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ABSTRACT
Alzheimer’s disease is the leading cause of dementia in the elderly. It is
characterized by the accumulation of extracellular deposits of β-amyloid (Aβ) in
senile plaques, intracellular formation of neurofibrillary tangles (composed of
abnormally phosphorylated tau), and substantial loss of synapses and neurons,
most notably in the hippocampus. In addition, cholinergic neurons in the basal
forebrain degenerate. Recent studies have reported that Aβ can affect nicotinic
receptor (nAChR)-mediated synaptic transmission. Although the regulation of
nAChRs by Aβ has been widely studied, the impact of prolonged exposure to Aβ
on nAChR expression and signaling is not known. The objective of this study was
therefore to understand the impact of sustained exposure of Aβ on neuronal and
synaptic function.

In this study, we employed a neuronal culture model to address the
impact of sustained exposure of Aβ on nerve cells expressing exogenous highaffinity type α4β2 nAChRs. Specifically the differentiated rodent neuroblastoma
cell line NG108-15 expressing α4β2 nAChRs from transfected plasmids
containing the mouse receptor sequences or not (mock-transfected control cells)
were exposed to oligomeric Aβ for several days, following which Ca2+ responses,
receptor expression levels, axonal mitochondrial dynamics, oxidative stress, cell
viability/toxicity and expression levels of different signaling molecules were
compared. The results demonstrated that prolonged daily exposure to Aβ
potentiated nicotinic receptor function and promoted mitochondrial and cellular
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toxicity specifically in the nerve cells expressing α4β2 nAChRs. Increased
nAChR-mediated Ca2+ responses to acute applications of Aβ or nicotine were
first observed after 3 days of Aβ treatment, paralleled by increased expression
levels of α4β2 nAChRs, likely the result of enhanced receptor recycling. The rate
of mitochondrial movement and average mitochondrial size were also drastically
reduced, while the mitochondrial fission protein Drp-1 was increased. In addition,
the presence of α4β2 nAChRs dramatically enhanced Aβ-induced increases in
the levels of ROS and nuclear fragmentation, leading to apoptosis. Lastly, these
changes were paralleled by altered levels of the phosphorylated forms of ERK,
JNK, CREB and Fyn. Together, the findings suggest that the presence of
nAChRs sensitizes neurons to the toxic actions of soluble oligomeric Aβ, perhaps
contributing to the cholinergic deficit in Alzheimer’s disease.
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1.

BACKGROUND

1.1. Alzheimer’s Disease and soluble Aβ
Alzheimer’s Disease (AD) is a progressive neurodegenerative disorder that
affects cognitive function. It is characterized by various pathological hallmarks
including extracellular senile plaques composed primarily of beta amyloid (Aβ),
intracellular neurofibrillary tangles (NFTs) formed from hyperphosphorylated tau,
synaptic loss, and neurodegeneration in brain regions critical for memory
processes. Senile plaque pathology has been proposed to arise from a reduction
in Aβ turnover leading to Aβ accumulation, the latter having recently been directly
demonstrated for patients with AD (1). Aβ is derived via sequential proteolysis of
a large Type I membrane protein called the Amyloid Precursor Protein (APP) by
two enzymes: β- and Υ-secretases (see Fig. 1).

Figure 1. A schematic model of the Amyloid Precursor Protein (APP) showing the cleavage
sites for α-, β- and γ-secretases along with the amino acid sequence for the beta amyloid
(Aβ) peptide. Aβ (red) is released from APP from the plasma membrane (dotted lines) by the
sequential action of the β- and γ-secretases and thus Aβ contains part of the APP
transmembrane domain (TM), accounting for its pronounced hydrophobic content.

	
   2	
  
	
  

First, cleavage by β-secretase releases an ectodomain (sAPPβ), retaining the
last 99 amino acids of APP (C99) within the membrane. C99 is subsequently
cleaved 38-43 amino acids from the amino terminus by γ-secretase to release
Aβ. This cleavage produces Aβ1-40 and the more amyloidogenic Aβ1-42 at a ratio
of 10:1. Aβ1-42 is usually produced in the trans-Golgi network, whereas Aβ1-40 is
produced in the endoplasmic reticulum (2). Mutations of APP or presenilin (a
component of the γ-secretase complex) often result in an increased Aβ1-42/ Aβ1-40
ratio. However, the exact mechanism by which Aβ1-42 alters downstream
signaling and eventually impairs cognitive function is still unknown and under
investigation. In contrast, an alternate non-amyloidogenic pathway leads to
cleavage of APP within the Aβ domain by α-secretase, thereby preventing the
generation and release of the Aβ peptide. It releases a larger ectodomain
(sAPPα) and the smaller carboxy-terminal fragment (C83).

According to the classic amyloid hypothesis, Aβ aggregates to form insoluble βsheet fibrils, which further cause neurotoxicity (Fig. 2) (3). Although obvious Aβ
plaques and deposits are found in AD patients’ brain tissue, Aβ deposits are not
strongly correlated with synaptic loss. In contrast, studies report more robust
correlations between the levels of soluble, rather than insoluble, Aβ oligomers
and the extent of synaptic loss and severity of cognitive impairment (4). The
pathogenic relevance of these Aβ oligomers is supported by the finding that
oligomer formation is augmented with AD-causing mutations in APP or
presenilin, which are known to increase Aβ production (see 5).
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Figure 2. Multiple assembly forms and activities of Aβ (adapted from 3)

1.2. nAChRs and Aβ
Among an array of different targets at synapses to which Aβ might bind and
induce downstream effects, those of notable significance are neuronal nicotinic
acetylcholine receptors (nAChRs) and metabotropic glutamate receptors (6).
Neuronal nicotinic acetylcholine receptors (nAChRs) form a heterogeneous
family of ligand-gated cation channels that are differentially expressed in many
regions of the central and peripheral nervous system. These have a pentameric
structure (as shown in Fig.3) (7) consisting of homomeric or heteromeric
combinations of 12 different subunits (α2–α10, β2–β4) (Fig.4) (8) with each
receptor

subtype

having

characteristic

pharmacological

and

biophysical

properties. The most abundant high affinity receptor complex for nicotine
contains α4 and β2 subunits (9). The other major nAChR subtype in brain
contains α7 subunits and is highly sensitive to α-bungarotoxin (α-BgTx) (10).
α4β2 nAChRs are highly expressed in GABAergic interneurons in the
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hippocampus, resulting in increased γ-aminobutyric acid (GABA) release and
increased inhibitory tonus on hippocampal LTP (11). The α7-containing receptor
subtype is particularly localized in the hippocampus, hypothalamus, cortex and
motor nucleus of the vagus nerve (12).

Figure 3. Structure of a neuronal nicotinic acetylcholine receptor (nAChR; adapted from 7)

Figure 4. Heteromeric α4β2 nAChR and homomeric α7 nAChR subunit composition with
single acetylcholine bound (adapted from 8)
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The nAChRs respond to the endogenous neurotransmitter acetylcholine and play
important modulatory roles in neuronal development and synaptic plasticity
(particularly in pre-frontal cortex), participating in cognitive functions such as
learning, memory and attention (13). Anatomical, electrophysiological and
neurochemical studies have established that α4β2 nAChRs and α7 nAChRs are
present in the cortico-limbic circuits (14). The relative timing of action potentials
in pre- and post-synaptic neurons has a profound impact on the induction of longterm potentiation (LTP) or depression (LTD). When a pre-synaptic spike
precedes a post-synaptic spike within a short time window of several tens of
milliseconds, LTP is induced. The reverse order of spike timing results in LTD
(15, 16). nAChRs modulate, regulate, and likely induce synaptic plasticity in both
the hippocampus and the VTA. The hippocampal LTP is facilitated by nicotinic
receptor stimulation mainly through post-synaptic mechanisms and interneuron
network modulation.

nAChR activation must be coincident with pre-synaptic

tetanization in order to facilitate LTP or to boost STP to LTP (11). In contrast, in
the ventral tegmental area (VTA), activation of pre-synaptic nAChRs (mainly α7)
facilitates glutamate release, evoking postsynaptic depolarization to initiate VTA
LTP (17, 18). In the VTA, the combined effects of nicotine on pre- and
postsynaptic membranes can directly produce LTP.

On activation, nAChRs open a channel pore, letting Ca2+ and Na+ enter and K+
exit. This cation permeability causes a further increase in intracellular Ca2+
through two mechanisms: (a) membrane depolarization, which further activates
voltage-gated Ca2+ channels (VGCCs) and (b) Ca2+-induced Ca2+ release (CICR)
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from internal stores, which is mediated by ryanodine receptors (RYR) and,
secondarily, Ins(1,4,5)P3 (IP3) receptors (Summarized in Fig. 5) (19). RYR and
IP3 receptor are located on the endoplasmic reticulum (ER) membrane. IP3 is
thought to be generated by Ca2+-dependent activation of phospholipase C (PLC).
Ca2+-sensor binding proteins (CaBPs) can also directly activate IP3 receptors.
Recent studies have provided evidence to show that soluble oligomeric Aβ exerts
potent acute effects on signaling at the synapse, where it is released in response
to nerve impulse activity (20). Most relevant to this study, Aβ has been found to
bind and activate presynaptic nicotinic receptors with very high affinity (IC50 110pM) and hence may function physiologically as a neuromodulator (reviewed in
Chapter 2). Aβ has been shown to activate both α7 and α4β2 nAChRs.

Figure 5. Generation of nAChR- dependent Ca

2+
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signals (adapted from 19)

2.

OBJECTIVE AND HYPOTHESES

2.1. Objective
The overall goal of this project is to elucidate the effect of chronic exposure of
nicotinic acetylcholine receptors to beta amyloid (Aβ) in regulating presynaptic
function. Beta amyloid accumulates in the brains of Alzheimer’s patients into
insoluble senile plaques, which are one of the prominent hallmarks of the
disease. However, a significant portion of the total load of Aβ in the brain is
freely soluble. In fact, significant levels of soluble Aβ (and plaques) are found in
the brains of individuals without dementia, though the levels are much lower than
those found in the brains of Alzheimer’s patients. As previously noted (1.2.),
much of the Aβ produced in the brain arises from the presynaptic nerve terminal
at the synapse. Also noted were recent studies indicating that pre-fibrillar,
diffusible Aβ assemblies may be toxic. Soluble Aβ has been shown to play a role
in neuromodulation under physiological conditions but as it accumulates to nM
and µM levels in AD, it may result in synaptic disruption at presynaptic sites. It
has been reported that soluble oligomeric forms of Aβ cause synapse loss and
neuronal injury, most likely on interaction with target neuronal receptors.
Previous studies in our laboratory have implicated the nicotinic acetylcholine
receptor at synaptic sites as a possible target for soluble Aβ oligomers (reviewed
in Chapter 2). It has already been shown that soluble Aβ has an agonist-like
effect on presynaptic nicotinic receptors (nAChRs). This project seeks to define
the effects of prolonged exposure to Aβ on this putative Aβ primary target at the
synapse.
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2.2. Hypotheses
Sustained exposure to Aβ will affect the regulation of synaptic function by
affecting expression levels of presynaptic nicotinic acetylcholine receptor and
nicotinic receptor-mediated signaling. We also hypothesize that this will have an
impact on the mitochondrial function and cell viability.

3.

SPECIFIC AIMS

3.1. Specific Aim 1: To determine the impact of chronic exposure to Aβ on the
surface expression and functional Ca2+ responses of the α4β2 high affinity
nAChR transfected into differentiated NG108-15 cells.
Rationale: Aβ triggers Ca2+ responses at presynaptic sites via nAChRs and
chronic agonist activation of nAChRs results in altered surface expression and
functional responses.

3.2. Specific Aim 2: To characterize the impact of chronic exposure to Aβ on
mitochondrial function and neuronal viability as a downstream consequence of
nAChR regulation.
Rationale: Mitochondrial dysfunction is an early feature of Alzheimer's disease
(AD). There is evidence that β-amyloid may cause disturbances in calcium
homeostasis (21). In cortical neurons, the massive influx of cytosolic calcium
levels caused by Aβ may contribute to the opening of the mitochondrial transition
pore, the collapse of mitochondrial membrane potential, pro-apoptotic signaling,
and generation of ROS (22).
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3.3. Specific Aim 3: To assess the changes in the expression levels of various
signaling molecules involved in cognition in cells transfected with nAChR after
chronic treatment with Aβ.
Rationale: An interaction between Aβ and the α7 nAChR has been implicated in
the activation of the ERK/MAPK pathway in the hippocampus (23, 24). Studies
suggest that Aβ binds α7 nAChR with high affinity and can alter gating of the
receptor, either activating the receptor as an agonist or antagonizing receptor
activity (25-28).

4.

EXPERIMENTAL DESIGN AND MODEL SYSTEM

The overall design is to use a presynaptic model system for determining the
impact of chronic exposure to beta amyloid on its interaction with target nAChR
in terms of calcium homeostasis, downstream MAP kinase signaling and
mitochondrial functions.

In vitro presynaptic model: NG108-15, a hybrid neuroblastoma cell line will be
used as a model presynaptic system as upon differentiation, it elaborates neuritis
with presynaptic-like varicosities that:
•

are capable of forming fully functional cholinergic synapses with target
cells (29).

•

display features found for presynaptic elements in brain like voltage gated
calcium channels (VGCCs; see section 1.2), ER-based Ca2+ stores,
vesicles, mitochondria and synaptic proteins.
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•

release acetylcholine, a neurotransmitter, in response to stimulation, via
exocytosis (30).

These cells express 5HT3 receptors (ligand-gated ion channel in the same
superfamily containing nicotinic receptors) in cell bodies as well as varicosities
(31). Because they do not express functional nAChRs themselves, these cells
can be exploited for exogenous gene sequence expression and gene
manipulation.

5.

SIGNIFICANCE

Many of the cellular pathological changes in AD are found to be induced by Aβ,
but exactly how Aβ stimulates its downstream signaling is still unclear and under
investigation. Because a rise in Aβ levels is strongly correlated with the onset of
Alzheimer’s disease (32), numerous approaches have been undertaken to lower
Aβ as a means to prevent or reduce the development of the disease. Examples
are the use of immunotherapy (such as vaccines or passive immunization),
activators of Aβ degradation, and blockers of the enzymatic pathway leading to
Aβ production (such as γ-secretase inhibitors). On the other hand, removal of Aβ
in mice via transgenic null mutation (knock-out) of the APP (33) or of the
essential APP processing enzyme β-secretase (BACE1) (34) has been shown to
result in synaptic dysfunction, specifically an alteration in one form of synaptic
plasticity. Our work is aimed at elucidating the mechanism(s) underlying the
effects of Aβ over the long term, hopefully providing clues as to how targets are
disrupted by Aβ as the levels climb over the course of the disease. By
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investigating the mechanisms by which Aβ activates presynaptic and cellular
nicotinic receptors in a model neuronal cell system, this project will provide
insights into the disruptive effect of Aβ on neuronal signaling during the early
stages of AD. Elucidating the precise details of the interaction between Aβ and
an identified target, namely nicotinic receptors, will provide important information
for future drug design aimed at interfering with beta amyloid’s pathological action
in the brain.
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CHAPTER 2
Characterization of presynaptic Ca2+ responses elicited by α4β2nAChRs on prolonged exposure to beta amyloid
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1.

INTRODUCTION

Numerous studies using a wide range of preparations have shown that diffusible
oligomeric beta amyloid (Aβ) assemblies are toxic (35), and it is soluble Aβ that
appears to be responsible for the development of synaptic impairment (3). The
impact of soluble Aβ on synaptic function was found to be dependent upon
concentration, with toxicity typically found at µM levels of the peptide. In contrast,
at

pM

concentration

Aβ

enhances

synaptic

plasticity,

suggesting

a

neuromodulatory role under physiological conditions (36, 37). However, as Aβ
accumulates in AD, its action will thus convert to synaptic (and cellular)
disruption. The synapse is likely a major site of action for Aβ, as evident from the
studies showing that the production and release of Aβ from the presynaptic
terminal is regulated by the activity at the synapse (38, 39). As the average
“normal” concentrations of Aβ, i.e. concentrations found in non-demented adults,
have been found to be in the high pM (~250pM) range in brain (40), and the
presynaptic terminal appears to be the dominant source of Aβ production (41)
and undergoes synaptic regulation by Aβ (37), Aβ thus appears to be localized to
the synapse at concentrations that regulate presynaptic dynamics. Low
(picomolar) concentrations of Aβ (in the physiological concentration range)
activate nAChRs, resulting in presynaptic Ca2+ influx, enhancement of
presynaptic neurotransmitter release, enhanced LTP and enhanced contextual
memory (42, 36).

Different subtypes of nAChRs might be coupled preferentially to specific sources
of Ca2+. Therefore, activation of α7-nAChRs produces a rapid, sharp increase in
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the intracellular Ca2+ signal, whereas α4β2-nAChRs cause a more delayed, but
long-lasting one. Aβ activation of different nAChR subtypes will therefore have
different impacts on presynaptic Ca2+ and hence synaptic signaling. Acute
application of pM to nM Aβ evokes increases in Ca2+ and neurotransmitter
release via presynaptic nAChRs (42-44). Mutation of a key tyrosine residue in the
agonist-binding site of α7 nAChRs eliminates the Aβ effect on presynaptic Ca2+
(45), directly demonstrating the agonist-like action of Aβ. At pM concentrations,
acute Aβ was also found to enhance LTP and contextual memory in a manner
dependent upon presynaptic nAChRs (36, 37).

The high-affinity α4β2 nAChRs have been found to be significantly upregulated in
animals chronically treated with nicotine on a daily-dose basis (46, 47). This
nicotine-induced upregulation has been further characterized in a variety of
systems ranging from clonal cell lines to primary neurons in culture to mouse
models to smokers’ brains (48-56). Upregulation of α4β2 nAChRs may sensitize
cellular targets to the action of nicotine. Regulation of receptor expression also
depends on steady-state control via endocytosis and membrane recycling, along
with degradation via lysosomes. Changes in AMPA-type glutamate receptor
expression in postsynaptic membranes in the context of synaptic plasticity, for
example, have been shown to involve changes in receptor recycling (57). Rab
proteins, members of the Ras family of small GTPases, have been shown to play
a key role at various steps in endocytic, recycling and degradative pathways.
Specifically, Rab5 expression levels are higher in plasma membrane, recycling
endosomes and clathrin-coated pits (58, 59) and functions to regulate early
	
  15	
  
	
  

endosomal fusion and recycling. Rab11 is mainly found in the trans-Golgi
network and recycling endosomes (60, 61) from where it regulates trafficking of
proteins to the plasma membrane. The extent to which nAChRs are regulated by
these processes in response to sustained agonist exposure remains to be
determined.

2.

MATERIALS AND METHODS

2.1. Cell culture
NG108-15 hybrid neuroblastoma cells (courtesy of Dr. William Atchison,
Michigan State University) were plated on Cell-Tak-coated cover-slips (Warner)
in 35mm dishes in Dulbecco’s modified Eagle’s medium (DMEM) containing 15%
fetal bovine serum (FBS, Cellgro), 5mM Glucose, 0.1mM hypoxanthineaminopterin-thymidine (HAT) medium and 1% penicillin-streptomycin in the
presence of 5%CO2 at 37°C and 100% humidity. (29). The cells were induced to
differentiate in DMEM containing 1% FBS and 1mM dibutyryl cyclic AMP (SigmaAldrich) for 48-72h, elaborating long neurites with varicosities. These varicosities
display features found for presynaptic elements in brain like voltage gated
calcium channels (62), ER-based Ca2+ stores, vesicles, mitochondria and
synaptic proteins (63) and are capable of forming fully functional cholinergic
synapses with target cells (29).

2.2. Transfection
Mouse sequences for α4 and β2 nAChR subunits housed in pcDNA3.1
expression vectors (courtesy of Dr. Jerry Stitzel, University of Colorado) were
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transiently transfected at a ratio of 1:4, respectively, into differentiated NG108-15
cells using FuGENE HD, a lipid-based transfection reagent, for 48 h. This ratio
was found to yield maximal expression of functional receptors. Mock-transfected
NG108 cells, containing only FuGENE HD and no plasmid DNA were used as
controls.

2.3. Live-cell calcium imaging using Confocal Microscope
2.3.1. Confocal Microscope: The confocal laser microscope is a powerful tool to
capture time-series images of high stability and resolution. This laser-powered
epi-fluorescence imaging system utilizes pixel rasterization to digitally reconstruct
the image. As the resulting image is digitally rasterized, the image itself is not a
true picture of the fluorescence of the entire cell. Instead, each pixel is measured
by a photomultiplier detector during rasterization (laser scan).

Some of the

advantages of confocal imaging over other means to measure changes in
intracellular Ca2+ include very high signal-to-noise ratio, effectiveness of the
confocal pinhole rejecting out-of-focus fluorescence light yielding a very small
depth of field (Z-axis) and simultaneous assessment of changes in multiple,
individual varicosities.

2.3.2. Calcium Imaging: To measure changes in Ca2+ levels in individual
varicosities, the transfected, differentiated cells were loaded for 40 min at 37°C
with fluorescent Ca2+ indicator dye Fluo-4/AM (acetoxy methyl ester) (Invitrogen)
at 5µM in HEPES-buffered saline (HBS: containing 10mM HEPES, 142mM NaCl,
2.4mM KCl, 1.2mM K2PO4, 1mM MgCl2, 1mM CaCl2, 5mM D-glucose and 100nM
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tetrodotoxin, pH 7.4, saturated with O2 at room temperature for 10 minutes) in
preparation for confocal imaging (64, 65). Tetrodotoxin (TTX) was added to block
Na+ channels and hence spontaneous or induced action potentials. Cells were
mounted in a rapid-exchange Warner open perfusion chamber for confocal
imaging using a Zeiss LSM 5 Pascal imaging system (excitation: 488nm;
emission: 515–565 nm band-pass; 40X/1.3 NA epifluorescence, oil-immersion
Plan-Neofluar objective). Imaging was started and after obtaining a baseline
series of four images, reagents (agonists; antagonists) were applied by rapid
switching via a Warner six-channel valve-controlled perfusion system (VC-66CS,
Warner Instruments) using DN series constant flow reservoirs. Image series
consisted of a time course of 200-400s (typically to the peak of the response).
For each run, a minimum of four to eight varicosities in each successive image
were selected as regions of interest (ROI) and their associated fluorescence
intensities were determined for all 30 frames using Image J. Time-series
responses were normalized to baseline, corrected for photobleaching and
presented as F/F0.

2.4. Immunocytochemistry
Cell cultures were fixed with freshly prepared 4% paraformaldehyde in HBS at
room temperature for 30 min and rinsed with phosphate-buffered saline (PBS) for
30 min. The cultures were then incubated in Tris-buffered saline (TBS) containing
5% bovine serum albumin (BSA) and 10% normal goat serum for 30 min to block
non-specific binding. Affinity-purified antibodies (1:200) were then added to the
cultures and incubated overnight at 4°C. The cultures were then washed with
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10% goat serum in TBS for 30 min, and incubated with the FITC-conjugated
secondary antibodies (IgGs, typically at 1:500) for 30 min at room temperature.
The coverslips were finally washed with 10% normal goat serum and TBS, plated
onto glass microscope slides and sealed for imaging via confocal microscopy.
Anti-rabbit Alexa-488 and anti-mouse Alexa-633 were used as secondary
antibodies, respectively. The immunostained preparations were subsequently
visualized using a Zeiss LSM 5 Pascal confocal imaging system on a Zeiss
Axiovert 200M microscope with appropriate fluorescence filters and objectives
(40X) or a Nikon Cameleon AOTF confocal system.

2.5. Cell surface labeling and recycling
Differentiated NG108-15 cells transfected with α4β2-nAChRs and treated (or not)
with Aβ1-42 for 3 days were surface labeled at 4°C using a cleavable biotinylation
reagent from the Pierce Cell Surface Protein Isolation kit (Thermo Scientific).
After various treatment conditions, the cells were lysed using the lysis reagent
and the biotinylated proteins were pulled down using NeutrAvidin agarose beads.
These were then mixed with SDS sample buffer and loaded onto 4-20% Tris-HCl
gels, transferred onto a nitrocellulose membrane and probed for alpha4-nAChR
subunits using a rat monoclonal antibody.

2.6. qRT-PCR
Total RNA was isolated from mock-transfected and α4β2-nAChR-transfected
cells treated for 3d with Aβ1-42 or not (untreated) using the RNeasy Mini Kit
(Qiagen). The total RNA was reverse-transcribed using the High-Capacity cDNA
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Reverse Transcription Kit (Applied Biosystems), following the manufacturer’s
instructions, and quantitative real-time PCR was performed according to
standard protocols. For data analysis, 18S rRNA was used as an endogenous
control. Data are expressed as relative expression for each individual gene
normalized to their corresponding controls. The following primer sequences were
used for amplification of the mouse α4-nAChR cDNA (NM015730, GenBank) at
an annealing temperature of 61°C:
Forward, 5’-ACTTTGCAGTCACCCACCTAACCAAA-3’;
Reverse, 5’-ATGAGCAGCAGAAGACGGTGAGAGAAA-3’.
This yielded a 481bp PCR product.

2.7. Beta amyloid
Aβ1-42 was purchased from American Peptide. A stock solution of Aβ1-42 was
prepared at 0.1 mM by dissolving solid Aβ peptide in double de-ionized water
(see 65). Aβ1-42 for each experiment was diluted from 1pM to 100 nM from the 0.1
mM stock into oxygenated HBS and vortexed to assure full suspension. Under
these conditions, the Aβ is largely oligomeric (dimers, tetramers, etc), as
assessed by SDS gel electrophoresis (where SDS-resistant oligomers are
evident) and native gel electrophoresis (see 24), which we have verified (65).

3.

RESULTS

3.1. Ca2+ responses mediated by α4β2-nAChRs following acute treatment
with Aβ:
To test the effect of Aβ1-42 on α4β2-nAChRs, exogenous mouse α4- and β2	
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nAChR sequences in pcDNA3.1 vectors were transfected into differentiated
NG108-15 cells, while mock-transfected cells were used as controls. Ca2+
changes in the axonal varicosities of the NG108-15 cells, as relative changes in
fluorescence intensities (F/F0) were determined in cells loaded with the Ca2+
indicator Fluo-4 (Fig. 6A) as test for synaptic regulation (65). As shown in Figure
6B, left, α4β2-nAChR-transfected cells displayed apparent increases in Ca2+ on
stimulation with 100nM Aβ1-42 (p< 0.05 relative to mock-transfected cells) and
1µM nicotine (p< 0.005 relative to mock-transfected cells), whereas mock cells
did not display significant Ca2+ changes to Aβ1-42 or nicotine over baseline. Ca2+
changes were also apparent in select cell bodies. Ca2+ responses to
depolarization induced by elevated KCl (HK) were recorded after each
drug/agonist treatment in order to assess the cell integrity. There were no
significant differences in the responses in the varicosities to elevated KCl
following various treatments as compared to control. These results indicate that
Aβ1-42 has an agonist-like effect on α4β2-nAChRs in axonal varicosities, which is
consistent with the idea that Aβ1-42 can serve as physiological regulator of
presynaptic nAChRs (36, 37, 65). Prior treatment with 1µM dihydro-βerythroidine (DHβE), an α4-selective antagonist, for 10min attenuated the Ca2+
responses in the varicosities to acute stimulation with both Aβ (p<0.05) and
nicotine (p<0.05) (Fig. 6B, right). These latter results confirm that the increased
calcium levels elicited by Aβ are indeed mediated by α4β2-nAChRs.

To directly monitor the expression pattern of nicotinic receptors on transfected
NG108-15 cells, immunostaining for α4β2 nAChRs was performed using specific
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antibodies for the α4 and β2 subunits. α4β2-nAChR-transfected cells and mocktransfected cells were compared. As shown in Figure 6C, α4β2- nAChR
transfected cells were strongly immunopositive for both α4 and β2 subunits when
compared to mock-transfected cells immunostained for the α4 subunit. By
comparison, the overall signal for mock cells is evenly weak, similar to the nonspecific binding of secondary antibody alone to the cell surface, while there is no
clear signal on the varicosities. The immunostaining results provide direct
evidence of efficient receptor expression, consistent with the functional
responses.
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Figure 6. Aβ evoked increases in [Ca ]i in axonal varicosities of NG108-15 cells
transfected with α4β2 nAChRs. A, representative confocal image sequence of α4β2 nAChRtransfected NG108-15 cells before (left) and after (right) stimulation with 100nM Aβ1-42. Arrows
indicate example varicosities (yellow) and cell body (red). B, Left: averaged time-series of
changes in Ca

2+

in varicosities expressing α4β2 nAChRs or not (mock-transfected) in response to

Aβ1-42 (100nM, p<0.05), nicotine (1µM, p<0.05) and KCl (30mM). Right: pre-treatment with 1µM
DHβE blocked the agonist-evoked Ca

2+

responses. Varicosities of mock-transfected (Mock) and
+

α4β2-nAChR-transfected NG108-15 cells showed similar responses to high K (HK). C, receptortransfected cells showed substantial surface expression levels of α4β2 nAChRs as compared to
mock-transfected cells (stained with anti-α4 subunit antibody), as determined by immunostaining
with anti-α4 and anti-β2 antibodies. Examples of receptor signals on cell bodies (blue arrows) and
varicosities (red arrows) are as indicated. Magnified images of individual varicosities expressing
α4 or β2 nAChR subunits are shown in the insets. Background staining with secondary antibody
only is included as a negative control.
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3.2. Aβ-induced Ca2+ responses mediated by α4β2-nAChRs: Impact of
sustained exposure to Aβ:
To determine the consequences of sustained exposure to Aβ1-42 on subsequent
acute stimulation by Aβ1-42 or nicotine, calcium imaging was performed as
previously described. Differentiated NG108-15 cells expressing α4β2-nAChRs
were subjected to 100nM Aβ1-42 for 1-, 2- and 3 days, exchanging the culture
media every 24hrs with media containing fresh oligomeric Aβ1-42. On the day of
calcium imaging, the culture medium containing Aβ1-42 was removed and cells
were washed with HBS for 15 min, followed by Fluo-4 loading. After an extensive
second-wash period, perfusion was started and Ca2+ responses elicited by acute
stimulation with Aβ1-42 (100 nM) and nicotine (1µM) were measured for control
and Aβ1-42 -treated cells. As shown in Figure 7A-7C, [Ca2+]i, responses in the
varicosities were unchanged after 1d or 2d but increased significantly after 3d of
Aβ1-42 treatment in response to both Aβ1-42 and nicotine (p<0.05) as compared to
control cells. There was no effect of sustained Aβ1-42 treatment on mocktransfected cells (Fig. 7D). There was also no effect of sustained treatment with
the control reverse peptide, Aβ42-1 (Fig. 7E). These results are consistent with
previous work demonstrating that chronic agonist exposure (nicotine) leads to an
alteration in the expression and function of presynaptic α4β2-nAChRs (66).
Similarly chronic nicotine exposure resulted in significantly increased levels of
Ca2+ in α4β2 nAChR–transfected cells in response to acute stimulation by Aβ1-42
as well as nicotine (Fig. 7F; p<0.01) as compared to control cells. As found for
untreated NG108-15 cells expressing α4β2-nAChRs, the α4-selective antagonist
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DHβE fully attenuated the Ca2+ responses in the varicosities to acute stimulation
with Aβ or nicotine in NG108-15 cultures treated with Aβ for 3 days (Fig. 7G). In
addition, co-treatment with DHβE for 3 days attenuated the acute Aβ- or nicotine
induced increases in Ca2+ responses in the varicosities found following sustained
treatment with Aβ1-42 for 3 day (Fig. 7H); however, the degree of attenuation
following sustained treatment with DHβE may indicate that the antagonist
induced a down-regulation of the α4β2-nAChRs. Together, these results support
a role for α4β2-nAChRs in mediating changes in calcium homeostasis on
sustained exposure to Aβ.
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Figure 7. Prolonged exposure to Aβ led to augmented calcium responses on subsequent
acute stimulation with Aβ or nicotine in varicosities of NG108-15 cells transfected with
2+

α4β2-nAChRs. [Ca ]i responses were unchanged after 1d (A) or 2d (B) but increased
significantly after 3d of daily Aβ1-42 treatment (C) in response to acute stimulation with either Aβ1-42
or nicotine (p<0.05). Similarly, chronic nicotine exposure (D) resulted in significantly increased
levels of Ca

2+

in varicosities of α4β2 nAChR–transfected cells in response to acute stimulation by

Aβ1-42 as well as nicotine. E, There was no effect of chronic Aβ1-42 treatment on mock-transfected
cells. F, No change was observed in Ca

2+

responses induced by 100nM Aβ1-42 between untreated

cells and cells treated with 100nM Aβ42-1 (control reverse peptide) for 3d. G, Pre-treatment with
1µM dihydro-β-erythroidine (DHβE) for 10 min blocked the agonist-evoked Ca

2+

responses on

acute application of Aβ1-42 and nicotine. F, DHβE also prevented the effect of 3d treatment with
Aβ1-42 to augment Ca

2+

responses evoked by nicotine or Aβ. **p<0.01; ***p<0.001 compared to

control.
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3.3. Sustained exposure to Aβ caused receptor upregulation in the cell
bodies and varicosities of neurites of NG108-15 cells expressing α4β2
nAChRs in a manner similar to chronic nicotine treatment:
The surface expression levels of α4β2-nAChRs in mock and α4β2-nAChR
transfected cells were compared with those in cells treated with Aβ1-42 and
nicotine via immunostaining using a selective anti-α4-nAChR antibody. α4β2nAChR-transfected cells treated with Aβ1-42 and nicotine for 3d showed apparent
increased expression of α4β2-nAChRs as compared to untreated cells (Fig. 8A
and 8B). To demonstrate that this upregulation was post-transcriptional, we
performed RT-PCR on α4-nAChR cDNA obtained following RNA isolation from
control and 3d-Aβ1-42-treated cells. There was no significant difference in
transcript levels in Aβ-treated cells as compared to control cells (Fig. 8C).
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3.4. Altered endocytosis-receptor recycling on sustained exposure to Aβ:
Rab5 and Rab11:
To consider the possibility that upregulation of α4β2-nAChRs in response to
sustained exposure to Aβ results from an alteration in the endocytotic - receptor
recycling pathway, we tested for the endosomal marker Rab5 and the recycling
marker Rab11. Relative changes in the expression levels of the Rab proteins
were detected using immunocytochemistry of differentiated NG108-15 cells
treated or not with Aβ1-42 for 3 days. α4β2-nAChRtransfected cells showed
increased levels of Rab5 as compared to those in mock-transfected cells, as
indicated in Figure 9A (top). Sustained exposure to Aβ1-42 further increased Rab5
levels in α4β2-nAChR-transfected cells. A similar trend was observed for mock
transfected cells treated with Aβ. Similarly, intracellular Rab11 levels were also
found to be increased in α4β2-nAChR-transfected cells treated with Aβ to a
significant extent as compared to those in mock-transfected cells (Fig. 9A,
bottom).
As shown in Figure 9C and 9D, the α4β2-nAChR-transfected cells treated with
Aβ for 3d showed an increased expression of receptor and rab proteins as
compared to untreated α4β2- nAChR-transfected cells or mock-transfected cells,
when probed with a rat monoclonal anti-α4-nAChR antibody. To address directly
whether changes in the expression levels of nAChRs on prolonged exposure to
Aβ resulted, at least in part, from a change in the endocytotic/recycling pathway,
we used surface-labeling with biotin to follow the fate of the nAChRs (a
schematic diagram shown in Fig. 9D). Following biotinylation at 4°C, endocytosis
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of the surface proteins of α4β2-nAChR-transfected cells was allowed to proceed
by shifting the cells to 37°C for 30 min, thereafter treating with DTT at 4°C to
remove biotin from remaining surface proteins. The cells were then shifted back
to 37°C for 45 min to allow for receptor recycling. Reappearance of surface DTTsensitive receptors was assessed as a measure of recycling. The Aβ-treated,
α4β2-nAChR transfected cells had substantially more surface expression of the
receptor as compared to controls (Fig. 9E). The results suggest that the receptor
upregulation upon prolonged exposure to Aβ is due, in part, to increased receptor
recycling.
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Figure 9. Prolonged exposure to Aβ alters the expression levels of endocytosis/recycling
markers, Rab5 and Rab11, and the endocytotic-recycling pathway. A, Immunocytochemistry
showed that after 3d of 100nM Aβ1-42 treatment, levels of the endosomal marker Rab5 (top) and
the recycling marker Rab11 (bottom) were significantly increased when compared to mocktransfected cells (B), suggesting involvement of the endocytosis/recycling pathway. Regulation of
Rab5 and Rab11 in α4-nAChR-expressing cells in response to Aβ1-42 treatment across the 3-day
time-course was verified in co-immunolabeling (C) and western blots (D). There was little if any
effect of prolonged Aβ1-42 treatment on mock-transfected cells. E, After surface labeling with
cleavable sulfo-NHS-SS-biotin, cells were allowed to undergo endocytosis at 37°C followed by
DTT treatment at 4°C to remove biotin from remaining surface protein, demonstrating an
increased level of expression of the receptor following 3-day Aβ treatment, when probed with rat
monoclonal anti-α4-nAChR antibody, as compared to untreated or mock-transfected cells (lanes
1-3). (The Mr of the α4-nAChR band was confirmed relative to the protein standards by
regression analysis as 72kDa. The lower bands are non-specific background also present in
mock-transfected cells.) After the labeled cells were allowed to recycle the biotin-labeled
receptors, the Aβ-treated cells displayed predominately DTT-sensitive, biotin-labeled α4containing nAChRs, indicating substantial recycling of the receptor (lane 6 vs. 9). *p<0.05;
***p<0.001 when compared to controls.
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4.

DISCUSSION

Aβ has been shown to be released at synaptic sites in a highly dynamic fashion
(38, 39), leading to fluctuations in local concentration in response to synaptic
activity. This would, in turn, implicate Aβ in activity coupled synaptic regulation
through target receptors. In the absence of AD, Aβ appears to be present in the
high pM range (40) and previous work has demonstrated a direct agonist-like
action of soluble pM-nM Aβ via nAChRs at presynaptic sites (42, 45, 65, 67, 68).
Acute pM Aβ was also found to enhance synaptic plasticity in a nAChRdependent fashion (36, 37). However, the interaction between nAChRs and longterm exposure to Aβ has not been yet clearly elucidated. The objective of the
present study was to evaluate the extent to which nAChRs contribute to the
effects mediated by sustained exposure to Aβ, addressing the impact of dynamic
changes in the levels of soluble Aβ at cellular and presynaptic sites using an in
vitro model. The primary advantages of the in vitro neuroblastoma model are that
epigenetic expression of the receptors avoids transcriptional regulation and
allows for a defined, reconstituted neuronal system (65). Sustained exposure of
neuroblastoma cells expressing α4β2 nAChRs to nM Aβ was found in the
present study to induce an apparent upregulation in agonist-triggered Ca2+
responses. Changes in axonal varicosities were monitored as an indication of
presynaptic Ca2+ and hence synaptic regulation; however, the impact of Aβ was
not restricted to the varicosities. Overall, the results are consistent with studies
showing that functional responses of α4β2 nAChRs are increased on long-term
exposure to nicotine (69, 70). A wide range of studies has shown that this
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functional upregulation typically results from upregulation of α4β2 nAChR
expression (eg. 71), though alternative mechanisms exist (72). Accordingly, our
immunostaining results show an increased expression of α4β2 nAChRs in cell
bodies and varicosities in cultures subjected to prolonged exposure to Aβ or
nicotine. Although receptor expression was defined in this cell system using
plasmids, our qRT-PCR results for α4 transcripts rule out any effect on the
plasmid promoters or on the endogenous receptor genes. Moreover, previous
work examining the impact of chronic nicotine demonstrated that upregulation of
α4β2 nAChRs occurs at a posttranslational level (73). Thus, sustained exposure
to Aβ leads to upregulation of nAChRs either at the level of receptor assembly,
sorting and targeting, transport or local endocytosis/ recycling/ degradation. As
there was no evidence for any detectable differences in upregulation at the level
of the cell somata as compared to the axonal varicosities, it would appear that
assembly, sorting, targeting and transport are likely not major contributors to the
upregulation observed. Consequently, we focused on the endocytotic/recycling
pathway. Our results for endocytotic and recycling markers indicate that an
upregulation of this pathway did occur, which was confirmed in a functional assay
of nAChR recycling, suggesting that an increase in receptor recycling may
account, in part, for the observed receptor upregulation upon prolonged exposure
to Aβ. How this upregulation in recycling is induced will be the subject of future
studies, focusing, in particular, on calcium (74) and Aβ internalization (75).
Nonetheless, it is proposed that upregulation of nAChRs with sustained, elevated
levels of Aβ leads to feed-forward dysregulation of calcium homeostasis.
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CHAPTER 3
Sustained exposure to beta amyloid regulates cell viability and
mitochondrial dynamics via α4β2-nAChRs
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1.

INTRODUCTION

An important downstream consequence of Aβ pathology is mitochondrial toxicity
(76). As synapses are high energy demanding sites, mitochondria play critical
roles in maintaining synaptic function, and mitochondrial toxicity likely contributes
to synaptic loss in AD (77). Among downstream actions of Aβ, disruption of
neuritic mitochondria has been noted (76). The mitotoxicity induced by Aβ is still
not clear but may include numerous mechanisms like modification of the
membranes, reduction of respiratory function, generation of reactive oxygen
species (ROS), enhancement of the vulnerability to other toxins, induction of
apoptosis, and disturbance of the calcium homeostasis (Fig.10) (76).

Figure 10. Possible mitotoxic mechanisms induced by β-amyloid in AD (Adapted from 76).

It has been reported that AD brains show ultrastructural alterations in
mitochondrial morphology such as reduced number, increased size (swollen) and
broken internal membrane cristae (78). Aβ may also affect mitochondrial
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dynamics (for eg. fission/fusion equilibrium; Fig.11 (79) and distribution. It has
been reported that in fibroblasts from sporadic AD patients, DLP1 (Dynamin-Like
protein 1) levels are decreased, thus impairing fission, which is translated into the
development of elongated mitochondria (80). At the same time, decreases in
OPA1 protein levels and increases in Fis1 levels have been described in M17
neuroblastoma cells overexpressing APPswe, a ‘Swedish’ mutation of APP that
results in increased Aβ (81).

Figure 11. Complementation of mitochondrial function by fusion (Adapted from 79)

Alterations in mitochondrial function in axons may impact synaptic integrity and it
is proposed that synaptotoxicity resulting from elevated Aβ may involve
mitochondrial disruption (76) Recent studies using an in vivo fly model overexpressing Aβ reported intracellular accumulation of Aβ in the soma and axon of
a small group of neurons. It also showed that the depletion of presynaptic and
axonal mitochondria was the earliest detectable phenotype, preceding Aβinduced presynaptic deficits in motor function (82). Aβ-induced mitochondrial
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mislocalization

is

also

confirmed

in

hippocampal

neurons

(77).

Such

mitochondrial trafficking disruption in AD could potentially compromise normal
synaptic functions, such as neurotransmission. Moreover, mitochondrial
fission/fusion and mitophagy disruption may have consequences on the
maintenance of the homogeneity and a healthy cellular mitochondrial pool.
However, it is still not clear what role presynaptic receptors play in mitotoxicity
induced by Aβ at the synapse.

2.

MATERIALS AND METHODS

2.1. Cell Culture and Transfection
Described in Chapter 2

2.2. Reactive Oxygen Species (ROS)/ Hoechst staining
The Image iT live Reactive Oxygen Species (ROS) Detection kit (Invitrogen) was
used to determine the extent of oxidative stress. The cells were rinsed with warm
HBS containing Ca2+ and Mg2+ and incubated with carboxy-H2DCFDA
(component A) at 37°C for 30min. During the last 5min of incubation, 2µg/ml of
HOECHST stain (component B) was added. The cells were washed twice with
HBS and visualized using an Olympus IX71 epifluorescence microscope at
excitation/emission of 495/529 nm (ROS) and 350/461 nm (HOECHST),
respectively, linked to a Macrofire camera.

2.3. Mitochondrial size and movement along the neurite
Differentiated NG108-15 cells transfected with α4β2-nAChRs were treated with
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Aβ1-42 for 3 days. On day 3, the cells were incubated with BacMam Mito-RFP
reagent (Invitrogen) for another 16hrs in order to label the mitochondria. The
cells were then washed for 30 min and imaged for the live movement of
individual RFP-labeled mitochondria. A total of 30 images were recorded over a
period of 720s using confocal imaging (as described in Chapter II). Using Image
J, the x and y coordinates of each individual mitochondrion were measured to
determine the relative distance traversed by that particular mitochondrion along a
given neurite. In addition, the size of individual mitochondria was determined.
Mock-transfected cells were used as control.

2.4. Evaluation of Cell Viability
2.4.1. Cell Count- NG108 cells were plated and differentiated on coverslips in
30mm dishes. Cells were either mock- or α4β2-nAChR transfected as described
in Chapter 2. After transfection, cells were treated with Aβ1-42 or Aβ42-1 for several
time points starting from d0 to d5. The cells were counted in nine different fields
for each coverslip, each cover-slip being considered an independent entity, using
ImageJ.

2.4.2. Terminal Deoxynucleotidyltransferase-mediated dUTP Nick end
Labeling (TUNEL) assay- NG108 cells were seeded on coverslips in 24-well
plates (6x104 cells/well). Cells were either mock- or α4β2-nAChR transfected as
described in Chapter II. After transfection, cells were treated with Aβ1-42 or Aβ42-1
for several time points starting from d0 to d5. TUNEL assay was performed using
Click-iT® TUNEL Alexa Fluor® Imaging Kit (Invitrogen) in accordance with the
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manufacturer's protocol. In brief, cell cultures were fixed with freshly prepared
4% paraformaldehyde in PBS at room temperature for 20 min and incubated with
the permeabilization reagent (0.25% Triton X-100 in PBS) for another 20 min.
The cultures were then washed twice with deionized water. Cells were further
incubated with 50 µL of TdT (Terminal Deoxynucleotidyltransferase) reaction
buffer (Component A) for 10 min at room temperature. It was then removed and
the TUNEL reaction mixture containing TdT was allowed to cover the cells in a
humidified chamber at 370C for 60min. After treatment, cells were washed thrice
with 3% BSA in 1X PBS for 2min each and incubated with 50 µL of Click iT
reaction mixture (containing Alexa 488 azide) for 30min at room temperature,
protected from light. The cells were again washed with 3% BSA in 1X PBS and
the cell nuclei were counterstained with Hoechst 33342 for 15min at room
temperature, protected from light. The cover-slips were washed twice with PBS
before mounting onto a slide with Vectashield mounting medium (Vector
Laboratories, Burlingame, CA). Negative and positive controls were included in
each experiment. For negative control, cells were processed using a reaction
mixture that did not contain TdT. For positive control, cells were incubated with
DNase I (3 U/mL) for 30 min to induce DNA strand breaks.

Apoptosis was

detected by fluorescence microscopy on a Zeiss Confocal Pascal equipped with
a Zeiss Axiovert 200 microscope, equipped with appropriate fluorescence filters
and objectives. The TUNEL-positive cells were counted in eight different fields
for each well taken from experiments that were run in triplicate.
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2.4.3. Apoptosis Assay- Vybrant Apoptosis Assay Kit (V-13241 Alexa Fluor®
488 annexin V/propidium iodide; Molecular Probes) was used. Following the
wash with cold PBS, the cells were incubated with the red-fluorescent propidium
iodide (PI; component B) at room temperature for 15 minutes. The cells were
then washed with 1X Annexin-Binding buffer. These were then mounted onto the
slides and the fluorescence observed using appropriate filters using an Olympus
IX71 epifluorescence microscope linked to a Macrofire camera. The healthy cells
showed only weak annexin V staining of the cellular membrane i.e. little or no
fluorescence whereas necrotic cells (showed strong nuclear staining from the
propidium iodide i.e. red fluorescence).

2.5. Western Blot
2.5.1. Protein Extraction: NG108-15 cells at 80% confluence in 10cm cell
culture plates were differentiated and transfected as previously described. After
48 hours, cells were treated with 100nM Aβ1-42 for different time-points from
30min to day3 in the presence or absence of respective inhibitors. Further, to
distinguish the effects produced by interaction between Aβ1-42 and α4β2 nAChRs,
mock-transfected cells (untreated or Aβ-treated) were used as controls. The
media was aspirated and the cells were washed with 1X PBS. After adding 100µl
lysis buffer (25 mM HEPES, 200 mM NaCl, 1mM EDTA, 0.5% digitonin, 0.2%
sodium cholate, 0.5% NP-40, HaltTM Protease Inhibitor Cocktail, 0.02% 2mercaptoethanol), the cells were scraped gently from the plates sitting on ice and
collected in a microcentrifuge tube. The plates were washed with another 100µl
lysis buffer for maximum cell recovery. The protein was collected by subjecting
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the cell suspension to centrifugation at 13,000 rpm for 20min at 4°C. The pellet
was discarded and the supernatant (protein) was collected in a fresh
microcentrifuge tube. The absorbance was measured for all samples using a UV
spectrophotometer.

2.5.2. SDS-PAGE/ Western Blot: The protein samples were diluted with 25µl
SDS Sample buffer and 10µl of DTT (Dithiothreitol) to make a total volume of
100µl. The samples were boiled to 95°C for 5 min, cooled immediately on ice and
spinned. About 10µg protein was loaded onto 4-20% Tris-HCl gels and the
samples resolved by SDS-PAGE. These were then transferred to already
activated PVDF membrane (incubating with methanol for 30sec, washing with
distilled water for 2 min and adding transfer buffer for 30min) using Invitrogen
iBlot 7-minute Blotting System. Afterwards, membrane was soaked in 1X PBS for
5min and incubated with LiCor blocking buffer for 2hrs at room temperature with
shaking. The membrane was incubated with various primary antibodies (rabbit
anti-phospho Drp-1, rabbit anti-Rab5 and rat anti-Rab11; 1:1000) separately
overnight at 4°C with gentle shaking. The membrane was then washed thrice for
10min each with 1X TBS-Tween (TBST). Immunoblotting was done using LiCor
secondary antibodies (anti-mouse, anti-rabbit or anti-rat; 1:5000) for 1hr at room
temperature followed by washing the membrane thrice with 1X TBST for 10min
each. Immunoreactivity for actin or GAPDH was used as a loading control.
Immunoreactive bands in the PVDF membrane were visualized by an Odyssey
Infrared Imaging system (LiCor Biosciences).
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3.

RESULTS

3.1. Altered mitochondrial dynamics in neurites of NG108-15 cells following
sustained Aβ treatment:
Aβ was previously found to alter mitochondrial dynamics (80, 83). To examine
the potential disruptive effect of sustained exposure to Aβ on mitochondrial
transport, differentiated NG108-15 cells were transfected with α4β2-nAChRs and
then treated with Aβ1-42 for 3 days. On the third day, the cells were incubated with
BacMam Mito-RFP reagent for another 16hrs in order to label the mitochondria.
The α4β2-nAChR-transfected cells treated with Aβ1-42 showed a significantly
reduced rate of movement of mitochondria as compared to that found in
untreated cells (Fig. 12B-12G) or mock cells (data not shown). In addition, the
average size of mitochondria was significantly reduced on sustained exposure to
Aβ1-42 as compared to that observed in untreated cells (Fig. 13B and 13C). To
further test whether the reduced size of mitochondria was a result of disturbed
fission-fusion equilibrium, immunostaining for the fission-inducing protein Drp-1
(Dynamin-related protein-1) was performed using phospho-Drp-1 and total antiDrp-1 antibodies (Fig. 13D). The phospho-Drp-1 signal was significantly stronger
in α4β2-nAChR-transfected cells exposed to Aβ1-42 for 3d as compared to mocktreated cells (Fig. 13E and 13F).
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Figure 12. α4β2-transfected cells exposed to Aβ show reduced mitochondrial movement in
neurites A, A representative kymograph showing the movement of mitochondria in a neurite of
an untreated, α4β2-nAChR-transfected NG108-15 cell. The arrows show the relative movement
of mitochondria along a given neurite. (B) and (E) show the instantaneous rate of movement of
individual mitochondria over 720 sec in neurites of control and Aβ-treated cells, respectively. (C)
and (F) depict the cumulative rate, whereas (D) and (G) show the average rate of movement of 6
different randomly selected mitochondria in mock-transfected and α4β2-transfected cells in
neurites of control and Aβ-treated cells, respectively. There appears to be no significant
difference between rate of mitochondrial movement in mock and α4β2-tranfected cells (not
shown). However, on chronic exposure to 100nM Aβ1-42, there was a significant reduction in both
the rate of movement of mitochondria and total distance covered along a given neurite.
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Figure 13. Sustained exposure to Aβ altered mitochondrial dynamics. A, A representative
live-image showing Mito-RFP-labeled mitochondria in NG108-15 cells expressing α4β2 nAChRs.
B, Changes in the size of labeled individual mitochondria on daily treatment with 100nM Aβ1-42
(day 1-day 3) as compared to that observed in cells without Aβ treatment. Magnified regions
show representative individual mitochondria (insets). C, Average size (diameter) of mitochondria
(n=6). D, Representative immunostaining for phospho- and total Drp-1. E, Immunoblot analysis
showing a time-dependent increase in the expression of phospho-Drp-1 on daily treatment with
Aβ (n=3). F, Aβ treatment for 3 days resulted in increased levels of phospho-Drp-1 relative to
total Drp-1, when compared to controls (n=5). *p<0.05; **p<0.01; ***p<0.001.
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3.3. Aβ-induced increases in the levels of reactive oxygen species (ROS)
and nuclear disintegration in NG108-15 cells are sensitized by the presence
of α4β2-nAChRs:
To investigate the impact of Aβ1-42 through α4β2 nAChRs on oxidative stress,
mock-transfected and α4β2-nAChR-transfected cells were incubated with
carboxy-H2DCFDA and HOECHST stain (Fig. 14A). In mock-transfected cells,
there was only a slight increase in ROS staining on sustained exposure of nM
levels of Aβ1-42, whereas exposure to 1µM Aβ1-42 increased ROS levels to a
significant extent (Fig. 14B, open bars). On the other hand, exposure of α4β2nAChR-transfected cells to 100nM Aβ1-42 for 3 days resulted in a time-dependent
increase in the levels of ROS (p<0.0001) as compared to mock-transfected cells
exposed to the same concentration of the peptide (Fig. 14B, black bars). A
similar trend was seen for nuclear disintegration as assessed by HOECHST
staining. Application of nM Aβ1-42 to mock-transfected cells showed round, intact
nuclei without any notable evidence of nuclear disruption, whereas the α4β2nAChR-transfected cells treated with Aβ1-42 for 3 days had a significant
(p<0.0001) level of nuclear disintegration (Fig. 14C), similar to that found with
cells undergoing apoptosis. By day 4, a large portion of the α4β2-nAChRtransfected cells died (Fig. 15), with the remaining gone by day 5.
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Figure 14. Aβ induced substantially increased levels of reactive oxygen species (ROS) and
nuclear disintegration in the presence of α4β2-nAChRs. A, treatment with 100nM Aβ1-42 for 3
days led to a significant level of nuclear disintegration (magnified examples shown in inset) and
ROS production in α4β2-nAChR transfected cells as compared to treatment of mock-transfected
cells which retained round, intact nuclei without any notable evidence of nuclear disruption and
which had very weak staining for ROS. Quantification of ROS (n=6) (B) and HOESCHT (n=20)
(C) staining is presented as the mean fluorescent intensity and disintegrated nuclei/total nuclei,
respectively, for all cells in a given field. Mock-transfected cells are represented by the open bars;
α4β2-nAChR-transfected cells are represented by the closed (black) bars. Remaining
representative images of the time-course of effect of Aβ, in addition to the effect of nicotine, are
shown in Fig. S3. **p<0.01; ***p<0.001 when compared to control.
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Figure 15. Sustained exposure to Aβ led to accelerated cell death in α4β2-nAChRtransfected cultures. Mock-transfected and α4β2-nAChR-transfected cells were exposed to
daily treatment with 100nM Aβ1-42 (left) and the control reverse peptide Aβ42-1 (right) for 0-5 days,
and cell counts were performed on several random fields. A significant acceleration of cell loss
was noted by day 4 in cells expressing α4β2-nAChRs treated with Aβ.
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3.4. Aβ1-42 exposure induced apoptosis in NG108-15 cells- The induction of
apoptosis was evaluated by TUNEL assay, which was performed on either mocktransfected or α4β2-nAChR transfected cells exposed to Aβ1-42 (Fig. 16A). The
percentage of TUNEL-positive nuclei increased significantly in α4β2-nAChR
transfected cells (p<0.01) as compared to that in mock-transfected cells treated
with Aβ1-42 (Fig. 16B). In contrast, the reverse control peptide, Aβ42-1 (Fig. 16C)
from d0 to d5 did not have any effect on either mock- or α4β2-nAChR transfected
cells. The role of Aβ1-42 in apoptosis was further confirmed by PI staining. For
both mock- and α4β2-nAChR transfected cells, Aβ1-42 exposure for d4 or d5
indicated the presence of apoptotic cells as compared to that in control (Fig. 17).
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Figure 16. Prolonged exposure to Aβ induced apoptosis in α4β2-nAChR transfected cells.
A, In order to evaluate the induction of apoptosis, TUNEL was performed on either mocktransfected or α4β2-nAChR-transfected cells exposed to 100nM Aβ1-42 for days 0-5. The arrows
indicate TUNEL-positive cells identified by HOECHST staining. B, Quantification of the
percentage of TUNEL-positive nuclei in mock-transfected and α4β2-nAChR-transfected cells
exposed to 100nM Aβ1-42 for 0-5 days. TUNEL staining on treatment with the control reverse
peptide Aβ42-1 is shown in C and D shows positive and negative controls.
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and 5, a large fraction of cells showed red-fluorescent PI-positive cells.
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4.

DISCUSSION

As sustained exposure to high nM-µM Aβ has consistently been found to be
neurotoxic (eg. 3, 35), we next addressed the consequence of the Aβ-induced
upregulation

of

the

nAChRs

on

mitochondrial

and

neuronal

integrity.

Mitochondria are dynamic organelles and play significant roles in intracellular
calcium homeostasis and reactive oxygen species production under conditions of
oxidative stress. Mitochondrial dysfunction and oxidative damage occur in the
earliest phase of AD, namely before significant plaque deposition (75, 83).
Though these changes take years to develop in AD, owing to attenuating if not
mitigating processes in brain (eg. clearance, anti-oxidative processes, competing
neurotransmitter and synaptic activities), the use of in vitro nerve cell models
allows assessment of the impact of elevated Aβ in isolation. Exposure to µM Aβ
was previously shown to alter mitochondrial dynamics and transport in cultured
hippocampal neurons in a manner involving the microtubule-associating protein
tau (84). Here, we found that sustained exposure to nM Aβ also results in altered
mitochondrial dynamics and transport, and these effects are especially
pronounced when α4β2 nAChRs are present. Of particular note is the increased
expression of phospho-Drp-1, which is a key player in coupling Aβ to
mitochondrial fission via nitric oxide (85, 86), consistent with our findings of
decreased mitochondria size following Aβ treatment.

As for mitochondrial

transport, tau has been found to contribute to Aβ-induced reductions in general
axonal transport (87), and thus it will also be important to consider the role of tau
in the effects of Aβ in the presence of nAChRs. We also found significant
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production of ROS as well as nuclear fragmentation, which were greatly
enhanced by the presence of the α4β2 nAChRs. Taken together, the results
indicate that the presence of nAChRs sensitizes neurons to Aβ such that
sustained pM to nM levels of the peptide can now disrupt calcium regulation and
mitochondrial function. As mitochondrial function is essential for cellular and
synaptic integrity, the neurotoxic effect of accumulating Aβ will thus be magnified
for cholinoceptive cells, possibly contributing to the cholinergic deficit in AD.
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CHAPTER 4
Characterization of α4β2-nAChR-mediated intracellular signaling
on prolonged exposure to beta amyloid
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1.

INTRODUCTION

There is ample evidence on how various different intracellular pathways including
MAPK, Akt, Fyn and others can be regulated by oligomeric Aβ (Fig.18) (88)

Figure 18. Main receptors and intracellular pathways activated by Aβ in neurons
(Adapted from 88)

(a) MAPK- The importance of MAPKs in AD pathogenesis is being increasingly
recognized. Mitogen-activated protein kinases (MAPKs) are serine-threonine
kinases that mediate intracellular signaling associated with a variety of cellular
activities,

including cell

proliferation,

differentiation,

survival,

death,

and

transformation. Hippocampal activation of ERK plays a significant role in
determining LTP (89, 90) and hence, contextual and spatial memory formation in
mammals (91-94).
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All MAPK pathways, i.e., the extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinase (JNK) and p38 pathways, are activated in vulnerable neurons
in patients with AD (88), suggesting that MAPK pathways are involved in the
pathophysiology and pathogenesis of AD. Studies conducted on human postmortem

tissues

from

Alzheimer's

cases

have

confirmed

that

in human AD brains, the p38 MAPK activation occurs at a very early stage (95,
96).

In AD, activation of MAPK cascades contributes to disease progression through
regulation

of

neuronal apoptosis,

β-

and

γ-secretase

activity,

and phosphorylation of APP and tau. Inhibitors for ERK1/2, MEK, or JNK, all of
which contribute to the pathological hyperphosphorylation of tau, have been
widely investigated as potential therapeutic drugs for AD (97, 98). Inhibitors of
p38 MAPK are also considered as potential drugs for AD, given that the p38
pathway plays a key role in the Aβ-induced production of pro-inflammatory
cytokines (99).

Besides ERK, hippocampal memory in mammals has also been shown to be
dependent on one of its downstream targets, c-AMP-regulatory element binding
(CREB) protein (100).

(b) CaMKII- CaM kinase II constitutes about 10–30% of proteins in the
postsynaptic density (PSD) at excitatory synapses in the forebrain, including the
hippocampus (101). It is a multimeric holoenzyme, composed of several catalytic
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subunits, which undergoes autophosphorylation following activation by Ca2+/CaM
and thereby remains active for a prolonged period of time (102-106).

Several models have shown that the activation of ERK/CREB by Aβ1-42 is
dependent on calcium and that this activation is mediated by α7 nAChRs (23,
24). As shown in Figure 19 (107), activation of the NMDA receptor leads to
Ca2+influx and several downstream effects such as increased Ca2+-dependent
protein phosphatase calcineurin activity and subsequent activation of protein
phosphatase 1 (PP1). PP1 can be positively and negatively regulated by
calcineurin and protein kinase A (PKA), respectively. PP1 serves to
dephosphorylate and thereby deactivate Ca2+/calmodulin-dependent kinase II
(CaMKII). This has important downstream implications on AMPA receptors,
whose phosphorylation by CaMKII allows for its up-regulation at the synapse and
enhanced activation of NMDA receptors. Aβ can regulate several components of
this cascade, including the NMDA receptor, the AMPA receptor, NMDA receptor
endocytosis, calcineurin, and PPI. Aβ can influence PPI activity directly or
indirectly by increasing calcineurin activity which leads to enhanced PP1 activity
and further, deactivation of CaMKII leading to LTP deficits in the hippocampus.
Increased nuclear PP1 activity in response to calcineurin activation can also lead
to dephosphorylation of CREB and consequent transcriptional changes that
translate to long-term deficits in LTP.
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Figure 19. Aβ-induced disruptions in NMDA receptor–dependent pathways that underlie
LTP deficits (Adapted from 107)

(c) Akt- A family of serine / threonine protein kinases, the Akt / protein kinase B
(PKB) has been shown to play a crucial role in a wide array of processes
including cell survival, cell growth, energy metabolism, protein synthesis, gene
expression, apoptosis, and oncogenesis. The age-related changes in tissue
structure and function are likely to be related to alterations in Akt expression and
Akt-dependent signaling (108). Studies have shown another significant role of
Akt in LTP induction followed by activation of NMDA receptors. Activation of
nicotinic acetylcholine receptors, particularly α7 nAChRs, by nicotine has been
shown to result in activation of PI3K/Akt pathway, conferring neuroprotection
(109). This interaction between nAChRs and Akt thus results in the activation of
anti-apoptosis pathway and could contribute to synaptogenesis. Figure 20 (110)
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shows

three

proposed

pathways

for

nAChR-mediated

survival

signal

transduction (a) PI3 K/AKT pathway, (b) JAK2/ STAT3 pathway and (c)
RAS/RAF/MEK/ERK pathway. Nicotine-induced neuroprotection is mediated via
nAChRs, especially through α7 and α4β2 receptors, and inhibited by a PI3K
inhibitor and an Akt/PKB inhibitor. This means that nicotine activates the PI3 KAkt/PKB pathways and increases the survival of neurons. JAK2 and Fyn are key
molecules triggering activation of the PI3 KAkt/ PKB pathways which lead to
subsequent upregulation of Bcl-2 and neuroprotection.

Figure 20. Proposed pathways for the mechanism of nAChR-mediated survival signal
transduction (Adapted from 110)

(d) Fyn- Fyn, a 59kD protein with structural homology to the Src family of
kinases, has been demonstrated to be involved in maintaining synaptic plasticity
(111). In addition, Fyn plays a role in the regulation of Aβ production and
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mediates Aβ-induced synaptic deficits and neurotoxicity. Fyn also induces
tyrosine phosphorylation of tau (111). The pluripotent effects of Fyn are
summarized in Figure 21 (111). Several laboratories have reported increased
levels of tyrosine-phosphorylated kinases in response to Aβ. These include focal
adhesion kinase (FAK; 112), phosphatidylinositol 3-kinase (PI3K; 113) and MAP
kinase (114). The Aβ-induced phosphorylation of FAK has been shown to be
inhibited by the Src/Fyn inhibitor PP2 (112).

Figure 21. A model of Fyn substrates and mechanisms which are related to AD (Adapted
from 111)

As shown in Figure 22 (115), under physiological conditions tau is primarily
located in axons. (Over) activation of Fyn kinase results in phosphorylation of
subunit 2 of the NMDA receptor in dendritic spines, resulting in stabilization of the
receptor's interaction with the postsynaptic density protein PSD95 and hence a
net increase in NMDA receptor at the synapse, leading to enhanced
excitotoxicity. Overexpression of a Δtau variant lacking the C terminus, which
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binds to Fyn kinase but not to microtubules, results in the sequestration of Fyn in
the soma, preventing Fyn from reaching the dendrites. Consequently, Fynmediated phosphorylation of NMDA receptors is decreased and Aβ-mediated
toxicity is reduced. Enhanced redistribution of abnormally hyperphosphorylated
tau from axons to the somatodendritic compartment during AD pathogenesis may
increase tau-dependent sorting of Fyn to the dendrites, boosting excitotoxic
signaling and increasing the toxic effects of Aβ (black) on neurons.

Figure 22. A Toxic Triad in Alzheimer's Disease. Shown are the neuronal localization of tau
protein (red) and Fyn kinase (blue) under physiological and pathological conditions
(Adapted from 115)

2.

MATERIALS AND METHODS

2.1. Cell Culture and Transfection
Described in Chapter 2
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2.2. Western Blot
Described in Chapter 3

2.3. Immunocytochemistry
Described in Chapter 2

3.

RESULTS

Activation of the various intracellular pathways is manifested as increased levels
of the phosphorylated form of the component protein kinases. Here, we assessed
kinase activation as the ratio of the phosphoform to total protein level using
immunoblot and immunocytochemical analysis.

3.1. Activation of MAPK pathways following sustained exposure of
neuronal cultures expressing α4β2-nAChRs to Aβ:
To investigate the downstream effects of Aβ1-42 toxicity, α4β2-nAChR-transfected
cells were exposed to fresh, oligomeric Aβ1-42 for several time-points starting
from 30 min going to 3 days. Mock-transfected cells treated with Aβ1-42 for 0 and
3 days were used as controls. Cell lysates were analyzed via immunoblotting
using rabbit anti-phospho-ERK1/2 and mouse anti-ERK1/2 antibodies. The levels
of pERK1 as well as pERK2 were upregulated in a time-dependent manner in
cells transfected with α4β2-nAChRs to over 4-fold by 2-3 days, whereas no
apparent change was observed in mock-transfected cells (Fig. 23A and 23C)
Interestingly, the Aβ-induced increase in pERK1 and pERK2 was already
detected at 30min (over 3-fold). The increased level of tyrosine phosphorylation
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induced by Aβ1-42 was inhibited on co-incubation with 10µM U0126, a MEK
inhibitor (ERK acts downstream of MEK). A much higher upregulation in the
levels of both pERK1 and pERK2 was seen when α4β2-nAChR-transfected cells
were treated with nicotine for 3 days (8- to 10-fold), as shown in Figure 23B and
23D. For this assay, α7-nAChR transfected cells were used as a positive control,
as it has been observed that a transgenic AD mouse model (Tg2576) shows an
age-dependent increase both in α7-nAChR expression as well as in ERK2
activation in the hippocampus and the cortex. A similar effect has been observed
using organotypic hippocampal slices incubated chronically with Aβ (23). These
immunoblot results were supplemented by the immunostaining of neuronal
cultures transfected with α4β2-nAChRs and exposed to Aβ for 3 days (Fig. 23E).

The phosphoform of JNK, another member of the MAPK family, was found to be
significantly upregulated as a result of Aβ exposure for 2-3 days (Fig. 24A)
However, the increase in the levels of pJNK1 was dramatically more pronounced
than those of pJNK2,3 (nearly 30-fold as compared <2-fold, respectively; Fig.
24B). This upregulation is consistent with the recent studies demonstrating the
neuroprotective effect of inhibiting JNK activity in rodent AD models (116, 117).
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Figure 23
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Figure 23. Time course of Aβ1-42 activation of pERK1 and 2 MAPK in NG108-15 cells
transfected with α4β2-nAChRs. A and C, Aβ activates ERK MAPK pathway by increasing
pERK levels by 3-fold in 30 min and about 4-fold by days 2-3. Incubation with U1026, MEK
inhibitor, inhibited the expression levels of both pERK1 and 2. B and D, A more pronounced
upregulation (8-10 fold) was observed in cells treated with 1µM nicotine for 3 days. E,
Representative images depicting immunostaining of mock- and α4β2-nAChR-transfected cells
treated with Aβ1-42 for 3 days.
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Figure 24. α4β2-nAChRs couple Aβ1-42 activation of JNK-MAPK in differentiated neuronal
cells. A, Immunoblot demonstrates the increase in the levels of pJNK1 as well as pJNK2,3.
Quantitative immunoblot results depicted in B show that the upregulation of pJNK1 is significantly
pronounced (30-fold) as compared to that of pJNK2,3 (<2-fold).
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3.2. Altered levels of pCaMKII and pCREB on prolonged incubation to Aβ:
The nAChRs have been shown to mediate the calcium-dependent activation of
CaMKII/IV, ERK/MAPK and CREB in several neuronal models (118-121). Based
on these studies and our findings which showed altered calcium responses in
α4β2-nAChR-transfected cells exposed to Aβ for 3d, we also assessed changes
in the levels of CaMKII under same conditions. As expected, the levels of
phospho-CaMKII were upregulated starting at 30min of Aβ exposure, peaked at
1d and declined slowly out to 3 d (Fig. 25 A and 25C).

Levels of phospho-CREB (a downstream effector of ERK and CaMKII) as probed
using rabbit anti-pCREB antibody, were also shown to increase progressively.
However, Aβ-induced increases in pCREB levels did not appear until day 2,
unlike the pERK levels which increased by 30 min (Fig. 25A and 25B). There was
a very slight increase in pCREB levels in mock-transfected cells exposed to Aβ,
which is consistent with some reports showing that Aβ acts independently of
nicotine receptors (122, 123). The immunoreactivity for GAPDH was used as a
loading control.
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Figure 25. pCREB and pCaMKII levels are upregulated on sustained exposure to Aβ in
differentiated NG108-15 cells transfected with α4β2-nAChR-transfected cells. A Western
blot micrograph showing the altered levels of pCREB and pCaMKII in mock and α4β2-nAChRtransfected cells treated with Aβ for different time-points. GAPDH was used as a loading control.
B and C show the quantification of the blots for pCREB and pCaMKII respectively. The levels of
pCaMKII peaked up starting at 30 min and increasing further by day 1 but seemed to decline
afterwards. On the other hand, pCREB levels were upregulated only by day 2.
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3.3. Altered levels of pAkt on prolonged exposure to Aβ:
For α4β2-nAChR-transfected cells, pAkt increased to a peak level of over 4.5fold by 30min of exposure to Aβ, followed by a sharp decline at 1 day (Fig. 26A
and 26B). However, the levels again increased after 1d gradually in a timedependent manner, but did not reach the maximum peak levels. For mocktransfected cells, Aβ treatment for 3d also increased the pAkt levels significantly.
The levels of pAkt were fully suppressed by co-incubating the cultures with 5µM
A6730 (Akt kinase inhibitor).
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Figure 26. Time course of Aβ activation of pAkt in NG108-15 cells transfected with α4β2nAChRs. A, Aβ activates PI3K pathway, as shown by immunoblots of pAkt levels in mock and
α4β2-nAChR-transfected cells treated with Aβ1-42 from 30 min to 3 days. B, pAkt levels were
upregulated significantly in both mock and α4β2-nAChR-transfected cells treated with Aβ1-42, with
receptor-transfected cells showing an earlier effect by 30min only. Incubation with A6730, a wellknown Akt kinase inhibitor, attenuated the expression levels of pAkt in all the treatment groups.
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3.4. Aβ exposure to α4β2-nAChRs regulated the levels of pFyn and PHFtau:
Recent evidence proposes that the pathway through which tau promotes toxicity
in AD may involve the pathological mislocalization of tau and the subsequent
targeting of Fyn to postsynaptic sites at CA1 synapses (124). Mature
hippocampal cells from Fyn -/- mice are completely protected against Aβ
mediated toxicity (35). In accordance with these reports, our studies showed that
incubation with Aβ caused a significant upregulation in the levels of both Fyn
(Fig. 27A and 27B) and Tau (Fig. 27A and 27C) in the cells transfected with
α4β2-nAChRs by 2-3 days. Interestingly, a similar and comparable trend was
observed in the mock-transfected cells treated with Aβ for 3 days.
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Figure 27. Upregulation of pFyn and PHF-Tau on prolonged exposure to Aβ in a timedependent manner in NG108-15 cells transfected with α4β2-nAChRs. A, Immunoblot images
depict the increases in the levels of pFyn as well as PHF-tau. Quantification of the immunoblot
results depicted in B suggests a possible link between Fyn and Tau as shown by a parallel
upregulation of both by same time-point i.e. day 2 and 3.
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4.

DISCUSSION

Aβ activates several kinase systems in cultured cells (125, 126), including the
MAPK cascade in cultured primary cortical and hippocampal neurons (127, 128).
Here, substantial ERK activation in response to Aβ exposure was found to be
one of the earliest events. CaMKII activation was also an early event, but it was
not sustained, unlike ERK activation which continued to increase over several
days. The ERK cascade is known to play a critical role in hippocampus-based
synaptic plasticity and learning. Regulation of ERK by Aβ suggests a molecular
basis for the disruption in memory formation in AD, because the proper
functioning of the ERK MAPK cascade is critical for certain types of memory
formation (129). However, it is noteworthy that the improvement in cognition may
be mediated by α7 nAChRs (120), which have been shown to play a
neuroprotective role (130).

On the other hand, some studies have implicated MAP kinases in
hyperphosphorylation of tau protein by showing that both ERK1 and ERK2 are
capable of phosphorylating recombinant tau at several of the same sites as PHFtau (131-133). It has been demonstrated that microinjection of rat hippocampal
primary neurons with purified sea star p44 ERK1 resulted in PHF-like tau
hyperphosphorylation associated with compromised microtubule assembly (134).
Our findings which show that ERK activation precedes PHF-tau are in
accordance with these reports, indicating that upregulation of phospho-ERK
might be one of the earliest signals in response to Aβ exposure, followed by
formation of PHF-Tau.
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Besides Aβ and tau, another molecule which has been suggested to be the third
member of this toxic triad is Fyn (115). Several lines of evidence suggest that
Fyn kinase is involved in the synaptic and behavioral deficits associated with Aβ
(135-137). Similarly, reducing or eliminating tau in a mouse model of AD
significantly diminished behavioral deficits and improved survival, suggesting that
tau may mediate the toxic effects of Aβ (138). Here, we found that Fyn activation
was increased with Aβ exposure, but not until 2-3 days like that found for PHFtau. Unlike ERK, the activation of Fyn was receptor-independent. Thus, while Fyn
activation parallels the appearance of PHF-tau, it is likely not downstream of the
ERK activation and represents an independent, converging pathway for Aβ
toxicity.

Taken together, our results provide an insight on how different pathways might
converge at a very early stage of Alzheimer’s disease, particularly in the
presence of α4β2-nAChRs.
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CHAPTER 5
Conclusion
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1.

CONCLUDING REMARKS

Taken together, the results from this study showed that prolonged exposure of
the neuronal cell line NG108-15 expressing α4β2 nAChRs to nanomolar Aβ
leads to increased presynaptic calcium responses to acute stimulation with Aβ or
nicotine. However, although this upregulation of responses occurred at day 3, the
kinetics of the calcium responses did not change. Exposure to α4-selective
antagonist DHβE, both acute and sustained, attenuated the responses, further
implying the specificity of α4β2 nAChRs. This study was restricted to using α4β2
nAChRs only due to their high-affinity for nicotine as well as their ability to
produce a more prolonged calcium response. This enhancement in calcium
responses was suggested to be due to an upregulation in the expression of the
nAChRs on the presynaptic-like varicosities of the NG108-15 cells. Moreover,
this upregulation occurred at a post-transcriptional level and was likely a result of
an increase in the endocytosis/recycling pathway.

In order to determine the underlying effects on cell integrity, we looked at various
parameters including cell viability, apoptosis and mitotoxicity. Parallel to the
upregulation of receptor expression levels and functional responses induced by
them, oxidative stress was induced, as measured by the levels of ROS and was
more pronounced in the presence of the receptor itself. This implied that the
presence of nicotinic receptors sensitized the neurons to the toxic actions of beta
amyloid. However, effects on mitochondrial dynamics were seen even at an
earlier time-point, with alteration in size of mitochondria starting at day 1. By day
3, there were increased levels of mitochondrial fission protein, drp-1 and a
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reduced rate of transport of mitochondria along a neurite. Cell counts, Hoechst
staining and TUNEL assay further confirmed nuclear fragmentation and
apoptosis as by days 4-5 of exposure to nM Aβ, most of the cells died.

We also investigated the possible mechanisms underlying the observed
changes. It was observed that Aβ is regulated by various intracellular signaling
pathways, specifically ERK and JNK. We found specifically that phospho-ERK1/2
levels were upregulated in parallel to the upregulation of nAChRs in response to
sustained exposure to Aβ. As the expression of the nAChRs is controlled by a
plasmid transiently transfected into the cells and there was no change in nAChR
mRNA upon sustained exposure to Aβ, this result indicates regulation by the
ERK pathway at a point downstream of receptor synthesis.

β-amyloid has been implicated in oxidative stress-induced, ERK-dependent
activation of the neuronal cell death program. Our results therefore suggest that
neurons expressing nicotinic receptors will be particularly susceptible to beta
amyloid neurotoxicity, possibly contributing to the cholinergic deficit that occurs in
Alzheimer’s disease.

Based on our findings, we propose a mechanism linking the presence of nicotinic
receptors,

particularly

α4β2-nAChRs,

to

the

Aβ-mediated

cell

toxicity,

disturbance in calcium homeostasis and activation of MAPK pathway alongwith
CaMKII, Fyn and Akt.
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2.

FUTURE DIRECTIONS

The results from these studies raise a number of new questions and open up
possible new directions in research on the neurotoxicity of Aβ. First, a recently
identified non-toxic N-terminal Aβ fragment with enhanced activity and potency
as a neuromodulator could be evaluated for its potential as a neuroprotective
agent against Aβ toxicity (139). It will be interesting to see to what extent does
this Aβ1-15 fragment specifically protect the neurons against Aβ-induced oxidative
stress, mitochondrial toxicity and apoptosis. As the α4-selective antagonist DHβE
blocked the upregulation of the α4β2-nAChRs on sustained exposure to Aβ, it is
anticipated that the Aβ1-15 fragment will attenuate if not block the neurotoxic
effects of full-length Aβ. If so, then a means to upregulate the Aβ1-15 fragment in
vivo could attenuate Aβ in Alzheimer’s disease.

Second, the role of oxidative stress in Aβ toxicity, and especially, in receptor
upregulation may be addressed through the use of anti-oxidants like NAC (Nacetylcysteine) and/or (over) expression of selenoproteins. The latter could
provide a wholly new avenue to explore as therapeutic treatment for AD. As our
preliminary studies show that an upregulation in the levels of phospho-ERK,
phospho-Fyn and PHF (phospho-tau) is paralled by an increase in oxidative
stress as an early event in the time-line for toxic actions of sustained Aβ
exposure (Fig. 28), It would also be significant to modulate the activation of these
molecules using specific knock-outs and/or inhibitors, especially that of phosphoERK, which is usually involved in proliferation/development processes. In
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addition, it will also be interesting to explore Aβ-induced hyperphosphorylation of
Tau in our presynaptic model system and its role in the result neurotoxicity.

Assessment of altered mitochondrial dynamics in the varicosities, in particular
whether mitochondria numbers decrease in presynaptic sites with prolonged Aβ
will be important, as a basis for synaptotoxicity. In addition, several other
parameters of mitochondrial toxicity induced by prolonged Aβ exposure, like
levels of caspases-3 and 8 and cytochrome C, can be useful to assess. Studies
will also be done to compare the changes in calcium responses and other
downstream effects occurring as a result of sustained exposure to Aβ1-42 of α7
nAChRs by themselves and/or in the presence of α4β2 nAChRs.

As our studies suggest that time-course for the toxic effects of Aβ exposure might
result, in part, from upregulation of α4β2 nAChRs, blocking receptor upregulation
selectively by some means and determining the extent to which the cells are
rescued from Aβ-toxicity, would unravel some of the very basic mechanisms
responsible for causing the detrimental effects during very early stages of AD.
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