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Abstract

Alzheimer’s Disease (AD) is characterized by neurodegeneration and progressive decline
in memory, cognition and independence. Nerve Growth Factor (NGF) is the neurotrophin
responsible for mediating neuronal survival and differentiation by binding transmembrane
receptors, tropomyosin receptor kinase A (TrkA) and p75 neurotrophin receptor (p75NTR). Active
NGF is cleaved from its precursor, pro-nerve growth factor (proNGF), by the extracellular
enzyme matrix metalloproteinase 7 (MMP-7). ProNGF favorably binds p75NTR receptor to
induce neuronal apoptosis through RhoA Kinase activation. RhoA is a key GTP-binding protein
that functions as a molecular switch between pro-survival and pro-apoptotic responses in the
nervous system. RhoA activation by proNGF directly induces phosphorylation of c-Jun N-
terminal kinase (JNK) and protein 38 mitogen-activated protein kinase (p38 MAPK) for
apoptosis. Interestingly, Rho kinase inhibitor Y-27632 has been shown to mitigate proNGF
induced activation of the JNK/p38 MAPK pathway and promote neurite outgrowth in rat
pheochromocytoma (PC12) cells. Previously, our lab showed hippocampal brain tissue of AD
patients expressed higher levels of proNGF and the receptor p75N™ as compared to age-matched
control brain samples. Following these findings, investigation of p75NT™R activity in proNGF
enriched PC12 cells has revealed significant elevation in p75NTR receptor expression, RhoA
kinase activity, and JNK/p38 MAPK phosphorylation. The addition of Rho kinase inhibitor
Y27632 resulted in the reduction of p75N™R expression and subsequent RhoA activation of
JNK/p38 MAPK apoptosis. These results suggest that overexpressed proNGF in AD promotes

neuronal death through p75N™R mediated RhoA activation.
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CHAPTER 1: INTRODUCTION

Advancements in healthcare and technology in the twenty-first century have led to a
significant increase in life expectancy and thus a rapid rise in the aging population.** In 2015,
individuals over the age of 60 accounted for 900 million of the world’s population and this
number is expected to grow exponentially in the next several decades.??® This global epidemic is
no longer confined to high income countries, decline of mortality from infectious diseases in
developing nations and the regression of fertility across the world have ushered the unparalleled
rise in population aging.* Enhanced longevity has also resulted in greater incidence of chronic
diseases and prevalence of noncommunicable diseases such as diabetes and dementia.t3*
Dementia is the major neurological disorder observed in the elderly and presents the greatest
origin of disability, dependency, institutionalization, and death among this age group.>* As
reported by Alzheimer’s Disease International, 47 million people are living with dementia and
this figure is estimated to increase to 145 million by the year 2050.2°2

The alarming prevalence and economic burden of dementia has gained the neurological
disorder global priority.>® Alzheimer’s Disease (AD) accounts for 70-80% of all dementias and
is responsible for increased morbidity and mortality of the elderly.*> Enhanced degeneration of
neurons results in premature loss of memory, cognition, and physical abilities.®” AD is often
diagnosed in the advanced stages of cognitive impairment and is promptly followed by
augmented disability and dependence.? Loss of independence was found to correlate with
decreased quality of life and increased burden on caregivers and the healthcare system.5>8° AD
also corresponds with high frequency of infections, malnutrition, dehydration, and fractures.°
Thus, increased incidence of age-related diseases, complications, and co-morbidities are

associated with disease progression.’%! Relative life expectancy of AD patients is 2 to 5 years



after diagnosis.> The debilitating cognitive impairment and occurrence of life-threatening
complications support the need to advance our understanding of AD pathology to mitigate the
disease and improve the quality of life throughout aging.

Despite early investigations into global prevalence, recent studies found dementia to be
equally as prevalent in low-to-middle income countries as that of high-income nations.t
Approximately 58% of all individuals diagnosed with dementia currently reside in low income
countries with an expected growth of 10% by 2050.12 Future projections estimate the steepest
rise in incidence rate to occur in developing nations.’? As most countries have inadequate
healthcare systems and predominance of AD is specific to the aging population, it is crucial to
advance research endeavors and address modifiable risk factors for Alzheimer’s dementia to
combat the increasing global prevalence of the disease.’?

The sixth leading cause of death in the United States is Alzheimer’s dementia'?. As
reported by the Alzheimer’s Association, one out of ten Americans age 65 or older are diagnosed
with AD.'® The risk of manifestation advances with age and as the older adult population
continues to multiply future prevalence of AD is estimated to double by the year 2050.1* In 2016,
the United States spent an unprecedented $236 billion on medical costs of AD, nearly a 9%
increase from 2010.1%% Aside from age and genetics, ethnicity and gender have been shown to
influence AD manifestation.#'617 Medicare records reveal the incidence of AD in African-
Americans and Hispanics is much greater than that of the white population, reporting diagnoses
of 9.4% and 11.5% as compared to 6.9%, respectively.!! Gender assessments found the
prevalence of AD to be greater in women than men, exposing women as two-thirds of the AD

population in the U.S.1317.18



As aging is a normal and inevitable process of human life the rate of occurrence is related
to regional concentration of the elderly population. Prevalence of AD in each state varies,
although each state is estimated to experience a 14% increase by 2025.1113 Increasing frailty,
oxidative stress, and physiological decline expose the entire aging population to the threat of
AD.'31° Discrimination in AD incidence among ethnicities and gender are attributed to rates of
poverty, level of education, and genetic differences.?®?! While the strongest predictors of AD
remain to be age, genetics, and familial history, modifiable risk factors have gained interest in
recent years.'®?2 Associated risk factors such as cardiovascular disease, education, physical
inactivity, obesity, and diabetes can be modified to reduce the risk of AD.1%% AD remains
underreported due to the evolving nature of diagnosing criteria and absence of early detection
diagnostics. The lack of detection prior to clinical manifestation makes it essential to raise
awareness and expand our understanding of contributing risk factors.'81°

AD is the most common neurodegenerative disease, accounting for the majority of
worldwide dementia cases.?*?®> AD is a multifarious, age-related, neurological disorder
characterized by the irreversible and progressive degradation of neurons resulting in cognitive
and behavioral deficits.?® AD consists of three major clinical stages- mild, moderate, and
severe.?® The initial stage presents as short-term memory loss followed by neuropsychiatric
manifestations which define the onset of the second stage.?® The final stage is characterized by
the loss of physical function including muscle rigidity.* Each phase is a direct result of cellular
damage, neurotransmitter failure, and neuronal death caused by neuropathological changes in the
brain.?’

Histopathological hallmarks of AD are characterized as intercellular neurofibrillary

tangles (NFT) and extracellular amyloid plaques.?® Amyloid plaques are the product of amyloid-



Beta (AB) peptide cleavage from transmembrane amyloid precursor protein molecules (APP).28
AP aggregations are also known as senile plaques and have been associated with localized
inflammation, neuronal injury, and death.?’2°® NFTSs are the result of abnormal phosphorylation
of tau proteins on axonal microtubules.®® NFTs have been found in the hippocampus during early
AD development and parallel neuronal loss with disease progression.®32  Amplified
accumulation and poor clearance of both proteinaceous aggregates attribute to advancement of
cognitive decline.®® Due to prominent loss of cholinergic neurons in the basal forebrain, several
therapies are focused on neurotransmitter systems to maximize activity of remaining neurons.?42°
As present-day therapies target the advanced aspects of AD, they fail to halt progression of the
disease and provide only marginal therapeutic benefits.?4-2

Neurotrophins are a family of growth factors and cytokines that include nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophins (NT)-3 and -4.%4
Neurotrophins are synthesized as proneurotrophins that are cleaved by proteases into their
mature forms.®® Active neurotrophins and their precursors can stimulate growth, development,
survival, and plasticity of neurons in the peripheral and central nervous systems.343 During
development, neurons are overproduced and undergo two stages of apoptosis in which survival is
determined by the quantity of neurotrophic support.3*%6:3’Derangements in neurotrophin
signaling have been found to play a role in AD pathology.%® The survival, differentiation, and
apoptosis of neurons is mediated by neurotrophin activation of receptor systems.®* All
proneurotrophins are able to bind p75 neurotrophin receptor (p75N™8), while each mature
neurotrophin selectively activates a member of the receptor tyrosine kinase family (TrkA-C).*®
Docking of neurotrophic factors to their respective receptors initiates intracellular cascades that

modulate pro-survival or pro-apoptotic responses.3’8



NGF is a growth factor known to promote survival, maturation, and differentiation of
developing neurons. NGF can bind both p75N™R receptor and TrkA receptor of the Trk gene
family.38-40 Throughout life, various cell types in the CNS, PNS, and immune system secrete
NGF and its receptors, signifying NGF modulation is essential in nervous system health.® Basal
forebrain expression of p75NTR and TrkA receptors is upregulated in the presence of NGF. Since
the loss of cholinergic neurons in this region account for the significant memory decline in AD,
presence of NGF is necessary to promote survival.3®4%42 Although clinical trials involving
cranial injection of NGF report restoration of neuron growth and improvement of cognitive
decline, NGF alone is not curative.*

Proneurotrophins are precursors for neurotrophins and are the predominate form found in
neurons throughout life.3>* Pro-nerve growth factor (proNGF) is cleaved by matrix
metalloproteinase 7 (MMP-7) to form the mature NGF neurotrophin.*® ProNGF is also able to
impose trophic effects through receptor binding. Like NGF, proNGF serves as a ligand for
p75NTR conversely it binds with greater affinity than NGF and induces apoptosis.*3#4 This
opposing effect caused by the same receptor system suggest the balance of proneurotrophins and
secreted neurotrophins is critical to neuronal fate during both development and aging.**
Previously, our lab discovered that the hippocampal tissue of AD patients expressed far greater
levels of proNGF as compared to NGF.*> The accumulation of proNGF has been found to
positively correlate with AD pathology.*647

TrkA is a cell-surface transmembrane receptor that belongs to the superfamily of tyrosine
kinase receptors.®® The Trk receptor family is involved in mediating synaptic strength and
plasticity of neurons and is comprised of three members: TrkA, TrkB, and TrkC. Each receptor

displays different binding preference to neurotrophins; TrkA favors NGF while TrkB and TrkC



show preference for BDNF and NT-3, respectively.*®4° Ligand binding causes TrkA to dimerize,
autophosphorylate, and activate downstream signaling proteins including phospholipase C-y and
P13K/Akt, ERK/MAPK cascades.*’*° Polyubiquitination of TrkA mediates its internalization
into signaling vesicles and leads to subsequent cascade signaling of P13K/Akt and ERK/MAPK
pathways. These signals intercept nuclear and mitochondrial death programs, resulting in
neuronal survival and differentiation.*®%051 TrkA polyubiquitination is dependent upon
interaction with ubiquitin E3 ligase tumor necrosis factor receptor-associated factor 6 (TRAF6)
and scaffolding protein p62.52 Our lab recently discovered this interaction to be blocked in the
presence of AB. Moreover, TrkA was found to be nitrosylated rather than phosphorylated in
hippocampal tissue of AD brain samples, suggesting AD interferes with TrkA
polyubiquitination.*®

p75NTR is a single-chain transmembrane receptor in the tumor necrosis factor (TNF)
receptor superfamily and is widely expressed in the nervous system, including sensory,
sympathetic, and hippocampal neurons.%5354 Although p75N™ is known to induce apoptotic
signaling, structural differences in its intracellular death domain separate it from other TNF
receptors.53°5% The diverse ability to bind both mature neurotrophins and their precursors allows
p75NTR to mediate development, survival, and maintenance of the nervous system.40:54-56 n75NTR
activation stimulates several downstream signaling pathways including, Ras/ERK, nuclear
factor-kappa B (NF-kB), Jun N-terminal Kinase (JNK) and caspases. p75N™R does not exhibit
intrinsic catalytic properties, thus it depends on interacting proteins such as TRAF6, NRIF, Src-
1, and Rho to transmit signals to responder pathways.5*% NGF binding causes p75N™R to
complex with TrkA receptor by involvement of TRAF6 to enhance survival signaling.>>-" In the

absence of NGF or in association with proNGF, p75N™ does not associate with TrkA and



induces apoptosis through JNK activation.*®% Several studies reveal p75N™R expression is
dramatically increased in response to neuron injury or disease.*%4>46 Furthermore, knockout
(KO) of p75NTR proved to reduce damage and delay disease progression in neurodegenerative
disease models.%8°

RhoA is an isoform of the Rho GTPase family that bind Rho kinase proteins (ROCKSs) to
activate phosphorylation of various target substrates.®® ROCKs belong to the serine/threonine
kinase family and are important downstream effectors of growth factor signaling.®® Two
isoforms of ROCK have been identified as RhoA GTP-binding proteins: ROCK1 and
ROCK2.5162 Both isoforms contain a single Rho-binding-domain (RBD) to which RhoA, RhoB,
and RhoC are able to bind.%® While some GTPase molecules promote neurite growth, the
activation of ROCK by RhoA leads to outgrowth arrest.®® Modulation of the RhoA/ROCK
pathway is believed to have potential therapeutic applicability in a wide variety of CNS
pathologies.t1%2 ATP-competitive ROCK inhibitors such as Y-27632, have been shown to
promote axonal regeneration and neurotrophin induced neurite outgrowth in PC12 cells.61-63
Recent findings implicate ligand-dependent p75N™R mediates RhoA activity in axon extension.*

The goal of this study was to determine whether proNGF-induced p75NTR expression and
subsequent INK/p38MAPK apoptotic signaling are mitigated by Rho inhibition in PC12 cells.
Results of this research will advance understanding of p75N™R mediated death signaling in

neurons and may be implemented in the development of future therapeutic treatments of AD.



Objective and Hypothesis
Our first objective was to determine expression of p75N™R and Rho activity in proNGF
treated PC12 cells. Second, we assessed if the JNK/p38MAPK apoptotic pathway is
phosphorylated and activated in the presence of proNGF. Third, we analyzed if Rho inhibitor Y-
27632 represses proNGF induced p75NTR expression and Rho activation. Fourth, we investigated
if phosphorylation of INK/p38MAPK apoptotic pathway was affected by Rho inhibitor Y-27632.
We hypothesized that proNGF-induced expression of p75NTR and subsequent activation of

JNK/p38MAPK mediated apoptosis can be mitigated through Rho inhibition.
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Figure 1. Schematic representation of hypothesized role of proNGF induced apoptotic
signaling in neuronal tissue. Upon proNGF stimulation p75NTR enlists the help of RhoA to
activate Rho Kinase phosphorylation of JNK/p38 MAPK signaling cascade. p75N™ induced

JNK/p38 MAPK activation results in neuronal apoptosis.



CHAPTER 2: REVIEW OF LITERATURE

2.1 Alzheimer’s Disease

Alzheimer’s Disease (AD) is clinically characterized as a disease of the elderly in which
there is a slow, progressive decline in memory, cognitive ability, and physical function as a result
of accelerated neuronal degeneration.®® AD is the most common form of dementia and is
classically defined by the build-up of extracellular amyloid-beta plaques (AB) and intracellular
neurofibrillary tangles (NFT).%®> Neuronal damage and destruction is caused by accumulated AR
and NFTs. AP aggregates disrupt synaptic signaling and induce neurotoxicity leading to
degeneration and cognitive deficit.%%7 NFTs are found in the hippocampus during early-stages
of AD, the extent and distribution of this histopathological feature correlates with the degree and
duration of the disease.%® While genetic factors play a key role, mutations in genes APP,
presenilin 1 (PS1), and presenilin 2 (PS2) are rare and account for less than 1% of all AD
diagnoses.®” Genetic mutations accelerate production of A resulting in the development of AD
before the age of 60, known as early-onset familial AD (FAD).%"%8 Late-onset AD (LOAD) or
sporadic occurrence, presents after the age of 65 and accounts for the majority of AD cases.5®
Inefficient clearance of AP is the leading cause of LOAD, however presence of genetic risk
factor €4 allele (APOE4) can also contribute to LOAD pathogenesis.”° In addition to aging and
genetics, cardiovascular and lifestyle risk factors such as hypertension, cholesterol, diabetes,
education, and smoking have been known to influence AD manifestation.”® Moreover, recent
studies suggest that imbalance of neurotrophic growth factors is yet another component of
neurodegenerative disorders, specifically nerve growth factor (NGF) and its precursor pro-nerve
growth factor (proNGF).*67* Elevated concentrations of proNGF as compared to NGF have been

described in AD brain samples.*?4% As cholinergic neurons are critically dependent upon NGF
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for survival, loss of NGF presence results in the degradation of cholinergic neurons characteristic
of AD.”?

AD is typically not a direct cause of death, thus patients tend to survive well into the
stages of severe impairment until an age-related comorbidity or infection such as pneumonia lead
to death.®® Early diagnosis is critical to improving advancement of disease and the quality of life
patients will experience. Unfortunately, the current diagnosing criteria is limited and on-going,
leaving many undiagnosed.”® Current treatment options are minimal and only marginally
effective. At present, two classes of drugs have been approved for treatment of AD:
Acetylcholinesterase (AChE) inhibitors and N-methyl-D-aspartate (NMDA) receptor
antagonists. Both treatment options target symptoms of LOAD and work to regulate levels of
glutamate neurotransmitter.

2.2 Alzheimer’s Epidemiology

In 2010, global prevalence of dementia reached 35.6 million people with 18 million cases
attributed to AD.”*™ It has been estimated that by the year 2040, 80 million people will be
diagnosed with AD worldwide.”®’” Although 58% of all people with living with dementia reside
in low-income countries, North America and Western Europe lead the world in prevalence,
reporting incidence rates of 6.9% and 6.2%, respectively.”’” However, prevalence in Asia,
Africa, and Latin America is expected to grow by 107-146% between the years 2010 and 2030.7
For all populations incidence of AD advances exponentially with age, though in western
societies early-century born individuals exhibit greater risk than those born later in the century.””

As of 2016, 5.4 million Americans have been diagnosed with AD. Fueled by the aging
baby boomer generation, this number is expected to grow to 13.8 million by the year 2050.* AD

is the sixth leading cause of death in the U.S and accounted for 32% of all deaths among older
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adults in 2010.1%7 In 2016, AD cost the nation $236 billion in medical expenses with an
additional value of $221 billion in unpaid care.!' Coinciding with global prevalence, more
women than men are affected by AD in the U.S. (16% women, 11% men).t%"> African
Americans and Caribbean Hispanic Americans have a 2.6-3.6% higher incidence rate than other
ethnic minorities and non-Hispanic whites.”® Though occurrence in each state is expected to
increase by 14% by the year 2025, the west and southeast regions of the U.S. are projected to
see the largest percent growths.
2.3 Amyloid-Beta

Amyloid-beta (Ap) is a histological hallmark of AD and is generated by proteolytic
cleavage of the amyloid precursor protein (APP). The presence of A was found to accelerate
age-related neurodegeneration and cognitive decline, exposing the peptide as a driving force in
AD pathogenesis.8%81 Chromosome 21 homes the gene encoding APP.8? Proteolysis of APP
results in splitting of its carboxyl terminus by a group of enzymes: a-, B- and y-secretases.®® The
sequence by which the protein is cleaved determines whether the product will be amyloidogenic
or non-amyloidgenic.2® The three a-secretases involved in APP processing belong to the ADAM
(“A Disintegrin and Metalloproteinase™) protease family. These enzymes cleave APP 83 residues
away from the C-terminal.%8 The B-secretases consist of BACE1 and BACE2 and cleave APP 99
residues from the C-terminal & Lastly, the y-secretase is an enzyme complex comprised of two
catalytic sites, presenilin 1 (PS1) and presenilin 2 (PS2). This complex cuts APP in two distinct
locations, the first to form a 50-amino acid peptide and the second at approximately 60 residues
from the C-terminal 6883

The processing of APP can be divided into a non-amyloidogenic pathway and an

amyloidogenic pathway.?* The non-amyloidogenic pathway is the sequential processing by o-
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and vy -secretases resulting in a large N-terminal peptide called soluble APPa (sAPPa) and a short
peptide called P3.8485 The amyloidogenic pathway is an alternative cleavage pathway for APP
which leads to AB generation.® Initial proteolysis by p-secretase results in the release of an N-
terminal peptide, soluble APPB (sAPPp), leaving a smaller C-terminal stub within the
membrane.®® The newly liberated sAPPB undergoes subsequent extracellular cleavage by v-
secretase yielding two AP variants.2® The majority of the AB peptides are generated as the 40-
residue variant (Ap40), however a small proportion are 42 residues in length (AB42). Unlike
AP40, the AB42 variant is hydrophobic and more likely to aggregate.2®6 Gene mutations known to
cause FAD derail Ap metabolism and result in Ap accumulation.®’

AP degradation is mediated by neprilysin (NEP) and insulin degrading enzyme (IDE).%
Ineffective clearance results in AB accumulation leading to a variety of toxic mechanisms,
including oxidative stress, mitochondrial diffusion, and excitotoxicity through neurotransmitter
receptors.® Interestingly, in cases of LOAD, AP overproduction is also accompanied by IDE
downregulation®. This finding suggests that amyloidosis is not a toxic accident, but rather may
be part of a coordinated cell response to an upstream event. Such observations further implicate
an intimate relationship between insulin resistance and development of AD #°
2.4 Tau microtubules

Neurofibrillary tangles (NFTs) are the second histological hallmark of AD. NFTs consist
of hyperphosphorylated tau proteins that aggregate inside neurons.®® Tau proteins are key
components in microtubule stabilization; they support structure, internal architecture, and are
vital to axonal transport.®>*! During the course of AD, tau proteins become hyperphosphorylated,

detach from the microtubules, and accumulate intracellularly as paired helical filaments
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(PHF).%%%2 The presence of ever-growing tau inclusions in addition to the unraveling of
microtubules lead to impaired neuron function long before neuronal death is observed.®*

The Tau gene is located on chromosome 17. Alternative splicing of its exons give rise to
six isoforms, each ranging between 352 and 441 residues with multiple phosphorylation sites.”
Tau proteins bind microtubules through the microtubule-binding domain located in the C-
terminus of the protein.®® Binding of tau to microtubules depend on the protein’s state of
phosphorylation.®® Non-phosphorylated tau have great affinity for tubulin and promote
polymerization and assembly. Whereas phosphorylated tau are less likely to bind microtubules,
thus do not promote assembly.”* Proline-directed kinases such as mitogen-activated protein
kinase (MAPK), Tau-tubulin kinase, and cyclin-dependent kinase, phosphorylate tau at Ser/Thr-
pro sites.2%% Stress-activated protein kinases are not proline-directed and attack non-Ser/Thr-pro
sites of tau. Glycogen synthase kinase-3p (GSK-3p) is able to phosphorylate both non-Ser/Thr-
pro and Ser/Thr-pro sites of tau.’* Mutations of the Tau gene can also result in abnormal
phosphorylation and cause a dementia that is pathologically similar to AD.%%%

The deposition of tangles occurs in a hierarchical fashion from the entorhinal cortex to
the hippocampus, correlating with the observed cognitive decline in AD.%? Tau tangles invade
the hippocampus during early-stages of AD. Once tau reaches the hippocampus A plaques can
also appear, followed by progression of tau into the basal forebrain.”*°2 Taupathology correlates
with AB deposition in the development of AD, however there is no spatiotemporal overlap. In
AD, the neocortical regions are the first to develop A3 deposits and the last to see NFTs, whereas
the reverse is true for hippocampal regions.®* Taken together, the AB/Tau mismatch seen in AD
indicates that neurodegeneration and cognitive decline is not the direct result of Ap neurotoxicity

alone.%*
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2.5 Role of Neurotrophins

Neurotrophins are a broad group of peptide growth factors and cytokines that target
neurons of the peripheral (PNS) and central nervous systems (CNS).3* The mammalian
neurotrophin family consists of nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin (NT) -3 and -4.% Neurotrophic factors are essential during embryonic
development and throughout life.%” Knockout mice for NGF, BDNF, and NT displayed severe
neural defects and subsequent death.”* These neurotrophins activate a plethora of cell signaling
pathways by binding two transmembrane receptor types, the tyrosine receptor kinase family
(TrkA, TrkB, and TrkC) and the p75 neurotrophin receptor (p75N™R). NGF selectively binds
TrkA, while BDNF and NT-4 bind TrkB, and NT-3 shows preference for TrkC.*® As they are
often produced in sites outside of their action site, neurotrophic factors rely on functional axon
transport to reach their target receptors for proper signaling.”

Mature, biologically active neurotrophins are initially synthesized as 32-34kDa
precursors (proneurotrophins) containing a signal sequence, glycosylation sites, and paired basic
amino acids. Serine protease, furin and other prohormone convertases cleave precursors at
dibasic amino acid sites to liberate biologically active 12-14kDa neurotrophin homodimers.%:
Under normal physiological conditions, neurotrophins are expressed in low concentrations and
thus proneurotrophins are the predominant form.*® The prodomain of neurotrophins function as
intracellular chaperones to facilitated oxidative folding of the mature domain and sorting of
neurotrophins to secretory pathways.?-1%0 However, recent sequence analysis revealed highly
conserved regions within the prodomain sequence, suggesting ability to mediate additional
biological actions.®” Unlike neurotrophins, proneurotrophins only serve as ligands for p75NTR 102

The primary proneurotrophin involved in modulating neural death is proNGF.** While NGF is
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able to promote pro-survival responses through both TrkA and p75NTR receptors, proNGF can
only bind p75N™R and induce pro-apoptotic signaling.®” Moreover, the role of neurotrophin
signaling can be modulated by p75N™R and Trk receptor activity.1%

2.6 Nerve Growth Factor (NGF)

NGF is a neurotrophic stimulant of neuronal growth and development during
neurogenesis and continued neuron survival through adult life.>” The gene encoding two NGF
variants is located on human chromosome 1.104105 NGF is a non-covalent homodimer produced
by proteolytic cleavage of precursor proNGF.1%107 Bjologically active NGF, known as B-NGF,
is a 13.2kDa molecule comprised of three polypeptide structures including a twisted beta sheet, a
cysteine-knot motif, and three beta-hairpin loops.®® The cysteine-knot motif is characterized by
three disulfide bond structures, two disulfide bridges form a loop that is penetrated by a third
disulfide bridge.%1% Receptor specificity is dictated by the sequence variances embedded in the
loop domains of the molecule.’®” Both the N-terminus and the beta-hairpin loops of mature NGF
are important for high-affinity binding to TrkA.109110

During development, NGF is produced by nonneuronal target cells such as keratinocytes,
smooth muscle cells, and cells of various endocrine organs.® It was found that most of these cell
types continue to modulate NGF production into adult life or in response to stimuli like
inflammation and injury. Trophic properties of NGF have been recognized in sympathetic,
sensory, and cholinergic neurons.345"111 NGF expression is directed by cholinergic innervation
from the basal forebrain and by hippocampal NMDA receptors.'*2113 Absence of NGF in
cholinergic neurons results in cell shrinking and downregulation of transmitter-associated
enzymes.’* High affinity neurotrophin receptor TrkA and low affinity p75N™R receptor mediate

NGF induced signaling.>’
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NGF activation of TrkA receptor was initially observed in pheochromocytoma-derived
PC12 cell lines.!* Since then PC12 cells have been highly useful in NGF signal transduction
studies.'> PC12 cell lines of rat pheochromocytoma cells contain catecholamine stores and many
other secretory products comparable to human pheochromocytomas.'*® This cell line was found
to be sensitive to NGF and undergo neuronal differentiation, survival, hypertrophy, and
regulation of various biochemical markers.*®6 Thus, PC12 is a primary cell model for
neurotrophin signaling investigations.1°
2.7 TrkA Receptor

Trk describes a transmembrane polypeptide chain belonging to the tyrosine kinase
receptor (Trk) superfamily.*'” TrkA is one of three Trk receptor variants encoded by a gene on
human chromosome 1.3 During development, expression of TrkA is restricted to sensory and
sympathetic neurons of the PNS and cholinergic neurons of the basal forebrain.*®11® Trk
receptors comprise of three extracellular leucine-rich motifs, flanked by two cysteine-rich
clusters, followed by two immunoglobulin(lg)-like domains that are proximal to the
membrane.*®120 The major ligand binding sites of Trk receptors have been localized to the 1g2
domain.'?1122 Each Trk receptor displays neurotrophin selectivity. TrkA serves as a high affinity
receptor for NGF, TrkB serves as a receptor for BDNF, and TrkC functions as a receptor for NT-
3.120 However, NT-3 is also a ligand for TrkA:.12 TrkA is an isoform of TrkA, distinguished
only by a 6-amino acid insert near the extracellular domain.*?* This inclusion causes the
conformational difference that enhances activation by NT-3 over NGF.1%5 NGF secures the 1g2
domain of TrkA by two distinct patches.!'”126 The N-terminus of NGF serves as the second
patch and is comprised of a unique residue sequence that specifies TrkA binding.1?® TrkA

signaling induced by NGF elicits phosphorylation of pro-survival substrates resulting in growth
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or continued survival.*?® TrkA receptor is neuroprotective in several cell lines and was found to
mitigate AP accumulation by reducing PB-cleavage of APP.192127 Expression of TrkA in
cholinergic neurons of the basal forebrain is greatly reduced in AD.1?8129
2.7.1 TrkA-NGF signaling

Binding of NGF to TrkA initiates a series of events characteristic to receptor kinase
signaling.*® Stimulated TrkA undergoes dimerization and autophosphorylation of tyrosine
residues in the activation loop leading to kinase activity activation and subsequent trans-
autophosphorylation of tyrosine residues outside the loop.5%13° These activated residues serve as
binding sites for adaptor proteins, the consequent phosphorylation and activation of these
signaling molecules results in downstream signaling cascades.'®132 This NGF induced tyrosine
phosphorylation is rapid, highly specific, and dose-depended.''* TrkA mediated signaling
cascades include the following pathways: Ras-Erk-MAPK, PI3K/Akt, SNT proteins (suc-
associated neurotrophic factor-induced tyrosine-phosphorylated target), and phospholipase C y-1
(PLCy-1).13013L 1ts previously been indicated that the NGF-TrkA complex can also be
internalized into vesicles to propagate neurotrophin signaling responses.'33134 Recent studies
attribute this variance to the receptor’s ability to mediate distinct NGF trophic effects.
Modulation of TrkA endocytosis in PC12 cells revealed that survival is primarily mediated by
membrane-bound TrkA via prolonged activation of the P13K/Akt pathway. Whereas,
differentiation is directly stimulated by internalized active TrkA vesicles.>

Although initial on-rate for NGF binding to TrkA is slow, the rate of TrkA dissociation is
even slower, signifying the strong binding affinity for NGF.135136 Interestingly, co-expression of
p75NTR results in a 25-fold increase in on-rate binding between NGF and TrkA.*3® While

expression of TrkA alone is sufficient to elicit NGF signaling, extensive studies show co-
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expression of p75NTR results in greater sensitivity, selectivity and enhanced neurotrophin
mediated effects.*® However, these effects are highly depended upon relative receptor
expression.!® NGF binding to p75N™R promotes TrkA/p75N™R complex formation through
p75NTR activated p62 scaffold and subsequent TRAF6 recruitment by TrkA.52 Meanwhile,
activation of TrkA by NGF leads to suppression of p75N™R mediated apoptotic cascades such as
c-Jun Kinase (JNK) and RhoA.*81%3 |n addition, peroxynitrite, the reactive oxygen species
implicated in AD, was found to inhibit NGF signaling by forming nitrotyrosine residues on TrkA
rendering the receptor inactive and contributing to AD pathology.*%

2.8 Pro-Nerve Growth Factor (proNGF)

Pro-nerve growth factor (proNGF) is the precursor for biologically active NGF. ProNGF
is the chief product of processed, NGF-gene-derived pre-pro-protein.t® ProNGF is 30kDa
molecule comprised of a 103 amino acid pro-peptide covalently bound to the mature 118 amino
acid NGF peptide!®®13® The pro-peptide of proNGF lacks cysteine residues and is known to
function as a chaperone to facilitate proper maturation and oxidative folding of the mature
moiety.19119% |n addition, recent studies demonstrate that the pro-peptide also confers apoptotic
activity to the molecule.®” Thus, once thought to be inactive, proNGF is an active homodimer
released by cells to elicit cellular apoptosis.139140

Intracellular proNGF is cleaved by furin in the trans-Golgi network and released by the
constitutive pathway.*31% Dibasic and tetrabasic cleavage sites flank the sequence for mature
NGF, while additional processing at glycosylation sites generates high-molecular-weight
peptides and intermediates whose biological functions have not yet been defined.'®® Since cell-
type-specific secretion of growth factors occurs as a mixture of proNGF and NGF, proNGF can

be found in the extracellular matrix.*® In addition to dibasic cleavage sites, proNGF contains
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consensus sites for extracellular protease enzymes: plasmin and matrix metalloproteases (MMP-
2,3,7,9).%7 In vitro studies reveal overexpressed proNGF cleaved by plasmin generates the mature
13kDa molecule, while cleavage by MMP-7 results in a 17kDa intermediate.®”3 As extensive
studies reveal elevation of proNGF in the CNS following damage or disease (AD), the activity of
these extracellular proteases may be crucial in defining pro-apoptotic and pro-survival
signaling.4346.141

2.9 p75 neurotrophin receptor (p75N™R)

Neurotrophin receptor p75 (p75NTR) is a single pass transmembrane protein in the tumor
necrosis factor receptor (TNFR) family.® p75N™R is a glycoprotein receptor that exists as a
disulfide-linked dimer with the molecular weight of 75kDa.}*>143 The extracellular domain of
p75NTR is characterized by a cysteine-rich structure that forms four ligand-binding sites.*** The
intracellular structure of p75N™R is comprised of a chopper domain and a globular TNFR-like
death domain.>345 Unlike the type Il death domains found in other TNFR members, the type |
death domain of p75NTR does not self-associate and therefore does not signal death through the
same mechanisms as its family members.5355146 The third and fourth cysteine repeats of the
p75NTR extracellular domain serve as binding sites for all neurotrophins, although greater
affinity is shown for proNGF. This binding flexibility implicates p75N™R in an array of diverse
cellular functions including survival, apoptosis, and axonal growth.47-14° The facilitation of these
various functions depend on the binding ligand, cellular context, and association of
coreceptors.t®%151 During nervous system development, p75NTR is essential for synapse
strengthening and neuron selection.> With the exception of cholinergic neurons, its widespread

expression in the CNS and PNS is highly downregulated following synaptogenesis, however re-
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expression has been observed in the adult brain in response to neurotrama, inflammation, and
neurodegenerative disease.>21%4

Although the molecular mechanism of p75NTR activation has not been fully elucidated,
studies indicate that ligand-binding may prompt a conformational change in the p75N™R dimer
resulting in rearrangement of its disulfide-linked subunits and subsequent recruitment of
interacting proteins.'> Activation of p75NTR triggers several downstream signaling events,
including NF-kB, small GTP binding protein Rac, c-Jun N-terminal kinase (JNK), and
caspases.132149156 Ag p75NTR [acks intrinsic enzymatic activity, signal transduction to these
downstream effectors relies on the interaction of several intracellular binding proteins such as
NADE (neurotrophin associated cell death executor), NRIF (neurotrophin receptor interacting
factors), TRAF6, NRAGE (neurotrophin receptor-interacting MAGE homologue), SC-1
(Schwann cell 1) and RhoA . 157-15°

In addition to neurotrophin stimulation and coreceptor formation, p75N™ is susceptible to
metalloprotease and y-secretase cleavage.'®® The cleaved fragments of p75N™R are able to
propagate apoptotic signaling and have also been implicated in AD.161162 As p75NTR is chiefly
expressed in cholinergic neurons of the adult brain, several studies have suggested that the
neuronal loss observed in AD patients is p75NTR dependent.t63-165 Furthermore, AR was observed
to cause p75N™R mediated neurotoxicity in several cell lings.144.162.164
2.9.1 p75NTR-proNGF signaling

It was recently discovered that proNGF-dependent death signaling via p75N™R, requires
sortilin as coreceptor.t3>16¢ Upon binding, proNGF forms a heterotrimeric signaling complex
with p75NTR and sortilin and activates p75NTR dependent apoptosis through the intrinsic caspase

pathway, requiring phosphorylation of JNK and activation of caspases-9, -6, and -3.167.168
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Although poorly understood, it is believed that p75NTR activation by proNGF promotes
sequential cleavage of p75NTR by metalloproteases and o- and y- secretases resulting in the
release of its intracellular domain.'®>1% The cleavage of p75N™® is necessary for subsequent
ubiquitination and nuclear translocation of NRIF, phosphorylation of JNK, phosphorylation and
oligomerization of the BH3-domain-only family member (Bad), and activation of caspases 9, 6,
and 3.168—170

In addition to NRIF, p75N™ binding protein, NRAGE, was found to promote JNK
phosphorylation and subsequent caspase activation.!’* Recent investigations demonstrated that
proNGF stimulation increases the association between NRIF and NRAGE, indicating several
75NTR-binding proteins may be involved or complexed to induce apoptotic signaling.'®® In
oligodendrocytes, proNGF binding to p75N™R led to activation of pro-apoptotic JNK cascade via
activation of RhoA, a small GTPase.'’> Both proNGF and p75N™R have been implicated in
mediating neuronal apoptosis following neuron injury and disease.'%%173 Furthermore, it has been
shown that in AD, levels of proNGF are increased in a stage-dependent manner resulting in
neuronal death of the hippocampal, cortical, and basal forebrain cholinergic neurons via p75N™R
death signaling’417®
2.10 RhoA GTPase

RhoA GTPase belongs to the Rho GTPase subfamily of the Ras superfamily of GTPases
that participate in the control of important physiologic functions, including cell contraction,
migration, proliferation, adhesion, and inflammation.®®76 In contrast to other members of the
Ras superfamily, RhoA activation does not promote neuronal survival and instead elicits
neuronal apoptosis.t’”” RhoA has a molecular weight of approximately 24kDa and like all

members of the Ras superfamily, RhoA controls signaling pathways by switching between a
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biochemically inactive (GDP-bound) and an active (GTP-bound) form.817® The general
structure of Rho GTPases consists of several core components, including a shared G-domain
fold, made of a six-stranded B-sheet surrounded by o-helices.t’® RhoA contains two “switch”
segments that mediate the conformational change between active and inactive forms in response
to GTP, denoted by switch | (residues 28-44) and switch Il (residues 62-69).%° The area between
the switch segments contains hypervariable regions that distinguish each Rho family isoform.
The carboxyl terminal (C-terminal) of Rho proteins is essential for posttranslational
modifications such as proteolysis and methylation.*8*
2.10.1 Rho-associated Protein Kinases (ROCKSs)

ROCK is a serine/threonine protein kinase that was identified as downstream effector of
Rho.%? ROCK is a Rho GTP-binding protein with a molecular weight of approximately
160kDa.*? There are two identified isoforms of ROCK encoded by two different genes: ROCK1
and ROCK2. The gene encoding ROCK1 is located on chromosome 18, while ROCK2 is
encoded by a gene on chromosome 2.6318 ROCKSs consist of three major domains: a RhoA
binding domain (RBD) situated in a coiled-coil region, a kinase domain that is responsible for its
catalytic activity, and a cysteine-rich domain in the C-terminus thought to participate in protein
localization.'®185 The C-terminal of ROCK also regulates its kinase activity. This C-terminal
folds back into the kinase domain resulting in an autoinhibitory loop to maintain ROCK inactive.
Binding of GTP-bound Rho to RBD site liberates the kinase domain and results in ROCK
activation.53186 Despite similarity in protein sequences, the two ROCK isoforms have significant
differences regarding tissue distribution and subcellular location.t’®®” ROCK1 is greatly

expressed in non-neuronal tissues such as lung and liver, whereas ROCK2 is expressed in
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neuronal tissues, brain specifically.®®1”® Animal studies revealed ROCK2 expression in the brain
and the spinal cord increases with age.'8.18°
2.10.2 p75NTR-RhoA Signaling

RhoA was identified as the p75NTR interacting protein involved in actin assembly.1®
Evidence indicated that RhoA activity is mediated by the a-helices in the cytoplasmic domain of
p75NTR, These early studies reported that while p75N™R is able to activate RhoA, neurotrophin
binding prohibited RhoA activation and instead stimulated neurite elongation.*®®! Further
investigates reveal that RhoA activation is dependent upon direct interaction with the
intracellular domain of p75NTR, however, neurotrophins stabilize RhoA in its inactive form
preventing activation.'®* RhoA bound to GDP (inactive) interacts with Rho-GDI, an intracellular
shuttle that inhibits nucleotide dissociation and prevents Rho proteins from being activated and
translocated to the membrane.® Thus, it has been proposed that p75N™R displaces the inactive
GDP-bound RhoA from Rho-GDI.1! Furthermore, it was discovered that “shedding” or cleavage
of p75NTR liberates the intracellular domain fragment of p75N™R which causes the displacement
of RhoA from Rho-GDI, thus activating RhoA and inhibiting neurite outgrowth.’®® As
neurotrophins do not induce p75N™R cleavage, NGF binding to p75N™R does not elicit RhoA
activation.16%1%* RhoA activation has been deemed necessary for INK activation and apoptosis
induced by p75NTR 172
2.10.3 ROCK inhibition

Recent studies implicate ROCK2 involvement in propagating downstream effects such as
axonal degeneration and apoptosis.’® ROCK2 was found to limit axonal growth after CNS
trauma and so it has been identified as a potential therapeutic target in neurodegenerative

diseases.8%1% The expression of RhoA/ROCK pathway is induced by neuron injury and is often
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found in lesions of the CNS.1"® Use of ROCK inhibitors has shown to be promising in restoration
of neurite growth after injury. Systemic and localized administration of ROCK inhibitor Y-
27632, in both mouse and rat spinal-cord-injury models proved to restore function and accelerate
recovery. Use of this inhibitor was also found to increase axonal regeneration following neuronal
insult.t%5-1%  Furthermore, as RhoA was discovered to promote ABs2 production, administration
of Y-27632 was shown to be effective in lowering AP42 levels in both cell cultures and in

PDAPP transgenic mice.%

25



10

11

12

13

14

15

16

References

Prince, M. J. et al. The burden of disease in older people and implications for health
policy and practice. Lancet 385, 549-562, doi:10.1016/S0140-6736(14)61347-7 (2015).
First WHO Ministerial Conference on Global Action Against Dementia,
<http://www.who.int/mental_health/neurology/dementia/ministerial_conference 2015 re

port/en/> (2015).
Alzheimer’s Disease International. World Alzheimer Report 2015: The Global Impact of

Dementia, <https://www.alz.co.uk/research/world-report-2015> (2015).

Fratiglioni, L., Winblad, B. & von Strauss, E. Prevention of Alzheimer's disease and
dementia. Major findings from the Kungsholmen Project. Physiol Behav 92, 98-104,
doi:10.1016/j.physbeh.2007.05.059 (2007).

Fratiglioni, L. & Qiu, C. Prevention of common neurodegenerative disorders in the
elderly. Exp Gerontol 44, 46-50, doi:10.1016/j.exger.2008.06.006 (2009).

Mayeux, R. Epidemiology of neurodegeneration. Annu Rev Neurosci 26, 81-104,
doi:10.1146/annurev.neuro.26.043002.094919 (2003).

National Institute on Aging. 2012-2013 Alzheimer’s Disease Progress Report,
<https://www.nia.nih.gov/alzheimers/publication/2012-2013-alzheimers-disease-
progress-report>> (2013).

Jones, R. W. et al. Dependence in Alzheimer's disease and service use costs, quality of
life, and caregiver burden: the DADE study. Alzheimers Dement 11, 280-290,
doi:10.1016/j.jalz.2014.03.001 (2015).

Andrieu, S. et al. Assessing Alzheimer's disease patients' quality of life: Discrepancies
between patient and caregiver perspectives. Alzheimers Dement 12, 427-437,
doi:10.1016/j.jalz.2015.09.003 (2016).

Heun, R., Schoepf, D., Potluri, R. & Natalwala, A. Alzheimer's disease and co-morbidity:
increased prevalence and possible risk factors of excess mortality in a naturalistic 7-year
follow-up. Eur Psychiatry 28, 40-48, doi:10.1016/j.eurpsy.2011.06.001 (2013).

2016 Alzheimer’s disease facts and figures. Alzheimer’s & Dementia 12, 459-509,
doi:doi:10.1016/j.jalz.2016.03.001 (2016).

Kochanek, K. D., Murphy, S. L. & Xu, J. National vital statistics reports. National Vital
Statistics Reports 63 (2015).

Alzheimer's Association. 2017 Alzheimer's Disease Fact and Figures,
<http://www.alz.org/facts/> (2017).

Hebert, L. E., Beckett, L. A., Scherr, P. A. & Evans, D. A. Annual incidence of
Alzheimer disease in the United States projected to the years 2000 through 2050.
Alzheimer Disease & Associated Disorders 15, 169-173 (2001).

Hurd , M. D., Martorell , P., Delavande , A., Mullen, K. J. & Langa, K. M. Monetary
Costs of Dementia in the United States. New England Journal of Medicine 368, 1326-
1334, doi:10.1056/NEJMsal1204629 (2013).

Lee, H. B. et al. Race and cognitive decline among community-dwelling elders with mild
cognitive impairment: findings from the Memory and Medical Care Study. Aging &
mental health 16, 372-377, doi:10.1080/13607863.2011.609533 (2012).

26


http://www.who.int/mental_health/neurology/dementia/ministerial_conference_2015_report/en/
http://www.who.int/mental_health/neurology/dementia/ministerial_conference_2015_report/en/
https://www.alz.co.uk/research/world-report-2015
https://www.nia.nih.gov/alzheimers/publication/2012-2013-alzheimers-disease-progress-report
https://www.nia.nih.gov/alzheimers/publication/2012-2013-alzheimers-disease-progress-report
http://www.alz.org/facts/

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Chene, G. et al. Gender and incidence of dementia in the Framingham Heart Study from
mid-adult life. Alzheimers Dement 11, 310-320, doi:10.1016/j.jalz.2013.10.005 (2015).
Takizawa, C., Thompson, P. L., van Walsem, A., Faure, C. & Maier, W. C.
Epidemiological and economic burden of Alzheimer's disease: a systematic literature
review of data across Europe and the United States of America. J Alzheimers Dis 43,
1271-1284, doi:10.3233/JAD-141134 (2015).

Farooqui, T. & Farooqui, A. A. Aging: an important factor for the pathogenesis of
neurodegenerative diseases. Mech Ageing Dev 130, 203-215,
doi:10.1016/j.mad.2008.11.006 (2009).

Lines, L. M. P. M., Weiner, Joshua M. PhD. Racial and Ethnic Disparities in Alzheimer's
Disease: A literature Review. (2014).

Rocca, W. A., Mielke, M. M., Vemuri, P. & Miller, V. M. Sex and gender differences in
the causes of dementia: a narrative review. Maturitas 79, 196-201,
doi:10.1016/j.maturitas.2014.05.008 (2014).

Xu, W. et al. Meta-analysis of modifiable risk factors for Alzheimer's disease. J Neurol
Neurosurg Psychiatry 86, 1299-1306, doi:10.1136/jnnp-2015-310548 (2015).

Li, J. Q. et al. Risk factors for predicting progression from mild cognitive impairment to
Alzheimer's disease: a systematic review and meta-analysis of cohort studies. J Neurol
Neurosurg Psychiatry 87, 476-484, doi:10.1136/jnnp-2014-310095 (2016).

Silvestrelli, G., Lanari, A., Parnetti, L., Tomassoni, D. & Amenta, F. Treatment of
Alzheimer's disease: from pharmacology to a better understanding of disease
pathophysiology. Mech Ageing Dev 127, 148-157, doi:10.1016/j.mad.2005.09.018
(2006).

Kumar, A., Singh, A. & Ekavali. A review on Alzheimer's disease pathophysiology and
its management: an update. Pharmacological Reports 67, 195-203,
doi:https://doi.org/10.1016/j.pharep.2014.09.004 (2015).

National Institute on Aging. Alzheimer's Disease Fact Sheet,
<https://www.nia.nih.gov/alzheimers/publication/alzheimers-disease-fact-sheet> (
Hyman, B. T. et al. National Institute on Aging—Alzheimer's Association guidelines for
the neuropathologic assessment of Alzheimer's disease. Alzheimer's & Dementia 8, 1-13,
doi:https://doi.org/10.1016/j.jalz.2011.10.007 (2012).

Tayeb, H. O., Yang, H. D., Price, B. H. & Tarazi, F. I. Pharmacotherapies for
Alzheimer's disease: Beyond cholinesterase inhibitors. Pharmacology & Therapeutics
134, 8-25, doi:https://doi.org/10.1016/j.pharmthera.2011.12.002 (2012).

Zlokovic, B. V. Neurovascular mechanisms of Alzheimer's neurodegeneration. Trends
Neurosci 28, 202-208, doi:10.1016/j.tins.2005.02.001 (2005).

Mandelkow, E. M. et al. Tau domains, phosphorylation, and interactions with
microtubules. Neurobiology of Aging 16, 355-362, doi:https://doi.org/10.1016/0197-
4580(95)00025-A (1995).

Arriagada, P. V., Growdon, J. H., Hedley-Whyte, E. T. & Hyman, B. T. Neurofibrillary
tangles but not senile plaques parallel duration and severity of Alzheimer's disease.
Neurology 42, 631, d0i:10.1212/wnl.42.3.631 (1992).

Gomez-Isla, T. et al. Neuronal loss correlates with but exceeds neurofibrillary tangles in
Alzheimer's disease. Annals of Neurology 41, 17-24, doi:10.1002/ana.410410106 (1997).
Shoghi-Jadid, K. et al. Localization of Neurofibrillary Tangles and Beta-Amyloid
Plaques in the Brains of Living Patients With Alzheimer Disease. The American Journal

27


https://doi.org/10.1016/j.pharep.2014.09.004
https://www.nia.nih.gov/alzheimers/publication/alzheimers-disease-fact-sheet
https://doi.org/10.1016/j.jalz.2011.10.007
https://doi.org/10.1016/j.pharmthera.2011.12.002
https://doi.org/10.1016/0197-4580(95)00025-A
https://doi.org/10.1016/0197-4580(95)00025-A

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

of Geriatric Psychiatry 10, 24-35, doi:https://doi.org/10.1097/00019442-200201000-
00004 (2002).

Reichardt, L. F. Neurotrophin-regulated signalling pathways. Philos Trans R Soc Lond B
Biol Sci 361, 1545-1564, doi:10.1098/rsth.2006.1894 (2006).

Boutilier, J. et al. Proneurotrophins Require Endocytosis and Intracellular Proteolysis to
Induce TrkA Activation. Journal of Biological Chemistry 283, 12709-12716,
d0i:10.1074/jbc.M710018200 (2008).

Butte, M. J. Neurotrophic factor structures reveal clues to evolution, binding, specificity,
and receptor activation. Cell Mol Life Sci 58, 1003-1013, doi:10.1007/PL00000915
(2001).

Mattson, M. P. Apoptosis in neurodegenerative disorders. Nat Rev Mol Cell Biol 1, 120-
129, doi:10.1038/35040009 (2000).

Barbacid, M. Neurotrophic factors and their receptors. Curr Opin Cell Biol 7, 148-155
(1995).

Sofroniew, M. V., Howe, C. L. & Mobley, W. C. Nerve Growth Factor Signaling,
Neuroprotection, and Neural Repair. Annual Review of Neuroscience 24, 1217-1281,
doi:10.1146/annurev.neuro.24.1.1217 (2001).

Miller, F. D. & Kaplan, D. R. Neurotrophin signalling pathways regulating neuronal
apoptosis. Cell Mol Life Sci 58, 1045-1053, doi:10.1007/PL00000919 (2001).
Tuszynski, M. H. et al. A phase 1 clinical trial of nerve growth factor gene therapy for
Alzheimer disease. Nat Med 11, 551-555,
doi:http://www.nature.com/nm/journal/v11/n5/suppinfo/nm1239_S1.html (2005).

Hock, C., Heese, K., Hulette, C., Rosenberg, C. & Otten, U. Region-specific
neurotrophin imbalances in alzheimer disease: Decreased levels of brain-derived
neurotrophic factor and increased levels of nerve growth factor in hippocampus and
cortical areas. Archives of Neurology 57, 846-851, doi:10.1001/archneur.57.6.846 (2000).
Friedman, W. J. Proneurotrophins, seizures, and neuronal apoptosis. Neuroscientist 16,
244-252, doi:10.1177/1073858409349903 (2010).

Barcelona, P. F. & Saragovi, H. U. A Pro-Nerve Growth Factor (proNGF) and NGF
Binding Protein, alpha2-Macroglobulin, Differentially Regulates p75 and TrkA
Receptors and Is Relevant to Neurodegeneration Ex Vivo and In Vivo. Mol Cell Biol 35,
3396-3408, d0i:10.1128/MCB.00544-15 (2015).

Zheng, C., Geetha, T., Gearing, M. & Babu, J. R. Amyloid beta-abrogated TrkA
ubiquitination in PC12 cells analogous to Alzheimer's disease. J Neurochem 133, 919-
925, doi:10.1111/jnc.13076 (2015).

Fahnestock, M., Michalski, B., Xu, B. & Coughlin, M. D. The Precursor Pro-Nerve
Growth Factor Is the Predominant Form of Nerve Growth Factor in Brain and Is
Increased in Alzheimer's Disease. Molecular and Cellular Neuroscience 18, 210-220,
doi:https://doi.org/10.1006/mcne.2001.1016 (2001).

Hennigan, A., O'Callaghan, R. M. & Kelly, A. M. Neurotrophins and their receptors:
roles in plasticity, neurodegeneration and neuroprotection. Biochemical Society
Transactions 35, 424-427, doi:10.1042/bst0350424 (2007).

Patapoutian, A. & Reichardt, L. F. Trk receptors: mediators of neurotrophin action. Curr
Opin Neurobiol 11, 272-280 (2001).

Friedman, W. J. & Greene, L. A. Neurotrophin signaling via Trks and p75. Exp Cell Res
253, 131-142, doi:10.1006/excr.1999.4705 (1999).

28


https://doi.org/10.1097/00019442-200201000-00004
https://doi.org/10.1097/00019442-200201000-00004
http://www.nature.com/nm/journal/v11/n5/suppinfo/nm1239_S1.html
https://doi.org/10.1006/mcne.2001.1016

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Zhang, Y., Moheban, D. B., Conway, B. R., Bhattacharyya, A. & Segal, R. A. Cell
surface Trk receptors mediate NGF-induced survival while internalized receptors regulate
NGF-induced differentiation. J Neurosci 20, 5671-5678 (2000).

Geetha, T. et al. Nerve growth factor receptor TrkA, a new receptor in insulin signaling
pathway in PC12 cells. J Biol Chem 288, 23807-23813, d0i:10.1074/jbc.M112.436279
(2013).

Geetha, T., Jiang, J. & Wooten, M. W. Lysine 63 polyubiquitination of the nerve growth
factor receptor TrkA directs internalization and signaling. Mol Cell 20, 301-312,
doi:10.1016/j.molcel.2005.09.014 (2005).

Roux, P. P. & Barker, P. A. Neurotrophin signaling through the p75 neurotrophin
receptor. Prog Neurobiol 67, 203-233 (2002).

Meeker, R. B. & Williams, K. S. The p75 neurotrophin receptor: at the crossroad of
neural repair and death. Neural Regen Res 10, 721-725, doi:10.4103/1673-5374.156967
(2015).

Barrett, G. L. The p75 neurotrophin receptor and neuronal apoptosis. Prog Neurobiol 61,
205-229 (2000).

Chen, Y. et al. Multiple roles of the p75 neurotrophin receptor in the nervous system. J
Int Med Res 37, 281-288, d0i:10.1177/147323000903700201 (2009).

Culmsee, C. et al. Nerve growth factor survival signaling in cultured hippocampal
neurons is mediated through TrkA and requires the common neurotrophin receptor P75.
Neuroscience 115, 1089-1108 (2002).

Turner, B. J. et al. Antisense peptide nucleic acid-mediated knockdown of the p75
neurotrophin receptor delays motor neuron disease in mutant SOD1 transgenic mice. J
Neurochem 87, 752-763 (2003).

Underwood, C. K. & Coulson, E. J. The p75 neurotrophin receptor. Int J Biochem Cell
Biol 40, 1664-1668, d0i:10.1016/j.biocel.2007.06.010 (2008).

Joshi, A. R., Bobylev, 1., Zhang, G., Sheikh, K. A. & Lehmann, H. C. Inhibition of Rho-
kinase differentially affects axon regeneration of peripheral motor and sensory nerves.
Exp Neurol 263, 28-38, doi:10.1016/j.expneurol.2014.09.012 (2015).

Feng, Y., LoGrasso, P. V., Defert, O. & Li, R. Rho Kinase (ROCK) Inhibitors and Their
Therapeutic Potential. J Med Chem 59, 2269-2300, doi:10.1021/acs.jmedchem.5b00683
(2016).

Minase, T., Ishima, T., Itoh, K. & Hashimoto, K. Potentiation of nerve growth factor-
induced neurite outgrowth by the ROCK inhibitor Y-27632: a possible role of IP(3)
receptors. Eur J Pharmacol 648, 67-73, doi:10.1016/j.ejphar.2010.09.007 (2010).
Loirand, G. Rho Kinases in Health and Disease: From Basic Science to Translational
Research. Pharmacol Rev 67, 1074-1095, doi:10.1124/pr.115.010595 (2015).

Gehler, S., Gallo, G., Veien, E. & Letourneau, P. C. p75 Neurotrophin Receptor
Signaling Regulates Growth Cone Filopodial Dynamics through Modulating RhoA
Activity. The Journal of Neuroscience 24, 4363-4372, doi:10.1523/jneurosci.0404-
04.2004 (2004).

Ashford, J. W. et al. What is aging? What is its role in Alzheimer's disease? What can we
do about it? Journal of Alzheimer's Disease 7, 247-253 (2005).

Perl, D. P. Neuropathology of Alzheimer's Disease. Mount Sinai Journal of Medicine: A
Journal of Translational and Personalized Medicine 77, 32-42, doi:10.1002/msj.20157
(2010).

29



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

Kanekiyo, T., Xu, H. & Bu, G. ApoE and A in Alzheimer’s Disease: Accidental
Encounters or Partners? Neuron 81, 740-754,
doi:https://doi.org/10.1016/].neuron.2014.01.045 (2014).

Swerdlow, R. H. Pathogenesis of Alzheimer's disease. Clinical Interventions in Aging 2,
347 (2007).

Mawuenyega, K. G. et al. Decreased clearance of CNS beta-amyloid in Alzheimer's
disease. Science 330, 1774, doi:10.1126/science.1197623 (2010).

Imtiaz, B., Tolppanen, A.-M., Kivipelto, M. & Soininen, H. Future directions in
Alzheimer's disease from risk factors to prevention. Biochemical Pharmacology 88, 661-
670, doi:https://doi.org/10.1016/j.bcp.2014.01.003 (2014).

Schindowski, K., Belarbi, K. & Buee, L. Neurotrophic factors in Alzheimer's disease:
role of axonal transport. Genes Brain Behav 7 Suppl 1, 43-56, doi:10.1111/j.1601-
183X.2007.00378.x (2008).

Levi-Montalcini, R. & Angeletti, P. U. Essential role of the nerve growth factor in the
survival and maintenance of dissociated sensory and sympathetic embryonic nerve cells
in vitro. Dev Biol 6, 653-659 (1963).

Porteri, C. et al. The biomarker-based diagnosis of Alzheimer's disease. 1—ethical and
societal issues. Neurobiology of Aging 52, 132-140,
doi:https://doi.org/10.1016/j.neurobiolaging.2016.07.011 (2017).

Mount, C. & Downton, C. Alzheimer disease: progress or profit? Nat Med 12, 780-784,
d0i:10.1038/nm0706-780 (2006).

Sosa-Ortiz, A. L., Acosta-Castillo, 1. & Prince, M. J. Epidemiology of Dementias and
Alzheimer’s Disease. Archives of Medical Research 43, 600-608,
doi:https://doi.org/10.1016/j.arcmed.2012.11.003 (2012).

Forlenza, O. V., Diniz, B. S. & Gattaz, W. F. Diagnosis and biomarkers of predementia
in Alzheimer's disease. BMC Med 8, 89, d0i:10.1186/1741-7015-8-89 (2010).

Reitz, C. & Mayeux, R. Alzheimer disease: Epidemiology, diagnostic criteria, risk factors
and biomarkers. Biochemical Pharmacology 88, 640-651,
doi:https://doi.org/10.1016/].bcp.2013.12.024 (2014).

Weuve, J., Hebert, L. E., Scherr, P. A. & Evans, D. A. Deaths in the United States among
persons with Alzheimer's disease (2010-2050). Alzheimer's & Dementia 10, e40-e46,
doi:https://doi.org/10.1016/].jalz.2014.01.004 (2014).

Mehta, K. M. & Yeo, G. W. Systematic review of dementia prevalence and incidence in
United States race/ethnic populations. Alzheimer's & Dementia 13, 72-83,
doi:https://doi.org/10.1016/].jalz.2016.06.2360 (2017).

Fletcher, E. et al. p-amyloid, hippocampal atrophy and their relation to longitudinal brain
change in cognitively normal individuals. Neurobiology of Aging 40, 173-180,
doi:https://doi.org/10.1016/j.neurobiolaging.2016.01.133 (2016).

Jack, C. R., Jr. et al. Rates of beta-amyloid accumulation are independent of hippocampal
neurodegeneration. Neurology 82, 1605-1612, doi:10.1212/wnl.0000000000000386
(2014).

Zheng, H. et al. beta-Amyloid precursor protein-deficient mice show reactive gliosis and
decreased locomotor activity. Cell 81, 525-531 (1995).

LaFerla, F. M., Green, K. N. & Oddo, S. Intracellular amyloid-beta in Alzheimer's
disease. Nat Rev Neurosci 8, 499-509, doi:10.1038/nrn2168 (2007).

30


https://doi.org/10.1016/j.neuron.2014.01.045
https://doi.org/10.1016/j.bcp.2014.01.003
https://doi.org/10.1016/j.neurobiolaging.2016.07.011
https://doi.org/10.1016/j.arcmed.2012.11.003
https://doi.org/10.1016/j.bcp.2013.12.024
https://doi.org/10.1016/j.jalz.2014.01.004
https://doi.org/10.1016/j.jalz.2016.06.2360
https://doi.org/10.1016/j.neurobiolaging.2016.01.133

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

Kojro, E. & Fahrenholz, F. The non-amyloidogenic pathway: structure and function of
alpha-secretases. Subcell Biochem 38, 105-127 (2005).

Haass, C. et al. Normal cellular processing of the beta-amyloid precursor protein results
in the secretion of the amyloid beta peptide and related molecules. Ann N Y Acad Sci 695,
109-116 (1993).

Jarrett, J. T., Berger, E. P. & Lansbury, P. T., Jr. The carboxy terminus of the beta
amyloid protein is critical for the seeding of amyloid formation: implications for the
pathogenesis of Alzheimer's disease. Biochemistry 32, 4693-4697 (1993).

St George-Hyslop, P. H. & Petit, A. Molecular biology and genetics of Alzheimer's
disease. C R Biol 328, 119-130 (2005).

Verdier, Y. & Penke, B. Binding sites of amyloid beta-peptide in cell plasma membrane
and implications for Alzheimer's disease. Curr Protein Pept Sci 5, 19-31 (2004).

Cook, D. G. et al. Reduced hippocampal insulin-degrading enzyme in late-onset
Alzheimer's disease is associated with the apolipoprotein E-epsilon4 allele. Am J Pathol
162, 313-319 (2003).

Mandelkow, E.-M. & Mandelkow, E. Tau in Alzheimer's disease. Trends in Cell Biology
8, 425-427, doi:https://doi.org/10.1016/S0962-8924(98)01368-3 (1998).

Yates, D. & McLoughlin, D. M. The molecular pathology of Alzheimer’s disease.
Psychiatry 7, 1-5, doi:https://doi.org/10.1016/j.mppsy.2007.11.009 (2008).
Spires-Jones, Tara L. & Hyman, Bradley T. The Intersection of Amyloid Beta and Tau at
Synapses in Alzheimer’s Disease. Neuron 82, 756-771,
doi:https://doi.org/10.1016/j].neuron.2014.05.004 (2014).

Ballatore, C., Lee, V. M. Y. & Trojanowski, J. Q. Tau-mediated neurodegeneration in
Alzheimer's disease and related disorders. Nat Rev Neurosci 8, 663-672 (2007).
Sergeant, N., Delacourte, A. & Buee, L. Tau protein as a differential biomarker of
tauopathies. Biochim Biophys Acta 1739, 179-197, doi:10.1016/j.bbadis.2004.06.020
(2005).

Bradshaw, R. A. et al. NGF and ProNGF: Regulation of neuronal and neoplastic
responses through receptor signaling. Adv Biol Regul 58, 16-27,
d0i:10.1016/j.jbior.2014.11.003 (2015).

Chao, M. V. & Bothwell, M. Neurotrophins: to cleave or not to cleave. Neuron 33, 9-12
(2002).

Lee, R., Kermani, P., Teng, K. K. & Hempstead, B. L. Regulation of Cell Survival by
Secreted Proneurotrophins. Science 294, 1945-1948, doi:10.1126/science.1065057
(2001).

Kolbeck, R., Jungbluth, S. & Barde, Y. A. Characterisation of neurotrophin dimers and
monomers. Eur J Biochem 225, 995-1003 (1994).

Suter, U., Heymach, J. V. & Shooter, E. M. Two conserved domains in the NGF
propeptide are necessary and sufficient for the biosynthesis of correctly processed and
biologically active NGF. The EMBO Journal 10, 2395-2400 (1991).

Farhadi, H. F. et al. Neurotrophin-3 sorts to the constitutive secretory pathway of
hippocampal neurons and is diverted to the regulated secretory pathway by coexpression
with brain-derived neurotrophic factor. J Neurosci 20, 4059-4068 (2000).

Rattenholl, A. et al. The pro-sequence facilitates folding of human nerve growth factor
from Escherichia coli inclusion bodies. European Journal of Biochemistry 268, 3296-
3303, d0i:10.1046/j.1432-1327.2001.02232.x (2001).

31


https://doi.org/10.1016/S0962-8924(98)01368-3
https://doi.org/10.1016/j.mppsy.2007.11.009
https://doi.org/10.1016/j.neuron.2014.05.004

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

Friedman, W. J. Neurotrophins induce death of hippocampal neurons via the p75
receptor. J Neurosci 20, 6340-6346 (2000).

Kaplan, D. R. & Miller, F. D. Neurotrophin signal transduction in the nervous system.
Curr Opin Neurobiol 10, 381-391 (2000).

Edwards, R. H., Selby, M. J. & Rutter, W. J. Differential RNA splicing predicts two
distinct nerve growth factor precursors. Nature 319, 784-787, doi:10.1038/319784a0
(1986).

Edwards, R. H. et al. Processing and secretion of nerve growth factor: expression in
mammalian cells with a vaccinia virus vector. Mol Cell Biol 8, 2456-2464 (1988).

Barde, Y. A. Neurotrophic factors: an evolutionary perspective. J Neurobiol 25, 1329-
1333, doi:10.1002/neu.480251102 (1994).

McDonald, N. Q. et al. New protein fold revealed by a 2.3-A resolution crystal structure
of nerve growth factor. Nature 354, 411-414, doi:10.1038/354411a0 (1991).

Kliemannel, M. et al. The mature part of proNGF induces the structure of its pro-peptide.
FEBS Letters 566, 207-212, d0i:10.1016/j.febslet.2004.04.034 (2004).

Fahnestock, M. et al. The nerve growth factor precursor proNGF exhibits neurotrophic
activity but is less active than mature nerve growth factor. Journal of Neurochemistry 89,
581-592, d0i:10.1111/j.1471-4159.2004.02360.x (2004).

Ibanez, C. F. Structure-function relationships in the neurotrophin family. J Neurobiol 25,
1349-1361, doi:10.1002/neu.480251104 (1994).

Levi-Montalcini, R. The nerve growth factor 35 years later. Science 237, 1154-1162
(1987).

da Penha Berzaghi, M. et al. Cholinergic regulation of brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF) but not neurotrophin-3 (NT-3) mRNA levels in
the developing rat hippocampus. J Neurosci 13, 3818-3826 (1993).

Thoenen, H., Zafra, F., Hengerer, B. & Lindholm, D. The synthesis of nerve growth
factor and brain-derived neurotrophic factor in hippocampal and cortical neurons is
regulated by specific transmitter systems. Ann N Y Acad Sci 640, 86-90 (1991).

Kaplan, D. R., Martin-Zanca, D. & Parada, L. F. Tyrosine phosphorylation and tyrosine
Kinase activity of the trk proto-oncogene product induced by NGF. Nature 350, 158-160,
d0i:10.1038/350158a0 (1991).

Greene, L. A. & Kaplan, D. R. Early events in neurotrophin signalling via Trk and p75
receptors. Current Opinion in Neurobiology 5, 579-587,
doi:https://doi.org/10.1016/0959-4388(95)80062-X (1995).

Greene, L. A. & Tischler, A. S. PC12 Pheochromocytoma Cultures in Neurobiological
Research. Advances in Cellular Neurobiology 3, 373-414,
doi:http://dx.doi.org/10.1016/B978-0-12-008303-9.50016-5 (1982).

Huang, E. J. & Reichardt, L. F. Trk receptors: roles in neuronal signal transduction. Annu
Rev Biochem 72, 609-642, doi:10.1146/annurev.biochem.72.121801.161629 (2003).
Martin-Zanca, D., Barbacid, M. & Parada, L. F. Expression of the trk proto-oncogene is
restricted to the sensory cranial and spinal ganglia of neural crest origin in mouse
development. Genes Dev 4, 683-694 (1990).

Holtzman, D. M. et al. p140trk mRNA marks NGF-responsive forebrain neurons:
evidence that trk gene expression is induced by NGF. Neuron 9, 465-478 (1992).

Chao, M. V. & Hempstead, B. L. p75 and Trk: a two-receptor system. Trends Neurosci
18, 321-326 (1995).

32


https://doi.org/10.1016/0959-4388(95)80062-X
http://dx.doi.org/10.1016/B978-0-12-008303-9.50016-5

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

Urfer, R. et al. High resolution mapping of the binding site of TrkA for nerve growth
factor and TrkC for neurotrophin-3 on the second immunoglobulin-like domain of the
Trk receptors. J Biol Chem 273, 5829-5840 (1998).

Ultsch, M. H. et al. Crystal structures of the neurotrophin-binding domain of TrkA, TrkB
and TrkC1. Journal of Molecular Biology 290, 149-159,
doi:https://doi.org/10.1006/jmbi.1999.2816 (1999).

Robertson, A. G. S. et al. Identification and Structure of the Nerve Growth Factor
Binding Site on TrkA. Biochemical and Biophysical Research Communications 282, 131-
141, doi:http://dx.doi.org/10.1006/bbrc.2001.4462 (2001).

Barker, P. A. et al. Tissue-specific alternative splicing generates two isoforms of the trkA
receptor. Journal of Biological Chemistry 268, 15150-15157 (1993).

Clary, D. O. & Reichardt, L. F. An alternatively spliced form of the nerve growth factor
receptor TrkA confers an enhanced response to neurotrophin 3. Proc Natl Acad Sci U S A
91, 11133-11137 (1994).

Wiesmann, C., Ultsch, M. H., Bass, S. H. & de Vos, A. M. Crystal structure of nerve
growth factor in complex with the ligand-binding domain of the TrkA receptor. Nature
401, 184-188, doi:10.1038/43705 (1999).

Costantini, C., Weindruch, R., Della Valle, G. & Puglielli, L. A TrkA-to-p75NTR
molecular switch activates amyloid beta-peptide generation during aging. Biochem J 391,
59-67, doi:10.1042/BJ20050700 (2005).

Ginsberg, S. D., Che, S., Wuu, J., Counts, S. E. & Mufson, E. J. Down regulation of trk
but not p75NTR gene expression in single cholinergic basal forebrain neurons mark the
progression of Alzheimer's disease. J Neurochem 97, 475-487, doi:10.1111/j.1471-
4159.2006.03764.x (2006).

Mufson, E. J. & Kordower, J. H. Cortical neurons express nerve growth factor receptors
in advanced age and Alzheimer disease. Proceedings of the National Academy of
Sciences 89, 569-573 (1992).

Cunningham, M. E., Stephens, R. M., Kaplan, D. R. & Greene, L. A.
Autophosphorylation of activation loop tyrosines regulates signaling by the TRK nerve
growth factor receptor. J Biol Chem 272, 10957-10967 (1997).

Kaplan, D. R. & Stephens, R. M. Neurotrophin signal transduction by the Trk receptor. J
Neurobiol 25, 1404-1417, doi:10.1002/neu.480251108 (1994).

Yoon, S. O., Casaccia-Bonnefil, P., Carter, B. & Chao, M. V. Competitive signaling
between TrkA and p75 nerve growth factor receptors determines cell survival. J Neurosci
18, 3273-3281 (1998).

Ehlers, M. D., Kaplan, D. R., Price, D. L. & Koliatsos, V. E. NGF-stimulated retrograde
transport of trkA in the mammalian nervous system. The Journal of Cell Biology 130,
149-156, doi:10.1083/jcb.130.1.149 (1995).

Watson, F. L. et al. Rapid Nuclear Responses to Target-Derived Neurotrophins Require
Retrograde Transport of Ligand—Receptor Complex. The Journal of Neuroscience 19,
7889-7900 (1999).

Meakin, S. O. & Shooter, E. M. The nerve growth factor family of receptors. Trends
Neurosci 15, 323-331 (1992).

Mahadeo, D., Kaplan, L., Chao, M. V. & Hempstead, B. L. High affinity nerve growth
factor binding displays a faster rate of association than p140trk binding. Implications for
multi-subunit polypeptide receptors. J Biol Chem 269, 6884-6891 (1994).

33


https://doi.org/10.1006/jmbi.1999.2816
http://dx.doi.org/10.1006/bbrc.2001.4462

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

Jonnala, R. R. & Buccafusco, J. J. Inhibition of nerve growth factor signaling by
peroxynitrite. J Neurosci Res 63, 27-34, d0i:10.1002/1097-4547(20010101)63:1<27::aid-
jnr4>3.0.co;2-# (2001).

Fahnestock, M., Yu, G. & Coughlin, M. D. ProNGF: a neurotrophic or an apoptotic
molecule? Progress in Brain Research 146, 101-110,
doi:http://dx.doi.org/10.1016/S0079-6123(03)46007-X (2004).

Nykjaer, A. et al. Sortilin is essential for proNGF-induced neuronal cell death. Nature
427, 843-848, doi:10.1038/nature02319 (2004).

Kliemannel, M., Golbik, R., Rudolph, R., Schwarz, E. & Lilie, H. The pro-peptide of
proNGF: Structure formation and intramolecular association with NGF. Protein Science
16, 411-419, doi:10.1110/ps.062376207 (2007).

Bruno, M. A. & Cuello, A. C. Activity-dependent release of precursor nerve growth
factor, conversion to mature nerve growth factor, and its degradation by a protease
cascade. Proceedings of the National Academy of Sciences 103, 6735-6740,
d0i:10.1073/pnas.0510645103 (2006).

Johnson, D. et al. Expression and structure of the human NGF receptor. Cell 47, 545-554,
doi:10.1016/0092-8674(86)90619-7.

Grob, P. M., Ross, A. H., Koprowski, H. & Bothwell, M. Characterization of the human
melanoma nerve growth factor receptor. Journal of Biological Chemistry 260, 8044-8049
(1985).

Coulson, E. J. Does the p75 neurotrophin receptor mediate Abeta-induced toxicity in
Alzheimer's disease? J Neurochem 98, 654-660, doi:10.1111/j.1471-4159.2006.03905.x
(2006).

Liepinsh, E., llag, L. L., Otting, G. & Ibanez, C. F. NMR structure of the death domain of
the p75 neurotrophin receptor. EMBO J 16, 4999-5005, doi:10.1093/embo0j/16.16.4999
(1997).

Coulson, E. J. et al. The role of neurotransmission and the Chopper domain in p75
neurotrophin receptor death signaling. Prog Brain Res 146, 41-62, doi:10.1016/S0079-
6123(03)46003-2 (2004).

Nykjaer, A., Willnow, T. E. & Petersen, C. M. p75NTR--live or let die. Curr Opin
Neurobiol 15, 49-57, doi:10.1016/j.conb.2005.01.004 (2005).

Dechant, G. & Barde, Y.-A. The neurotrophin receptor p75NTR: novel functions and
implications for diseases of the nervous system. Nat Neurosci 5, 1131-1136 (2002).
Gentry, J. J., Barker, P. A. & Carter, B. D. The p75 neurotrophin receptor: multiple
interactors and numerous functions. Prog Brain Res 146, 25-39, doi:10.1016/S0079-
6123(03)46002-0 (2004).

Diarra, A., Geetha, T., Potter, P. & Babu, J. R. Signaling of the neurotrophin receptor p75
in relation to Alzheimer's disease. Biochem Biophys Res Commun 390, 352-356,
d0i:10.1016/j.bbrc.2009.09.116 (2009).

Wong, S. T. etal. A p75(NTR) and Nogo receptor complex mediates repulsive signaling
by myelin-associated glycoprotein. Nat Neurosci 5, 1302-1308, doi:10.1038/nn975
(2002).

Davies, A. M. Nerve growth factor synthesis and nerve growth factor receptor expression
in neural development. Int Rev Cytol 128, 109-138 (1991).

34


http://dx.doi.org/10.1016/S0079-6123(03)46007-X

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

Lowry, K. S. et al. A potential role for the p75 low-affinity neurotrophin receptor in
spinal motor neuron degeneration in murine and human amyotrophic lateral sclerosis.
Amyotroph Lateral Scler Other Motor Neuron Disord 2, 127-134 (2001).

Lee, T. H., Abe, K., Kogure, K. & Itoyama, Y. Expressions of nerve growth factor and
p75 low affinity receptor after transient forebrain ischemia in gerbil hippocampal CA1
neurons. J Neurosci Res 41, 684-695, doi:10.1002/jnr.490410515 (1995).

Vilar, M. et al. Activation of the p75 neurotrophin receptor through conformational
rearrangement of disulphide-linked receptor dimers. Neuron 62, 72-83,
doi:10.1016/j.neuron.2009.02.020 (2009).

Troy, C. M., Friedman, J. E. & Friedman, W. J. Mechanisms of p75-mediated death of
hippocampal neurons. Role of caspases. J Biol Chem 277, 34295-34302,
d0i:10.1074/jbc.M205167200 (2002).

Barker, P. A. p75NTR is positively promiscuous: novel partners and new insights.
Neuron 42, 529-533, doi:10.1016/j.neuron.2004.04.001 (2004).

Mukai, J. et al. NADE, a p75NTR-associated cell death executor, is involved in signal
transduction mediated by the common neurotrophin receptor p75NTR. J Biol Chem 275,
17566-17570, doi:10.1074/jbc.C000140200 (2000).

Bronfman, F. C. & Fainzilber, M. Multi-tasking by the p75 neurotrophin receptor: sortilin
things out? EMBO Rep 5, 867-871, doi:10.1038/sj.embor.7400219 (2004).

Sykes, A. M. et al. The Effects of Transmembrane Sequence and Dimerization on
Cleavage of the p75 Neurotrophin Receptor by y-Secretase. Journal of Biological
Chemistry 287, 43810-43824, doi:10.1074/jbc.M112.382903 (2012).

Jung, K.-M. et al. Regulated Intramembrane Proteolysis of the p75 Neurotrophin
Receptor Modulates Its Association with the TrkA Receptor. Journal of Biological
Chemistry 278, 42161-42169, doi:10.1074/jbc.M306028200 (2003).

Sotthibundhu, A. et al. Beta-amyloid(1-42) induces neuronal death through the p75
neurotrophin receptor. J Neurosci 28, 3941-3946, doi:10.1523/JNEUROSCI.0350-
08.2008 (2008).

Chakravarthy, B. et al. Hippocampal membrane-associated p75NTR levels are increased
in Alzheimer's disease. J Alzheimers Dis 30, 675-684, doi:10.3233/JAD-2012-120115
(2012).

Yaar, M. et al. Binding of beta-amyloid to the p75 neurotrophin receptor induces
apoptosis. A possible mechanism for Alzheimer's disease. J Clin Invest 100, 2333-2340,
doi:10.1172/JC1119772 (1997).

Podlesniy, P. et al. Pro-NGF from Alzheimer's Disease and Normal Human Brain
Displays Distinctive Abilities to Induce Processing and Nuclear Translocation of
Intracellular Domain of p75NTR and Apoptosis. The American Journal of Pathology
169, 119-131, doi:http://dx.doi.org/10.2353/ajpath.2006.050787 (2006).

Volosin, M. et al. Interaction of Survival and Death Signaling in Basal Forebrain
Neurons: Roles of Neurotrophins and Proneurotrophins. The Journal of Neuroscience 26,
7756-7766, doi:10.1523/jneurosci.1560-06.2006 (2006).

Al-Shawi, R. et al. Neurotoxic and neurotrophic roles of proNGF and the receptor sortilin
in the adult and ageing nervous system. The European journal of neuroscience 27, 2103-
2114, doi:10.1111/j.1460-9568.2008.06152.x (2008).

35


http://dx.doi.org/10.2353/ajpath.2006.050787

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

Volosin, M. et al. Induction of proneurotrophins and activation of p75NTR-mediated
apoptosis via neurotrophin receptor-interacting factor in hippocampal neurons after
seizures. J Neurosci 28, 9870-9879, doi:10.1523/JNEUROSCI.2841-08.2008 (2008).
Bhakar, A. L. et al. Apoptosis induced by p75NTR overexpression requires Jun kKinase-
dependent phosphorylation of Bad. J Neurosci 23, 11373-11381 (2003).

Kenchappa, R. S. et al. Ligand-Dependent Cleavage of the P75 Neurotrophin Receptor Is
Necessary for NRIF Nuclear Translocation and Apoptosis in Sympathetic Neurons.
Neuron 50, 219-232, doi:10.1016/j.neuron.2006.03.011.

Salehi, A. H., Xanthoudakis, S. & Barker, P. A. NRAGE, a p75 Neurotrophin Receptor-
interacting Protein, Induces Caspase Activation and Cell Death through a JNK-dependent
Mitochondrial Pathway. Journal of Biological Chemistry 277, 48043-48050,
d0i:10.1074/jbc.M205324200 (2002).

Harrington, A. W., Kim, J. Y. & Yoon, S. O. Activation of Rac GTPase by p75 Is
Necessary for c-<em>jun</em> N-Terminal Kinase-Mediated Apoptosis. The Journal of
Neuroscience 22, 156-166 (2002).

Harrington, A. W. et al. Secreted proNGF is a pathophysiological death-inducing ligand
after adult CNS injury. Proceedings of the National Academy of Sciences of the United
States of America 101, 6226-6230, doi:10.1073/pnas.0305755101 (2004).

Peng, S., Wuu, J., Mufson, E. J. & Fahnestock, M. Increased proNGF levels in subjects
with mild cognitive impairment and mild Alzheimer disease. J Neuropathol Exp Neurol
63, 641-649 (2004).

Pedraza, C. E. et al. Pro-NGF Isolated from the Human Brain Affected by Alzheimer's
Disease Induces Neuronal Apoptosis Mediated by p75NTR. The American Journal of
Pathology 166, 533-543, doi:http://dx.doi.org/10.1016/S0002-9440(10)62275-4 (2005).
Schmandke, A., Schmandke, A. & Strittmatter, S. M. ROCK and Rho: biochemistry and
neuronal functions of Rho-associated protein kinases. The Neuroscientist 13, 454-469
(2007).

Stankiewicz, T. R. & Linseman, D. A. Rho family GTPases: key players in neuronal
development, neuronal survival, and neurodegeneration. Front Cell Neurosci 8, 314
(2014).

Hakoshima, T., Shimizu, T. & Maesaki, R. Structural basis of the Rho GTPase signaling.
Journal of biochemistry 134, 327-331 (2003).

Mueller, B. K., Mack, H. & Teusch, N. Rho kinase, a promising drug target for
neurological disorders. Nature reviews Drug discovery 4, 387-398 (2005).

Ihara, K. et al. Crystal structure of human RhoA in a dominantly active form complexed
with a GTP analogue. Journal of Biological Chemistry 273, 9656-9666 (1998).
Adamson, P., Marshall, C. J., Hall, A. & Tilbrook, P. A. Post-translational modifications
of p21rho proteins. J Biol Chem 267, 20033-20038 (1992).

Matsui, T. et al. Rho-associated kinase, a novel serine/threonine kinase, as a putative
target for small GTP binding protein Rho. The EMBO Journal 15, 2208-2216 (1996).
Nakagawa, O. et al. ROCK-I and ROCK-II, two isoforms of Rho-associated coiled-coil
forming protein serine/threonine kinase in mice. FEBS letters 392, 189-193 (1996).
Leung, T., Manser, E., Tan, L. & Lim, L. A novel serine/threonine kinase binding the
Ras-related RhoA GTPase which translocates the kinase to peripheral membranes.
Journal of Biological Chemistry 270, 29051-29054 (1995).

36


http://dx.doi.org/10.1016/S0002-9440(10)62275-4

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

Riento, K. & Ridley, A. J. Rocks: multifunctional kinases in cell behaviour. Nature
reviews Molecular cell biology 4, 446-456 (2003).

Amano, M. et al. The COOH terminus of Rho-kinase negatively regulates rho-kinase
activity. Journal of Biological Chemistry 274, 32418-32424 (1999).

Chen, X.-q. et al. Characterization of RhoA-binding Kinase ROKa Implication of the
Pleckstrin Homology Domain in ROKa Function Using Region-specific Antibodies.
Journal of Biological Chemistry 277, 12680-12688, doi:10.1074/jbc.M109839200
(2002).

Hashimoto, R. et al. Distribution of Rho-kinase in the bovine brain. Biochem Biophys Res
Commun 263, 575-579, doi:10.1006/bbrc.1999.1409 (1999).

Duffy, P. et al. Rho-associated kinase Il (ROCKII) limits axonal growth after trauma
within the adult mouse spinal cord. J Neurosci 29, 15266-15276,
doi:10.1523/jneurosci.4650-09.2009 (2009).

Yamashita, T., Tucker, K. L. & Barde, Y.-A. Neurotrophin Binding to the p75 Receptor
Modulates Rho Activity and Axonal Outgrowth. Neuron 24, 585-593,
doi:https://doi.org/10.1016/S0896-6273(00)81114-9 (1999).

Yamashita, T. & Tohyama, M. The p75 receptor acts as a displacement factor that
releases Rho from Rho-GDI. Nature neuroscience 6, 461-467 (2003).

Sasaki, T. & Takali, Y. The Rho small G protein family-Rho GDI system as a temporal
and spatial determinant for cytoskeletal control. Biochem Biophys Res Commun 245, 641-
645, doi:10.1006/bbrc.1998.8253 (1998).

Domeniconi, M. et al. MAG Induces Regulated Intramembrane Proteolysis of the p75
Neurotrophin Receptor to Inhibit Neurite Outgrowth. Neuron 46, 849-855,
d0i:10.1016/j.neuron.2005.05.029.

Kanning, K. C. et al. Proteolytic processing of the p75 neurotrophin receptor and two
homologs generates C-terminal fragments with signaling capability. J Neurosci 23, 5425-
5436 (2003).

Koch, J. C. et al. ROCK?2 is a major regulator of axonal degeneration, neuronal death and
axonal regeneration in the CNS. Cell Death Dis 5, e1225, doi:10.1038/cddis.2014.191
(2014).

Dergham, P. et al. Rho signaling pathway targeted to promote spinal cord repair. Journal
of Neuroscience 22, 6570-6577 (2002).

Fournier, A. E., Takizawa, B. T. & Strittmatter, S. M. Rho kinase inhibition enhances
axonal regeneration in the injured CNS. Journal of Neuroscience 23, 1416-1423 (2003).
Tanaka, H. et al. Cytoplasmic p21 Cipl/WAF1 enhances axonal regeneration and
functional recovery after spinal cord injury in rats. Neuroscience 127, 155-164 (2004).
Zhou, Y. et al. Nonsteroidal anti-inflammatory drugs can lower amyloidogenic AR42 by
inhibiting Rho. Science 302, 1215-1217 (2003).

37


https://doi.org/10.1016/S0896-6273(00)81114-9

CHAPTER 3: Pro-Nerve Growth Factor Induced RhoA Kinase Activation in PC12 cells
3.1 Introduction

Alzheimer’s disecase (AD) is an age-related, neurological disorder characterized by
irreversible and progressive neurodegeneration leading to cognitive and behavioral deficits.!
Nerve growth factor (NGF) is a neurotrophin that regulates survival, maturation, and
differentiation of neurons.? Pro-nerve growth factor (proNGF) is the precursor form of NGF,
which is cleaved by the matrix metalloproteinase-7 (MMP-7) into NGF.2 In contrast to mature
NGF, proNGF selectively binds neurotrophin receptor p75 (p75N™R) to elicit pro-apoptotic
responses.*® Peroxynitrite, a reactive oxygen species found to mediate oxidative damage in AD
brain tissues, impairs the activity of MMP-7 and leads to proNGF accumulation.®® Both, the
concentration of proNGF/NGF and expression of their relative receptors, determine the balance
between cell survival and cell death in the nervous system.%10

p75NTR is single-chain transmembrane receptor of the TNF family that is best known for
mediating neural cell death during development as well as in the adult brain following injury and
disease.!14 p75NTR favorably binds proNGF and forms a heterotrimeric signaling complex with
sortilin. > Activation and cleavage of p75NR leads to ubiquitination and nuclear translocation of
NRIF, phosphorylation of JNK, phosphorylation and oligomerization of the BH3-domain-only
family member (Bad), and activation of caspases 9, 6, and 3.151% As p75N™R has no intrinsic
enzymatic activity it depends on several interacting proteins to propagate downstream signaling
cascades. 20-2

RhoA GTPase was discovered to be a p75N™R interacting protein and a necessary
component of JINK activation in p75N™R mediated apoptosis.?®?* RhoA is a major small GTPase

that acts as a molecular switch between pro-survival and pro-death responses to neurotrophins
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and neurodegenerative insults.?®> p75NTR activation of RhoA results in neuronal death via
activation of JNK and p38MAPK signaling cascade.?®?® Modulation of the RhoA/ROCK
pathway is believed to have potential therapeutic applicability in a wide variety of CNS
pathologies.3%3! ROCK inhibitor Y-27632, has shown to promote axonal regeneration and
neurite outgrowth in several cell lines.3032:33

Previous research in our lab found the expression of proNGF was significantly increased
and NGF level was decreased in AD human hippocampal brain tissue when compared to
control.3* We also discovered that the AD human hippocampal samples had decreased MMP-7
expression as compared with controls.>* As MMP-7 cleaves proNGF into mature NGF, this
impairment may augment the accumulation of proNGF in AD condition. In addition, p75NTR
expression was observed to be greater in AD as compared to control.>* ProNGF has great affinity
to bind p75NTR and induce apoptosis via activation of INK pathway.% In this study, we aimed to
elucidate the molecular events by which proNGF contributes to AD-induced neurodegeneration
by mimicking overexpression of proNGF in PC12 cell models. In particular, we examined the
role of RhoA kinase activation as a downstream signaling pathway in response to proNGF. We
demonstrate that inhibition of RhoA kinase reduced p75N™ expression, JINK phosphorylation,
and restored cell viability.
3.2 Materials and Methods
3.2.1 Reagents and Antibodies

Anti-p75NTR was purchased from Promega (Madison, WI). Anti-RhoA and agarose
conjugated rhotekin-RBD were purchased from Millipore (Billerica, MA). Phospho-p38MAPK
and non-phospho p38 MAPK antibodies, JNK and phospho JNK, cleaved caspase-3 antibodies

were purchased from Cell signaling (Danvers, MA). Cleaved PARP antibody was obtained from
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BD Bioscience Pharmingen (San Diego, CA). ProNGF was obtained from Alomon (Israel), NGF
from Bioproducts for science (Indianapolis, IN), and Y-27632 (Rho kinase inhibitor) was
purchased from Cayman Chemical Company (Ann Arbor, MI). Enhanced chemiluminescence
was from Thermo Scientific (Waltham, MA) and all other reagents were obtained from Sigma-
Aldrich.
3.2.2 Brain tissue

The human brain tissues used in this study were obtained from Emory University
Alzheimer’s Disease Center Brain Bank (Atlanta, GA, USA). Frozen samples of hippocampus
from six AD cases aged 58 - 90 (mean = 69) and 6 control subjects aged 59 - 94 (mean = 70)
were used for this study. The same brain tissues were used in Zheng et al., 2015.3
3.2.3 Cell Culture

PC12 rat pheochromocytoma cells (ImL) were cultured in Dulbecco’s modified Eagle’s
media supplemented (DMEM) with 10% heat-inactivated horse serum, 5% fetal bovine serum,
and antibiotics (100 units/mL; streptomycin and penicillin) (9mL) on 100mm plates coated
with150 pl Type I collagen. Cells were incubated at 37°C in a humidified atmosphere containing
5% CO2 and 95% air. Cell culture medium was changed once a week. The cells were treated
with proNGF (50 ng/ml) or NGF (50 ng/ml) in starved media overnight at 37°C before cell lysis.
To study Y-27632 (ROCK inhibitor) effects on proNGF stimulation, cells were treated with
proNGF (50 ng/ml) in the presence or absence of Y-27632 (1 uM) overnight at 37°C before cell
lysis.
3.2.4 Western blotting analysis

At end of treatments cell were lysed with HEPES lysis buffer (50 mM HEPES [pH 7.6],

150 mM NacCl, 20 mM sodium pyrophosphate, 10 mM NaF, 20 mM beta-glycerophosphate, 1%
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Triton, 10 ug/ml leupeptin, 10 pg/ml aprotinin, I mM NasVOs, and 1 mM PMSF). The protein
concentrations were analyzed using the Bradford procedure (Bio-Rad, Hercules, CA) using
bovine serum albumin as a standard for all samples. The samples were boiled in sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and resolved on SDS-
PAGE gels, transferred onto polyvinylidene difluoride membrane, and analyzed by western
blotting with appropriate antibodies.
3.2.5 RhoA Kkinase activity

RhoA kinase activity was determined by pull down assay. Brain homogenates or PC12
cell lysates were incubated with agarose conjugated rhotekin RBD agarose beads for 45 min at
4°C and washed three times with lysis buffer. The beads were boiled with SDS-PAGE sample
buffer to release active RhoA. Bound RhoA was detected by Western bloting with anti-RhoA
antibody.
3.2.6 Cell Viability

PC12 cells were treated with proNGF (50 ng/ml) or NGF (50 ng/ml) in starved media for
24 h. Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra zolium
bromide (MTT) assay. MTT is a tetrazolium salt undergoes reduction by metabolically viable
cells to a colored, formazan salt. The MTT assay was analyzed with the CellTiter96 Aqueous
One Solution Cell Proliferation Assay Kit (Promega, Madison, WI) according to the
manufacturer’s protocol. The results are represented as percentage of surviving neurons relative
to control values (untreated serum-deprived cells, 100%).

3.2.7 Statistical analysis

All quantitative data is expressed as mean * standard errors of the mean (SEM).

Differences among groups were evaluated by ANOVA followed by Tukey-Kramer Multiple

41



comparison test (Graphpad Prism). Statistical significance was defined as P<0.0001.
3.3 Results
3.3.1 ProNGF increased expression of p75N™R and activation of Rho

The effect of proNGF signaling is dependent upon the expression levels of p75N™R, Our
lab has previously noted that AD hippocampal brain tissue expressed greater levels of p75NTR
compared to control.3* Therefore, as the first step, we evaluated whether proNGF stimulation can
increase the expression of p75NTR, PC12 cells were treated overnight with vehicle, proNGF or
NGF. The cells were lysed and Western blotted with p75NTR and actin antibodies. Figure 2A,
shows that cells treated with proNGF upregulated the expression of p75N™R compared to control
and NGF treated cells. Actin levels were determined as positive control to check equal loading of
all the samples. p75N™R lacks intrinsic enzymatic activity and thus relies on several binding
proteins for signal transduction to secondary messengers.%® RhoA GTPase was identified as such
a protein.?* Therefore, we examined the activation of RhoA kinase pathway implicated in
neuronal death. PC12 cells treated with vehicle, proNGF or NGF were subjected to pull down
assay and Western blotted with Rho antibody. As shown in figure 2B, activation of Rho kinase
was increased in proNGF stimulated cells compared to control and NGF. The expression of total
Rho was equal in all the cell lysates. In addition to this, we also examined the Rho kinase activity
in AD disease brain since proNGF and p75N™R was increased in those tissues. We used 6
postmortem control aged human hippocampal and 6 postmortem AD human hippocampal
samples.3* The activation of Rho kinase activity was determined by pull down assay in the tissue
homogenates. As shown in figure 2C, the Rho kinase was activated in AD and not in control
brain hippocampus. The expression of total Rho was equal in control and AD brain homogenates

as shown by Western blot.
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3.3.2 ProNGF induced activation of JINK, p38 MAPK pathway and expression of apoptotic
markers in PC12 cells

As both levels of p75N™R and RhoA kinase activity were elevated in proNGF treated cell
cultures, we investigated the activation of p38/JNK MAPK as a common signaling pathway
implicated in neuronal death. Overexpression of p75N™R has been shown to constitutively
activate RhoA resulting in neuronal death via activation of p38/JNK MAPK pathways.?*3” PC12
cell lysates stimulated overnight with vehicle, proNGF or NGF. The cell lysates were Western
blotted with JNK/p38 MAPK or its specific-phospho antibodies. The results suggest that
phosphorylation of JNK and p38 MAPK was increased by proNGF than control or NGF treated
cells (Fig. 3A and B). The same lysates were also analyzed for apoptotic markers such as cleaved
PARP and caspase-3. The expression level of cleaved PARP and caspase-3 was increased in
cells treated with proNGF compared with control or NGF treated cells. (Fig. 3C).
3.3.3 Inhibition of Rho activation reduced the expression of p75N™R in PC12 cells

The expression of p75N™R is increased in AD and by overexpression of proNGF (Fig.
2A). The increased expression of proNGF and p75N™R in turn activates RhoA kinase (Fig. 2B and
C). We further want to determine whether inhibiting Rho kinase activity will reduce the
expression of p75NTR. We pretreated the PC12 cells overnight with proNGF, Rho kinase
inhibitor, Y-27632 or both. The cell lysates were Western blotted with p75N™ and actin
antibodies (Fig. 4A). The expression of p75N™ was reduced by attenuating the Rho kinase
activity. Activation of Rho kinase in these same lysates was also detected by pull down assay.
Figure 3b, suggests that RhoA kinase activity was reduced by the addition of Y-27632. This

clearly explains that Rho kinase activity causes the increase in the expression of p75NTR,
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3.3.4 Inhibition of Rho activation reduced the activation of INK, p38 MAPK and apoptotic
markers expression

Next, we determined whether attenuating the Rho kinase activity will block the
phosphorylation of JNK and p38 MAPK. The cell lysates treated with either proNGF, Y-27632
or both were Western blotted with phospho and non-phospho antibodies of JINK and p38 MAPK
antibodies. The Rho kinase inhibitor Y-27632 reduced the activation of JNK and p38 MAPK
compared to proNGF alone treated cells (Fig. 5A and B). In addition to this the expression of
cleaved-PARP and caspase-3 was also reduced by the Rho kinase inhibitor as shown in figure
5C.
3.3.5 ProNGF induced death was blocked by inhibiting Rho activation in PC12 cells

ProNGF binding to p75NTR elicits neuron apoptosis via activation of INK pathway.!” We
found overexpression of proNGF induced expression of p75N™ and subsequent p38/JINK MAPK
pathway via RhoA activation (Fig.2-3). Rho inhibitor Y-27632 was found to reduce expression
of p75NTR and mitigate activation of p38/INK MAPK (Fig.4-5). We wanted to determine
whether proNGF leads to cell death by inducing Rho kinase activity. PC12 cells are grown
normally in DMEM containing serum, however deprivation of serum for 24 h induces cell death.
(A) PC12 cells were treated with proNGF (50ng/mL) or NGF (50 ng/mL) overnight. (B) PC12
cells were treated overnight with either proNGF (50 ng/mL) or Rho kinase inhibitor, Y-27632 (1
uM) or both. Cell viability was measured biochemically using the MTT assay. NGF treatment
protected PC12 cells from death on serum deprivation, whereas proNGF significantly increases
cell death (Fig. 6A). Addition of Rho kinase inhibitor Y-27632 along with proNGF protected
serum-starved PC12 cells from cell death (Fig. 6B). Taken together, these findings suggest that

proNGF induces cell death through activation of Rho kinase.
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3.4 Discussion

In AD, the levels of proNGF are increased in a stage-dependent manner correlating with
neuronal death of the hippocampal, cortical, and basal forebrain cholinergic neurons.32°
Previously our lab found the expression of proNGF was greater than NGF in AD human
hippocampal brain samples. Furthermore, the expression of the proNGF converting enzyme,
MMP-7, was reduced, resulting in proNGF accumulation.3* Although it has been documented
that proNGF can promote neuronal apoptosis through binding p75N™R, the exact molecular events
by which proNGF mediates its apoptotic action is not fully understood.*?

Our intention was to expand on previous findings by investigating the molecular events
by which proNGF contributes to AD-induced neurodegeneration. p75NR serves as a high affinity
receptor for proNGF and elicits apoptosis via JNK activation.** We mimicked AD
overexpression of proNGF in PC12 cell models and analyzed activity of downstream signaling
proteins. In particular, we examined the role of RhoA Kkinase activation as a downstream
signaling pathway in response to proNGF.

PC12 cells treated with proNGF exhibited increased expression of p75NTR and activity of
RhoA as compared to those treated with NGF or control. This is in agreement with previous
reports that p75NTR constitutively activates RhoA.?"3” RhoA activity was also found to be greater
in AD human hippocampal samples as compared to age-matched healthy control samples. Thus,
proNGF stimulation leads to over expression of p75N™R resulting in increased RhoA activity in
vitro and in vivo. In addition, phosphorylation and activation of INK, p38 MAPK, and apoptotic
markers PARP, and caspase-3 was significantly increased in proNGF treated cell cultures.
Together, these results indicate proNGF stimulation of p75NTR elicits death signaling by way of

RhoA activation and p38/JNK MAPK cascade. As RhoA activates the p38/JNK MAPK pro-
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apoptotic pathway, inhibition of Rho kinase may be neuroprotective.®® Indeed, PC12 cells treated
with proNGF in the presence of Rho inhibitor Y-27632 showed decreased expression of p75NTR
as compared to cells treated with proNGF alone. Furthermore, inhibition of RhoA in proNGF
treated cells mitigated phosphorylation and activation of JNK, p38 MAPK, PARP, and caspase-
3. MTT assays of cell survival under experimental treatments revealed overexpression of
proNGF led to augmented cell death. However, administration of Rho inhibitor Y-27632
mitigated proNGF effects and restored cell survival.

In this study, we found that Rho kinase inhibitor reduced the expression of p75N™R which
was increased by proNGF (Fig. 4A), The activation of downstream signaling JNK and
p38MAPK was also inhibited by Rho kinase inhibitor and attenuated the cell death induced by
proNGF in PC12 (Fig. 5 and 6). These findings suggest that inhibition of activation of Rho

kinase can reverse the proNGF induced cell death through p75N™ in Alzheimer’s disease.
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Fig. 2 ProNGF increased the expression of p75"™® and activation of Rho. PC12 cells were
treated with pro-NGF (50 ng/mL) or NGF (50 ng/mL) overnight. The cells were lysed and
(A) western blotted with anti-p75, anti-actin, (B) lysates were subjected to pull-down assay
with agarose conjugated rhotekin-RBD followed by western blot with Rho antibody.
(C) Homogenates of postmortem control age matched and AD human hippocampal tissues
were subjected to pull-down assay with agarose conjugated rhotekin-RBD to detect active
Rho in human hippocampal tissues.
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Fig. 3 ProNGF induced activation of JNK, p38 MAPK pathway and expression of
apoptotic markers in PC12 cells. PC12 cells were treated with proNGF (50 ng/mL)
or NGF (50 ng/mL) overnight. The cells were lysed and western blotted with (A) phospho
and non-phospho-JNK antibodies, (B) phosphe and non-phospho-p38MAPK antibodies,
and (C) PARP, caspase-3, actin antibodies.
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Fig. 4 Inhibition of Rho activation reduced the expression of p75"™ in PC12
cells. PC12 cells were treated overnight with either proNGF (S0 ng/mL) or Rho kinase
inhibitor, Y-27632 (1 uM) or both. The cells were lysed and (A) western blotted with
anti-p7SNTR, anti-actin (B) pull-down assay with agarose conjugated rhotekin-RBD to
detect the activation of Rho.
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Fig. 5 Inhibition of Rho activation reduced the activation of JNK, p38 MAPK and
apoptotic markers expression. PC12 cells were treated ovemight with either proNGF (50
ng/mL) or Rho kinase inhibitor, Y-27632 (1 pM) or both. The cells were lysed and western
blotted with (A) phospho and non-phospho-JNK antibodies, (B) phospho and non-
phospho-p38MAPK antibodies, and (C) PARP and caspase-3 antibodies.
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Fig. 6 ProNGF induced neuronal death was blocked by inhibiting Rho activation in PC12
cells. (A) PC12 cells were treated with proNGF (S0 ng/mL) or NGF (S0 ng/mL) for 24 h. (B)
PC12 cells were treated with ether proNGF (50 ng/mL) or Rho kinase inhibitor, Y-27632 (1 mM)
or both, Cell viability was measured biochemically using the MTT assay. The mean and
standard deviation of three experiments is shown (P<0.0001)
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