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1. Introduction 

 
1.1 Sympathetic nervous system development 

The development of the nervous system involves the precise control of several 

biological systems: the generation of new cells, differentiation into diverse cell types, 

and the dynamic response to external factors at specific developmental windows. The 

sympathetic nervous system provides a useful model to study the interplay between 

these systems. The sympathetic nervous system is responsible for the “fight or flight” 

reaction during emergency or exercise. It innervates organs involved in mediating the 

physiological output of these activities. For example, a sympathetic response in a 

human would involve an increase in heart rate and breathing, vasodilation of blood 

vessels in skeletal muscles to increase oxygen turnover while constricting vessels in the 

smooth muscle of the gut to slow metabolism and direct energy to high consumption 

organs. Stimulating sweat glands and dilating pupils are other examples of sympathetic 

output (McCorry, 2007). Ganglionic sympathetic neurons respond to acetylcholine from 

pre-ganglionic neurons in the spinal cord. They in turn release norepinephrine to their 

peripheral targets. One exception is sympathetic innervation of the sweat glands, which 

is cholinergic. In order to mediate a prolonged and sustained activated sympathetic-like 

status, the chromaffin cells of the adrenal medulla can release norepinephrine and 

epinephrine into the blood stream (McCorry, 2007). 

The central nervous system, including the brain and spinal cord, originates from 

the neural tube, which forms as the ectodermal layer of the developing embryo folds in 
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on itself. The remaining ectoderm will become the skin, while the neural tube develops 

into central nervous system structures. As the neural tube closes, a population of cells 

known as neural crest cells (NCCs) detach from the dorsal edge of the closing neural 

tube and migrate ventrally. These cells are precursors to the entire peripheral nervous 

system, which includes the sensory neurons of the dorsal root, the autonomic, and 

enteric nervous systems (Young et al., 2011).  

NCC that arise caudal to the fourth and fifth somite of the developing embryo 

represent the precursors to the dorsal root ganglia and the sympathetic ganglia (Young 

et al., 2011; Newbern, 2015). NCCs from vagal or sacral regions will go on to generate 

the enteric nervous system while cranial and sacral NCCs generate portions of the 

parasympathetic nervous system (Sasselli et al., 2012; Newbern, 2015). 

NCCs undergo an early epithelial to mesenchymal transition which differentiates 

them from the neural tube precursors and gives them a migratory phenotype. This 

coincides with delamination caused by the down regulation of N-cadherin and an 

increase in Cadherin 6, which promotes the detachment of NCCs (Clay and Halloran, 

2014). This is thought to occur via bone morphogenic protein-4 (BMP4) expressed by 

the ectoderm (Young et al., 2011). NCCs are then free to migrate ventromedially 

through or around adjacent somites (Rickmann et al., 1985; Krull, 2001). The first NCCs 

to delaminate avoid the dense somite tissue and instead follow the intersomitic 

boundary ventrally toward the dorsal aorta (Thiery et al., 1982; Guillory and Bronner-

Fraser, 1986).  As the somites differentiate into sclerotomes, chains of NCCs form and 

migrate ventrally through them (Figure 1.1).  

A subpopulation of these cells ceases migrating adjacent to the neural tube and 
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coalesces to form the medially-located dorsal root ganglia (DRG). The DRG contain 

sensory neuron cell bodies, which innervate peripheral tissues, and supporting satellite 

glial cells. The formation of the DRG occurs in two waves of NCC migration. Early 

migrating cells, defined by their expression of TrkB and TrkC form large-diameter 

proprioceptors and mechanoreceptors (Newbern, 2015). The downregulation of Runx3 

drives differentiation of mechanoreceptors, while continued expression is observed in 

proprioceptors (Marmigere and Ernfors, 2007). The second wave of sensory neuron 

precursors consists mainly of small-diameter TrkA- positive nociceptive neurons. The 

ganglia forms in an inside-out fashion, with the earliest arriving cells residing at the core 

and subsequent cells proliferating around the perimeter to encapsulate the core 

(Marmigere and Ernfors, 2007; George et al., 2010; Newbern, 2015). Activity dependent 

release of brain derived neurotrophic factor (BDNF) from the core DRG neurons drives 

expression of protocadherin-1 in the outer shell, which promotes the final coalescence 

of the ganglia (Bononi et al., 2008; Newbern, 2015).   

A second population of NCCs continues migrating ventrally past the DRG and 

coalesces adjacent to the dorsal aorta, forming the sympathetic ganglia chain (Figure 

1.1). Within each somite, migrating cells remain in the rostral half. Several diffusible 

molecules and their cognate receptors have been shown to segregate migrating NCCs 

as they burrow through the developing somites. These precursors migrate in a chain-

like fashion, which is crucial for controlling their direction (Erickson, 1985; Kasemeier-

Kulesa et al., 2005). Both attractive and repulsive molecular cues restrict the migrating 

chains to the rostral half of each somite. When researchers manipulated the embryo to 

reverse the orientation of the somite, the neurons migrated through the opposite side, 
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indicating that this migration is mainly controlled by extrinsic cues and is not intrinsically 

encoded by the cell. There is evidence at early developmental times that precursors are 

able to reverse their migratory direction, where prospective sympathetic ganglia 

neurons can migrate dorsally and mature into DRG neurons. After several hours, 

however, this plasticity is lost (Kasemeier-Kulesa et al., 2005).  

Many of the molecular cues that direct this migration and maturation have been 

determined.  EphrinB ligands in the dorsal neural tube first act as repulsive cues to 

prevent early migrating NCCs from migrating along a dorsolateral route (Santiago and 

Erickson, 2002).  As the somites develop into sclerotomes and the NCCs switch from 

the intersomitic pathway to migration through the anterior somite, semaphorin 3A 

(Sema3A) is expressed by the posterior somite to restrict migration of neuropilin-1 

(Nrp1) - expressing NCCs (Schwarz et al., 2009). Other studies show that F-spondin 

expressed in caudal somites can also restrict migration of precursors to the rostral half 

(Debby-Brafman et al., 1999). In contrast to these repulsive cues, thrombospodin-1 in 

the rostral region acts as a chemoattractant (Tucker et al., 1999). 

Interestingly, the pattern of distinct chains of sympathetic precursors migrating 

through distinct somite/sclerotomes is lost upon reaching the ventral edge. Before 

coalescing into discrete ganglia, cells disperse and intermix within a narrow rostral-

caudal corridor adjacent to the dorsal aorta. Lineage tracing studies in chick embryos 

have shown that NCCs originating from several somite layers are found within each 

mature sympathetic ganglion(Yip, 1986). This final step of gangliogenesis requires the 

dynamic extension and retraction of filopodia and movement to sort NCCs into discrete 

ganglia (Kasemeier-Kulesa et al., 2005). The pattern of distinct ganglia associating with 
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specific somites is restored but not before cells from several somite chains have mixed.  

Migrating NCCs in the ventromedial pathway can also differentiate into the 

adrenal medulla, a portion of the adrenal gland made up of a subpopulation of 

sympathoadrenal precursors that differentiate into endocrine cells that control the 

release of systemic hormones from the adrenal gland. These cells receive direct input 

from spinal cord pre-ganglionic sympathetic precursors, not from the peripheral 

sympathetic chain. These andrenal cells are produced from a common pool of 

sympathetic-adrenal precursors that coalesce in the para-aortic region, ventral to the 

sympathetic ganglia (Saito et al., 2012). Several factors have been implicated in 

controlling this migration and differentiation. BMPs are well-described regulators of 

many types of signaling, from cell growth, patterning, and differentiation in development 

to adult tissue homeostasis and repair (Wang et al., 2014). Ligands BMP-4 and BMP-7 

are produced by the dorsal aorta and drive the expression of chemoattractive factors 

stromal cell–derived factor–1 (SDF1) and Neurgulin-1 (NRG1). Deletion of their 

respective receptors, CXCR4 and ErbB in NCCs markedly disturbed the cells ability to 

accumulate in the para-aortic mesenchyme. Further, ectopic expression of BMP 

inhibitor Noggin in the dorsal aorta eliminated the expression of SDF1 and NRG1, 

suggesting that BMPs can act directly or indirectly on NCCs. After reaching the para-

aortic niche, sympathetic precursors segregate from adrenal medulla chromaffin cells 

which reside more ventrally. While BMPs, SDF1, and NRG1 are required for the 

migration of sympathoadrenal precursors to the dorsal aorta, BMPs and NRG1 are also 

required for the adrenal-sympathetic precursor segregation. At later embryonic stages, 

only adrenal medulla cells were able to respond to BMPs and NRG1 signals to 
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segregate from the sympathetic ganglia (Saito et al., 2012).  

Sympathetic precursors in both the coalescing ganglia as well as the adrenal 

medulla can respond directly to BMP-4 from the dorsal aorta, which initiates 

differentiation into mature sympathetic neurons through the expression of key 

noradrenergic neuronal genes, tyrosine hydroxylase (TH), dopamine hydroxylase 

(DBH), and neuronal markers neurofilament 160 (NF160) and SCG10 (Reissmann et 

al., 1996; Schneider et al., 1999). 

While the chain of sympathetic ganglia in the periphery forms from trunk NCCs, 

the superior cervical ganglia (SCG) forms from NCCs that migrate rostrally from the 

anterior vagal and lower cervical regions of the neural tube (Rubin, 1985; Durbec et al., 

1996). Between embryonic day 11.5 and 14.5 in mice, the undeveloped SCG forms 

proximal to the C1-C4 vertebrae (Nishino et al., 1999). This rostral migration is 

mediated through the glial cell-derived neurotrophic factor (GDNF) family member 

Artemin, which is expressed along blood vessels. In contrast to the more caudal 

sympathetic chain, loss of Gfra3, a component of the Artemin receptor complex, causes 

a failure of migration in the SCG precursors (Honma et al., 2002). 

NCCs that develop later migrate in a dorsolateral pathway away from the closing 

neural tube and under the growing ectoderm and will differentiate into pigment-

producing melanocytes of the skin. This has been shown to involve EphrinB, which later 

in development acts as an attractive cue to promote migration into the dorsolateral 

pathway (Bronner-Fraser, 1986; Santiago and Erickson, 2002).  

 NCCs are defined, in part by expression of the transcription factor, Sox10. In 

addition to the various neuronal cell types that derive from NCC precursors, peripheral 
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glia that reside within ganglia and proximal to nerves also differentiate from the same 

population of cells. Satellite glia reside within the dorsal root and sympathetic ganglia 

and provide various supporting roles by ensheathing neuron somas. Schwann cells and 

their precursors associate with developing peripheral axons to form myelin sheaths, 

which support long-range nerve transmission (Carney et al., 2006; Newbern, 2015). 

While neurons lose robust Sox10 expression as they complete their terminal 

differentiation, peripheral glia maintain expression of Sox10.  

 Delta/Notch signaling in the DRG is critical for proper gliogenesis. Delta-1, the 

ligand for the Notch receptor is expressed by early neurons in the ganglia core to 

promote gliogensis in neighboring undifferentiated NCCs (Newbern, 2015). Notch 

signaling is thought to act to promote Sox2 expression, which is required to maintain a 

glial phenotype as well as prevent melanocyte specification (Wakamatsu et al., 2004). 

Schwann cell precursors (SCPs) respond to NRG1 released from the axon to promote 

lineage specification and eventually myelination (Dong et al., 1999; Newbern, 2015). 
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Figure 1.1. Migration of neural crest cells (NCC) from the closing neural tube form the ganglia of the 

peripheral nervous system. Chains of NCCs (purple) migrate ventromedially towards the dorsal aorta 

(DA). A subpopulation coalesces into the dorsal root ganglia (DRG, green), while some continue 

migrating ventrally and coalesce proximal to the DA and form the sympathetic ganglia chain. Additional 

populations of NCCs will form the enteric nervous system and the chromaffin cells of the adrenal cortex. 

Adapted from: Newbern, J. M. (2015). Molecular control of the neural crest and peripheral nervous 

system development. Current Topics in Developmental Biology, 111, 201–231.  

1.2 Sympathetic target innervation  

Once discrete sympathetic ganglia have formed, they have to send long-range 

projections to target tissues. Much like the initial migration of the sympathetic 

precursors, this process involves chemical cues and precise regulation of receptors at 

the extending growth cone. Axon outgrowth of sympathetic neurons in rodents begins in 

the final days of gestation when the neurons undergo their final mitotic division. Little is 

known about the signaling that initiates the early sprouting of sympathetic axons (Rubin, 

1985) and what promotes their survival prior to reaching their final target tissues. 



 

 
9 

Hepatocyte growth factor (HGF) is thought to act in an autocrine fashion to promote 

axon extension, but appears distinct from factors involved in long range outgrowth 

(Yang et al., 1998; Maina and Klein, 1999). HGF has also been shown to promote 

survival of a subpopulation of early sympathetic neuroblasts (Maina et al., 1998; Davies, 

2009), thus it is possible that HGF can serve as an early survival factor, prior to target 

innervation. 

Several molecules and their receptors have been shown to promote sympathetic 

axon extension in vitro and in vivo. Artemin is a member of GDNF family of growth 

factors and is expressed by the smooth muscle of peripheral blood vessels (Baloh et al., 

1998; Nishino et al., 1999; Honma et al., 2002). Artemin induces and promotes 

sympathetic axon outgrowth in vitro and in vivo. Deletion of either artemin or its co-

receptors GDNF family receptor alpha-3 (GFRa3) or the receptor tyrosine kinase Ret in 

mice causes developmental abnormalities and only partial innervation of sympathetic 

targets (Honma et al., 2002; Glebova and Ginty, 2005).  

The superior sympathetic ganglia lie proximal to the carotid artery which 

undergoes a bifurcation early in development. Endothelin 3 (End3) is preferentially 

expressed in the external branch of the artery, but absent from the internal branch. A 

subpopulation of SCG neuroblasts express End3 receptor EndrA. End3 promotes axon 

extension in vitro and along the external ceratoid artery in vivo (Makita et al., 2008; 

Davies, 2009). 

Neurotrophin 3 (NT3) is the primary trophic factor mediating sympathetic axon 

extension along peripheral blood vessels (Francis et al., 1999). NT3 is highly expressed 

by peripheral blood vessels during the developmental window when sympathetic axons 
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are extending towards their target tissues (Francis et al., 1999). Although NT3 

preferentially binds to TrkC, a member of the receptor tyrosine kinase family of 

neurotrophin receptors, it is not expressed by sympathetic neurons; instead, NT3 

signals through the TrkA receptor, which is the receptor for Nerve growth factor (NGF), 

but can also bind NT3 with low affinity (Birren et al., 1993; ElShamy and Ernfors, 1996; 

Belliveau et al., 1997a; Kuruvilla et al., 2004). Mice lacking NT3 exhibit a substantial 

loss in sympathetic neurons (Wyatt et al., 1997); however, axon outgrowth is drastically 

reduced in nt3-/- mice in early development, before the majority of developmental cell 

death of these neurons occurs, suggesting that observed deficits are due to a loss of 

axon growth (Kuruvilla et al., 2004). This supports data that shows NT3, while capable 

of initiating TrkA intracellular signaling at the growth cone, cannot be retrogradely 

trafficked to the neuron soma to regulate pro-survival gene expression. The molecular 

basis for this selectivity has not been fully elucidated. It has been shown that NGF, but 

not NT3, is able to induce TrkA internalization (Kuruvilla et al., 2004).  In contrast, 

Harrington et al. (2011) reported that both NGF and NT3 can induce TrkA 

internalization, but NT3 dissociates in the acidic environment of the endosome, while 

NGF remains bound resulting in a Rac1/cofilin-dependent breakdown of the local actin 

network, freeing the endosome to be retrogradely transported (Harrington et al., 2011). 

Since NGF-activation of TrkA is required for sympathetic neuron survival, the observed 

loss of neurons in nt3-/- mice is thought to be a secondary consequence of neurons 

failing to reach NGF-producing targets in vivo. Further, the amount of neuron loss is 

similar in ngf-/- and nt3-/- ganglia and not increased in double knockout animals (Wyatt et 

al., 1997; Francis et al., 1999; Davies, 2009). 
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1.3 Cell death in the nervous system 

Coincident with the formation of new neurons comes a significant amount of 

programmed cell death (PCD) during development to ensure proper organ size and 

innervation. Creating superfluous cells is not unique to the nervous system. PCD has 

been well described in development as a non-pathological mechanism to ensure proper 

organ function. For example, PCD has been described as a mechanism to remove 

damaged and defective spermatocytes (Baum et al., 2005), removing excess skin tissue 

in the interdigital space to form individual fingers and toes (Merino et al., 1998), and 

eliminating self-recognizing immune cells to prevent the development of autoimmunity 

(Krammer, 2000; Buss et al., 2006).   

The majority of the developmental apoptosis observed in the sympathetic nervous 

system occurs shortly after extending axons reach their NGF producing targets (Davies, 

2009). The prevalent hypothesis in the field suggests that neurons compete for a limited 

amount of trophic support. Neurons improperly targeted to regions with low levels of 

NGF or areas of redundant innervation leads to cell death. This is an active cellular 

process that requires de novo protein synthesis. In vitro studies have elucidated the key 

signaling events during the time course of NGF withdrawal (Kristiansen and Ham, 

2014).  

NGF withdrawal induces cell death in sympathetic neurons by activating intrinsic 

apoptotic machinery. After withdrawal, the expression of several BH-3 domain 

containing proteins increases. Dp5, Bim, Puma, and Bmf are able to inhibit the anti-

apoptotic activity of Bcl2, while promoting mitochondrial outer membrane permeability 

(MOMP) through Bax activation. Bax forms a pore in the mitochondrial membrane 
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through which cytochrome c is released into the cytosol. Cytoplasmic cytochrome c, 

along with Apaf-1 and procaspase 9 form the apoptosome, which in turn cleaves and 

activates caspase 3 (McIlwain et al., 2013). When activated via cleavage, Caspase 3, 

an “effector” caspase, is free to break down intracellular proteins through proteolysis, 

which ultimately leads to cell death. c-Jun N-terminal kinase (JNK) activity also 

increases in sympathetic neurons after NGF withdrawal. JNK phosphorylates and 

activates the transcription factor c-Jun, which is required for NGF withdrawal-induced 

cell death(Palmada et al., 2002). c-Jun activation leads to the transcription of pro-

apoptotic target genes as well as positive regulation of its own expression. JNK also 

phosphorylates members of the Bcl2 family to antagonize the anti-apoptotic activity of 

Bcl2 or BclXl, as well as activating pro-apoptotic members Bim and Bmf (Eilers et al., 

2001; Dhanasekaran and Reddy, 2008). Other factors are involved in the precise 

regulation of this process. For example, X-linked inhibitor of apoptosis protein (XIAP), 

an endogenous caspase inhibitor expressed in sympathetic neurons, increases in 

expression during development. XIAP is protective in neurons maintained in NGF 

against apoptosis, even when cytochrome c is injected directly into the cell (Potts et al., 

2003; Kristiansen and Ham, 2014). This mechanism ensures protection of mature 

neurons, which unlike non-neuronal cells do not turn over throughout the lifetime of the 

organism. Hallmark phenotypic and morphologic changes indicate when a cell has 

initiated the apoptotic process, such as cell shrinkage brought about via the breakdown 

of cytosketelal proteins, chromatin condensation (known as pyknosis), and the 

breakdown of the nuclear envelope.  

 To further understand the complex molecular signals that mediate sympathetic 
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neuron survival and death, a more detailed background on neurotrophin signaling is 

needed. 

1.4 Neurotrophin signaling  

The discovery that diffusible factors from neuron target tissues can directly 

regulate the survival and differentiation of the neurons themselves was a seminal 

finding in developmental neurobiology. Since the initial findings by Rita Levi-Montalcini, 

Viktor Hamburger, and Stanley Cohen decades ago (Levi-Montalcini, 1966), an entire 

family of neurotrophins and their receptors have been characterized. The neurotrophic 

hypothesis, as postulated by these pioneering researchers, states that target organs 

secreting limiting amounts of growth factors to developing neurons leads to the 

considerable death cell observed during peripheral nervous system (PNS) development 

(Levi-Montalcini, 1966; 1987; Korsching, 1993; Huang and Reichardt, 2001).  

The discovery of NGF as an instructive and permissive signal for sensory neuron 

survival was followed by the discovery of structurally related factors that were released 

in the periphery. At the time, it was a revolutionary concept that these peripheral organs 

could control the development of their own neural circuits (Chao, 2003). Brain derived 

neurotrophic factor (BDNF), neurotrophin 3 (NT3), and neurotrophin 4 (NT4), together 

with NGF, make up the neurotrophin family of trophic factors, which are required for the 

proper development of the nervous system. Neurotrophins are synthesized as pro-

neurotrophins and are cleaved to produce mature proteins (Chao, 2003). The cleavage 

is carried about by furin or pro-convertases at highly conserved residues to produce 

mature, carboxy-terminal neurotrophins which are approximately 12kDa in size and 

exist in stable, non-covalent dimers (Chao, 2003). However, recent findings have 
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revealed that pro-neurotrophins can also be released, both during normal function of the 

nervous system and following injury (Hempstead, 2014). 

How these related proteins affect the developing neurons depends on the 

combination of neurotrophin receptors they express. All four neurotrophins in both their 

pro- and mature forms bind to the p75 neurotrophin receptor (p75NTR). NGF has a 

selective affinity for TrkA, BDNF and NT4 for TrkB, and NT3 binds selectively to TrkC. 

Neurotrophin dimers bind to their respective Trk receptors, which also exist at the cell 

surface as dimers.  

The three Trks represent a family of tyrosine kinase receptors that contains three 

single-pass type I transmembrane proteins. Their extracellular domains (ECD) are 

defined by leucine-rich repeats flanked on either side by two cysteine repeats and are 

highly glycosylated (Deinhardt and Chao, 2014). They interact with ligands using the 

second of their two immunoglobulin (Ig) domains located adjacent to the 

transmembrane domain (Wiesmann et al., 1999). Additionally, alternately spliced 

isoforms generate Trk receptors with different ECDs, intracellular domains (ICD)s and 

ligand binding affinities (Deinhardt and Chao, 2014).  

NGF binds to TrkA with nanomolar (nM) affinity. While TrkA is often called the 

NGF high affinity receptor, NGF binds to p75NTR with similar affinity (Hempstead et al., 

1991; Esposito et al., 2001). However, when TrkA and p75NTR are co-expressed in 

cells, NGF affinity for TrkA goes up 100-fold (Mahadeo et al., 1994). Interestingly, 

mutating the extracellular domain of p75NTR, where NGF binds, does not alter this 

higher affinity interaction. However, mutating p75NTR such that it can no longer form a 

complex with TrkA attenuates the increased affinity. This complex forms through 
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interactions between TrkA and p75NTR transmembrane and intracellular domains, but 

not the ligand-binding ECDs (Esposito et al., 2001). This suggests that p75NTR 

increases NGF-TrkA activity through an allosteric modulation that creates a higher 

affinity binding site for NGF (Harrison et al., 2000; Esposito et al., 2001). While TrkC is 

the preferred receptor for NT3, NT3 is promiscuous and can also bind to TrkA in the 

absence of p75NTR (Cordon-Cardo et al., 1991; Belliveau et al., 1997b; Kuruvilla et al., 

2004). NT3 expression by peripheral blood vessels along with target organ expression 

of NGF work in concert to ensure proper sympathetic neuron innervation and survival.  

Ligand binding to Trk receptors causes dimerization and subsequent trans-

activation. The intracellular kinase domain contains key tyrosine residues and 

phosphorylation of these initiates downstream signaling cascades, including activation 

of Phosphoinositide phospholipase C gamma (PLC-g), Phosphoinositide 3-kinase 

(PIK3), and extracellular signal-regulated kinases (Erk) (Deinhardt and Chao, 2014). 

Phosphorylation of Trk at the terminal tyrosine recruits and activates PLC-g, which in 

turn hydrolyzes Phosphatidylinositol 4,5-bisphosphate (PIP2) into second messenger 

Inositol trisphosphate (IP3) and diacylglycerol (DAG). IP3 causes a release in 

intracellular calcium stores (Ca2+), which activates Ca2+-sensing enzymes like 

Ca2+/calmodulin-dependent protein kinase (CaMK) or calcineurin (Deinhardt and Chao, 

2014). Calcineurin activation is also associated with the clatherin-mediated endocytosis 

of Trks (Scott-Solomon and Kuruvilla, 2018). Additionally, DAG formation can activate 

protein kinase C (PKC) (Figure 1.2).  

Phosphorylation of Trk receptors at the transmembrane-adjacent tyrosine leads 

to Shc binding, which activates PI3K via Grb1/2. PI3K activation leads to stimulation of 
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Akt, which promotes survival through phosphorylation and inhibition of pro-apoptotic 

proteins Bad and caspase 9. Akt can also inhibit cell cycle arrest through 

phosphorylation of cdk inhibitors p21 and p27 as well as promoting NFkB activity by 

directly phosphorylating IkB kinase (IKK) (Maggirwar et al., 1998; Mayo and Donner, 

2002).  Shc association with Trk also recruits and activates Ras, which leads to 

activation of Raf, which feeds into the MAPK signaling pathway, specifically Erk1/2, to 

initiate pro-neural differentiation and survival genes through phosphorylating various 

transcription factors, such as CREB (Reichardt, 2006). Receptor activation can also 

activate Rho family GTPases like Cdc42 and Rac to control the cytoskeletal dynamics 

associated with cell motility and axon outgrowth (Reichardt, 2006) (Figure 1.2). 
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Figure 1.2. Summary of molecular components involved in Trk receptor signaling. Stimulation of Trks by 

neurotrophins leads to survival signaling through multiple parallel pathways. 

 

Following NGF activation of TrkA, the receptor undergoes internalization and 

retrogradely trafficked signaling endosome is formed, which, remarkably, contains a 

vast array of intracellular signaling components (Howe and Mobley, 2005). The 

continued post-endocytic signaling of NGF results in Rac1/cofilin-dependent breakdown 

of the local actin network, freeing the endosome to be retrogradely transported 

(Jaworski, 2007). Endocytosis of Trk receptors and subsequent trafficking from distal 

axons to the neuronal soma occurs by either canonical clathrin-mediated endocytosis 

(Howe et al., 2001) or Pincher-mediated micropinocytosis (Shao et al., 2002; Valdez et 
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al., 2005). Both of these mechanisms require the GTPase dynamin, which is activated 

through PLCg (Bodmer et al., 2011; Harrington et al., 2011).  

The fate of these early Trk-containing endosomes is complex and may be 

dependent on the required biological outcome. Studies have localized internalized TrkA 

with early Rab5 and late Rab7-positive endosomes (Deinhardt et al., 2006). 

Additionally, several groups have shown that the formation multivesicular bodies are 

required for retrograde transport (Ye et al., 2018). The translocation of activated Trk 

receptors from the distal growth cone occurs via dynein, a motor protein that moves 

along axonal microtubules towards the minus end to the cell soma (Heerssen et al., 

2004). In order to recruit dynein to late endocytic vesicles, phosphorylated Trk receptors 

can recruit adaptor proteins snapin or retrolinkin (Zhou et al., 2012). Additionally, TrkA 

can directly phosphorylate dynein intermediate chain (DIC) suggesting it can self-

regulate its retrograde transport (Mitchell et al., 2012).  

Internalization of active TrkA receptors also allows for the signaling to be 

sustained and amplified, even after exogenous NGF is no longer available. It has been 

shown that Coronin-1, an endosomal effector protein can extend the TrkA signaling 

cascade in endosomes by allowing the vesicles to avoid lysosomal fusion and 

degradation (Scott-Solomon and Kuruvilla, 2018).  Arf6 is a member of the ADP-

ribosylation factor (ARF) family of proteins, which fall under the Ras superfamily of small 

GTPases. It has been shown to be involved in membrane trafficking of several 

receptors. AMPA receptors were reported to be recycled to the cell surface through Arf6 

expressing endosomes (Zheng et al., 2015). Additionally, the internalization and 

recycling of b1 integrin also involves activation of Arf6 (Powelka et al., 2004). Arf6 acts 
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at several steps in endosome recycling, including clathrin recruitment to endosomes to 

the recruitment of NM23-H1, a kinase involved in dynamin-dependent vesicle fission 

(D'Souza-Schorey and Chavrier, 2006).  

It was recently shown that TrkA can activate Arf6 to regulate its own recycling (Li 

et al., 2015). Work presented in this thesis demonstrates that Arf6 is activated by TrkA 

in sympathetic neurons through a mechanism dependent on PI3K and a member of the 

cytohesin family of guanine nucleotide exchange factors (GEFs). All 8 of the Arf6 GEFs 

contain a PH domain, which binds to phosphatidylinositol, and the PH domains of the 

cytohesins have highest affinity for phosphatidylinositol 3,4,5 triphosphate (PIP3) 

(Klarlund et al., 1997) a lipid produced by PI3 kinase. Therefore, it is likely that TrkA 

activation of PI3 kinase induces a local increase in PIP3, which recruits a cytohesin, 

leading to Arf6 activation. In contrast, Li et al. (2015) reported that TrkA activated Arf6 

through a mechanism dependent on Src. However, these mechanisms are not mutually 

exclusive; for example, the Src family member Fyn was reported to phosphorylate 

cytohesin-1, resulting in activation of the GEF and, subsequently, Arf6 (Yamauchi et al., 

2012). Therefore, TrkA may activate Arf6 through PI3 kinase-dependent recruitment of 

a cytohesin, followed by stimulating the cytohesin’s GEF activity through Src-mediated 

phosphorylation. Arf6 is therefore crucial to promoting TrkA recycling back to the 

plasma membrane. 

In PC12 cells treated with NGF, TrkA activated Arf6 through its interaction with 

GGA3 (Li et al., 2015). There are 3 GGA family members (GGA1-3), which are adaptor 

proteins involved in vesicular trafficking in the trans-Golgi network and in endocytosis 

(Bonifacino, 2004). NGF treatment activated Arf6 through TrkA and Arf6 recruited 
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GGA3 to TrkA-containing endocytic vesicles through direct interaction with the 

cytoplasmic tail of TrkA. Association with GGA3 resulted in reduced TrkA degradation 

and promoted recycling to the cell surface.  Knockdown of GGA3 in PC12 cells resulted 

in an attenuation of TrkA signaling due to the increased degradation of internalized 

receptor (Li et al., 2015).   

Survival signaling through Trk signaling can be enhanced by the co-expression of 

p75NTR (Hempstead et al., 1991). However, p75NTR has also been shown to be an 

important mediator of PCD in sympathetic neurons in order to balance the survival 

effects of Trk signaling (Bamji et al., 1998).  

1.5 p75NTR and the regulation of cell survival and death  

All of the neurotrophins, and their pro-forms, can bind to the p75 neurotrophin 

receptor (p75NTR), which is structurally and functionally quite distinct from Trk 

receptors. p75NTR is a member of the tumor necrosis family (TNF) of receptors due to 

similarities in its intracellular domain. Cysteine-rich domains in its extracellular domain 

interact with neurotrophins (Baldwin et al., 1992), while key conserved residues in the 

transmembrane aid in receptor dimerization and downstream signaling (Vilar et al., 

2009). p75NTR can exist at the plasma membrane as a monomer or dimer, or in 

complex with other receptors such as the Trks and sortilin, a member of the Vps10p 

family of sorting receptors.  

 p75NTR signaling has a wide variety of cellular effects, depending on the specific 

ligands and co-receptors present and the particular cellular context. p75NTR and TrkA, 

when co-expressed in cells, can form a high affinity complex capable of binding with 

high selectivity to NGF, but not NT3 (Hempstead et al., 1991). This interaction promotes 
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and augments the NGF survival signal through TrkA (Hempstead et al., 1991). P75NTR 

alone can also mediate survival signaling through TRAF recruitment of upstream NFkB 

pathway kinases (Khursigara et al., 1999). Downstream activation and nuclear 

translocation of NFkB subunits p65 and p50 subunits promotes survival signaling 

(Hayden and Ghosh, 2012).  

 However, p75NTR has been most investigated due to its ability to function as a 

cell death receptor. Its ability to stimulate PCD in response to ligand binding has been 

observed and studied in several biological systems, such as sympathetic, motor, and 

hippocampal neurons, photoreceptor cells, oligodendrocytes, and Schwann cells. 

(Casaccia-Bonnefil et al., 1996; Frade et al., 1996; Bamji et al., 1998; Syroid et al., 

2000; Linggi et al., 2005; Ceni et al., 2014).  Studies in p75NTR-/- mice have confirmed 

its role in developmental apoptosis and eliminating excess neurons in the developing 

forebrain, trigeminal ganglia, retina, spinal cord, and SCG (Frade et al., 1996; Bamji et 

al., 1998; Frade and Barde, 1999; Agerman et al., 2000; Naumann et al., 2002). 

Deletion of p75NTR in these tissues results in a significant increase in neuron number, 

suggesting it is required for normal developmental cell death.  

Because p75NTR can bind all of the neurotrophins and their proforms, the 

specific ligand activating apoptotic signaling depends on the cellular context. For 

example, in the developing retina, NGF stimulates p75NTR-mediated apoptosis (Frade 

and Barde, 1999) since there are no TrkA receptor in the retinal cells. In sympathetic 

neurons, it has been suggested that BDNF serves as the pro-apoptotic ligand (Bamji et 

al., 1998; Deppmann et al., 2008), although evidence for endogenous BDNF protein 

activating the receptor in these neurons is lacking.  
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 Pro-apoptotic ligand binding to endogenous p75NTR activates JNK signaling in 

sympathetic neurons and direct inhibition of JNK kinase activity is sufficient to prevent 

the induction of apoptosis (Kenchappa et al., 2010). There are 3 JNK genes in 

mammals and within this family, only deletion of JNK3 in SCGs prevented p75NTR 

mediated cell death in vitro and in vivo (Kenchappa et al., 2010). Like other members of 

the TNF family of receptors, p75NTR can promote intracellular signaling through direct 

interaction with a number of cytosolic effector proteins. One family of these proteins, 

aptly named TNF receptor-associated factors (TRAFs), interacts with the intracellular 

domain of p75NTR. Most TRAFs contain an E3-ubiqutin ligase domain, but instead of 

targeting its substrates for degradation, the ubiquitin chains added are linked via lysine 

63 and promote protein-protein interaction. While TRAFs 1-6 have all been reported to 

associate with p75NTR, the role of TRAF6 is best understood. Several groups have 

shown that ligand-mediated p75NTR activation of both JNK and NFkB require TRAF6 

association with the receptor (Khursigara et al., 1999; Yeiser et al., 2004). Traf6-/- mice 

fail to activate JNK in response to ligand binding as well as fail to undergo normal 

developmental cell death (Yeiser et al., 2004).  

The activation of JNK by p75NTR has also been reported to require the 

Neurotrophin receptor interacting factor (NRIF), a zinc finger protein that associates with 

the intracellular domain of p75NTR (Casademunt et al., 1999). NRIF was discovered to 

be necessary for the receptor’s apoptotic signal (Casademunt et al., 1999) and 

subsequently shown to be required for BDNF-induced JNK activation (Linggi et al., 

2005). Another interacting partner of p75NTR linked to JNK activation in sympathetic 

neurons is neurotrophin receptor-interacting MAGE homolog (NRAGE) (Salehi et al., 
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2000). It is unclear exactly how NRAGE contributes to downstream JNK activation, but 

overexpression is sufficient to activate JNK and begin the intrinsic apoptotic death 

pathway in PC12 cells. It likely acts as an adaptor linking TRAF6, NRIF, and p75NTR in 

some way that allows them to promote apoptotic signaling. Notably, nrage-/-  neurons 

are resistant to p75NTR-mediated apoptosis (Salehi et al., 2000; Bertrand et al., 2008). 

 It has also been suggested that p75NTR can regulate JNK through the 

production of ceramide, a lipid signaling molecule (Casaccia-Bonnefil et al., 1996). 

Dobrowsky and colleagues first reported p75NTR activation of this lipid signal in glioma 

cells (Dobrowsky et al., 1994). They found that p75NTR activation increased 

intracellular ceramide levels, which resulted in a decrease in cell growth, while direct 

inhibition of sphingomyelinase in these cells prevented ceramide accumulation and 

blocked the receptor-mediated inhibition of growth. Chao et al., reported that p75NTR 

stimulated an increase in ceramide production in oligodendrocytes and this correlated 

with JNK activation, resulting in apoptosis (Casaccia-Bonnefil et al., 1996). 

Subsequently, multiple groups have reported p75NTR’s ability to stimulate ceramide 

production in several cell types, including neurons (Culmsee et al., 2002) and Schwann 

cells (Hirata et al., 2001) through activation of sphingomyelinase.  

 The proteolysis of p75NTR represents an additional mechanism for signaling to 

downstream cellular targets. The ECD of p75NTR is first cleaved by the 

metalloproteinase TNFα-converting enzyme (TACE, also known as ADAM17), releasing 

an approximately 30 kDa membrane-bound fragment (CTF) (Weskamp et al., 2004). 

The remaining soluble ectodomain is released into the extracellular space and the CTF 

is further cleaved proximal to the transmembrane domain by g-secretase complex, 
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releasing a soluble ~25 kDa intracellular domain into the cytosol (Jung et al., 2003; 

Kanning et al., 2003) .  

The cleavage of p75NTR has been shown to be necessary for neuronal 

apoptosis in sympathetic (Kenchappa et al., 2006), and hippocampal neurons (Volosin 

et al., 2008). The release of p75NTR’s ICD enables direct signaling to the nucleus by 

enabling nuclear translocation of the intracellular binding partner NRIF. Although NRIF 

has been reported to contribute to the activation of JNK (Linggi et al., 2005; Kenchappa 

et al., 2010), it is a C2H2-type zinc finger protein that can regulate gene transcription 

(Korade et al., 2009). Deletion of NRIF (Linggi et al., 2005; Volosin et al., 2008) or 

blocking its nuclear translocation (Geetha et al., 2005; Kenchappa et al., 2006) 

prevented p75NTR apoptotic signaling. However, it should be noted that the role of 

p75NTR proteolysis in signaling appears to depend on the cellular context and is not 

always required for the induction of cell death (Vicario et al., 2015).  

p75NTR can also complex with other receptors to induce apoptosis in response 

to unprocessed neurotrophins. Pro-neurotrophins can induce PCD by forming a high 

affinity protein complex with p75NTR and co-receptor Sortilin. Sortilin, and other 

members of Vps10p family have multifunctional biological roles in protein sorting and 

trafficking. Proneurotrophins bind to Sortilin via their pro-domain while interacting with 

p75NTR with the mature domain(Nykjaer et al., 2004). This complex stimulates cell 

death in cultured sympathetic neurons in vitro (Nykjaer et al., 2004; Teng et al., 2005), 

and mice with a genetic deletion of Sortilin exhibit a reduction in normally occurring, 

developmental sympathetic neuron apoptosis (Jansen et al., 2007). 
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Figure 1.3. Summary of molecular components involved in p75NTR receptor signaling. Stimulation of 

p75NTR by neurotrophins or pro-neurotrophins leads to cell death signaling. Additionally, cleavage of the 

ICD can induce apoptotic through transcriptional regulation. 

1.6 Anterograde receptor trafficking 

While the previous section focused on ligand binding to TrkA and subsequent 

receptor activation and retrograde signaling, it is also important to understand how 

neurons regulation the initial insertion of Trk receptors and p75NTR into the plasma 

membrane. Like most receptors destined for the plasma membrane, Trk receptors are 

synthesized and delivered to the surface in Golgi-derived vesicles. After synthesis and 

maturation in ER-Golgi, mature receptors are shuttled directly to the distal axons 
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through canonical secretory machinery. Trks associate with Sortilin (which also interacts 

with p75NTR at the surface) and that interaction appears to be required for proper 

sorting of Trk-containing vesicles from the Golgi (Vaegter et al., 2011). Sortillin-/- 

studies show it is required for proper anterograde transport of the Trk receptors, 

however its precise role remains unclear. One possibility is that Sortilin can act as a 

scaffold to link Trk receptor-containing vesicles with anterograde kinesin motors.  

In sensory neurons, TrkA is transported in Rab3+ secretory vesicles by plus-end 

directed motor protein, KIF1A (Tanaka et al., 2016). In other Trk-expressing cell types, 

several proteins have been studied that may also act as adaptors for the formation of 

the proper anterograde motor complex. In hippocampal TrkB-positive neurons, a 

complex consisting of the Rab27B GTPase, Slp1, and a microtubule-binding adapter 

protein, CRMP-2, links the receptor to Kinesin-1 vesicles for anterograde transport 

(Arimura et al., 2009). Additionally, members of the JIP family of adaptors appear to be 

required for proper TrkB trafficking (Scott-Solomon and Kuruvilla, 2018).   

1.7 Project goals 

Many of the molecular players in Trk receptor trafficking, internalization, 

recycling, and retrograde transport are well known. In contrast, virtually nothing is 

known about p75NTR anterograde transport to the cell surface. We are beginning to 

understand how p75NTR is internalized, but little is known about how it signals back to 

the cell soma. The main goals of the following studies are aimed at more fully 

elucidating how p75NTR trafficking to and from the membrane is regulated.  Chapter 2 

will focus on how p75NTR trafficking enables sympathetic neurons to switch from NT3 

responsiveness to target-derived NGF responsiveness. Chapter 3 will investigate the 
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formation and molecular regulation of the p75NTR retrograde apoptotic signaling 

complex after NGF withdrawal or ligand binding to the receptor. Specifically, I sought to: 

• Determine if exposure to neurotrophins affects the surface expression of p75NTR 

in neurons 

• Define the intracellular signal(s) that is/are required for shuttling p75NTR to the 

surface 

• Determine if p75NTR protein, not yet at the cell surface, is stored intracellularly 

or directly trafficked to the plasma membrane following synthesis 

• Determine how the expression of p75NTR at the neuronal surface influences 

neurotrophin responsiveness 

• Elucidate how p75NTR gets retrogradely trafficked in response to ligand or non-

ligand mediated cell death 
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2. Neurotrophin responsiveness of sympathetic 
neurons is regulated by rapid mobilization of the p75 
receptor to the cell surface through TrkA activation 

of Arf6 
 

This chapter contains the data from my first author manuscript that has been 
accepted at the Journal of Neuroscience: 
 
Hickman, FE; Stanley, E; Carter, BD. (2018) Neurotrophin responsiveness of 
sympathetic neurons is regulated by rapid mobilization of the p75 receptor to the 
cell surface through TrkA activation of Arf6. Journal of Neuroscience  
 
 
2.1 Abstract 
 

The p75 neurotrophin receptor (p75NTR) plays an integral role in patterning 

the sympathetic nervous system during development.  Initially, p75NTR is 

expressed at low levels as sympathetic axons project toward their targets, which 

enables neurotrophin-3 (NT3) to activate TrkA receptors and promote growth. 

Upon reaching nerve growth factor (NGF) producing tissues, p75NTR is up 

regulated resulting in formation of TrkA-p75 complexes, which are high affinity 

binding sites selective for NGF, thereby blunting NT3 signaling.  The level of 

p75NTR expressed on the neuron surface is instrumental in regulating trophic 

factor response; however, the mechanisms by which p75NTR expression is 

regulated are poorly understood.  Here, we demonstrate a rapid, translation 

independent increase in surface expression of p75NTR in response to NGF in rat 

sympathetic neurons. p75NTR was mobilized to the neuron surface from GGA3-

postitive vesicles through activation of the GTPase Arf6, which was stimulated by 

NGF, but not NT3 binding to TrkA. Arf6 activation required PI3 kinase activity and 
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was prevented by an inhibitor of the cytohesin family of Arf6 GEFs. 

Overexpression of a constitutively active Arf6 mutant (Q67L) was sufficient to 

significantly increase surface expression of p75NTR even in the absence of NGF.  

Functionally, expression of active Arf6 markedly attenuated the ability of NT3 to 

promote neuronal survival and neurite outgrowth while the NGF response was 

unaltered. These data suggest that NGF activation of Arf6 through TrkA is critical 

for the increase in p75NTR surface expression that enables the switch in 

neurotrophin responsiveness during development in the sympathetic nervous 

system. 
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2.2 Introduction 
 

Neurotrophin regulation of the sympathetic nervous system is intricately 

controlled during embryonic development to maximize the limited supply of trophic 

support available during neuronal innervation of target tissues. These neurons 

depend on Nerve growth factor (NGF) binding to its tyrosine kinase receptor, TrkA, 

for their survival.  However, prior to reaching NGF-producing targets, sympathetic 

axon growth is promoted by neurotrophin-3 (NT3) produced in adjacent blood 

vessels. Although TrkC is the preferred receptor for NT3, it is not expressed by 

sympathetic neurons; instead, NT3 signals through TrkA receptors, which can bind 

NT3 with low affinity (Birren et al., 1993; ElShamy and Ernfors, 1996; Belliveau et 

al., 1997a; Kuruvilla et al., 2004).  Once axons reach NGF-rich regions, TrkA 

receptors lose responsiveness to NT3 in favor of NGF to promote sympathetic 

neuron survival and innervation of the target (Benedetti et al., 1993; Brennan et al., 

1999; Kuruvilla et al., 2004).  This shift in responsiveness has been attributed to an 

increase in the expression of the neurotrophin receptor p75 (p75NTR), which in 

turn, forms a complex with TrkA. This p75NTR-TrkA complex functions as a high 

affinity receptor that is very selective for NGF over NT3 (Hempstead et al., 1991).  

While it is known that TrkA activation can induce p75NTR transcription, the 

mechanisms regulating p75NTR trafficking to the cell surface have not been 

investigated.  

The p75NTR is a pleiotropic signaling receptor, capable of promoting 

survival and growth or apoptosis and degeneration, depending on the expression 

of its co-receptors and ligands (Kraemer et al., 2014). While p75NTR-TrkA 

complexes elicit pro-survival and axonal growth signaling selectively in response to 
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NGF, neurotrophin binding to p75NTR alone or binding of pro-neurotrophins to a 

complex of p75NTR and members of the Vps10p-domain family of receptors can 

initiate cell death and axonal degeneration (Nykjaer et al., 2004; Teng et al., 2005). 

Hence, precise developmental timing of p75NTR expression on the neuronal 

surface is critical for determining neurotrophin selectivity as well as modulating 

survival versus apoptotic signaling.  

In considering the mechanisms by which target-derived NGF could increase 

p75NTR trafficking to the plasma membrane, we speculated that the GTP binding 

protein Arf6 may be involved. Arf6 is one of 6 related Arf GTPases (designated 

Arf1-6). However, unlike Arf1-5, which are primarily localized to the Golgi and 

endoplasmic reticulum and regulate vesicular trafficking between these two 

organelles (Wieland and Hartert, 1999; Volpicelli-Daley et al., 2005), Arf6 is 

localized to the plasma membrane and endosomal compartments where it plays 

an integral role in plasma membrane endo- and exocytosis, endocytic recycling, 

and actin cytoskeleton rearrangement (D'Souza-Schorey and Chavrier, 2006; 

Hongu and Kanaho, 2014). Moreover, Arf6 was recently reported to promote TrkA 

recycling following NGF- mediated endocytosis through recruiting the adapter 

protein, Golgi-localized, l adaptin-ear-containing ADP ribosylation protein 3 

(GGA3) (Li et al., 2015). 

The activity of Arf proteins is regulated, in part, by guanine nucleotide 

exchange factors (GEFs). There are 8 GEFs that can promote Arf6 activation, 

including  cytohesin-1, which was shown to translocate to the plasma membrane 

of PC12 cells in response to NGF activation of TrkA and the formation of 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) (Venkateswarlu et al., 1999). Since 
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Arf6 localizes to the plasma membrane, as well as endosomes, enrichment of 

cytohesin-1 at the cell surface would be predicted to locally activate Arf6, although 

this was not investigated. Interestingly, activation of Arf6 by another tyrosine 

kinase receptor, c-Met, was shown to promote recycling of the b1-integrin receptor 

and increase its expression at the plasma membrane (Hongu et al., 2015). These 

results suggest that TrkA activation may similarly increase the expression of 

p75NTR on the surface of sympathetic neurons through regulation of Arf6. 

 In this report, we provide evidence for a rapidly occurring NGF-induced 

increase in p75NTR surface expression in sympathetic neurons, independent of 

new protein translation, caused by TrkA activation of the GTPase Arf6. 

Furthermore, we show that Arf6 regulation of p75NTR levels at the plasma 

membrane alters trophic factor responsiveness of sympathetic neurons.   

2.3 Methods 
 
Primary Cell Culture – All experiments conducted with tissues derived from 

animals were approved by the Animal Care and Use Committee at Vanderbilt 

University.  Neurons from the superior cervical ganglia (SCG) were dissected from 

postnatal day 2-3 Sprague-Dawley or CD1 rats (male and female; Charles River, 

Wilmington, MA) and dissociated with 0.08% trypsin (Worthington) and 0.3% 

collagenase (Sigma-Aldrich, St. Louis, MO). For p75NTR-/- studies, C57BL/6 mice 

or p75NTR-/- (Jackson Laboratories, Bar Harbor, ME) SCGs were dissociated with 

0.3% collagenase with 0.1% DNase for 30 minutes, with .0.08% trypsin added for 

the final 10 minutes. Neurons in single cell suspension were then plated at ~5000 

neurons/0.7mm2 on 4-well chamber slides, 8-well chamber slides (Thermo Fisher 

Scientific, Waltham, MA), 1 mm glass coverslips, or cell culture dishes coated with 
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poly-D-lysine (overnight, MP Biomedicals, Santa Ana, CA) and laminin (~2 hrs, 

Invitrogen, Waltham, MA).  Neurons were cultured in Ultraculture media (Lonza, 

Houston, TX) with 3% fetal bovine serum (Denville Scientific Inc., South Plainfield, 

NJ), 2 mM L-Glutamine (Invitrogen), 100 units/ml penicillin, and 100 µg/ml 

streptomycin (Invitrogen) at 37°C in 5% CO2.  Depending on the experiment, one 

of the following trophic factors or supplements was added to the media to promote 

neuron survival; 40 ng/ml nerve growth factor (NGF, Harlan Laboratories, Houston, 

TX), 100 ng/ml neurotrophin-3 (NT3, kindly provided by Regeneron, Tarrytown, 

NY) or 12.5 mM KCl, unless otherwise specified.  To prevent the proliferation of 

non-neuronal cells in culture, 18 hours after initial plating cells were treated with 10 

μM cytosine arabinoside (AraC; Sigma-Aldrich) for 24-36 hours. NGF was 

removed from neurons 18 hours prior to GTP-activation assays by replacing NGF 

containing media with media supplemented with 12.5 mM KCl and anti-NGF 

antibody (0.1 μg/ml; Chemicon, Billerica, MA). 

 In some experiments, neurons in suspension were electroporated prior to 

plating using a rat neuron Nucleofactor kit (cat. No. VGP-1003, Amaxa 

Biosystems, Walkersville, MD) and program G-013.  Neurons were electroporated 

with GFP alone, or GFP and a constitutively active Arf6 (Q67L; Addgene, 

Cambridge, MA (Furman et al., 2002)), or the Arf6 GAP ACAP1 (Addgene, 

(Jackson et al., 2000)).  Only neurons expressing GFP were used for subsequent 

analysis. Mouse neurons pooled from postnatal day 4-6 pups were electroporated 

as above and immediately divided into NGF or NT3 treatment media before 

plating.  
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Immunoprecipitation & Western blot analysis – For Arf6 assays, following NGF 

withdrawal, neurons were treated with NGF (40 ng/ml), NT3 (100 ng/ml), or BDNF 

(200 ng/ml; generously provided by Regeneron) for indicated times, lysed and 

subjected to an Arf6 activation assay (Cell Biolabs, San Diego, CA; STA-407-6) 

per the manufacturer’s instructions.  Neurons were immunoprecipitated with the 

provided GGA3 beads, recognizing the GTP-bound Arf6, and Arf6 was detected 

using a combination of monoclonal (Cell Biolabs, Inc.) and polyclonal (Abcam, 

Cambridge, UK) antibodies.   

For biotinylation experiments, neurons cultured continuously in 12.5 mM 

KCl were treated for 2 hours with NGF (40 ng/ml), or NGF and the Arf6 GEF 

inhibitor SecinH3 (50 μM; Abcam) at 37°C, followed by biotinylation of surface 

proteins using EZ-Link Sulfo-NHS-LC Biotin (Pierce; Rockford, IL) at 4°C.  

Biotinylated proteins were immunoprecipitated with avidin agarose beads (Pierce), 

separated by SDS-PAGE, transferred to nitrocellulose and p75NTR was detected 

with a polyclonal antibody [generated as described previously (Kenchappa et al., 

2010)]. The signal was visualized using anti-rabbit peroxidase-conjugated 

secondary antibody, enhanced chemiluminescence and a BioRad ChemiDOC MP 

imaging system. The band intensity was quantified using Fiji Software (Schindelin 

et al., 2012), normalized to total protein in the lysate fraction, and expressed as a 

percent control of untreated neurons. 

Surface expression assays - To determine the mechanisms of NGF-induced 

p75NTR trafficking, neurons cultured continuously in 12.5 mM KCl were treated 

with NGF (40 ng/ml), or NGF in combination with one of the following inhibitors: 
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cycloheximide (CHX, 100 ng/μl; Sigma), K252a (200 nM; Millipore), LY294002 (50 

μM; Sigma), or SecinH3 (50 μM; Abcam) for the indicated times.  At the conclusion 

of the time course, live, unpermeabilized cells were placed on ice and stained with 

an antibody for the extracellular domain of p75NTR (MC192; 1:50; Santa Cruz), 

sortilin (1:100; graciously supplied by Anders Nykjaer, Aarhus Univeristy; Aarhus, 

Denmark) or TrkA (sc118; 1:100; Santa Cruz, Dallas, TX) and cholera toxin B 

conjugated to Alexa 647 (CTB; 1:1000; Invitrogen) in PBS for 90 minutes.  

Following live staining, neurons were fixed with 4% paraformaldehyde (RT; 25 

min).  Some neurons were stained with anti-Tuj1 (1:1000; Covance, Princeton, NJ) 

or anti-neurofilament (1:1000; Millipore), and primary antibodies were visualized 

with appropriate Alexa Fluor conjugated secondary antibodies (1:1000; Invitrogen).  

Tuj1 or neurofilament positive cells and GFP electroporated neurons were imaged 

in a single optical slice using a 63x oil immersion objective on a Leica TCS SP5 

confocal microscope equipped with LAS AF software (Leica Microsystems, Inc., 

Wetzlar, Germany), and surface intensity of individual neurons was determined 

using Fiji Software, where a standard threshold was applied to each image prior to 

intensity assessment. The images were analyzed in a blinded manner.  

Approximately 25-30 neurons per condition were sampled for each experiment.  

Average surface intensity per condition was normalized and expressed as percent 

control. 

 

Immunocolocalization analysis –For p75NTR-GGA3 colocalization analysis, rat 

SCG primary neurons were electroporated with a pEGFP-N1 construct containing 

GGA3 fused to EGFP (5 ug, generously provided by Dr. Guangyu Wu) and initially 
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cultured for 18 hours in 12.5 mM KCl prior to the addition of NGF for 2 hours. 

Fixed, permeabilized neurons were stained for p75NTR (1:50, MC192) and anti-

GFP (1:1000, Abcam) and counterstained with neurofilament (NF, 1:1000, 

Milipore) to mark neurons. Approximately 1 micron sections of GFP+, NF+ 

neurons were imaged in 0.16 um slices on a Zeiss LSM 880 confocal with 

Airyscan. Post-processed images were analyzed using the Coloc2 plugin in Fiji 

and Pearson’s R coefficients were computed between GGA3 and p75NTR 

channels. For further intracellular compartment colocalization analysis, un-

electroporated rat SCG neurons were initially cultured in 12.5 mM KCl prior to the 

addition of NGF for 2 hours. Fixed, permeabilized neurons were stained for 

p75NTR (1:50, MC192) and Rab11 (1:250, VU57 antibody generously provided by 

Dr. Jim Goldenring). Colocalization analysis was completed as described above. 

 

Survival assays – Neurons were initially cultured for 2 days in 12.5 mM KCl prior to 

addition of increasing concentrations of NT3 (2.5-100 ng/ml) or NGF (0.2-40 

ng/ml), or removal of KCl entirely (starved condition) for 48 hours.  Fixed, 

permeabilized neurons were stained with anti-Tuj1 and visualized with appropriate 

Alexa Fluor conjugated secondary antibodies.  Slides were imaged using a Zeiss 

Axioskope 2 fluorescent microscope equipped with an AxioCam MRc5 camera and 

AxioVision software (Carl Zeiss Microscopy, Oberkochen, Germany), and 10 

randomized fields were captured per condition per experiment.  Neurons were 

classified as non-apoptotic or apoptotic by blinded assessment of DAPI nuclear 

staining, as previously described (Kenchappa et al., 2010). 
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Neurite outgrowth analysis– Rat sympathetic neurons were electroporated with 

GFP (1 ug) alone, or GFP and a constitutively active Arf6 (Q67L) (5 ug) and 

immediately plated into media containing either 40 ng/ml NGF or 100 ng/ml NT3. 

Neurons were fixed after 16 hours and counterstained for with anti-GFP (1:1000, 

Abcam) and neurofilament (1:1000, Millipore) to visualize electroporated cells and 

neurites, respectively. Electroporated neurons were imaged using Nikon Eclipse Ti 

inverted fluorescent microscope. The longest neurite for each GFP+ neuron was 

measured in a blinded manner using Fiji software. Mouse wildtype or p75NTR-/- 

neurons were electroporated with GFP and Arf (Q67L) and immediately plated into 

media containing either 40 ng/ml NGF or 100 ng/ml NT3. Neurons were fixed after 

48 hours and counterstained for with anti-GFP (1:1000, Abcam) and neurofilament 

(1:1000, Millipore) and analyzed as above.  

 

Statistical Analysis – Data are presented as mean ± standard error of the mean 

(SEM) and expressed as a percentage of the control mean for each experiment.  

Means were compiled for each condition and outliers detected using a Grubbs’ test 

were replaced with the average of the means.  These data were analyzed using a 

one-way analysis of variance (ANOVA) with a planned independent samples t test 

post hoc on the means contributing to the significance of the variance. For 

experiments with only 2 data sets, the results were analyzed by an unpaired 

student’s t-test.  Two sample sets were considered significantly different when p < 

0.05.  All statistical analysis was performed and graphed in GraphPad Prism (V 

6.0, GraphPad Software, Inc., La Jolla, CA). 
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2.4 Results 
 
p75NTR surface expression is rapidly up regulated by NGF –Previous studies 

have shown that sympathetic neurons and neuroblasts treated with NGF increase 

transcription of p75NTR (Miller et al., 1994; Verdi and Anderson, 1994; Wyatt and 

Davies, 1995). However, given the time required for transcription, translation and 

trafficking of p75NTR to the distal axon, and the very rapid pace of early 

mammalian development, we considered the possibility that NGF could more 

acutely induce surface p75NTR expression. Here, we introduce a novel, rapid up 

regulation of surface expressed p75NTR induced by NGF starting as early as 30 

minutes and persisting for up to 2 hours, resulting in nearly a two-fold increase 

over baseline expression [Figure 2.1A-B, F(3,94) = 10.17, p < 0.0001].  Since 

sympathetic neurons are dependent on NGF for survival, we initially cultured the 

neurons in KCl (12.5 mM) to promote neuronal survival in the absence of trophic 

factor support.  Surface expression of p75NTR was imaged in live neurons using 

an antibody directed to the extracellular domain of p75NTR (red), and Alexa 647 

conjugated to cholera toxin B (CTB, blue) to define the cell membrane. 

Importantly, the NGF-induced increase in surface p75NTR was not blocked by co-

administration of the translational inhibitor cycloheximide (CHX), while long-term 

application (24 hrs) of NGF and CHX prevented the up regulation of p75NTR at 

the plasma membrane [Figure 2.1A,C, F(4,25) = 4.338, p = 0.0084]. These results 

suggest that the rapid increase in surface-expressed p75NTR is sourced from 

existing intracellular p75NTR, evident in permeabilized neurons immunolabeled 

with p75NTR (Figure 2.1A’). Translocation of p75NTR from intracellular storage 

pools to the cell surface was specific for NGF, as NT3 elicited no change in 
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p75NTR surface expression [Figure 2.1D, F(2,9) = 4.79, P = 0.038]. Assessment 

of total p75NTR in permeabilized neurons and sympathetic neuron lysates 

indicated neither neurotrophin altered total p75NTR expression following an acute, 

2 hour treatment (Figure 2.1E-F).  

We also investigated the effects of BDNF, which only binds to p75NTR in 

sympathetic neurons, to determine whether p75NTR up regulation could be a 

positive feedback system from this receptor. However, acute administration of 

BDNF did not significantly alter the surface expression of p75NTR within 2 hours 

of treatment [KCl = 100 ± 12.5 vs. BDNF = 110 ± 20.5, p=0.96]. 

Since the rapid recruitment of p75NTR to the cell surface would be 

expected to occur first at the nerve terminals, as the sympathetic axons reach 

NGF-producing target tissues, we tested whether the p75NTR up regulation could 

also be detected in growth cones.  After 2 hours of NGF treatment, there was 

approximately a 2-fold increase in surface expression of p75NTR, specifically on 

growth cones; this was unaffected by co-administration of CHX with NGF [Figure 

2.1G,H., F(2, 150) = 1.47, p=0.03] and in agreement to what we detected in the 

neuron cell bodies. 
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Figure 2.1. NGF rapidly increases p75NTR surface expression in sympathetic neurons. The 

surface expression of p75NTR in sympathetic neurons was quantified by immunolabeling live 

neurons with an antibody to the extracellular domain of the receptor and fluorescently conjugated 

cholera toxin B (CTB) to define the cell surface, followed by fixation and immunostaining for the 

neuron specific marker TuJ1 or neurofilament.  (A) Representative images of p75NTR expression 

in neurons cultured in KCl (12.5 mM) (white circled neuron, top row), treated for 2 hrs with NGF 

(40ng/ml) alone or together with cycloheximide (CHX, 100 ng/ml) or treated with NT-3 (100ng/ml).  

(A’) Immunostaining for p75NTR in permeabilized neurons cultured in KCl, revealing the presence 

of intracellular p75NTR.  (B, C). The level of p75NTR fluorescence intensity following treatment 

with NGF for the indicated time was determined by confocal imaging and quantified using Fiji 

software. (D) The expression of p75NTR at the cell surface in response to 2 hrs exposure to NGF 

was compared to treatment with NT3 (100 ng/ml) by quantification of fluorescence intensity. (E) 

The total level of p75NTR expression was not altered after 2 hrs treatment with NGF or NT3, as 

quantified after permeabilizing the neurons and immunolabeling the receptor. (F) Western blot 

analysis of total neuronal p75NTR expression with or without 2 hr NGF treatment. The signal was 

quantified and normalized to tubulin. (n=3; * p ≤ 0.05, ***  p ≤ 0.001 compared to 0 NGF; ^ p ≤ 0.05 

compared to 24 hours NGF; scale bar = 10 μm). (G) Representative images of sympathetic neuron 

growth cones pre-treated for 1 hr with 10 µM CHX followed by KCl, NGF, or NGF + CHX for 2 hrs 

before staining for p75NTR in unpermeabilized conditions. Cholera toxin B (CTB) was used to 

show the growth cone membrane. (H) Quantification of p75NTR surface intensity in pixels per area 

of growth cone (n=3;  * p < 0.05). 

 

Interestingly, the induction of p75NTR surface expression by NGF appeared 

specific for neurons, as satellite glial cells (which do not express TrkA receptors) 

maintained high levels of surface p75NTR even in the absence of neurotrophic 

support (Figure 2.2A).   To determine whether the effects of NGF on receptor 

trafficking were specific to p75NTR, we assessed TrkA (Figure 2.2B) and sortilin 
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(Figure 2.2C) surface expression within the first 2 hours of treatment but observed 

no significant alterations. Cycloheximide also did not have a significant effect on 

the expression of these receptors within this time frame.  These data indicate that 

NGF induces a rapid, translation-independent increase in surface expression 

specifically of the p75NTR in sympathetic neurons. 
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Figure 2.2. Rapid regulation of neurotrophin receptor expression by NGF is specific for neuronal 

p75NTR. (A) Expression of p75NTR on the surface of satellite glial cells present in cultures of 

sympathetic neurons grown in KCl (12.5 mM) was detected by immunolabeling p75NTR in live cells 

with an antibody to the extracellular domain of the receptor. The cell surface was defined using 

fluorescently labeled cholera toxin (CTB). The glial cells maintain robust p75NTR surface 

expression (white arrow) while sympathetic neurons in the same culture exhibit very low expression 

of p75NTR on the cell surface (white asterisks). The surface level of TrkA (B) or sortilin (C) 

following treatment with NGF (40 ng/ml) with or without CHX (100 ng/ml) for 0, 1 or 2 hrs was 

determined by immunostaining live neurons with an antibody to the extracellular domain of each 

receptor. The level of receptor at the cell surface was determined by confocal imaging and 

fluorescence intensity quantified using Fiji software (representative images are shown on the right). 

There was no significant change in the surface expression of TrkA or sortilin following NGF 

treatment, with or without CHX (n= 2-3, scale bars = 10 μm). 

 

 

NGF increases p75NTR surface expression by activation of Arf6 – A growing body 

of literature has pointed to the GTPase Arf6 as a pivotal regulator of vesicular 

trafficking and receptor recycling (D'Souza-Schorey and Chavrier, 2006), including 

the neurotrophin receptor TrkA (Li et al., 2015); therefore, we considered the 

possibility that NGF may induce p75NTR shuttling to the plasma membrane 

through activation of Arf6. To determine if NGF stimulates Arf6 in sympathetic 

neurons, we applied NGF acutely (0-30 minutes) and assessed activation by pull-

down of the GTP-bound form of Arf6 using GGA3-coupled beads (Figure 3A).  

Peak activation of the GTPase occurred after 15 minutes of NGF treatment and 

began to abate after 30 minutes [F(3,14) = 5.272, P = 0.012]. Similar kinetics of 
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Arf6 activation were recently reported for NGF in PC12 cells (Li et al., 2015).  

Importantly, the activation detected in the sympathetic neurons was selective for 

NGF, as 100 ng/ml NT3 or BDNF were insufficient to elicit GTP-binding of Arf6 

[Figure 2.3B, F(3,10) = 4.684, P =0.027]. Since BDNF only binds to p75NTR, and 

not p75NTR in complex with TrkA, in sympathetic neurons, this result indicates 

that the receptor does not activate Arf6 to regulate its own expression. NT3 is able 

to bind TrkA and can promote survival of the neurons at this concentration 

((Belliveau et al., 1997a); Figure 2.6); however, it was unable to activate Arf6, 

which correlates with its inability to increase p75NTR at the cell surface (Figure 

2.1D). 

 

Figure 2.3. NGF induces activation of Arf6. (A) NGF was withdrawn from sympathetic neurons and 

replaced with KCl for ~18 hours, then neurons were exposed to NGF (40 ng/ml) for the indicated 

time, lysed and the activated Arf6 determined by pull down of the GTP bound form with GGA3-

couple beads and western blot for Arf6 (IP). The lysates were also blotted for total Arf6 (Lys) and 
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the ratio of the active to total used to quantify the fraction of active Arf6, which was expressed as a 

percent of neurotrophin naïve control. NGF induced a significant increase in GTP-bound Arf6 after 

15 minutes that began to abate after 30 minutes. (B) The activation of Arf6 in the neurons was 

specific for NGF, as 15 min treatment with BDNF (100 ng/ml) or NT3 (100 ng/ml) did not alter the 

activity of Arf6 (n = 3-5; ** p ≤ 0.01 compared to 0). 

 

To directly evaluate the ability of Arf6 to regulate p75NTR surface 

expression, sympathetic neurons were electroporated with the constitutively active 

(CA) Arf6 mutant, Q67L and p75NTR surface expression was assessed using 

confocal microscopy (Figure 2.4). Neurons electroporated with CA Arf6 displayed 

a significant increase in p75NTR surface expression in the absence of NGF [100 ± 

18 vs. 234 ± 45, p = 0.026]. Even when the neurons were continuously exposed to 

NGF, CA Arf6 was able to further up regulate p75NTR [100 ± 13 vs. 176 ± 30, p = 

0.032].  Conversely, when we electroporated neurons with the Arf6 GAP, ACAP1, 

which effectively inhibits Arf6 by inducing conversion to the GDP-bound state, 

there was a significant reduction in surface expressed p75NTR, even when 

cultured in NGF-containing media [100 ± 9 vs. 70 ± 10, p = 0.048].  These data 

demonstrate that sustained activation or inactivation of Arf6 is sufficient to regulate 

the level of accessible p75NTR at the neuronal surface.  
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Figure 2.4. Arf6 regulates p75NTR surface expression. Sympathetic neurons were electroporated 

with a plasmid expressing GFP (top) or GFP and Q67L Arf6 (bottom) or the Arf6 GAP, ACAP1, 

then cultured with KCl or NGF. After 3 days, the surface expression of p75NTR in sympathetic 

neurons was quantified by immunolabeling live neurons with an antibody to the extracellular 

domain of the receptor, followed by fixation, confocal imaging and measurement of fluorescence 

intensity using Fiji software. To define the surface of the cells, fluorescently labeled cholera toxin 

(CTB) was added to live neurons during immunostaining.  (A) Representative images of p75NTR 

expression on the cell surface in neurons cultured in KCl after electroporation with a vector 

expressing GFP or GFP and Q67L Arf6. Note the absence of p75NTR in GFP controls (white 

circle), but increased surface expression in the presence of Q67L Arf6. (B) Quantification of 

p75NTR surface expression in neurons cultured with KCl (white bars) or 40 ng/ml NGF (black 

bars). The signal is expressed as a percentage relative to neurons expressing GFP alone (n = 5-7; 

* p ≤ 0.05 compared to GFP electroporated controls, scale bar = 10 μm). 
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NGF increases surface p75NTR through a TrkA-PI3 kinase-Arf6 pathway – In 

sympathetic neurons, NGF binds to TrkA receptors to elicit pro-survival signaling 

through well-characterized signaling cascades, including activation of 

phosphoinositide 3-kinase (PI3K) (Deinhardt and Chao, 2014).  Interestingly, it 

was previously reported that NGF stimulated recruitment of the Arf6 GEF 

cytohesin-1 to the plasma membrane through activation of PI3K in PC12 cells 

(Venkateswarlu et al., 1999).  Therefore, we hypothesized that NGF-induced 

p75NTR surface expression requires TrkA-mediated activation of PI3K, leading to 

stimulation of Arf6.  To test our hypothesis, we first acutely treated sympathetic 

neurons with NGF, or NGF combined with the Trk inhibitor K252a and measured 

the level of p75NTR at the plasma membrane. As predicted, inhibition of TrkA 

prevented the NGF-induced increase in surface p75NTR [Figure 2.5A, F(6,49) = 

2.468, P = 0.035].  To determine whether PI3K was required for the effects of 

NGF, we used the selective PI3K inhibitor LY294002. Neurons treated with NGF in 

the presence of LY294002 failed to up regulate p75NTR [Figure 2.5B, F(6,28) = 

4.66, P = 0.0021]. In contrast, an inhibitor of the ERK pathway (U0126, 10 µM) had 

no effect on p75NTR trafficking [NGF alone increased p75NTR surface expression 

71.01 ± 2.47%, and NGF+U0126 increased it 66.32 ± 29.78%, p = 0.90]. Finally, to 

further establish a role for Arf6 in the effects of NGF on p75NTR expression, we 

tested SecinH3, which inhibits the cytohesin family of Arf6 GEFs. When SecinH3 

was added together with NGF, there was no increase in the levels of surface 

p75NTR [Figure 2.5C, F(6,28) = 5.343, p = 0.0009].   

To provide a complimentary biochemical assessment to the up regulation of 
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p75NTR by NGF, we used surface biotinylation assays. Sympathetic neurons were 

cultured in KCl, then treated 2 hours with NGF in the presence or absence of 

SecinH3. The neurons were then placed on ice and surface proteins biotinylated. 

The biotinylated proteins were pulled down from neuronal lysates with streptavidin 

beads and blotted for p75NTR. It is likely that the basal level of surface p75NTR, in 

the absence of NGF, is overestimated in this assay since there are some glial cells 

present in the cultures (despite treatment with AraC), which constitutively express 

p75NTR at the cell surface (Fig. 2A). Nevertheless, corroborating our imaging 

results, NGF induced a significant increase in the level of p75NTR at the cell 

surface, which was inhibited by SecinH3 [Figure 2.5D, F(2,6) = 6.574, p = 0.038]. 

Collectively, this data supports a TrkA-mediated, PI3K, dependent rapid regulation 

of p75NTR trafficking by the GTPase Arf6. 
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Figure 2.5. NGF up regulates p75NTR surface expression through a TrkA-PI3 kinase-Arf6 pathway. 

Sympathetic neurons were treated with 40 ng/ml NGF for the indicated time in the absence or 

presence of (A) the Trk inhibitor K252a (200nM), (B) the PI3 kinase inhibitor LY294002 (50 µM), or 

(C) the Arf6 GEF inhibitor SecinH3 (50 µM). The level of p75NTR surface expression was 

evaluated by immunostaining in unpermeabilized cells and, after fixation, the fluorescence intensity 

was visualized by confocal imaging and quantified using Fiji software and expressed as a 

percentage relative to neurons cultured in KCl in the absence of NGF. To define the surface of the 
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cells, fluorescently labeled cholera toxin (CTB) was added to live neurons during immunostaining 

(representative images are shown on the right). (D) Cell surface p75NTR was also quantified by 

biotinylation assay. Neurons were cultured in KCl, then treated with NGF with or without SecinH3 

(SecH3, 50 µM) for 2 hrs, then placed at 4°C and the surface proteins biotinylated. The neurons 

were then lysed and biotinylated proteins precipitated with streptavidin beads and immunoblotted 

for p75NTR. To control for nonspecific pull down of p75NTR, the biotinylation reagent was omitted 

in one sample (no bio). The band intensity was quantified and normalized to the level of p75NTR in 

the lysate and expressed as a percent of KCl control. (n = 3-8; * p ≤ 0.05 compared to control; # p ≤ 

0.05, ^ p ≤ 0.001 compared to time-paired inhibitors.) 

 

NGF mobilizes a pool of p75NTR in GGA3 vesicles – NGF was recently shown to 

activate Arf6 in PC12 cells, which promoted TrkA recycling through association 

with GGA3 (Li et al, 2015). Therefore, we considered the possibility that p75NTR 

could also be recruited to GGA3 containing vesicles and shuttled to the plasma 

membrane with TrkA. Surprisingly, however, a substantial pool of the p75NTR was 

found to pre-exist in GGA3 positive vesicles, prior to any NGF treatment. In 

contrast to TrkA, NGF induced a significant reduction in the colocalization of 

p75NTR and GGA3 [Figure 2.6A-C, Pearson’s coefficient for KCl alone: 0.47 ± 

0.03 vs 0.28 ± 0.05 for 2 hour NGF treatment, p = 0.028]. These results suggest 

that the neurons store rapidly accessible p75NTR in GGA3+ vesicles prior to 

reaching their targets and that upon exposure to NGF, TrkA activates Arf6 to 

recruit GGA3 from these vesicles and enable p75NTR to traffic to the cell surface.      

In addition to the p75NTR localized to GGA3+ vesicles, there was an 

additional pool of intracellular receptor that was not associated with GGA3. 

Although some of this was likely newly translated p75NTR, we also considered the 
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possibility that there could be a readily accessible pool of p75NTR localized to 

recycling vesicles. Bronfman and colleagues recently demonstrated that p75NTR 

traffics to Rab11+ recycling endosomes following NGF-induced internalization in 

PC12 cells (Escudero et al., 2014). Due to the role of Rab11 in membrane 

recycling and the known association of Rabs with Arf6 (Zerial and McBride, 2001; 

Hutagalung and Novick, 2011; Hongu and Kanaho, 2014), we hypothesized that 

Rab11+ vesicles could be additional storage vesicles for intracellular p75NTR. 

However, upon assessing the internal distribution of p75NTR and Rab11, we 

found only a small fraction of p75NTR co-expressed with Rab11+ endosomes, but 

that did not significantly change upon NGF treatment (Figure 2.6D). These data 

indicate that there is a specific pool of p75NTR in GGA3+ vesicles that can be 

rapidly recruited to the plasma membrane upon NGF activation of TrkA. 
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Figure 2.6. The fraction of intracellular p75NTR colocalized with GGA3 is reduced following NGF 

treatment. Neurons were electroporated with a plasmid expressing GGA3 fused to GFP and 

maintained in KCl for 16 hrs. Neurons were then either incubated in 40 ng/ml NGF for 2 hrs or kept 

in KCl (12.5 mM). High resolution z-stacks of GFP+, NF+ neurons were acquired using Zeiss 880 

LSM with Airyscan (A, A’) Representative images of a neuron maintained in KCl and showing 

p75NTR (red) colocalized with internal GGA3-GFP (green). Arrows are pointing to regions of 



 

 
53 

colocalization adjacent to the membrane (inset). (B, B’) This colocalization decreases upon NGF 

treatment. While GGA3 puncta are still visible adjacent to the membrane, most p75NTR has 

translocated to the surface. The graphs depict quantification of Pearson’s r coefficient for p75NTR 

colocalization with GGA3 (C) or Rab11 (D) from each treatment (n = 3 independent experiments; * 

p < 0.05). Scale bar represents 5 µm. 

 

 

NT3-mediated neuronal survival and neurite outgrowth is inhibited by activated 

Arf6  – Previous studies have indicated that p75NTR expression modulates the 

responsiveness of TrkA to NT3; for example, NT3 is more potent in activating TrkA 

and promoting neurite growth and survival in neurons from p75NTR-/- mice (Lee et 

al., 1994; Kuruvilla et al., 2004). Furthermore, p75NTR expression is markedly 

increased as sympathetic neurons innervate their NGF-producing target fields, 

which has been suggested to shift the responsiveness of the neurons from NT3 to 

NGF (Kuruvilla et al., 2004). Therefore, we hypothesized that the up regulation of 

p75NTR surface expression induced by activation of Arf6 would attenuate the 

ability of the neurons to respond to NT3. To test this hypothesis, we electroporated 

sympathetic neurons with GFP, or the CA mutant of Arf6 and performed 

neurotrophin survival assays.  Neurotrophin naïve neurons were treated with 

increasing concentrations of NGF or NT3 for 48 hours and neuron survival was 

determined by evaluation of DAPI stained nuclei.  While electroporated neurons 

exhibited no alterations in NGF-mediated survival compared to un-electroporated 

controls (Figure 2.7A), neurons expressing the Q67L CA Arf6 construct show no 

trophic response to NT3 compared to both un-electroporated controls and GFP-
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expressing neurons [Figure 2.7B, F(10,36) = 4.255, p = 0.006].   

 Since NT3 is best characterized as promoting neurite outgrowth during 

development of the sympathetic nervous system (Kuruvilla et al., 2004), we also 

investigated the effects of NT3 in neurons expressing CA Arf6. Sympathetic 

neurons electroporated with GFP only or GFP and CA Arf6 were treated with NGF 

or NT3 for 18 hours, then the longest neurite from each GFP+ cell was measured. 

The outgrowth from neurons expressing GFP only was not different in those 

treated with NGF compared to NT3. However, in neurons expressing the CA Arf6 

construct, NT3-induced neurite outgrowth was significantly less than NGF-induced 

outgrowth. Similarly, NT3 promoted longer neurites in neurons expressing GFP 

only, as control, relative to those expressing CA Arf6 [Figure 2.7C-D, F(3,12) = 1.4,  

p = 0.011]. To confirm that this change in neurotrophin responsiveness is due to 

the increased availability of p75NTR at the plasma membrane, we repeated this 

experiment using p75NTR-/- mice. Compared to their wildtype controls, p75NTR 

knockout neurons expressing CA Arf6 exhibited significantly longer neurites in 

response to NT3 [Figure 2.7E, F(3,8) =7.2, p = 0.011]. Taken together, these 

results indicate that Arf6 activation induces up regulation of surface p75NTR, 

which shifts the responsiveness of the neurons, such that they no longer respond 

to NT3.  
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Figure 2.7. Constitutively active Arf6 alters NT3, but not NGF, mediated survival and neurite 

outgrowth of sympathetic neurons. Sympathetic neurons were electroporated with a plasmid 

expressing GFP (triangles) or GFP and Q67L Arf6 (square) or untreated (circle), then cultured with 

KCl for 2 days. The neurons were then treated with the indicated concentration of (A) NGF or (B) 

NT3 or maintained in KCl. After 48 hrs, the neurons were fixed, immunostained for TuJ1 to mark 

neurons, and the nuclei labeled with DAPI. The percent of apoptotic neurons was determined 
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based on the DAPI staining (n = 3, *** p ≤ 0.01). Neurite outgrowth was analyzed after 16 hrs of 

neurotrophin treatment and neurofilament (NF) immunostaining was used to mark neurites. The 

longest neurite from each GFP+ cell was measured. (C) Representative traces of neurite outgrowth 

from each condition and (D) quantification of GFP+ cells in each condition (n =3 independent 

experiments, one-way ANOVA between treatments * p < 0.05, Turkey’s multiple comparisons GFP 

NT3 vs. Q67L NT3:  * p < 0.05; Q67L NGF vs. Q67L NT3:  * p < 0.05). (E) Sympathetic neurons 

from wildtype or p75NTR-/- mice were electroporated with Q67L Arf and GFP and immediately 

plated in either NGF or NT3 for 48 hrs before fixing. The longest neurite from each GFP+, NF+ cell 

was measured (n = 3 independent experiments, one-way ANOVA between treatments * p < 0.05, 

Turkey’s multiple comparisons WT NGF vs. WT NT3:  ** p < 0.01; WT NT3 vs. p75KO NT3:  * p < 

0.05). 

 

2.5 Discussion 
 

During development of the sympathetic nervous system, NGF increases the 

expression of p75NTR, which is thought to play a key role in shifting the 

responsiveness of TrkA from NT3 to NGF. However, the mechanisms by which 

p75NTR expression is regulated and trafficked to the cell surface were not known. 

In this report, we reveal a novel, rapid, NGF-induced up regulation of surface 

p75NTR through a TrkA- PI3 kinase- Arf6 pathway in sympathetic neurons. 

Notably, the acute increase in surface p75NTR following exposure to NGF was 

from previously existing pools and not the result of newly synthesized receptor, as 

treatment with CHX did not prevent p75NTR up regulation. Functionally, our 

results demonstrate that the rapid increase in surface expression of p75NTR shifts 

the neurotrophic response of sympathetic neurons, blunting the effectiveness of 

NT3.  
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Interestingly, this regulatory mechanism was specific for p75NTR, as 

neither TrkA or sortilin surface expression was altered under the same conditions. 

However, Ascano et al reported that TrkA can be rapidly inserted into the growth 

cones within minutes of NGF treatment (Ascaño et al., 2009). In their study, 

minimal surface TrkA was detected when NGF was removed and the neurons kept 

alive by inhibiting caspases. In contrast, we found considerable surface TrkA 

under neurotrophin naïve conditions, when the neurons were maintained in mildly 

depolarizing conditions with KCl. Therefore, it is possible that depolarization could 

induce up regulation of TrkA, similar to what has been reported for TrkB (Meyer-

Franke et al., 1998; Du et al., 2000), which will be an interesting topic for future 

studies.  

Our study reveals a novel role for Arf6 in regulating the transport of p75NTR 

to the plasma membrane; however, this GTP binding protein has been shown to 

modulate the surface presentation of a number of other receptors, often promoting 

recycling.  For example, AMPA receptors were reported to be recycled to the cell 

surface through Arf6 expressing endosomes (Zheng et al., 2015). Similarly, the 

internalization and recycling of b1 integrin involves Arf6. Notably, in HeLa cells 

treated with serum (Powelka et al., 2004) or endothelial cells exposed to 

hepatocyte growth factor (Hongu and Kanaho, 2014), there was an in increase in 

�1 integrin receptor surface expression through Arf6-dependent receptor 

recycling. Of particular relevance here, Arf6 was recently shown to promote TrkA 

recycling in PC12 cells treated with NGF through the recruitment of GGA3 (Li et 

al., 2015). There are 3 GGA family members (GGA1-3), which are adaptor 

proteins involved in vesicular trafficking in the trans-Golgi network and in 
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endocytosis (Bonifacino, 2004). NGF induced a direct association between TrkA 

and GGA3, which reduced TrkA degradation and promoted recycling to the cell 

surface (Li et al., 2015). We did not detect a change in the total surface TrkA 

expression within 2 hrs of NGF treatment, suggesting that the existing TrkA at the 

plasma membrane is efficiently recycled in response to NGF, in agreement with 

that report. In contrast, the expression of p75NTR at the cell surface was 

significantly up regulated. This increase in p75NTR at the plasma membrane 

cannot be explained by receptor recycling since there was minimal expression of 

p75NTR at the surface in the absence of NGF. Instead, our results suggest that 

Arf6 activation promotes the shuttling of p75NTR from pre-existing intracellular 

stores, which (to our knowledge) would be the first example of Arf6 mediating such 

trafficking.  

The up regulation of p75NTR from rapidly accessible storage vesicles 

appears to occur through a somewhat different mechanism than its neurotrophin-

induced recycling. Several groups reported p75NTR internalization via clathrin-

dependent and independent mechanisms (Bronfman et al., 2003; Saxena et al., 

2004; Deinhardt et al., 2007). Internalization was followed by shuttling through 

Rab5+ early endosomes to Rab7+ endosomes for axonal retrograde transport in 

motor neurons (Deinhardt et al., 2006) and in PC12 cells, p75NTR was recycled 

via Rab11+ endosomes or exocytosed from multivesicular bodies (Escudero et al., 

2014). However, our data suggests that while a small fraction of internally stored 

p75NTR does overlap with Rab11+ vesicles, short-term NGF treatment did not 

alter this pool of receptor (Figure 2.6D). In contrast, we found a portion of internal 

p75NTR that colocalized with GGA3 in the absence of NGF. Following NGF 
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exposure, much of the colocalization between p75NTR and GGA3 was lost, 

suggesting that TrkA internalization, which results in GGA3 association (Li et al., 

2015), recruits GGA3 from p75NTR-containing vesicles, enabling p75NTR to traffic 

to the cell surface. Nevertheless, since only a fraction of the internal p75NTR 

colocalized with GGA3, we cannot rule out the possibility that Arf6 activation also 

mobilizes p75NTR from additional types of vesicles to the cell surface.  

How activation of Arf6 and/or removal of GGA3 would induce transport of 

p75NTR to the cell surface is not known. Downstream effectors of Arf6 include 

Rac1, PIP5 kinase and phospholipase D, which can stimulate PIP5 kinase through 

production of phosphatidic acid (Jaworski, 2007). Activation of PIP5 kinase results 

in production of the signaling molecule phosphatidylinositol 4,5-bisphosphate 

(PIP2), which has been shown to promote plasma membrane association of 

vesicles containing b1-integrin through interaction of PIP2 with components of the 

exocyst complex (Thapa and Anderson, 2012). Similarly, Arf6-mediated 

membrane recycling to regions of plasma membrane expansion was reported to 

involve interaction between Arf6 and the Sec10 component of the exocyst complex 

(Prigent et al., 2003). It will be of interest to determine whether p75NTR trafficking 

to the cell surface involves the exocyst complex in future studies. 

The increase in p75NTR surface expression and the activation of Arf6 was 

selective for NGF, NT3 did not have any effect on surface p75NTR up regulation 

(Figure 2.1D) or GTP binding, even at 100 ng/ml (Figure 2.3B). The molecular 

basis for this selectivity is not known; however, it was previously reported that 

NGF, but not NT3, is able to induce TrkA internalization (Kuruvilla et al., 2004). 

The endocytosis of TrkA was shown to occur via NGF-selective stimulation 
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phospholipase C leading to calcineurin-dependent dynamin1 activation (Bodmer et 

al., 2011).  In contrast, Harrington et al (2011) reported that both NGF and NT3 

induce TrkA internalization, but in the acidic environment of the endosome, NT3 

dissociates while NGF remains bound (Harrington et al., 2011). The post-endocytic 

signaling of NGF resulted in Rac1/cofilin-dependent breakdown of the local actin 

network, freeing the endosome to be retrogradely transported. Interestingly, Arf6 

can also lead to Rac1 activation (Santy and Casanova, 2001), suggesting that the 

effects of TrkA on the cytoskeleton may involve Arf6. Nevertheless, both studies 

demonstrate that NGF mediates internalization and continuous TrkA signaling, 

while NT3 is only able to activate TrkA at the cell surface. Therefore, we suggest 

that the activation of Arf6 by NGF most likely occurs during or following TrkA 

internalization.  

Our findings indicate that TrkA stimulates Arf6 through a mechanism 

dependent on PI3 kinase and a member of the cytohesin family of GEFs (Figure 

2.5). All 8 of the Arf6 GEFs contain a PH domain, which binds to 

phosphatidylinositol and the PH domains of the cytohesins have highest affinity for 

phosphatidylinositol 3,4,5 triphosphate (PIP3) (Klarlund et al., 1997) a lipid 

produced by PI3 kinase. Therefore, it is likely that TrkA activation of PI3 kinase 

induces a local increase in PIP3, which recruits a cytohesin, leading to Arf6 

activation. In contrast, Li et al (2015) reported that TrkA activated Arf6 through a 

mechanism dependent on Src. However, these mechanisms are not mutually 

exclusive; for example, the Src family member Fyn was reported to phosphorylate 

cytohesin-1, resulting in activation of the GEF and, subsequently, Arf6 (Yamauchi 

et al., 2012). Therefore, TrkA may activate Arf6 through PI3 kinase-dependent 
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recruitment of a cytohesin, followed by stimulating the cytohesin’s GEF activity 

through Src-mediated phosphorylation. 

The ability of NGF to up regulate p75NTR surface expression through the 

TrkA-Arf6 pathway allows for the critical coordination of sympathetic neuron 

response to neurotrophins during development. The activation of p75NTR on its 

own or in association with Vps10p-domain receptor proteins (e.g. sortilin) can 

induce apoptosis of sympathetic neurons when stimulated by BDNF (Bamji et al., 

1998; Palmada et al., 2002) or the pro-forms of neurotrophins (Nykjaer et al., 

2004; Teng et al., 2005). Indeed, p75NTR-/- mice have both an increase in SCG 

neuron number and a decrease in apoptosis (Bamji et al., 1998; Brennan et al., 

1999; Kuruvilla et al., 2004), reflecting the importance of p75NTR’s cell death 

signal during development.  The pro-apoptotic effects of p75NTR have been 

shown to be critical for balancing the pro-survival effects of TrkA signaling, in order 

to establish the proper number of neurons during sympathetic development 

(Deppmann et al., 2008).   

In contrast to its pro-apoptotic function, p75NTR can also associate with 

TrkA to form a high affinity complex for NGF that promotes neuronal survival, 

differentiation and neurite growth (Ceni et al., 2014). In the absence of p75NTR, 

NT3 can bind TrkA and promote axon growth (Benedetti et al., 1993; Belliveau et 

al., 1997; Kuruvilla et al., 2004), expression of neuronal genes such as tyrosine 

hydroxylase (Belliveau et al., 1997a; Andres et al., 2008), and survival (Davies et 

al., 1995; Belliveau et al., 1997a; Francis et al., 1999). This differential response of 

TrkA to NT3, regulated by the expression of p75NTR, is critical for proper target 

innervation during development of the sympathetic nervous system (Kuruvilla et 
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al., 2004). In addition, the up regulation of p75NTR in response to NGF is a very 

useful mechanism for limiting p75NTR-mediated apoptosis in early stages of 

development. If p75NTR was expressed on the cell surface, as the neurons are 

growing toward their targets in response to NT3, then NT3 would be restricted 

from binding TrkA and could, potentially, induce apoptosis through interaction with 

p75NTR alone.  

  While we hypothesize that the increase in surface p75NTR expression 

leads to the formation of high-affinity binding sites, thereby strengthening TrkA 

survival signaling. An alternate interpretation of the effects of p75NTR up 

regulation would be that p75NTR binds NT3 and acts as a sink to prevent binding 

to TrkA. However, given that the affinity for NGF and NT3 binding to p75NTR is 

nearly identical (Dechant et al., 1994) and we only see a change in the responses 

to NT3 when p75NTR surface expression is increased, not NGF, it is more likely 

that TrkA is more selective for NGF in the presence of p75NTR.  

 Given the functional dichotomy of the p75NTR in regulating neuronal 

survival and apoptosis, a better understanding of the mechanisms that mediate 

p75NTR surface expression provides key insight not only into the fine tuning of the 

developing sympathetic nervous system, but also the aberrant cell death linked to 

p75NTR in multiple neurodegenerative disorders.  
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Figure 2.8. Schematic of rapid NGF regulation of p75NTR trafficking by TrkA activation of Arf6. 

During axonal growth, sympathetic neurons respond to NT3 through binding to TrkA receptors (1, 

orange receptors) prior to reaching NGF-producing target organs.  During this time, Arf6 is largely 

inactive (GDP-bound), and the p75NTR produced is stored in intracellular pools.  Once sympathetic 

axons reach NGF-producing targets, NGF binding to TrkA receptors (2) initiates activation of PI3K 

(3), which recruits Arf6 GEFs that stimulate GTP binding of Arf6 (4-5).  In its active, GTP-bound 

state, Arf6 initiates transport of p75NTR (blue receptors) from GGA3 containing vesicles to the cell 

surface (6) and promotes of the formation of TrkA-p75NTR complexes (7).  The high-affinity TrkA-

p75 complexes are selective for NGF and NT3 is no longer able to activate TrkA, and sympathetic 

neurons become dependent on NGF for survival.  
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3. p75NTR is retrogradely transported following NGF 
withdrawal or BDNF treatment through a mechanism 
dependent on deacetylation of the dynactin subunit 

p150Glued 
 

 
This chapter primarily contains the data that I contributed to a manuscript that has 
been submitted for publication: 
 
Pathak, A; Stanley, EM; Hickman, FE; Wallace, N; Brewer, B; Li, D; Gluska, S; 
Perlson, E; Fuhrmann, S; Akassoglou, K; Bronfman, F; Casaccia, P; Burnette, D; 
Carter, BD. (2018) Retrograde degenerative signaling mediated by the p75 
neurotrophin receptor requires p150Glued deacetylation by axonal HDAC1.  
 
 
3.1 Abstract 
 

During development, neurons undergo apoptosis if they do not receive 

adequate trophic support from tissues they innervate or when detrimental factors 

activate the p75 neurotrophin receptor (p75NTR) at their axon ends. Trophic factor 

deprivation (TFD) or activation of p75NTR in distal axons results in a retrograde 

degenerative signal. However, the nature of this signal and the regulation of its 

transport is poorly understood. Here, we identify p75NTR intracellular domain 

(ICD) and histone deacetylase 1 (HDAC1) as part of a retrograde pro-apoptotic 

signal generated in response to TFD or ligand binding to p75NTR in sympathetic 

neurons. We report an unconventional function of HDAC1 in retrograde transport 

of a degenerative signal and its constitutive presence in sympathetic 

axons.  HDAC1 deacetylates dynactin subunit p150Glued, which enhances its 

interaction with dynein. These findings define p75NTR ICD as a retrograde 

degenerative signal and reveal p150Glued deacetylation as a novel mechanism 

regulating axonal transport.  
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3.2 Introduction 
 

The balance between neuronal survival and degeneration in the peripheral 

nervous system is regulated by the limited availability of neurotrophins. The 

neurotrophins mediate survival and differentiation through binding to the Trk family 

of tyrosine kinase receptors (Deinhardt and Chao, 2014). All neurotrophins can 

also bind to the p75 neurotrophin receptor (p75NTR), a member of the TNF 

receptor superfamily, which can have distinct effects, including mediating axonal 

degeneration and apoptosis (Ceni et al., 2014; Kraemer et al., 2014). p75NTR can 

bind all of the neurotrophins and their proforms, the specific ligand activating 

apoptotic signaling depends on the cellular context. Pro-apoptotic ligand binding to 

endogenous p75NTR activates JNK signaling in sympathetic neurons and direct 

inhibition of JNK kinase activity is sufficient to prevent the induction of apoptosis 

(Kenchappa et al., 2010). The cleavage of p75NTR has been reported to be 

necessary for neuronal apoptosis in sympathetic neurons (Kenchappa et al., 

2006). The release of p75NTR’s ICD enables direct signaling to the nucleus by 

enabling nuclear translocation of the intracellular binding partner NRIF (Linggi et 

al., 2005; Kenchappa et al., 2010).   

Neurotrophins are produced by the target tissues and signal to receptors on 

the distal axons must be efficiently conveyed back to the cell body. The 

mechanisms of retrograde survival signaling have been well described in 

sympathetic and sensory neurons that rely on nerve growth factor (NGF) for 

survival (Wu et al., 2009a; Harrington and Ginty, 2013; Yamashita and Kuruvilla, 

2016). Loss of trophic support leads to a reduction in pro-survival signals reaching 
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the soma. However, there is growing evidence that trophic factor withdrawal also 

results in a retrograde pro-apoptotic signal (Mok et al., 2009; Ghosh et al., 2011; 

Simon et al., 2016). When NGF was withdrawn from distal axons of sympathetic 

neurons, an increase in phosphorylated c-Jun was observed in cell somas. When 

microtubule stability was interrupted through treatment with colchicine, this 

increase in c-Jun was blocked, suggesting retrograde transport is required for 

apoptosis (Mok et al., 2009). Blocking axonal activation of the stress-induced dual 

leucine zipper kinase (DLK) or c-Jun N-terminal kinase (JNK), also prevented 

sensory neuron apoptosis following withdrawal (Ghosh et al., 2011; Simon et al., 

2016). The molecular components of this retrograde signaling are yet to be 

defined. 

Retrograde axonal transport is driven by the microtubule minus-end 

directed motor protein dynein, consisting of a dimer of heavy chains and additional 

intermediate and light chains. Dynein associates with the activator complex 

dynactin, which is composed of more than 20 proteins, including the largest 

subunit p150Glued. A dimer of p150Glued binds to the dynein intermediate chain 

through its coiled-coil domain (CC1) and is required for the formation of this 

complex (Karki and Holzbaur, 1995; King and Schroer, 2000; McKenney et al., 

2014). Formation of this complex and how it is regulated is still an active area of 

investigation. 

Surprisingly, several histone deacetylases (HDACs) have recently been 

shown to influence axonal transport. While best characterized for their role in 

regulating gene expression by altering histone configuration, several HDACs can 

translocate from the nucleus and modify other targets (Cho and Cavalli, 2014). 
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HDAC1 was recently shown to translocate from the nucleus into the axons of 

cortical and hippocampal neurons following glutamate and TNF treatment, where it 

associated with kinesins. This association disrupted mitochondrial transport, which 

led to axon degeneration (Kim et al., 2010). 

  In this study, we identify the intracellular domain (ICD) of p75NTR as a 

retrograde pro-apoptotic signal initiated through both ligand and non-ligand 

activation of 75NTR in sympathetic neurons. Further, we reveal a novel role for 

HDAC1 in retrograde signaling through regulating the formation of the dynactin-

dynein complex.  

Project goals 
 

My specific goals for this project were to determine (1) if p75NTR activation 

in axons increased the interaction between dynein and p150Glued (a subunit of 

dynactin) and (2) whether p75NTR cleavage was necessary for cell death after 

NGF withdrawal and BDNF binding. To investigate the requirement for p75NTR 

cleavage in apoptosis, I  generated two p75NTR mutants and tested their ability to 

block receptor cleavage in vitro. These mutants allowed us to demonstrate that the 

retrograde pro-apoptotic signal is mediated through p75NTR cleavage and ICD 

transport to the soma.  

 

3.3 Methods 
 
p75NTR site directed mutagenesis 
 
The mCherry-p75NTR-GFP plasmid was obtained from Dr. Katarina Akassoglou 

(UCSF) . Crucial for TACE cleavage (Underwood et al., 2008), amino acid 234 

was mutated from a Valine (V) to aspartic acid (D) or to asparagine (N) using Pfu 
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Ultra polymerase and the following primers: 

V234DF: 5’-AGCTCCCAGCCTGATGTGACCCGCGGCA-3’ 

V234DR: 5’-TGCCGCGGGTCACATCAGGCTGGGAGCT-3’ 

D243NF: 5’-GCAGCTCCCAGCCTAATGTGACCCGCGGC-3’ 

D243NR:  5’-GCCGCGGGTCACATTAGGCTGGGAGCTGC-3’ 

1µg of template DNA was used and PCR was run under the following conditions 

followed by a 1 hour incubation with DpnI to digest template:  94°C for 5 minute, 

18 cycles of 94°C for 30 seconds, 60°C for 1 minute, 72°C for 7 minutes, followed 

by 72°C for 10 minutes. Positive mutations were confirmed through sequencing.  

 

p75NTR cleavage validation 

To validate that our mutant p75NTR constructs were indeed non-cleavable, 15µg 

DNA was transfected into HEK293-T cells using calcium chloride on 10cm2 tissue 

culture plates. DMEM containing 10% FBS and 1% Pen/Strep was used as the 

culture media. The following day, each plate was divided into 3 10cm2 plates for 

subsequent treatments. After reaching approximately 70% confluence, all plates 

were treated with 10µM Z-Leu-Leu-Leucinal (ZLLLH, a proteasome inhibitor) for 1 

hour. Where indicated, 10µM TAPI (TACE inhibitor) was added simultaneously. 

PKC-activator phorbol 12-myristate 13-acetate (PMA,) was added to cells at a 

concentration of 1µM for 1 hour to induce p75NTR cleavage. After treatment, cells 

were lysed on ice in RIPA buffer and 50µg of sample was run on a 8% SDS PAGE 

acrylamide gel and transferred to a nitrocellulose membrane. Anti-GFP (1:1000) 

antibody was used to visualize full length p75NTR, the CTF, and ICD as they are 
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all tagged to GFP. The signal was visualized using anti-rabbit peroxidase-

conjugated secondary antibody and enhanced with chemiluminescence and a 

BioRad ChemiDOC MP imaging system. 

 

Primary Cell Culture – All experiments were conducted with tissues derived from 

animals were approved by the Animal Care and Use Committee at Vanderbilt 

University.  Neurons from the superior cervical ganglia (SCG) were dissected from 

postnatal day 2-3 Sprague-Dawley or CD1 rats (male and female; Charles River, 

Wilmington, MA) and dissociated with 0.08% trypsin (Worthington) and 0.3% 

collagenase (Sigma-Aldrich, St. Louis, MO). Neurons in single cell suspension 

were then plated on 60mm2 cell culture dishes coated with poly-D-lysine 

(overnight, MP Biomedicals, Santa Ana, CA) and laminin (~2 hrs, Invitrogen, 

Waltham, MA).  Neurons were cultured in Ultraculture media (Lonza, Houston, TX) 

with 3% fetal bovine serum (Denville Scientific Inc., South Plainfield, NJ), 2 mM L-

Glutamine (Invitrogen), 100 units/ml penicillin, and 100 µg/ml streptomycin 

(Invitrogen) at 37°C in 5% CO2. SCG neurons were cultured in 40 ng/ml nerve 

growth factor (NGF, Harlan Laboratories, Houston, TX) for 18 hours. To prevent 

the proliferation of non-neuronal cells in culture, 18 hours after initial plating cells 

were treated with 10 μM cytosine arabinoside (AraC; Sigma-Aldrich) for 36 hours. 

For the eventual BDNF-treated cells, NGF was removed from neurons 18 hours 

prior to treatment by rinsing the cells twice with media lacking NGF, then adding 

media supplemented with 12.5 mM KCl and anti-NGF antibody (0.1 μg/ml; 

Chemicon, Billerica, MA). Neurons were then treated with 200ng/ml BDNF and 

anti-NGF or kept in 40ng/ml NGF with the addition of 5uM MS275 for 48 hours.  
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Immunoprecipitation 
 
Neurons were lysed on ice in RIPA buffer (50mM Tris (pH 8), 150mM NaCl, 1% 

NP40, 0.5% deoxycholate, 0.1% SDS), sonicated to cleave DNA, then insoluble 

material pelleted at 16000g  for 30 min. Immunoprecipitations (IPs) were carried 

out with the supernatant, using 250ug total protein incubated overnight at 4°C with 

2µl antibody to the dynein intermediate chain (DIC), followed 1-hour incubation 

with 50/50 mixture of Protein A/G in Tris-buffered saline (TBS). Samples were 

spun at 1300g 3 times and washed with 1X RIPA buffer before resuspension in 

SDS sample buffer and boiled for 5 minutes. IP samples were run at 120V on a 

7.5% SDS PAGE acrylamide gel with 25ug of sample lysate. Gels were transferred 

to nitrocellulose at constant 350mA for 90 minutes and the membrane blocked with 

5% milk in TBS with 0.1% Tween. Blots were incubated overnight at 4°C with an 

antibody to p150Glued (1:1000 in TBST, product info). The signal was visualized 

using anti-rabbit peroxidase-conjugated secondary antibody and enhanced with 

chemiluminescence and a BioRad ChemiDOC MP imaging system. The p150Glued 

band intensity was quantified using Fiji Software (Schindelin et al., 2012), 

normalized to total the amount of DIC pulled down and total protein in the lysate 

fraction. 
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3.4 Results 
 
Mutating p75NTR V234 blocks TACE and g-secretase induced cleavage 
 
 To investigate the ability of p75NTR to initiate a retrograde apoptotic signal, 

sympathetic neurons were cultured in microfluidic devices, which separate the cell 

bodies from the distal axons and prevent diffusion between the compartments. The 

neurons were initially plated in NGF to promote survival and axon outgrowth. To 

investigate the effects of selective p75NTR activation, we removed NGF, which 

binds to TrkA and p75NTR, we removed NGF and kept the neurons alive with 

mildly depolarizing conditions by adding 12.5 mM KCl.  When BDNF was added to 

the distal axons only to stimulate p75NTR, cell death was observed in sympathetic 

neuron soma, indicating that the apoptotic signal was conveyed from the axon to 

the cell body. To determine where p75NTR processing is required in this polarized 

cell death signaling, we used the g-secretase inhibitor, DAPT. We found that 

p75NTR-mediated apoptosis was blocked by addition of DAPT to the distal axons, 

but not when added to cell somas (Figure 3.1). These data suggest that local 

proteolysis of p75NTR is required for BDNF-induced cell death.  
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Figure 3.1. Inhibition of axonal g-secretase prevents p75NTR-mediated apoptosis. Sympathetic 

neurons were cultured in microfluidics chambers and cell bodies (CB) and distal axons (DAx) were 

treated with 12.5 mM KCl (K) or 200 ng/ml BDNF (B) +/- the g-secretase inhibitor, 250 nM DAPT 

(D), as indicated. After 48 hrs, pyknotic nuclei were quantified in neurons fixed and stained for 

TUJ1 and DAPI. The bars depict the means + SEM for n=3-5; ∗∗∗, p < 0.001, student’s t-test with 

Welch correction among indicated groups. Figure courtesy of Amrita Pathak. 

 

To directly assess axonal p75NTR cleavage in response to BDNF, we 

electroporated a dual-tagged p75NTR reporter construct into the neurons, 

containing mCherry on the N-terminus and GFP on the C-terminus. This mCherry-

p75NTR-GFP reporter was previously utilized to investigate the localization of the 

cleaved receptor products in astrocytes and can differentiate between uncleaved, 

full length p75NTR (yellow), cleaved p75NTR ICD (green) and extracellular 

domain (ECD) (red) (Schachtrup et al., 2015). After electroporation, the neurons 

were allowed to recover in mass cultures with NGF, then switched to KCl with or 

without BDNF for 2 hrs and the number of mCherry, GFP or overlapping puncta in 

the axons was quantified. BDNF significantly increased the number of GFP+ only 
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(ICD) puncta, suggesting p75NTR cleavage within the axons (Figure 3.2A-C). 

Since trophic factor deprivation (TFD) also initiates a retrograde 

degenerative signal (Mok et al., 2009; Ghosh et al., 2011; Simon et al., 2016), we 

investigated the possibility that NGF withdrawal could stimulate local p75NTR 

proteolysis. NGF was withdrawn and the axons were live imaged after 14 hours, 

which we reasoned would be long enough to induce p75NTR cleavage, but prior to 

the neurons committing to apoptosis (Johnson and Deckwerth, 1993). There was a 

significant decrease in full length receptor after NGF withdrawal and a 

corresponding increase in the fraction of GFP+ only puncta (Figure 3.2D, E), 

indicating that TFD can induce the cleavage of p75NTR in axons.   

 

 

 

 

Figure 3.2 – BNDF and TFF induce retrograde transport for p75NTR-ICD A. Representative image 

of mCherry-p75-GFP in sympathetic neurons showing full length p75NTR (yellow arrowheads), the 

released ECD (red arrowheads) and the liberated ICD (green arrowheads) in axons. B and C.  

Quantification of the number of p75NTR ICD only (green) and full length p75NTR (yellow) puncta in 

axons after treatment with KCl (control) or BDNF for 2 hrs. Depicted are the means + SEM from at 
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least 3 different experiments (KCl, n= 266 and BDNF, n=255 events); ∗, p < 0.05, student’s t-test. D 

and E. Quantification of the number of p75NTR ICD only (green) and full length p75NTR (yellow) 

puncta under control conditions and after trophic factor deprivation (TFD) for 14 hours. Depicted 

are the means + SEM from 3 different experiments (NGF, n= 212 and TFD, n= 383 events); ∗, p < 

0.05, student’s t-test. Figure courtesy of Amrita Pathak. 

 

Although treatment of the axons with DAPT blocked neuronal death (Figure 

3.1), DAPT inhibits the cleavage of all g-secretase substrates. Therefore, we 

investigated whether cleavage specifically of p75NTR was necessary for the 

apoptotic signal. We generated a V243N and a V243D mutation in the 

extracellular, juxtamembrane region of the mCherry-p75NTR-GFP construct. The 

V243N mutation introduces a glycosylation site that prevents the receptor from 

undergoing proteolysis by TACE, which is a prerequisite for g-secretase cleavage 

(Underwood et al., 2008). We confirmed that the V243N mutation blocked p75NTR 

cleavage (Figure 3.3). Similarly, we also found that the V243D mutation blocked 

proteolysis of the receptor (Figure 3.3), although the mechanism is not clear. The 

PMA induced cleavage in wildtype p75NTR was verified by cotreatment with TACE 

inhibitor TAPI, which also resulted in a reduction in cleavage (Figure 3.3). 

Importantly, expressing either of these mutant constructs in sympathetic neurons 

significantly attenuated both BDNF (Figure 3.4A), and NGF-withdrawal induced 

apoptosis (Figure 3.4B), supporting the hypothesize that p75NTR cleavage AND 

retrograde transport of the ICD are required for apoptosis. 

 



 

 
75 

 

Figure 3.3. p75NRT mutants V243N and V243D show a reduction in PMA-induced cleavage. 

Western blot showing the cleavage of mcherry-p75-GFP wildtype (mCh-p75WT-GFP), V243D 

mutant (mch-p75VD-GFP) and V243N mutant (mch-p75-GFP) transfected Hek293 cells treated 

with PMA and/or TAPI as indicated. Shown here are the full length, c-terminal fragment (CTF) and 

ICD of p75NTR.  On the right is a darker exposure of the Western blot shown to the left, for better 

visualization of ICD band. 

 

 

Figure 3.4. Expression of cleavage resistant V243N mutant p75 prevent neuronal apoptosis 

induced by BDNF (A) or trophic factor deprivation (TFD) (B). Sympathetic neurons were 

electroporated with either wildtype or V243N mutant mCherry-p75-GFP construct and cultured in 

NGF. The neurons were then treated with KCl +/- 200 ng/ml BDNF, maintained in 20ng/ml NGF or 

NGF was removed. After 48 hrs, pyknotic nuclei were quantified in neurons fixed and stained for 
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TUJ1 and DAPI. The bars depict the means + SEM for n=3-5; ∗, p< 0.05, ∗∗∗, p < 0.001, ∗∗∗ ∗, p < 

0.0001 2-way ANOVA with a Sidak’s and Tukey’s multiple comparisons test among indicated 

groups. 

 
Deacetylation of p150Glued enhances its interaction with dynein  
 
 Class I HDACs, including HDAC1, primarily localize to the nucleus (Cho 

and Cavalli, 2014); however, it was recently reported that HDAC1 can translocate 

into axons following injury (Kim et al., 2010). We hypothesized that HDAC1 also 

plays a role in p75NTR-mediated cell death. The presence of HDAC1 in uninjured 

sympathetic axons was confirmed in both cultured SCG neurons and in vivo in 

isolated nerves (data not shown). Notably, inhibition of HDAC1 using the selective 

inhibitor, MS275, was sufficient to block p75NTR-ICD retrograde trafficking when 

added exclusively to distal axons (Figure 3.5). Furthermore, addition of MS275 to 

the distal axons, but not the cell bodies, prevented cell death induced by BDNF 

(data not shown). Similarly, knockdown of HDAC1, using a lentivirus that reduces 

HDAC1 expression but not any of the other HDACs (Kim et al., 2010), also 

blocked p75NTR-mediated apoptosis (data not shown).  

To determine the molecular substrates that may be deacetylated upon 

NGF-withdrawal or BDNF treatment, sympathetic neurons were grown in the 

presence of NGF and MS275, to maximize acetylation. The axons were collected, 

lysates immunoprecipitated with anti-acetyl lysine and the precipitates analyzed by 

mass spectrometry. Of the approximately 100 putative substrates, one candidate 

that was of peak interest to us was dynactin1/p150Glued.  We hypothesized that 

HDAC deacetylation of p150Glued increases retrograde trafficking of p75NTR and 

leads to apoptosis.  
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Retrograde signaling typically depends on active transport of the signaling 

components by the dynein-dynactin complex. To validate that activation of 

p75NTR could affect this interaction in neurons, we treated the neurons with 

BDNF, to stimulate deacetylation of p150Glued, or NGF + MS275, to maximize 

acetylation. In the presence of BDNF there was a significant increase in the co-

immunoprecipitation of p150Glued and DIC compared to NGF + MS275, supporting 

a role for HDAC1 in regulating the interaction and subsequent pro-apoptotic 

signaling (Figure 3.6). 

 

 

Figure 3.5. HDAC1 activity is required for retrograde transport of the intracellular domain of 

p75NTR.  Quantification of moving and stationary p75NTR ICD and directionality of traffic in 

neurons cultured in KCl, BDNF (200ng/ml) or BDNF+MS275 (5 uM). KCl vs BNDF, p<0.05; BDNF 

vs BDNF+MS, p<0.001; NGF vs TFD, p<0.05; TFD vs TFD+MS, p<0.05. Figure courtesy of 

Amrita Pathak 
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Figure 3.6. Activation of p75NTR enhances the interaction of p150Glued with dynein. (Left) Neurons 

were treated with 200 ng/ml BDNF or 20 ng/ml NGF + 5 �M MS275 for 48 hrs. The neurons were 

then lysed, and immunoprecipitated with an antibody to DIC and western blotted for p150Glued or 

DIC. (Right) The average ratio of p150Glued pulled down with DIC to total DIC in the lysates + 

SEM for n=3; ∗, p < 0.05, student’s t-test. 
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3.4 Discussion 
 
 In this study, we identified a novel role for HDAC1 in the formation of the 

p75NTR retrograde signaling complex, which is required for both BDNF-induced 

and NGF-withdrawal-induced apoptosis in sympathetic neurons. Additionally, we 

have shown that retrograde transport of the p75NTR-ICD is necessary to induce 

apoptosis. My specific goals for this project were 1) to create p75NTR mutant 

constructs that were unable to be cleaved by TACE and 2) to confirm mass 

spectrometry data that p150Glued deacetylation by HDAC increases its association 

with dynein to form the retrograde apoptotic signaling complex.  

Retrograde signaling following deprivation of neurotrophic factors has only 

recently been recognized (Ghosh et al., 2011; Simon et al., 2016); however, the 

nature of this signal has yet to be studied. The involvement of p75NTR in 

retrograde pro-apoptotic signaling following NGF-withdrawal corroborates previous 

findings that apoptosis of sensory and sympathetic neurons in trkA-/- mice can be 

rescued by simultaneous deletion of p75ntr (Majdan et al., 1997; Nikoletopoulou et 

al., 2010). We hypothesize that the elimination of p75NTR would attenuate pro-

apoptotic signaling.  

The proteolysis of p75NTR by g-secretase has been reported to occur in 

endosomes following internalization in PC12 cells (Urra et al., 2007). Therefore, 

we predicted that the p75ICD may be generated on endosomes within the axon 

that are then trafficked back to the cell soma. In a previous study in the chick 

visual system, retrograde p75NTR transport and cell death correlated with the 

accumulation of NGF in cell somas. Notably, the retrogradely transported NGF 

localized to multivesicular bodies (MVBs) (Butowt and Bartheld, 2009). Further, 
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p75NTR has also been detected in MVBs following endocytosis in PC12 cells 

(Escudero et al., 2014). These results suggest that retrograde transport of p75NTR 

and perhaps even receptor proteolysis may occur within MVBs. In results not 

shown here, we found that NGF withdrawal or BDNF treatment increased p75NTR 

ICD colocalization with the MVB marker CD63 in axons, suggesting that these 

vesicles transport p75NTR ICD back to the cell body (Pathak et al., submitted).   

We show in this study through a combination of mass spectrometry and 

biochemical validation that HDAC1 acts in neuronal axons to promote p75NTR 

ICD retrograde transport and cell death. Specifically, HDAC1 can deacetylate 

p150Glued after BNDF treatment to increase its association with the retrograde 

transport motor complex. The nature of how this post-translational modification 

alters the association of p150Glued with other proteins has yet to be studied. 

Additionally, our mass spectrometry data on proteins that show enriched 

acetylation after HDAC inhibition revealed dozens more putative substrates for 

HDAC1. Future work should focus on elucidating whether any affect retrograde 

trafficking and p75NTR-mediated cell death. This may reveal additional novel 

insights into p75NTR retrograde trafficking and the regulation of neuron apoptotic 

signaling. Gaining a complete understanding of how p75NTR cleavage, in 

response to ligand and non-ligand mediated receptor activation, and how the 

retrograde signal is produced and transported may reveal novel molecular 

components in this process. Given the proposed role of p75NTR signaling and 

trophic factor deprivation in many neurodegenerative conditions, further elucidation 

of the mechanisms involved in these processes will have important implications for 

an understanding and treating a variety of neuropathologies.



 

 
81 

4. Discussion 

 
4.1 Limitations and future directions 
 
 The data provided in Chapters 2 and 3 provide novel and exciting insights 

into the regulation of p75NTR trafficking in sympathetic neurons. Now that we 

have a better understanding of this molecular process, we can address the 

limitations of the current study and how future experiments can strengthen our 

observations. 

Our data indicate that sympathetic neurons respond to NGF by upregulating 

p75NTR surface expression through Arf6 activation in order to amply NGF 

signaling and reduce NT3-TrkA signaling. To complete this study, we utilized 

primary sympathetic neurons isolated from perinatal rodents. While they never 

received NGF in vitro prior to our experimental timepoints, postnatal neurons have 

already reached NGF-producing targets in vivo, prior to isolation. Unfortunately, 

collecting embryonic sympathetic neurons prior to their exposure to NGF is 

technically not feasible. This introduces a new level of complexity to the study as 

well as new questions that need to be addressed.   We observed low surface 

expression of p75NTR in neurons kept in the absence of NGF under depolarizing 

conditions (Figure 2.1). The minimal levels of p75NTR at the plasma membrane 

suggest that in the time between isolation from the animal and our experimental 

timepoints, previously surface-residing p75NTR is internalized and stored in 

vesicles that are trafficked to the cell surface upon acute NGF treatment. 

Alternatively, p75NTR that was at the surface may be endocytosed and degraded 



 

 
82 

in the absence of NGF and newly synthesized p75NTR is stored until NGF 

activates its movement to the plasma membrane. While our findings represent a 

model for sympathetic neurons first reaching NGF-producing targets, investigating 

this in vivo would give us a better understanding of this process.  

There are several ways this could be addressed experimentally. While ngf-/- 

sympathetic neurons do not survive target innervation and are completely absent 

by post-natal day 14 (Crowley et al., 1994), ngf-/-; bax-/- mice, have larger than 

wildtype SCGs (Glebova and Ginty, 2004), due to the role Bax plays in normal 

developmental apoptosis. Culturing sympathetic neurons from ngf-/-; bax-/- mice, 

would allow us to study truly NGF naïve neurons and investigate p75NTR 

trafficking, only when neurons are exposed to NGF for the first time in culture. 

Repeating our experiments using these neurons would illuminate how this process 

happens without prior exposure NGF. If our results differ, it would indicate that 

perhaps the previously surface-residing p75NTR was internalized and stored in 

GGA3+ vesicles when maintained in the absence of NGF, only to be shuttled to 

back to the surface upon NGF exposure. Alternatively, surface p75NTR may be 

degraded after dissection and the p75NTR that is trafficked to the cell surface 

comes from a separate pool. 

To investigate this process in vivo would require closely investigating 

embryos at various early developmental time points around the time when 

sympathetic target innervation occurs. Using precise sectioning and 

immunofluorescence techniques, it is possible to capture a snapshot of growing 

sympathetic axons toward their target tissues and measure p75NTR levels at the 

surface of these growth cones as well as examining where p75NTR is localized 
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intracellularly before it is shuttled to the surface. Since live p75NTR 

immunostaining on unpermeablized growth cones in vivo would be technically 

challenging, super resolution microscopy may be necessary to dissect the precise 

subcellular localization of the full-length receptor. Simultaneous detection of 

various membrane-localized and intracellular markers would aide in measuring in 

vivo p75NTR trafficking. This would verify that this is a mechanism occurring 

during sympathetic nervous system development to ensure proper target 

innervation. Due to the complexity and density of the early rodent embryos, it may 

be necessary to use lineage tracing techniques to fluorescently label only a subset 

of growing axons in order to more easily visualize their location and morphology in 

vivo. 

 Another limitation of this study arises from our lack of understanding 

regarding the role that neuron depolarization plays in neurotrophin receptor 

trafficking. In a study by Ascano et al, it was reported that TrkA can be inserted 

into growth cones within minutes of NGF treatment (Ascaño et al., 2009). In the 

absence of NGF, neurons in this study were kept alive by inhibiting caspase 

activation. In contrast, our data suggest that maintaining neurons in mildly 

depolarizing conditions with KCl leads to considerable TrkA surface expression 

(Figure 2.4). It is possible that KCl, similar to its effect on TrkB surface expression 

(Meyer-Franke et al., 1998; Du et al., 2000), induces up regulation of TrkA in 

neurons, but this has yet to be studied.  If indeed depolarization leads to up 

regulation of TrkA surface expression in our culture conditions, it would be 

interesting to define the mechanism by which this occurs. One hypothesis is that 

electrical activity in developing neurons upregulates TrkA surface expression in 
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order to ensure NT-3 mediated outgrowth signaling. Neurons that have not yet 

established proper dendritic arbors and presynaptic connections may be fated to 

undergo apoptosis and, therefore, would not require TrkA surface expression.  

Meyer-Franke et al (1998) showed that TrkB was rapidly trafficked to the surface 

of peripheral neuron subtypes after depolarization in a transcriptional independent 

manner through activation of type-1 adenylyl cyclase (Meyer-Franke et al., 1998). 

It has also been shown that depolarizing conditions can increase transcription of 

TrkA, but not p75NTR in a sympathoadrenal-derived cell line over the course of 

several days. Whether previously translated and stored TrkA is regulated in a 

similar fashion to p75NTR remains to be studied.  

 The neurotrophic “switch” from NT3 to NGF responsiveness is due to the 

formation of TrkA-p75NTR heterodimers that increase TrkA’s affinity for NGF 

(Hempstead et al., 1991). How these complexes form in vivo is unknown.  It is 

unclear even whether the formation is an active process that requires intracellular 

signaling or if simply co-expressing the two receptors at the cell surface is 

sufficient. Recently, it has been determined that TrkA is recycled in neurons in 

response to its own activation, through activation of Arf6 (Li et al., 2015). This 

study showed that direct interaction between the cytoplasmic tail of TrkA with 

GGA3 promotes recycling over degradation of the receptor to prolong NGF 

signaling. Our data indicate that reserve pools of p75NTR are colocalized with 

GGA3+ vesicles in neurons prior to NGF-induced membrane trafficking (Figure 

2.6). Therefore, it remains a possibility that these pathways converge and GGA3 

may play a role in proper complex formation. We have shown p75NTR-GGA3 co-

localization prior to NGF treatment, while Li, et al (2015) showed TrkA-GGA3 



 

 
85 

interaction after NGF treatment. Live imaging of neurons immediately after acute 

NGF treatment and precise localization of p75NTR, TrkA, and GGA3 over time 

may reveal novel insights into this rapid and dynamic process and provide insight 

as to how high affinity NGF receptors are formed.  

 TrkA activation by NGF causes a transcriptional up regulation of p75NTR in 

sympathetic neurons and neuroblasts (Miller et al., 1994; Verdi and Anderson, 

1994; Wyatt and Davies, 1995). However, we showed that acute NGF treatment 

caused an upregulation of p75NTR at the cell surface even when translation was 

blocked with cycloheximide, suggesting that newly synthesized p75NTR does not 

account for the observed increase in surface expression (Figure 2.1).  We show in 

Chapter 2, that intracellular stores of p75NTR exist in neurons, contained in 

GGA3+ vesicles, and that acute NGF treatment induces rapid trafficking to the cell 

surface (Figure 2.6). Since adjacent neurons are competing for limited trophic 

support at the sympathetic target tissues and since NGF binds to TrkA-p75NTR 

dimers with 100 times more affinity, it is likely that in vivo, a neuron that fails to 

upregulate p75NTR surface expression would be outcompeted. Future studies 

could be designed to explore the survival of sympathetic neurons when p75NTR 

upregulation is blocked in just a few neurons. I hypothesize that the neurons 

lacking p75NTR upregulation would die due to being outcompeted for the limiting 

amounts of NGF. Of course, this analysis would be complicated by the fact that 

p75NTR also plays a role in sympathetic development by actively inducing 

apoptosis when activated in the absence of TrkA, for example, by BDNF.  

It would also be interesting to investigate the route of p75NTR trafficking in 

the presence to NGF. Once TrkA retrograde signaling endosomes reach the soma 
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to initiate p75NTR transcription, is new protein shuttled directly to the membrane 

or does all p75NTR get trafficked through GGA3+ vesicles and surface expression 

regulated through Arf6 activation?   

 The data presented in Chapter 2 indicate that while TrkA activation can 

upregulate p75NTR surface expression through activation of Arf6, but activation of 

Arf6 alone is sufficient to increase p75NTR trafficking (Figure 2.4). This represents 

a novel role for Arf6 in mediating p75NTR membrane expression. It remains 

unknown whether Arf6 activation can shuttle p75NTR to the cell surface in TrkA-

negative cell types. TrkA can activate Arf6 through PI3K (Figure 2.5), as well as 

through Src (Li et al., 2015). Both can be activated by a variety of other kinases 

and kinase receptors. I hypothesize that activation of Arf6 represents a novel 

mechanism for promoting p75NTR surface expression, even in cells not 

expressing TrkA.  

 A subset of ventricular-subventricular zone (V-SVZ) stem cells in adult rats 

express p75NTR. p75NTR positive neural stem cells persist into adulthood and 

respond to both BDNF and NGF to promote generation of daughter neuroblasts 

and mature neurons both in vitro and in vivo (Young et al., 2007b). The p75NTR 

positive neural precursor cells (NPC) were highly proliferative as compared to 

p75NTR negative cells, which never formed neurospheres in culture. p75NTR-

expressing cells responded to BNDF to increase NPC proliferation and generate 

an increased number of neurons. The authors propose this as a mechanism by 

which BDNF, which increases in the brain after exercise, can promote 

neurogenesis by activating p75NTR-expressing cells to divide (Young et al., 

2007b). The study explicitly showed that TrkA mRNA was not present in any 
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population of neural stem cells, and in p75NTR-expressing cells neither TrkB or 

TrkC mRNA was detected. This suggests that BDNF’s effect on NSC activation is 

not to do its action on TrkB-p75NTR heterodimers, but on p75NTR directly (Young 

et al., 2007b). The study did not investigate whether p75NTR surface availability 

had any effect on BDNF or NGF responsiveness. Thus, this system may provide 

an interesting model to study whether p75NTR surface expression and therefore 

neurogenic capacity can be altered through Arf6 activation, in the absence of TrkA. 

Young et al. (2007) used FACS on live, unpermeablized cells to isolate 

populations of p75NTR-expressing cells, therefore it is more accurate to say 

p75NTR surface-expressing cells. They found a gradient of expression levels, but 

a positive correlation between p75NTR surface expression and neurogenic 

capacity and sphere formation after exposure to NGF and BDNF. If our current 

study identified a novel molecular player involved in surface trafficking of p75NTR 

in all cells type, it would be worth pursuing whether Arf6 activation in neural stem 

cells can increase V-SVZ neurogenesis. This could be assessed by ectopically 

expressing the Arf6Q67L constitutively active construct in p75NTR positive NPCs 

and measuring changes in p75NTR surface expression as well as sphere forming 

and neurogenic capacity.  

 

4.2 Significance 
 
 A full understanding of p75NTR trafficking in sympathetic nervous system 

development and beyond has broad clinical implications for various disease states. 

Recently, a functional polymorphism of p75NTR in humans was reported to 

increase risk of major depressive disorders and cardiac disease through vagal 



 

 
88 

autonomic dysfunction (Chang et al., 2015). Human subjects homozygous for this 

polymorphism showed significantly reduced vagal activity compared to control 

subjects. Reduction in vagal output is correlated with coronary heart disease, 

myocardial infarction, and congestive heart failure (Chang et al., 2015). 

Understanding the mechanism by which this polymorphism alters p75NTR function 

and expression in the human autonomic nervous system would be a useful area 

for future studies.  

Another example of how the regulation of p75NTR expression, trafficking 

and activation may have an impact on human health is related to the recently 

reported role of p75NTR in the regulation of glucose uptake and insulin resistance 

(Li et al., 2012).  p75NTR-/- mice showed an increase in insulin sensitivity and 

specifically depleting p75NTR in adipocytes or myoblasts caused an increase in 

glucose uptake induced by insulin stimulation. Additionally, glucose transporters 

GLUT4 in p75NTR-/- cells were aberrantly trafficked to the cell membrane after 

glucose exposure. Of particular relevance to our study, p75NTR appears to 

interact directly with GTPases Rab5 and Rab31 to regulate GLUT4 trafficking and 

glucose sensitivity (Li et al., 2012). Understanding how p75NTR mediates this 

trafficking and whether p75NTR trafficking itself is involved in this process could 

reveal novel therapeutic targets for treating Type 2 diabetes and insulin resistance. 

Finally, it is important to point out that our studies in Chapter 3, on p75NTR 

retrograde apoptotic signaling, have significant implications for understanding a 

variety of neurodegenerative conditions. A role for p75NTR has been suggested in 

a wide variety of neuropathologies, including Alzheimer’s disease (Chao, 2016), 

amyotrophic lateral sclerosis (ALS) (Chao et al., 2006), stroke (Irmady et al., 2014) 
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and degeneration after spinal cord injury (Beattie et al., 2002). It is likely that active 

retrograde degenerative signaling involving p75NTR contributes to many of these 

conditions. For example, a number of recent studies have suggested that there is 

apoptotic retrograde signaling in some forms of ALS (Siu et al., 2018). Moreover, 

the p75NTR ICD was detected in a retrograde dynein complex in the SOD1 

(G93A) model of ALS (Perlson et al., 2009). I suggest that our study on p75NTR 

ICD retrograde trafficking could serve as a model system for understanding the 

mechanisms involved in such neurodegeneration. Future studies should be aimed 

at exploring the function of p75NTR trafficking and the role of HDAC1 in such 

pathologies. 
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Appendix I. 

Loss of Jedi-1 results in increased proliferation of neural 
progenitor cells 

 
Abstract 
 

We previously identified Jedi-1 as an engulfment receptor necessary for 

clearance of apoptotic sensory neurons in the dorsal root ganglia during normal 

development (Wu et al., 2009b). Its role in the central nervous system, however, 

has not been investigated. We found Jedi-1 mRNA expressed in neural progenitor 

cells (NPCs) derived from the ventricular-subventricular zone (V-SVZ), one of the 

two niches where neurogenesis continues during adult life. Interestingly, NPCs 

derived from perinatal jedi-1-/- mice exhibited a significant increase in proliferation 

relative to wild type, as measured by short term BrdU incorporation. Most 

proliferating cells were GFAP+ and Nestin+, common markers of early NPCs. 

Additionally, NPCs derived from jedi-1-/- mice produced significantly more 

oligodendrocytes after 14 days of mitogen withdrawal. As previously reported (Lu 

et al., 2011), we found that NPCs have the ability to engulf carboxylated 

microspheres. However, preliminary data indicate that jedi-1-/-  NPCs do not have a 

deficit in engulfment capability, suggesting that Jedi-1 regulates proliferation and 

differentiation of these cells through an alternate mechanism. Current experiments 

are focused on determining the mechanistic basis for Jedi-1’s effects on 

proliferation and differentiation in vitro and in vivo.  
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Introduction 
 

Programmed cell death (PCD) is a normal part of mammalian nervous 

system development. It is used as a way to establish proper cell numbers and 

connectivity as well as eliminating damaged or defective cells (Buss et al., 2006). 

In the central nervous system, PCD is observed throughout proliferation, migration, 

axon guidance, and synaptogenesis. It is estimated that up to 50% of all neurons 

born will undergo apoptosis (Burek, 1996); these cells must be cleared efficiently 

to prevent a potentially damaging, inflammatory response. While much of 

development occurs embryonically, cell death continues in the postnatal brain and 

therefore mechanisms of cell clearance must persist into adulthood. One role of 

cell elimination is to reduce excess neural progenitors. Apoptosis of progenitor 

cells has been shown to occur in the postnatal cerebellum and in the 

subventricular zone in order to limit the numbers of proliferating cells and influence 

brain size (Blaschke et al., 1996). A second wave of cell death occurs in post-

mitotic neurons during the process of synaptogenesis to eliminate superfluous 

innervation (Gohlke et al., 2004). 

It is now well established that neural stem cells (NSCs) are present in the 

adult mammalian brain and have a role in regulating cognition. In the adult, new 

neurons can arise from neural stem cells found in the ventricular-subventricular 

zone (V-SVZ) lining the ventricles and in the subgranular zone (SGZ) of the 

dentate gyrus of the hippocampus (Bond et al., 2015). By definition, these stem 

cells are self-renewing and can generate multiple lineages, including neurons, 

astrocytes and oligodendrocytes. In rodents, the NSCs in the V-SVZ generate 

neural precursor cells (NPCs) that give rise to olfactory bulb interneurons (Lim and 
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Alvarez-Buylla, 2016), which are important for olfactory learning and memory 

(Lepousez et al., 2013; Sakamoto et al., 2014). In humans, the degree of newly 

generated neurons in the V-SVZ is highly controversial but appears to decrease 

significantly after birth (Sorrells et al., 2018). However, there is evidence for 

migration of adult neuroblasts to the olfactory bulb, prefrontal cortex or striatum 

(Sanai et al., 2011; Ernst et al., 2014). Within the mammalian V-SVZ, there are 

subdomains of NSCs that generate specific progeny. For example, dorsal, Pax6-

positive NSCs generate more superficial granule cells in the olfactory bulb, while 

the ventral Nkx2.1-expressing NSCs become deep granule cells (Toresson et al., 

2000; Merkle et al., 2007; Young et al., 2007a; Xu et al., 2008; Merkle et al., 2014). 

There are 4 types of cells in the V-SVZ neurogenic niche, the ependymal cells, 

lining the ventricle, as well as type A, B and C cells. The B cells are the stem cells, 

which are self-renewing, divide very slowly and asymmetrically and give rise to 

transiently-amplifying type C cells. The type C cells generate type A cells, which 

are neuroblasts (Doetsch et al., 1999). 

A variety of secreted factors have been identified that modulate proliferation 

of NSCs, including morphogens, growth factors, neurotransmitters and cytokines 

(Gonçalves et al., 2016). Many factors that promote neuron generation have also 

been identified in vivo, including glutamate and BDNF (Mu et al., 2010).  In 

contrast, there is little known about what promotes oligodendrogenesis from NSCs. 

Sonic hedgehog (Shh) signaling has been shown to modulate the formation of 

oligodendrocytes (OLs) from NSCs following demyelination in a mouse model of 

MS (Samanta et al., 2015). Shh is required for the positional identity of NSCs in 

the ventral V-SVZ and their maintenance (Lai et al., 2003; Machold et al., 2003; 
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Ahn and Joyner, 2005; Ihrie et al., 2011). However, at early postnatal ages, there 

is a transient expression of Gli1, a downstream effector of Shh, in the dorsal V-

SVZ and these NSCs generate large numbers of OLs (Tong et al., 2015). In the 

adult, few OLs are normally produced from NSCs; however, following a 

demyelinating lesion, the Gli1 expressing ventral NSCs migrate into the lesioned 

area, down regulate Gli1 and differentiate into OLs (Samanta et al., 2015). The 

down regulation of Gli1 is necessary for new myelin to form. Thus, NSCs 

responding to Shh can generate OLs, but this signal must be blocked for mature 

OLs to form. The receptor Notch also regulates NSC proliferation by inhibiting 

differentiation of the NSCs, thereby keeping them dividing. In the absence of Notch 

signaling, there is an initial increase in NSC proliferation, due to differentiation into 

transient amplifying cells, but then a decrease due to depletion of the type B NSCs 

(Ehm et al., 2010). 

Similar to what is observed during neurodevelopment in both central and 

peripheral tissues, many of the newborn NSCs in these germinal zones die before 

incorporation into the circuitry (Ma et al., 2009). Therefore, efficient and robust 

mechanisms for apoptotic cell clearance must exist to ensure that dying neural 

precursors don’t become necrotic and trigger a detrimental inflammatory or 

autoimmune response. Unchallenged microglia present in the SGZ of mice rapidly 

and efficiently clear dying neural progenitors via phagocytosis. This clearance 

mechanism persists into adulthood, even when the levels of neurogenesis have 

drastically declined (Sierra et al., 2010). Surprisingly, DCX+ neuroblasts in the 

SGZ and V-SVZ were recently identified as an additional cell type capable of 

phagocytosis during adult neurogenesis. The engulfment receptor adaptor protein 
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ELMO was required for efficient DCX+ cell-mediated engulfment and when 

blocked, either pharmacologically or genetically, apoptotic precursors 

accumulated. Along with this decrease in phagocytosis, an increase in TUNEL+ 

apoptotic cells as well as a decrease in newly born neuroblasts was observed, 

suggesting a link between efficient apoptotic cell clearance and the generation of 

new neurons (Lu et al., 2011). 

Our lab has identified Jedi-1 expression in V-SVZ derived NPCs. Jedi-1 was 

initially identified as an engulfment receptor expressed by satellite glial cells in the 

dorsal root ganglia (DRG) and was shown to be necessary for the clearance of 

apoptotic sensory neurons during neurodevelopment (Wu et al., 2009b). Jedi-1 is 

an engulfment receptor characterized by an extracellular domain containing 

multiple EGF repeats, a single transmembrane domain, and an intracellular 

domain with several signaling motifs such as ITAMs and NPXY (Scheib et al., 

2012). Jedi-1 is homologous to engulfment receptors Ced-1 and Draper, found in 

Caenorhabditis elegans and Drosophila, respectively (Figure A1). Jedi-1’s ability to 

mediate engulfment of apoptotic targets is dependent on several intracellular 

signaling cascades. While an extracellular ligand for Jedi-1 has not been identified, 

receptor internalization and signal propagation are consistently induced by 

exposure to apoptotic targets. Previous work done in our lab has shown that 

several members of the Src family of kinases phosphorylate 

conserved immunoreceptor tyrosine-based activation motif (ITAM) motifs on Jedi-1 

and recruit Syk to act as a signal transducer required for engulfment (Scheib et al., 

2012). Further analysis indicated that Jedi-1 interacts with adaptor protein GULP 

through a conserved NPXY motif. GULP acts as an adaptor between Jedi-1 and 
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clathrin heavy chain (CHC) to promote internalization through actin cytoskeletal 

rearrangement. Phosphorylation of the clathrin heavy chain is required for 

engulfment and actin rearrangement. It has been previously shown that CHC can 

be phosphorylated by Src family kinases during internalization. Syk recruitment to 

activated Jedi-1 after apoptotic cell binding could directly phosphorylate CHC and 

promote its association with actin, which directly facilitates engulfment (Scheib et 

al., 2012; Sullivan et al., 2014) (Figure A1). While the role of Jedi-1 in PNS 

development is still being fully elucidated, its role in the central nervous system 

has not been studied.  

The goal of this project was to determine if Jedi-1, required for the 

engulfment of apoptotic sensory neurons, is involved in cell clearance in the adult 

V-SVZ and if its loss can alter the proper development and progression of NPCs. 

We initially hypothesized that Jedi-1 regulates the engulfment of apoptotic cells by 

NPCs in the CNS during development and in adult neurogenesis, thereby 

promoting proliferation of NPCs.  
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Figure A1. Jedi-1 is homologous to CED1 and Draper (upper panel). Jedi-1 activation by a still 

unknown “eat-me” signal induces phosphorylation of intracellular NPXY and ITAM motifs, which 

leads to apoptotic cell engulfment (lower panel). 
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Methods 
 
Animals -  All experiments with animals were approved by the Animal Care and 

Use Committee at Vanderbilt University. C57BL/6J mice were used as wildtype 

controls and Jedi-1 null embryonic stem cells were obtained from the KOMP 

Repository (Pear1tm1a(KOMP)Wtsi) (Figure A2). The stem cells were injected into 

C57BL/6 blastocyst by the Vanderbilt Transgenic Mouse Shared Resource and 

chimeras bred to wild type and progeny carrying the Jedi-1 null allele were crossed 

to generate mice homozygous for the null allele (referred to from here on as jedi-1-

/-). Breeders were maintained on a normal fat diet and the genetic background of 

progeny was confirmed by PCR of genomic DNA.  

 

 

Figure A2. Diagram illustrating the construct used to create the jedi-1 null allele. Image from 

www.Komp.org, adapted by Alexandra Trevisan. 

 

RT-PCR – Total RNA was obtained from tissue or cell samples using Trizol. RNA 

was purified using RNeasy columns (Qiagen # 74104). Random hexamers were 

used to generate cDNA and PCR was completed using the following primers:  

JediFoward: CCTGCAGCTGCCCACCGGGCTGGA 

JediReverse: CCTGGCAGCCCGGGCCATGCGTGT  

PCR settings were: 94°C for 5 min, then 30 cycles of 94°C for 30 seconds, 69°C 

for 30 seconds, 72°C for 40 seconds, followed by 72°C for 10 minutes. Product 
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size (509bp) was confirmed by running the samples on a 2% agarose TAE gel.  

 

Neurosphere culture- To generate perinatal V-SVZ neurospheres, at least 4 pups 

aged p4-6 were pooled from either WT or Jedi-1-/- mice. After total brain isolation, 

the V-SVZ region was microdissected under a dissection microscope to isolate the 

tissue proximal to the lateral ventricles. The pooled tissue was dissociated using 

Neurocult Enzymatic Dissociate Kit (need product) and then plated in stem cell 

media containing 20 ug/ml EGF, 10ug/ml bFGF, and 0.02% heparin to promote 

proliferation. Cells were grown in sterile 10cm2 non-coated Petri dishes to 

discourage cells from adhering and kept in a tissue culture incubator at 37°C and 

5% CO2. Cells and/or spheres in suspension were spun down at 700rpm every 

other day to complete a half media change.   

 

Neural precursor cell differentiation – To differentiate NSCs into mature progeny, 

neurospheres were gently dissociated using the Neurocult Chemical Dissociate Kit 

until a single cell suspension was achieved. 50,000 cells were seeded onto 

coverslips placed into 24-well plates coated overnight with poly-d-lysine and for 2 

hours with laminin. To differentiate the cells, they were plated into neurobasal 

media containing 1% FBS, N2 supplement, and 2 mM L-glutamine. For long term 

experiments, half the media was changed every other day. Plates were kept at 

37°C and 5% CO2. To quantify the number of differentiated progeny, cells were 

immunostained with anti-GFAP, anti-DCX (Cell signaling, 1:1000), and anti-04 

(Millipore MAB345, 1:100). Nuclei were visualized with DAPI.  
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Phagocytosis assay – For engulfment assays with NPCs, cells that had been 

maintained in differentiation media for 1 day, were placed into differentiation media 

containing fluorescently-labelled, carboxylated 2 um microspheres at 1:100 dilution 

and incubated at 37°C for 3 hours. Cells were washed with PBS containing 1% 

BSA before fixation in 4% PFA or 10% neutral buffered formalin (NBF) for 15 

minutes. NPC coverslips were stained with anti-GFAP (Milipore, 1:500) or anti-

DCX (Santa Cruz, 1:50) to visualize putative B cells and A cells, respectively. Z-

stacks of cells were imaged using Leica SP5 Confocal microscope to determine if 

fluorescent beads were completely internalized. Phagocytic index was determined 

using the following equation: Phagocytic index, PI = (number of beads engulfed ÷ 

total cells counted) × (number of engulfing cells/total cell counted) × 100).  

 

In vitro BrdU assay -  For the BrdU pulse of NPCs, cells that had been maintained 

in differentiation media for various timepoints, were placed into differentiation 

media containing 10uM BrdU for 2 hours before fixation with 4% PFA. Fixed cells 

were treated with 4M HCl for 10 minutes to denature DNA and neurtralized 0.1M 

sodium borate buffer for 10 minutes before immunostaining with anti-BrdU 

(BDBioscience, 1:50) at 37°C . Nuclei were counterstained using DAPI (Prolong 

Gold + DAPI) to assess total cell number.  

 

In vivo EdU pulse – For in vivo analysis of NPC proliferation 6 week old C57BL/6 

wild type or jedi-1-/- mice were injected i.p. with 25mg/kg EdU and sacrificed after 

1 hour. After transcardial perfusion with 10% NBF, the brain was isolated and post 

fixed for 24 hours in NBF for paraffin embedding.  Brains were oriented for coronal 
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sections. 10-micron sections from Paraffin-embedded brains were taken starting 

from the anterior opening of the lateral ventricles and through the entire V-SVZ 

niche. After deparaffinization, rehydration, and permeabilization, brain sections 

were stained using the ClickIt reaction (a copper catalyzed reaction to chemically 

link the alkyne-linked nucleotide with the azide conjugated fluorophore(Cappella et 

al., 2008)), and Cy5-azide (Lumiprobe, A3330) to visualize EdU+ cells. DAPI was 

used to visualize total cells and overall brain morphology. Each EdU+ nucleus from 

both left and right ventricles was counted from the twenty most anterior V-SVZ 

sections and normalized to the V-SVZ area.  

 

Microscopy – Bead engulfment assays were visualized using Leica SP5 confocal 

microscope. Z-stacks were obtained to confirm bead internalization. BrdU 

incorporation was visualized using a Zeiss Axioskop 2 epifluorescent microscope. 

For visualization of differentiated NPCs and in vivo EdU incorporation, a Nikon 

Eclipse Ti inverted fluorescent microscope was utilized. 
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Results 
 
Jedi-1 is expressed in brain and cultured V-SVZ neurospheres 
 

Jedi-1 was initially identified as a putative engulfment receptor expressed 

by satellite glial cells in the dorsal root ganglia (DRG) necessary for the clearance 

of apoptotic sensory neurons during development (Wu et al., 2009b). We first 

sought to determine Jedi-1 expression in mouse brain. Using both RT-PCR and 

Western blot analysis on total brain tissue, we confirmed expression of Jedi-1 in 

the brain. Primer and antibody specificity were confirmed using jedi-1-/- tissues 

(Figure A3). Additionally, analysis of lacZ reporter mice, showed expression in 

brain endothelial cells (data not shown), as previously reported (Nanda, 2005). 

 To determine whether Jedi-1 is expressed in neural stem cells, 

neurospheres derived from mouse V-SVZ region were cultured from both wild type 

and jedi-1-/- P4-6 mice and harvested for RT-PCR analysis. Spheres cultured in 

EGF and FGF-containing media expressed Jedi-1 transcript, as well as NPCs that 

have been differentiated for 1 day in vitro (1 DIV) in the absence of mitogens 

(Figure A3).  
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Figure A3. Expression analysis using cDNA obtained from total RNA shows jedi-1 expression in 

both total brain, in primary neurospheres and in spheres differentiated for 1 day (1DIV NPCs). Jedi-

1-/- cells do not express any transcript. 

 

Loss of Jedi-1 does not alter phagocytic capacity of NPCs 
 

Recently, Lu et al. (2011) reported that doublecortin positive (DCX+) cells 

are capable of engulfing dying neural progenitor cells in both cultured NPCs and 

within the V-SVZ neurogenic niche, although the phagocytic receptor involved was 

not identified (Lu et al., 2011). We speculated that due to its expression in total 

brain and in neural stem cell-enriched neurospheres that Jedi-1, similar to its 

function in the PNS, may play a role in apoptotic neural precursor cell engulfment. 

To test this, we cultured V-SVZ neurospheres from wildtype and jedi-1-/-mice 

followed by mitogen withdrawal for 1 day to induce differentiation and to force non-

adherent cells to settle onto coverslips. Carboxylated fluorescent microspheres, 2 

microns in diameter are commonly used as an apoptotic target for in vitro 

engulfment assays (Lu et al., 2011; Sullivan et al., 2014). We added the spheres to 
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our 1DIV neural precursor cells for 3 hours and assessed engulfment by imaging 

confocal z-stacks through individual cells. While subtypes of NPCs from both 

genotypes possessed a moderate ability to engulf these beads, there was no 

significant difference in engulfment ability between wild type and jedi-1-/- cells. We 

assessed two measurements to quantify engulfment: total percentage of all cells 

engulfing at least one bead, and phagocytic index, which weights the percentage 

based on how efficiently cells engulf multiple beads (Figure A4). While Lu, et al 

(2011) reported that DCX+ neuroblasts were the primary engulfing cell type, we 

found that GFAP+ neural stem cells engulfed beads more efficiently, and in our 

culture conditions, DCX+ cells rarely engulfed beads (Figure A4).  
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Figure A4. No change in phagocytic index in jedi-1-/- NPC when carboxylated microspheres are the 

target.   Primary neurospheres from WT and jedi-1-/-   P4-6 mice were grown for 7-9 days in vitro 

and dissociated into single cells, plated into differentiation media. After 1 day in vitro (1DIV), 

carboxylated fluorescent microspheres were added for 3 hours. Cells were stained with GFAP and 

engulfment was scored using confocal microscopy. There was no significant difference between 

wild type and jedi-1-/- in terms of the number of engulfing cells or in the phagocytic index (PI) (n=3 

independent experiments). Phagocytic index, PI = (number of beads engulfed ÷ total cells counted) 

× (number of engulfing cells/total cell counted) ×100). Representative images are depicted below 

each graph showing GFAP+ cells(green) containing beads in the x,y,z plane.  

 

 
Loss of Jedi-1causes an increase in NPC proliferation 
 
 In addition to the novel observation that neural precursor cells had phagocytic 

capacity and were able to engulf other dying NPCs both in vitro and in vivo, Lu et al (2011) 

also reported that this engulfment was required for proper neurogenesis and an 

accumulation of dying cells negatively impacted the number of dividing cells in the adult 

neurogenic niches. We tested whether jedi-1-/- NPCs had any differences in proliferative 

capacity by completing an acute, 2-hour BrdU pulse on NPCs in mitogen free media. 

Surprisingly, NPCs generated from jedi-1-/- mice incorporated BrdU at twice the rate of 

wildtype cells (Figure A5, p=0.002, n=6 replicates).  While all of the cells in culture were 

counted for the analysis, we noted that the vast majority of the cells at this stage were 

GFAP+ and Nestin+ neural stem cells (Figure A6), suggesting that loss of Jedi-1 

increased the proliferation of neural stem cells. 
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Figure A5. Percentage of proliferating cells compared to total cell population in wild type vs. jedi-1-/- 

NPCs. NPCs from Jedi-1+/+ and jedi-1-/- mice were grown as neurospheres, then dissociated and 

plated in differentiation media. After 2 days, the cells were given a BrdU pulse 2 hours before 

fixation and quantification of the number of BrdU+ nuclei.  A student’s t-test was carried out for n=6 

samples. Error bars indicate SEM. Representative fluorescence microscopy images of +/+ and 

Jedi-1-/- NPCs are shown above the graph. Cells were stained with anti-BrdU (green) to identify 

proliferating cells and DAPI (blue) for nuclear visualization.  

Figure A6.  NPCs cultured for 1 day in differentiation media are primarily GFAP+ and Nestin+. 

NPCs from WT mice were grown as neurospheres, then dissociated and plated in differentiation 

media. After 1 day in culture, cells were fixed and stained for GFAP and Nestin. 
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Loss of Jedi-1 leads to increase in oligodendrogenesis in vitro 
 
 Given the increase in proliferation of jedi-1-/- NPCs, we wondered if they 

maintained their pluripotency. NPC cells from wildtype and jedi-1-/- mice were cultured first 

in EGF and FGF as neurospheres and then dissociated and seeded equally on coated 

coverslips and allowed to differentiate in mitogen free media for 14 days. The jedi-1-/- cells 

retained their ability to differentiate into neurons and glia (Figure A7); however, we 

observed an approximately 150% increase in the fraction of cells that were early stage 

oligodendrocytes, based on staining for the marker O4, in jedi-1-/- cultures compared to 

wildtype (p < 0.05, n = 3) (Figure A8). These data indicate that the increase in proliferation 

of jedi-1-/- NPCs may be specific to oligodendrocyte-producing precursors or that loss of 

jedi-1 increases oligodendrogenesis at the expense of other cell types.  

 

Figure A7.  WT and jedi-1-/- derived neurospheres from the V-SVZ were differentiated for 4 days in 

mitogen free media before fixation. Immunostaining with GFAP (to label astrocytes) and DCX (to 

label neuroblasts) reveals that both wildtype and jedi-1-/- NSCs can form both neurons and glia in 

culture. 
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Figure A8. NPCs cultured for 14 days in vitro following mitogen withdrawal formed significantly 

more O4+ oligodendrocytes. Primary neurospheres from wild type (WT) and jedi-1-/-   P4-6 mice 

were dissociated and allowed to differentiate for 14 days without EGF or FGF before fixation. The 

cells were then immunostained for the early oligodendrocyte marker O4. Results are shown as % 

of wildtype NPCs. (O4+/DAPI+) n=3; *, p<0.05. 

 

Preliminary in vivo analysis 

Neural stem cell dynamics in vivo are different from cultured cells. To 

determine if the observed in vitro increase in short-term BrdU incorporation also 

occurs in the adult V-SVZ, we measured cell proliferation using EdU. 6 week-old 

mice from both genotypes were injected i.p. with 25mg/kg EdU and sacrificed after 

1 hour. Preliminary analysis of sections taken through the V-SVZ niche reveal an 

approximately 2-fold increase in the number of the EdU+ cells per V-SVZ area 
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(Figure A9). A more comprehensive analysis of EdU counts in the various V-SVZ 

subdomains as well as immunostaining for various markers to determine if one 

particular subtype of cell is more susceptible to loss of Jedi-1 is needed to clarify 

Jedi-1’s role in NSC proliferation.  

 

Figure A9. Preliminary data reveals an increase in EdU incorporation in adult mouse V-SVZ. 6-

week old WT or jedi-1-/- mice were injected with 25mg/kg EdU i.p. 1 hour before sacrifice. Fixed 

brains were serial-sectioned at 10um and EdU incorporation was detected using the Click-IT™ 

system. EdU+ cells were counted in every 6th section in the V-SVZ region and are displayed as 

EdU+ cells/mm2 V-SVZ. (n=2 brains, 20 sections each). Representative images of EdU labeling 

(red) in the V-SVZ are depicted below the graph (blue staining is DAPI and the dotted white line 

indicates the edge of the dorsal ventricle).  
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Discussion 

 During development of the nervous system and continuing throughout 

adulthood in several neurogenic regions in the brain, many newly born neurons 

undergo programmed cell death. Removal of these apoptotic corpses is required 

for proper neurodevelopment and brain homeostasis. Previous work has identified 

microglia as at least one cell type responsible for this clearance in the adult brain 

(Sierra et al., 2010). Surprisingly, it has also been reported that neural precursor 

cells themselves may possess phagocytic ability and regulate their own clearance 

in the adult neurogenic niche in order to ensure efficient neurogenesis (Lu et al., 

2011). We previously identified the engulfment receptor, Jedi-1 responsible for the 

clearance of apoptotic sensory neurons during peripheral nervous development 

(Wu et al., 2009b) but determining its role in the central nervous system and 

whether it regulates neurogenesis was the focus of this project.  

 Since we observed Jedi-1expression in V-SVZ neurospheres, we sought to 

determine if it has a role in neural precursors clearance in this niche as well. Lu et 

al. (2011) previously reported that DCX+ neuroblasts generated from V-SVZ 

derived neurospheres as well as neuroblasts in vivo were able to engulf apoptotic 

cells. In our study, DCX+ cells rarely engulfed carboxylated microspheres, while 

the majority of engulfing cells appeared to be GFAP+/Nestin+ B cells. These 

differences could be attributed to subtle differences in culture conditions. The 

DCX+ neuroblasts in the Lu (2011) study appeared ameboid in shape with a slight 

polarization. In contrast, the DCX+ cells we observed in culture had a significantly 

different morphology, with extensive neurite outgrowth and small cell somas. 
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These obvious morphological differences suggest that the DCX+ cells in our 

cultures were more differentiated along the neural lineage, while those in the Lu et 

al. study were likely more immature and still retained their phagocytic ability, like 

the GFAP+/Nestin+ cells in our cultures.  

 Unsurprisingly, efficient neurogenesis requires proper clearance of 

apoptotic cells in order to avoid a detrimental inflammatory response that may 

arise from secondary necrosis (Sierra et al., 2010). While we did not observe any 

phagocytic deficits in NPCs from jedi-1-/- knockout mice in vitro, we did observe a 

baseline increase in proliferation. Jedi-1, therefore, may play a novel role in 

suppressing neurogenesis, independent of phagocytic capacity. Additionally, 

preliminary studies show that the observed increase in NPC proliferation in vitro 

appears to also be evident in the V-SVZ of adult jedi-1-/- mice, suggesting that this 

is not specific to cultured NPCs (Figure A9).  This leads us to speculate how, 

mechanistically, Jedi-1 may regulate neural stem cell dynamics.  

Jedi-1, also known as PEAR1, has been reported to play a role in regulating 

hematopoiesis. Overexpression of Jedi-1 in bone marrow cells decreased the 

proliferation of myeloid progenitors in vitro and may regulate this proliferation 

through interaction with Notch, due to structural similarities to Notch ligands 

Jagged and Delta (Krivtsov et al., 2007). Jedi-1/PEAR1 knockdown in 

megakaryocytes (platelet precursors) induced a two-fold increase in colony 

formation in clonogenic assays. This increase is thought to be related to the 

reduced expression of phosphatase and TENsin homolog (PTEN) and several 

PI3K-Akt and Notch-related genes. Knockdown of PEAR1 reduces PTEN 
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expression, which decreases Akt dephosphorylation leading to increased 

megakaryocyte precursor proliferation (Kauskot et al., 2013). Future work on the 

role of Jedi-1 in NPC proliferation should focus on determining if loss of Jedi-1 in 

these cells alters proliferation through a PTEN/p-Akt-dependent mechanism.  

 At present, it is unclear whether Jedi-1 is affecting NPC proliferation through 

cell autonomous mechanisms or through cell-cell signaling. Although Jedi-1 mRNA 

has been detected in NPCs in culture, we do not know if the protein is expressed 

in these cells. We have detected Jedi-1 expressed at high levels in brain 

endothelial cells and in the choroid plexus (not shown). Notably, there is evidence 

that soluble factors released from these cell populations in the V-SVZ can regulate 

the proliferation of neural stem cells. For example, neurotrophin 3 (NT3) released 

by brain endothelial cells and choroid plexus supports B1 cell quiescence through 

nitrous oxide (NO) production via TrkC. Loss of NT3 resulted in increased cycling 

of B1 cells (Delgado et al., 2014). B1 cells make direct cellular contact to the 

cerebral spinal fluid via cilia protrusion between ependymal cells into the 

ventricular space and they also make deep projections to niche blood vessels. It 

remains possible that the increase in NPC proliferation we detected is due to Jedi-

1 expression on endothelial cells and/or on the NSCs themselves. To investigate 

this possibility, one could use immunofluorescence techniques; first, to 

immunostain the V-SVZ of the brain for Jedi-1 and co-stain for markers of NSCs, 

such as GFAP. In addition, one could measure the number of contacts that B1 

cells make with blood vessels and the ventricular space in jedi-1-/- animals at 

various ages in development to determine if Jedi-1 expression is required for B1 
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cell process extension or proper positioning.  

The role of endothelial cells in regulating NPC proliferation could also be 

investigated in vitro by culturing endothelial cells from wildtype or jedi-1-/- brains 

and seeding wildtype or knockout NPCs over them and measuring proliferation 

and morphology of the stem cells. To test whether direct contact is necessary, 

mesh trans well plates could be utilized to allow for soluble molecules released by 

endothelial cells to pass through but prevent direct interaction between the cell 

types. This experiment would dissect out how endothelial cells regulate the 

proliferation and differentiation. In our study, neural precursors are isolated and 

cultured independent from endothelial cells, but we can’t rule out that lack of Jedi-1 

expression in endothelial cells prior to the isolation of NPCs reprogrammed the 

NPCs to be intrinsically more proliferative.  

  NSCs in culture can differentiate into mature astrocytes, 

oligodendrocytes, and neurons in culture after mitogen withdrawal. We report that 

while jedi-1-/- NSCs maintain their pluripotency, they generate significantly more 

O4+ oligodendrocytes after 14 days of differentiation in vitro (Figure A8).  Whether 

Jedi-1 has a direct role in regulating the proliferation of oligodendrocyte precursor 

cells or shifting the fate of NSCs to oligodendrogenesis remains to be determined. 

Current studies are aimed at fully dissecting the cell type(s) affected by loss of 

Jedi-1 in vitro, by determining the fraction of mature oligodendrocytes, astrocytes 

and neurons that arise from knockout NSCs. These studies will be done with 

secondary spheres, derived from primary spheres, dissociated and plated at clonal 

density to confirm that they self-renew and that individual cells maintain 
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pluripotency. In addition, future work will focus on whether this increase in 

oligodendrocyte generation is phenocopied in vivo. Little is known about the 

generation of oligodendrocytes during adult neurogenesis, but sonic hedgehog 

(Shh) appears to modulate the formation of OLs from NSCs after a demyelinating 

lesion in a mouse Multiple Sclerosis (MS) model (Samanta et al., 2015). 

Determining whether loss of Jedi-1 affects remyelination after injury in MS models 

is a goal of future work in the lab. If the loss of Jedi-1 affects the production of 

neurons in vitro, for example, by shifting NSC fate toward oligodendrocytes, then it 

will be important to determine if the production of new neurons is affected in jedi-1-

/- mice in vivo. In particular, the number of V-SVZ- generated neurons in the rostral 

migratory steam and olfactory bulb of adult mice should be evaluated.    

 If our preliminary results showing an increase in Edu+ cell in vivo hold true 

(Figure A9), it would be informative to investigate this effect at older ages. Excess 

cell cycling of B cells in early adulthood can lead to an exhaustion of the neural 

stem cell niche (Ehm et al., 2010). By pulsing older mice with EdU, we may 

observe the opposite effect: fewer proliferating cells in the V-SVZ. This would 

indicate that perhaps loss of Jedi-1 early in development increases cycling of stem 

cells, which depletes the pool of B1 cells in mature mice. Additionally, future 

studies should determine if this phenotype is specific to V-SVZ derived stem cells 

or if NPCs isolated from the SGZ, the other main germinal zone in the adult brain 

also show an increase in proliferation. If so, older mice may perform poorly on 

learning and memory-focused behavioral tasks compared to wildtype littermates.  
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Conclusion 

While still in progress, this project has provided insights in to the complex 

process of neural stem cell maintenance and differentiation as well as providing a 

novel role for the engulfment receptor Jedi-1 in this process. Future work in the lab 

will determine if Jedi-1 possesses multiple distinct roles in various cell types or if 

these roles converge on a central mechanism that explains the observed 

phenotypes. 
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