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ABSTRACT 

 

 THE ROLE OF SKELETAL MUSCLE-SYNTHESIZED BRAIN-DERIVED 

NEUROTROPHIC FACTOR IN RETROGRADE TRANSPORT ALONG 

MOTORNEURON AXONS 

 

By 

 

Rebecca L. Dangremond 

 

Brain-derived neurotrophic factor (BDNF) is a neurotrophic signaling protein 

required for the development, maintenance and overall health and survival of neurons 

(Greenberg et al., 2009; Lu et al., 2005; Reichardt, 2006).  BDNF is synthesized in 

several tissue types, including skeletal muscle (Matthews et al., 2009).  Skeletal muscle-

BDNF binds to its cognate receptor, tyrosine receptor kinase B (TrkB), located on the 

axon terminals of innervating motorneurons, initiating signaling cascades known to 

promote the health, maintenance and survival of motorneurons (Lee et al., 2001).  In 

order for signaling to occur in the cell body, where transcription of survival genes occurs, 

the TrkB-BDNF complex is endocytosed and transported via retrograde transport 

mechanisms along the axon to the cell soma (Ginty and Segal, 2002).  Disruptions of the 

retrograde transport of neurofilament subunits, vesicular proteins, androgen receptor, 

neurotrophin-Trk complexes, mitochondria and or other organelles are implicated in such 

neurodegenerative diseases as Huntington’s disease, Spinal Bulbar Muscular Atrophy, 

Charcot-Marie Tooth Disease and Amyotrophic Lateral Sclerosis (Chevalier-Larsen et 

al., 2006).  Reduction of BDNF synthesis is a characteristic of these diseases as well 

(Howells et al., 2000; Jiang et al., 2005; Liu et al., 2005).  We hypothesized that skeletal 

muscle-BDNF is required for normal retrograde transport of neurofilament-H, the 

vesicular protein synaptophysin, and mitochondria in motorneuron axons.  We used Cre-
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Lox gene recombination technology to generate skeletal muscle-BDNF knockout 

animals.  We first measured the accumulation of the retrogradely transported 

phosphorylated-neurofilament-H (NF-H-P) protein at distal axons in young (30 day old; 

30d) and young-adult (120d) transgenic mice.  We found that there is significant 

accumulation of this protein at this site in 120d skeletal muscle-synthesized BDNF 

deficient mice.  Preliminary data show that there is no significant accumulation of NF-H-

P in skeletal muscle-BDNF deficient mice at 30d.  We next performed sciatic nerve 

ligation experiments in which the sciatic nerve of 30d and 120d mice was obstructed by a 

ligature.  We found that 8 hours post-procedure there was significantly less accumulation 

of retrogradely transported NF-H-P and the motor associated protein, dynactin 1, 

immediately distal to the ligation site in skeletal muscle-BDNF deficient mice.  While 

preliminary data for 30d animals show trends for increased accumulation of NF-H-P and 

synaptophysin in the distal ligation site, they do not reach significance.  Together, these 

results indicate that loss of skeletal muscle-synthesized BDNF leads to disruptions in 

retrograde transport in 120d animals.  Lastly, we investigated potential accumulation of 

mitochondria at the presynapse due to a decrease in retrograde transport of old and or 

damaged mitochondria being trafficked to the cell body for recycling.   We injected the 

mitochondrial dye MitoTracker into the gastrocnemius muscle of 120d transgenic 

animals and measured the colocalization of this dye with presynaptic and postsynaptic 

immunofluorescent markers. Our results indicate that there is a significant decrease in 

mitochondria at the presynaptic terminal in 120d skeletal muscle-BDNF deficient mice. 
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CHAPTER ONE: INTRODUCTION AND LITERATURE REVIEW 

 

Neurons rely on neurotrophic proteins to support development, growth, survival, 

plasticity and other cellular processes (Greenberg et al., 2009; Lu et al., 2005; Reichardt, 

2006). Four well-known neurotrophins identified in mammals include nerve growth 

factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and 

neurotrophin-4 (NT-4).  Each neurotrophin has a precursor, or pro-neurotrophin.  The 

pro-neurotrophins have high affinity for the p75 neurotrophic receptor (p75NTR).  

Mature neurotrophins bind to the tyrosine receptor kinase (Trk) class of receptors.  Nerve 

growth factor binds specifically to TrkA, BDNF and NT-4 bind to TrkB, and NT-3 binds 

to TrkC.  Pro-neurotrophins can be proteolytically cleaved intracellularly before secretion 

or extracellularly after secretion. Alternatively, they can also be secreted as full-length 

pro-neurotrophins without prior cleavage of regulatory domains (Lee et al., 2001).  

BDNF is the most well-characterized neurotrophin due to the many and important roles it 

has in maintaining normal functioning and survival of neurons in the mature nervous 

system.  For example, BDNF promotes long-term potentiation in synaptic spines while 

also inhibiting long-term depression in neurons of the hippocampus and visual cortex (Lu 

et al., 2005).  Contrary to what its name may suggest, BDNF is synthesized in several 

tissue types in addition to the brain, including thymus, heart, lung, skeletal muscle and 

other tissues (Matthews et al., 2009).  BDNF is most often secreted as proBDNF and is 

proteolytically cleaved extracellularly before binding to TrkB (Mowla et al., 2001). 

Once bound to its receptor, the mature BDNF-TrkB complex activates multiple 

signaling cascades, including the phospholipase-Cγ (PLCγ), phosphatidylinositol-3 
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kinase (PI3K), and mitogen-activated protein kinase (MAPK)-MEK (MAPK/ERK 

kinase) signaling pathways (Dijkhuizen and Ghosh, 2005; Reichardt, 2006).  Following 

activation, each pathway is responsible for maintaining normal cellular functions.  PI3K 

maintains cell survival by activating Akt, which inhibits the apoptotic activities of BCL2-

associated death protein (BAD) and forkhead (Brunet et al., 1999; Datta et al., 1997; del 

Peso et al., 1997).  Generation of inositol triphosphate (IP3) and diacylglycerol (DAG) via 

the activation of the PLCγ signaling pathway results in the mobilization of Ca2+ stores 

and subsequent activation of Ca2+- and DAG-regulated protein kinases.  Ultimately, this 

pathway leads to activation of ion channels and the expression of several transcription 

factors.  The MAPK-MEK signaling cascade stimulates the activity of anti-apoptotic 

proteins including BCL-2 as well as the expression of transcription factors including 

cAMP response element binding protein (CREB).  Phosphorylation of CREB via the 

MAP kinase cascade activates transcription of genes essential for normal differentiation 

and prolonged survival of neurons (Aloyz et al., 1998; Riccio et al., 1999).  BDNF 

signaling induces axonal branching, dendritic growth, and increases synaptic spine 

density and number (Lu et al., 2005; Reichardt, 2006).   

BDNF can act as both an anterograde and retrograde signaling protein.  As an 

anterograde signaling protein, BDNF synthesized in the neural soma is subsequently 

transported down axonal microtubules and released from the presynaptic terminal to act 

on the cell which released BDNF (in an autocrine fashion) or on post-synaptic cells (Altar 

et al., 1997; Cheng et al., 2011).  As a retrograde signaling protein, BDNF released from 

a postsynaptic cell can influence the activity of the presynaptic neuron (Ginty and Segal, 

2002).  At some active synapses, BDNF may be exocytosed by the postsynaptic cell and 
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bind to receptors expressed by the presynaptic neurons.  Once bound, the BDNF-TrkB 

complex is subsequently endocytosed and transported to the cell body via the molecular 

motor dynein (Cosker and Segal, 2014; Howe and Mobley, 2005).  Binding of BDNF to 

TrkB initiates the PLCγ, PI3K and MAPK-MEK signaling pathways described above.  

These three signal transduction pathways are thus activated at the cell terminal, along the 

axon as the BDNF-TrkB signaling endosome is transported, and at the cell body where 

the signaling endosome is delivered (Ginty and Segal, 2002).  The retrograde transport of 

BDNF-TrkB signaling endosomes is critical to the health of many neurons, as described 

below.   

The importance of BDNF is underscored by the pathologies associated with its 

absence or reduction.  While global BDNF knockout results in embryonic death, a 

reduction in BDNF in specific neural subpopulations is a common characteristic of 

neurodegenerative diseases including Parkinson’s, Huntington’s, amyotrophic lateral 

sclerosis (ALS), spinal muscular atrophy (SMA) and spinal and bulbar muscular atrophy 

(SBMA; Howells et al., 2000; Jiang et al., 2005; Liu et al., 2005).  While BDNF 

synthesized by neurons in the brain and spinal cord has been studied for several years, 

our research group sought to investigate the less-understood role of BDNF that is 

synthesized by skeletal muscle.   Gazula et al., (2004) published one of the first studies to 

demonstrate that some type of trophic signaling from skeletal muscles is important in the 

maintenance of innervating motorneurons.  In their experiments, rats underwent complete 

spinal cord transection between T4 – T6, rendering their hind limbs paralyzed.  

Transection followed by inactivity led to dramatic atrophy and loss of dendritic branching 

of soleus-associated motorneurons.  In contrast, rats that underwent forced hind-limb 
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exercise which activated local interneuron-regulated reflexes showed less pathology of 

soleus-associated motorneurons when compared to sedentary transected rats.  These 

findings suggested that some diffusible factor of muscle-origin was communicating to the 

denervated motorneurons and was alleviating dendritic atrophy.   There has since been 

ample evidence that skeletal-muscle synthesized BDNF mediates this important signaling 

role.   

Gomez-Pinilla et al., (2002) performed experiments showing that voluntary 

exercise leads to increased BDNF mRNA and protein in both the spinal cord and soleus 

muscle.  Spinal cords of male Sprague-Dawley rats that were housed with running wheels 

for 7d showed increased BDNF mRNA and protein to compared to spinal cords of 

sedentary counterparts who were not housed with running wheels.  The authors noted a 

direct relationship between the fold-increase in BDNF mRNA in the spinal cord and 

distance ran by the rats.  In the soleus, BDNF mRNA and protein were significantly 

increased at day 7d as well.  In another experiment, Gomez-Pinilla et al., injected 

botulinum toxin type A (BTX-A) into the right soleus of male Sprague-Dawley rats, 

rendering the muscle paralyzed.  Sedentary animals showed a decrease in BDNF mRNA 

in the BTX-A injected soleus and in the spinal cord ipsilateral to the BTX-A injected 

muscle.  After 7d of exercise, BDNF mRNA was increased in the contralateral spinal 

cord, and decreased in the ipsilateral spinal cord relative to BDNF mRNA levels in 

contralateral spinal cord of sedentary animals.  Furthermore, after 7d of exercise BDNF 

mRNA levels were increased in the non-injected soleus and decreased in the BTX-A-

injected soleus relative to the non-injected soleus of sedentary rats (Gómez-Pinilla et al., 
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2002).  Together these data provide evidence that voluntary exercise results in increased 

BDNF synthesis in skeletal muscle and motorneurons.   

In other studies, research involving the motorneurons of the spinal nucleus of the 

bulbocavernosus (SNB) and their target muscles, the bulbocavernosus (BC) and levator 

ani (LA) muscles, highlights the critical role muscle-synthesized BDNF plays in the 

normal physiology of associated motorneurons  (See Ottem et al., 2013 for review).  It is 

important to note that SNB motorneurons are dependent on androgens for survival during 

development, but also depend on the steroids for the maintenance of morphological 

integrity in adulthood.  Lack of androgen in adulthood due to castration leads to somal 

and dendritic atrophy in SNB motorneurons.  Therefore, expression and synthesis of 

androgen receptor (AR) is critical to the physiology and health of SNB motorneurons.  

Experiments in which the SNB motorneurons are axotomized show that there is a 

subsequent decrease in AR expression (Al-Shamma and Arnold, 1995; Kamal and 

Goldstein, 2002; Yang and Arnold, 2000a) as well as cell body and dendritic atrophy 

(Yang and Arnold, 2000b; Yang et al., 2004).  Many of the atrophic effects in SNB 

motorneurons are alleviated upon reinnervation of target muscles, indicating that the 

BC/LA target muscles of SNB motorneurons are a source of regulatory factors 

influencing AR expression and, ultimately, motorneuron morphology (Bisby and 

Tetzlaff, 1992; Bodo and Rissman, 2008; Brännström et al., 1992; O’Hanlon and Lowrie, 

1995; Sumner and Watson, 1971). To determine which BC/LA muscle-synthesized 

neurotrophic factor(s) are involved in the regulation of AR in motorneurons of the SNB, 

Al-Shamma and Arnold applied several neurotrophic factors to the axotomized stumps of 

SNB motorneurons.  They found that BDNF was the only neurotrophic factor that 
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reversed the atrophic effects of axotomy on SNB motorneurons, thus indicating the 

likelihood that the target skeletal muscle may be the origin of trophic factor that maintain 

the health and morphology of motorneurons (Al-Shamma and Arnold, 1997).      

In current studies, we have generated a transgenic mouse model that enables us to 

further investigate the role of muscle-synthesized BDNF.  Using cre-lox gene technology, 

described below, we generated mice that lack one or both copies of the BDNF gene in 

skeletal muscles specifically.  Behaviorally, these animals display a phenotype similar to 

animal models of neuromuscular disease, including ALS and SBMA.  Both the 

heterozygous and homozygous skeletal muscle-synthesized BDNF knockouts 

(MuscleBDNF+/- and MuscleBDNF-/-, respectively) struggle to remain on a suspended 

rotating rod, have reduced grip strength and higher clasping scores compared to their 

wildtype (MuscleBDNF+/+) counterparts.  All of these behaviors are adult-onset.  Following 

histological analysis, we found that there is significant muscle pathology in the 

gastrocnemius (gastroc) muscle, including both hypertrophic and hypotrophic fibers, 

fiber splitting, centralized nuclei, and an overall age-independent loss of fibers in 

heterozygous and homozygous knockouts at 30d, 90d, 120d, 180d and 210d (see Figures 

1 and 2).  We don’t see such extensive myopathology when looking at the soleus.  Only 

30d homozygous knockouts have significantly greater myopathology compared to control 

animals (see Figures 3 and 4).    
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Figure 1.  Muscle pathology in gastroc fibers of muscle synthesized-BDNF deficient 

120d mice.  Gastroc fibers of controls appear healthy with nuclei located at the periphery 

of the fibers and no fiber splitting is observed (A).  Heterozygous and homozygous 

knockouts (B and C respectively) exhibit multiple centralized nuclei (arrows) and split 

fibers (arrowheads).  Also note extensive hypertrophy and hypotrophy in homozygous 

knockouts (C). Taisto et al., 2013   

 

 

 

 
Figure 2. Mean percentage of gastroc muscle fibers displaying myopathology in control 

and experimental animals.  Significant increases in myopathology are seen in both 

heterozygous and homozygous knockouts at all age groups compared to control animals.  
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Figure 3.  Muscle pathology in soleus fibers of muscle synthesized-BDNF deficient 120d 

mice.  While control animal soleus fibers appear normal (A), heterozygous and 

homozygous knockout animals (B and C respectively) show some centralized nuclei 

(arrows) and fiber splitting (arrowhead).  

 

 

 

 
Figure 4. Mean percentage of soleus muscle fibers displaying myopathology in control 

and experimental animals.  Only 30d homozygous knockout animals show significant 

increases in myopathology compared to controls.  No significant changes are seen in 

heterozygous knockout animals at any time point, or in homozygous knockouts at 90d, 

120d, 180d or 210d.   
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When assessing the surface area of the neuromuscular junction, we found that the 

presynapse, labeled with anti-vesicular acetylcholine transporter, is smaller in 120d 

homozygous knockout animals compared to control animals (see Figure 5A).  There are 

no significant changes in postsynaptic surface area, labeled with α-bungarotoxin, across 

genotypes in 120d animals (see Figure 5B).  When assessing neuromuscular junction 

fragmentation, we found that heterozygous and homozygous knockout animals have a 

significantly higher probability of being fragmented compared to control animals (see 

Figures 6 and 7).   

  

 
Figure 5. Mean VAChT immunofluorescence at the presynapse and postsynapose of 

gastroc-associated neuromuscular junctions of 120d mice.  There is a significant decrease 

in presynaptic VAChT immunofluorescence in homozygous knockouts compared to 

controls (A).  There are no significant changes in postsynaptic VAChT 

immunofluorescence across genotypes (B).  
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Figure 6. Representative photomicrograph of neuromuscular junction fragmentation in 

animals lacking skeletal muscle-synthesized BDNF.  Control animals show complete, 

whole neuromuscular junctions (A) with presynaptic VAChT in cyan and postsynaptic 

AChR in red.  Heterozygous and homozygous knockouts show genotype dependent 

increases in neuromuscular junction fragmentation (B and C respectively).   

  

 

 
Figure 7. Mean probability of gastroc neuromuscular junction fragmentation according to 

multiple sample predictor model.  Heterozygous and homozygous knockout animal 

gastroc-associated neuromuscular junctions have a significantly higher probability of 

being fragmented compared to controls.   
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We have also observed gastroc-associated motorneuron pathology, including 

decreased soma size, decreased dendritic diameter, and what appeared to be a decrease in 

dendritic length in 120d mice lacking muscle-synthesized BDNF (Pomeroy, 2013).   

 

 

Figure 8. Mean BDNF immunofluorescence in lumbar motorneurons of 30d and 120d 

mice.  30d homozygous knockout animals show significantly higher BDNF 

immunofluorescence in the soma of lumbar motorneurons compared to control animals 

(A), while heterozygous knockouts show no change.  At 120d, BDNF 

immunofluorescence in significantly increased in the lumbar motorneuron somas of 

heterozygous knockouts, while homozygous knockouts show no change compared to 

control animals (B).   
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Figure 9. Mean lamina X motorneuron cell soma area in 30d and 120d animals.  

Heterozygous and homozygous knockout animals show a significant decrease in mean 

motorneuron soma area compared to controls at both 30d and 120d (A and B 

respectively).  

 

 

 

Figure 10. Mean dendritic diameter of fluorogold-labeled gastroc-associated lumbar 

motorneurons at 30d and 120d.  Homozygous knockouts show significantly decreased 

mean dendritic diameter compared to controls at both 30d and 120d.  Heterozygous 

knockouts show significantly decreased mean dendritic diameter compared to control 

animals at 120d only.   
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Figure 11.  Mean dendritic length of fluorogold-labeled gastroc-associated lumbar 

motorneurons at 30d and 120d.  Homozygous and heterozygous knockout animals show 

decreased mean dendritic length compared to controls at both 30d and 120d.  

 

 

Because the mean dendritic length in MuscleBDNF+/- and MuscleBDNF-/- gastroc-

associated motorneurons was shorter than typical dendritic length in MuscleBDNF+/+ 

controls, we chose to investigate potential deficits in retrograde transport in gastroc-

associated motorneuron axons.  We reasoned that we may have uncovered deficits in 

retrograde transport mechanisms, and not an actual reduction in dendritic length based on 

the method by which we measured dendritic arborization.  We utilized the commercially 

available retrograde tracing molecule FluorogoldTM (Fluorochrome Inc., Denver, CO) to 

label gastroc-associated neurons.  Following injection of Fluorogold into the gastroc, the 
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tracer molecule is endocytosed by innervating motorneurons and transported in vesicles 

retrogradely along the axon microtubules to the neural soma where it diffuses into the 

cytoplasm and into the dendritic arbors (Catapano et al., 2008).  Disruption of retrograde 

transport mechanisms could explain the decrease in Fluorogold labeling in the 

motorneuron dendrites in our MuscleBDNF+/- and MuscleBDNF-/- animals (Pomeroy, 2013).   

Retrograde transport relies on the molecular motor dynein.  The heavy chains 

found in dynein include motor domains that interact with microtubules and generate the 

force necessary to move forward via ATP hydrolysis.  Dynein is made up of heavy motor 

domains protein chains that interact with microtubules and generate the force necessary 

to move forward via ATP hydrolysis.  Other important subunits of dynein include 

intermediate chains, light intermediate chains and light chains, all of which are required 

to interact with the cargo being transported.  A second protein, dynactin-1 (DCTN1), 

plays an important role in initiating axonal transport (Cosker and Segal, 2014).  The 

DCTN1 adaptor protein complex contains a central scaffold protein subunit known as 

actin-related protein 1 (Arp1) that interacts with transport vesicles and other cargos, and a 

sidearm containing a p150glued subunit that interacts directly with dynein intermediate 

chains and associates with microtubules (see Figure 12). 
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Figure 12.  Adapted from Duncan and Goldstein, 2006:   Cytoplasmic Dynein and 

Kinesin Power Axonal Transport.  Schematic diagram of the microtubule motor proteins 

cytoplasmic dynein and kinesin. Cytoplasmic dynein transports cargo in the retrograde 

direction toward the minus ends of microtubules whereas kinesin transports cargo in the 

anterograde direction toward the plus ends. Cytoplasmic dynein is a large multimeric 

protein complex comprising two heavy chain subunits (red) that possess microtubule 

binding and ATPase activity, two intermediate chains (yellow), two light intermediate 

chains (indigo), and an assortment of light chains (light pink, green, orange) (reviewed in 

[7]). Dynactin, a large multisubunit protein complex of comparable size to cytoplasmic 

dynein, is proposed to link the dynein motor to cargo and/or increases its processivity. 

The largest dynactin subunit, p150Glued (turquoise), forms an elongated dimer that 

interacts with the dynein intermediate chain and binds to microtubules via a highly 

conserved CAP-Gly motif at the tip of globular heads. The dynactin subunit p50 (dark 

pink) occupies a central position linking p150Glued to cargo. The conventional kinesin 

holoenzyme, also known as kinesin-1, is a heterotetramer comprising two Khc subunits 

(red) with microtubule binding and ATPase domains, a central coiled stalk, and a tail 

domain that interacts with two Klc subunits (green). Klcs may mediate cargo binding via 

an intermediate scaffold protein (blue) that binds a cargo transmembrane protein 

(yellow). 

 

 

  Yano et al., show that TrkA, B, and C neurotrophin receptors are found in a 

complex with the dynein light and intermediate light chains, supporting dynein-based 

transport of TrkB-containing signaling vesicles to the neural soma from the presynaptic 

terminal (Yano et al., 2001).  The signaling endosome hypothesis, reviewed by Cosker 
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and Segal (2014), is a leading hypothesis describing the mechanisms involved in 

transport of Trk-BDNF complexes form the axon terminal to the cell soma (see Figure 13 

for a depiction of the signaling endosome model).  In this model, once BDNF binds to a 

Trk receptor, the receptor subsequently autophosphorylates and recruits signaling 

molecules including PLC, PI3K and Ras.  PI3K-Akt activity has been implicated in 

regulating GTPases, dynamin, Rab5, and adapter protein 2 (AP2), all of which are 

involved in the process of endocytosis.  Furthermore, inhibition of PI3K-Akt activity 

leads to decreased accumulation of NGF-TrkA signaling endosomes in the cell body.  

Increased Ca2+ mobilization via IP3 signaling, a downstream effector of PLC, activates 

calcineurin, a phosphatase that dephosphorylates dynamin in neurons.  

Dephosphorylation  of dynamin is critical for NGF-TrkA endocytosis (Cosker and Segal, 

2014).  Erk1 activation via the Ras-MAP kinase pathway has been shown to initiate 

recruitment of dynein to the signaling endosome by phosphorylating dynein intermediate 

chains (IC), specifically the neuronally expressed IC-1B isoform which selectively binds 

to and transports TrkB-BDNF signaling endosomes (Cosker and Segal, 2014).  Ligation 

experiments showing that activated Trk receptors accumulate distal to the ligation site 

supports the idea that Trk receptors are retrogradely transported.  Furthermore, studies 

have shown that phosphorylated Trk receptor localization to the cell body is critical for 

nuclear responses to neurotrophic activation (Ginty and Segal, 2002). 
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Figure 13. Adapted from Ginty and Segal, 2002: The ‘signaling endosome’ model. Trk 

receptors on distal axons are activated upon binding to neurotrophin. The ligand–receptor 

complex internalizes through clathrin-mediated endocytosis. Some of the vesicles 

become specialized endosomes that serve as platforms for continued Trk signaling and 

are transported retrogradely to the cell body using a dynein-dependent and microtubule-

dependent transport mechanism. The vesicle-associated Trk receptor remains 

autophosphorylated and capable of promoting a unique set of signals upon arrival at the 

cell bodies. These include PI3K and Erk5. 

 

 

Disruption of retrograde transport mechanisms is indeed a characteristic of 

multiple neurodegenerative diseases.  Huntington’s disease (HD) is caused by a 

polyglutamine tract expansion in the huntingtin (HTT) gene and is characterized by the 

degeneration of striatal neurons (Gharami et al., 2008).  Striatal neurons do not synthesize 

BDNF themselves, and rely on postsynaptic cortical neurons for neurotrophic support 

(Altar et al., 1997).  BDNF levels are decreased in striatal neurons and several therapeutic 

approaches are based on restoring this vital neurotrophic support (Borrell-Pages et al., 

2006; Dompierre et al., 2007; Gharami et al., 2008; Liot et al., 2013; Pineda et al., 2009; 

Roux et al., 2012; Zala et al., 2008).  Gharami et al., show that overexpression of BDNF 

in the forebrain of mice expressing mutant HTT restores BDNF-TrkB signaling activity 

and ameliorates motor dysfunction and other HD phenotypes (2008).  In untreated mutant 
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HTT animals, anterograde and retrograde transport of BDNF is disrupted in 

corticostriatal neurons.  In this model, not only are striatal neurons receiving reduced 

amounts of BDNF, but the retrograde transport of activated TrkB receptors at striatal 

dendrites is defective (Liot et al., 2013; Zala et al., 2008).  It is now known that HTT 

plays a critical role in the transport of retrograde vesicles, including those containing 

BDNF, by binding to TrkB, which also is in a complex with dynein.  Silencing HTT in 

cultured striatal neurons results in a decrease of TrkB transport and subsequent TrkB 

induced signaling (Liot et al., 2013).  Treatment that restores BDNF transport in 

corticostriatal neurons in HD animal models effectively reduces associated pathology in 

the effected striatal neurons (Dompierre et al., 2007; Pineda et al., 2009; Roux et al., 

2012; Zala et al., 2008). 

In another example, SBMA, a neurodegenerative disease caused by a 

polyglutamine tract expansion in the androgen receptor (AR) gene, is also characterized 

by deficits in retrograde transport in affected neurons, in this case bulbar and spinal 

motorneurons.  Katsuno et al. illustrate that transcriptional dysregulation of DCTN1, a 

critical component of the retrograde transport complex, plays a critical role in defective 

axonal transport and results in the motorneuron pathology associated with SBMA 

progression (Katsuno et al., 2006).  This group further shows that affected motorneurons 

have decreased levels of DCTN1 mRNA.  Importantly, when DCTN1 is overexpressed in 

motorneurons of the same animals, neuronal dysfunction is reversed.  With 

polyglutamine tract disorders like HD and SBMA, it is thought that neuronal dysfunction 

is, in large part, caused by pathogenic proteins accumulating in the cell leading to the 

sequestration of heat shock proteins, proteosomal components, transcriptional factors and 
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coactivators (Katsuno et al., 2006). Katsuno et al., showed that castration of affected 

mice, which would prevent mutant AR from accumulating, reversed the disruptions in 

DCTN1-regulated retrograde transport.   

Disruptions in retrograde transport are not limited to models of polyglutamine 

tract disorders such as HD and SBMA.  ALS is a neuromuscular disease characterized, in 

part, by axonal transport deficits (Ikenaka et al., 2013; LaMonte et al., 2002).  90 of 

ALS cases are sporadic (sALS), while only ten percent of documented cases are caused 

by dysfunction or dysregulation of a specific gene and are subsequently referred to as 

familial ALS (fALS).  Therefore, defective axonal transport in the vast constellation of 

points of cellular dysregulation associated with sALS must be attributed to a mechanism 

other than the accumulation of proteins that is a hallmark of polyglutamine tract 

expansion diseases.  There is evidence that patients with sALS have a significant 

decrease in DCTN1 mRNA in motorneurons (Münch et al., 2005).  There have also been 

animal studies utilizing DCTN1-knockout/disruption models indicating that a reduction 

in DCTN1 in motorneurons results in transport deficits and an ALS-like phenotype 

(Ikenaka et al., 2013; LaMonte et al., 2002).  While motorneuron dysfunction in sALS 

may not be due to accumulation of a specific pathogenic protein, it may be attributed, in 

part, to accumulation of cellular material that is not retrogradely transported from the 

motorneuron terminal (Ikenaka et al., 2013).  Ikenaka et al., showed that DCTN1 

knockdown disrupts transport of autophagosomes and results in dysregulation of normal 

protein degradation and organelle turnover.  While these effects are observed in the 

motorneurons of patients with and murine models of sALS, the underlying causes are still 

unknown.  Understanding the importance of BDNF-induced signaling in the health and 
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maintenance of motorneurons, we hypothesized that loss of skeletal muscle-synthesized 

BDNF results in altered cell signaling and transcriptional dysregulation that in turn leads 

to disrupted axonal transport mechanisms.   

In addition to disruptions in neuronal transport mechanisms, various 

mitochondrial dysfunctions are common to several neurodegenerative diseases including 

HD, SBMA and ALS (Cai and Sheng, 2012; Cassina et al., 2008; Chang and Reynolds, 

2006; Martin et al., 2007; Orr et al., 2008; Piccioni et al., 2002; Shi et al., 2010; 

Shirendeb et al., 2011).  Some of the mitochondrial pathologies observed in sALS and 

fALS include disrupted mitochondrial transport in the anterograde, or anterograde and 

retrograde directions, mitochondrial fragmentation, and impairments in mitochondrial 

fusion and fission events which are important for the constantly changing and carefully 

regulated mitochondrial distribution in the cell (Magrané et al., 2009; Vos et al., 2007).  

Mitochondrial trafficking is disrupted in HD and SBMA models as well (Chang and 

Reynolds, 2006; Orr et al., 2008; Piccioni et al., 2002).  Mitochondria have multiple roles 

in maintaining a healthy neuron and include ATP synthesis, calcium buffering, and 

regulation of apoptosis, among other roles.  Mitochondria are not homogenous in their 

dispersal throughout the neuron, but instead are denser in areas with higher energy 

demands.  The presynapse has high energy and calcium buffering demand (de Moura et 

al., 2010; Nguyen et al., 1997; Palay, 1956; Su et al., 2010).  Mitochondria are required to 

fuel events at the neuromuscular junction: vesicle docking, neurotransmitter release, 

AChR insertion into postsynaptic membrane, and neurotransmitter re-uptake to name a 

few.  Mitochondrial trafficking and distribution is carefully regulated in neurons, whose 
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energy requirements are in constant flux, thus, it is easy to understand how disruptions in 

axonal transport could lead to mitochondrial pathology.   

Interestingly, Su et al., show that BDNF signaling mediates mitochondrial 

recruitment to the presynapse in hippocampal neurons cultured from Sprague-Dawley 

rats (Su et al., 2014).  They report that increased levels of calcium at the presynapse via 

the PI3K and PLC pathways, activated by BDNF binding to its receptor TrkB, is 

responsible for the mitochondrial docking.  Because BDNF plays a crucial role in the 

health and maintenance of neurons, and because decreased BDNF levels and 

mitochondrial deficits are characteristic of several neurodegenerative diseases, we sought 

to investigate the role of skeletal muscle-synthesized BDNF in motorneuron 

mitochondrial dynamics, specifically assessing mitochondrial density at the 

neuromuscular junction.   
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CHAPTER TWO: GENERATION OF EXPERIMENTAL TRANSGENIC 

ANIMALS 

 

 

Introduction 

We utilized Cre-Lox gene recombination technology to generate transgenic mice 

lacking either one or both copies of the BDNF gene in skeletal muscle.  We maintained 

two distinct colonies of transgenic mice.  In one transgenic colony, the coding region of 

the BDNF gene was flanked by 34-basepair LoxP sites.  The second colony contained the 

Cre-recombinase gene transgene driven by a human skeletal actin (HSA) promotor on the 

X-chromosome.  When crossed, the cre-recombinase enzyme, synthesized specifically in 

skeletal muscle due to the HSA promotor, removed the BDNF coding region located 

between the two LoxP sites (Miniou et al., 1999).  Because the Cre+/+ genotype is lethal, 

we maintained Cre-/- and Cre+/- animals only.  For each experiment performed, we used 

wildtype control (MuscleBDNF+/+) animals, heterozygous knockout (MuscleBDNF+/-) 

animals, and homozygous knockout (MuscleBDNF-/-) animals.  The mating scheme used to 

generate these animals is detailed in the next section.  Figure 14 provides a depiction the 

Cre-Lox technology used in this model, and Figure 15 provides the results of a long PCR 

reaction demonstrating that the BDNF gene is indeed knocked out of skeletal muscle in 

our experimental mice.   
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Figure 14.  Removal of BDNF gene in skeletal muscle using Cre-Lox gene technology.  

A mouse transgenic for the Cre recombinase gene driven by the human skeletal actin 

(HSA) promoter is crossed with a mouse with loxP sites flanking the BDNF gene.  

Animals that inherit the Cre recombinase gene synthesize the cre  recombinase enzyme in 

skeletal muscle which subsequently excises the  sequence between the loxP sites.  
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Figure 15.  Photograph of amplified BDNF gene PCR assay on agarose gel.  Control 

animals had amplified the full-length coding region of the BDNF gene in skeletal muscle 

(2050 bp), kidney, heart and brain tissue (A), while the BDNF gene amplification product 

is shorter in only the skeletal muscles of MuscleBDNF-/-  mice (975 bp) (B).   

 

Methods 

Animals were maintained according to the NIH Guidelines for the Care and Use 

of Laboratory Animals and the Institutional Animal Care and Use Committee of Northern 

Michigan University.  Animals were housed in a temperature- and light-controlled room 

(14-h light:10hr dark cycle; lights on at 0700 h).  Animals had access to Mazuri Rodent 

Chow (Land O’ Lakes Purina Feed LLC, Richmond, IN) and water ad libitum.   
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Generation of heterozygous knockouts 

Males containing LoxP-flanked (floxed) BDNF (BDNFlox+/+, Cre-/-) were crossed 

with females containing the Cre-recombinase gene (BDNFlox-/-, Cre+/-).  Parental genotpes 

were determined using PCR techniques depicted in Figure 17.  The resulting F1 offspring 

were heterozygous for floxed BDNF (BDNFlox+/-) and either heterozygous for Cre 

(BDNFlox+/-, Cre+/-) or did not contain the cre gene (BDNFlox+/-, Cre-/-).  Males with 

BDNFlox+/-, Cre+/- genotype were used as our heterozygous knockouts.  Females with 

BDNFlox+/-, Cre+/- genotype were used as breeders for our F2 animals.   

 

Generation of homozygous knockouts and controls 

BDNFlox+/-, Cre+/- females were crossed with BDNFlox+/+, Cre-/- males.  From the 

resulting F2 offspring, we used BDNFlox+/+,Cre+/- animals as our homozygous knockouts, 

and BDNFlox+/+, Cre-/- animals were used as our controls.   Figure 16 depicts this mating 

scheme. 
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Figure 16.  Generation of skeletal muscle-synthesized BDNF knockout animals and 

controls.  In an F1 cross, an animal with a floxed BDNF gene was crossed with an animal 

that contained a copy of the Cre recombinase gene.  As a result, all F1 offspring had one 

copy of floxed BDNF, while only a proportion contained a copy of the Cre recombinase 

gene.  Males with the BDNFlox+/- CRE+/- genotype were used as experimental 

heterozygous knockout (HE KO) animals, and females of the same genotype were used 

as F2 breeders.   In the F2 cross, female BDNFlox+/- CRE+/- animals were crossed with 

males with the floxed BDNF gene.  Our homozygous knockout (HO KO) animals and 

controls were generated from this F2 cross.  *The F2 cross also generated HE KO 

animals, however the F1 crosses yielded sufficient HE KO animals for our experiments.      

 

 

 

 

 

Genotyping Procedure 

After weaning at 21d, a tissue sample was collected from each animal’s ear and 

used for genotyping via PCR and gel electrophoresis.  To determine the presence or 
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absence of floxed BDNF alleles, two specific primers were used, one that binds upstream 

of the first loxP site, and a second that binds in the middle of the gene coding region.  

Floxed and non-floxed BDNF are distinguishable based on the size difference of their 

amplification products: the non-floxed and floxed BDNF products are 437bp and 487bp 

respectively.  In a separate reaction, a second set of primers were used to determine the 

presence of the 100bp CRE gene.  Because the CRE gene is not normally found in mice, 

we used a pair of primers for a 300bp housekeeping gene along with a pair of primers 

that recognized CRE which served as a positive control.  When amplification product was 

run through a gel, one band represented the housekeeping gene found in all of the 

animals, and a second, shorter, band represented the CRE gene if it was present.  See 

Figure 17 for an example of both CRE and BDNF PCR amplification products run 

through agarose gel.   
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Figure 17.  Representative photographs of the BDNF and CRE gene PCR on an agarose 

gel.  The bottom band in bottom panel represents the CRE gene (100bp), while the top 

band is a housekeeping gene that all animals should have (300bp).  The bottom band in 

the top panel represents BDNF that is not floxed (437bp), while the top band represents 

BDNF that is floxed (487bp).  This information combined allowed us to determine the 

genotypes of our animals.   
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CHAPTER THREE: ASSESSMENT OF PHOSPHORYLATED 

NEUROFILAMENT-H PROTEIN ACCUMULATION AT THE DISTAL AXON 

IN GASTROCNEMIUS-ASSOCIATED MOTORNEURONS IN MUSCLE 

SYNTHESIZED-BDNF KNOCKOUT ANIMALS 

 

Introduction 

Neurofilaments in the mature nervous system provide neuronal structure, and play 

an important role in increasing axonal caliber and thus increasing conduction velocity in 

myelinated axons (Lazer-Azogui et al., 2015).  Neurofilament subunits NF-L, NF-M and 

NF-H all contain an α-helical rod domain, an N-terminal head domain, and a C-terminal 

tail domain.  The main difference between these three subunits is the length of the C-

terminal tails, with NF-L having the shortest and NF-H the longest tail domains.  The rod 

domains of the subunits interact with each other to form dimers, protofilaments, and 

filaments.  NF-L dimerizes with either NF-M or NF-H, and homodimers are not common 

(Lazer-Azogui et al., 2015).  The phosphorylation state of serine residues on the NF-L 

subunit head domains regulates polymer assembly, with phosphorylation of the head 

domains inhibiting assembly of NF-L (Yates et al., 2009).  Phosphorylation of the C-

terminal tails regulates axonal transport of the neurofilaments (Shea et al., 2009).  

Neurofilament subunits synthesized in the cell body are transported into the axon as 

subunit assemblies, short filaments or both.  Neurofilament subunit assemblies are 

predominately observed in the proximal axon while short filaments are predominately 

observed in the distal axon, suggesting that filament assembly occurs during axonal 

transport (Lazer-Azogui et al., 2015).  C-terminal-phosphorylated neurofilament subunits 

are localized in axons, while the cell body and dendrites contain non-phosphorylated 

neurofilaments (Sternberger and Sternberger, 2003).  Phosphorylation of the N-terminal 
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head domain on NF-M has been shown to inhibit phosphorylation of the C-terminal tail 

domain, suggesting that dephosphorylation of the head domain in the cell body precludes 

phosphorylation of the tail domain and subsequent transport of the tail domain-

phosphorylated subunits into the axon (Zheng et al., 2003).   

It has been suggested that there are three pools of neurofilaments in the axon: a 

pool of neurofilaments associated with molecular motors (kinesin or dynein), a pool of 

neurofilaments not associated with motors, and a pool of neurofilaments linked with 

other neurofilaments (Shea et al., 2009).  Motil et al., (2007) show that neurofilaments 

are increasingly phosphorylated as they are transported anterogradely along the axon.  

They show that the increased phosphorylation state of the neurofilament subunit 

decreases its affinity for the anterograde motor kinesin, and increases its affinity for the 

retrograde motor dynein.  Supporting this, while studying overall anterograde transport 

rates of NF-H subunits in axons, Lewis and Nixon (1988) showed that the least 

phosphorylated NF-H subunits travel twice as fast as hyperphosphorylated NF-H 

subunits.  Additionally, Ackerly et al., (2013) observed that extensively phosphorylated 

neurofilaments pause more often than non-phosphorylated neurofilaments.  It has also 

been observed that C-terminal phosphorylation promotes neurofilament-neurofilament 

associations, indeed phosphatase inhibition increases neurofilament bundle size.  

Furthermore, phosphorylation of the C-terminal has been shown to cause this tail domain 

to extend laterally from the neurofilament subunit, linking it to other neurofilament 

subunits (Shea et al., 2009).  It is important to note that the long C-terminal tails of NF-M 

and NF-H subunits have several phosphorylation sites at lysine-serine-proline (KSP) 

residues.  In humans for example, the NF-M subunit has 13 KSP sites in the tail domain, 
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and NF-H has 43-44 depending on the allele (Rudrabhatla et al., 2010).  Therefore, 

phosphorylation of the C-terminal domains of NF-H, and to a lesser extent NF-M, is 

going to play the largest role in regulation of neurofilament-motor and neurofilament-

neurofilament associations.    

There are two contrasting models regarding axonal transport of neurofilaments 

(Lazer-Azogui et al., 2015).  One model, the “stop and go” model, depicts the 

neurofilament makeup of the axon as being highly dynamic, with neurofilaments 

constantly rotating between the three pools described above.  Conversely, the second, 

“stationary,” model suggests that 10% of axonal neurofilaments are in movement, while 

the remaining 90% is fixed and may remain so for months.  Both models account for a 

subset of neurofilament subunits in motion, by kinesin and dynein motors.  The 

retrograde transport of neurofilament subunits by dynein/dynactin has been shown to be 

important for the health of the neuron.  Indeed, depletion of dynein in vitro leads to 

accumulation of neurofilaments at the neurite tip (He et al., 2005).  Furthermore, targeted 

disruption of dynein/dynactin function in vivo leads to neurofilament aggregates at distal 

axons (LaMonte et al., 2002).  We hypothesized that dynactin expression is dysregulated 

in motorneurons due to decreased skeletal muscle-synthesized BDNF/TrkB signaling 

events in motorneurons.  Furthermore we expected to see an accumulation of NF-H at the 

distal axon of gastroc-associated motorneurons in our heterozygous and homozygous 

knockout animals.   

We used an antibody that binds specifically to a phosphorylated epitope in 

extensively phosphorylated NF-H (anti-NF-H-P) and to a lesser extent with NF-M.  

Phosphatase treatment of tissue prevents binding of this antibody (Goldstein et al., 1987; 
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Sternberger and Sternberger, 1983).  Utilizing immunohistochemistry techniques, we 

labeled NF-H-P, synaptophysin (pre-synaptic marker), and α-bungarotoxin (post-synaptic 

marker) in gastroc-associated neuromuscular junctions.  After imaging the 

immunolabeled neuromuscular junctions, we measured the mean surface area of NF-H-P 

immunolabeling at the distal axons of gastroc-associated motorneurons of control, 

heterozygous knockout and homozygous knockout mice.   

 

Methods 

Tissue Harvest and Processing 

Animals (30d or 120d) were anesthetized using Isofluorane (Henry Schein 

Animal Health, Melville, New York) and the right gastroc muscle was removed.  The 

muscle was immediately placed in a plastic mold, covered in Tissue-Tek OCT compound 

(Sakura, Tokyo, Japan) and snap-frozen on dry ice.  The animals were then euthanized 

via I.P. injection of overdose of sodium pentobarbital solution Beuthanasia®-D (Schering 

Plough Animal Health, city, New Jersey).  Frozen muscles were sectioned longitudinally 

at 40mm, using a Leica CM1850 Cryostat, and mounted onto gelatin-coated slides.      

 

Immunohistochemistry 

30d and 120d muscle sections were chemically cross-linked to gelatin-coated 

slides by incubating in paraformaldehyde (4% in 1:9 0.2M monobasic:0.2M dibasic 

sodium phosphate buffer, pH 7.4) for 15 min and then rinsed with 1XPBS (14mM 

sodium chloride, 2.7mM potassium chloride, 1.5mM monobasic potassium phosphate, 

8.0mM dibasic sodium phosphate heptahydrate, pH 7.4).  After incubating 1hr with 
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blocking buffer (10% normal donkey serum, 0.2% Triton X-100, 0.01% sodium azide in 

1XPBS), 30d and 120d tissue was incubated overnight with anti-NF-P-H 1:1000 

(Covance, Princeton, New Jersey), and anti-synaptophysin 1:500 (Abcam, Cambridge, 

United Kingdom), in blocking buffer.  The 30d and 120d tissue was rinsed again with 

1XPBS, and incubated for 1 hr with the secondary antibodies Alexa Fluor 594-

conjugated α-bungarotoxin 1:1000 (Life Technologies, Carlsbad, California), Alexa-488-

conjugated donkey anti-mouse 1:200 (Jackson Laboratories, Bar Harbor, Maine), and 

Alexa-647-conjugated donkey anti-rabbit 1:200 (Jackson Laboratories) in 1XPBS and 

0.2% Triton X-100.  The 30d and 120d tissue was rinsed with 1XPBS, air-dried for 4-

6hrs, and coverslipped using Vectashield® Mounting Medium with DAPI (Vector 

Laboratories, Burlingame, California) to prevent quenching.   

 

Imaging and Data Collection  

Images were collected using an Olympus Fluoview FV1000 laser scanning 

confocal microscope.  Scanning speed, aspect ratio and step size were set at 20µs/pixel, 

800 X 800, and 0.54µm respectively.  Image X, Y, and Z coordinate limits were set to 

include the entire neuromuscular junction in the final Z-stack.  45 junctions per animal 

per experimental group were imaged for 30d and 120d tissue.  Each image was uploaded 

into IMARIS 3D rendering computer software (Bitplane, Concord, MA).  Using the 

surface tool, 3D surfaces were created for the α-bungarotoxin, synaptophysin and NF-H-

P immunofluorescent channels (post-synapse, pre-synapse and axon respectively).  Next, 

each NF-H-P surface was traced, using the measuring tool, for 30µm beginning at the 

pre-synapse surface.  NF-H-P immunofluorescence inside the pre-synapse was unified 
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with the 30µm segment if present.  Finally, surface area measurements were obtained for 

each 30µm segment.  Once all terminal NF-H-P immunofluorescent segments were 

analyzed (about 45 segments per animal), one-way analysis of variance (ANOVA) and 

Bonferroni post-test  statistics were performed, using GraphPad Prism software, to 

compare group averages at each age group.   

 

Results 

To assess potential deficits in retrograde transport in motorneuron axons of 

muscle-synthesized BDNF deficient mice, we measured accumulation of NF-H-P at the 

distal axon of motor neurons innervating the gastroc muscle.  Total surface area of NF-H-

P immunolabeling in the distal-most 30m of innervating axons was measured.  

Preliminary data for 30d animals shows no significant changes in NF-H-P 

immunolabeling surface area across genotypes (Figure 19A).  At 120d there is a 

significant increase in NF-H-P immunolabeling surface area in the distal 30m of the 

axon in both MuscleBDNF-/- and MuscleBDNF+/- animals (p<0.01; Figure 19B).  

Representative photomicrographs of a control animal and a homozygous knockout animal 

are provided in Figure 18.   
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Figure 18.  Representative photomicrographs of NF-H-P accumulation in distal axon in 

animals lacking skeletal muscle-synthesized BDNF.  Images include the presynapse 

labeled with anti-synaptophysin (cyan), postsynapse labeled via -bungarotoxin (red) and 

NF-H-P (green).  Confocal images on the left are matched with corresponding images 

rendered using IMARIS software (right).  Note the accumulation of NF-H-P in the 

heterozygous and homozygous knockouts (B and C respectively) compared to controls 

(A).    
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Figure 19.  Mean surface area of NF-H-P immunolabeling in distal gastroc-associated 

motorneuron axons in 30d and 120d mice.  At 30d, preliminary data shows no significant 

changes in mean surface area of NF-H-P immunolabeling in distal axons (n=5 animals 

per genotype) (A).  At 120d, both MuscleBDNF+/- and MuscleBDNF-/- experimental groups 

show a significantly increased mean surface area in the distal axon when compared to 

controls (B) (**p<0.01; n=7 animals per genotype).  

 

Discussion 

To assess potential retrograde transport deficits in 30d and 120d MuscleBDNF-/- and 

MuscleBDNF+/- animals, we quantified NF-H-P at the distal axon.  Recall that as NF-H is 

transported anterogradely through the axon it becomes increasingly phosphorylated.  

Hyperphosphorylated NF-H loses affinity for kinesin, and gains affinity for dynein.  Thus 

by labeling hyperphosphorylated NF-H, we are labeling NF-H that is associated with 

dynein, the retrograde motor.  An accumulation of NF-H-P at the distal axon would 

therefore indicate retrograde transport deficits.  At 30d, our preliminary data shows that 

there is no significant increase in mean NF-H-P immunofluorescence in the distal 30µm 

axon of gastroc-associated motorneurons of homozygous or heterozygous knockout 
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animals (Figure 19A).  This would suggest that NF-H is not accumulating in these 

animals at this time point.  However, we do show significant increases in mean surface 

area of NF-H-P immunofluorescence in distal gastroc-associated axons in 120d 

MuscleBDNF-/- and MuscleBDNF+/-  mice (Figure 19B) This data indicates a significant 

accumulation of this retrogradely transported protein in 120d homozygous and 

heterozygous knockouts, suggesting that there is indeed disruption in retrograde transport 

along motorneuron axons in 120d mice lacking skeletal muscle-synthesized BDNF.  This 

data is congruous with other motorneuron pathologies we have observed in this animal 

model.  For example, we have previously shown significant decreases in soma area in 

lamina X motorneurons, dendritic length, and dendritic diameter in MuscleBDNF-/- and 

MuscleBDNF+/- 120d mice compared to controls (see Figures 9, 10 and 11 respectively; 

Pomeroy, 2013).  These results support our hypothesis that skeletal muscle-synthesized 

BDNF is important for maintenance of retrograde transport in motorneurons.  Indeed, it 

appears skeletal muscle-synthesized BDNF-TrkB signaling is necessary for the formation 

of retrograde transport complexes at the distal axon.  
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CHAPTER FOUR: ASSESSMENT OF RETROGRADE TRANSPORT IN 

GASTROC-ASSOCIATED MOTORNEURONS VIA SCIATIC NERVE 

LIGATION EXPERIMENTS 

 

Introduction 

 

Chapter 3 describes how accumulated NF-H-P is present in distal axons of 

gastroc-associated motorneurons in 120d, but not 30d, MuscleBDNF-/- and MuscleBDNF+/- 

animals.  Katsuno et al., also found accumulated NF-H-P in motorneuron distal axons 

when assessing motorneuron retrograde transport in a mouse model of SBMA (Katsuno 

et al., 2006).  The transgenic mice in that study contained an additional 97 CAG repeats 

in the polyglutamine tract in the AR gene (AR-97Q mice).  After finding the accumulated 

P-NF-H in the motorneuron axons of AR-97Q mice, Katsuno et al., performed a sciatic 

nerve ligation experiment to further assess hypothesized axonal retrograde transport 

deficits in the AR-97Q mice (Katsuno et al., 2006).  The sciatic nerve is a large bundle of 

sensory and motorneuron axons that originates in the spinal cord and innervates the lower 

limbs.  Ligating this bundle of axons at mid-thigh while the animal is alive provides a 

physical barrier to material being transported anterogradely and retrogradely along the 

axons.  Measuring the accumulation of specific materials on each side of the ligation site 

can help determine potential transport deficits.  Katsuno et al., ligated the right sciatic 

nerve in AR-97Q and control mice for 8 hours.  After 8 hours, the animals were 

euthanized and the sciatic nerve segment that was removed (including 0.5cm on either 

side of the ligation site) was sectioned (Katsuno et al., 2006).  Katsuno et al., then 

immunolabeled the bi-directionally transported protein synaptophysin, and quantified the 

synaptophysin-associated immunofluorescence distal or proximal to the ligation site.  
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They found that AR-97Q mice show a significant decrease in synaptophysin 

immunofluorescence immediately distal to the ligation site compared to that of wild type 

mice, indicating retrograde transport deficits (Katsuno et al., 2006).  To assess potential 

anterograde transport deficits in these animals, Katsuno et al., measured synaptophysin 

immunofluorescence directly proximal to the ligation site.  They found no significant 

differences in this segment of the nerve, indicating that the anterograde transport of this 

protein was not disrupted (Katsuno et al., 2006).  

Because both dynein and DCTN1 are necessary for microtubule-dependent axonal 

retrograde transport, including the retrograde transport of synaptophysin, and because 

reduction of DCTN1 is a characteristic of several neuromuscular diseases, Katsuno et al., 

went on to measure DCTN1 mRNA levels in motorneuron cell bodies via in situ 

hybridization.  They found decreased DCTN1 mRNA in the motorneuron cell bodies of 

AR-97Q mice compared to controls.  Katsuno et al., hypothesized that nuclear 

accumulations of pathogenic AR protein due to the polyglutamine tract expansion were 

responsible for the disruption of DCTN1 expression.  Indeed they were able to reverse 

DCTN1 and subsequent retrograde transport deficits via castration of male AR-97Q 

animals (Katsuno et al., 2006).   

To further assess the functionality of transport mechanisms of motorneuron axons 

in our 30d and 120d MuscleBDNF knockout animals, we performed sciatic nerve ligation 

experiments based on those performed by Katsuno et al.  In our study, we immunolabeled 

α-tubulin, synaptophysin, NF-H-P and DCTN1 in the sciatic nerve.  Both synaptophysin 

and NF-H are bi-directionally transported via microtubule-dependent mechanisms in 

motorneuron axons, though NF-H-P is associated with retrograde transport only.  We 
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labeled DCTN1 protein because deficits in DCTN1 have been seen in motorneurons in 

other neuromuscular disease models, including the AR-97Q animal model (Katsuno et 

al., 2006) (Katsuno et al.)  We hypothesized that deficits in motorneuron axonal 

retrograde transport due to a lack of skeletal-muscle synthesized BDNF, result in 

decreased accumulation of synaptophysin, NF-P-H and DCTN1 proteins immediately 

distal to the ligation site when compared to control animals who were expected to build 

up significantly more of these proteins at that physical barrier in the sciatic nerve.     

 

Methods 

 

Sciatic Nerve Ligation 

The following methods are based on the ligation experiments performed by 

Katsuno et al., (Katsuno et al., 2006). 

Two hours prior to surgery, 30d and 120d animals were given 2.5mg/kg of the 

nonsteroidal anti-inflammatory drug (NSAID; meloxicam; Boehringer Ingelheim 

Vetmedica, Inc., Ingelheim am Reihn, Germany).  One hour prior to surgery, animals 

were given another 2.5mg/kg of meloxicam and 2.5mg/kg of buprenorphine (Hospira, 

Inc., Lake Forest, IL) as an analgesic.  Animals were anesthetized using Isofluorane 

(Henry Schein Animal Health) and a small incision was made in the skin at mid-thigh 

level.  Next, the sciatic nerve was exposed and tied tight with silk surgical suture.  The 

skin was closed using a 7mm wound clip, and iodine was applied.  Animals were 

monitored every hour for signs of distress.  Four hours post-surgery, another dose 

(2.5mg/kg) of buprenorphine was administered as a supplemental analgesic.  Eight hours 
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after ligation, animals were euthanized via I.P. injection of the sodium pentobarbital 

solution Beuthanasia-D (Schering Plough Animal Health).  Cardiac perfusion was 

performed using 0.9% saline, followed by 4% paraformaldehyde.  Once the ligated nerve 

was re-exposed, an additional piece of suture, which would remain attached until nerve 

was frozen in OCT, was tied approximately 1cm distal to the ligation site to avoid 

confusing the orientation once the segment of nerve was removed and floating in fixative.   

The sciatic nerve was removed so that there was at least 0.5cm of tissue both distal and 

proximal to the ligation site.  The sciatic nerve was placed in paraformaldehyde (4% in 

1:9 0.2M monobasic:0.2M dibasic sodium phosphate buffer, pH 7.4) for 1hr, then 

transferred to 20% sucrose (in 1:9 0.2M monobasic;0.2 dibasic sodium phosphate buffer, 

pH 7.4) for 24hr or until equilibrated.   

 

Tissue Sectioning and Immunohistochemistry 

The silk suture was carefully removed from the ligation site and the sciatic nerve 

tissue was placed in a plastic tissue mold, being mindful of proximal and distal 

orientation, covered with OCT and frozen with dry ice.  The frozen tissue was sectioned 

longitudinally at 14m onto gelatin-coated slides.  30d and 120d tissue was chemically 

crosslinked to gelatin-coated slides by incubating for 20 min in paraformaldehyde (4% in 

1:9 0.2M monobasic:0.2M dibasic sodium phosphate buffer, pH 7.4), then rinsed with 

1XPBS (14mM sodium chloride, 2.7mM potassium chloride, 1.5mM monobasic 

potassium phosphate, 8.0mM dibasic sodium phosphate heptahydrate, pH 7.4).  30d and 

120d tissue was next incubated in blocking buffer (10% normal donkey serum, 0.2% 

Triton X-100 and 0.01% sodium azide in 1XPBS) for 1hr.  30d and 120d tissue was then 
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incubated for 24hr at room temp and an additional 24hr at 4C with the following 

primary antibodies in blocking buffer: anti-NF-H-P 1:1000 (Covance), anti-

synaptophysin 1:500 (Abcam), anti-DCTN1 1:200 (Santa-Cruz), and anti--tubulin 1:200 

(Abcam).  Primaries were rinsed with 1X PBS and tissue was incubated with the 

following secondary antibodies (with 0.2% Triton X-100 in 1XPBS) for 1hr: Alexa-405-

conjugated donkey anti-chicken, Alexa-488-conjugated donkey anti-mouse, Alexa-594-

conjugated donkey anti-goat, and Alexa-647-conjugated donkey anti-rabbit (all 1:200; 

Jackson Labs).  Slides were rinsed with 1X PBS, air-dried 4-6hrs, and coverslipped with 

ProLong gold anti-fade mounting media (Life Technologies).   

 

Imaging and data collection 

Using an Olympus Fluoview FV1000 confocal laser scanning microscope, 20 

images total per animal were acquired: 10 images of the segment of sciatic nerve 

immediately proximal to ligation site, and 10 images of the segment immediately distal.  

See Figure X for an example of these images.  Scanning speed, aspect ratio, digital zoom, 

and step size were set at 20s/pixel, 1040 X 1040, 1.6, and 4.77µm respectively.  

Confocal images were uploaded into IMARIS 3D rendering software (Bitplane) for data 

collection.  Separate surfaces were created for each protein (synaptophysin, NF-H-P, and 

DCTN1) within 500 m of the ligation site (see Figure 8 for example).  Total surface area 

for each surface was obtained and one-way ANOVA and Bonferroni post-test statistical 

analyses were performed, using GraphPad Prism software, to determine the accumulation 

of synaptophysin, NF-H-P, and DCTN1 on the distal and proximal sides of the ligation 

site in experimental and control animals at both time points.   
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Figure 20. 3D rendering of segment of sciatic nerve immediately distal to ligation site 

using IMARIS.  500m of this distal sciatic nerve segment was measured (A) from 

ligation site (*) and 3D surface renderings were created within that distance (B) for -

tubulin (blue), NF-H-P (green), DCTN1 (red), and synaptophysin (gray).       

 

Results 

 

To assess potential disruptions in retrograde transport in 30d and 120d 

MuscleBDNF deficient mice, sciatic nerve ligation was performed and the amount of 

synaptophysin, NF-H-P and DCTN1 accumulated distal to the ligation site was measured.  

Accumulation of the same proteins proximal to the ligation site was also measured and 

compared across genotypes to determine if there were deficits in anterograde transport. 

   At 120d, there was a significant decrease in immunoreactivities of NF-H-P and 

DCTN1 in the distal sciatic nerve in MuscleBDNF-/- animals only (p<0.01) (Figures 21B 

and 22).  There were no significant differences in accumulation of synaptophysin in the 
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distal sciatic nerve across genotypes (Figure 23B).  In the proximal portion of the nerve, 

there were no significant differences between MuscleBDNF deficient or control animals in 

terms of NF-H-P or synaptophysin (Figures 21B and 23B).  There was a significant 

increase in DCTN1 accumulation at the proximal site in both MuscleBDNF-/- and 

MuscleBDNF+/- 120d mice (p<0.05) (Figure 22). 

 At 30d, preliminary data shows that there is no significant change in mean NF-H-

P or synaptophysin immunofluorescence accumulated distal to the ligation site (Figures 

21A and 23A).  While there seems to be a trend indicating an increase in accumulation of 

both of these proteins distal to the ligation site, this trend does not reach significance 

(Figures 21A and 23A).   

 

 
Figure 21.  Mean surface area of NF-H-P immunofluorescence immediately distal to 

ligation site in 30d and 120d animals.  At 30d, there is no significant change in mean 

surface area of NF-H-P immunofluorescence across genotypes (A)(n=5 animals per 

genotype).  At 120d, mean surface area of NF-H-P immunofluorescence is significantly 

decreased in MuscleBDNF-/- animals compared to controls (p<0.01), while that of 

MuscleBDNF+/- animals does not change (B) (n=7 animals per genotype). 
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Figure 22.  Mean surface area of DCTN1 immunofluorescence immediately distal to 

ligation site in 120d animals.  Mean surface area of DCTN1 immunofluorescence is 

significantly decreased in MuscleBDNF-/- animals compared to controls (p<0.01), while 

that of MuscleBDNF+/- animals does not change.  (n=7 animals per genotype) 
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Figure 23.  Mean surface area of synaptophysin immunofluorescence immediately distal 

to ligation site in 30d and 120d animals.  At 30d, there is no significant change in mean 

surface area of synaptophysin immunofluorescence across genotypes (A) (n=5 animals 

per genotype).  At 120d, mean surface area of synaptophysin immunofluorescence does 

not change across genotypes (B) (n=7 animals per genotype).  
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Figure 24.  Mean surface area of NF-H-P immunofluorescence immediately proximal to 

ligation site in 120d animals.  Mean surface area of NF-H-P immunofluorescence does 

not change across genotypes.  (n=7 animals per genotype). 
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Figure 25.  Mean surface area of DCTN1 immunofluorescence immediately proximal to 

ligation site in 120d animals.  Mean surface area of DCTN1 immunofluorescence is 

significantly increased in MuscleBDNF-/- and MuscleBDNF+/- animals (p<0.05).  (n=7 

animals per genotype) 
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Figure 26.  Mean surface area of synaptophysin immunofluorescence immediately 

proximal to ligation site in 120d animals.  There is no significant change in 

synaptophysin immunofluorescence proximal to ligation site across genotypes.  (n=7 

animals per genotype).    

 

 

 

Discussion 

 

 

At 30d, there was no significant change in accumulation of NF-H-P or 

synaptophysin at the distal ligation site across genotypes (Figures 21A and 23A 

respectively).  In the last chapter we saw that at 30d, there was no significant 

accumulation of NF-H-P in gastroc-associated motorneuron axon terminals in 

homozygous or heterozygous knockouts (Chapter 3, Figure 19A).  Together these data 

suggest that there are no deficits in retrograde transport at 30d.  This is interesting, 
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because we do see a significant decrease in dendritic length in heterozygous and 

homozygous knockouts at 30d (Chapter 1, Figure 11), which we hypothesized was 

actually attributed to decreased retrograde transport of the Fluorogold tracer used to 

visualize the motorneurons.  It is possible that retrograde transport is disrupted in 30d 

MuscleBDNF deficient animals, and that upregulation of BDNF at the motorneuron soma is 

sufficiently compensating for the transport of NF-H-P and synaptophysin.  Previous data 

does show that BDNF immunofluorescence is significantly increased at the cell soma of 

gastroc-associated motorneurons (Chapter 1, Figure 8).  It’s possible that, at 30d, 

preliminary deficits in Fluorogold transport combined with deficits in Fluorogold 

internalization is enough to account for the significant decrease in dendritic length 

labeling that we see at 30d.  We know that BDNF-TrkB signaling is involved in initiating 

endocytosis, and activating dynamin which pinches off the endocytotic vesicle from the 

presynaptic membrane (Cosker and Segal, 2014).  Decreases in BDNF-TrkB regulated 

endocytosis in MuscleBDNF deficient mice could account for decreased endocytosis of 

Fluorogold, and thus decreased Fluorogold labeling at the dendrites.  We need to collect 

data for the distal accumulation of DCTN1 and the proximal accumulation of 

synaptophysin, NF-H-P and DCTN1 to gain a better understanding of axonal transport at 

30d.   

At 120d, we show significant decreases in NF-H-P and DCTN1 accumulation at 

the distal ligation site in MuscleBDNF-/- animals (Figures 21 and 22).   This is consistent 

with data from the previous chapter showing a significant accumulation of NF-H-P in the 

distal axon (Chapter 3, Figure 19B).  Together these data provide strong evidence that 

retrograde transport is disrupted in 120d homozygous knockouts, and that skeletal 
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muscle-synthesized BDNF-TrkB interactions are required for normal retrograde transport 

at 120d.   

In 120d heterozygous knockouts, there is no significant change in NF-H-P or 

DCTN1 accumulation levels at the distal ligation site (Figures 21B and 22).  However, 

we did see significant accumulation of NF-H-P in the distal gastroc-associated axons in 

this genotype at 120d (Chapter 3, Figure 19B).  Previous data shows that BDNF 

immunofluorescence at the motorneuron soma is significantly increased in 120d 

MuscleBDNF+/-animals (Chapter 1, Figure 8).  The increase in BDNF synthesis at the soma 

could lead to increased expression and anterograde transport of DCTN1 in an attempt to 

compensate for deficiencies in retrograde transport.  Additionally, it is possible that 

BDNF is being anterogradely transported and secreted at the axon terminal in order to act 

as an autocrine signaling molecule to initiate BDNF-TrkB dependent signaling cascades 

that are responsible for the assembly of DCTN1/dynein-cargo complexes.  An increase in 

DCTN1 at the proximal ligation site in MuscleBDNF+/- animals would lend support to this 

model.  

Indeed, at 120d, we show that there is a significant increase in DCTN1 at the 

proximal ligation site in both heterozygous and homozygous knockout animals (Figure 

25).  While compensatory mechanisms seem to be sufficient for ameliorating the 

retrograde transport of NF-H-P and DCTN1 in the heterozygous knockouts, it is still not 

enough to maintain retrograde transport of these proteins in our homozygous knockouts.    

At 120d, there were no significant differences in synaptophysin accumulation 

either distal or proximal to the ligation site across genotypes (Figures 23 and 26).  It is 

possible that an increase in DCTN1 synthesized and transported throughout the axon to 



 52 
 

aid in recycling as described above maintains proper vesicular transport in heterozygous 

knockouts.  We expected to see a significant decrease in synaptophysin accumulated 

distal to the ligation site as a result of disrupted retrograde transport.  Our laboratory has 

shown that the presynapse has a decreased surface area in animals lacking skeletal 

muscle-synthesized BDNF (Chapter 1, Figure 5A; Dangremond et al., 2015).  We have 

also shown that the neuromuscular junctions are significantly fragmented in animals 

lacking this source of BDNF (Chapter 1, Figure 7).  It is possible that synaptophysin is 

being upregulated at the soma to compensate for loss at the neuromuscular junction.  

However, if this were the case we would likely see greater accumulation of 

synaptophysin proximal to the ligation site as this vesicle-associated protein is bi-

directionally transported.  It is more likely that there is an increase in synaptophysin 

recycling at the presynapse as the presynaptic bouton is degenerating.  This would 

account for the fact that while retrograde transport is disrupted, there is simply more 

synaptophysin being shipped to the soma compared to the amount of synaptophysin being 

retrogradely trafficked in control animals.  Synaptophysin is regulated by the ubiquitin-

proteasome system (UPS) in which ubiquitinated proteins are marked for degradation by 

an enzyme complex known as the proteasome (Bingol and Schuman, 2005).  The 

ubiquitination of synaptophysin is mediated by the ubiquitin ligase Siah1 (Waites et al., 

2013).  Siah1 is negatively regulated by the presynaptic protein Bassoon, meaning that in 

the presence of Bassoon, Siah1 does not add ubiquitin to synaptophysin (Waites et al., 

2013).  Interestingly, Nishimune et al., show that Bassoon levels impaired by aging are 

actually improved by exercising (Nishimune et al., 2012).  We know that BDNF is 

secreted from skeletal muscle during exercise, and that BDNF from skeletal muscle 
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modulates several key processes in motorneuron maintenance.  It is not a great leap then 

to hypothesize that BDNF likely regulates Bassoon.  In fact, BDNF levels were 

significantly increased in hippocampal neurons of Bassoon mutants (Heyden et al., 2011).  

In our homozygous MuscleBDNF-/- knockouts, absence of skeletal muscle-synthesized 

BDNF may lead to a decrease in Bassoon, which in turn would lead to more activated 

Siah1 and thus more ubiquitinated synaptophysin.  Retrograde delivery of additional 

ubiquitinated synaptophysin could therefore account for the amount of synaptophysin we 

see accumulated distal to the ligation site in our 120d homozygous animals compared to 

controls.  See Figure 27 for a depiction of the suggested model.  Future studies should 

investigate the regulation of Bassoon in skeletal muscle-synthesized BDNF knockouts 

versus wildtype animals. 
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Figure 27. Skeletal muscle-synthesized BDNF indirectly regulates the ubiquitination of 

synaptophysin via Bassoon and Siah1.  In this model, when skeletal muscle-synthesized 

BDNF binds to TrkB (A) at the axon terminal of an innervating motorneuron, TrkB 

autophosphorylates and BDNF/TrkB signaling results in the activation (yellow star) of 

the synaptic protein, Bassoon.  Activated Bassoon inhibits the synaptophysin-ligase, 

Siah1 (red X).  In the absence of skeletal muscle-synthesized BDNF (B), Bassoon is not 

activated and active Siah1 ubiquitinates synaptophysin.  Ubiquitinated synaptophysin is 

then transported retrogradely to the cell body for recycling. 

            

An alternative model, which does not necessarily negate the model described 

above, could be explained by recent evidence challenging the slow/fast axonal transport 

paradigm.  We have generally accepted in recent years that there are two types of 

retrograde axonal transport, fast and slow.  However, Lee and Mitchell, make a strong 
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case for an alternative in which the speed of retrograde axonal transport is represented by 

a large spectrum of speeds dependent on number of dynein motor proteins bound to the 

cargo, and the size of the cargo itself (Lee and Mitchell, 2015).   According to this model 

NF-H, a relatively small molecular cargo, would only require one dynein motor while a 

vesicle would require tens of motors.  The motor/s would be able to take long “steps” 

with a small cargo like NF-H while taking smaller but collectively more steps while 

transporting a vesicle.  A reduction in dynein recruitment to presynaptic cargos (mediated 

by BDNF) as well as reduced DCTN1 (as suggested by Figure 24) would then have a 

greater effect on the transport of NF-H-P versus vesicle-associated synaptophysin as 

taking one motor from a NF-H-P could halt the movement of that cargo while taking one 

motor from synaptophysin would only slow it down minutely.  It’s possible that an 8hr 

ligation was too short to be able to see differences in synaptophysin.   

Thus far in our particular model, we have observed a significant accumulation of 

NF-H-P in distal motorneuron axons of BDNF deficient animals.  We also see that NF-H-

P and DCTN1 accumulation distal to ligation site is significantly lower in homozygous 

MuscleBDNF-/-knockout mice.  Together, these results demonstrate that there is disruption 

in retrograde transport.   

To gain a better understanding of axonal transport dynamics in mice lacking 

skeletal-muscle synthesized BDNF, more experiments must be performed.  One 

potentially enlightening experiment would be to inject the retrograde tracer Fluorogold 

into the gastroc muscle perform a sciatic nerve ligation in the same leg, and then measure 

the accumulation of Fluorogold distal to the ligation site.  An advantage of this approach 

would be gaining a better understanding of vesicular trafficking along the axon.  One of 
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the difficulties involved however would be determining the proper time-point of ligation, 

and how long the animals should remain alive after ligation in order to have sufficient 

accumulation for measurements.  Because the sciatic nerve is a mixed nerve, containing 

sensory and motorneurons, it may also be beneficial to differentiate the neuron types to 

gain a better understanding of what is going on specifically in the motorneurons.  In situ 

hybridization experiments in the motorneuron cell soma labeling NF-H-P, DCTN1 and 

synaptophysin RNA would also be helpful in understanding if expression of these genes 

is being upregulated to compensate for decreased or loss of skeletal muscle-synthesized 

BDNF.  It would also be interesting to investigate the UPS at the presynapse, and 

measure levels of Bassoon and Siah1 gene and protein expression.  It will also be 

important to show that retrograde transport the TrkB-BDNF signaling endosome 

specifically is disrupted.  A ligation experiment labeling TrkB could help answer these 

questions.   
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CHAPTER FIVE: ASSESSING ROLE OF SKELETAL MUSCLE-SYNTHESIZED 

BDNF IN THE MAINTENANCE OF MITOCHONDRIAL DENSITY AT THE 

NEUROMUSCULAR JUNCTION 

 

Introduction 

 

We assessed mitochondrial densities at neuromuscular junctions in our skeletal 

muscle-synthesized BDNF deficient mice for multiple reasons.  First, deficits in 

mitochondrial trafficking are noted in several neuromuscular diseases including ALS, HD 

and SBMA. Also, because of the high energy and calcium buffering demand at the 

presynapse, disruptions in mitochondrial transport could be detrimental to motorneurons 

(Chang and Reynolds, 2006; Magrané et al., 2009; de Moura et al., 2010; Nguyen et al., 

1997; Orr et al., 2008; Palay, 1956; Piccioni et al., 2002; Su et al., 2010; Vos et al., 

2007).  Further, the PI3K and PLC pathways activated by BDNF binding to TrkB is 

required for mitochondrial docking at the presynapse (Su et al., 2014).  We reasoned that 

the partial reduction of BDNF-TrkB binding at the presynaptic membrane in our 

heterozygous knockouts, or complete absence of it in our homozygous knockouts could 

lead to decreased mitochondrial docking at the presynapse.  Finally, while studying 

processes related to heart failure, Takada et al., showed that skeletal muscle-synthesized 

BDNF maintains exercise capacity and mitochondrial function in skeletal muscle (Takada 

et al., 2014).  The transgenic mice used in the Takeda et al., study were about 120d and 

were global heterozygous BDNF knockouts.  Takada et al., found that phosphorylation of 

TrkB, BDNF binding TrkB, mitochondrial complex I and III activities were significantly 

reduced in these heterozygous BDNF knockouts.  Phosphorylation of 5’ AMP-activated 

protein kinase and PGC1  were also significantly reduced in the knockout animals 
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compared to wildtypes (Takada et al., 2014).  Takada et al., did not investigate the role of 

skeletal muscle-synthesized BDNF, specifically, in the maintenance - of mitochondrial 

function in motorneurons, but it is likely a global knockdown of BDNF also affected the 

neurotrophin produced in the skeletal muscle, which subsequently had an adverse effect 

maintaining mitochondrial function in TrkB-containing motorneurons as well.   

We hypothesized that there would be a significant change in mitochondrial 

density at the neuromuscular junction in animals with decreased skeletal muscle-

synthesized BDNF due to a combination of axonal trafficking and BDNF-TrkB signaling 

deficits.  To label mitochondria at the neuromuscular junction, we used the fluorescent 

probe MitoTrackerCMXRos (Life Technologies) which is sequestered by live 

mitochondria.  Because sequestration of the probe requires live mitochondria, the dye is 

almost exclusively used in vitro.  Martin et al., recently developed a protocol in which the 

MitoTracker dye is injected into the gastroc of living mice, and subsequently becomes 

endocytosed and retrogradely transported in gastroc-associated motorneurons (Martin et 

al., 2007, 2009).  Four days after MitoTracker injection, Martin et al., (2009) removed 

and sectioned the spinal cord and visualized MitoTracker in gastroc-associated 

motorneuron cell bodies.  We adapted these procedures to visualize MitoTracker labeling 

at the neuromuscular junction, and also label presynaptic and postsynaptic proteins via 

immunohistochemistry techniques post fixation.  We were successful in visualizing 

MitoTracker, vesicular acetyl choline transporter (VAChT; presynaptic marker), acetyl 

choline receptors (via -bungarotoxin; post-synaptic marker), NF-H (innervating 

motorneuron) and muscle cell nuclei (via DAPI) in skeletal muscle sections of 120d 

control, MuscleBDNF+/-, and MuscleBDNF-/- mice.  Using IMARIS image analysis software, 
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we were able to measure the colocalization of MitoTracker with either VAChT or -

bungarotoxin to obtain presynaptic and postsynaptic densities respectively.  VAChT was 

used in place of synaptophysin because we reasoned that VAChT would more efficiently 

delineate the presynapse, because synaptophysin labeling was often found in the axons.  

By using VAChT we did not have to perform subjective cropping of the IMARIS-created 

surface. 

 

Methods 

 

Injection of MitoTracker and tissue harvest 

The following methods are adapted from Martin et al., (Martin et al., 2009). 

Stock solution of MitoTracker CMXRos (Life Technologies-Molecular Probes) was 

prepared by dissolving MitoTracker powder in DMSO to a final concentration of 1mM.  

The stock solution was then diluted with 0.9% saline to a final working concentration of 

200nM.  While studies have shown that 0.5%-1.5% DMSO can be neurotoxic, it is 

unlikely that the dilution we used (1.06x10-5% DMSO) had any effect upon the gastroc-

associated neurons.  The analgesic Buprenorphine (Hospira, Inc.) was administered to 

animals 30min prior to injections.  Animals were anesthetized using Isofluorane (Henry 

Schein Animal Health) and a small incision was made in the skin over the right gastroc.  

6l of 200nM MitoTracker were injected into the gastroc via 3 injections, 2l each, 

proximal, medial, and distal.  Skin was closed using a 7mm wound clip, and swabbed 

with iodine.  Three days after injection of MitoTracker, animals were anesthetized and 

the injected gastroc was removed.  The muscle was placed in a plastic tissue mold, 
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covered in OCT compound and frozen on dry ice.  The animals were euthanized via I.P. 

injection of sodium pentobarbital solution Beuthanasia-D (Schering Plough Animal 

Health).     

 

Tissue sectioning and immunohistochemistry 

All procedures were performed in the dark due to the light sensitivity of 

MitoTracker.  Frozen muscle was sectioned longitudinally at 40m onto gelatin-coated 

slides.  Sections were fixed to slides via 15min incubation with paraformaldehyde (4% in 

1:9 0.2M monobasic:0.2M dibasic sodium phosphate buffer, pH 7.4).  Tissue was rinsed 

with 1XPBS (14mM sodium chloride, 2.7mM potassium chloride, 1.5mM monobasic 

potassium phosphate, 8.0mM dibasic sodium phosphate heptahydrate, pH 7.4) 3 times for 

5 minutes each.  Tissue was incubated with blocking buffer (10% normal donkey serum, 

0.2% Triton X-100, and 0.01% sodium azide in 1XPBS) and then incubated overnight 

with the following primary antibodies in blocking buffer: anti-NF-H 1:1000 (Millipore) 

and anti-VAChT 1:200 (Santa Cruz Biotechnology).  Primary antibodies were rinsed off 

with 1XPBS and tissue was incubated for 1hr with 488-conjugated--bungarotoxin (Life 

Technologies) and the following secondary antibodies: Alexa-405-conjugated donkey 

anti-chicken and Alexa-647-conjugated donkey anti-goat (each 1:200; Jackson Labs) in 

1XPBS solution containing 0.2% Triton X-100.  Excess secondary antibodies were 

removed with 1XPBS washes (3X for 5minutes) and the tissue was allowed to dry.  

Slides were coverslipped with Vectashield containing DAPI (Vector Labs) to prevent 

fading of fluorophores.       
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Imaging and data collection 

15 neuromuscular junctions per animal were imaged using an Olympus Fluoview 

FV1000 confocal laser scanning microscope.  Scanning speed, aspect ratio, digital zoom 

and step size were 20s/pixel, 1024x1024, 2.5 and 4.77µ respectively.  Images were 

rendered using IMARIS image analysis software.  In IMARIS, surfaces were created for 

the pre- and post-synaptic and mitochondrial markers (VAChT, 488-conjugated -

bungarotoxin and MitoTracker CMXRos respectively; see Figure 28 for example.  Two 

additional surfaces were then created representing (1) the colocalization of VAChT and 

MitoTracker and (2) the colocalization of -bungarotoxin and MitoTracker (see Figure 

16 for example).  Total number of volumetric pixels (voxels) was measured for the 

colocalization surfaces as a representation of mitochondrial density at each the pre- and 

post-synaptic surfaces and these measurements were compared across genotypes via one-

way ANOVA and Bonferroni post-test statistics, using GraphPad Prism sofware. 

 

Figure 28. 3D rendering of presynaptic, postsynaptic and MitoTracker labels using 

IMARIS.  This image shows the MitoTracker CMXRos channel rendered in red, the pre-

synaptic VAChT channel in cyan and the post-synaptic -bungarotoxin channel in green.  

After rendering each channel in IMARIS, additional colocalization surfaces were created 

representing the colocalization of MitoTracker with VAChT or colocalization of 

MitoTracker with -bungarotoxin (shown in next figure).  The colocalization 

measurements were used to compare mitochondrial density at pre- and post-synapse in 

skeletal muscle-synthesized BDNF knockout animals. 
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Results 

 

We assessed mitochondrial density at the pre- and post-synapse in gastroc-

associated NMJs.  We measured the number of voxels that overlapped for 

MitoTracker/VAChT and MitoTracker/-bungarotoxin.  There was a significant decrease 

in overlapping voxels at the pre-synapse (MitoTracker/VAChT) in MuscleBDNF-/- mice 

(p<0.01), while there were no significant findings at the post-synapse (Figure 30).  Figure 

29 depicts a representative photomicrograph of MitoTracker-VAChT colocalization in 

control and MuscleBDNF-/- 120d animals. 
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Figure 29. Representative photomicrographs showing MitoTracker colocalization with 

presynaptic VAChT in animals lacking skeletal muscle-synthesized BDNF 

Mean voxels of MitoTracker CMXRos immunofluorescence colocalizing with 

presynaptic VAChT.  This figure shows and example of a MitoTracker labeling at a 

neuromuscular junction (left) and corresponding surfaces created using IMARIS based on 

the colocalization of MitoTracker and the pre-synaptic marker VAChT (right) in a 

MuscleBDNF+/+ control animal (top row) and MuscleBDNF-/- animal (bottom row).   
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Figure 30.  Mean voxels of MitoTracker Immunofluorescence colocalization with 

presynaptic VAChT or postsynaptic AChRs.  At 120d, there is a significant decrease in 

mean MitoTracker-VAChT colocalization at the presynapse (A) (p<0.001; n=5).  There 

are no significant changes in MitoTracker-α-bungarotoxin colocalization at the 

postsynapse (B). (n=5).   

 

 

 

Discussion 

 

We demonstrate that MitoTracker labeling is significantly decreased in the 

presynaptic boutons of 120d MuscleBDNF-/- animals, and there is a trend showing 

decreased labeling in MuscleBDNF+/- animals (Figure 30A).  There is no significant change 

in MitoTracker labeling at the postsynapse in our 120d knockout animals compared to 

controls, however we do see a trend suggesting a decrease in mitochondria at the 

postsynapse (Figure 30B).  These results are consistent with previous data from our lab 

showing decreased surface area of gastroc-associated presynaptic terminals, but no 

change in postsynaptic area in 120d MuscleBDNF-/- mice (Chapter 1, Figure 5; 
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Dangremond et al., 2015).  Together these data indicate that pathology in the presynapse 

precedes pathology at the postsynapse in 120d MuscleBDNF-/- animals. 

BDNF-TrkB signaling is required for recruitment of mitochondria to presynapse, 

where there are high ATP-demands (Su et al., 2014).  Decreased skeletal muscle-

synthesized BDNF may lead to decreased mitochondrial recruitment, and thus a decrease 

in mitochondria at the presynapse.  It is also possible that there are more mitochondria 

present at the presynaptic terminal than we are seeing.  MitoTracker is sequestered by 

live mitochondria, so dead or degenerating mitochondria at the presynapse would not 

sequester the dye, and thus would not be included in our analysis.  Alternatively, 

mitochondria at the presynapse with decreased electrochemical gradient would sequester 

less MitoTracker, resulting in decreased signal.  To address the potential of accumulated 

dead or degenerating mitochondria at the axon terminal in knockout animals, an antibody 

that binds to translocase of the outer membrane complexes in addition to MitoTracker 

labeling could be used.  Utilizing this method would enable both inactive and active 

mitochondria to be labeled, thus providing a better picture of mitochondrial density at the 

presynapse, and perhaps it would illuminate deficits in retrograde mitochondrial transport 

along motorneuron axons. 

Significantly decreased density of MitoTrackerCMXRos fluorescence at the 

presynapse in 120d MuscleBDNF-/- provides a platform from which to base further studies 

into motorneuron mitochondrial pathologies that are related to deficits in skeletal muscle-

synthesized BDNF.  Future studies should investigate mitochondrial transport in 

motorneuron axons of MuscleBDNF knockout animals.  Combining MitoTracker 

injection and sciatic nerve ligation techniques could illustrate mitochondrial movement 
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along motorneuron axons.  It would also be worthwhile to investigate levels of reactive 

oxygen species to determine if mitochondria that are at the presynapse in MuscleBDNF 

deficient mice are healthy, or have become old and begin to passively release toxic 

species due to the disrupted retrograde transport we have seen thus far in this animal 

model.  Further studies should also investigate potential mitochondrial pathologies in the 

skeletal muscle. 
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CHAPTER SIX: SUMMARY AND CONCLUSIONS 

 

Previous findings in our laboratory indicated that there is disruption in retrograde 

transport along motorneuron axons in skeletal muscle-synthesized BDNF deficient mice.  

Pomeroy et al., (2013) showed that motorneuron dendrites labeled with the retrograde 

tracer Fluorogold were shorter in heterozygous and homozygous knockouts at 30d and 

120d.  Fluorogold was injected into the gastroc and relied on retrograde transport along 

the axons of gastroc-associated axons to reach and fill the soma and dendrites.  The 

maximum motorneuron dendritic length of control animals in the study was about 250m 

while the average dendritic length of lumbar motorneurons in adult mice is 2000m.  It 

was reasonable to assume then that the results indicated that it was likely disruptions in 

retrograde transport that accounted for the decrease in dendritic length values rather than 

an actual shortening of the dendrites.  Therefore, we aimed to test the hypothesis that 

retrograde transport is disrupted in animals with reduced or absent skeletal muscle-

synthesized BDNF. 

We show that there are clear deficits in retrograde transport of NF-H-P in 

MuscleBDNF-/- animals at 120d.  In these animals, there is significant accumulation of NF-

H-P in distal axons of gastroc-associated motorneurons (Chapter 3, Figure 19B).  

Furthermore, at this age, homozygous knockouts show decreased accumulation of the 

retrogradely transported NF-H-P and DCTN1 proteins distal to ligation site.  There was 

no apparent change in synaptophysin immunofluorescence at the distal ligation site, 

however this can be accounted for by a decrease in BDNF-regulated Bassoon.  A 

decrease in Bassoon would lead to increased activation of Siah1, the ligase responsible 
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for the ubiquitination of synaptophysin.  Increased ubiquitination of synaptophysin would 

lead to an increase in synaptophysin being retrogradely transported for degradation by the 

UPS.  The sheer abundance of synaptohysin being retrogradely transported could account 

for the amount of this protein accumulated at the distal ligation site.   

Anterograde transport appears to be normal in 120d MuscleBDNF-/- animals, as 

there are no significant changes in accumulation of bi-directionally transported 

synaptophysin at the proximal ligation site (Figure 16).  There is a significant increase in 

DCTN1 at the proximal ligation site in 120d homozygous knockouts.  Compensatory 

mechanisms at the soma could account for an increase in DCTN1 delivery to the axon 

terminal.  However, with the lack of skeletal muscle-synthesized BDNF binding to TrkB 

at the terminal, the assembly of DCTN1/dynein-cargo complexes is not sufficient for 

efficient retrograde transport.   

In 120d MuscleBDNF+/- animals, we show a significant increase in NF-H-P in the 

distal axons gastroc-associated motorneurons.  At the same age, these animals show no 

significant differences in accumulation of NF-H-P, DCTN1 or synaptophysin at the distal 

ligation site.  It’s possible that compensatory mechanisms at the motorneuron soma are 

responsible for sending more DCTN1 to the presynapse.  This is supported by the 

significant increase in DCTN1 at the proximal ligation site in 120d heterozygous 

knockouts.  Motorneuron synthesized BDNF may also be anterogradely trafficked to and 

secreted from the axon terminal to act as an autocrine signaling molecule on the 

presynaptic TrkB receptors.  Motorneurons of the heterozygotes are receiving some 

skeletal muscle-synthesized BDNF and together with aforementioned compensatory 
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mechanisms this may be enough to form the necessary DCTN1/dynein-cargo interactions 

and maintain normal levels of retrograde transport in this genotype.   

30d homozygous and heterozygous knockout animals show no significant 

accumulation of NF-H-P in distal axons, nor do they show changes in accumulation of 

NF-H-P or synaptophysin at the distal ligation site.  While this data implies that there are 

no retrograde transport deficits at this age, we need to obtain data for DCTN1 at the distal 

ligation site and NF-H-P, synaptophysin and DCTN1 at the proximal site to have a better 

picture of transport mechanisms at this age.  It is possible that retrograde transport isn’t 

significantly affected at 30d in homozygous and heterozygous knockout animals, and that 

decreased BDNF-TrkB-dependent endocytosis at the presynapse accounts for a decrease 

in Fluorogold endocytosis in 30d gastroc-associated motorneurons (Cosker and Segal, 

2014). 

It will be important to assess expression levels of NF-H-P, synaptophsyin and 

DCTN1 at the motorneuron soma to gain a better understanding of compensatory 

mechanisms in MuscleBDNF+/- and MuscleBDNF-/- animals.  It will also be important to 

assess the specific retrograde transport of BDNF-TrkB signaling endosomes along 

gastroc-associated motorneuron axons.  Assessing Bassoon and activated Siah1 protein 

levels at the presynapse could help determine if there is an increase in synaptophysin 

degradation occurring.  We could also investigate ubiquitination levels of synaptophysin, 

and measure the potential accumulation of polyubiquitinated synaptophysin in future 

ligation experiments.  It will also be important to investigate the role of skeletal muscle-

synthesized BDNF in endocytosis at the motorneuron presynapse in our knockout model.    
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When assessing mitochondrial density at the neuromuscular junction, we found 

that there is a significant decrease in MitoTracker-VAChT colocalization at the 

presynapse in 120d homozygous knockouts (Figure 30A), indicating that there is a 

decrease in mitochondria at the presynapse in these animals at the age.  A decrease in 

presynaptic surface area could account for the decrease in mitochondria at the 

presynapse.  It is also possible that there are dead or degenerative mitochondria at the 

presynapse that aren’t being labeled by the MitoTracker dye that depends on 

sequestration by live mitochondria.  A third explanation for the decrease in mitochondria 

at the presynapse is that BDNF-TrkB is required for the recruitment of mitochondria at 

the presynapse and with a loss of BDNF from skeletal muscle, less mitochondria are 

recruited (Su et al., 2014).  These scenarios are not mutually exclusive.  We do see a 

trend indicating a decrease in mitochondrial density at the postsynapse of 120d 

homozygous and heterozygous knockouts, though this trend does not reach significance.   

Using a different mitochondrial marker at the presynapse that labels dead 

mitochondria as well as live could indicate whether there is an accumulation of 

degenerative or dead mitochondria at the presynapse due to retrograde transport deficits.  

It would also be useful to be able to do live-tracking of mitochondria in motorneurons of 

our BDNF knockout model.  It will also be important to investigate the role of skeletal 

muscle-synthesized BDNF in mitochondrial recruitment to the presynapse using our 

knockout model.   

We have shown significant deficits in retrograde transport and mitochondrial 

density in animals lacking a skeletal muscle source of BDNF.  These results indicate that 

skeletal muscle-synthesized BDNF is necessary for normal retrograde transport in 
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gastroc-associated motorneurons.  The results presented in this thesis provide a strong 

platform from which to base further investigation into the role of skeletal muscle-

synthesized BDNF.                       
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