtubules along the axon prior to the emergence of 

collateral branches. Depolymerization of actin filaments or inhibition of myosin II 

potentiated the effects of NGF on microtubule debundling. Sites of microtubule 

debundling strongly correlated with the entry of microtubules into axonal filopodia 

suggesting that debundling may assist the entry of microtubule tips into filopodia. 

Furthermore, axonal microtubule debundling during branching might promote the 

stalling or capture of axonal transport cargoes using microtubule-based 

mechanisms.  Nevertheless, the mechanistic function of microtubule debundling 

during axon branching needs further investigation. In addition, localized severing 

of long microtubules into smaller fragments may also contribute to branching by 

providing a supply of small microtubules that could then undergo active transport 

into nascent branches (Dent et al., 1999; Gallo and Letourneau, 1998, 1999; Yu et 

al., 1994, 2008). Microtubules can enter into axonal filopodia through either 

polymerization or active transport and both mechanisms can contribute to 

branching depending on the experimental model systems (Dent et al., 1999; Gallo 

and Letourneau, 1999, 1998; Ketschek et al., 2015). Myosin II is found in axonal 

filopodia and does not regulate the entry of microtubules into filopodia but 

negatively regulates the ability of the microtubule tip to penetrate deep into the 

filopodial shaft following entry (Ketschek et al., 2016). 
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Interactions between microtubules and actin filaments 

Interaction between dynamic microtubules and actin filaments underlie 

many fundamental processes including axonal branching (Kalil and Dent, 2014). 

Time lapse imaging studies demonstrated that in growth cones and at axonal 

branch points the splaying of microtubules is accompanied by focal accumulation 

of actin filaments. Application of drugs that decrease either actin or microtubule 

dynamics also inhibit polymerization of the other cytoskeleton element (Dent and 

Kalil, 2001, Rodriguez et al., 2003). These observations support the notion that 

interactions between dynamic microtubules and actin filaments are required for 

axon branching and axon outgrowth. However, the mechanisms that coordinate 

the remodeling of actin and microtubules during branching are poorly understood.  

Although there are multiple possible molecules involved in branching that have the 

potential to bind actin filaments and microtubules, few studies to date have 

addressed the role of any of those molecules in the coordination of the actin and 

microtubule cytoskeleton during branching. For a comprehensive treatment of 

microtubule-actin interactions during branching readers are directed to a recent 

review focused on this topic (Pacheco and Gallo, 2016).  
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Signaling mechanisms that regulate cytoskeletal dynamics during axonal 

branching 

 

Nerve Growth Factor in axonal branching (NGF) induced branching  

Extracellular signals, including neurotrophins, regulate the formation of 

collateral branches (Gallo, 2011, 2013; Gibson and Ma, 2011; Bilimoria and 

Bonnie, 2013; Kalil and Dent, 2014). Neurotrophins are growth factors essential 

for the development of the vertebrate nervous system. Each neurotrophin can 

signal through two different types of cell surface receptors, Trk and p75. Activation 

of Trk receptor trigger activation of the phosphatidylinositol-3 kinase (PI3K), 

mitogen-activated protein kinase pathways, and others (Huang and Reichardt, 

2001, 2003). Nerve Growth Factor (NGF) stimulates formation of sensory axonal 

collateral branching by sensory neurons through activation of the PI3K signaling 

pathway (Gallo and Letourneau, 1998; Markus et al., 2002; Jones et al., 2003; 

Ketschek and Gallo, 2010). PI3K is a lipid kinase that generates PIP3 

(phosphatidylinositol [3,4,5] triphosphate) from PIP2 (phosphatidylinositol [4,5] 

biphosphate). PIP3 serves to target a variety of proteins to the membrane. PIP3 

recruits Akt Kinase, which can inhibit GSK3-β, and activate other signaling 

pathways such as mTOR (Pan et al., 2005; Quian et al., 2005; Toker and Marmiroli, 

2014; Kriplani et al., 2015). The PI3K pathway is a major regulator of axonal 

growth, controlling cellular cytoskeletal dynamics and expression of genes 

functioning during neuron morphogenesis (Atwal et al., 2000; Arévalo et al., 2006; 
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Cosker and Eickholt, 2007; Eickholt, et al 2007). Conversely, PTEN phosphatase 

converts PIP3 back to PIP2 and genetic deletion of PTEN increase axonal 

branching (Kwon et al., 2006; Drinjakovic et al., 2010; Geoffroy et al., 2015). 

The current understanding of the mechanism of NGF-induced branching 

involves the activation of the TrkA receptor by NGF resulting in activation of PI3K 

signaling which in turn activates the Rac1 GTPase to drive WAVE1 activity thereby 

activating the actin nucleating complex Arp2/3 (Spillane et al., 2011, 2012). 

Spillane et al (2012) showed that in chicken sensory neurons PI3K activity 

increases the axonal levels of the actin associated protein cortactin that promotes 

the emergence of the filopodia from the actin patches, and also the levels of 

WAVE1. The NGF-induced increases in these proteins are mediated by intra-

axonal protein synthesis of axonally targeted mRNAs. Through live imaging of sites 

of PIP3 formation along axons, Ketschek and Gallo (2010) identified localized 

microdomains of PI3K signaling that spatio-temporally correlate with the locations 

of actin patch formation along axons.  

Live imaging of microtubule tip polymerization in sensory neurons 

transfected with microtubule plus tip associated GFP-EB3 showed that NGF 

promotes microtubule polymerization in distal axons and treatment with NGF 

increases the percentage of filopodia that contain microtubules (Ketschek and 

Gallo, 2010; Spillane, et al., 2012). Ketschek et al (2016) reported that NGF 

promotes the localized debundling of axonal microtubules prior to the emergence 

of collateral branches. These investigations determined that NGF regulates both 
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the actin filament and microtubule cytoskeleton to promote the formation of 

collateral branches in embryonic sensory neurons. 

 

Intra-axonal protein synthesis 

Localized translation of mRNAs in axons contributes to neuronal 

morphogenesis (Holt and Schuman, 2013). The mRNA binding protein FMRP, that 

is involved in axonal translation, negatively regulates axon branching (Pan et al., 

2004; Tucker et al., 2006) through a mechanism that remains to be fully elucidated. 

Multiple mRNAs coding for axonal cytoskeletal regulators (β-Actin, Cofilin, Gap43, 

Arp2, Cortactin, WAVE1, Fascin, Tubulin) are targeted into axons, through their 

3’UTR sequences (Yoo et al., 2010; Gumy et al., 2011; Spillane et al., 2012, 2013). 

The PI3K pathway promotes translation through the mammalian target of 

rapamycin (mTOR) pathway (Martelli et al., 2011; Nandagopal and Roux, 2015).  

Spillane et al (2012) provided evidence that in cultured chicken sensory axons 

NGF signaling through PI3K-mTOR signaling promotes collateral branch formation 

dependent on the intra-axonal protein synthesis of Arp2 subunit of the Arp2/3 

complex, WAVE1, and Cortactin. This study supports the important role of intra-

axonal protein synthesis to locally increase cytoskeletal regulators that are 

involved in axonal branching (Spillane et al., 2012). Consistent with this notion, 

chondroitin sulfate proteoglycans (CSPGs) have been reported to promote the 

intra-axonal translation of RhoA (Walker et al., 2012), which is generally inhibitory 

to branching (Gallo, 2011; Spillane and Gallo, 2014), while also suppressing the 
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translation of Cortactin which promotes branching (Sainath et al., 2017). Another 

study in retinal axons reported that RNA granules dock at sites of branch 

emergence. Moreover, inhibition of β-actin mRNA translation reduces new branch 

emergence (Wong et al., 2017). In general, these observations are consistent with 

the originally proposed idea that the role of intra-axonal protein synthesis is to 

locally regulate the axonal proteome to generate specific responses to extracellular 

signals (Alvarez et al., 2000).  

 

Involvement of mitochondria in determining axon branching 

 

Mitochondria are highly dynamic organelles that support multiple aspects of 

neuronal development and functions by providing cellular energy, maintaining the 

intracellular calcium levels, generating reactive oxygen species and regulating the 

release of apoptogenic proteins such as cytochrome c and apoptosis-inducing 

factor (Cho et al., 2013; Elgas et al., 2013). Mitochondrial subcellular localization 

and trafficking in neurons, are regulated by microtubule-based motor proteins and 

accessory proteins, such as the mitochondrial protein Miro. Functionally, the 

spatial and temporal regulation of mitochondria positioning in neurons is critical for 

neuronal development (Saxton & Hollenbeck, 2012; Sheng., 2014; Han et al., 

2016).  Axonal branching requires high ATP production to power all the changes 

in neuronal morphology. Consistent with this energetic requirement, the 

positioning of mitochondria along axons has emerged as a required component of 

the mechanism that determines the sites of axon branching (Courchet et al., 2013; 
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Spillane et al., 2013; Tao et al., 2014; Winkle et al., 2016; Wong et al., 2017; Smith 

and Gallo, 2018).  The regulation of the axonal branching by the mitochondria, is 

in part mediated by AMPK, LKB1 and NUAK signaling (Courchet et al., 2013; Tao 

et al, 2014) that serve to regulate mitochondria stalling, positioning and transport 

within axons. In embryonic chick sensory neurons, NGF promotes the co-

localization of sites of actin patch formation with mitochondria (Ketschek and Gallo, 

2010). In addition, Spillane et al (2013) reported that the formation of axonal 

filopodia and the branching of sensory axons in the presence of NGF occurs at 

sites populated by stalled mitochondria, and the respiration of stalled mitochondria 

generates hot spots of localized NGF-driven mRNA translation. While 

mitochondria and their respiration are required for the formation of axonal filopodia 

and branches, the role of the mitochondrion seems to be “permissive” in 

determining where branches can form. Indeed, although branches form from axon 

segments containing mitochondria, not all axonal segments containing 

mitochondria give rise to a branch.  A recent study reports that CSPGs, which 

inhibit axon branching (reviewed in Kadomatsu and Sakamoto, 2014), suppress 

mitochondrial respiration and in turn mitochondria associated actin filament 

dynamics and the intra-axonal protein synthesis of Cortactin (Sainath et al., 2017) 

providing evidence for the bidirectional regulation of mitochondria by branch 

promoting (e.g., NGF) and inhibitory extracellular signals. The study by Sainath et 

al (2017) also determined that actin patches associated with mitochondria exhibit 
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more pronounced dynamics than those not associated with mitochondria, in a 

manner dependent on mitochondrial respiration. 

 

Mitochondria dynamics  

In the nervous system, the morphological dynamics of mitochondria are 

involved in maintaining their function and distribution. The morphology of the 

mitochondria is determined by the balance between fission and fusion events 

(Elgas et al, 2013). The fusion of the mitochondria is coordinated by two different 

proteins: Mfn1/2 (mitofusin) regulates outer membrane fusion, while Opa1 

mediates inner membrane fusion (Chen and Chan, 2009). The process of 

mitochondrial fission is predominantly controlled by Dynamin-related protein 

GTPase, termed Drp1 in mammals. Drp1 is composed of four domains: a GTPase 

domain, a middle domain, a variable domain and GTPase effector domain, whose 

C-terminal mediates polymerization (Figure 1.2A; Frohlich et al., 2013). Drp1 

polymerizes to form spirals on the mitochondrial outer membrane (OMM) and 

hydrolyzes GTP. The GTP hydrolysis causes a conformational change, allowing 

compaction of the spirals and resulting in mitochondrial constriction (figure 1.2B; 

Amiri and Hollenbeck, 2008; Elgas et al., 2013; Pagliuso et al., 2018). Furthermore, 

recent work demonstrated that Dynamin 2 is required for the final mitochondria 

abscission, downstream of DRP1 (Lee et al., 2016). The recruitment of DRP1 from 

the cytosol to the OMM is mediated by the presence of transmembrane DRP1 

receptors that are anchored to the OMM, Fis1 (Fission 1 protein), Mff 
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(Mitochondrial fission factor), and MID49/51 (Mitochondria dynamic proteins). In 

addition, the specific targeting of DRP1 to the OMM relies on its numerous 

translational modifications such as phosphorylation, among others (Westermann, 

2010; Elgas et al., 2013; Pagliuso et al., 2018) 

Recent findings suggest an important role of actin filament and actin 

regulators in mitochondria fission (De Vos et al., 2005; DuBoff et al., 2012; 

Korobova et al., 2013, 2014; Hatch et al., 2014, 2016; Ji et al., 2015; Li et al., 2015; 

Manor et al., 2015). In vitro studies showed that actin directly binds to Drp1 and 

stimulates its activity, helping the ring to organize and assist mitochondria fission. 

Furthermore, preventing actin filaments from forming reduced the amount of Drp1 

that accumulated at mitochondria, and resulted in the mitochondria dividing less 

frequently (Ji et al., 2015; Hatch et al., 2016). Friedman et al (2011) found that the 

endoplasmic reticulum (ER) forms close contacts with mitochondria at the eventual 

fission site. Depletion of the ER targeted form of the inverted formin 2 (IFN2), an 

actin filament nucleating system, increases mitochondria length and decreases 

Drp1 localization at the mitochondria (Korobova et al., 2013). Spire proteins are 

membrane-binding actin-nucleators that interact with and regulate formins. 

Recently spire1C, an isoform that is targeted to the OMM, has been identified as 

a new component in IFN2-dependent mitochondria fission. (Manor et al., 2015). 

These studies support a model where linear actin polymerized by the INF2 and 

spire1C at the ER-mitochondria contact sites, contribute mitochondria constriction 

with the contribution of the motor protein Myosin II, promoting Drp1 recruitment 
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and mitochondria fission (DuBoff et al., 2012; Korobova et al., 2014; Manor et al., 

2015; Pagliuso et al., 2018). Other study revealed that actin filaments structures 

that are not limited to ER mitochondria contact site, also are important for 

mitochondria fission. This work reported that de novo polymerization of actin on 

the OMM contribute to division. They also found that mitochondria division and 

actin filament assembly on OMM were controlled by the actin regulatory proteins 

cortactin, cofilin and Arp2/3 complex (Li et al., 2015). Thus, multiple actin 

nucleating systems and regulatory proteins are poised to contribute to the 

contribution of the actin filament cytoskeleton to the mechanism of mitochondria 

fission. 

Increasing evidence support the idea that Drp1 plays critical roles in the 

physiological function and pathological progression of the nervous system.  The 

role of Drp1 in pathogenesis has been extensively studied, and overactive fission 

over prolonged time periods is associated with a variety of neurodegenerative 

disease and cell death (Westermann, 2010; Reddy et al., 2011; Cho et al.,2013; 

Guo et al., 2013; Ito et al., 2013). On the other hand, cells that are defective in 

mitochondrial division form large interconnected net-like mitochondria that 

accumulate in restricted areas, leaving most of the cell devoid of mitochondria and 

indicating that Drp1 deficiency impairs the ability of the cell to achieve proper 

mitochondria distribution (Elgas et al., 2013 Berthet et al., 2014). Recent studies 

are beginning to elucidate the role of mitochondria in the context of synapse 

function and axonal growth (Ishihara., 2009; Steketee et al., 2012 Lathrop et al., 
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2013; Lewis Jr. et al., 2018; Smith and Gallo, 2018). Lewis Jr. et al (2018) 

demonstrated that the maintenance of small mitochondria size in axons through 

Mff- dependent fission is critical for presynaptic Ca2+, dynamic neurotransmitter 

release, and terminal axonal branching. Additionally, another finding showed that 

synaptic activity controls mitochondria fission in dendrites and that dynamic control 

of fission regulates plasticity induction in hippocampal neurons (Divakaruni et al., 

2018). Nevertheless, the role of Drp1 mediated fission in normal physiological 

conditions is still poorly understood and the involvement of external signals 

remains minimally investigated. 
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Figure 1.1: Sequence of cytoskeletal events leading to the formation of axon 
collateral branches. The schematic shows the formation of a collateral branch, in 
time (left to right), along an axon (A). The first event in the formation of a branch 
is the emergence of an axonal filopodium (B–C). The emergence of an axonal 
filopodium is preceded by the formation of an axonal actin filament patch (B). The 
actin patch is a meshwork of actin filaments that gives rise to the bundle of actin 
filaments that defines the core of the filopodium (C). The targeting of an axonal 
microtubule into the filopodium is the next necessary step in the formation of a 
branch from a filopodium (D). Actin patches have shorter lifespans than filopodia 
and often are not present at the base of existing filopodia, although remnants may 
persist. Filopodia containing microtubules that remain in place have the potential 
to mature into nascent branches. The process of maturation involves the 
disassembly of the filopodial actin filament bundle, and the establishment of a 
distally polarized actin filament cytoskeleton giving rise a small growth cone-like 
structure at the tip of the nascent branch (E). Once the branch if established it then 
has the potential to continue elongating or undergo retraction back into the main 
axon. Each of the steps (B–E) has a given probability of occurring. In other words, 
only subsets of actin patches give rise to filopodia, only subsets of filopodia are 
targeted by microtubules, and only a subset of filopodia containing microtubules 
undergo maturation. Ultimately a branch arises from a segment of the axon that 
has successfully met the criteria for each of these steps. Not shown in this 
schematic is the local splaying of the microtubule array at sites of potential 
branching that is however discussed in the main text. The splaying occurs early in 
the process between steps A–B 
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Figure 1.2: The role of Drp1 in mitochondria fission. (A) Structure of Drp1, with 
its four different domains. B corresponds to the variable domain, and GED is the 
GTPase effector domain. Sites of phosphorylation, that either activate (S616) or 
inhibit (S637) Drp1 activity, are indicated. (B) Simplified model of Drp1-dependent 
mitochondria fission. Drp1 is recruited to the mitochondria, polymerize and form a 
ring promoting mitochondria constriction. (C) A new model suggests that actin 
filaments are involved in mitochondria pre-constriction and Drp1 recruitment. The 
picture shows actin filaments from an actin patch at the constriction site on a 
mitochondrion undergoing fission. 
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CHAPTER 2 

NERVE GROWTH FACTOR INDUCES MITOCHONDRIA FISSION 

REQUIRED FOR AXON BRANCH FORMATION 

 

Abstract 

 

Mitochondria have emerged as major determinants of the sites of axon 

branching. We report that NGF treatment decreases the length and increases the 

number of axonal mitochondria along chicken sensory axons in vitro by 15 min of 

acute treatment, indicative of fission. Consistently, live imaging of mitochondria 

following 5-10 minutes of NGF treatment revealed increased rates of mitochondria 

fission. By 15 min post-treatment NGF established a persistent new steady state 

of mitochondria length and number, an effect that was reversed following NGF 

withdraw. BDNF and NT3 similarly decreased the length and increased the number 

of axonal mitochondria. Pharmacological and peptide-mediated inhibition and 

dominant negative expression of dynamin related protein 1 (Drp1), blocked NGF 

induced fission and axon branching. In ovo expression of dominant negative Drp1 

decreased the number of branches along sensory axons extending in the spinal 

cord. Live imaging of eYFP-Drp1 revealed accumulation at sites of mitochondria 

fission and NGF increased the formation of Drp1 accumulations. NGF promoted 

phosphorylation of Drp1 at the activating site S616 through Erk activation 

independently of the PI3K pathway. Inhibition of Erk signaling also blocked the 
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effect of NGF on mitochondria fission, branching and Drp1 accumulation along 

mitochondria. PI3K activity is required for branching and its inhibition blocked 

fission but not phosphorylation of Drp1. Furthermore, live imaging revealed that 

axonal actin patches, which we have previously shown are driven by PI3K 

signaling, co-localize with sites of mitochondria fission. Inhibition of actin 

polymerization using Latrunculin-A blocked the effect of NGF on mitochondria 

fission and Drp1 accumulation. Pharmacological inhibition of the actin nucleating 

Arp2/3 complex also blocked the effect of NGF on mitochondria fission. Finally, 

inhibition of fission blocked the effect of NGF on the intra-axonal synthesis of 

cortactin and Arp2/3 complex, a required and mitochondria-dependent component 

of branching, and the subsequent increase in axonal actin dynamics. Collectively, 

these observations unveil a novel biological action of neurotrophins; the regulation 

of mitochondria fission and setting of steady state mitochondrial length and number 

in axons.  

 

Introduction 

 

The development of the nervous system is dependent on the interaction 

between neurons and their extracellular environment, culminating in the formation 

of complex patterns of synaptic connectivity. The connectivity of multiple partners 

is possible by the formation of branches (Gallo, 2011; Gibson and Le Ma, 2011; 

Lewis et al., 2013; Rockland, 2013; Kalil and Dent, 2014; Petrovic and Schmucker, 
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2015).  Additionally, in the adult nervous system axonal branches also emerge in 

response to injury and neurodegeneration (Onifer et al., 2011; Akbik et al., 2012; 

Carmel and Martin, 2014; Kadomatsu and Sakamoto, 2014). Neurotrophins are 

growth factors that signal through the activation of p75 and TrkA receptors (Huang 

and Reichardt, 2001, 2003). The promotion of axonal branch formation is an 

important effect of neurotrophins during development and nervous system repair 

(Diamond et al., 1987, 1992; Cohen-Cory, 1999; Schmidt and Rathjen, 2010; 

Onifer et al., 2011; Bilimoria and Bonni, 2013). In the context of nerve growth 

factor, NGF stimulate the formation of collateral branches in sensory neurons by 

the activation of the PI3K signaling pathway (Gallo and Letourneau, 1998; Markus 

et al., 2002; Jones et al., 2003; Ketschek and Gallo, 2010). The PI3K pathway is 

a major regulator of axonal growth, controlling the cellular cytoskeletal dynamics 

and expression of genes functioning during neuron morphogenesis (Atwal et al., 

2000; Arévalo et al., 2006; Cosker and Eickholt, 2007; Eickholt, et al 2007).  

The actin and microtubule cytoskeleton are critical for collateral branching. 

The initial step of branch formation involves the accumulation of actin filaments at 

sites of membrane protrusion from the axon in the form of filopodia. Filopodia 

emerge from transient and localized accumulations of actin filaments, termed actin 

patches (Reviewed in Gallo, 2011, 2013). NGF promotes the formation of filopodia, 

and subsequently branches, in sensory neurons by increasing the rate of actin 

patch formation (Ketschek and Gallo, 2010). Axons generate many patches but 

only a subset gives rise to filopodia. Similarly, although axons generate multiple 
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filopodia during the process of branching only a subset of these filopodia mature 

into collateral branching. The maturation of the filopodia in to a branch requires the 

invasion of the filopodium by dynamic microtubules (Gallo, 2011; Kalil and Dent, 

2014). NGF promotes polymerization of microtubule and increases the invasion of 

filopodia by microtubules (Ketschek and Gallo, 2010; Spillane, et al., 2012). 

Multiple studies have identified mitochondria as a fundamental element for 

axonal branching (Courchet et al., 2013; Spillane et al., 2013; Tao et al., 2014; 

Sainath et al., 2017; Wong et al., 2017; Smith and Gallo, 2018). During NGF 

induced branching the respiration of mitochondria is required for actin dynamics 

and local protein translation (Ketschek and Gallo, 2010; Spillane et al., 2013; 

Sainath et al., 2017). Moreover, prior work determined that neurotrophins can 

regulate stalling of mitochondria at sites of localized NGF-signaling, mitochondria 

membrane potential, and coordinate axonal actin dynamics and mitochondria 

positioning (Chada and Hollenbeck, 2004; Verburg and Hollenbeck, 2008; 

Ketschek and Gallo, 2010; Spillane et al., 2013; Sainath et al., 2017). However, 

the complete understanding of the functions of mitochondria in the generation of 

axonal branching remains to be elucidated 

The morphology of the mitochondria is determined by the balance between 

fission and fusion (Elgas et al., 2013). The process of mitochondria fission is 

predominantly controlled by the dynamin related protein 1 (Drp1). Drp1 

polymerizes into spirals around the mitochondria and constrict the organelle 

through GTP hydrolysis (Amiri and Hollenbeck., 2008; Elgas et al., 2013; Pagliuso 
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et al., 2018). Furthermore, a new model suggest that actin filament and actin 

regulators are also required in mitochondria fission (De Vos et al., 2005; DuBoff et 

al., 2012; Korobova et al., 2013, 2014; Hatch et al., 2014, 2016; Ji et al., 2015; Li 

et al., 2015; Manor et al., 2015). The role of Drp1 in pathogenesis has been 

extensible studied, and excessive fission has been associated with 

neurodegenerative diseases and cell death (Reddy et al., 2011; Cho et al.,2013; 

Guo et al., 2013; Itoh et al., 2013; Bertholet et al., 2016). However, the role of Drp1 

in physiological conditions remains poorly understood.  

In this study we reveal a new biological role of neurotropins. We report that 

NGF induces rapid fission of axonal mitochondria, fallowed for a new steady-state 

of mitochondria length and density, and the role in mitochondria fission is 

conserved by other neurotrophins. The fission of the mitochondria occurs through 

a Drp1 GTPase and actin filament-based mechanism, coordinated by PI3K and 

MAPK signaling. Furthermore, mitochondria fission is required for the induction 

axonal collateral branch formation. This study provides the first example of the 

beneficial regulation of mitochondria fission by a family of neuronal growth factors. 

 

Materials and methods 

 

Culturing of primary neurons 

Chicken dorsal root ganglia (DRG) were dissected at embryonic day 7 (E7) 

(SPF eggs obtained from Charles River Laboratories). At this developmental stage 
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it is not possible to determine sex and both sexes were used at presumably a 50/50 

ratio. Whole explants were cultured (3-4 explants /dish), or the DRGs neurons 

were dissociated (as explained below) (1.5 explants / dish). The culturing substrata 

were previously coated with polylysine (Sigma; Cat # P9011; 100 µg/ml in borate 

buffer), for 4 hours and following 3x washing with phosphate buffered saline (PBS) 

with 25 µg/ml laminin (Life Technologies Cat # 23017-015) in PBS overnight, all 

incubations were performed at 39°C. Explants and dissociated neurons were 

cultured in defined F12H medium (Gibco; Cat#21700075). Unless otherwise 

noted, explants or dissociated neurons were grown in absence of NGF and used 

for experiments between 20 and 30 hours after plating. For live imaging 

experiments, explants or dissociated neurons were plated in glass-bottom dishes. 

For experiments in which the cultures were fixed, cells or explants were cultured 

on glass coverslips. For the preparation of dissociated neurons sensory ganglia 

were incubated in in Ca2+–Mg2+-free PBS (CMF-PBS), for 10 minutes at 37°C. 

Ganglia were then spun down for 1 min, and supernatant was removed. Ganglia 

were then treated with 0.25% trypsin (Fisher Scientific Cat # MT25005CI), for 10 

minutes at 37°C and spun down for 1 minute. Ganglia were then pipette triturated 

30 times in F12HS10 media (F12H medium supplemented with 10% fetal bovine 

serum: Fisher; Cat #MT350111CV) and then spun down for 4 minutes. 

Supernatant was removed, cells were triturated again in F12H media 15 times and 

finally brought to the required volume resulting in dissociated cells that were then 

plated. The antibodies to phosphorylated Drp1 did not recognize chicken Drp1 due 
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to amino acid variations within the antigenic site, as supported by inter-species 

sequence comparison (not shown). Therefore, for studies addressing the effects 

of NGF on levels of phosphorylated Drp1 we had to use dissociated mouse DRG 

neurons as mouse Drp1 is recognized by the antibody. P0-P1 mice (C57BL/6; 

Jackson Laboratories) were placed on ice for 10 min. 1.5 DRGs were dissected 

per coverslip and placed in CMF-PBS in 37°C for 15 min. The ganglia were then 

spun down for 1 min, supernatant was removed and replaced with trypsin, and 

incubated at 37°C. After 10 min, the pellet was spun down for 1 min, supernatant 

was removed, and cells were re-suspended in 5ml F12HS10. Cells were 

centrifuged for 5 min, supernatant was removed, and cells were re-suspended in 

culturing media containing F12H + NGF. 500 µl of culturing media containing the 

dissociated cells was added to each coverslip. 

 

Transfection 

For transfection of plasmids into neurons, 40 chicken DRGs were 

dissociated as described above, and after F12HS10 was removed neurons were 

suspended in 100 μl nucleofector solution (Lonza Cat # VPG-1002) and gently 

resuspended through trituration. The DRG cell suspension was transferred to a 

nucleofector cuvette containing 10 μg of Plasmid DNA, and electroporated using 

an Amaxa Nucleoporator (program G-13). The electroporated solution was then 

immediately transferred to a tube containing F12H media as described above prior 

to plating. 
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Immunocytochemistry 

For cortactin detection, whole DRGs explants where fixed with 4% 

paraformaldehyde (EMS Cat # 15710) and 5% sucrose (Fisher Scientific Cat #S5-

500) in PBS for 15 minutes at room temperature and blocked for 30 minutes with 

10 % Goat Serum (Sigma Cat # G9023) in PBS with 0.1 % of Triton X-100 (Sigma 

Cat # 9002-93-1) (GST). Samples were incubated for 45 minutes with primary 

antibody against cortactin (Abcam Cat # AB11065) diluted in GST (1/250) at room 

temperature and washed with PBS. Next, fluorescently labeled secondary 

antibody (goat-anti-rabbit TRITC, 1/200; Sigma Cat # T6778) and phalloidin Alexa 

488 (1/20, Invitrogen Cat # A12379), were applied for an additional 45 minutes, at 

room temperature. After secondary antibody incubation, samples were washed 

with PBS and with deionized water, and mounted with Vectashield mounting 

(Vector Cat# H-1000). For phosphorylated Erk detection dissociated neurons were 

fixed with methanol for 15 minutes on ice, and then blocked with 10 % Goat Serum 

in PBS. For the immunostaining the same protocol as explained above was 

followed. Primary antibody against phosphorylated Erk1/2 (Thr202/Tyr204,1/500; 

Cell Signaling Technologies, Cat#9101), fluorescently labeled secondary antibody 

(goat-anti-rabbit TRITC, 1:400), and DM1A-FITC (1/100) was used to counter 

stain. In the assessment of axon branches, to detect microtubule polymer, cultures 

were simultaneously fixed and extracted using 0.2% glutaraldehyde (EMF Cat # 

16300) and 0.1% triton X-100 in PHEM buffer (10mM MES, 138mM KCl, 3mM 

MgCl, 2mM EGTA), followed by a 15 min incubation in 1 mg/ml sodium 
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borohydride (Fisher Scientific cat # Ac189301000) in CMF-PBS (Gallo and 

Letourneau, 1999). Samples were then stained with DM1A-FITC anti-α-tubulin and 

rhodamine phalloidin as previously described above. 

 

Function blocking NGF antibody 

For the experiments in Figure 2.2 D we used sheep-anti-NGF (CedarLane 

Labs; Cat#CLMCNET-031). The antibody was added to the medium at 25 μg/ml. 

 

Labeling of mitochondria 

For labeling mitochondria dissociated neurons were transfected with 

pDsRed2-Mito (Clontech Cat # 632421) as explained above. Mitotracker dyes 

were prepared according to the manufacturer’s directions and labeling was 

performed through incubation for 30 minutes with mitotracker green (40 nM, 

Molecular Probes, Cat# M7514) or red (0.05 nM, Invitrogen, Cat# M22425). 

Mitotracker red was used for collecting the time-lapse data addressing 

mitochondria movement in figure 2.1C due to its greater photostability. Following 

labeling, the dye containing medium was removed and cultures were washed three 

times with culturing medium not containing any dye. Imaging was performed at 

least 15 min after the dye was removed to allow cultures to acclimate. 
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Live imaging 

Neurons were imaged using a Zeiss 200 M microscope equipped with an 

Orca-ER camera (Hamamatsu) in series with a PC workstation running Zeiss 

Axiovision software for image acquisition and analysis. Cultures were placed on a 

heated microscope stage (Zeiss temperable insert P with objective heater) for 10 

min at a constant 39°C before and during imaging. Imaging was performed using 

a Zeiss Pan-Neofluar 100_objective (1.3 N.A.), 2x2 camera binning and minimal 

light exposure. For the quantification of mitochondria transport and percentage of 

fission, mitochondria were labeled with mitotracker red and imaged immediately 

after NGF or storage buffer (control) addition. Acquisition rate was 110 frames with 

4s interframe intervals. For live imaging of transfected neurons 150 frames with 4s 

interframe was used. For Drp1 puncta accumulation and percentage of 

mitochondria quantification, cells were co-transfected with pDsRed2-Mito and 

pEYFP-C1-Drp1. For analysis of actin patches localizing at mitochondria and 

fission sites, neurons were co-transfected with eYFP-B-Actin (Clontech Cat# 6902-

1) and pDsRed2-Mito. Images were taken immediately after NGF addition. For 

actin patch formation quantification, cells were transfected with eYFP-B-Actin. 

Images were taken after 30 minutes of incubation with NGF. Details of actin patch 

quantification and imaging are described in Loudon et al (2006). 
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Quantification of immunocytochemical labeling 

For quantification of the levels of immunolabeling in axons the distal 50 µm 

of axons were sampled excluding the growth cone, defined as the region of the 

axon distal to the “neck” of the growth cone where the axon diameter enlarges into 

the central and peripheral domains. Images were acquired using a Zeiss 200 M 

microscope with a camera binning of 2x2. For imaging a Zeiss Pan-Neofluar 100 

objective with 1.3 NA, was used. The exposure parameters were set so as to 

maintain all images within the dynamic range without any pixels at saturation. Zeiss 

Axiovision software was used for all measurements, and the area of the region of 

interest was multiplied by the background subtracted mean intensity of the stain to 

obtain the total integrated level of fluorescence. 

 

Determination of mitochondria number, length, fission and fusion 

Imaging was performed as described in the live imaging section above, but 

camera binning was set to 1x1 to obtain maximal spatial resolution. The length and 

number of mitochondria in the axon were measured using ImageJ software, and 

the density of mitochondria was calculated per 10 μm of axon. Mitochondria length 

was defined as determined by a line, segmented if the mitochondrion was not 

strictly linear, running from one end to the other of the mitochondrion. Occasionally, 

mitochondria in axons overlapped as clearly evidenced by the additive signal of 

their fluorescence in the region of overlap. Overlapping mitochondria were 
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excluded from analysis to ensue only mitochondria with clearly defined ends were 

used for quantification. 

 

Determination of rates of fission and fusion from live imaging time-lapse videos 

Instances of fission were determined manually by the user through frame 

by frame analysis using sequences as shown in Figures 2.1C and 2.4B. The 

labeling of mitochondria using both dyes and the genetically encoded reporters 

was uniform along the mitochondrion. Using the settings described in the live 

imaging section each pixel in the resulting images has a radius of 0.13 μm. A 

completed fission event was defined as when the fluorescence intensity of the 

mitochondrion at the site of apparent fission had decreased to the background 

level of the axonal segment not containing mitochondria and the two resultant 

mitochondria were separated by over 5 pixels. Occasionally mitochondria 

underwent apparent constrictions but did not continue into a full fission event and 

these instances were not counted as fission. Fusion events were similarly 

determined by the user. When mitochondria overlap in space the intensity signal 

is additive, allowing discrimination of overlap from fusion. Fusion was thus 

determined to occur in instances when mitochondria ends came into contact and 

then formed an apparent single mitochondrion with uniform intensity, verified by 

line scans using NIH ImageJ in ambiguous cases. A caveat is that we cannot 

exclude the possibility of rare events during which two mitochondria ends might 

have come into immediate proximity (e.g., less than 0.24 μm/2 pixels) giving the 
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appearance of fusion, as defined by the apparent uniform intensity of the resulting 

dyad of adjacent mitochondria. However, as measured, the fusion rates were not 

affected in any case in this study and this caveat is unlikely to have biased results. 

 

Quantification of axon branching 

The criteria for determination of mature branches from in vitro experiments 

wherein the microtubules and actin filaments were labeled as described above her 

been extensively detailed in Spillane et al (2012, 2013), and were followed herein. 

Briefly, a branch was defined as containing microtubules and an asymmetric distal 

enriched accumulation of actin filaments. Similarly, for determination of branches 

in the spinal cord we followed the morphological criteria described in Spillane et al 

(2011). Briefly, extensions along the axon shaft greater than 10 μm were classified 

as branches. 

 

Axonal actin dynamics 

The methods for the analysis of the dynamics of axonal actin patches have 

been described in detail in Loudon et al (2006) and were similarly followed in this 

work. Given that Drp1 accumulations followed similar dynamics to actin patches 

the same approach was used to analyze the former. 

 

Fluorescence recovery after photobleaching (FRAP) Analysis 

For FRAP experiments dissociated neurons were electroporated with 
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myrGFP3`UTR-Cortactin or myrGFP3’UTR-Arp2 (Spillane et al., 2012). As 

described for the quantification of immunocytochemical staining levels acquisition 

parameters were set so as to keep the pixels in the image within the dynamic range 

and 2x2 camera binning was used. Images were acquired immediately after NGF 

addition, and just before and after bleaching, at 5 min intervals for 1 hour. For 

imaging a Zeiss Pan-Neofluar 100 objective with 1.3 NA was used. Photobleaching 

of myrGFP was performed using a 2 minutes exposure of the distal axon in the 

imaging field to light from a 100 W source. Phase contrast images of the axons 

acquired at the same times as the GFP channel were used to determine the 

location of the axon at early time points in the FRAP when the GFP signal is too 

low to detect the axon. Only axons that were photobleached by 90% of their initial 

value were used in the analysis. To track recovery, the mean background 

subtracted intensity of myrGFP was measured in a fixed length of the axon at 

multiple time points. 

 

In ovo electroporation and ex vivo imaging 

As described in Spillane et al (2011, 2012, 2013) and Donnelly et al (2013), 

lumbosacral chicken embryo DRG were electroporated in ovo at E3 using a CUY-

21SC electroporator (Nepa Gene) equipped with 3 mm L-shaped gold tip 

electrodes (Harvard Apparatus). Five 50 ms 50V pulses were applied at a rate of 

1 pulse per second. Expression vectors were injected (1μg/μl diluted in dH2O with 

0.01% fast green) into the lumen of the neural tube and electrodes placed at the 
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level of the lumbosacral enlargement. DRGs were transfected unilaterally. At E7, 

embryos were removed from the eggs and the entire spinal cord caudal to the first 

thoracic segment was dissected. The cord was then divided into two halves by 

cutting the roof and floor plates and immediately placed in the well of a video-

imaging dish containing 20 μl of culturing medium. The well of the video dish was 

then closed by placing a glass coverslip on top of the well in the dish and sealed 

to the dish by a ring of medium between the glass and dish surface. The assembled 

video dish containing the spinal cord was immediately used for imaging. Imaging 

was performed using a Zeiss 200M inverted microscope equipped with an Orca-

ER CCD camera (Hamamatsu). For imaging a Zeiss Pan-Neofluar 100X objective 

with 1.3 NA was used. (Spillane et al., 2012). Plasmid used for in ovo 

electroporation were: pDsRed2-Mito, pEYFP-C1-Drp1, mCherry, pEYFP-C1-

Drp1K38A. 

 

Generation of dominant negative K38A Drp1 

The plasmid pEYFP-C1-Drp1 (Addgene; Cat#45160) was used as the PCR 

template of directed mutagenesis (Agilent Technologies; Cat#200519-4) to create 

the mutant plasmid pEYFP-C1-Drp1K38A. The AAG (K38) codon of H. sapiens 

DRP1 (GeneBank ID: NM_005 666 690) was mutated to GCG (A) using the 

following primer sequences: nucleotides 259-295, sense 

GAACGCAGAGCAGCGGAGCGAGCTCAGTGCTAGAAAG and antisense 

CTTTCTAGCACTGAGCTCGCTCCGCTGCTCTGCGTTC. The PCR conditions 
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were set following the manufacture instructions as 95°C for 30 sec, 55°C for 1 min, 

and 68°C for 7 min in a duration of 16 cycles. The PCR product was fully verified 

by sequencing. 

 

Quantification and statistical analysis 

 In vitro data involving population based statistical comparisons (i.e., axon 

branching, quantitative immunocytochemistry, mitochondria length and density) 

was collected from 4-6 cultures per experimental group sampling only axons that 

were not containing other cells along the regions where the analysis was 

performed. All groups in the experimental design were cultured, treated and 

processed in parallel. For live imaging studies the number of cultures is reflected 

in the number of axons sampled. Sampling between experimental groups within 

an experimental design was equalized across days so that data for different groups 

did not come from disparate sets of cultures sampled on different days. For in ovo 

electroporation studies 3-4 chickens were electroporated and axons sampled 

therein. All data was analyzed using Instat software (GraphPad software Inc). The 

software determines the normalcy of data sets using the Kolmogorov and Smirnov 

test. For normal data sets analysis was performed using the Welch t-test for 

independent groups or the paired t-test for before-after treatment experimental 

designs. If non-normal data sets were detected, then non-parametric analysis was 

used (Mann-Whitney test). For multiple comparison tests within experimental 

designs parametric Bonferroni or non-parametric Dunn’s post-hoc tests were used 
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based on the normalcy of the data sets. For data sets representing categorical 

data falling into bins the Fischer’s exact test was used on the raw data, although 

the data is expressed as percentages for ease of appreciation. One or two tailed 

p values are reported based on whether the hypothesis did or did not dictate the 

directionality of the expected change in mean or median, respectively. All graphs 

were generated using Prism (GraphPad software Inc). Sample sizes and 

qualitative statistical presentation are denoted in figure legends or figures 

 

Results 

 

NGF induces mitochondria fission in sensory neurons resulting in a new steady-

state length and density 

For experiments involving NGF we used embryonic day 7 (E7) dorsal root 

ganglia because they can be cultured in laminin in the absence of neurotrophins. 

This culturing conditions select for NGF-responsive Trk responsive neurons (Guan 

et al., 2003; Ketschek and Gallo, 2010). Mitochondria were detected on living 

axons through labeling with mitotracker dyes. Acute treatment (15-45 min) with 

NGF (40ng/ml) decreased the length and increase the number of axonal 

mitochondria, indicative of fission. This effect is persistent after 15 minutes post 

treatment (Fig 2.1A,B). Consistently, live time-lapse imaging of mitochondria 

revealed that NGF increases the percentage of mitochondria undergoing fission 

during the first 10 minutes of treatment, without a detectable effect in fusion, 
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relative to no NGF treatment (Fig 2.1C,D). In 73% of fission events, one or both 

emergent mitochondria underwent transport, regardless of NGF treatment (Fig 

2.1C). Following NGF treatment, the velocity of movement after fission, in either 

direction, was not different from moving mitochondria that did not undergo fission 

and move (Fig 2.2A). Thus, NGF treatment promotes a rapid burst of fission 

resulting in a new steady state of mitochondria length and density. As 

consequence of fission, but independent of NGF, one or both emergent 

mitochondria undergo redistribution within the axon. 

 Consistent with the new steady state of length and density after 15 minutes 

of NGF treatment, analysis of mitochondria fission and fusion after 1 hour of NGF 

treatment indicate no difference in the percentage of mitochondria undergoing 

fission or fusion compared with No NGF (Fig 2.2B).  Thus, NGF induces a transient 

increase in the rate of fission during the first 10 minutes of signaling resulting in 

smaller and more numerous mitochondria, and this state is then maintained by a 

return to baseline rates of fission and fusion. We examined the dose dependent 

effect of NGF (0.01-100 ng/ml) on mitochondria length. NGF significantly 

decreased the length of mitochondria at 10 ng/ml. Furthermore, the differences in 

mitochondria length between NGF and No NGF at concentration higher than 10 

ng/ml of NGF were similar (10, 50 and 100 ng/ml p < 0.001 for mitochondria length, 

NGF versus NO NGF; Fig 2.2C). To determine whether the effect of NGF on the 

regulation of the new steady state of mitochondria length and density requires 

continued NGF treatment, we cultured E7 neurons in the absence of NGF 
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overnight and then treated with NGF for 30 minutes, after that the NGF containing 

medium was either replaced with medium with no NGF and a function blocking 

NGF antibody, or with medium containing NGF. The effect of NGF on mitochondria 

length and density was reversed at 3 hours of NGF removal (Fig 2.2D). 

Collectively, these data reveal that NGF induces the fission of axonal mitochondria 

and determines a new-steady state length and density that is then maintained as 

long as NGF is present.  

All members of the neurotrophin family signal through Trk and p75 receptors 

and activate the same signaling pathways. To determine if the effect on 

mitochondria fission is conserved across the neurotrophin family we determined 

the effect of brain derived neurotrophic factor (BDNF) and neurotrophin-3 (NT3) 

on the regulation of mitochondria length and density. Unlike NGF responsive 

neurons there are currently no methods to grow sensory neurons in the absence 

of neurotrophins. Therefore, for experiments involving BDNF and NT3 we used 

DRGs at embryonic day 9 (E9), cultured in low dose of the relevant neurotrophin. 

After 24 hours of culture, we removed the neurotrophin for 2 hours and 

subsequently we treated the neurons with BDNF/NT3 (40ng/ml) for 45 minutes (a 

protocol previously devised for studying acute neurotrophin effects in embryonic 

sensory neurons; Gallo and Letourneau, 1998). As with NGF, 45 minutes 

treatment with BDNF/ NT3 decrease the length and increased the density of 

mitochondria (Fig 2.3).  
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NGF induces mitochondrial fission through a Drp1-dependent mechanism 

The GTPase Drp1 is considered the major effector of mitochondria fission. 

Drp1 is recruited to the site of fission, form a ring around the mitochondria, and 

promotes mitochondria constriction (Zemirli et al., 2018). Endogenous Drp1 

detected by immunofluorescence revealed a punctate distribution along the axon 

(Fig 2.4A). In fixed samples, Drp1 puncta coincided with potential sites of fission, 

based on the close proximity to the mitochondria ends of closely apposed 

mitochondria (Fig 2.4A). Live imaging of axons co-transfected with eYFP-Drp1 and 

mitochondrially targeted DsRed (mito-DsRed) showed that sites of eventual fission 

were demarcated by prior focal accumulation of Drp1 (Fig 2.4B). NGF treatment 

increased the frequency of focal Drp1 accumulation along mitochondria regardless 

of whether fission happened at the site of accumulation (Fig 2.4B,C). Mdivi1 is a 

small molecule that specifically inhibits the GTPase activity of Drp1 (Cassidy-Stone 

et al., 2008; Smith and Gallo, 2017). Inhibition of Drp1 using Mdivi1 (20 μM) 

blocked the effect of NGF in mitochondria length and Density (Fig 2.4D). 

Furthermore, expression of dominant negative Drp1 (DNDrp1; Fig 2.4E; 

Stojanovski et al., 2004; Barsoum et al., 2006), also inhibit the effect of NGF in 

mitochondria fission (Fig 2.4E,F). Although DNDrp1 was targeted to the 

mitochondria, we never observed puncta accumulation of DNDrp1 along the 

mitochondria, as is shown in Fig 2.4B for wildtype Drp1, regardless of NGF 

treatment. Drp1 can also regulate the fission of peroxisomes (Schrader et al., 
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2016). However, NGF treatment did not affect the density of the peroxisomes 

either in axons or branches (axons: p = 0.44; branches: p = 0.26) 

 

PI3K and Mek-Erk signaling are required for NGF-induced mitochondria fission 

The PI3K and MEK pathways are major effectors of neurotrophins signaling 

and regulate neuronal morphogenesis (Huang and Reichardt, 2003; Reichardt, 

2006). In axons the PI3K pathway is required for mediating the effects of NGF on 

axonal actin patch formation during branch development (Ketschek and Gallo, 

2010). To determine whether PI3K signaling is required for NGF- induced fission, 

cultured sensory axons where pre-treated with LY294002, a well characterized 

inhibitor of PI3K signaling (Kong and Yamori, 2008). Treatment with LY294002 (25 

μM) blocked the effect of NGF in mitochondria fission and impaired the NGF-

mediated Drp1 recruitment to the mitochondria. (Fig 2.5 A,C,D). To directly activate 

PI3K in the absence of NGF, we treated neurons with a cell-permeable peptide 

consisting of a phosphorylated EGF receptor sequence (PI3Kpep). This peptide 

has been used extensively before and suffices to induce axon branching in the 

absence of NGF (Ketschek and Gallo, 2010; Spillane et al., 2012). Treatment with 

PI3Kpep, but not the inactive control PI3KpepAla (crucial phospho-tyrosine is 

changed to an alanine) copied the effect of NGF in mitochondria length and density 

(Fig 2.5B).  

To confirm that NGF activates the Mek-Erk1/2 pathway in sensory axons, 

we treated cultures with NGF for 7.5, 30 and 60 minutes, and used quantitative 
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immunofluorescence to measure levels of phosphorylated Erk1/2 at the 

Thr202/Tyr204 activating sites. At 7.5 min after NGF the median levels of pErk in 

axons were elevated by 320%, and after 30 min and 1 hour of treatment levels 

were elevated by 134% and 67%, respectively (Fig 2.5A,B). Indicating that NGF 

promotes rapid and strong activation of Erk signaling. Previous studies on cancer 

cells indicate that Erk can activate Drp1 by specific phosphorylation at the serine 

616 site, thereby promoting mitochondria fission (Kashatus et al., 2015; 

Serasinghe et al., 2015). The antibody to detect phosphorylated Drp1 did not work 

in chicken neurons. Therefore, in order to determine if NGF-mediates 

phosphorylation of Drp1 at S616, we cultured DRG neurons obtained from p1 

mouse (postnatal day 1), raised in low NGF concentration as described previously 

for E9 chicken sensory neurons. After 24 hours of culture, we removed NGF for 2 

hour and subsequently we treated the neurons with NGF (40 ng/mL) for 10 

minutes.  NGF had not effect in total Drp1 levels, but significantly increased the 

levels of pS616-Drp1 (Fig 2.6C,D). Inhibition of Erk using a specific inhibitor of Mek 

(U0126, 50µM; Favata et al., 1998), blocked the effect of NGF on pDrp1 (Fig 

2.6C,D). In contrast, Inhibition of PI3K had not effect in the levels of pDrp1 (Fig 

2.6D). Inhibition of Erk using U0126 and PD325901, both Mek inhibitors 

(PD325901:1uM; Henderson et al., 2008), blocked the effect of NGF on the rates 

of mitochondria fission and Drp1 focal accumulation per mitochondria (Fig 2.6E,F). 

The Mek-Erk dependent NGF-induced increases in pS616 levels correlated with 

the activation of Mek-Erk signaling in axons after NGF treatment (Fig 2.6C-F). 



 

44 

Similarly, in work done by Dr. R. Sainath in the laboratory we have determined that 

Akt phosphorylation downstream of NGF signaling, as a measure of PI3K 

activation, is highest during the first 10 min of signaling and then decreases to 

lower levels with continued NGF treatment although remaining at approximately 

double the levels observed in the absence of NGF. Collectively these data indicate 

that the Mek-Erk Pathway regulates Drp1 activity through S616 phosphorylation, 

independent of PI3K, and both pathways contribute to the recruitment of Drp1 to 

the mitochondria and fission.  

 

Actin filaments are required for NGF induced fission and Drp1 accumulation 

Several lines of evidence suggest that actin filaments are involved in 

mitochondria fission (Hatch et al., 2014; Kraus and Ryan, 2017). Furthermore, 

NGF upregulates axonal actin dynamics, through the activation of the PI3K 

pathway, reflected in localized dynamic of patches filaments (Loudon et al 2006; 

Ketschek and Gallo, 2010; Spillane, 2011,2012). Live imaging of axons co-

transfected with YFP-β-actin and mito-DsRed, revealed that in 75% of fission 

events, sites of constriction correlated with prior formation of actin patches, along 

the axon (Fig 2.7A). Inhibition of actin polymerization using Latrunculin A (LatA-A; 

40 μM), before NGF treatment, blocked the effect of NGF on mitochondria fission 

and Drp1 focal accumulation along the mitochondria (Fig 2.7B-D). Therefore, the 

mechanism of NGF-induced fission requires the combined activity of Drp1 and 

actin filaments, and actin filaments are also required for focal accumulation of Drp1 
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Actin patches have previously been described as precursors for the 

emergence of filopodia (Loudon et al., 2006; Ketschek and Gallo, 2010; Hand et 

al., 2015; Ketschek et al., 2016) and the emergence of filopodia occurs 

preferentially from patches associated with mitochondria (Spillane et al., 2013; 

Sainath et al., 2017). Analysis of the duration of patches after NGF treatment 

revealed that patches associated with sites of fission are longer in duration than 

those that colocalize with mitochondria but are not associated with fission sites and 

those that arise at non-mitochondria regions along the axon (Fig 2.7E). Consistent 

with a prior report (Sainath et al., 2017), actin patches associated with 

mitochondria exhibited longer durations than those not associated with 

mitochondria regardless of whether they were associated with sites of fission (Fig 

2.7E). Patches associated with mitochondria but not involved in fission exhibit a 

five-fold greater probability to form a filopodium (Fig 2.7F). Furthermore, patches 

associated with fission sites gave rise to filopodia with the same probability as 

those not associated with mitochondria (Fig 2.7F). These data suggest that 

patches associated to fission site represent a different subpopulation of 

mitocondrially associated patches that are involved in fission and not in the 

formation of the filopodia.  

Previous work reported that the actin filament nucleating complex Arp2/3 is 

involved in actin filament assembly in the mitochondria outer membrane (OMM) 

and mitochondria division (Li et al., 2015). Additionally, Spillane et al (2012,2013) 

revealed an important role of the Arp2/3 complex in the formation of actin patches 
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underlying filopodia development (Spillane et al., 2012, 2013). However, since the 

previous analysis revealed differences between actin patches populations, we 

tested the role of the Arp2/3 complex in mediating NGF-Induced fission. 

Pretreatment with Arp2/3 inhibitor (CK-666: 50 μM; Hetrick et al., 2013) blocked 

the effects of NGF on mitochondria fission (Fig 2.8), indicating that although fission 

patches differ from those involved in filopodia formation they share a conserved 

role for Arp2/3 complex. 

 

Inhibition of Drp1- dependent fission impairs branch formation in dorsal root 

ganglia 

Mitochondria have emerged as important mediators of axon branching 

(Courchet et al., 2013; Tao et al., 2014; Sainath et al., 2017; Wong et al., 2017; 

Smith and Gallo, 2018), including NGF-induced branching (Spillane et al., 2013). 

Branching in response to NGF treatment is statistically detectable at 15 minutes 

and maximal at 30 minutes (Spillane, 2012). The initial burst of fission in response 

to NGF occurs by 15 minutes post treatment and by 15 minutes the new steady 

state of mitochondria density and length is stablished.  PI3K is involved in multiple 

aspects of branching activated by NGF (Ketschek and Gallo, 2010; Spillane et al., 

2012). Similarly, prior experiments in our lab indicated that Erk signaling also 

blocks NGF-induced branching (data not published). Considering that the NGF-

induced burst in fission temporally precedes the formation of branches, we 

determined whether fission is required for branching. P110 is an inhibitory 
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permeable peptide that blocks the interaction between Drp1 and its mitochondria 

fission receptor Fis1 and also impairs Drp1 GTPase activity (Qi et al., 2013). 

Inhibition of Drp1 with Mdivi1, P110, or expression of DNDrp1 blocked NGF-

induced axon branching (Fig 2.9), indicating that NGF-induced fission is required 

for branching.  

The formation of filopodia is the first step in the establishment of branches, 

and actin patches along the axons serve as precursor to filopodia formation 

(reviewed in Kalil and Dent, 2014; Armijo-Weingart and Gallo, 2017). NGF 

increases the rate of patch formation in a manner dependent on NGF-induced-

PI3K activity and intra-axonal protein synthesis. The increases in actin patch 

formation rate are first detectable at 15-21 minutes post NGF treatment and are 

further increased at 30-36 minutes (Spillane et al., 2012). NGF increase the rate 

of filopodia formation due to the increase in patch formation rate but does not affect 

the probability that a patch will give rise to a filopodium (Ketschek and Gallo, 2010). 

Inhibition of fission using Mdivi1, blocked the effect of NGF on the rate of patch 

formation after 30 minutes treatment (Fig 2.10A). In contrast, inhibition of fission 

did not affect patch duration or the probability of filopodia emergence (Fig 2.10 

B,C), two aspects of patch dynamics that are not regulated by NGF (Ketschek and 

Gallo, 2010). 

To determine if NGF-induced fission may also contribute to branching 

through the shortening of mitochondria, we compared the length of the 

mitochondria in branches relative to the main axon in neurons raised overnight 
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with NGF and No NGF conditions. In NGF treatment condition, the lengths of 

mitochondria in branches were not different from those along the mains axon shaft 

(Fig 2.10E). In contrast, in the absence of NGF treatment, mitochondria in 

branches were shorter than in the main axon shaft (Fig 2.10D,E). Additionally, the 

lengths of mitochondria in branches formed in the absence of NGF were similar in 

length as after NGF treatment. Branches formed in the presence of NGF also 

exhibited increased densities of mitochondria relative to branches developed in the 

absence of NGF (Fig 2.10F). These results indicate that NGF-induced fission 

generates a shorter population of mitochondria that have facilitated access to 

nascent branches.  

NGF can induce branching in sensory neurons but does not control the 

formation of sensory axonal collateral branches in the developing spinal cord 

(Patel et al., 2000; Brown and Weaver, 2012; Keefe et al., 2017). To determine 

whether fission is required for the formation of collateral branches in the developing 

spinal cord, we expressed DNDrp1 in developing sensory neurons of chicken 

embryos at E3, using in ovo electroporation.  To image axons ant their branches, 

the spinal cord was dissected from the embryos and immediately imaged (Spillane 

et al., 2011, 2012, 2013; Donnelly et al., 2013). Expression of DNDrp1 significantly 

increased the length of mitochondria along the axons extending in the spinal cord 

and decreased the density of branches (fig 2.11). These data indicate that Drp1-

dependent fission is also required for non-neurotrophin dependent branching in 

vivo during development. 
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Inhibition of Drp1-mediated fission impairs the NGF-induced translation of axonally 

targeted cortactin and Arp2 mRNA 

Intra-axonal translation of Arp2/3 subunits and Arp2/3 regulators (cortactin 

and WAVE1) is required for NGF-driven induction of axonal branches, and the 

translation of Arp2 and WAVE1 contributes to the increase formation of actin 

patches (Spillane et al., 2012, 2013). Mitochondria positioning along the axon is a 

major determinant of sites of the high levels of translation that is in turn dependent 

on mitochondria respiration (Spillane et al., 2013). Given that NGF-induced fission 

of mitochondria is required for axon branching we sought to determine whether 

fission might also be involved in mitochondria dependent NGF induced intra-

axonal translation of cortactin and the Arp2 subunit of the Arp2/3 complex. To 

address this question, we used live imaging fluorescence recovery form 

photobleaching (FRAP) approach, as previously performed to detect the localized 

translation (Spillane et al., 2012, 2013; Sainath et al., 2017). Briefly, the 3’ UTR of 

mRNAs are responsible for the targeting of mRNAs to the axon (Gomes et al., 

2014).  Co-translational myristylation of GFP (myrGFP) targets GFP to the nearby 

plasma membrane, subsequently restricting its diffusion. Furthermore, previous in 

vitro FRAP studies shown that myrGFP fluorescence derived from the expression 

of subcellularly targeted mRNA, recovers in a protein synthesis dependent 

manner, and there is a low level of diffusion of myrGFP from adjacent axon 

segments (Aakalu et al., 2001). Thus, in our study we used myrGFP targeted to 
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axons using the 3’UTR of chicken cortactin or Arp2 as reporters for translation 

(previously described in Spillane., 2012, 2013). FRAP was determined with and 

without pretreatment with Mdivi1 after NGF treatment. Inhibition of fission 

significantly impairs the recovery of the fluorescence of axons expressing either 

myrGFP-cortactin 3’UTR (Fig 2.12A,B) or myrGFP-Arp2 3’UTR (Fig 2.13). 

Consistent with the FRAP data, previous work demonstrated by quantitative 

immunocytochemistry that NGF treatment increases the protein levels of cortactin 

in axons in a manner dependent on intra-axonal translation (Spillane et al., 2013; 

Ketschek et al., 2016). Inhibition of fission blocked the effect of NGF on the 

increase in axonal levels of cortactin as determined immunocytochemistry (Fig 

2.12C,D). Therefore, mitochondria fission in response to NGF is required to mount 

the intra-axonal translation of cortactin and Arp2 subunit, that are in turn required 

for NGF-induced branching. 

 

Discussion 

 

In this work we reveal a new role of neurothrophins in mitochondria fission. 

We found that NGF induces a rapid burst of mitochondria fission resulting in a new 

steady state of mitochondria length and density, and NGF presence is required to 

maintain this new steady state. The NGF-induced fission is dependent on PI3K 

and Mek-Erk pathways, Drp1 activity, and actin filaments. Furthermore, inhibition 

of fission blocked NGF-induced branching, and impaired collateral branch 
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formation along the spinal cord, in vivo. These observations unveil a novel 

biological action of neurotrophins; the regulation of mitochondria fission and setting 

of steady state mitochondrial length and number in axons, and determine a role 

for fission in the formation of axon branches. 

Two of the major signal transduction pathways activated by neurotrophins 

that control neuronal morphogenesis, PI3K and Mek-Erk, coordinate to regulate 

the mechanism of mitochondria fission. Mek-Erk controls the activation of Drp1 by 

phosphorylation at S616. The role of Erk in Drp1 Phosphorylation has been 

previously reported in cancer (Kashatus et al., 2015; Serasinghe et al., 2015). In 

contrast, the role for PI3K signaling in the fission of mitochondria is novel.  Unlike 

Erk, PI3K does not promote Drp1 phosphorylation. However, actin filaments from 

actin patches are required for NGF induced mitochondria fission and Drp1 

accumulation. Given that PI3K pathway drives actin polymerization and promotes 

the formation of actin patches (Ketschek and Gallo, 2010), we propose that PI3K 

contributes to fission through the regulation of actin cytoskeleton. Activation of the 

PI3K signaling in absence of NGF also induces changes in mitochondria length 

and density, which could be explained by the strong regulation of actin filaments 

by this pathway. 

Consistent with the previous literature (Hatch et al., 2014; Ji et al., 2015), 

we reveal a role for actin filaments in mitochondria fission and Drp1 accumulation. 

We observed the formation of discrete actin patches at mitochondria constriction 

sites during fission. Moreover, our data indicates that actin patches associated with 
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mitochondria fission represent a different population than those that gave rise to 

filopodia but also associated with mitochondria. These observations reveal a new 

role of actin patches in mitochondria fission independent of their previously 

described role in the formation of filopodia (Armijo-Weingart and Gallo, 2017). 

Furthermore, the actin nucleating Arp2/3 complex, which is required for the 

formation of actin patches and subsequent filopodia formation (Spillane et al., 

2012, 2013), is required for NGF-induced mitochondria fission and Drp1 local 

accumulation. The role of Arp2/3 complex in mitochondria fission has been 

previously described in non-neuronal cells (Li et al., 2015) and likely other actin 

regulatory proteins contribute to the actin dependent fission induced by NGF.  

The mechanism of how NGF maintain the new steady state of mitochondrial 

length and density requires further investigation. We observed that within the first 

10 minutes after NGF treatment the levels of activated Erk are highest. Similarly, 

PI3K-Akt activity is also prominent within 10 minutes of NGF treatment (data not 

published). After longer period of NGF treatment, Erk and PI3K activity are lower 

that during the initial 10 min or so of signaling but higher than controls.  Given that 

after one hour of NGF treatment the rate of mitochondria fission returns to the 

same as No NGF condition, and rate of fusion is never affected, either the levels 

of PI3K/Erk during the prolonged period of time are not sufficient to activate the 

relevant downstream effector to drive high rate of fission, or the link between the 

effector and the pathways are altered after longer period of time. The possible 

segregation of the effects of signaling pathways to specific downstream targets 
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during prolonged NGF treatment is suggested by the observation that NGF 

impacts mitochondria fission without affecting peroxisome fission, although Drp1 

has been shown to control peroxisome fission. Furthermore, NGF-PI3K-Akt 

signaling is a mayor regulator of actin patch formation (Ketschek and Gallo, 2010). 

Therefore, the contribution of NGF to maintain this new steady state might be 

through PI3K/Akt-actin patches, with lower input by the regulation of Erk-Drp1 

activity. 

NGF-induced fission is required for branch formation and inhibition of fission 

impairs the collateral branch formation along the spinal cord in vivo. Our 

experiments indicate that smaller mitochondria are targeted to nascent branches. 

In the absence of NGF branches that managed to form spontaneously contained 

mitochondria that were of lengths similar to those observed after NGF treatment, 

while the mitochondria within the main axon exhibited greater lengths. These data 

indicate that NGF increases the availability of mitochondria in the size range 

appropriate for branch formation and maturation. Furthermore, the increase in 

density of mitochondria in NGF induced branching is consistent with increased 

transport of mitochondria and targeting in to nascent branches. 

We found that fission is required for local translation of Arp2 and cortactin, 

and local translation of these two actin regulators contributes to branch formation. 

NGF induces a high rate of fission during the first 10-15 minutes of treatment, and 

the formation of branch and filopodia is prominent after 30 minutes of NGF 

treatment. Thus, the temporal aspects of the NGF-induced fission relative to the 
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formation of branches suggest a hypothetical working model for the role of fission 

and the subsequent reorganization of mitochondria within the axon in the formation 

of axons branches (Fig 2.14). Branches emerge form sites along the axon were 

mitochondria have undergone stalling (Courchet et al., 2013; Spillane et al., 2013; 

Tao et al., 2014). Furthermore, mitochondria supply the energy for mRNA 

translation and a recent study demonstrated that new axons branches commonly 

emerge at site where RNA granules and mitochondria dock together (Wong et al., 

2017). We observed that after fission one or both emergent mitochondria undergo 

transport, suggesting that fallowing the initial burst of NGF-induced fission 

mitochondria undergo redistribution along the axon. This finding is consistent with 

prior work, showing an inverse correlation between mitochondria length and 

transport (Saxton and Hollenbeck, 2012; Narayanareddy et al., 2014). Additionally, 

sites of branching are characterized by localized splaying of the axonal microtubule 

array and NGF promotes the splaying by 5 minutes after treatment (Dent and Kalil, 

2001; Ketscheck et al., 2015). Therefore, we suggest that one role of fission is to 

promote the reorganization of mitochondria distribution along the axon, allowing 

them to target at sites of future branching. As mitochondria are re-distributed within 

the axon, they encounter sites of microtubule splaying that may serve to locally 

capture mitochondria in transit, resulting on the staling of the mitochondria and 

other components of the machinery at the nascent branch. As previously shown, 

the respiration of stalled mitochondria establishes sites of localized high axonal 

mRNA translation that correlate with sites of axon branching. Additionally, sites of 
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branching also accumulate ribosomal RNA (Spillane et al., 2013). Thus, we 

suggest that fission may be required for the redistribution of the axonal 

mitochondria targeting them to sites were additional components of axonal 

translational machinery are also targeted. The study by Wong, et al (2017) 

determined that both mitochondria and translation machinery stall at specific sites 

along axons, supporting the idea that axons have specific sites that capture the 

relevant machinery for branching. The hypothetical mechanism suggesting that 

fission contributes to the reorganization of the branch required machinery may 

explain the observed effect of blocking fission in the local synthesis of cortactin 

and Arp2. The specific role of mitochondria fission in local translation needs further 

future investigation and the above described model will serve as a working 

hypothesis for future studies. 

 In conclusion we report that NGF drives a rapid initial burst of 

mitochondria fission, resulting in a new steady state of mitochondria length and 

density by 15 minutes of NGF treatment. The role of NGF in mitochondria fission 

is conserved by other neurotrophins and the regulation of fission is a required 

component of the mechanism of NGF-induced axonal branches. Given the 

multitude of roles played by neurotrophins in the nervous system, these 

observations are expected to have broad implications. 
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Figure 2.1: NGF induces rapid mitochondria fission resulting in new steady-
state length by 15 min of treatment. (A) Images of live sensory axons with 
mitotracker green labeled mitochondria without NGF and after 45 minutes of NGF 
incubation. (B) NGF decreased the length and increased the number of 
mitochondria after 15, 30 and 45 minutes of treatment (n ≥ 44 axons/group). (C) 
Example of mitochondria labeled with mitotracker red, undergoing fission and 
subsequent transport during the first 5-10 min of NGF treatment. By 249 seconds 
after NGF addition, the labeled mitochondrion (arrow heads) undergoes fission 
(arrows), and one of the two emergent mitochondria move away and at 294 
seconds fissions again. (D) The percentage of mitochondria undergoing fission 
was increased during the first five minutes of NGF treatment. No difference was 
found in the percentage of mitochondria undergoing fusion. Each data point 
reflects one axon (n ≥ 15/91 axon/mitochondria). 
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Figure 2.2: NGF presence is required to maintain the new mitochondria 
length and density steady state. (A) No effects of NGF were noted on the net 
transport rate considering all mitochondria regardless of whether they underwent 
fission, and similarly there was no detectable difference in the rates of transport 
for mitochondria having undergone fission or not. n = mitochondria shown in bars. 
(B) No difference in mitochondria fission was observed after one hour of NGF 
treatment (n ≥ 14/110 axon/mitochondria). (C) Mitochondria length after one-hour 
NGF treatment at different concentrations (n ≥ 46 axons/group). (D) The effect of 
NGF in mitochondria length was reversed after 3 hours of NGF withdrawal (n ≥ 46 
axons/group). 
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Figure 2.3: The role in mitochondria fission is conserved in other 
neurotrophins. (A-B) Images of live sensory axons with mitotracker green labeled 
mitochondria after 45 minutes with BDNF (A) or NT3 (B) incubation. (C-D) BDNF 
and NT3 decrease the length (C) and increase the number (D) of mitochondria 
after 45 minutes of treatment (n ≥ 51 axons/group). 
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Figure 2.4: NGF-induced fission is Drp1 dependent. (A) Immunostaining of 
endogenous Drp1 (green) in cultured axons electroporated with mito-DsRed (red). 
(B) Live time-lapse imaging of axons expressing YFP-Drp1(green) and mito-Dsred 
(red) in presence of NGF shows that Drp1 (arrow heads) accumulates at sites of 
mitochondria fission (arrows). (C) NGF increased the frequency of Drp1 puncta 
accumulation at mitochondria (n ≥ 91/11 mitochondria/axon). (D) Drp1 inhibition 
blocked NGF-induced mitochondria fission (n ≥ 48/group). (E) Dominant-negative 
mutant of Drp1 (DNDrp1), in which substitution of lysine 38 for an alanine in the 
GTPase, domain disrupted its enzymatic activity and prevented mitochondria 
fission. (F) Expression of DNDrp1 inhibited the effect of NGF (0-10 minutes 
treatment) in mitochondria fission (n = 34/16 mitochondria/axon). 
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Figure 2.5: PI3K pathway is required for NGF-induced mitochondria fission. 
(A) Cot-treatment of cultures with NGF and the PI3K inhibitor LY294002 (LY) 
blocked the effect of NGF on mitochondrial length and density (n≥ 41 
axons/group). (B) 1-hour incubation with a cell permeable peptide activator of the 
PI3K pathway (PI3K-pep) in the absence of NGF treatment copied the effect of 
NGF on mitochondrial length and density (n= 40; control peptide = Pep-ala). (C) 
Inhibition of the PI3K pathway inhibited NGF-induced mitochondria fission (0-10 
minutes NGF treatment). (D) Inhibition of PI3K pathway impaired Drp1 puncta 
accumulation. Same data set as C (n ≥ 91/11 mitochondria axon). 
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Figure 2.6: Erk pathway is required for NGF-induced Drp1 activation and 
mitochondria fission. (A-B) NGF Increased phosphorylated Erk (pErk, 
Thr202/Tyr204). (A) Immunostaining of phosphorylated pErk1/2 (red) and tubulin 
(green), with No NGF and after 7.5 minutes of NGF treatment. (B) Graph showing 
the mean integrated background subtracted intensities of pErk after 7.5, 30 and 60 
minutes of NGF treatment. (n ≥ 30 axons/group). (C-D) NGF promotes Drp1 
phosphorylation in a ERK dependent mechanism. (C) Immunostaining of 
phosphorylated Drp1 (pDrp1, Ser616) after 10 minutes treatment with DMSO; 
NGF+DMSO; and NGF +U0126 (U). (D) Inhibition of ERK blocked de effect of NGF 
(0-10 minutes) in pDrp1 levels. However, inhibition of PI3K signaling did not affect 
pDrp1. (E) Inhibition of Erk pathway using U0126 and PD32591 (PD) blocked the 
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effect of NGF in mitochondria fission. (F) Inhibition of Erk blocked de effect of NGF 
in Drp1 accumulation at mitochondria (n ≥ 91/11 mitochondria axon). 
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Figure 2.7: Role of actin filament in mitochondria fission and DRP1 
recruitment. (A) Live imaging of neurons co-transfected with mito-Dsred (red) and 
eYFP-actin (green) showing co-localization of actin patch (arrows) at fission site 
(arrow heads). In 75% of mitochondria fission events, actin patches co-localize 
with mitochondria constriction site (n= 75/19 mitochondria/axons). (B) Inhibition of 
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actin polymerization using Latrunculin-A (LatA) inhibited the effect of NGF in 
mitochondria length and density (n ≥ 46 axons/group). (C) Pretreatment with LatA 
prior to NGF treatment, blocks the NGF-induced increase in the rate of 
mitochondria undergoing fission (% mitochondria/10 min). Each data point reflects 
one axon. NGF and no NGF treatments included treatment with the DMSO vehicle. 
(D) LatA pretreatment blocks the NGF induced increase in the formation of Drp1 
accumulations along mitochondria. Same experimental design as in C. (E) 
Analysis of the duration of actin patches during the first 10 min of NGF treatment 
as a function of their relationship to mitochondria and sites of fission. (F) Analysis 
of the probability that an actin patch will give rise to a filopodium as a function of 
their relationship to mitochondria and sites of fission. Same data set as in E (n= 
246/19 patches/axons). 
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Figure 2.8: Role of the nucleator Arp2/3 complex in mitochondria fission. (A) 
Inhibition of Arp2/3 complex using Ck-666 (Ck) blocked the effect of NGF in 
mitochondria length and number (n ≥ 51 axons/group). (B-C) Inhibition of Arp2/3 
complex also blocked the effect of NGF in mitochondria fission and Drp1 puncta 
accumulation. (B) Quantification of percentage of mitochondria undergoing fission 
(pre-treatment with Ck-666; 0-10 minutes NGF treatment). (C) quantification of 
Drp1 puncta accumulation along the mitochondria (n ≥ 58/6 mitochondria/axon). 
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Figure 2.9: Inhibition of fission impairs NGF-induced axon branching. (A) 
Example of NGF-induced axon branching. (B) Quantification of axon branches in 
dissociated neurons cultured overnight in NGF expressing eYFP (baseline 
control), eYFP-DRP1 or eYFP DNDrp1 (Drp1 dominant negative). (C) 
Quantification of axon branches in neurons ± Mdivi1 or DMSO pretreatment. (D) 
Quantification of axon branches in neurons ± P110 or vehicle pretreatment.  
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Figure 2.10: Inhibition of fission impairs the effect of NGF in actin patch 
formation. (A-C) Quantification of the rates of actin patch formation (A), duration 
of actin patches (B) and the percentage of patches that form filopodia (C) ± Mdivi1 
or DMSO treatment. For A, each data point reflects one axon. N = patches shown 
in the bars. (D) Images of live sensory axons with mitotracker green labeled 
mitochondria without NGF. Arrow heads indicate shorter mitochondria localized at 
the axon branch. (E) Quantification of mitochondria length, in the axons and 
branches of axons emanating from explants raised in either no NGF or NGF 
overnight. n = axons shown in the bars. (F) Quantification of mitochondria density 
in the axons and branches of axons emanating from explants raised in either no 
NGF or NGF overnight. Same data set as E. 
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Figure 2.11: In vivo/ovo expression of DNDrp1 impairs branch formation 
during development, along the spinal cord. (A) Examples of axon co-
expressing DsRed-mito labeled mitochondria and eYFP-Drp1, eYFP-DNDrp1 or 
eYFP in the acutely explanted living spinal cord of an E7 embryo. (B) 
Quantification of the length and density of mitochondria in axons in the living spinal 
cord (n = 3-4 spinal cords/group). (C) Example of a collateral branch arising from 
an mCherry expressing axon in the E7 spinal cord. Arrow and arrowhead denote 
the point of branch emergence and tip. Image is a single plane from a Z-stack. (D) 
Quantification of the number of branches per unit length of axon in the living spinal 
cord 
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Figure 2.12: Inhibition of fission impairs NGF-induced local translation of 
cortactin. (A-B) Fluorescence recovery after Photobleaching (FRAP) analysis of 
the axonal translation of myrGFP mRNA targeted into axons using the 3’UTR of 
cortactin after NGF addition. (A) Example of FRAP experiments in neuros 
expressing myrGFP showing pre-photobleaching, just post-photobleaching and 60 
min post-photobleaching images. The NGF treated axon recovers fluorescence 
more extensively than the Mdivi1 pretreated axon. (B) Graph showing the 
quantification of the relative FRAP (% recovery from time 0 value to pre-
photobleaching value) in NGF+DMSO and NGF+mDivi1 treatment groups. (C) 
Examples of the staining levels of cortactin in axons. A 30 min treatment with NGF 
increases cortactin level and the increase is impaired by pretreatment with Mdivi1. 
(D) Quantification of the level of cortactin in distal axons (total integrated staining 
intensity). 
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Figure 2.13: Inhibition of fission impairs NGF-induced local translation of 
Arp2 subunit from Arp2/3 complex.  Fluorescence recovery after 
photobleaching analysis and visualization of the axonal translation of myrGFP 
mRNA targeted into axons using the 3’UTR of Arp2 after NGF Addition. (A) 
Example of FRAP experiments in neuros expressing myrGFP showing pre-
photobleaching, just post-photobleaching and 60 min post-photobleaching images. 
The NGF treated axon recovers fluorescence more extensively than the Mdivi1 
pretreated axon. (B) Graph showing the quantification of the relative FRAP (% 
recovery from time 0 value to pre-photobleaching value) in NGF+DMSO and 
NGF+mDivi1 treatment groups As with cortactin, the NGF treated axon recovers 
fluorescence more extensively. 
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Figure 2.14: Summary and hypothetical mechanism for the role of fission in 
allowing mitochondria to target to sites of axonal branching. (A) NGF 
signaling through PI3K and Erk drives the fission of axonal mitochondria, and the 
fission correlates with transport driven redistribution of mitochondria within the 
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axon. (B) as mitochondria undergo redistribution, they encountered segments of 
the axon within which microtubules have undergone splaying apart and correlate 
with sites of potential branching. This converge then assists in the establishment 
of axon segments with high translation potential that correlate with sites potential 
axon branching. (C) Axon branches can then arise from these specialized domains 
through a multifaceted process involving the regulation of the actin cytoskeleton, 
microtubules, intra-axonal protein synthesis and directed transport into branches. 
The shorter length of mitochondria following fission is permissive for the entry of 
mitochondria into nascent branches 
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CHAPTER 3 

FUTURE DIRECTIONS 

 

Regulation of NGF-mediated mitochondria length and density steady state 

 

In this work we found that NGF induces a rapid burst of mitochondria fission 

resulting in a new steady state of mitochondria length and density, and NGF 

presence is required to maintain this new steady state. Both PI3K and Erk signaling 

in axons are highest during the first 10 min of NGF treatment and subsequently 

lower, but still above control levels. However, after one hour of NGF treatment the 

rate of fission returns to no NGF condition. Therefore, the mechanism of the 

maintenance of the NGF-induced steady state of mitochondria in axons will require 

further investigation. For future directions, it would be interesting  to investigate the 

role of Erk-Drp1, independently of PI3K,  in keeping this new steady state, and 

whether Erk activation is necessary for the maintenance of phosphorylated Drp1 

driving mitochondria fission, or if it is only transiently needed during the early time 

point after NGF addition (i.e., <15 minutes post treatment by which time 

mitochondria lengths have attained the new steady state).  
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Our data indicate that the PI3K pathway is required for NGF-induced 

mitochondria fission. Additionally, PI3K signaling promotes intra-axonal translation 

of actin regulatory proteins (Spillane et al., 2012). Thus, future experiments should 

address whether PI3K-induced intra-axonal protein synthesis is required to sustain 

the new steady state of mitochondria length and density. It is possible that the NGF 

induced increase in actin patch formation, which is protein synthesis dependent, 

may be required for maintaining the steady state of mitochondria lengths after the 

initial bout of fission (<15 min). PI3K signaling stimulates intra-axonal translation 

of actin regulators, and our data indicate that actin filaments are required for 

mitochondria fission. Therefore, we predict that intra-axonal translation of actin 

regulatory protein may be necessary for the maintenance of NGF-PI3K induced 

mitochondria fission.  

 

Role of actin in NGF-induced fission 

 

In this study we found that discrete actin patches form around the 

mitochondria constriction site during NGF-induced mitochondria fission. 

Furthermore, consistent with emergent literature in non-neuronal cells, we found 

that actin filaments and the actin nucleating protein Arp2/3 complex are required 

for NGF-induced mitochondria fission and Drp1 focal accumulation at the 

mitochondria. However, the actin-dependent mechanism in the role of actin 

filaments and regulator in mitochondria fission needs further investigation. Given 
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the numbers of factors that can mediate Drp1 recruitment to the OMM and the 

necessity of Drp1 oligomerization at the fission site, the fundamental question 

about the relationship between actin filaments, Drp1 recruitment and 

oligomerization, as well as mitochondria fission still remains.  

Another question that needs to be addressed is the role of other actin 

regulators in NGF-induced mitochondria fission. For example, cortactin contributes 

to actin patch duration (Spillane et al., 2012), and it has been reported that it is 

involved in mitochondria fission (Li et al., 2015). Therefore, we suggest that 

cortactin might also be required for NGF-mediated mitochondria fission. 

Additionally, the IFN2 formin has been shown to mediate ER-mitochondria contact 

induced fission (Korobova et al., 2013) and mitochondria and ER both accumulate 

at sites of axon branching (Spillane et al., 2013) 

Rho-family of GTPases (RhoA, Rac1 and Cdc42) are recognized as crucial 

regulators of the actin filament cytoskeleton and axonal actin patches. RhoA 

negatively regulates the formation of actin patches and the emergence of filopodia 

(Reviewed in Spillane and Gallo, 2014). In contrast, Rac1 promotes the formation 

of axonal patches in response to NGF (Spillane et al., 2012). Thus, for future 

studies it will be interesting to address the role of Rho-family of GTPases in fission 

of the mitochondria. Since Rac1 promotes actin patch formation, we anticipate that 

Rac1 also might be required for the actin dependent NGF induced mitochondria 

fission. Studying the role of actin regulators in mitochondria fission, likely will give 

more insight into the cytoskeletal mechanisms involved in NGF-induced fission.  
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Mitochondrial fission in signal induced branching 

 

Our data indicate that mitochondria fission is required for axonal branching. 

However, the specific roles of mitochondria in axonal branching remain to be 

further investigated. Our data showed that mitochondria fission is necessary for 

NGF-induced intra-axonal protein of cortactin and Arp2 subunit from the Arp2/3 

complex. In addition, previous work reported that NGF promotes translation of 

cortactin and Arp2 which are required for branching (Spillane et al., 2012 ,2012). 

Since, our results reveal a role of fission in mitochondria transport, future 

experiments should determine whether individual mitochondria, which underwent 

fission and subsequent motility, may be correlated to the population that 

contributes to branching. Recent studies emphasize a noticeable connection 

between local translation and mitochondrial function (Spillane et al., 2013; Sainath 

et al., 2017; Wong et al., 2017., Cioni et al., 2019; Rangaraju et al., 2019). Thus, 

it is important to define, if changes in mitochondria motility are correlated with 

increased co-distribution of mitochondria and the translational machinery. We 

anticipate that the model for mitochondrial fission and its function in branch 

formation will be further refined with the arrival of new imaging techniques that 

allow high-resolution imaging of mitochondria with limited photodamage  
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Finally, to expand the spectrum, whether the induction of mitochondrial 

fission is conserved by branch inducing signals, besides neurotrophins, should 

also be determined. For example, Wnt5a induces axon branches in sympathetic 

neurons (Bodmer et al., 2009), and Wnt5a has also been reported to promote the 

fission of mitochondria in hippocampal neurons (Godoy et al., 2014). However, 

whether the fission is required for the Wnt5a induction of branching remains to be 

addressed. Investigation of a battery of branch inducing factors across multiple 

neuronal populations will provide insights into the induction of fission as a 

conserved aspect of the mechanism of branching, as well as the regulation of the 

Drp1 mechanism by upstream signaling pathways (Cho et al., 2013). 
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