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ABSTRACT OF THE DISSERTATION 

 
Beyond the name: p75 neurotrophin receptor as a regulator of 

hepatic stellate cell differentiation in liver repair 

 
 

by 
 
 

Melissa Ann Passino 
 
 

Doctor of Philosophy in Biomedical Sciences 
 
 

University of California, San Diego, 2007 
 
 

Professor Katerina Akassoglou, Chair 
 
 

 Although the p75 neurotrophin receptor (p75NTR) has been primarily studied as 

a regulator of cell survival and apoptosis in the nervous system, p75NTR also exhibits 

widespread expression in non-neuronal tissues which can be upregulated after tissue 

injury.  However, the biological significance of injury-induced, non-neuronal 

expression of p75NTR remains enigmatic.  In human fibrotic and cirrhotic liver disease, 

p75NTR is upregulated exclusively by hepatic stellate cells (HSCs), liver cells with 

neuroendocrine characteristics that can differentiate to activated matrix-producing 
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myofibroblasts after liver injury.  The work performed for my dissertation studies has 

led to the discovery of a novel function for p75NTR in the regulation of HSC 

differentiation which can support a repair-promoting crosstalk between HSCs and 

hepatocytes after liver injury.  In the plg-/- mouse model of liver injury, loss of p75NTR 

resulted in exacerbated liver pathology and inhibited HSC activation in vivo.  In vitro, 

p75NTR-/- HSCs failed to differentiate, and adenoviral delivery of p75NTR restored 

activation in p75NTR-/- HSCs, suggesting that p75NTR is necessary for HSC 

differentiation.  HSC differentiation was neurotrophin-independent, and expression of 

the intracellular domain of p75NTR alone was sufficient to promote HSC activation.  

p75NTR-/- HSCs exhibited loss of Rho activation compared to wild-type HSCs, and 

restoration of Rho activity completely rescued the differentiation of p75NTR-/- HSCs.  

Moreover, inhibition of p75NTR-mediated Rho activation prevented activation of wild-

type HSCs, suggesting that p75NTR signaling through Rho promotes HSC 

differentiation.  Additionally, we found p75NTR-mediated HSC activation is necessary 

for liver repair, as the loss of p75NTR resulted in diminished liver cell proliferation in 

the plg-/- mouse, as well as decreased levels of hepatocyte growth factor (HGF) in the 

liver.  In co-culture, p75NTR-/- HSCs were unable to promote hepatocyte proliferation 

to the extent of wild-type HSCs, but hepatocyte proliferation was recovered by 

addition of HGF.  Overall, the results of our studies suggest that p75NTR expression 

and Rho activation in HSCs is necessary for their differentiation to repair-supporting, 

HGF-secreting cells, which in turn can promote the hepatocyte proliferation necessary 

for liver repair after injury or disease. 
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Chapter 1: Introduction 

 This thesis focuses on the characterization of a novel biological function and 

new ligand for the neurotrophin receptor p75 (p75NTR).  In order to understand the 

significance and rationale behind the search for novel functions and ligands for 

p75NTR, this chapter provides a summary of the relevant literature on p75NTR, 

including its functions and signaling mechanisms, as well as information on p75NTR as 

it relates to liver injury specifically as well as in tissue fibrosis in general. 

 

1.  p75NTR 

1.1. p75NTR historical background 

 After the discovery of the neurotrophic factor nerve growth factor (NGF) in the 

1950s by Rita Levi-Montalcini [1], studies focused on finding the receptor through 

which NGF can exert its neurotrophic actions on neurons.  Research led to the cloning 

of the nerve growth factor receptor (NGFR) in 1986 by Dan Johnson [2].  Since its 

cloning, however, the function of the NGFR has expanded.  The receptor has been 

found to bind not only NGF but all neurotrophins, including brain derived 

neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) [3].  

Thus, due its pan-neurotrophin binding abilities and its apparent molecular mass of 75 

kDa, NGFR is now known as the p75 neurotrophin receptor, or p75NTR.   

 Based on sequence analysis, p75NTR is classified as a member of the tumor 

necrosis factor receptor (TNFR) superfamily.  Like the other members of the TNFR 

superfamily, p75NTR is a single transmembrane-spanning protein with an 
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amino-terminal extracellular domain and carboxy-terminal intracellular domain.  The 

extracellular domain has been crystallized [4] and consists of four cysteine-rich 

domains (CRDs) which are involved in ligand binding and contain an N-linked 

glycosylation site, followed by a stalk domain that is involved in the sorting of p75NTR.  

The intracellular domain of p75NTR contains a juxtamembrane adaptor protein-binding 

region, followed by a death domain which is involved in apoptotic signaling (Fig. 1) 

[5]. 

 

1.2. p75NTR expression and function 

1.2.1. Nervous system 

p75NTR is highly expressed in a variety of tissues during embryonic 

development [6].  After birth, p75NTR expression declines in most tissues, however 

after injury p75NTR can be re-expressed in many adult tissues (Table 1).  As p75NTR 

was first discovered for its ability to bind nerve growth factor and thus be a regulator 

of neuronal survival, p75NTR expression and function have been most extensively 

studied in the nervous system.  In the nervous system, p75NTR is expressed by a variety 

of neuronal cell types, including cortical and hippocampal neurons in the brain, and 

sensory and motor neurons in the spinal cord.  p75NTR is also expressed by glial cells, 

including oligodendrocytes in the central nervous system (CNS) and Schwann cells in 

the peripheral nervous system (PNS) (for reviews, see [3], [7]).  p75NTR expression is 

upregulated in the nervous system in a wide variety of injuries and diseases, including 



3 

 

brain trauma, spinal cord injury, axotomy, ischemic injury, seizure, multiple sclerosis, 

and Alzheimer’s disease [7]. 

 Numerous studies have been performed in vitro using cultured cells in a quest 

to define the specific functions of p75NTR.  p75NTR was originally discovered for its 

role in neurotrophin-mediated promotion of neuronal survival [2].  Seemingly 

contradictory to its survival-promoting function, p75NTR is also able to induce 

apoptotic cell death in culture [8].  Additionally, p75NTR has been shown to regulate 

neurite extension in cultured neuronal cells [9], which could potentially have 

important implications in nerve regeneration after injury.  It has also been suggested 

that p75NTR may play a role in cell cycle progression through its interaction with the 

transcriptional repressor zinc finger protein SC1 [10]. 

Specific functions of p75NTR in the nervous system have been also been 

identified in vivo through knockout and transgenic mouse studies.  The first p75NTR 

null mouse was generated by Lee and colleagues, and surprisingly the only major 

phenotype exhibited was defects in sensory nerve development [11].  Interestingly, 

p75NTR mutant mice expressing a pro-apoptotic truncated form of the receptor [12] 

also exhibited defects in the peripheral nervous system sensory neurons [13], further 

suggesting a role for p75NTR in nervous system development.  A transgenic mouse line 

overexpressing the intracellular domain of p75NTR in neurons revealed a ligand-

independent role for p75NTR in promoting neuronal apoptosis [14].  Injury models 

performed on p75NTR null mice have revealed potential functions for the receptor in 

pathological circumstances.  Beattie et al. observed that in a spinal cord injury model, 

p75NTR null mice exhibited less apoptosis of oligodendrocytes [15].  Additionally, 
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Scott et al. noted that p75NTR null mice had greater neuronal sprouting after spinal 

cord injury [16].  Taken together, these results suggest that p75NTR plays a detrimental 

role in preventing recovery after spinal cord injury by causing death of 

oligodendrocytes, the myelinating cells of the CNS, as well as preventing neurite 

outgrowth from damaged neurons.  In an animal model of multiple sclerosis, 

conflicting reports exist about the function of p75NTR.  Copray et al. reported that 

p75NTR null mice show exacerbated symptoms, suggesting that p75NTR is playing a 

protective role in multiple sclerosis [17].  However, work performed by Soilu-

Hanninen et al. showed mice treated with p75NTR antisense oligonucleotides to 

knockdown p75NTR expression fared better than control-treated mice, suggesting 

p75NTR expression is harmful in multiple sclerosis [18].  Both groups attribute their 

results to p75NTR functioning in brain endothelial cells, however they disagree as to 

whether p75NTR is beneficial or detrimental to endothelial cell-mediated blood-brain 

barrier integrity.  From these initial studies characterizing p75NTR in the nervous 

system, it is clear that p75NTR has several functions and plays an important role in 

nervous system injury and disease.   

 

1.2.2. Non-nervous system 

In addition to the nervous system, a number of papers have been published 

describing the expression of p75NTR in tissues outside of the nervous system, including 

the liver, kidney, pancreas, skeletal muscle, and cells of the immune system (Table 1).  

However, the function of p75NTR in non-neuronal tissues is not well characterized.  



5 

 

Despite the knowledge of widespread expression of p75NTR in non-nervous system 

tissue, less than a handful of studies have been performed to examine the function of 

p75NTR in non-neuronal cells, and prior to our studies, the only functions for p75NTR 

that had been examined in non-neuronal cells were cell survival and apoptosis.  Trim 

et al. observed hepatic stellate cell apoptosis in vitro upon treatment with high 

exogenous concentrations of NGF [19].  More recently, Reddypalli et al. proprosed 

that NGF via p75NTR can promote myoblast survival and proliferation [20].  Both of 

these studies assert that their observed results are mediated by p75NTR as the cell types 

studied lack expression of TrkA, the other receptor for NGF, however these studies do 

not use any form of genetic depletion or gene knockdown to demonstrate that their 

results are specifically p75NTR-mediated. 

The most evidence for a biological function of non-neuronal p75NTR in vivo 

comes from studies of the vascular system.  Kraemer demonstrated that in p75NTR null 

mice there was reduced apoptosis of vascular smooth muscle cells after carotid artery 

injury, suggesting that p75NTR can promote smooth muscle cell apoptosis [21].  

Additionally, p75NTR mutant mice expressing a pro-apoptotic truncated form of the 

protein [12] exhibit blood vessel abnormalities [13], suggesting a role for p75NTR in 

vascular system development.  The only other in vivo evidence for p75NTR function 

outside of the nervous system comes from the skin and lung.  Botchkarev showed that 

p75NTR null mice exhibit greater hair growth due to decreased apoptosis of hair follicle 

keratinocytes, suggesting that p75NTR-mediated keratinocyte death may play a role in 

hair loss [22].  In an asthma model, p75NTR null mice are less susceptible to airway 

inflammation caused by neurotrophin-mediated neuroimmune response [23].  
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However, this is attributed to decreased hyperreactivity of p75NTR-expressing nerve 

fibers in the lung as opposed to a resident lung cell response.  Thus despite the 

numerous papers showing the widespread expression of p75NTR outside of the nervous 

system, in vivo evidence of the potential functions of non-neuronal p75NTR only exists 

for just a few of the tissues in which p75NTR is expressed. 

 

1.3. p75NTR signaling: a complex story 

 There have been numerous studies performed to elucidate the function of 

p75NTR by investigating its signaling properties [3, 7, 24].  These studies have revealed 

that p75NTR signaling is quite complex: it can bind to several physiological and 

pathological ligands, interact with different co-receptors, undergo intramembrane 

proteolysis, and can initiate a number of different intracellular signaling cascades, all 

together contributing to the variety of functions that p75NTR can possess. 

 

1.3.1. The many ligands of p75NTR 

Although p75NTR was originally discovered because of its function as an NGF 

receptor, research over the past 15 years has uncovered several additional ligands that 

have the ability to bind to the extracellular domain of p75NTR.  In addition to the 

original neurotrophin ligand NGF, all other known neurotrophins (BDNF, NT-3, NT-

4) can bind to p75NTR with similar nanomolar affinities (Fig. 2) [25].  Several studies 

have shown that the neurotrophins are present as homodimers, and in dimeric form are 

able to interact with the second and third cysteine-rich domains (CRD2 and CRD3) of 
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p75NTR [4].  Binding of neurotrophins to p75NTR can elicit a multitude of cellular 

functions, including cell death, survival, and cell cycle progression [5].  However, 

mature proteolytically-processed neurotrophins are unable to effectively elicit a 

p75NTR-mediated cell death response as would be predicted by the death domain of 

p75NTR.  In 2001, work by Lee et al. provided the first evidence for the binding of the 

unprocessed precursor form of neurotrophins, the proneurotrophins, to p75NTR and 

showed that the high affinity binding of proNGF to p75NTR is able to potently elicit 

apoptosis in neurons, oligodendrocytes, and a vascular smooth muscle cell line in 

culture [26].  As both neurotrophins and proneurotrophins are normally present in 

tissue, it is believed that these ligands are important in normal physiological processes 

that are mediated by p75NTR. 

In addition to the traditional neurotrophin-related ligands, several pathological 

ligands for p75NTR have been identified (Fig. 2) [27].  Yaar et al. showed that β-

amyloid can bind to p75NTR with nanomolar affinity and that treatment with 

aggregated β-amyloid can cause apoptosis of p75NTR-expressing cells, suggesting a 

potential role for p75NTR in Alzheimer’s disease [28].  Della-Bianca et al. observed 

that a peptide derived from prion protein (PrP 106-126) can bind to p75NTR and induce 

apoptosis in a neuronal cell line, identifying p75NTR as a potential mediator of cell 

death associated with prion-related diseases [29].  Additionally, the binding of rabies 

virus glycoprotein to p75NTR was described by Tuffereau et al., who proposed that 

binding of the virus to p75NTR could provide a means by which rabies virus can infect 

motor and sensory neurons [30].  Because p75NTR upon neurotrophin binding can be 

internalized into the cell, some believe that binding of pathological ligands to p75NTR 
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represents a mechanism by which these ligands can “hijack” transport systems and 

gain access to the intracellular milieu [27]. 

 

1.3.2. Co-receptors of p75NTR 

To add further complexity to p75NTR signaling, research over the past several 

years has shown that p75NTR can act as or may require a co-receptor to exert biological 

effects in cells (Fig. 3).  The concept that p75NTR may act as a co-receptor first came 

about when a discrepancy was observed in binding affinity between neurotrophins 

binding to the cell surface versus neurotrophins binding to isolated p75NTR protein.  In 

the early 1990s a second type of receptor with the ability to bind neurotrophins was 

discovered, the tropomyosin-related kinases, or Trks.  The Trks consist of three related 

Trk proteins, TrkA, TrkB, and TrkC, belonging to the receptor tyrosine kinase 

superfamily and each having its own binding specificity for a particular neurotrophin.  

Like p75NTR, each Trk receptor has the ability to bind its specific neurotrophin ligand 

with nanomolar affinity (Kd ~ 10-9 M).  However, in cells that co-express both p75NTR 

and Trk, neurotrophins are able to bind with sub-nanomolar affinity (Kd ~ 10-11 M), 

suggesting that p75NTR and Trk interact to form high affinity neurotrophin binding 

sites on cells [3].  It was considered that p75NTR enhances the ability of Trk receptors 

to bind and respond to the subpicomolar concentrations of neurotrophins that exist in 

tissues, and for reasons still unclear promote Trk-mediated signaling involved in 

neuronal cell survival and while suppressing its own p75NTR-mediated apoptosis 

signaling pathways.  However, this concept was recently challenged by a study that 
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determined that a tripartite complex of p75NTR, Trk, and NGF is not structurally 

plausible [31]. 

While the survival-promoting function of p75NTR occurs when it is partnered 

with Trks, the apoptotic effects of proneurotrophins through p75NTR require a different 

co-receptor, Sortilin [26].  Sortilin belongs to the VSP10 family of transmembrane 

proteins, which are involved in endosomal and lysosomal vesicle trafficking from the 

trans golgi network [24].  Sortilin can bind proneurotrophins independently of p75NTR, 

but both p75NTR and Sortilin expression are required to induce proneurotrophin-

mediated apoptosis.  Although the signaling cascades activated in p75NTR/Sortilin-

mediated apoptosis have yet to be elucidated, prior studies investigating the role of 

p75NTR in apoptosis have discovered roles for the intracellular adaptor proteins NRIF 

and NRAGE, the small GTPase Rac, and the kinase JNK in promoting mitochondrial-

mediated caspase activation that can lead to apoptosis. 

In addition to its roles in mediating cell death and survival, p75NTR also plays a 

role in neuronal cell growth, a key process in nerve regeneration after injury, where it 

is involved in controlling the inhibition of neurite process extension.  In neurite 

growth inhibition, p75NTR forms a complex with another distinct set of proteins, the 

Nogo receptor (NogoR) and LINGO-1.  NogoR had been previously characterized as 

the receptor for myelin-based proteins Nogo, MAG, and OmGP, which are known to 

inhibit neurite outgrowth.  However, because NogoR is a GPI-linked protein and 

contains no intracellular region through which signaling can occur, research was 

performed to find a transmembrane receptor that could couple to NogoR and mediate 

intracellular signaling events that lead to the inhibition of neurite outgrowth.  
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Yamashita et al. showed that MAG-induced growth inhibition was attenuated in 

neurons from p75NTR null mice [32], suggesting that p75NTR is potentially involved in 

NogoR-mediated inhibition of neurite outgrowth.  Subsequent research revealed that 

indeed p75NTR and NogoR form a complex on the cell surface [33, 34].  The current 

proposed mechanism by which p75NTR/NogoR can inhibit neurite outgrowth involves 

NogoR binding to myelin-based proteins Nogo, MAG, and OmGP, leading to the 

proteolytic cleavage of the intramembrane region of p75NTR by α- and γ-secretase and 

causing subsequent activation of the small GTPase Rho [35].  Studies by Yamashita 

and colleagues helped to elucidate the mechanism by which p75NTR can alter Rho 

activation within cells [9, 36].  In the absence of p75NTR activation, Rho is found in the 

cytosol bound to its endogenous protein inhibitor Rho-GDI, causing Rho to be 

inactive.  When p75NTR is activated after binding of myelin proteins to the NogoR 

complex, Rho-GDI is sequestered and binds to the intracellular domain of p75NTR.  

This causes a dissociation of Rho from Rho-GDI, releasing active Rho into the 

cytoplasm and allowing it to initiate downstream signaling that ultimately causes a 

rigidifying of the cytoskeleton, thus preventing neurite extension.  Recent research has 

identified LINGO-1 as a third essential component in the p75NTR/NogoR complex 

[37].  LINGO-1 is transmembrane protein whose function is yet unknown, but the 

intracellular domain of LINGO-1 was shown to be necessary in order to cause neurite 

growth inhibition through the p75NTR/NogoR/LINGO-1 complex.  While the Trk 

proteins, Nogo, and LINGO-1 may share some common structural features, protein 

sequence places Sortilin in a completely different class of proteins.  That all of these 

proteins are able to bind to and interact with p75NTR is intriguing, and begs the 



11 

 

question of how many other proteins may act as co-receptors of p75NTR, and how these 

interactions can influence p75NTR function. 

 

1.3.3. Ligand-independent functions of p75NTR 

To further complicate the story of p75NTR signaling, in addition to having 

several physiological and pathological ligands, p75NTR can function and signal 

independently of ligand binding.  Studies by Rabizadeh et al. [8] and Majdan et al. 

[14] have shown that p75NTR may signal in a ligand-independent manner in neuronal 

cells to induce apoptosis.  Additionally, Roux et al. observed that p75NTR can promote 

cell survival in a ligand-independent and Trk-independent manner through the PI3 

kinase-mediated activation of Akt [38].  Yamashita et al. found that overexpression of 

p75NTR alone, in the absence of any type of ligand, could promote the activation of 

Rho [9].  In all of these studies, expression of the intracellular domain (ICD) of p75NTR 

alone could exert a signaling event and biological effect in the absence of a ligand.  

Since p75NTR is not constitutively expressed in all tissues, and its expression is 

upregulated at sites of tissue injury, its expression itself could function as the signal to 

trigger a signaling pathway.  Recent studies have shown that either high glucose levels 

[39] or hypo-osmolar stress [40] can upregulate p75NTR expression in vitro.  However, 

it is completely unknown what mechanisms are involved in causing the upregulation 

of p75NTR after injury in vivo, and remains one of the most elusive questions facing the 

p75NTR field. 
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 As it is evident from the overwhelming amount of data that exists, p75NTR 

function and signaling are complex and some believe that what we currently know 

about p75NTR is merely the tip of the iceberg.  The questions that face the p75NTR field 

currently include whether there are other functions for p75NTR, whether other co-

receptors and other ligands exist, and what role p75NTR plays outside of the nervous 

system.  As p75NTR is expressed in the liver after injury and in liver disease, it is of 

interest to determine the function of this receptor in the liver and what role it plays in 

liver pathology. 

 

2.  p75NTR and liver disease and regeneration 

2.1. p75NTR in the liver 

In normal healthy liver p75NTR is expressed at low levels [19].  Upon liver 

injury, p75NTR expression is upregulated in liver tissue.  Upregulation of p75NTR in the 

liver has been documented in both human cirrhotic liver disease and in animal models 

of toxic liver injury [19, 41].  The p75NTR-immunopositive cells in the liver were 

determined to be hepatic stellate cells (HSCs), based on their peri-sinusoidal 

localization, spindle morphology, and immunoreactivity for α-smooth muscle actin 

(αSMA), a cytoskeletal stress fiber whose expression in the liver parenchyma is 

restricted to differentiated HSCs.  While Trim and colleagues have shown a potential 

role for NGF in promoting HSC apoptosis [19, 42], the role of p75NTR in HSC 

function and liver physiology and pathology is not fully understood. 
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2.2. Functions of HSCs 

The hepatic stellate cell was first identified in 1876 by Karl von Kupffer who 

originally sought to identify nerve fibers in the liver. Staining of the liver with gold 

chloride, a histochemical dye used to label axons, not only stained nerves, but also 

star-shaped cells in the hepatic sinusoid that Kupffer termed “Sternzellen” [43].  In 

1951 Toshio Ito first described perisinusoidal lipid-containing cells in the liver, which 

he called “Fettspeicherungszellen” (fat-storing cells) [44].  It was not until 1971 that 

Kenjiro Wake proved that von Kupffer’s Sternzellen and Ito’s fat-storing cells were 

one in the same [45], and are now known more commonly as hepatic stellate cells 

(HSCs).  HSCs comprise about 5-8% of the cells in the liver [46].  In the healthy liver, 

HSCs (also sometimes still referred to as Ito cells or lipocytes) are in a quiescent state 

and one of their major functions is retinol (vitamin A) storage.  However, upon liver 

injury or disease, HSCs undergo differentiation to what has been termed an 

“activated” state.  The process of HSC differentiation from a quiescent to an activated 

state involves the loss of retinol-storing lipid droplets, a change in cell morphology to 

a myofibroblast-like appearance, and expression of factors involved in fibrogenesis 

[46].  Because of their role in liver fibrosis, HSCs, their functions, and the molecular 

mediators involved have been extensively studied. 

 

2.2.1. HSC differentiation 

 HSC differentiation is a hallmark of fibrotic liver disease of different 

etiologies, such as viral hepatitis and chronic alcohol consumption [47].  After liver 
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injury or disease, quiescent HSCs undergo differentiation to an activated form, which 

is indicated by their increased proliferation and overall changes in cell morphology 

and gene and protein expression to a myofibroblast-like state.  Myofibroblasts are 

characterized by the presence of specific cytoskeletal stress fibers, including αSMA, 

as well as by their upregulated expression and secretion of pro-fibrogenic factors such 

as transforming growth factor β (TGFβ), extracellular matrix (ECM) proteins 

including collagens I and III, the ECM remodeling enzymes matrix metalloproteinases 

(MMPs), and their inhibitors, the tissue inhibitors of matrix metalloproteinases 

(TIMPs) [48].  Initially after liver injury, HSC activation is beneficial as activated 

HSCs provide a provisional ECM scaffold for proliferating hepatocytes, as well as 

secreting growth factors, most importantly hepatocyte growth factor (HGF) [49], that 

promote hepatocyte proliferation necessary for liver repair.  However, during chronic 

liver injury or disease, HSCs remain activated and collagen deposition becomes 

excessive, leading to liver fibrosis [50].  Understanding the molecular mechanisms 

that initiate and regulate HSC activation are critical so that we may begin to develop 

treatments that manipulate HSC activation in chronic liver disease. 

Currently, a major cytokine known to be involved in HSC activation is TGFβ.  

Liver injury initiates an inflammatory response in the liver, causing certain liver cells 

as well as infiltrating inflammatory cells to secrete TGFβ [51].  TGFβ binding to 

TGFβ receptors on HSCs initiates signaling through the Smad family of 

transcriptional activators, stimulating collagen I mRNA and protein expression [52], 

as well as regulating organization of cytoskeletal stress fibers [53].  Activated HSCs 

also upregulate their own expression of TGFβ, initiating an autocrine signaling loop 
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that serves to perpetuate HSC activation.  The importance of TGFβ in HSC activation 

has been confirmed in vivo, as TGFβ null mice show minimal αSMA and collagen 

expression after acute liver injury, suggesting that TGFβ is necessary for promoting 

HSC activation [54]. 

Because HSCs undergo the loss of their lipid-containing vesicles during 

activation, recent research has proposed a mechanism of adipogenic regulation of HSC 

differentiation [55].  To maintain their lipocyte state, quiescent HSCs display pro-

adipogenic signaling, including activity of adipogenic transcription factors PPARγ and 

C/EBP and expression of adipocyte-specific genes adipsin and resistin [56].  Upon 

activation HSCs undergo loss of pro-adipogenic signaling, including decreased 

expression and activity of PPARγ, as well as initiating anti-adipogenic signaling, such 

as expression of PPARβ and secretion of leptin [56, 57].  The targeting of HSCs’ 

adipogenic properties has been of much interest for its potential therapeutic value, and 

indeed research has shown that stimulation of PPARγ activity in vivo can ameliorate 

liver fibrosis by decreasing HSC activation and ECM deposition in the liver [58]. 

HSC activation is characterized by drastic changes in gene expression, so it is 

not surprising that several transcription factors and other factors involved in 

controlling gene expression have been implicated in the regulation of HSC 

differentiation.  In addition to the transcription factors already discussed (the Smads, 

PPARγ, and C/EBP), there is also evidence for the involvement of NF-κB, AP-1, 

CREB, Foxf1, and several nuclear hormone receptors in regulating HSC 

differentiation [59].  Additionally, recent studies have shown that chromatin 

repression due to CpG methylation can regulate HSC activation in an epigenetic 
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fashion [60].  Unfortunately, targeting of proteins directly involved in transcriptional 

regulation is not an ideal therapeutic approach, as these factors are not specific to only 

HSCs, but are present and active in many cell types throughout the body. 

In addition to the factors already mentioned, there are references scattered 

throughout the HSC literature identifying various other factors that may potentially 

play a role in HSC activation.  For example, similar to myofibroblasts in other tissues 

and diseases, HSC function can be regulated by angiotensin II signaling via the AT-1 

receptor  [61], as well as by changes in intracellular calcium signaling [62, 63].  

Additionally, HSC activation has been shown to be regulated both by hormones 

(estradiol) [64] and neurotransmitters (norepinephrine) [65].  Other factors implicated 

in HSC differentiation include the cytokines IL-6 [66] and IL-1α [67], the cell surface 

protein CD38 [68], the carbohydrate-binding lectin Galectin-3 [69], and two 

injury/disease-related conditions: oxidative stress [66] and hepatocyte apoptotic body 

engulfment [70].  In addition, recent data from microarray analysis to examine gene 

expression differences between activated and quiescent HSCs have implicated Bmp 

and Wnt signaling pathways as potentially playing a role in HSC activation [71, 72].  

Based on the volume of data, one would be inclined to believe that HSC 

differentiation is a complex process; whether these additional factors play important 

roles in HSC activation and how they fit in with the currently known mechanisms 

remains to be understood.  

In addition to blocking the activation of HSCs, some believe that reversing 

HSC activation (i.e. promoting HSC de-differentiation to the quiescent lipocyte state) 

may be a plausible therapeutic option for treating liver fibrosis.  Currently, there are 
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two focal areas for which there is evidence of playing a role in the reversal of HSC 

differentiation: extracellular matrix composition/structure and adipogenic factors.  A 

role for the ECM in regulating HSC activation has been identified for over a decade 

[73].  Work by Gaça et al. showed that culture-activated HSCs that were re-plated on 

Matrigel matrix were able to revert to a non-activated phenotype, suggesting a role for 

matrix-dependent deactivation of HSCs [74].  As already described, there is mounting 

evidence for the concept of adipogenic regulation of HSC activation state.  Recent 

studies by the Tsukamoto lab have shown that either ectopic expression of PPARγ or 

treatment with adipocyte differentiation mixture (isobutylmethylxanthine, 

dexamethasone, and insulin) can cause culture-activated HSCs to de-differentiate into 

a quiescent state [56, 75].  While these in vitro studies seem to be promising, whether 

HSC de-differentiation actually occurs in vivo remains to be proven. 

 

2.2.2. HSC proliferation and apoptosis 

While HSC differentiation remains a primary area of focus in the liver fibrosis 

field, many groups also study the functions of HSC proliferation and apoptosis with 

the hopes of identifying other potential therapeutic targets.  In healthy liver, quiescent 

HSCs lie in a non-proliferative state.  After injury, HSCs begin to differentiate as well 

as proliferate.  Currently the most potent factor that induces HSC proliferation is 

PDGF [76].  PDGF binding to PDGF receptors on HSCs initiates the activation of 

several well-known mitogenic signaling cascades, including the Ras/ERK pathway 

and the PI3 kinase/Akt/p70S6 kinase pathway [76].  While controlling the proliferation 
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of activated HSCs may help to slow the progression of liver fibrosis, it does not help 

in the reversal or cure of liver disease because some activated HSCs are still present 

and thus continue to secrete matrix and contribute to fibrotic scarring.  With this in 

mind, research has focused on finding factors that can induce apoptosis of activated 

HSCs in order to remove the fibrogenic cells altogether.  Many factors have been 

proposed to induce HSC apoptosis, including TNF receptor superfamily ligands 

TNFα, Fas ligand, and NGF; TIMP-1 antagonists to promote matrix degradation; and 

the fungal toxin gliotoxin [77].  Although triggering apoptosis in HSCs would appear 

to be a promising therapeutic target for liver disease, recent work has shown that in 

chronic liver disease human HSCs are resistant to apoptosis due to their 

overexpression of the anti-apoptotic protein Bcl-2 [77].  Thus, therapies aimed at 

inducing apoptosis of activated HSCs may not be as effective as previously thought.  

Because of this, specific targeting of HSC activation becomes increasingly important 

in the development of therapeutics to treat chronic liver disease. 

 

2.3. HSCs in liver injury and regeneration 

 Persistent HSC activation during chronic liver injury or disease is the cause of 

fibrosis and ultimately irreversible cirrhosis, as activated HSCs secrete collagen and 

other ECM components that lead to the fibrotic scarring of liver tissue.  Because of 

their critical role in liver fibrosis, HSCs are the key target in the development of 

therapeutics for liver disease.  Although the majority of the HSC literature focuses on 

their role as promoters of liver fibrosis, a few recent studies have demonstrated that 
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HSCs are actually necessary and important for the initiation of liver repair.  Liver 

injury causes inflammatory and oxidative stress responses that lead to hepatocyte 

necrosis and apoptosis.  In order for liver repair to occur, crosstalk between the 

remaining hepatocytes and other cells of the liver, including HSCs, Kupffer cells, and 

endothelial cells, must take place to promote proliferation and migration of the 

remaining hepatocyte population [49].  The presence of HSCs and their ability to 

differentiate has been shown to be critical for liver repair and regeneration [78].  

Uyama et al. showed that HSC secretion of hepatocyte growth factor (HGF) promotes 

hepatocyte proliferation in vitro [79].  In vitro and in vivo studies by Mabuchi and 

colleagues revealed that in the regenerating liver, activated but not quiescent HSCs are 

intimately associated with regenerating hepatocyte clusters through cell-to-cell 

contacts [80, 81].  Additional evidence for the importance of HSC activation in liver 

regeneration comes from the work of Kalinichenko et al., who showed that mice 

heterozygous for the transcription factor Foxf1 have impaired liver regeneration after 

injury due to defective HSC activation [82].  These recent discoveries have shown a 

positive role for HSCs after liver injury, an important one that must be kept in mind 

when developing new therapeutics aimed at manipulating HSC function in liver 

disease. 

 

 It is clear that the hepatic stellate cell is an important cell in contributing to 

liver disease.  As already mentioned, p75NTR expression is highly upregulated during 

HSC activation, however its role in HSC biology is unclear.  Elucidation of the 
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function of p75NTR in HSC biology will help to evaluate the therapeutic potential of 

targeting p75NTR in liver disease.  

 

3. p75NTR and fibrinogen/fibrin in disease and injury 

 I have just described how p75NTR may play a new function in liver; now I will 

describe how p75NTR may play a role in fibrotic disease in general and how p75NTR 

may interact with a new pathological ligand to mediate its effects. 

 

3.1. Fibrinogen/fibrin in disease and injury 

Vascular damage is a hallmark of many injuries and disease states.  

Additionally, disease and injury-related inflammation can compromise vascular 

integrity and cause the vasculature to become leaky.  In these instances, molecules in 

the blood that are normally contained within the blood vessels can extravasate into the 

surrounding injured or diseased tissue.  One of the major molecules found in the blood 

is the clotting protein fibrinogen.  Fibrinogen is a soluble 340 kDa dimeric 

glycoprotein synthesized by the liver and secreted into the plasma.  Each monomeric 

subunit is composed of three nonidentical polypeptide chains, designated Aα, Bβ, and 

γ, that are linked together by disulfide bonds.  Upon initiation of the coagulation 

cascade, the serine protease thrombin cleaves peptides from the N-terminal regions of 

the Aα and Bβ chains.  The cleavage of these peptides, termed fibrinopeptide A and 

fibrinopeptide B, exposes polymerization sites and initiates the formation of a polymer 

consisting of noncovalently linked protofibrils, which, upon binding of activated 
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coagulation factor XIII, form an insoluble fibrin clot (Fig. 4) [83].  The clotting 

functions of fibrinogen have historically been well recognized.  However, in addition 

to the clotting that occurs after injury, fibrinogen may also leak into the surrounding 

tissues after vascular damage or inflammation.  The presence of fibrinogen or fibrin 

deposits within tissues has been documented for many disease states and after injury.  

In the nervous system, fibrin deposits are found in plaques in the brains of patients 

with multiple sclerosis [84], as well as in the PNS after sciatic nerve injury [85, 86].  

Fibrin is also found in atherosclerotic lesions [87], in the lung after sepsis [88], in the 

liver after toxic liver injury [89], in the kidney in patients with glomerulonephritis 

[90], and is also found deposited in the breast tissue of women with breast cancer [91]. 

While the clotting functions of fibrinogen have been well documented, the role 

that fibrinogen and fibrin may play in pathological conditions such as tissue fibrosis is 

less well understood.  In the clotting process, fibrinogen binds to integrin αIIbβ3 

receptors on adjacent platelets, functioning as a molecular bridge between cells to 

create the matrix “net” that serves as the building block of clot formation.  In addition 

to the mechanical role of the fibrinogen-αIIbβ3 integrin interaction, fibrinogen/fibrin 

can also bind to a number of other receptors and promote intracellular signaling.  

Other fibrinogen/fibrin receptors include the α5β1, αvβ3, and Mac-1 integrins, and the 

cell adhesion molecules ICAM-1 and VE-cadherin [92].  These receptors are found on 

a variety of cell types within tissues, and fibrinogen/fibrin binding to these receptors 

can regulate major signaling pathways and mediate various cellular responses ranging 

from angiogenesis to inflammation and propagation of infection [92].  Whether 
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fibrinogen/fibrin can bind other receptors and regulate other pathological processes 

remains to be discovered. 

 

3.2. The relationship between p75NTR and fibrinogen/fibrin 

As already discussed, p75NTR expression is normally at low levels in adult 

tissues, but after injury p75NTR expression can be upregulated in many tissues in the 

body.  Additionally, p75NTR is also upregulated in a variety of diseases associated with 

fibrosis, such as multiple sclerosis [93], stroke [94], spinal cord injury [15], peripheral 

nerve injury [86], atherosclerosis [95], lung inflammation [96], liver fibrosis and 

cirrhosis [19, 41], and cancer [97, 98].  Because of the correlation between p75NTR 

expression and fibrin deposition after tissue injury, it is of interest to determine 

whether any interactions occur between p75NTR and fibrinogen/fibrin, and how these 

two proteins are related in pathogenesis.  Previous work performed by Akassoglou and 

colleagues has shown that fibrin inhibits sciatic nerve regeneration after injury, 

induces expression of p75NTR in Schwann cells, and causes the cells to arrest in a non-

myelinating state [86].  Additional work in our lab by Sachs et al. has shown that 

p75NTR inhibits the degradation of fibrin after tissue injury [99].  In addition to the 

physiological neurotrophin and proneurotrophin ligands, p75NTR can also bind several 

pathological ligands associated with disease and infection.  Fibrinogen/fibrin can bind 

to a number of receptors and regulate a variety of cell functions associated with 

disease and injury [92].  Thus, it is of extreme interest to determine if p75NTR and 

fibrinogen/fibrin interact in a receptor-ligand manner to regulate disease pathology.  
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Identification of a p75NTR/fibrinogen interaction and determining the importance of 

this interaction in pathogenesis would be beneficial in developing a novel therapeutic 

target for the treatment of fibrosis and pathologies of various etiologies. 

 

4. Rationale, aims, and significance 

 Despite the fact that p75NTR was cloned over two decades ago, numerous 

studies into the functions of p75NTR have yielded conflicting results, and top 

researchers in the field admit that the many functions of p75NTR remain enigmatic.  

One fact that is consistent for p75NTR is that its expression is upregulated after injury 

and onset of disease.  Because of this, we believe that p75NTR may play an important 

role in disease, and thus our lab is interested in pursuing research aimed at elucidating 

the functions of p75NTR during pathogenesis.  This includes identifying novel 

functions for p75NTR both in the nervous system and outside of the nervous system, as 

well as finding new pathological ligands that bind to p75NTR and may play a role in 

promoting disease pathogenesis. 

 The goal of my dissertation research is to address the role of p75NTR in tissue 

fibrosis, more specifically the following points: 

1. p75NTR expression is highly upregulated in liver fibrosis and cirrhosis. 

The first part of my dissertation addresses the question: 

What is the role of p75NTR in the liver? 

To address this question, I will determine the function of p75NTR in the hepatic stellate 

cell, the liver cell type that expresses p75NTR, and examine how loss of p75NTR 

expression affects liver injury and repair. 
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2. Preliminary data from our lab provides evidence for an interaction between 

p75NTR and fibrinogen/fibrin. 

The second part of my dissertation addresses the question: 

Do p75NTR and fibrinogen/fibrin interact in a receptor-ligand manner to regulate 

disease pathology? 

To address this question, I will determine if the interaction between p75NTR and 

fibrinogen/fibrin is a direct interaction, and if so, characterize the interaction between 

p75NTR and fibrinogen/fibrin by determining a dissociation constant (Kd) for the 

binding interaction. 

 

 Because p75NTR expression is specifically upregulated in tissues during disease 

and after injury, we believe that p75NTR may play an important role in pathogenesis.  

Elucidation of the specific functions of p75NTR in disease and identification of novel 

pathological ligands for p75NTR are important in evaluating this receptor’s potential as 

a therapeutic target in the treatment of a wide variety of diseases. 
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Figure 1. Schematic of the p75NTR protein. 
Cartoon representation of p75NTR.  p75NTR is a single transmembrane-spanning protein 
with an amino-terminal extracellular domain and carboxy-terminal intracellular 
domain.  The extracellular domain consists of four cysteine-rich domains (CRDs) 
which are involved in ligand binding, followed by a stalk domain that is involved in 
the sorting of p75NTR.  The intracellular domain of p75NTR contains a juxtamembrane 
adaptor protein-binding domain, followed by a death domain which is involved in 
apoptotic signaling. 
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Figure 2. Ligands of p75NTR. 
Cartoon representation of p75NTR and its known ligands.  p75NTR (orange) can bind to 
several physiological and pathological ligands.  The known physiological ligands 
(green) for p75NTR are the neurotrophins nerve growth factor (NGF), brain derived 
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4), as 
well as the proneurotrophins (proNTs), the precursor forms of the neurotrophins.  The 
known pathological ligands (dark red) of p75NTR include β-amyloid (Aβ), prion 
protein peptide 106-126 (PrP), and rabies virus glycoprotein (RVG). 
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Figure 3. Co-receptors of p75NTR. 
Cartoon representation of p75NTR and its known co-receptors.  p75NTR (orange) can 
interact with Trk receptors (blue), and upon binding of mature neurotrophins (NTs) 
(green) can promote neuronal survival and differentiation.  p75NTR can also interact 
with Sortilin (red) to create a high-affinity binding site for proneurotrophins (proNTs) 
(green), leading to cell death signaling.  Additionally, p75NTR can act as a co-receptor 
for the Nogo receptor (NogoR) (brown), a receptor that binds the myelin-based 
proteins Nogo, myelin-associated glycoprotein (MAG), and oligodendrocyte myelin 
glycoprotein (OmGP) (gray).  p75NTR and NogoR interact with a third receptor, 
LINGO-1 (yellow), to inhibit neurite outgrowth in neurons. 
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Figure 4. Fibrin polymerization. 
Cartoon representation of fibrin polymerization.  After initiation of the coagulation 
cascade, the soluble blood protein fibrinogen (top) undergoes cleavage by the serine 
protease thrombin, which removes the fibrinopeptides (FP) A and B to form a soluble 
fibrin monomer (center).  Further cleavage by thrombin and additional cross-linking 
by activated Factor XIII (Factor XIIIa) create the insoluble fibrin meshwork (bottom) 
that is responsible for clot formation.  D (blue), D domain of fibrinogen; E (yellow), E 
domain of fibrinogen. 
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Table 1. p75NTR expression in tissue. 
 
 

Tissue Cell type References 
Nervous system tissue   
Central Nervous System Neurons 

Oligodendrocytes 
Endothelial cells 

[3, 7] 
[100] 
[17] 

Peripheral Nervous System Schwann cells 
Neurons 

[101] 
[3, 7] 

Non-nervous system tissue   
Liver Hepatic stellate cells [19, 41] 
Lung 
 

Neurons 
Pulmonary artery branches [102] 

Kidney Glomerulus [103] 
Pancreas Peri-islet Schwann cells 

Pancreatic stellate cells 
Ductal cells 

[104] 
[19] 
[105] 

Gut Enteric nervous system 
(neurons and glia) [106, 107] 

Immune System Dendritic cells 
Mast cells 
Monocytes 
Macrophages 
Eosinophils 
Medullary thymic epithelial cells 

[108] 
[109, 110] 

[111] 
[112] 

[113, 114] 
[115] 

Skeletal Muscle Myoblasts 
Satellite cells 

[20] 
[116] 

Vasculature Vascular smooth muscle cells [21, 95] 
Eye Conjunctival fibroblasts [117] 
Skin Hair follicle keratinocytes [22] 
Breast Myoepithelial cells [118] 
Placenta Trophoblast cells [119] 
Gonads Prostate epithelium 

Testis epithelium, spermatocytes 
[120] 
[121] 
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Chapter 2. Materials and Methods 

 

1. p75NTR and the liver 

1.1. Animals 

Plg-/- mice and p75NTR-/- mice were obtained from The Jackson Laboratories.  

Plg-/- mice and p75NTR-/- mice were bred to obtain a double heterozygous first 

generation (F1).  Double heterozygous F1 mice were then bred to obtain plg-/-p75NTR-/- 

mice.  In experiments, plg+/+p75NTR+/+, plg-/-p75NTR+/+, and plg+/+p75NTR-/- 

littermates were used as controls.  Mice were fed standard chow and had access to 

food and water ad libitum.  All animal procedures were performed under the 

guidelines set by the University of California San Diego Institutional Animal Care and 

Use Committee and are in accordance with those set by the National Institutes of 

Health. 

 

1.2. Liver imaging and histology 

Whole liver images were obtained by a Zeiss Stemi 2000-C stereoscope using 

an AxioCam HRc camera and AxioVision software (Carl Zeiss, Inc.).  Liver 

cryosections (10 µm) were used for Hematoxylin staining and immunostaining.   

For immunochemical detection of p75NTR, liver cryosections were fixed in ice 

cold 4% paraformaldehyde (PFA) for 30 minutes, then rinsed with phosphate buffered 

saline (PBS) three times.  Peroxidase activity was quenched by incubation with 1.8% 

hydrogen peroxide in PBS for 10 minutes at room temperature.  After rinsing three 
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times with PBS, sections were blocked with antibody diluent [3% bovine serum 

albumin (BSA)/0.1% Triton X-100/PBS] + 3% goat serum for 30 minutes at room 

temperature.  Slides were then rinsed again three times with PBS and incubated with 

primary antibody (rabbit anti-p75NTR, 1:500, gift of M.V. Chao, New York University) 

in antibody diluent overnight at 4°C.  Slides were washed 3 times for 5 minutes each 

in PBS, incubated with secondary antibody (biotin-conjugated goat anti-rabbit IgG, 

1:300, Vector Laboratories) in antibody diluent for 30 minutes at room temperature, 

then washed with PBS 3 times for 5 minutes each.  Bound antibody was visualized by 

using the avidin-biotin-peroxidase complex (Vectastain Elite ABC kit; Vector 

Laboratories) according to manufacturer’s instructions with 3-amino-9-ethylcarbazole 

(AEC) (Sigma) as a chromogen.  Slides were rinsed with ddH2O and mounted with 

Mowiol mounting medium.   

 For immunochemical detection of fibrin or desmin, liver cryosections were 

fixed in ice cold methanol for 7 minutes, then rinsed with PBS two times.  For desmin 

immunostaining, the tissue was permeabilized with 0.1% Triton X-100/PBS for 1 hour 

at room temperature.  After rinsing two times with PBS, sections were blocked with 

antibody diluent + 3% serum (horse for fibrin; goat for desmin) for 30 minutes at 

room temperature.  Slides were incubated with primary antibody [sheep anti-

fibrin(ogen), 1:100, US Biological; rabbit anti-desmin, 1:50, Santa Cruz 

Biotechnology] overnight at 4°C.  For double confocal immunofluorescence rabbit 

anti-desmin (1:50) and goat anti-p75NTR (1:100, Santa Cruz) were used. Slides were 

washed 3 times for 5 minutes each in PBS, incubated with secondary antibody 

[cyanine 3 (Cy3)-conjugated donkey anti-sheep IgG; fluoroscein isothiocyanate 



32 

 

(FITC)-conjugated goat anti-rabbit IgG; Cy3-conjugated donkey anti-goat IgG; all 

1:100, Jackson ImmunoResearch) in antibody diluent for 30 minutes at room 

temperature, washed again with PBS 3 times for 5 minutes each, and finally mounted 

with SlowFade Gold Antifade Reagent (Invitrogen) + 4',6-Diamidine-2'-phenylindole 

(DAPI) (1 µg/mL).  Images were obtained using an Axioplan 2 microscope (Zeiss) 

and AxioCam HRc camera.  To quantitate the number of desmin-positive cells, 4 

images per tissue section were obtained with the 20X objective and the number of 

desmin-positive cells per field were counted. 

To examine liver cell proliferation in vivo, mice were injected intraperitoneally 

(i.p.) with 100 mg/kg 5-bromo-2'-deoxyuridine (BrdU) (Calbiochem) daily for 3 days 

and sacrificed on the fourth day.  Cryosections were stained using the BrdU 

Immunohistochemistry System (Calbiochem) according to manufacturer’s protocol.  

To quantitate BrdU labeling, 5 images per tissue section were obtained with the 10X 

objective and number of BrdU-positive nuclei per field were counted. 

  

1.3. Detection of fibrin in liver tissue 

Fibrin was isolated from liver tissue and detected by western blot as described 

in Weiler-Guettler et al. [122], with modifications.  Fifty mg of previously snap-frozen 

liver tissue was homogenized in extraction buffer [10 mM sodium phosphate buffer, 

pH 7.5, with 0.1 M ε–aminocaproic acid (Sigma), 5 mM ethylenediaminetetraacetic 

acid (EDTA) (Fisher), protease inhibitors (Protease Inhibitor Cocktail Set III, 

Calbiochem; 1:100), and 10 U heparin/mL.  After agitation at 4°C for 14 hours, 



33 

 

particulate material (including fibrin) was collected by centrifugation at 10,000xg for 

10 minutes, resuspended in extraction buffer without protease inhibitors, centrifuged 

again, and the final pellet was resuspended in 3 M urea.  After agitation at 37°C for 2 

hours, the samples were vortexed, then centrifuged at 14,000xg for 15 minutes.  The 

sediment was dissolved in 2X reducing sodium dodecyl sulfate (SDS) sample buffer 

[120 mM Tris, pH 6.8, 20% glycerol, 4% SDS, and 200 mM dithiothreitol (DTT)], 

subjected to SDS-polyacrylamide gel electrophoresis (PAGE) (8% gel) and transferred 

to polyvinyl difluoride (PVDF) membrane (Immobilon-P, Millipore Corp.) by 

electroblotting.  Fibrin β chains (~54 kDa) were detected with mouse anti-human 

fibrin antibody (mAb NYB T2G1, Accurate Chemical & Scientific Corp.; 1:500), 

followed by a peroxidase-labeled anti-mouse IgG and chemiluminescence system 

(ECL, Amersham Biosciences). 

 

1.4. RNA extraction and real-time reverse transcription-polymerase chain 

reaction (RT-PCR) 

RNA was isolated from liver tissue and cultured cells using the RNeasy Mini 

Kit (Qiagen) according to manufacturer’s instructions.  RNA was reverse transcribed 

to cDNA using the GeneAmp RNA PCR Core Kit (Applied Biosystems) according to 

manufacturer’s instructions using random hexamer primers.  Real-time PCR analysis 

was performed using the Opticon DNA Engine 2 (MJ Research) and the Quantitect 

SYBR Green PCR kit (Qiagen) using 1.5 µL of cDNA template in a 25 µL reaction.  

PCR efficiencies of the primers were calculated by serial dilution of template and no 
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significant differences in efficiency were found between the target genes and the 

housekeeping genes.  Results were analyzed with the Opticon 2 Software using the 

comparative CT method as described [123]. Data were expressed as 2─∆∆C
T for the 

experimental gene of interest normalized against the housekeeping gene and presented 

as fold change versus the relevant control.  The following primers were used:  

αSMA  [124]:  Fwd 5' AAC GCC TTC CGC TGC CC 3' 

   Rev 5' CGA TGC CCG CTG ACT CC 3'  

col1α1 [125]:  Fwd 5' CCT GCC TGC TTC GTG TAA ACT 3' 

   Rev 5' TTG GGT TGT TCG TCT GTT TCC 3' 

TGFβ-1 [126]:  Fwd 5' CCG CAA CAA CGC AAT CTA TG 3' 

   Rev 5' GCC CTG TAT TCC GTC TCC TT 3' 

GAPDH:  Fwd 5' CAA GGC CGA GAA TGG GAA G 3' 

   Rev 5' GGC CTC ACC CCA TTT GAT GT 3' 

HPRT [127]:  Fwd 5' GTT AAG CAG TAC AGC CCC AAA 3' 

   Rev 5' AGG GCA TAT CCA ACA ACA AAC TT 3' 

 

1.5. HSC isolation 

Primary hepatic stellate cells were isolated as described in Schnabl et al. [52] 

with modifications.  Briefly, mice (2-4 months age) were anesthetized with 0.7 mL 

2.5% Avertin injected i.p. and livers were perfused in situ through the inferior vena 

cava with warm perfusion solution [50 mL Hanks’ balanced salt solution without Ca2+ 

or Mg2+ (HBSS; Invitrogen)], followed by pronase solution [1 mg pronase 
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(Calbiochem) per gram body weight in 40 mL DMEM/F12 medium (Invitrogen) + 1% 

penicillin/streptomycin (Invitrogen) + 0.25 µg/mL Amphotericin B (Invitrogen)], and 

finally collagenase solution [5 mg collagenase type IV (Sigma) per mouse in 50 mL 

DMEM/F12 + 1% penicillin/streptomycin + 0.25 µg/mL Amphotericin B].  After 

perfusions, the liver was removed and washed in warm HBSS.  The livers of 3-4 mice 

were pooled, minced with scalpels, triturated with a 10 mL syringe, mixed with warm 

DMEM (Invitrogen) +1% penicillin/streptomycin + 0.25 µg/mL Amphotericin B to 35 

mL, and shaken at 37°C for 10 minutes.  The homogenate was then filtered through 2 

layers of sterile gauze, cold HBSS added to 50 mL, centrifuged at 50xg at 4°C for 2 

minutes, and the supernatant was collected.  The pellet was washed 2 more times and 

supernatants collected.  The supernatants were pooled and centrifuged at 500xg at 4°C 

for 7 minutes.  The pellets were resuspended in cold HBSS, pooled, and mixed with 

40% iodixanol (OptiPrep; Greiner Bio-One) in HBSS to achieve 17.5% iodixanol 

concentration.  Five mL of 11.5% iodixanol in HBSS was layered on top of the cell 

solution, followed by 2 mL of HBSS.  The gradient was centrifuged at 1400xg for 

20°C for 17 minutes, and the HSCs were collected from between the HBSS layer and 

11.5% iodixanol layer.  HSCs were washed 3 times in 10 mL cold HBSS with 

centrifugation at 500xg at 4°C for 5 minutes.  HSCs were resuspended in HSC 

medium [DMEM + 10% fetal bovine serum (FBS; Invitrogen) + 1% 

penicillin/streptomycin + 0.25 µg/mL Amphotericin B] and plated on 10 cm non-

tissue culture-treated plates.  Cells were passed 1:2 when confluent by lifting with 

0.25% trypsin + 0.02% EDTA in PBS and scraping with a cell scraper (Falcon). 
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1.6. αSMA immunocytochemistry 

HSC activation was assessed by immunochemical detection of αSMA, a 

cytoskeletal stress fiber only present in myofibroblasts, as described in Swaney et al. 

[128], with modifications.  HSCs (day 14-21, passage 2-4) were seeded on poly-D-

lysine-coated (Sigma; 50 µg/mL) 8 well chamber slides (Nunc), 15,000 cells/well, and 

incubated for 2-3 days.  Cells were washed with PBS, fixed with 4% PFA, 

permeabilized with 0.3% Triton X-100/PBS for 10 minutes, then blocked with 5% 

BSA/0.1% Triton X-100/PBS for 10 minutes.  Slides were incubated with mouse anti-

αSMA antibody (Sigma; 1:1000 in PBS) for 1 hour at 37°C, washed with 0.1% Triton 

X-100/PBS, and blocked as described above.  FITC-conjugated anti-mouse IgG 

(Vector Laboratories; 1:200 in PBS) was added for 1 hour at 37°C, the slide was 

washed with PBS, and then mounted with ProLong Gold Antifade Reagent  

(Invitrogen) + DAPI (1 µg/mL).  For quantitation of percentage of activated cells, 

images were obtained, and the total number of cells (DAPI+ nuclei) and αSMA+ cells 

were counted, with the % activated cells equal to the αSMA+ cells/total number of 

cells.  For quantitation of activated cell size, the area of αSMA+ cells was calculated 

using AxioVision software (Carl Zeiss, Inc.). For quantitation 16 fields/genotype were 

counted for each condition. Results are from five separate experiments performed in 

duplicates.  
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1.7. Immunoblots 

Wild-type and p75NTR-/- HSCs (day 8, passage 2) were lysed with cell lysis 

buffer supplemented with protease inhibitor cocktail and the lysates were cleared by 

centrifuging at 13,000xg for 5 minutes.  Protein concentration of cleared lysates was 

determined by Bradford protein assay.  Samples were prepared in 1X reducing SDS 

sample buffer (1 µg for αSMA; 20 µg for collagen I), boiled for 5 minutes, then 

separated by 8% SDS-PAGE gel electrophoresis and transferred to PVDF membrane 

by electroblotting.  After blocking in 5% nonfat milk in TBS-T (25 mM Tris, pH 7.4, 

137 mM NaCl, 3 mM KCl, 1% Tween-20) for 1 hour at room temperature, membranes 

were incubated overnight with primary antibody diluted in 5% BSA in TBS-T (mouse 

anti-αSMA, 1:1000, Sigma; rabbit anti-collagen I, 1:1000, Rockland 

Immunochemicals; mouse anti-β tubulin, 1:1000, Sigma).  Blots were washed 3 times 

for 5 minutes each with TBS-T, incubated with peroxidase-labeled secondary 

antibodies diluted in 5% nonfat milk in TBS-T for 1 hour at room temperature (goat 

anti-mouse IgG, 1:10,000, Santa Cruz Biotechnology; goat anti-rabbit IgG, 1:5000, 

Cell Signaling Technology), washed again, followed by detection with 

chemiluminescence (ECL, Amersham Biosciences). 

 

1.8. Adenovirus-mediated gene expression in HSCs 

Freshly isolated wild-type and p75NTR-/- HSCs were seeded onto poly-D-

lysine-coated 8 well chamber slides, 200,000 cells/well.  The following day (day 1), 

the medium was changed to fresh HSC medium.  On day 2, the cells were washed 
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once with serum-free DMEM and then treated with adenovirus in DMEM + 2% FBS 

as follows: Ad p75NTR FL, containing the full length rat p75NTR gene, 200 MOI [38]; 

Ad p75NTR ICD, containing the intracellular domain of the rat p75NTR gene, 10 MOI 

[38]; Ad Rho, containing constitutively active RhoA (L63Rho), 10 MOI [129]; or Ad 

control (empty vector), 10 or 200 MOI.  After 16 hours with adenovirus, the medium 

was changed to fresh DMEM + 10% FBS, and the medium was replaced every other 

day thereafter.  On day 7, cells were stained for αSMA as described. 

 

1.9. Lentivirus-mediated RNA interference in HSCs 

To knockdown p75NTR expression in wt HSCs, short hairpin RNA (shRNA) 

against mouse p75NTR was expressed using a lentiviral vector system (BLOCK-iT™ 

Lentiviral RNAi Expression System; Invitrogen). Briefly, short hairpin DNA oligos 

(sequence depicted in Fig. 13) were synthesized based on a previously published small 

interfering RNA sequence against mouse p75NTR [130] and cloned into the pENTR/U6 

Entry Construct vector. An LR recombination reaction was performed to insert the U6 

promoter/mouse p75NTR shRNA oligo/Pol III terminus cassette from the pENTR/U6 

Entry Construct vector into the pLenti6/BLOCK-iT™-DEST vector.  The vector 

generated, pLenti6/BLOCK-iT™ mouse p75NTR shRNA vector, was cotransfected 

with ViraPower™ virus packaging mix using Lipofectamine™ 2000 (Invitrogen) into 

human embryonic kidney 293FT cells to produce virus.  Supernatants containing 

lentivirus were harvested three days post-transfection and centrifuged at 3000 rpm for 

5 minutes to pellet debris.  Subsequently, 4 mL of supernatant was centrifuged at 
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50,000xg for 1.5 hours at 4°C to pellet virus, and the lentivirus pellet was resuspended 

in 150 µL of PBS.  Freshly isolated wt HSCs were either seeded onto poly-D-lysine-

coated 8 well chamber slides, 200,000 cells/well.  The following day (day 1), the 

medium was changed to fresh HSC medium.  On day 2, the cells were treated with 

lentivirus (20 µL in PBS) in DMEM + 10% FBS.  After 24 hours with lentivirus, the 

medium was changed to fresh DMEM + 10% FBS, and the medium was replaced 

every other day thereafter.  αSMA immunostaining was performed on day 10 as 

described. 

 

1.10. Assessing the role of Trk and neurotrophins on HSC differentiation 

Wild-type HSCs were isolated and seeded on 8 well chamber slides (100,000 

cells/well) as described above.  Media was changed and treatments were added every 

other day starting on day 1.  Cells were treated with DMSO (Fisher), K252a, an 

inhibitor of Trk receptors (10 nM; Calbiochem), goat IgG (2 µg/mL; Jackson 

ImmunoResearch), goat anti-NGF, an NGF neutralizing antibody (2 µg/mL; Sigma), 

human IgG Fc fragment (1 or 20 µg/mL; Jackson ImmunoResearch), Fc-p75NTR, a 

pan-neurotrophin neutralizing agent (20 µg/mL; Alexis Biochemicals), or Fc-TrkB, a 

BDNF neutralizing agent (1 µg/mL; R&D Systems).  On day 7, cells were stained for 

αSMA as described. 
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1.11. Assessing HSC apoptosis and proliferation in vitro 

Wild-type and p75NTR-/- HSCs (day 9-21, passage 2-4) were seeded in 96 well 

plates, 10,000 cells/well, and incubated overnight.  The following day, the media was 

replaced with fresh HSC media with or without NGF (100 ng/mL; PeproTech). To 

determine extent of apoptosis, cells were incubated for 24 hours with treatment, then 

apoptosis was assessed using an ELISA that measures DNA fragmentation (Cell Death 

Detection ELISAPLUS kit; Roche) according to manufacturer’s instructions.  To 

determine the extent of proliferation, cells were incubated for 48 hours with treatment, 

with BrdU (10 µM) added 24 hours into the treatment.  Cell proliferation, as 

determined by BrdU incorporation into DNA, was assessed using an ELISA 

(colorimetric BrdU Cell Proliferation ELISA; Roche) according to manufacturer’s 

protocol. 

 

1.12. Assessing liver cell apoptosis in vivo 

Liver cryosections were permeabilized (without fixation) with 0.1% Triton X-

100 in TBS-T for 20 minutes at room temperature, then washed 3 times for 5 minutes 

each with TBS-T.  Sections were incubated with CaspACE FITC-VAD-FMK In Situ 

Marker, a fluorescently-labeled pan-caspase inhibitor that irreversibly binds to 

activated caspases in situ (20 µM; Promega), diluted in TBS-T for 1 hour at room 

temperature, washed 5 times for 5 minutes each with TBS-T, and mounted with 

SlowFade Gold Antifade Reagent (Invitrogen) + DAPI (1 µg/mL). 
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1.13. Phospho-cofilin immunocytochemistry 

Rho activity in HSCs was assessed by immunochemical detection of 

phosphorylated cofilin, a downstream target in the Rho activation pathway.  Cells 

were washed once with Tris buffered saline (TBS), then fixed with cold methanol for 

10 minutes at −20°C.  Cells were washed 3 times for 5 minutes each with TBS, then 

incubated with freshly prepared 0.1% sodium borohydride in TBS for 5 minutes at 

room temperature.  Cells were washed again 3 times for 5 minutes each with TBS, 

then blocking solution (10% goat serum, 1% BSA in PBS) was added for 1 hour at 

room temperature.  Cells were washed once for 5 minutes with TBS, then incubated 

with rabbit anti-phospho-cofilin diluted in 1% BSA in TBS (1:50; Cell Signaling 

Technology) overnight at 4°C.  After washing 3 times for 5 minutes each with TBS, 

cells were incubated with Cy3-conjugated donkey anti-rabbit IgG diluted in 1% BSA 

in TBS (1:200; Jackson ImmunoResearch) for 30 minutes at room temperature.  After 

washing 3 times for 5 minutes each with TBS, slides were mounted with SlowFade 

Gold Antifade Reagent (Invitrogen) + DAPI (1 µg/mL).  

 

1.14. TAT-Pep5 treatment 

Freshly isolated wild-type HSCs were seeded onto 8 well chamber slides (1.5 – 

2.5 x 105 cells/well) and treated every day with TAT-Pep5 (1 µM) [36] or vehicle 

(DMSO) for 7 days.  HSC activation was examined by αSMA staining and Rho 

activation was examined by phospho-cofilin staining as described. 
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1.15. HGF ELISA 

The amount of HGF in liver samples was measured by an enzyme-linked 

immunosorbent assay (ELISA) kit (Institute of Immunology, Tokyo, Japan) according 

to the manufacturer’s instructions and as described in Yamada et al. [131].  Briefly, 

0.2-0.6 g of frozen liver tissue was homogenized on ice in 4 volumes of extraction 

buffer (20 mM Tris buffer, pH 7.5, 2 M NaCl, 0.1% Tween-80, 1 mM EDTA, and 1 

mM PMSF) and then centrifuged at 19,000xg for 30 minutes at 4°C.  The supernatants 

were collected, diluted 1:4 with sample diluent (extraction buffer without NaCl) and 

passed over a HiTrap Heparin column (Amersham Biosciences) to bind HGF.  The 

HGF-enriched fractions were eluted with extraction buffer, and 50 µL applied to the 

HGF ELISA. 

 

1.16. Hepatocyte isolation, co-culture with HSCs, and hepatocyte proliferation 

assay 

For co-culture experiments, wild-type or p75NTR-/- HSCs (day 7-21, passage 2-

4) were seeded onto cell culture inserts (24-well format, PET membrane with 0.4µm 

pore size; BD Biosciences), 10,000 cells/insert, one day prior to hepatocyte isolation 

[79].  Primary hepatocytes were isolated from 2-4 month old wild-type C57BL/6 mice 

(Harlan Sprague Dawley) as described in Galijatovic et al. [132], with modifications.  

Briefly, mice were anesthetized with 2.5% Avertin injected i.p.  The inferior vena cava 

was canulated and the portal vein cut.  The liver was perfused in situ with HBSS (Ca2+ 

and Mg2+-free) containing 0.5 mM EGTA and 10 mM Hepes at pH 7.4, followed by 
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perfusion with collagenase solution [1 mg/mouse Liberase Blendzyme 3 (Roche) in 

HBSS, with Ca2+ and Mg2+].  The liver was removed and washed with cold HSC 

medium (DMEM + 10% FBS + 1% penicillin/streptomycin + 0.25 ug/mL 

Amphotericin B).  Hepatocytes were isolated by mechanical dissociation with forceps, 

filtered through a sterile 70 µm filter, and washed twice by centrifugation at 50xg for 2 

minutes.  Hepatocytes were cultured in 24-well plates coated with collagen type I from 

calf skin (Sigma), ~30,000 cells/well, in 0.5 mL of HSC medium.  Four hours after 

plating, the hepatocytes were washed twice with co-culture medium (DMEM + 0.2% 

FBS + 1% penicillin/streptomycin + 0.25 ug/mL Amphotericin B), and then incubated 

in 0.7 mL co-culture medium with or without HGF (R&D Systems; 50 ng/mL).  

Concurrently, HSCs in inserts were washed twice with co-culture medium, incubated 

in 0.2 mL co-culture medium, and transferred to the hepatocyte-containing wells.  

After 24 hours, [methyl-3H]Thymidine (Amersham Biosciences) was added to the 

hepatocyte medium (1 µCi/mL).  Co-cultures were incubated for 48 hours total and 

hepatocyte proliferation was assessed by [methyl-3H]Thymidine incorporation.  Inserts 

were removed and hepatocytes were washed twice with cold PBS.  [methyl-

3H]Thymidine incorporated into cellular DNA was precipitated with 10% 

trichloroacetic acid (TCA) for 15 minutes at room temperature, the TCA was 

aspirated, and the hepatocytes were solubilized with a 0.3 M sodium hydroxide 

(NaOH) + 1% sodium dodecyl sulfate (SDS) solution for 10 minutes at room 

temperature.  Lysates were neutralized with an equal volume of 0.3 M hydrochloric 

acid (HCl) and assayed for β-emission on a liquid scintillation counter [133].   
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1.17. Statistics 

Statistical significance was calculated using GraphPad Prism (GraphPad 

Software) by unpaired Student’s t test for isolated pairs or by analysis of variance 

(one-way ANOVA, Bonferroni post-test) for multiple comparisons.  Data are shown 

as the mean ± SEM. 

 

2. p75NTR/fibrinogen interactions 

2.1. Preparation of fibrinogen fragment D 

The fibrinogen proteolytic degradation product fragment D was kindly 

provided by Dr. Russell Doolittle (University of California San Diego).  Additionally, 

some experiments were performed using fibrinogen fragment D that was produced in 

our lab by Ryan Adams using a protocol obtained from Dr. R. Doolittle [134].  

Briefly, human fibrinogen (~5 mg/mL; Calbiochem) was digested for 4 hours at room 

temperature with plasmin (16 µg/mL; Chromogenix) to produce fibrinogen fragments 

D and E.  Fragment D was purified by affinity chromatography using a Gly-Pro-Arg 

column and eluted with 1 M NaBr + 0.05 M NaOAc, pH 5.3.  Fragment D was 

precipitated from solution by addition of ammonium sulfate, then resuspended and 

dialyzed in HBS-EP for Biacore binding studies.  Protein concentration was 

determined by Bradford assay.  Comparison of the fragment D from both sources was 

conducted using SDS-PAGE analysis, FPLC analysis, and Biacore binding analysis, 

and no significant differences were observed between the two lots. 
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2.2. Cloning of human p75NTR extracellular domain into FLAG vector 

The extracellular domain (residues 1-223) of human p75NTR was obtained by 

PCR amplification from the full length cDNA (in plasmid “1.5J”, kindly sent by M.V. 

Chao, New York University), with the addition of a 5' HindIII and a 3' XbaI restriction 

site to facilitate subcloning, as well as a C-terminal stop codon to terminate translation 

of the generated transcript.  The following primers were used: 

Forward: 5' − CGATGACGACAAGCTTGCCAAGGAGGCATGCCCC − 3' 

Reverse: 5' − CCGGGATCCTCTAGATTAGTTGTCGGTGGTGCCTCGGG − 3' 

The HindIII/XbaI-digested PCR product was subcloned into the pFLAG-

CMV-3 expression vector (Sigma), generating a sequence which codes for a soluble, 

secreted protein with an N-terminal FLAG octapeptide tag followed by the entire 

human p75NTR extracellular domain, dubbed FLAG-p75NTR ECD FL (residues 1-223).  

Additionally, a truncated form of the human p75NTR extracellular domain (residues 1-

162; truncated after the fourth cysteine rich domain) was generated by HindIII/BstY1 

digest of the PCR product.  This digested fragment was subcloned into the 

HindIII/BamHI sites of pFLAG-CMV-3.  Site-directed mutagenesis (QuickChange; 

Stratagene) was performed to create a C-terminal stop codon.  The resulting sequence 

codes for an N-terminal FLAG tag followed by the truncated human p75NTR 

extracellular domain, dubbed FLAG-p75NTR ECD TR (residues 1-162) (Fig. 28B). 
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2.3. Expression and purification of FLAG-p75NTR ECD 

Both the FL and TR constructs were transfected into HEK 293 cells using 

Lipofectamine 2000 (Invitrogen) according to manufacturer’s protocol.  Stably 

transfected clones were selected for by their resistance to Geneticin (G418; 

Invitrogen).  Highest-expressing clones were determined by FLAG western blot of 

conditioned culturing medium [DMEM + 10% FBS + 1% penicillin/streptomycin + 

500 µg/mL Geneticin (all from Invitrogen)].  The truncated construct was expressed at 

higher levels than the full length ECD construct.  Additionally, the truncated construct 

is similar to that used by He and Garcia, who performed crystallographic and 

structural analysis of the extracellular domain of p75NTR [4].  For these reasons, we 

chose to continue on with the expression and purification of FLAG-p75NTR ECD TR 

only (from now on simply referred to as “FLAG-p75NTR ECD”) for use in our binding 

studies. 

 FLAG-p75NTR ECD was expressed in culturing medium containing 3% FBS 

and was purified by affinity chromatography using M2 anti-FLAG resin (Sigma).  The 

column was washed with wash buffer (15 mM Hepes, pH 7.4, and 450 mM NaCl), 

then FLAG-p75NTR ECD was eluted by competition with 100 µg/mL FLAG peptide in 

elution buffer (15 mM Hepes, pH 7.4, and 150 mM NaCl).  The eluted protein was 

concentrated by centrifugation using a Centricon centrifugal filter device (Millipore), 

and protein concentration was determined by Bradford assay.  Protein purity and 

integrity was determined by separation on an SDS-PAGE gel and staining with 

GelCode Blue Stain Reagent (Pierce). 
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2.4. Biacore binding studies 

All Biacore binding experiments were carried out at 25°C in HBS-EP buffer 

[10 mM Hepes, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% (v/v) surfactant 

P20] on a Biacore 3000 system.  Approximately 200-300 RU of FLAG-p75NTR ECD 

was covalently coupled using amine chemistry to the carboxymethylated dextran 

matrix of a CM5 sensor chip (Biacore) [135].  The first flow-cell was mock-coupled 

with buffer only to serve as a control for non-specific background binding.  Specific 

binding data was obtained by subtracting the background signal from the control flow-

cell from the total binding signal of the flow-cell coupled with FLAG-p75NTR ECD.  

Injection of nerve growth factor, a previously characterized p75NTR ligand [4], showed 

binding to FLAG-p75NTR ECD, suggesting that the recombinant FLAG-p75NTR ECD 

protein was functional.  Fibrinogen fragment D was injected in random order over the 

FLAG-p75NTR ECD surface as a set of 8 concentrations from 37 to 81000 nM in 3-fold 

dilutions at a flow rate of 20 or 30 µL/minute.  After each injection, the binding 

surfaces were regenerated by injecting IUw solution [equal parts ionic solution I (0.46 

M KSCN, 1.83 M MgCl2, 0.92 M urea, and 1.83 M guanidine-HCl), non-polar 

solution U (equal volumes of DMSO, formamide, ethanol, acetonitrile, and 1-butanol), 

and deionized water] [136] for 30 seconds.  Total binding of fragment D to FLAG-

p75NTR ECD at equilibrium was recorded and plotted as a function of fragment D 

concentration.  The plots were then fit by nonlinear regression to calculate dissociation 

constants, Kd, using GraphPad Prism 3.0 (GraphPad software). 
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Chapter 3. Determining a function for p75NTR in liver injury and repair 

 

1. Introduction 

 Despite the widespread expression of p75NTR in a variety of tissues throughout 

the body (Table 1), very little is known about the functions of p75NTR outside of the 

nervous system.  Previous studies have reported that p75NTR is upregulated by hepatic 

stellate cells (HSCs) in the human cirrhotic liver and in animal models of toxic liver 

injury [19, 41], however the role that p75NTR plays in HSC function and liver 

pathology remains unclear.  Prior studies have indicated that p75NTR may mediate 

HSC death in vitro, as treatment of rat HSCs with high concentrations of exogenous 

NGF can induce a small 1.5-fold increase in apoptosis [19, 42].  However, a very 

recent study reported that in chronically activated human HSCs, which are similar to 

those found in fibrotic and cirrhotic liver, NGF treatment is unable to cause apoptosis 

[77].  This group additionally showed that in general HSCs that are chronically 

activated, such as in cases of liver fibrosis and cirrhosis, are resistant to apoptosis due 

to their overexpression of the anti-apoptotic protein Bcl-2 [77].  Even though p75NTR 

may mediate HSC death in vitro through the application of high non-physiological 

concentrations of NGF, whether this actually occurs in vivo during liver disease 

remains to be proven.  Because no studies had yet been performed to address the role 

of p75NTR in the liver in vivo, we wanted to determine a biological role for p75NTR in 

the liver and how p75NTR functions in liver injury and repair. 
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2. Genetic loss of p75NTR causes exacerbated liver pathology in a mouse model of 

liver injury 

 To address the role of p75NTR in liver disease in vivo, we crossed mice 

deficient for p75NTR (p75NTR-/-) with plasminogen deficient (plg-/-) mice.  plg-/- mice 

spontaneously develop liver injury characterized by fibrin deposition, hepatocyte 

necrosis, and HSC activation [137, 138], characteristics that are observed in a variety 

of liver diseases of different etiologies [139].  plg-/-p75NTR-/- mice were born at the 

expected Mendelian ratio.  As early as 5 weeks of age, plg-/-p75NTR-/- mice were 

noticeably smaller than littermate controls (Fig. 5A).  plg-/-p75NTR-/- mice also 

exhibited severe wasting (Fig. 5B).  plg-/- mice have a median survival time of 6 

months [137].  By contrast, plg-/-p75NTR-/- mice had a median survival time of 2.5 

months and did not live past 5 months (Fig. 5C), suggesting that genetic loss of 

p75NTR exacerbates the phenotype of plasminogen deficiency.  

 We next examined the livers of the plg-/-p75NTR-/- mice to determine the 

effects of p75NTR deficiency on the liver pathology of the plg-/- mouse.  plg-/-p75NTR-

/- mice showed prominent necrotic liver lesions macroscopically evident as early as 10 

weeks of age (Fig. 6A).  Histopathological analysis by Hematoxylin staining revealed 

large necrotic areas in the livers of plg-/-p75NTR-/- mice not observed in either wild-

type or 10 week old plg-/- control littermates (Fig. 6B).  Examination of caspase 

activation, an indicator of apoptosis, showed no apoptosis in the livers of plg-/- mice, 

while plg-/-p75NTR-/- had large regions containing apoptotic cells, determined by 

morphology to be hepatocytes (Fig. 6C).  Taken together, these results show that loss 
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of p75NTR exacerbates the liver pathology of the plg-/- mouse, and suggest that p75NTR 

plays a protective role in liver disease.  

 

3. Genetic loss of p75NTR does not alter fibrin deposition in the plg-/- mouse 

 Two hypotheses could potentially account for the exacerbated liver pathology 

observed in the plg-/-p75NTR-/- mouse.  Hypothesis 1 would postulate that p75NTR 

regulates fibrin deposition and degradation in the plg-/- mouse, and that loss of p75NTR 

may lead to excess fibrin buildup, which is the causative agent that drives the liver 

pathology in the plg-/- mouse [137].  Hypothesis 2 would postulate that p75NTR alters 

the pathophysiological characteristics of HSCs that are crucial for the progression of 

liver disease in the plg-/- mouse.  To test the first hypothesis, we examined fibrin 

deposition in the livers of plg-/-p75NTR-/- mice.  Examination of fibrin deposition by 

immunochemical detection of fibrin(ogen) revealed no differences between plg-/- and 

plg-/-p75NTR-/- mice (Fig. 7A).  To examine fibrin levels in a more quantitative 

manner, we isolated fibrin from the livers of plg-/-p75NTR-/- mice and control 

littermates at different timepoints and performed an immunoblot analysis for 

fibrin(ogen).  We observed no differences between the levels of fibrin in the livers of 

the plg-/- p75NTR-/- mice when compared to plg-/- mice of matching age (Fig. 7B).  

Taken together, these results suggest that the exacerbated liver pathology observed in 

the plg-/- p75NTR-/- mice was not due to increased fibrin deposition.  
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4. Genetic loss of p75NTR inhibits HSC activation in vivo 

 Once we determined that the exacerbated liver pathology of the plg-/-p75NTR-/- 

mouse was not due to increased fibrin deposition, we wanted to next examine our 

alternative hypothesis, that p75NTR regulates the function of HSCs in liver disease and 

this effect on HSC function is the cause of the exacerbated liver pathology observed in 

the plg-/-p75NTR-/- mouse.  We first examined p75NTR expression in the liver by 

immunostaining for p75NTR (Fig. 8).  Wild-type plg+/+p75NTR+/+ control mice 

expressed low levels of p75NTR, while livers of plg-/- mice exhibited a significant 

increase in p75NTR expression in HSCs with characteristic spindle morphology and 

peri-hepatocyte localization (Fig. 8A).  No immunoreactive staining was observed in 

the liver of p75NTR-/- mice.  Confocal double immunofluorescence for p75NTR and the 

HSC marker desmin confirmed that p75NTR is expressed by HSCs in the livers of plg-/- 

mice (Fig. 8B).  Our results are in accordance with previous studies, which have found 

that quiescent HSCs express low levels of p75NTR [19, 41] and that p75NTR is 

upregulated after HSC activation into αSMA-positive myofibroblasts both in vitro [19] 

and in vivo [41]. 

 Because a previous study had observed HSC activation in the plg-/- mouse 

[138], we were interested in determining if the exacerbated liver pathology of the plg-

/-p75NTR-/- mouse was due to effects on HSC activation caused by loss of p75NTR.  To 

determine if loss of p75NTR alters HSC activation, we examined the expression of α-

smooth muscle actin (αSMA) and collagen I (col1α1), which are the two major 

markers expressed in the liver by HSCs that have differentiated to myofibroblasts [50].  

plg-/- mice had a nearly 7-fold increase in αSMA gene expression compared to wild-
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type control animals (Fig. 9A), as well as a 2-fold increase in col1α1 gene expression 

(Fig. 9B).  By contrast, both αSMA and col1α1 were significantly reduced in the livers 

of the plg-/-p75NTR-/- mice compared to plg-/- mice, suggesting that p75NTR is required 

for the induction of activated HSC gene products in vivo.  Total number of HSCs was 

similar in between plg-/- and plg-/-p75NTR-/- mice (Fig. 10), suggesting that the 

decrease in αSMA and col1α1 was a result of their activation state and not differences 

in cell number.  Additionally, examination of HSCs in adult wild-type and p75NTR-/- 

mice showed no differences in the number of total desmin-positive HSCs, suggesting 

that p75NTR does not affect the developmental differentiation of HSCs (Fig. 10).  

Taken together, these results indicate that p75NTR is necessary for HSC activation in 

vivo, and that the exacerbated liver pathology of the plg-/-p75NTR-/- mouse may be due 

to defects in HSC activation due to loss of p75NTR.  

 

5. Loss of p75NTR inhibits HSC activation in vitro 

 To examine whether p75NTR might be directly involved in the regulation of 

HSC differentiation to myofibroblasts, we assessed the ability of primary HSCs 

isolated from p75NTR-/- mice to differentiate in vitro.  Wild-type HSCs undergo 

activation within two weeks in culture and p75NTR expression positively correlates 

with HSC activation [19].  After 3 weeks in culture, wild-type HSCs exhibited 

morphologic features of activated myofibroblasts, characterized by wide, spread out 

morphology and large round nuclei (Fig. 11A).  By contrast, p75NTR-/- HSCs were 

mostly in a quiescent state and the few cells that were αSMA+ were arrested at an 
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intermediate stage of differentiation, characterized by small size and shrunken 

morphology (Fig. 11A).  p75NTR-/- HSCs showed an 8-fold decrease in the percentage 

of αSMA+ differentiated cells, as well as a 3-fold decrease in αSMA+ cell size, when 

compared to wild-type HSCs (Fig. 11, B and C).  Additionally, genetic loss of p75NTR 

in HSCs suppressed protein expression of αSMA and collagen I (Fig. 12A), as well as 

gene expression of both col1α1 and transforming growth factor β-1 (TGFβ-1) (Fig. 

12B), which are upregulated by HSCs in the myofibroblast state [49].   

 To further confirm that loss of p75NTR inhibits HSC differentiation to 

myofibroblasts and that the defect in HSC activation observed in p75NTR-/- HSCs was 

not due to gross developmental or signaling changes due to genetic depletion of 

p75NTR, we decided to use a gene knockdown approach to deplete p75NTR from wild-

type HSCs.  Because primary HSCs, like many other primary cells, are notoriously 

difficult to transfect using traditional lipid-based reagents for oligonucleotide 

transfection [140], we created a novel lentiviral vector encoding a short hairpin RNA 

(shRNA) against mouse p75NTR for use in lentivirus-mediated shRNA knockdown of 

p75NTR (Fig. 13).  Lentiviral shRNA-mediated knockdown of p75NTR in wild-type 

HSCs resulted in a 4.4-fold reduction of αSMA+ cells compared to control (Fig. 14, A 

and B), suggesting that depletion of p75NTR by RNA interference inhibits HSC 

activation similar to the genetic depletion of p75NTR in HSCs.  Taken together, these 

results suggest that p75NTR is necessary for HSC activation, and that loss of p75NTR 

inhibits HSC differentiation into myofibroblasts. 
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6. Adenoviral delivery of p75NTR restores activation in p75NTR-/- HSCs 

 Because we had observed that loss of p75NTR causes an inhibition of HSC 

differentiation to myofibroblasts, we were interested in determining whether re-

expression of p75NTR in p75NTR-/- HSCs could restore their activation.  To examine 

this, we used an adenovirus containing p75NTR [141] to deliver p75NTR to p75NTR-/- 

HSCs (Fig. 15).  In p75NTR-/- HSCs infected with adenovirus containing the full length 

p75NTR gene (p75NTR-/- Ad p75NTR FL), we observed activation similar to wild-type 

HSCs infected with control adenovirus (wt Ad ctrl) (Fig. 15, A and B).  Interestingly, 

we observed similar results in p75NTR-/- HSCs infected with adenovirus containing just 

the intracellular domain of the p75NTR gene (p75NTR-/- Ad p75NTR ICD) (Fig. 15, A and 

B), suggesting that expression of the ICD of p75NTR alone is sufficient to promote 

HSC activation.  Overall, our results suggest that the defects we observe in HSC 

activation in vitro are specifically due to loss of p75NTR, as re-expression of p75NTR is 

able to restore differentiation in p75NTR-/- HSCs. 

 

7. Loss of p75NTR had no affect on HSC apoptosis or proliferation 

 Because we observed such a significant difference in HSC activation due to 

p75NTR expression, we wanted to make sure that the affect of p75NTR on HSC 

differentiation was not due to secondary effects from changes in HSC apoptosis or 

proliferation.  Prior studies have shown a small 1.5-fold increase in HSC apoptosis 

upon induction with high non-physiological concentrations of exogenous NGF [19].  

In our experiments, we confirmed that addition of exogenous NGF at high 
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concentrations caused a 1.6-fold increase of HSC apoptosis in wild-type cells (Fig. 

16A).  In the absence of exogenous NGF, wild-type and p75NTR-/- HSCs showed no 

difference in apoptosis (Fig. 16A).  Because the tissue culture conditions of the 

differentiation experiments (Figs. 11, 12, 14, 15) were performed in the absence of 

exogenous NGF, we believe that apoptosis cannot account for the large differences 

observed in HSC differentiation.  Addionally, examination of proliferation of wild-

type and p75NTR-/- HSCs revealed no significant differences in cell proliferation, either 

in the presence or absence of NGF (Fig. 16B), suggesting that the differences observed 

in HSC differentiation are not due to differences in proliferation between wild-type 

and p75NTR-/- HSCs.  Overall, these results suggest that the major function of p75NTR 

in HSCs is the regulation of differentiation from quiescent cells into activated 

myofibroblasts.  

 

8. p75NTR-mediated HSC differentiation is neurotrophin- and Trk-independent 

 Once we identified that the major function of p75NTR in HSCs is regulation of 

differentiation, we next wanted to examine the signaling mechanisms involved in 

p75NTR-mediated HSC activation.  We first wanted to determine if p75NTR-mediated 

HSC activation was dependent upon neurotrophins, which are the major physiological 

ligands that have been identified for p75NTR [5].  As already described, the effects of 

p75NTR on HSC differentiation that we observed occurred without the addition of 

exogenous neurotrophin ligand (Figs. 11, 12, 14, 15).  Because there is some evidence 

in the literature that HSCs can express all four neurotrophins [41], we wanted to 
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determine if HSC-derived neurotrophins were able to promote HSC activation in an 

autocrine manner.  To examine this, we observed HSC differentiation in the presence 

of neurotrophin-neutralizing agents.  Neutralization of neurotrophins by either anti-

NGF antibody, BDNF scavenger Fc-TrkB, or pan-neurotrophin scavenger Fc-p75NTR 

had no effect on HSC differentiation (Fig. 17), suggesting that a neurotrophin 

autocrine loop is not responsible for HSC differentiation.  Moreover, adenoviral 

delivery of the intracellular domain of p75NTR alone restored differentiation of p75NTR-

/- HSCs similar to adenoviral delivery of full length p75NTR (Fig. 15), suggesting that 

p75NTR-mediated HSC activation can occur in a ligand-independent manner. 

 We additionally wanted to determine if p75NTR-mediated HSC activation 

requires activation of the p75NTR co-receptor Trk.  Previous work has shown that 

HSCs express two of the three Trk isoforms [41], and other studies have shown that 

p75NTR-mediated Trk activation plays a role in neuronal cell differentiation [142].  To 

examine whether Trk is involved in p75NTR-mediated HSC differentiation, we treated 

HSCs with the Trk inhibitor K252a and observed its effects on differentiation.  

Inhibition of Trk activity with K252a had no effect on HSC activation (Fig. 17), 

suggesting that HSC differentiation occurs independently of Trk signaling.   

 

9. p75NTR signaling through Rho is responsible for p75NTR-mediated HSC 

activation  

 After ruling out a role for neurotrophins and Trk in p75NTR-mediated HSC 

differentiation, we hoped to identify other mediators involved in intracellular signaling 
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during this process.  In general, the signal transduction mechanisms that promote and 

control HSC differentiation into myofibroblasts remain elusive.  Previous studies have 

implicated the involvement of the small GTPase Rho in regulating myofibroblast 

morphology via reorganization of the actin cytoskeleton [143, 144].  A signaling 

relationship between p75NTR and Rho has been well documented in the nervous 

system, where p75NTR-mediated Rho signaling is involved in rearrangement of the 

actin cytoskeleton in neurons to control neurite outgrowth [36].  Since either p75NTR in 

the absence of ligand or the ICD of p75NTR alone can activate Rho through a direct 

interaction [9] and Rho is involved in promoting the myofibroblastic state of HSC 

[144], we examined whether p75NTR promotes HSC activation through Rho.  We first 

examined Rho activity in wild-type and p75NTR-/- HSCs through immunostaining for 

phosphorylated cofilin (phospho-cofilin), a marker for Rho activation [145].  In 

contrast to wild-type HSCs, p75NTR-/- HSCs were negative for phospho-cofilin (Fig. 

18), suggesting that Rho activation was reduced in p75NTR-/- HSCs.  To determine if 

reduced Rho activity was causing the inhibited activation observed in p75NTR-/- HSCs, 

we next examined whether expression of constitutively activated Rho in p75NTR-/- 

HSCs could restore their activation.  To examine this, we used an adenovirus to 

deliver constitutively activated Rho [146] to p75NTR-/- HSCs (Fig. 19, A and B).  In 

p75NTR-/- HSCs infected with adenovirus containing constitutively activated Rho 

(p75NTR-/- Ad Rho), we observed activation similar to wild-type HSCs infected with 

control adenovirus (wt Ad ctrl) (Fig. 19B).   

 To determine if blocking p75NTR-mediated Rho signaling in wild-type HSCs 

would prevent their differentiation into myofibroblasts, we treated wild-type HSCs 
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with TAT-Pep5, a cell-permeable peptide inhibitor that specifically blocks the 

activation of Rho through p75NTR [36] and observed their differentiation (Fig. 20).  

Control-treated HSCs exhibited the characteristic spread out myofibroblastic 

morphology.  By contrast, the majority of the TAT-Pep5-treated cells showed an 

undifferentiated morphology (Fig. 20A) similar to p75NTR-/- HSCs (Fig. 11A).  Gene 

expression analysis revealed decreased col1α1 and TGFβ-1 expression in TAT-Pep5-

treated cells compared to control (Fig. 20B), similar to the gene expression profile 

observed in p75NTR-/- HSCs (Fig. 12B).  Additionally, TAT-Pep5 reduced phospho-

cofilin in wild-type cells (Fig. 21), further suggesting that p75NTR is a major activator 

of Rho in HSCs.  Overall, these results suggest that p75NTR signaling through Rho 

promotes HSC differentiation to myofibroblasts.  

 

10. Genetic loss of p75NTR results in reduced liver cell proliferation and reduced 

levels of HGF in a mouse model of liver injury  

 Previous studies have shown the importance of HSC activation in promoting 

hepatocyte proliferation, as defective HSC activation results in impaired liver 

regeneration [78].  Therefore, we were interested in determining whether p75NTR as a 

regulator of HSC activation could regulate hepatocyte proliferation and liver 

regeneration.  To investigate this, we examined liver cell proliferation in plg-/- and 

plg-/-p75NTR-/- mice to see whether loss of p75NTR affects liver repair after injury.  

After in vivo labeling with the cell proliferation marker bromodeoxyuridine (BrdU), 

plg-/- mice showed an increased number of BrdU+ proliferating hepatocytes (126.6 ± 
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3.9) (Fig. 22, A and B), when compared to wild-type mice (95.2 ± 3.7), suggestive of 

the regenerative response in the liver after injury.  By contrast, plg-/-p75NTR-/- mice 

displayed significantly decreased cell proliferation (74.2 ± 9.1) compared to plg-/- 

mice (Fig. 22, A and B), suggesting that expression of p75NTR promotes hepatocyte 

proliferation in the plg-/- mouse.  One of the key mediators in promoting hepatocyte 

proliferation and subsequent liver regeneration is hepatocyte growth factor (HGF) 

[49].  To determine if the differences in cell proliferation observed in the plg-/- and 

plg-/-p75NTR-/- mice were due to differences in HGF, we examined HGF levels in the 

livers of these mice.  Strikingly, whole liver homogenates from plg-/-p75NTR-/- mice 

showed a 3-fold decrease in HGF protein compared to plg-/- livers (Fig. 23).  Since 

HSCs are a major source of HGF in the liver [147, 148], the reduction in HGF in the 

plg-/-p75NTR-/- mouse is in accordance with the defective HSC activation observed 

after genetic loss of p75NTR both in vivo (Fig. 9) and in vitro (Fig. 11).  Taken together, 

these results suggest that expression of p75NTR promotes expression of HGF and 

hepatocyte proliferation in vivo. 

 

11. Genetic loss of p75NTR in HSCs causes diminished levels of hepatocyte 

proliferation in vitro 

Crosstalk of HSCs with hepatocytes is a major cellular mechanism that drives 

hepatocyte proliferation and liver repair [49, 78, 79].  We therefore examined whether 

p75NTR-mediated activation of HSCs was necessary to support hepatocyte 

proliferation.  We used a previously established hepatocyte-HSC in vitro co-culture 
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system (Fig. 24A), where wild-type HSCs promote hepatocyte proliferation [79].  

Primary wild-type hepatocytes were co-cultured with either wild-type or p75NTR-/- 

HSCs.  Hepatocytes in co-culture with p75NTR-/- HSCs exhibited a 30% decrease in 

proliferation compared to those incubated with wild-type HSCs (Fig. 24B).  This 

reduction in proliferation was rescued when additional HGF was added to the culture 

medium (Fig. 24B).  Overall, these results suggest that p75NTR expression by HSCs is 

necessary for their differentiation to repair-supporting, HGF-secreting cells which in 

turn can promote hepatocyte proliferation both in vivo (Fig. 22) and in vitro (Fig. 24). 

 

12. Summary 

 With the goal of determining the function of p75NTR in liver injury and repair, 

we discovered that the major function of p75NTR in the liver is regulation of HSC 

differentiation from a quiescent lipocyte to a myofibroblast cell type, and that p75NTR-

mediated HSC activation is protective in liver injury and necessary for liver repair.  In 

the plg-/- mouse model of liver injury, loss of p75NTR resulted in exacerbated liver 

pathology and inhibited HSC activation in vivo (Figs. 6, 9).  In vitro, p75NTR-/- HSCs 

failed to differentiate, and adenoviral delivery of p75NTR restored activation in p75NTR-

/- HSCs, suggesting that p75NTR is necessary for HSC differentiation (Figs. 11, 15).  

No differences in apoptosis or proliferation were observed between wild-type and 

p75NTR-/- HSCs (Fig. 16), thus identifying regulation of differentiation as the major 

function of p75NTR in HSCs.  Neither neurotrophins nor Trk activity was required for 

HSC differentiation (Fig. 17), and in fact expression of the intracellular domain of 
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p75NTR alone was sufficient to promote HSC activation (Fig. 15).  p75NTR-/- HSCs 

exhibited loss of Rho activation compared to wild-type HSCs (Fig. 18), and 

restoration of Rho activity completely rescued the differentiation of p75NTR-/- HSCs 

(Fig. 19).  Moreover, inhibition of p75NTR-mediated Rho activation prevented 

activation of wild-type HSCs (Fig. 20), suggesting that p75NTR signaling through Rho 

promotes HSC differentiation.  In examining the role of p75NTR in liver repair after 

injury, we found that the loss of p75NTR resulted in diminished liver cell proliferation 

in the plg-/- mouse (Fig. 22), as well as decreased levels of hepatocyte growth factor 

in the liver (Fig. 23).  In co-culture, p75NTR-/- HSCs were unable to promote 

hepatocyte proliferation to the extent of wild-type HSCs, but hepatocyte proliferation 

was recovered by addition of HGF (Fig. 24).  Overall, the results of our studies 

suggest that p75NTR expression by HSCs is necessary for their differentiation to repair-

supporting, HGF-secreting cells, which in turn can promote the hepatocyte 

proliferation necessary for liver repair after injury or disease. 
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Figure 5. Exacerbated wasting and mortality caused by p75NTR deficiency. 
(A) Representative appearance of a plg+/+p75NTR+/+ mouse, a plg+/-p75NTR+/- 
mouse, a plg-/-p75NTR+/- mouse, and a plg-/-p75NTR-/- mouse at 5 weeks of age. (B) 
Weight of plg+p75NTR+, plg+p75NTR-/-, plg-/-p75NTR+, and plg-/-p75NTR-/- mice. 
Because heterozygous (+/-) mice are phenotypically undistinguishable from 
homozygous (+/+) mice, mice with plg+/+ or plg+/- genotype are designated plg+, 
and mice with p75NTR+/+ or p75NTR+/- genotype are designated p75NTR+. (C) Survival 
of plg+/+p75NTR+/+, plg+/+p75NTR-/-, plg-/-p75NTR+/+, and plg-/-p75NTR-/- mice.  As 
both plg+/+p75NTR+/+ and plg+/+p75NTR-/- mice exhibited 100% survival, the curves 
overlap and appear as a single line on the graph. 
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Figure 6. Exacerbated liver pathology caused by p75NTR deficiency. 
(A) Representative stereoscope images of the livers of 10 week old plg+/+p75NTR+/+, 
plg-/-p75NTR+/+, and plg-/-p75NTR-/- mice.  Note the appearance of lesions (white 
areas) in the plg-/-p75NTR-/- mouse (right).  Scale bar, 0.4 mm. (B) Hematoxylin 
staining of liver sections from mice described in (A). Note large area of necrosis in the 
plg-/-p75NTR-/- mouse (right).  Scale bar, 58 µm. (C) A FITC-conjugated inhibitor of 
active caspases was used to stain apoptotic cells (green) in liver sections from mice 
described in (A).  Inset depicts apoptotic cells at a higher magnification, determined 
by morphology to be hepatocytes.  Scale bar, 100 µm; inset, 35 µm. 
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Figure 7. Genetic loss of p75NTR does not change fibrin levels in the plg-/- mice. 
(A) Immunochemical detection of fibrin(ogen) (red) in liver sections of 10 week old 
plg+/+p75NTR+/+, plg-/-p75NTR+/+, and plg-/-p75NTR-/- mice.  Normal mice (left) 
exhibit granular fibrin(ogen) staining indicative of blood vessel morphology. Both plg-
/-p75NTR+/+ (middle) and plg-/-p75NTR-/- (right) liver contain large areas of fibrin 
deposition outside the vasculature. Scale bar, 31 µm. (B) Immunoblot detection of 
fibrin isolated from livers of plg+/+p75NTR+/+, plg+/+p75NTR-/-, plg-/-p75NTR+/+, 
and plg-/-p75NTR-/- mice, ages 10 to 21 weeks.  Fibrin immunoblots performed by 
Jiang Han and Katerina Akassoglou. 
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Figure 8. p75NTR expression in liver. 
(A) Immunochemical detection of p75NTR (dark red) in livers of 10 week old 
plg+/+p75NTR+/+, plg-/-p75NTR+/+, and plg+/+p75NTR-/- (negative control) mice. 
Immunoreactive cells show spindle morphology and peri-hepatocyte localization 
characteristic of HSCs.  Scale bar, 19 µm. (B) Confocal double immunofluorescence 
in plg-/- liver shows colocalization (yellow) of the HSC marker desmin (green) with 
p75NTR (red).  Scale bar, 25 µm.  Confocal microscopy was performed by Katerina 
Akassoglou. 
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Figure 9. Genetic loss of p75NTR inhibits HSC activation in vivo. 

(A) αSMA and (B) col1α1 gene expression was examined in 4 week old mice (n = 3 
mice per genotype) by real-time polymerase chain reaction (PCR) analysis performed 
in duplicates. Bar graphs represent means ± SEM (*P<0.001; by one-way ANOVA). 
 



67 

 

 
 

+/+
NTR

plg+/+
 p75

-/-
NTR

plg+/+
 p75

+/+
NTR

plg-/- 
p75

-/-
NTR

plg-/- 
p75

0

500

1000

1500

2000

D
es

m
in

-p
os

iti
ve

 c
el

ls
/

m
m

2  li
ve

r 
tis

su
e

nsns

+/+
NTR

plg+/+
 p75

-/-
NTR

plg+/+
 p75

+/+
NTR

plg-/- 
p75

-/-
NTR

plg-/- 
p75

0

500

1000

1500

2000

D
es

m
in

-p
os

iti
ve

 c
el

ls
/

m
m

2  li
ve

r 
tis

su
e

nsns

 
 
 
 
 

Figure 10. Genetic loss of p75NTR does not affect developmental differentiation of 
HSCs. 
Quantitation of HSC number in vivo.  HSCs were visualized in liver sections of 10 
week old plg+/+p75NTR+/+, plg+/+p75NTR-/-, plg-/-p75NTR+/+, and plg-/-p75NTR-/- 
mice by immunostaining for desmin, a HSC marker.  HSC number was determined by 
counting the number of desmin-positive cells per field (n = 5 for plg+/+p75NTR+/+ 
and plg+/+p75NTR-/-; n = 3 for plg-/-p75NTR+/+ and plg-/-p75NTR-/-).  Data are mean ± 
SEM (ns, not significant; by unpaired Student’s t test). 
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Figure 11. Genetic loss of p75NTR inhibits HSC activation in vitro. 
(A) αSMA immunostaining (green) of activated wild-type (wt) and p75NTR-/- HSCs 
after 21 days in culture. Wt HSCs are characterized by wide, spread out morphology 
and large round nuclei. p75NTR-/- HSCs are unable to differentiate and the few cells 
that showed immunostaining for αSMA are arrested at an intermediate stage of 
differentiation, characterized by small size and shrunken morphology.  Nuclei are 
stained with DAPI (blue). Representative images are shown from 7 independent 
experiments. Scale bar, 93 µm. (B) Quantitation of percentage of activated wt and 
p75NTR-/- HSCs.  Percentage of activated HSCs was quantified by counting the number 
of αSMA-immunopositive myofibroblasts per total number of nuclei per field. 
Experiments were performed four times in duplicates. Bar graph represents means ± 
SEM. (*P<0.0001; by unpaired Student’s t test). (C) Quantitation of activated cell size 
of wt and p75NTR-/- HSCs.  Activated cell size was quantitated by determining the area 
of αSMA-immunopositive cells in three independent experiments performed in 
duplicates. Bar graph represent means ± SEM (*P<0.002; by unpaired Student’s t test). 
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Figure 12. Genetic loss of p75NTR diminishes expression of activated HSC 
markers in cultured HSCs. 
(A) Western blot analysis of HSC protein extracts shows reduced expression of αSMA 
and collagen I in p75NTR-/- HSCs when compared to control wild-type (wt) HSCs after 
8 days in culture.  Immunoblot for tubulin served as a loading control. (B) Real-time 
PCR analysis of gene expression of the myofibroblast markers Col1α1 and TGFβ-1 in 
wt and p75NTR-/- HSCs after 14-21 days in culture. For each sample, gene expression 
data was normalized to HPRT gene expression and presented as fold change versus 
wt. Experiments were performed three times in duplicates. Graphs represent mean ± 
SEM (*P<0.0001; by unpaired Student’s t test). 
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Figure 13. Vector map for the pLenti6/BLOCK-iT™ mouse p75NTR shRNA 
vector. 
Nucleotide sequence shown at top was inserted into the pLenti6/BLOCK-iT™ vector 
(Invitrogen).  The predicted stem-loop structure of the mouse p75NTR short hairpin 
RNA expressed from the vector is depicted at the right.  Construction of vector and 
lentivirus expression were performed by Ryan Adams. 
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Figure 14. Lentiviral delivery of p75NTR shRNA significantly decreases wild-type 
HSC activation. 
(A) Representative images of control-treated (control) or p75NTR shRNA lentivirus-
treated (Lenti p75NTR shRNA) HSCs.  Freshly isolated wild-type (wt) HSCs were 
infected with lentivirus or control on day 2.  αSMA immunostaining (green) was 
performed on day 10.  Nuclei are stained with DAPI (blue).  Scale bar, 123 µm. (B) 
Quantitation of percentage of activated HSCs.  Percentage of activated HSCs was 
quantitated by counting the number of αSMA-immunopositive HSCs per total number 
of nuclei per field.  Experiments were performed three times in duplicates. Data are 
mean ± SEM (*P<0.009; by unpaired Student’s t test). 
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Figure 15. Adenoviral delivery of p75NTR rescues the activation of p75NTR-/- HSCs. 
(A) Freshly isolated wild-type (wt) and p75NTR-/- HSCs were infected on day 2 with 
adenovirus (control, Ad ctrl; full length p75NTR, p75NTR FL; or intracellular domain of 
p75NTR, p75NTR ICD).  αSMA immunostaining (green) was performed on day 7.  
Nuclei were stained with DAPI (blue).  Scale bar, 85 µm. (B) Quantitation of activated 
cell size of adenovirus-infected wt and p75NTR-/- HSCs.  Activated cell size was 
quantitated by determining the area of αSMA-immunopositive cells in three 
independent experiments performed in duplicates. Bar graphs represent means ± SEM 
(*P<0.05; ns, not significant; by one-way ANOVA).  p75NTR adenoviruses were kindly 
given by Philip Barker, McGill University.  
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Figure 16. Genetic loss of p75NTR does not affect apoptosis or proliferation of 
HSCs. 
Wild-type (wt) and p75NTR-/- HSCs (day 9-21) were incubated with or without 100 
ng/mL NGF. (A) Apoptosis of HSCs in vitro after 24 hour treatment. Apoptosis, as 
measured by DNA fragmentation, was assayed by ELISA.  Experiments were 
performed three times in duplicates. Data are mean ± SEM (*P<0.05; ns, not 
significant; by one-way ANOVA).  (B) Proliferation of HSCs in vitro after 48 hour 
treatment.  BrdU was added during the last 24 hours of treatment.  Proliferation, as 
measured by BrdU incorporation, was assayed by ELISA.   Experiments were 
performed three times in duplicates.  Data are mean ± SEM (ns, not significant; by 
one-way ANOVA).   
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Figure 17. Trk inhibition or neurotrophin blocking have no effect on wild-type 
HSC differentiation. 
Freshly isolated wild-type (wt) HSCs were treated on day 1 with the following: Trk 
inhibitor K252a (10 nM) or DMSO vehicle control; NGF-blocking antibody goat anti-
NGF (2 µg/mL) or goat IgG control; neurotrophin scavenger Fc-p75NTR or Fc 
fragment control (20 µg/mL); or BDNF scavenger Fc-TrkB or Fc fragment control (1 
µg/mL).  The medium was replaced with fresh medium containing treatments on days 
3 and 5.  αSMA immunostaining was performed on day 7 to assess activation.  
Percentage of activated HSCs was quantitated by counting the number of αSMA-
immunopositive HSCs per total number of nuclei per field.  Experiments were 
performed three times in duplicates. Data are mean ± SEM (ns, not significant; by 
unpaired Student’s t test). 
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Figure 18. Loss of Rho activation in p75NTR-/- HSCs. 
Detection of phosphorylated cofilin (phospho-cofilin), a marker indicative of Rho 
activation, by immunostaining (red) in wild-type (wt) and p75NTR-/- HSCs after 21 
days in culture.  Nuclei are stained with DAPI (blue).  Scale bar, 70 µm. 
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Figure 19. Adenoviral delivery of constitutively activated Rho rescues the 
activation of p75NTR-/- HSCs. 
Freshly isolated wild-type (wt) and (A) p75NTR-/- HSCs were infected on day 2 with 
adenovirus (control, Ad ctrl; or constitutively activated Rho, Ad Rho).  αSMA 
immunostaining (green) was performed on day 7.  Nuclei were stained with DAPI 
(blue).  Scale bar, 85 µm. (B) Quantitation of activated cell size of adenovirus-infected 
wt and p75NTR-/- HSCs.  Activated cell size was quantitated by determining the area of 
αSMA-immunopositive cells in three independent experiments performed in 
duplicates. Bar graph represent means ± SEM (*P<0.05; ns, not significant; by one-
way ANOVA). Constitutively activated Rho adenovirus was kindly given by Joan 
Heller Brown, UCSD.  
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Figure 20. Inhibition of p75NTR-mediated Rho activation blocks differentiation of 
wild-type HSCs. 
(A) Representative images of wild-type (wt) HSCs after a 7 day treatment with either 
vehicle (DMSO) or TAT-Pep5, a cell-permeable peptide inhibitor that specifically 
blocks the activation of Rho through p75NTR.  Activated HSCs are identified by αSMA 
immunostaining (green).  Nuclei are stained with DAPI (blue).  Scale bar, 32 µm. (B) 
Expression of myofibroblast markers in wt HSCs (day 7-21) treated with DMSO or 
TAT-Pep5.  Col1α1 and TGFβ-1 gene expression levels were quantitated using real-
time PCR.  For each sample, gene expression data was normalized to HPRT gene 
expression and presented as fold change versus DMSO-treated control. Experiments 
were performed three times in duplicates. Graph represents mean ± SEM (*P<0.003; 
**P<0.001; by unpaired Student’s t test). 
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Figure 21. Loss of Rho activation in wild-type HSCs treated with TAT-Pep5. 
Examination of Rho activation in wild-type (wt) HSCs treated with TAT-Pep5.  
Freshly isolated wt HSCs were treated every day starting at day 1 with either TAT-
Pep5, a specific inhibitor of p75NTR-mediated Rho activation, or DMSO (vehicle) 
control.  Phosphorylated cofilin (phospho-cofilin), a marker indicative of Rho 
activation, was detected by immunostaining (red) on day 7 (top panels).  Primary 
antibody omission served as an immunostaining control (bottom panels).  Nuclei are 
stained with DAPI (blue).  Scale bar, 175 µm. 
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Figure 22. Genetic loss of p75NTR inhibits liver cell proliferation in vivo. 

(A) Liver cell proliferation in plg-/-p75NTR+/+ and plg-/-p75NTR-/- mice. 10 week old 
mice were injected intraperitoneally with bromodeoxyuridine (BrdU) (100 mg/kg) 
daily for 3 days.  Proliferating cells were visualized by immunochemical detection of 
BrdU.  Scale bar, 198 µm. (B) Liver cell proliferation in mice described in (A) was 
quantified by counting the number of BrdU-immunopositive (BrdU+) cells per field 
(field corresponds to 1.5 mm2).  Graph represents mean ± SEM (n = 5 per genotype, 
*P<0.001; by unpaired Student’s t test).  
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Figure 23. Genetic loss of p75NTR causes diminished levels of hepatocyte growth 
factor in liver. 
Hepatocyte growth factor (HGF) levels in the livers of plg-/- and plg-/-p75NTR-/- mice 
as quantified by ELISA. Graph represents mean ± SEM (n = 8 for plg-/- and n = 5 for 
plg-/-p75NTR-/-, *P<0.0001; by unpaired Student’s t test).  
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Figure 24. Genetic loss of p75NTR in HSCs causes diminished levels of hepatocyte 
proliferation in vitro. 
(A) Scheme of co-culture of primary hepatocytes with HSCs. (B) Proliferation of 
hepatocytes in co-culture with HSCs.  Hepatocytes were plated in the bottom of the 
well and incubated with HSCs grown on inserts placed within the well.  Hepatocytes 
were cultured with wild-type (wt) or p75NTR-/- HSCs (day 7-21, passage 2-4), with or 
without HGF (50 ng/mL). After 2 days, hepatocyte proliferation was assessed by 
[3H]thymidine incorporation.  Data are mean ± SEM from four independent 
experiments performed in duplicates (*P<0.05; ns, not significant; by one-way 
ANOVA). 
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Chapter 4. Examining interactions between p75NTR and fibrinogen 

 

1. Introduction 

Many studies have shown a correlation between p75NTR expression and sites of 

tissue injury and disease (Table 1), making the receptor an interesting potential drug 

target for a variety of conditions.  Recent research has discovered that p75NTR is able 

to bind ligands associated with specific pathologies, including β-amyloid, prion 

protein peptide, and rabies virus glycoprotein [27].  Because these interactions of 

pathological ligands with p75NTR are highly specific for disease, targeting of these 

interactions could be very promising in developing therapeutic treatments.  As p75NTR 

is expressed in a variety of diseases and injury states, identification of other 

pathological ligands for p75NTR and their biological effects could be important in 

pinpointing ideal drug targets for the treatment of specific conditions.  Because other 

evidence in our lab has shown a potential relationship between p75NTR and fibrinogen 

[99], another protein that is found at sites of injury and in diseased tissue, we were 

interested in determining whether p75NTR and fibrinogen interact, and if fibrinogen can 

act a pathological ligand of p75NTR. 

 

2. Fibrinogen interacts with p75NTR 

Because both fibrinogen and p75NTR are found at sites of injury and disease, 

we were interested to see if fibrinogen and p75NTR were able to interact.  To determine 

if an interaction occurs between fibrinogen and p75NTR, we performed a 
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co-immunoprecipitation using sciatic nerve tissue.  In a normal, uninjured sciatic 

nerve, p75NTR expression is very minimal, and because the blood-nerve barrier is 

intact, the only fibrinogen one finds in the nerve is the small amount that is contained 

within the blood vessels (Fig. 25, lane 5).  After crush injury of the sciatic nerve, 

p75NTR expression is highly upregulated.  Additionally, injury causes disruption of the 

blood-nerve barrier, and fibrinogen extravasates from the injured blood vessels, 

flooding into the nerve tissue (Fig. 25, lane 6).  Immunoprecipitation with an anti-

p75NTR antibody showed very little p75NTR expression in uninjured sciatic nerve, and 

minimal interaction with fibrinogen (Fig. 25, lane 1).  In crush-injured sciatic nerve, 

immunoprecipitation with the same anti-p75NTR antibody showed a high level of 

p75NTR expression, and strikingly also pulled down a significant amount of fibrinogen, 

suggesting a p75NTR-fibrinogen interaction in the injured nerve (Fig. 25, lane 3).  

Immunoprecipitation reactions using control IgG (Fig. 25, lanes 2 and 4) showed no 

binding of either p75NTR or fibrinogen, suggesting that the interactions observed in the 

anti-p75NTR immunoprecipitations were not merely non-specific background binding.  

To further examine whether fibrinogen may interact with p75NTR, we assessed 

the binding of fibrinogen to cells expressing p75NTR.  Fluorescently labeled fibrinogen 

was incubated with either NIH3T3 control cells or NIH3T3-p75NTR cells which are 

stably transfected to constitutively express p75NTR.  No fibrinogen binding was 

observed in the control cells, while fibrinogen was able bind to the NIH3T3-p75NTR 

cells (Fig. 26).  Fibrinogen binding colocalized with p75NTR expression.  Taken 

together, these results suggest that interactions may occur between fibrinogen and 

p75NTR. 
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3. Fibrinogen fragment D directly binds to the extracellular domain of p75NTR 

 Although our results suggested that a p75NTR-fibrinogen interaction is able to 

occur, the techniques used could not allow us to determine whether p75NTR and 

fibrinogen are able to bind directly, or whether the interaction observed is an indirect 

binding interaction (i.e. the proteins interact as part of a complex of proteins).  

Therefore, to determine if a direct binding interaction occurs between p75NTR and 

fibrinogen, we chose to use the Biacore surface plasmon resonance technique for 

examining molecule-molecule interactions.  The Biacore system is comprised of an 

internal sensor chip surface to which a molecule (e.g. a protein) can be covalently 

coupled, an external injection system by which one can load sample solutions for 

injection into the machine, and an internal optical sensor to measure changes in 

refractive index (“response”) due to binding interactions at the surface of the sensor 

chip.  Because fibrinogen has the tendency to precipitate out of solution at 

temperatures below 37°C and could potentially clog the fine capillary tubing of the 

Biacore system, we decided to use the soluble fibrinogen fragment D for our Biacore 

binding experiments with p75NTR.  The fibrinogen molecule is composed of three 

domains: a central E domain and two symmetric D domains at either end [149] (Fig. 

27).  Proteolytic cleavage of fibrinogen by plasmin, the endogenous protease 

responsible for fibrinogen and fibrin degradation, yields two distinct products: 

fibrinogen fragment E and fibrinogen fragment D, in a 1:2 ratio, each so termed 

because it contains the domain of fibrinogen of the same name (Fig. 27) [150].  

Fibrinogen’s D domain, and thus fibrinogen fragment D, contain the majority of 

molecular and cellular binding epitopes that have so far been documented for the 



85 

 

fibrinogen molecule [149].  Therefore, we believed that the soluble fibrinogen 

fragment D would serve as a sufficient surrogate for fibrinogen for use in our Biacore 

binding studies. 

 To create a soluble p75NTR protein for use in the Biacore binding experiments, 

we generated a construct that encodes for the extracellular domain of p75NTR, 

truncated after the fourth cysteine-rich domain (Fig. 28A).  This truncated p75NTR 

extracellular domain is similar to that used by He and Garcia, who performed 

crystallographic and structural analysis of the extracellular domain of p75NTR [4], and 

contains all ligand binding epitopes identified thus far.  A construct was generated 

containing an N-terminal FLAG epitope tag followed by the truncated human p75NTR 

extracellular domain, which we have named FLAG-p75NTR ECD TR, or simply 

FLAG-p75NTR ECD (Fig. 28B).  This construct was stably transfected into HEK 293 

cells for protein production, and soluble FLAG-p75NTR ECD protein was purified from 

the media by FLAG affinity chromatography. 

 To verify that the FLAG-p75NTR ECD protein is able to act as a reliable 

surrogate for the p75NTR receptor in our Biacore binding studies, we assessed the 

ability of FLAG-p75NTR ECD to bind the well-characterized p75NTR ligand NGF.  

NGF was able to bind to the FLAG-p75NTR ECD protein in a concentration-dependent 

and dissociable manner (Fig. 29), suggesting that the FLAG-p75NTR ECD protein is 

properly folded and has retained its ligand-binding abilities.  We then wanted to 

determine if fibrinogen fragment D could bind to FLAG-p75NTR ECD.  Injection of 

fibrinogen fragment D produced a specific binding response with FLAG-p75NTR ECD, 

suggesting that fibrinogen fragment D can bind directly to p75NTR (Fig. 30). 
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 Once we determined that fibrinogen fragment D and p75NTR can bind directly 

in a ligand-receptor manner, we wanted to further characterize the binding interaction 

by determining a dissociation constant (Kd) for the binding.  To determine a Kd for the 

equilibrium binding reaction between fibrinogen fragment D and FLAG-p75NTR ECD, 

we examined the maximum binding response at equilibrium over a range of fibrinogen 

fragment D concentrations (Fig. 30).  Total binding of fibrinogen fragment D to 

FLAG-p75NTR ECD at equilibrium was recorded and plotted as a function of fragment 

D concentration, and the plots were fit by nonlinear regression to calculate Kd (Fig. 

31).  We observed an estimated Kd of 3.3 ± 1.0 µM for the equilibrium binding 

reaction between fibrinogen fragment D and FLAG-p75NTR ECD, based on three 

independent experiments.  The Kd calculated for the equilibrium binding reaction 

assumes a 1:1 binding interaction between ligand and receptor.  At high 

concentrations, some proteins can form multimeric complexes; if this occurs it can 

cause error in the calculation of a Kd for an interaction.  Because fibrinogen fragment 

D was injected at high micromolar concentrations, we wanted to assess whether 

fragment D was forming multimeric complexes in solution.  In order to determine the 

state of fibrinogen fragment D in solution, we performed fast performance liquid 

chromatography (FPLC) analysis of a 30 µM fibrinogen fragment D solution.  FPLC 

analysis revealed that the majority of the fibrinogen fragment D was in monomeric 

form based on an apparent mass of 107 kDa (actual mass of fibrinogen fragment D is 

~94 kDa [150]) (Fig. 32, peak 2), with only a small fraction of the solution consisting 

of multimeric protein (Fig. 32, peak 1).  Based on these results, we believe the 

assumptions that our Kd was based upon are correct as far as we can determine. 
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4. Fibrinogen fragment D causes apoptosis of cells expressing p75NTR 

 Once we determined that p75NTR could bind to fibrinogen, and more 

specifically fibrinogen fragment D, we were interested in examining whether this 

ligand-receptor interaction could elicit a specific biological effect in cells.  To 

determine the effects of fibrinogen fragment D on p75NTR-expressing cells, we treated 

Neuro-2a cells, a neuroblastoma cell line that highly expresses p75NTR, with fibrinogen 

fragment D.  Treatment with fragment D caused apoptosis of Neuro-2a cells in a dose-

dependent manner with a 5.5-fold increase in apoptosis at the highest dose tested 

(1000 nM) compared to untreated control (Fig. 33).  These results are very interesting, 

as other pathological ligands of p75NTR have been shown to induce cell death and are 

believed to be play an important role in neurodegenerative diseases [27].   

 

5. Summary 

 With the goal of examining potential interactions between fibrinogen and 

p75NTR, we performed experiments to address if these two proteins can interact in vivo 

and in vitro.  We found that in the sciatic nerve crush model of tissue injury, 

fibrinogen and p75NTR co-immunoprecipitate (Fig. 25), suggesting that these proteins 

interact in injured tissue.  Additionally, we found that fibrinogen binds to cells 

expressing p75NTR, while it does not bind to control cells not expressing p75NTR (Fig. 

26), suggesting that fibrinogen and p75NTR may interact at the cell surface.  To show 

that fibrinogen can bind directly to p75NTR, we performed protein-protein binding 

analysis using the Biacore surface plasmon resonance technique, and determined that 
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the soluble fibrinogen fragment D can bind to the extracellular domain of p75NTR in a 

ligand-receptor relationship (Fig. 30).  Using equilibrium binding analysis, we found 

that the estimated dissociation constant for the fibrinogen fragment D-p75NTR binding 

interaction is 3.3 ± 1.0 µM (Fig. 31).  We also identified a novel function of fibrinogen 

fragment D in promoting apoptosis of p75NTR-expressing cells (Fig. 33).  Other 

members of the lab are currently pursuing studies to determine whether the effect of 

fibrinogen fragment D on promoting cell death is specifically occurring through 

interaction with p75NTR, and are additionally examining whether fibrinogen fragment 

D-p75NTR interactions are responsible for initiating similar or different functions in 

other cell types to further characterize the role of fibrinogen/fibrinogen fragment D as 

a pathological ligand for p75NTR. 
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Figure 25. Fibrinogen co-immunoprecipitates with p75NTR. 
Lysates of uninjured or crush-injured sciatic nerves were precipitated with anti-p75NTR 
antibody (lanes 1 and 3) or with pre-immune serum control (lanes 2 and 4). 
Precipitated proteins, lysates from uninjured or crushed nerves, and purified 
fibrinogen were separated by SDS-PAGE, transferred to nitrocellulose and 
immunoblotted for fibrinogen or p75NTR.  Input lysates (lanes 5 and 6) were used as 
controls for the presence total fibrinogen and p75NTR, and purified fibrinogen (lane 7) 
was used as a control for fibrinogen antibody specificity.  Experiment performed by 
Katerina Akassoglou. 
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Figure 26. Fibrinogen binds to cells expressing p75NTR. 
NIH3T3 cells stably transfected with p75NTR (NIH3T3-p75NTR) or control NIH3T3 
cells were incubated with Oregon Green-labeled fibrinogen (200 µg/ml) (green) for 2 
hours before being washed, fixed, and immunostained for p75NTR (red).  Nuclei are 
stained with DAPI (blue).  The merged image shows colocalization (yellow) of 
fibrinogen with p75NTR expression.  Experiment performed by Katerina Akassoglou. 
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Figure 27. Generation of fibrinogen fragments D and E by plasmin cleavage. 
Cartoon representation of fibrinogen cleavage by plasmin.  Fibrinogen, comprised of 
two D domains (blue) and a central E domain (yellow), can be cleaved by the serine 
protease plasmin to generate two distinct products, fibrinogen fragment D (blue) and 
fibrinogen fragment E (yellow), produced at a 2:1 ratio. 
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Figure 28. Construction of FLAG-p75NTR ECD vector. 
(A) Cartoon representation of p75NTR depicting the region that is included in the 
FLAG-p75NTR ECD TR construct.  (B) Cartoon representation of FLAG-p75NTR ECD 
TR construct.  The N-terminal portion of p75NTR, which contains the extracellular 
domain (ECD), was amplified by PCR and inserted into the pFLAG-CMV-3 
expression vector 3' to a FLAG sequence (F) at HindIII and BstY1/BamHI restriction 
sites.  A stop codon (STOP) was generated by site-directed mutagenesis to create the 
FLAG-p75NTR ECD TR construct, which contains the ECD of p75NTR truncated after 
the fourth cysteine-rich domain (CRD) (aa 1-162). 
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Figure 29. FLAG-p75NTR ECD binds nerve growth factor. 
Biacore surface plasmon resonance analysis of nerve growth factor (NGF) binding to 
FLAG-p75NTR ECD.  NGF (14 – 385 nM) was injected over the FLAG-p75NTR ECD 
surface (450 RU) at a flow rate of 5 µL/minute.  After each injection, the binding 
surfaces were regenerated by injecting a high salt/detergent solution (1 M NaCl, 0.5% 
surfactant P20).  
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Figure 30. FLAG-p75NTR ECD binds fibrinogen fragment D in a dose-dependent 
manner. 
Representative binding curves from Biacore surface plasmon resonance analysis of 
fibrinogen fragment D binding to FLAG-p75NTR ECD.  Fibrinogen fragment D was 
injected in random order over the FLAG-p75NTR ECD surface (200-300 RU) as a set 
of 8 concentrations from 37 to 81000 nM in 3-fold dilutions at a flow rate of 20 or 30 
µL/minute.  After each injection, the binding surfaces were regenerated by injecting an 
ionic/non-polar mixed solution as described in the Methods chapter.   
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Figure 31. Equilibrium binding analysis of FLAG-p75NTR ECD/fibrinogen 
fragment D binding interaction. 
Representative equilibrium binding analysis plot for FLAG-p75NTR ECD/fibrinogen 
fragment D binding interaction.  Total binding of fragment D to FLAG-p75NTR ECD at 
equilibrium was recorded from Biacore surface plasmon resonance response and 
plotted as a function of fragment D concentration.  The plots were then fit by 
nonlinear regression to calculate the dissociation constant, Kd.  The Kd observed (3.3 
µM ± 1.0 SD) is calculated from three independent experiments performed in 
duplicate. 
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Figure 32. Fibrinogen fragment D is primarily monomeric in solution. 
Representative curve from FPLC analysis of fibrinogen fragment D.  Fragment D (30 
µM) was analyzed by FPLC by separation over a size-exclusion column (Superose 6 
GL) with 10 mM Hepes, pH 7.4, 150 mM NaCl as running buffer.  Apparent molecule 
weights were determined by comparing elution times of peaks with those of molecular 
weight standards.  Apparent molecular weights of peaks: 1, 392 kDa; 2, 107 kDa. 
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Figure 33. Fibrinogen fragment D causes apoptosis of Neuro-2a neuroblastoma 
cells. 
Neuro-2a cells were treated for 16 hours with fibrinogen fragment D (100-1000 nM) 
in medium containing 10% FBS.  Serum-free medium treatment was used as a positive 
control.  Apoptosis, as measured by DNA fragmentation, was assayed by ELISA.  
Inset shows p75NTR expression in Neuro-2a cells as determined by immunoblot for 
p75NTR.  Apoptosis assay performed by Christian Schachtrup.  Western blot performed 
by Ryan Adams. 
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Chapter 5. Discussion 

 In the previous chapters I have presented the research I have performed for my 

dissertation studies in investigating novel functions and ligands for p75NTR.  These 

investigations have led to the identification of a novel function for p75NTR in the liver 

in regulating hepatic stellate cell activation, as well as the identification of fibrinogen 

as a new pathological ligand for p75NTR.  In this chapter I would like to discuss the 

implications of our results and present suggestions for future studies that may be 

undertaken to further expand upon the findings of my dissertation research. 

 

1. p75NTR in liver injury and repair 

1.1. Identification of a novel non-neuronal function of p75NTR 

 Despite the fact that p75NTR is an appealing therapeutic target due to its 

specific upregulation during injury and disease states, and multiple studies have been 

published depicting widespread expression of p75NTR throughout many tissues and cell 

types in the body after injury (Table 1), p75NTR has been primarily studied for its 

functions in the nervous system in neuronal cells and glia.  Even though p75NTR 

expression has been documented in a variety of non-nervous system tissues, including 

the liver, lung, kidney, pancreas, and immune system, the only known functions for 

p75NTR outside of the nervous system are in myoblast survival [20] and keratinocyte 

and vascular smooth muscle cell apoptosis [21, 22].  Previous studies had shown that 

p75NTR is upregulated in the liver in HSCs after liver injury or in fibrotic or cirrhotic 

disease [19, 41], but the function of p75NTR in the liver and in HSCs remained unclear. 
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The results of my dissertation research demonstrate for the first time that p75NTR is a 

major regulator of HSC differentiation from a quiescent lipocyte state to an activated 

myofibroblast state, and that p75NTR-mediated HSC differentiation and HGF secretion 

plays a critical role in promoting hepatocyte proliferation and liver repair.  

 The role for p75NTR in regulation of HSC differentiation is the first evidence 

for a role for p75NTR in non-neuronal cell differentiation.  Past studies of p75NTR in the 

nervous system have implicated p75NTR in both neuronal and glial cell differentiation.  

Previous work has found that p75NTR, working in conjunction with Trk and in the 

presence of NGF, is able to promote the differentiation of neuronal precursor cells to 

neurons [142].  Additionally, others have shown that in the peripheral nervous system, 

p75NTR is necessary to promote the differentiation of Schwann cells from a non-

myelinating state to an actively myelinating cell type, and that this process requires the 

presence of the neurotrophin ligand BDNF [151].  Our discovery of p75NTR’s role in 

HSC differentiation is unique, not only in that it is the first evidence for such a role in 

a non-nervous system cell type, but also because p75NTR-mediated HSC differentiation 

does not require Trk as a co-receptor (Fig. 17), nor does it require the presence of a 

neurotrophin ligand (Figs. 15 and 17). 

 In addition, our discovery that p75NTR-mediated HSC differentiation is critical 

to liver repair after injury is the first time that p75NTR has been implicated in having a 

role in tissue repair outside of the nervous system.  Many studies have documented the 

inhibitory role of p75NTR in nerve regeneration after injury in the central nervous 

system [152].  Neurite outgrowth, a key process in promoting neuronal regeneration 

after injury, is inhibited by p75NTR in conjunction with its co-receptors NogoR and 
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LINGO-1.  In contrast to the nervous system, where p75NTR plays a negative and 

inhibitory role in nerve regeneration, our results indicate that p75NTR has a positive 

and protective role in the liver by promoting liver regeneration after injury (Fig. 22). 

 

1.2. Identification of a novel ligand-independent function p75NTR 

 Although there are many studies published describing the neurotrophin ligand-

dependent functions of p75NTR, more recent studies have unraveled that p75NTR is not 

merely a neurotrophin receptor, but contributes to many different biological functions 

and signaling pathways independent of neurotrophins [24, 153-155].  For example, 

expression of p75NTR or the intracellular domain of p75NTR alone may signal in a 

neurotrophin-independent manner to induce apoptosis [8, 14], as well as activation of 

PI3 kinase [141] and Rho [9].  Moreover, the functions of p75NTR and its co-receptor 

NogoR are neurotrophin-independent [24, 154, 156].  Our studies have identified a 

novel neurotrophin ligand-independent function for p75NTR, as the effects of p75NTR 

on HSC differentiation were observed in the absence of exogenous neurotrophin 

ligands (Figs. 11, 12, 14-21). 

 In addition, p75NTR can promote signaling and regulate cell function in a 

completely ligand-independent manner.  For example, expression of the ICD of 

p75NTR alone can promote Akt signaling and regulate survival in a variety of cell types 

[38].  Similarly, we found that expression of the ICD of p75NTR alone was sufficient to 

rescue the differentiation of p75NTR-/- HSCs, identifying p75NTR-mediated HSC 

differentiation as another potential ligand-independent function of p75NTR.  Although 
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one would believe that a ligand would be necessary for receptor activation, there are 

several examples of well-established ligand-independent signaling pathways in other 

receptor systems.  For example, steroid hormone receptors [157], scavenger receptors 

[158], viral G-protein-coupled receptors [159], androgen receptors [160], and B-cell 

receptors [161] have all been shown to signal in a ligand-independent manner.  Since 

p75NTR is not constitutively expressed, but is upregulated at sites of liver injury, its 

expression itself could function as the signal to trigger a signaling pathway and thus 

regulate a cell’s biological function. 

 

1.3. p75NTR in HSC activation 

 With our identification of p75NTR as a regulator of HSC differentiation, we 

provide the first evidence for a specific receptor that regulates this important cellular 

process.  Although regulation of HSC differentiation might seem an unexpected 

function for a neurotrophin receptor, it is actually in accordance with the 

neural/neuroendocrine characteristics of HSCs [162].  In addition to p75NTR, HSCs 

express a variety of neuronal-related molecules, such as synaptophysin, GFAP, nestin, 

NCAM, α-B-crystallin, norepinephrine, and all four neurotrophins [162], and also 

respond to neurotransmitters such as acetylcholine [163].  Not only because of their 

gene expression similarities to neuronal cells, but also because of their functional 

response to injury, HSC activation has been compared to reactive gliosis in the 

nervous system.  Our identification of p75NTR as a major neuronal-related molecule 
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expressed by HSCs after injury that can act as a promoter of liver regeneration 

supports and expands upon the concept of neurogenic regulation of liver repair [162]. 

 Although a variety of factors are believed to be involved in affecting HSC 

differentiation, evidence as to how they may all interact is disjointed at best.  Thus, it 

is difficult to assess how p75NTR may fit in with what is currently known about HSC 

differentiation.  Unfortunately, examination of the current literature to find a 

connection between p75NTR and TGFβ, the major factor that has thus far been 

implicated in promoting HSC differentiation, yields no results.  Additionally, no 

studies have been performed to determine if there is a link between p75NTR and the 

Smad transcription factor proteins, which are the primary downstream effectors of 

TGFβ signaling in HSCs.  Whether potential interactions occur between p75NTR and 

TGFβ remains an intriguing and wide open question; as both of these proteins are 

implicated in a variety of fibrotic diseases, examination of a relationship between 

p75NTR and TGFβ could provide very interesting results with potentially important 

therapeutic implications. 

 A very recent study has shown that under conditions of hypo-osmolar stress, 

which can occur in instances of tissue edema caused by injury or disease-related 

inflammation, p75NTR expression can be upregulated by activation of the transcription 

factor Sp1 [40].  Interestingly, Sp1 has also been implicated in regulating the 

transcription of  HGF [164] and MMP-9 [165], two major proteins that are associated 

with HSC differentiation to myofibroblasts.  Because it is unclear how p75NTR 

expression is regulated in HSCs after liver injury, it would be interesting to examine 

Sp1 as a potential link between the upregulation of p75NTR, HGF, and MMPs in HSCs 
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undergoing differentiation.  Furthermore, in addition to its role in the liver, HGF has 

been shown to play an important role in the nervous system, where it is secreted by 

neurons and acts as a neurotrophic factor and can promote axonal growth [166, 167].  

It would be of interest to determine whether p75NTR is involved regulating HGF not 

only in the liver but in the nervous system as well. 

 We have observed that p75NTR-mediated HSC differentiation occurs through 

the activation of the small GTPase Rho.  Prior studies have shown that Rho activation 

can directly cause changes in the structure of the actin cytoskeleton to regulate HSC 

differentiation [143, 144].  Additionally, through activation of the transcription factor 

SRF (serum response factor), active Rho can also indirectly upregulate genes, 

including α-smooth muscle actin (αSMA), that are associated with the smooth muscle 

cell phenotype similar to the activated HSC myofibroblast state [168, 169].  Thus, Rho 

may be a key signaling molecule for mediating the changes that occur in αSMA during 

p75NTR-mediated HSC differentiation. 

 In addition to its major function in the regulation of HSC differentiation, we 

have found that in vitro p75NTR can cause a small increase HSC apoptosis in the 

presence of exogenous NGF (Fig. 16A).  The possibility that p75NTR may regulate 

both of these functions in HSCs in not without precedent.  p75NTR has been shown to 

have a pluripotent signaling capacity in neuronal cells, where it can mediate diverse 

cellular functions such as survival, apoptosis, and inhibition of neurite outgrowth, 

depending on the bioavailability of and levels of ligands, co-receptors, intracellular 

signal transduction pathways and levels of p75NTR expression [24, 155].  However, 

although p75NTR may mediate HSC apoptosis in vitro, whether this actually occurs in 
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vivo during liver disease remains to be determined, as chronically activated HSCs are 

resistant to NGF-induced cell death [77].  Therefore, we believe that the major and 

most important function of p75NTR in HSCs in vivo is the regulation of differentiation. 

 

1.4. Future studies 

 The main results of my dissertation studies have identified that p75NTR is a 

major regulator of HSC activation and that p75NTR plays a protective role in the plg-/- 

genetic mouse model of liver injury and repair.  In the future, it would be interesting 

to examine the role of p75NTR in other models of liver injury and regeneration to 

determine specific time points and other potential mechanisms whereby p75NTR may 

exert its affects in the liver.  A common injury model that is used for examining liver 

injury and repair in rodents is carbon tetrachloride (CCl4) toxicity.  The advantages of 

using CCl4 to induce liver injury is that it is easily administered by i.p. injection and 

that the dosage can be varied to provide either an acute liver injury model (i.e. a single 

high dose of CCl4) or a chronic injury model (i.e. several moderate doses of CCl4 

administered over a few weeks).  As the liver undergoes repair processes after 

cessation of CCl4 treatment, this model is also useful for examining liver repair.  

Examination and comparison of the effects of CCl4 toxicity in wild-type and p75NTR-/- 

mice would allow one to determine if p75NTR also plays a protective role in this model 

of liver injury, as well as determining at what stages in liver injury and repair p75NTR-

mediated HSC activation is important.  To specifically examine the role of p75NTR in 

liver regeneration, one could use the two-thirds partial hepatectomy (PHx) model of 
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liver regeneration.  In this model, approximately 70% of the liver tissue is surgically 

removed.  The remaining liver lobules undergo growth and expansion to regenerate 

the liver mass that was lost, and within 7-8 days (in mice) the liver tissue is at 100% of 

its original mass.  The advantages of using the PHx model is that one can specifically 

look at the effects of a certain gene/protein (in our case, p75NTR) on hepatocyte 

proliferation, a key process in liver repair after injury or disease.  Performing the PHx 

model on wild-type and p75NTR-/- mice would allow one to ascertain how p75NTR-

mediated HSC activation is important to hepatocyte proliferation and liver regrowth 

after injury. 

 In addition to the liver, previous studies have shown that the plg-/- mouse 

exhibits disease pathology in other tissues, including the lung, pancreas, and 

gastrointestinal tract [137, 170].  Because p75NTR can be expressed in all of these 

tissues (Table 1), it is of interest to examine p75NTR expression in these tissues in the 

plg-/- mouse, and to determine how these tissues, in addition to the liver, may 

contribute to the severe pathology (i.e. wasting and decreased survival) observed in 

the plg-/-p75NTR-/- mouse. 

 My dissertation work has focused on the role p75NTR in promoting HSC 

differentiation from a quiescent lipocyte to a myofibroblast.  Recent work has 

suggested that promoting HSC de-differentiation (i.e. reverting the activated 

myofibroblast back into a quiescent lipocyte) may be beneficial in the resolution of 

liver fibrosis caused by chronic HSC activation [55].  Therefore, it is of great interest 

to determine whether p75NTR may play a role in HSC de-differentiation.  If one is able 

to knockdown p75NTR expression or block p75NTR-mediated signaling once HSCs are 
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activated, are we able to reverse the differentiation?  Obtaining an answer to this 

question is very important, as it may further implicate the therapeutic potential of 

manipulating p75NTR to treat liver disease. 

 The research I have performed for my dissertation has focused on the role of 

p75NTR in the liver in promoting HSC activation to myofibroblasts.  Myofibroblasts 

are not only present in the liver, but also in other tissues, including the intestine, lung, 

and vasculature, and are major contributors to a variety fibrotic diseases [48].  p75NTR 

is also expressed in tissues containing myofibroblasts (Table 1), but the cell types that 

express p75NTR have only been definitively identified in some of these tissues.  

Because our study reveals that p75NTR can act as a modulator of HSC differentiation to 

myofibroblasts, it would be interesting to determine if myofibroblasts in other tissues 

express p75NTR, and if so, whether p75NTR functions as a general regulator of tissue 

repair by regulating myofibroblast differentiation.  Performing experiments to address 

these questions could identify p75NTR as a specific target in fibrotic diseases and 

promote the therapeutic potential of targeting p75NTR in fibrotic disease.  

 

1.5. Implications and significance 

HSC differentiation is a hallmark of fibrotic liver disease of different 

etiologies, such as viral hepatitis and chronic alcohol consumption [171].  Initiation of 

HSC differentiation results in secretion of HGF and ECM synthesis that are critical 

mediators for the restoration of normal liver structure, hepatocyte proliferation and 

liver regeneration [49].  However, perpetuation of HSC activation to a myofibroblastic 
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state leads to excessive collagen and ECM deposition that result in liver fibrosis.  

Therefore, sustained differentiation of HSCs is considered a target for the treatment of 

liver fibrosis [50].  At late stages of liver disease resolution of fibrosis depends on 

HSC apoptosis [171].  Our studies have showed that p75NTR induces HSC 

differentiation, and have demonstrated that the mild in vitro effect of NGF on HSC 

apoptosis [19, 42] is mediated by p75NTR.  These results suggest that in liver injury 

p75NTR might function both as a regulator of HSC differentiation and depending on the 

bioavailability of neurotrophins might also participate together with other apoptotic 

mediators in orchestrating the resolution of fibrosis.  Identification of p75NTR as a 

molecular link between HSC activation and hepatocyte proliferation could provide a 

therapeutic target for manipulating the stages of HSC activation during the progression 

of chronic liver disease.   

 

2. Interactions between p75NTR and fibrinogen 

2.1. Fibrinogen fragment D as a novel pathological ligand for p75NTR 

 Prior studies have shown that in addition to its physiological neurotrophin 

ligands, p75NTR can bind to several pathological ligands that are involved in 

neurodegenerative diseases, including β-amyloid, prion protein peptide, and rabies 

virus glycoprotein (Fig. 2).  Our current studies are the first to identify the blood 

protein fibrinogen as a new pathological ligand for p75NTR.  The results of my Biacore 

binding experiments have allowed us to calculate a dissociation constant (Kd) for the 

binding reaction between the extracellular domain of p75NTR and fibrinogen fragment 
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D, with a Kd of approximately 3 µM (Fig. 31).  To put this Kd value in context, it is 

necessary to compare it with Kd values that are known for p75NTR and its other ligands, 

as well as for fibrinogen and its other receptors.  First, how does this compare to the 

Kd values known for other p75NTR/ligand interactions?  Recent work has estimated that 

p75NTR binds to the neurotrophin ligand NGF with a Kd of 1-2 nM, and to the 

proneurotrophin ligand proNGF with a Kd of 15-20 nM [26].  Thus, the pathological 

ligand fibrinogen fragment D has a binding affinity for p75NTR that is 100 to 1000 

times lower than the binding affinity of p75NTR for its physiological ligands.  Studies 

examining the binding of p75NTR to its pathological ligands have estimated a Kd of 20 

nM for the p75NTR/β-amyloid binding interaction; a Kd of 30 pM for the p75NTR/rabies 

virus glycoprotein binding interaction; and a Kd of 5 mM for the p75NTR/prion peptide 

binding interaction [27].  These studies reveal that the pathological β-amyloid protein 

and rabies virus glycoprotein have binding affinities on the same order of magnitude 

as the physiological ligands of p75NTR.  The prion peptide binding affinity may seem 

low in comparison to the other ligands, but in general binding interactions with short 

peptides (as opposed to larger proteins) have Kd values in the micromolar or 

millimolar range, thus a Kd of 5 mM is not unreasonable.  With an approximate Kd of 3 

µM, the binding reaction between p75NTR ECD and fibrinogen fragment D appears to 

have a low affinity compared to the other known pathological ligands of p75NTR.  

Secondly, how does the Kd for the p75NTR/fibrinogen fragment D compare to the Kd 

values known for other fibrinogen/receptor interactions?  The binding interaction 

between fibrinogen and its platelet receptor, the αIIbβ3 integrin, has a Kd of ~50 nM 

when the receptor is reconstituted in planar lipid bilayers [172].  Binding between 
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fibrinogen and the integrin Mac-1 CD11b subunit domain has an estimated Kd of ~220 

nM [173].  Thus, like p75NTR and its ligands, fibrinogen and its known receptors have 

binding affinities in the nanomolar range.  Therefore, the estimated Kd of 3 µM 

between p75NTR ECD and fibrinogen fragment D is about 10 to 100 times lower than 

fibrinogen and its other receptors. 

 If fibrinogen is a pathological ligand for p75NTR, what can account for the 

relatively low binding affinity between the two proteins in comparison to the 

interactions with their other protein binding partners?  It is well documented that 

p75NTR can interact with other receptors on the cell surface in a co-receptor 

relationship (Fig. 3) [24].  We believe that p75NTR may interact with another 

fibrinogen receptor, such as an integrin receptor, in a co-receptor relationship, and it is 

plausible that on the cell surface p75NTR interaction with an additional fibrinogen 

receptor could markedly increase its binding affinity for fibrinogen.  Whether the 

p75NTR/fibrinogen binding interaction requires a co-receptor remains to be discovered, 

but could provide additional biochemical and functional evidence into the nature of 

the p75NTR/fibrinogen binding interaction. 

 Even though p75NTR is known to induce apoptosis, our discovery that 

fibrinogen fragment D can promote cell death is unique, as no previous studies 

examining the biological effects of fragment D have indicated that it may play a role 

in apoptosis.  There are only about a handful of published reports examining the 

effects of fibrinogen fragment D on cells, as most studies look more specifically at the 

effects fibrinogen or fibrin.  The main cell type examined in previous fragment D 

studies is endothelial cells, since these cells line the interior of blood vessels and in the 
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researchers’ opinion would be most likely to come in contact with fibrinogen 

proteolytic degradation products such as fragment D.  The studies examining the 

effects of fibrinogen fragment D on endothelial cells relate mainly to control of 

vascular integrity.  Fragment D has been shown to increase endothelial monolayer 

permeability [174], as well as aid in the adhesion of granulocytes to endothelial cells 

[175].  Additionally, fibrinogen fragment D can elicit vascular constriction in vivo, 

most likely through the binding to ICAM-1 on vascular endothelial cells [176].  Thus, 

identification of cell death as a fibrinogen fragment D-mediated function is completely 

novel and unexpected, and deserves to be studied further as it could have significant 

implications in many pathological conditions where fibrinogen extravasation occurs. 

 

2.2. Future studies 

 The results of my dissertation studies have identified fibrinogen as a novel 

pathological ligand for p75NTR, and I have determined a Kd for the p75NTR/fibrinogen 

fragment D binding interaction.  In the future, it would be of interest to further 

characterize the binding interaction between p75NTR and fibrinogen and fibrinogen 

fragment D on both a biochemical and functional level.  In my studies, I determined a 

Kd for the p75NTR/fibrinogen fragment D binding interaction using Biacore binding 

analysis of immobilized FLAG-p75NTR ECD and injection of fibrinogen fragment D in 

solution at a variety of concentrations.  Typically, to verify the binding results in such 

an analysis, one would repeat the experiment by switching binding conditions, i.e. 

immobilize fibrinogen fragment D and inject FLAG-p75NTR ECD in solution.  In 



111 

 

performing these experiments, the immobilized protein is needed in only microgram 

quantities, while the injected protein is needed in milligram quantities.  Unfortunately 

I was unable to perform the latter experiment due to the inability to obtain the 

significant milligram amounts of FLAG-p75NTR ECD protein that would be necessary 

to meet experimental conditions for injections.  This is due to problems with the 

FLAG affinity purification of FLAG-p75NTR ECD.  While the stably-transfected cells 

were able to express the FLAG-p75NTR ECD protein at very high levels (5-15 mg/L of 

medium), during the affinity purification process FLAG-p75NTR ECD bound very 

poorly to the anti-FLAG chromatography resin, thus inhibiting us from purifying our 

protein from the culture medium.  We were unable to determine the cause of the poor 

resin binding, but believe it may be due to a conformational issue of the FLAG-p75NTR 

ECD protein that causes the N-terminal FLAG epitope to be “hidden” and thus 

inaccessible to binding by the FLAG antibody on the resin.  To solve this problem, in 

the future we will optimize the p75NTR ECD protein purification procedure by creating 

new p75NTR ECD constructs with different epitope tags (e.g. 6X His, 3X FLAG) at 

either the N- or C-terminus, expressing the new proteins, and determining which 

epitope tag is optimum for purification of milligram quantities of the p75NTR ECD 

protein.  Once we are able to obtain substantial amounts of p75NTR ECD protein, we 

will be able to perform the Biacore binding analysis experiment described above to 

verify the Kd value we have already calculated for p75NTR ECD and fibrinogen 

fragment D. 

 In addition, obtaining milligram quantities of p75NTR ECD protein will allow 

us to perform additional experiments to further analyze the p75NTR/fibrinogen 
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fragment D binding interaction.  Similar to the Biacore binding analysis, one could 

perform a solid phase assay to determine the Kd where one protein is coated on the 

bottom of a well and the second is added in solution in varying concentrations.  Unlike 

the Biacore, where one has to worry about the fibrinogen precipitating out of solution 

and interfering with the sensitive Biacore machinery, the solid phase binding assay has 

the advantage of being able examine p75NTR binding to the entire fibrinogen molecule 

if one coats the bottom of the assay wells with fibrinogen.  Additionally, it would be 

of interest to perform additional experiments to verify (or disprove) the 1:1 binding 

stoichiometry between p75NTR and fibrinogen fragment D.  Similar to the FPLC 

analysis performed on fragment D, FPLC analysis could be performed on p75NTR ECD 

to examine potential p75NTR ECD multimerization in solution.  Furthermore, 

biophysical analytical techniques, such as analytical ultracentrifugation, could be used 

to examine p75NTR/fibrinogen fragment D binding stoichiometry in solution.   

 In the future, we would also like to determine the specific binding sites 

involved in p75NTR/fibrinogen fragment D binding.  One means to accomplish this is 

to determine a crystal structure for the complex formed between the p75NTR ECD and 

fibrinogen fragment D proteins.  The crystallographic process requires milligram 

quantities of protein, however, and optimization of the protein purification procedure  

for p75NTR ECD will be necessary to obtain the large amounts of protein needed to 

perform crystallography.  Prior to undertaking the arduous process that is involved in 

obtaining a crystal structure, we can examine the interaction between p75NTR and 

fibrinogen fragment D using a bioinformatics approach with the already-determined 

crystal structures for the individual molecules.  Our collaborator has already created a 
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molecular docking model using the crystal structures of p75NTR ECD [4] and 

fibrinogen fragment D [177] to predict a plausible binding conformation between 

these two proteins (Fig. 34).  Using this model, one is able to predict specific binding 

regions and/or specific amino acids that may be involved in the binding interaction.  

The docking model suggests that the β-chain of fibrinogen fragment D may interact 

with a six amino acid-long loop region in CRD3 of p75NTR ECD (Fig. 34).  To 

examine whether this loop region of p75NTR ECD is involved in the binding of 

fibrinogen fragment D, I created point mutants for specific amino acid residues in the 

loop, as well as a deletion mutant with the entire six amino acid loop deleted, for use 

in Biacore binding analysis.  Unfortunately, due to the aforementioned problems with 

FLAG protein purification, I was unable to obtain a large enough amount of the 

mutant p75NTR ECD proteins to sufficiently perform the Biacore binding analysis with 

fibrinogen fragment D.  In the future, optimization of the protein purification 

procedure will allow us to obtain sufficient amounts of protein to perform binding 

analyses with the p75NTR ECD mutants, and through comparison with wild-type 

p75NTR ECD protein determine the significance of the loop region in the 

p75NTR/fibrinogen fragment D binding interaction.  Interestingly, the loop structure of 

p75NTR ECD that may be involved in fibrinogen fragment D binding is on the opposite 

side of the p75NTR molecule from the neurotrophin binding region [4].  It would be 

interesting to determine whether binding of fibrinogen or fibrinogen fragment D to 

p75NTR ECD has any affect on neurotrophin binding, e.g. if the two ligands exhibit 

competitive binding, or if both molecules can bind simultaneously.  If fibrinogen or 

fibrinogen fragment D blocks the binding of neurotrophins to p75NTR, this could have 
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important implications in nervous system pathologies that depend upon neurotrophins 

for their resolution. 

 As already discussed in the previous section of this chapter, we believe that on 

the cell surface, binding of p75NTR to fibrinogen or fibrinogen fragment D may occur 

with the involvement of a co-receptor, potentially an integrin that is already known to 

mediate fibrinogen binding.  We are interested in performing experiments to 

determine whether a co-receptor is involved in p75NTR/fibrinogen fragment D binding 

on cells, and if so, to identify specifically which co-receptor is involved.  Initial 

experiments that could be undertaken include determining a Kd between fibrinogen 

fragment D and cells expressing p75NTR.  If the Kd observed using cells has a much 

higher affinity than the Kd observed between the isolated proteins, these results could 

suggest that an additional receptor may be involved in p75NTR-mediated fibrinogen 

fragment D binding to the cell surface.  Subsequent analysis could involve treating 

p75NTR-expressing cells with fibrinogen fragment D, followed by p75NTR 

immunoprecipitation and PAGE analysis to determine which other proteins interact 

with p75NTR upon its binding to fibrinogen fragment D.  If and when a co-receptor is 

identified, more specific biochemical analyses can be performed to examine the 

effects of the co-receptor on the Kd for the p75NTR/fibrinogen fragment D binding 

interaction. 

 Work by other members of my lab has identified a novel and unexpected 

function in fibrinogen fragment D-induced neuronal cell death.  In the future, we 

would like to further characterize this new function through analysis of signal 

transduction pathways involved in fibrinogen fragment D-induced cell death, as well 
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as to specifically identify p75NTR as the receptor that is mediating this effect.  We are 

additionally interested in examining whether fibrinogen fragment D has similar affects 

on other cell types in vitro, as well as determining if fibrinogen fragment D-mediated 

apoptosis plays a role in vivo.  Identification of fibrinogen and fibrinogen fragment D-

mediated events could have important implications in disease states where fibrinogen 

and its degradation products are present in tissues.  

 

2.3. Implications and significance 

 Extravascular fibrinogen is found in a number of different tissues in disease 

and injury states involving loss of vascular integrity, and has been show to cause 

deleterious affects on tissue repair after injury.  Thus, targeting of specific fibrinogen-

receptor interactions is appealing for therapeutic purposes to alleviate the inhibitory 

affects of fibrinogen on tissue repair.  Research has already led to the development of 

a drug against the fibrinogen/αIIbβ3 integrin binding interaction, ReoPro, which is 

used to prevent platelet aggregation and thrombus formation during coronary surgery.  

Developing therapeutics that specifically target other fibrinogen-receptor interactions 

is very attractive because it allows one to block fibrinogen’s pathological functions 

without affecting its function in blood coagulation.  Identification of 

fibrinogen/fibrinogen fragment D as a novel pathological ligand for p75NTR that could 

potentially play a role in regulating cell death during pathogenesis may allow for the 

development of new therapeutics to treat diseases where vascular disruption and 

inflammation occur.  
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3. General conclusions 

 p75NTR remains to be one of the most complicated proteins studied by 

scientific researchers today.  It can bind to numerous physiological and pathological 

ligands, can interact with several co-receptors, and can signal through a variety of 

intracellular signaling pathways to promote cell functions as diverse as survival, 

apoptosis, and differentiation.  Because of the importance of its expression in injury 

and disease, intimate understanding of all aspects relating to p75NTR are critical in 

order to take advantage of this receptor’s therapeutic potential.  The work performed 

during my dissertation studies has led to the identification of a novel function for 

p75NTR in regulating HSC differentiation and liver injury and repair, as well as the 

identification of fibrinogen fragment D as a new pathological ligand for p75NTR.  It is 

my hope that future studies will continue to address the role of p75NTR in injury and 

disease and perhaps put my new discoveries in context so that we may finally 

elucidate the true nature of this enigmatic receptor. 
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Figure 34. Molecular docking model for the p75NTR ECD/fibrinogen fragment D 
interaction. 
Crystal structures for p75NTR ECD (red) [4] and fibrinogen fragment D (blue) [177] 
were subjected to molecular docking analysis to determine a potential binding 
conformation between the two proteins.  Molecular docking analysis performed by 
Igor Tsigelny. 
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