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HIGHLIGHTS

» Cells expressing amyloid precursor protein (APP) or a combination of APP and presenilin show significant mortality.
» Nicotine dose dependently attenuated cell loss with highest sensitivity in doubly transfected cells.

» Nicotine’s effect was blocked by mecamylamine with differential sensitivity in different cell lines.

» The results support therapeutic potential for nicotinic agonists in at least a subtype of AD.
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Amyloid-f3 protein (Af) accumulation is one of the major hallmarks of Alzheimer’s disease (AD) and
plays a crucial role in its pathogenesis. Cellular models whereby amyloid precursor protein (APP) is
highly expressed are commonly used to test the efficacy of novel neuroprotective compounds. In addition
to AP, it is known that mutation in the protein presenilin contributes to early onset AD. Recently, a
cellular neuroblastoma model where both APP and presenilin are expressed has become available. Since
protective effects of nicotine against various neurotoxins have been observed, this study was designed
. to determine whether nicotine would also protect against cellular damage induced by APP or APP and
Neuroprotection . . . X . .
Beta amyloid presenilin. Wild type neuroblastoma (N2a) cell line, and those transfected with amyloid precursor protein
APP (APP), and the combination of APP and presenilin were pretreated with various concentrations of nicotine
and the survivability of the cells were determined by MTT assay. Nicotine dose dependently provided
protection against cellular loss in all cell lines, with highest protection in the double transfected (44%)
followed by single transfected (30%), and wild type (21%). The effects of nicotine in turn were blocked
by mecamylamine, a non-selective nicotinic antagonist. These results suggest differential sensitivity of
cell lines representing AD pathology to the protective effects of nicotine and provide further support of
therapeutic potential of nicotinic agonists in at least a subtype of AD patients.
© 2013 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Alzheimer’s disease (AD), the most common form of dementia, is
marked by the occurrence of intracellular neurofibrillary tangles as
well as the formation of amyloid plaques [2,4,18]. Although the cur-
rent treatments of AD, including acetyl cholinesterase inhibitors,
have been shown to cause symptomatic relief, they have not
been shown to significantly slow the progression of this disease
[19,27,32,33]. Consequently, there is a compelling need to find an
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effective treatment to not only reduce the symptoms associated
with AD but also significantly slow its progression.

One of the major limitations with AD research is the avail-
ability of effective models whereby major contributory factors are
co-expressed. Recently, neuroblastoma cells expressing excessive
amyloid precursor protein (APP), as well as APP and presenilin, two
important pathological components of AD, have become available.
Mutated presenilin protein, by disrupting the processing of amy-
loid precursor protein (APP), can lead to overproduction of A@ and
is hence implicated in early onset AD [15].

Numerous in vitro and in vivo studies have provided evidence
for neuroprotective effects of nicotine against various neuronal tox-
ins [5,7,8,13,23-25,31]. Indeed, preclinical studies have suggested
that nicotine could have therapeutic benefits in AD by reducing A3
levels in mouse and rat models [17,29]. It has been suggested that
nicotine activates non-amyloidogenic pathway of APP processing
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that in addition to attenuation of A3 toxicity results in the release
of a large soluble fragment with a range of trophic and protective
functions [28,35].

A major goal of this study was to determine whether nicotine
might also protect against cellular toxicity induced by high expres-
sion of APP and a combination of APP and presenilin, and whether
such effects of nicotine were mediated via nicotinic receptors.

2. Methods
2.1. Drugs

Nicotine bitartrate and mecamylamine HCI along with ana-
lytical reagents were purchased from Sigma Chemical Company
(Sigma-Aldrich, St. Louis, MO).

2.2. Cell culture

To test the possible protective effect of nicotine on cell
lines expressing APP and presenilin, the wild type (N2a),
single transgenic (N2a-APP695) and the double transgenic (N2a-
APPSwe A9PS1) cell lines were used. Neuroblastoma 2A (N2a) is a
mouse neural crest-derived cell line that is widely used for study-
ing neuronal differentiation and axonal growth. The N2a-APP695
is the N2a cell transfected with APP of 695 amino acid residues
while the (N2a-APPSweA9PS1) is the N2a cells expressing the
Swedish mutant gene APP695 and mutant presenilin (PS1 A9). The
cell lines were generously provided by Dr. Huaxi Xu of Burnham
Institute for Medical Research. The cells were cultured in medium
containing 57% DMEM containing 15 mM HEPES, L-glutamine and
sodium bicarbonate with pyridoxine, 47% Opti-MEM, 5% FBS, 1%
pen/strep as well as gentamicin. The cells were harvested approx-
imately 4 days later when confluent and plated in a 96 well plate
(1.2 x 10%/well). Cells were allowed to adhere to plate for 24 h.

2.3. Natural cell progression

To test the natural progression or survivability of each cell line,
MTT assay, described below, was performed to measure cell via-
bility every 24 h for up to 72 h. Initially, approximately 12,000 cells
were plated in each well of a 96 well plate and the remaining viable
cells at each time point are expressed as percent viability.

2.4. Nicotine treatment

To test possible protective effects of nicotine in all cell lines,
various concentrations of nicotine (freshly prepared) were added
to each well. Controls received buffer only. Since cell viability for all
celllines was lowest at 72 h, the effects of nicotine were determined
at this time point.

2.5. Pre-treatment with mecamylamine

To determine possible involvement of nicotinic receptors in
action of nicotine, various concentrations of mecamylamine, a non-
selective nicotinic receptor antagonist were added 2h prior to
nicotine treatment. Again, cell viability was determined after 72 h.

2.6. MTT assay

Cell viability was determined by 3,(4,5-diamethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. Thus,
30wl of the MTT solution was added to each well and incubated
at 37°C for 3 h. After 3 h, the wells were aspirated and the plates
were left to dry overnight. The next day, 50 wl of dimethyl sulfoxide
(DMSO) was added to each well to solubilize the formazan crystals.

In this assay, the live cells reduce the yellow salt of the MTT solution
to an insoluble purple (formazan crystal). The plates were then put
on a shaker for 1h and read spectrophotometrically at 570 nm in
a plate reader. The data was then analyzed and is represented as
percent cell viability.

2.7. Statistical analysis

Statistical difference between treatment groups was deter-
mined by two-way ANOVA followed by post hoc Tukey comparison
test to determine which groups differed. Significant difference was
considered a priori at P<0.05. Data was analyzed using Graphpad
Prism 3 (San Diego, CA), and is expressed as mean + SEM.

3. Results
3.1. Cellular viability

Fig. 1 depicts time-dependent cellular viability after 24, 48
and 72 h for N2a-APP695, N2a-APPSwe A9PS1 and wild type N2a
cell. All cell lines showed a time-dependent reduction in viability
F(3,6)=19.03, P<0.001. However, the N2a wild type cells had the
least cell loss compared to singly transfected cells (N2a-APP695)
and doubly transfected cells (N2a-APPSwe A9PS1). Thus, N2a cells
had 11% cell loss after 24 h and 29% after 72 h, whereas N2a-APP695
cells had 13% cell loss after 24 h and 36% after 72 h and the N2a-
APPSwe A9PS1 cells had 16% cell loss after 24 h and 45% after 72 h.
Based on these results, we chose the 72 h period to test protective
potentials of nicotine.

3.2. Nicotine effect

Fig. 2 depicts the effects of various concentrations of nico-
tine on cellular viability in all cell lines. Nicotine provided a
dose-dependent protection in all cell lines F(4,8)=15.90, P<0.01.
However, the effects of nicotine were more pronounced in the
N2a-APPSwe A9PS1cells compared to N2a-APP695 cells, and N2a
cells. Thus, 0.01 WM nicotine resulted in approx 44% protection in
N2a-APPSwe A9PS1cells compared to approx 30% in N2a-APP695
cells, and approx 21% in N2a cells. This differential effect of nico-
tine in various cell lines is most likely due to differences in cellular
viability between the various cell lines. Moreover, a likely ceiling
effect of nicotine is also a contributing factor as the higher nicotine
concentration of 0.05 uM was less effective that that of 0.01 pM
in at least the single and the double transfected cell lines. Since
0.01 WM nicotine resulted in maximal protectionin all cell lines, this
concentration was used to determine the effect of mecamylamine
pretreatment.

3.3. Mecamylamine effect

Fig. 3 depicts the effects of various concentrations of meca-
mylamine applied prior to nicotine (0.01 wM) in all cell lines.
Mecamylamine pre-treatment dose-dependently blocked the
effect of nicotine in all cell lines. However, higher concentration of
mecamylamine (1.0 wM) was necessary to block the effects of nico-
tine in N2a-APP695 or N2a-APPSweA9PS1, compared to 0.1 uM
mecamylamine necessary to block nicotine’s effect in N2a cells.
None of the concentrations of mecamylamine alone had any effect
in any cell line (data not shown).

4. Discussion

The results of the current study indicate that cells transfected
with APP or a combination of APP and presinilin show significant
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Fig. 1. Natural cell progression of N2a, N2a-APP695 and N2a-APPSwe A9PS1 cells after 24, 48 and 72 h. Results represent mean + SEM of three independent experiments.

*P<0.05, **P<0.01 and ***P<0.001 compared to control.

mortality in 72 h period compared to the wild type N2a cells. The
doubly transfected cells had the highest mortality suggesting that
APP and presenilin together can exacerabte cellular damage or
death. Moreover, pretreatment of all cells including the wild type
with nicotine, resulted in a dose-dependent protection. Interest-
ingly, doubly transfected cells showed the highest protection by
nicotine. Since presenilin has been implicated in early onset AD

[15], it may be suggested that nicotine could be of particular benefit
in such cases.

The results also strongly implicate involvement of nicotinic
receptors in protective effects of nicotine as the effects of nicotine
were blocked by the non-selective nicotinic receptor antagonist,
mecamylamine. Thus, beyond nicotine, nicotinic agonists could
also be of therapeutic potential. Although our results do not allow
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Fig. 2. Effect of nicotine (wM) in N2a, N2a-APP695 and N2a-APPSwe A9PS1cells. MTT assay was performed 72 h following nicotine pre-treatment. Values are mean + SEM,

n=>5.*P<0.05 and **P<0.01 compared to control.
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Fig. 3. Percent cell viability of mecamylamine + nicotine pre-treatment in N2a, N2a-APP695 and N2a-APPSwe A9PS1 cells. Mecamylamine (M) was added 2 h before nicotine
(0.01 wM) treatment. MTT assay was performed 72 h following nicotine pre-treatment. Values are mean & SEM, n=5. *P<0.05, **P<0.01 and ***P<0.001 compared to nicotine

0.01 WM.

for specific nicotinic receptor subtype involvement, previous stud-
ies utilizing various cell lines including primary and transfected
cells have implicated both alpha4-beta2 and homomeric alpha7
nicotinic receptor subtypes in protective effects of nicotine against
AP [12,13,16,20,34]. The effects of nicotine appear to be at least
partially mediated through inhibition of both caspase-dependent
and independent apoptosis [34]. An inhibition of nicotine on nitric
oxide production has also been reported [30].

A major target of ACh, a primary neurotranmsitter affected in
AD, is the nicotinic receptors whose role in cognitive functions is
well established [3,11,12,21,26]. Indeed, AD is associated with a
marked reduction of nicotinic acetylcholine receptors in key brain
regions such as the cerebral cortex and hippocampus [10,14,21].
This loss compounded by the loss of cholinergic cells, is believed to
contribute significantly to the cognitive dysfunction in AD [22,33].
Current therapeutic interventions involving acetyl cholinesterase
inhibitors (AChEI) are intended to boost the synaptic availability
of ACh in the brain [3,4]. However, as mentioned earlier this strat-
egy has only had a modest effect [19,27,32,33]. Interestingly, it has
been demonstrated that ACh or cholinergic neurotransmission are
a major target for AB-induced damage [3]. Moreover, direct inter-
actions between AP and nicotinic receptors have also been noted
[10]. Thus, a strategy, whereby the damaging effects of AB can be
prevented or limited, while simultaneously enhancing nicotinic
receptor mediated neurotransmission, may offer a significantly
more advantageous approach in AD treatment.

It should be noted that in addition to the established role of
APP and the specific involvement of A in formation of plaques,
AD pathology also involves phosphorylation of tau protein and the
formation of neuronal tangles [21]. Preliminary studies looking at
the interaction of nicotine with tau protein and tangle formation
have yielded conflicting results [1,6,9,21]. Although some studies
have shown that chronic nicotine administration in a mouse model
of AD exacerbated tau pathology [6,21], a recent study utilizing
selective alpha7 agonist has shown the opposite effect [1]. Thus,
it will be of significant interest to further investigate the effects of

nicotine or nicotinic agonists in a condition where both A and tau
protein can be expressed.

5. Conclusions

In summary, our results indicate a protective effect of nicotine in
a cellular model where APP or APP and presenilin are co-expressed.
Furthermore, a nicotinic antagonist could block the effects of nico-
tine. The findings suggest a therapeutic potential for nicotine or
nicotinic agonists in AD pathology involving APP or APP and pre-
senilin.
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