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Chapter 8

Roles of Nicotinic Acetylcholine Receptors
in the Pathology and Treatment

of Alzheimer’s and Parkinson’s Diseases

Shun Shimohama and Jun Kawamata

Abstract Both of the two most common neurodegenerative disorders, namely
Alzheimer’s disease (AD) and Parkinson’s disease (PD), have multiple lines of evi-
dence, from molecular and cellular to epidemiological, that nicotinic transmission
is implicated in those pathogenesis. This review presents evidences of nicotinic ace-
tylcholine receptor (nAChR)-mediated protection against neurotoxicity induced by
B amyloid (Ap), glutamate, rotenone, and 6-hydroxydopamine (6-OHDA) and the
signal transduction involved in this mechanism. Our studies clarified that survival
signal transduction, a7 nAChR-Src family-PI3K-AKT pathway and subsequent
upregulation of Bcl-2 and Bcl-x, would lead to neuroprotection. Recently analyzing
the properties of galantamine, we clarified the neuroprotective pathway, which is
mediated by enhancement of microglial «7 nAChR resulting in upregulation of AP
phagocytosis. Galantamine sensitizes microglial a7 nAChRs to choline and induce
Ca* influx into microglia. The Ca**-induced intracellular signaling cascades may
then stimulate AP phagocytosis through the actin reorganization. This discovery
would facilitate further investigation of possible nAChRs enhancing drugs targeting
not only neuronal but also microglial nAChRs.

Keywords Alzheimer’s disease - Parkinson’s disease - Nicotine - nAChR - f amyloid
- Glutamate - Microglia - Phagocytosis

8.1 Introduction

Alzheimer’s disease (AD) pathology is characterized by the presence of two hall-
marks, senile plaques (SP) and neurofibrillary tangles (NFT), and by extensive neu-
ronal loss (Giannakopoulos et al. 1996). p amyloid (Af) is a major element of SP
and one of the candidates for the cause of the neurodegeneration found in AD. It has
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been shown that the accumulation of AP precedes other pathological changes and
causes neurodegeneration and neuronal death in vivo (Yankner et al. 1990). Several
mutations of the AP precursor protein (APP) are found in familial AD, and these
mutations are involved in amyloidogenesis (Citron et al. 1992). Also, familial AD
mutations of presenilin 1 (PS-1) enhance the generation of AP 1-42 (Tomita et al.
1997). The cerebral cortex contains a dense plexus of cholinergic axon terminals
that arise from the cells of the basal forebrain including the nucleus basalis of
Meynert (Bigl et al. 1982; Mesulam et al. 1983). Degeneration of this cholinergic
projection is recognized as one of the most prominent pathological changes in AD
brain (Whitehouse et al. 1981; Rosser et al. 1982). In AD, the cholinergic system is
affected, and a reduction in the number of nicotinic acetylcholine receptor (nAChR)
has been reported (Shimohama et al. 1986; Whitehouse and Kalaria 1995). ACh
receptors are classified into two groups; nAChRs and muscarinic ACh receptors
(mAChRs). In the brain, nAChRs show additional complexity, as there are multiple
receptor subtypes with differing properties and functions (Clarke et al. 1985;
Lindstrom et al. 1995). At least nine o subunits («2—o7, a9, and «10 in mammals;
a8 in chicks) and three p subunits (f2—f4) have been identified in the brain. Both o
and P subunits are required to form functional heteropentametric receptors, with the
exception of a7—10 subunits, which apparently form functional homopentameric
receptors. In the brain, o7 homometric and a4p2 heterometric nAChRs are the two
major subtypes. Both a4p2 and o7 subtypes have been implicated in the mechanism
of neuroprotection provided by nicotine (Kihara et al. 1998, 2001). It is also known
that AP binds very strongly to o7 nicotinic acetylcholine receptor (nAChR) (Wang
et al. 2000) and up-regulation of o7 nAChR is observed in transgenic mice co-
expressing mutant (A246E) human presenilin 1 and (K670N/M671L) APP (Dineley
et al. 2002). Multiple lines of evidence show that neuronal nAChRs are involved in
synaptic plasticity as well as in neuronal survival and neuroprotection. Moreover,
presynaptic nAChRs can modulate the release of many neurotransmitters, including
dopamine (DA), noradrenaline, serotonin, ACh, y-aminobutyric acid (GABA), and
glutamate. These neurotransmitter systems play an important role in cognitive and
non-cognitive functions such as learning, memory, attention, locomotion, motiva-
tion, reward, reinforcement, and anxiety. Thus, nAChRs are considered promising
therapeutic targets for new treatments of neurodegenerative disorders. It is also
known that a4 and 2 nAChR genes, CHRNA4 and CHRNB2, are causative genes
of autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) (Steinlein et al.
1995; De Fusco et al. 2000). Analyzing the polymorphism of the nAChRs genes in
AD patients and controls, we showed that genetic polymorphisms of the neuronal
nAChR genes might be related to the pathogenesis of sporadic AD (Kawamata and
Shimohama 2002). This, in conjunction with the memory-enhancing activity of
nicotine and selective nAChR agonists such as the a7 nAChR agonist, 3-(2,4)-
dimethoxybenzylidene anabaseine (DMXBA) (Meyer et al. 1997), suggests a sig-
nificantrole of nAChRs in learning and memory. Therefore, itis generally recognized
that the down-regulation of nAChRs is involved in the intellectual dysfunction in
AD. Our studies showed that nAChR stimulation protected neurons from Af- and
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glutamate-induced neurotoxicity. This allowed us to hypothesize that nAChRs are
involved in a neuroprotective cascade (Kihara et al. 1997, 1998, 2001; Akaike et al.
1994) as described in the following sections.

Parkinson’s disease (PD) is the second most common progressive neurodegen-
erative disorder next to AD. It is characterized by relatively selective degeneration
of dopaminergic neurons in the substantia nigra and loss of dopamine in the stria-
tum resulting in resting tremor, rigidity, bradykinesia and postural instability
(Shimohama et al. 2003; Obeso et al. 2010). Although the pathogenesis of PD is still
unclear, it is thought that the interaction of gene and the environment plays roles in
causing the multi-factorial disease. Rural residency, pesticides and intrinsic toxic
agents were reported as environmental risk factors for sporadic PD. Recent studies
revealed several mutations in familial PD genes such as a-synuclein, parkin, PINKI,
LRRK2, DJ-1, UCHLI, ATP13A2 and GBA (glucocerebrocidase) (Hardy 2010;
Sidransky et al. 2009). The most reproducible epidemiological relevant factor
against Parkinson’s disease (PD) is cigarette smoking habits (Dorn 1959; Quik
2004). Epidemiological studies suggest that the use of pesticides increases the risk
of PD, possibly via reduced activity of complex I in the mitochondrial respiratory
chain in the substantia nigra (Parker et al. 1989; Mann et al. 1992; Mizuno et al.
1998). Grady et al. examined mouse brain using in situ hybridization to characterize
the mRNA expression pattern of nAChRs. The ventral tegmental area (VTA) and
substantia nigra expressed high concentrations of a4 and a6 and 2, and 3 mRNAs,
intermediate levels of a5 mRNA, and low levels of the a3 and o7 mRNAs. No sig-
nal for a2 and 4 mRNA was detected (Le Novere et al. 1996; Grady et al. 2007).
They reviewed the subtypes of nAChRs on dopaminergic terminals of mouse stria-
tum reporting five nAChR subtypes that expressed on dopaminergic nerve termi-
nals, three of which are a6 containing subunits, namely ada6p2p3, a6p2p3, and
a6p2. The remaining two subtypes, a4p2, adaSp2, are more numerous than the
ab6-containg subtypes. The a6 containing nAChRs, which do not contribute to dopa-
mine release induced by nicotine, are mainly located on dopaminergic neuronal
terminals and probably mediating the endogenous cholinergic modulation of dopa-
mine release at the terminal level. In contrast, a4p2 nAChR represent the majority
of functional heteromeric nAChRs on dopaminergic neuronal soma. o7 nAChRs are
present on dopaminergic neuronal soma, contributing to nicotine reinforcement
(Champtiaux et al. 2003). There are several studies analyzing the decline of specific
nAChRs in PD patients. Court et al. reported the decline of «3 subunits and no
change of a7 subunits. Gotti et al. and Court et al. reported decreased level of a4
subunits but Guan et al. reported not (Court et al. 2000; Gotti et al. 1997; Guan et al.
2002). Bordia et al. reported the decline of a6 subunits in caudate and putamen.
They further specified that the most vulnerable subtype in striatum of MPTP-treated
mice and monkeys is a6a4p2f3 rather than a6p2p3 and further identified the spe-
cific loss of a6a4p2p3 subtype in PD brains (Bordia et al. 2007). These results seem
to indicate that the decline of nigrostriatal specific a6 subtypes is highly specific and
relevant to the PD pathogenesis but not is a7 subtype. Functional studies on a6
nAChRs should be undertaken to confirm its pathological importance in PD. For
this purpose, Drenan et al. (2008) generated the gain-of-function a6 nAChR



140 S. Shimohama and J. Kawamata

transgenic mouse, which turned to present locomotive hyperactivity. With low dose
of nicotine by the way of stimulating dopamine but not GABA, its phenotype was
exaggerated and hyperdopaminergic state in vivo was observed. Current drug ther-
apy against PD is limited to supplementing DA or enhancing dopaminergic effect.
Some may have neuroprotective effects, but their effects remain controversial (Quik
2004; Du et al. 2005; Iravani et al. 2006). It has also been reported that smokers
have a lower risk for PD (De Reuck et al. 2005; Wirdefeldt et al. 2005), and nAChRs
were decreased in the brains of PD patients (Fujita et al. 2006) and model animals
(Quik et al. 2006a). Nicotine may upregulate DA release at striatum from nigral
dopaminergic neurons (Morens et al. 1995), followed by stimulation of a4fp2
nAChRs (Champtiaux et al. 2003). Furthermore, nicotine could protect mitochon-
dria and had protective effect from oxidative stress (Cormier et al. 2003; Xie et al.
2005). In studies made in vivo, stimulation of nAChRs resulted in neuroprotection
in PD model animals (Parain et al. 2003). Although several clinical trials to evaluate
possible therapeutic effect of nicotine to PD patients have been conducted, whether
nicotine has therapeutic effects on PD is still controversial. The relatively high dose
transdermal nicotine administration might have therapeutic effect on PD patients
(Villafane et al. 2007). In the following we present evidence for nAChR-mediated
neuroproptection in PD models based mainly on our studies.

8.2 Alzheimer’s Disease and nAChRs

8.2.1 nAChR Enhancement Shows Neuroprotection
Against Glutamate Toxicity

Glutamate cytotoxicity is one of the most suspected causative pathways in neurode-
generative process, namely in AD and PD. To give examples, it is also assumed that
glutamate plays an important role in the neurodegeneration observed in hypoxic-
ischemic brain injury (Choi 1988; Meldrum and Garthwaite 1990). Several investi-
gators have also suggested that cortical neurodegeneration in AD is attributable to
glutamate (Maragos et al. 1986; Mattson 1988). Moreover, brief glutamate exposure
induces delayed cell death in cultured neurons from certain brain regions, such as
the cerebral cortex and hippocampus. In these brain regions, the N-methyl-D-
aspartate (NMDA) glutamate receptor subtype plays a crucial role in glutamate neu-
rotoxicity. Several studies have indicated the existence of nitric oxide (NO) synthase
in the CNS, including the cerebral cortex. NMDA receptor stimulation induces Ca**
influx into cells through ligand-gated ion channels, thereby triggering NO forma-
tion. NO is also thought to diffuse to the adjacent cells, resulting in the appropriate
physiological response and/or glutamate-related cell death (Choi 1988; Hartley and
Choi 1989; Dawson et al. 1991).
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Fig. 8.1 Proposed hypothesis for the mechanism of nAChR-mediated survival signal transduction
against glutamate-linduced necrosis. The NMDA glutamate receptor subtype plays a crucial role
in glutamate neurotoxicity. NMDA receptor stimulation induces Ca** influx into cells through
ligand-gated ion channels, thereby triggering NO formation. NO would diffuse to the adjacent
cells, resulting in the appropriate physiological response and/or glutamate-related cell death

We examined the effects of nicotine on glutamate-induced neurotoxicity using
primary cultures of rat cortical neurons. Cell viability was decreased by treatment
with 1 mM glutamate for 10 min followed by incubation in glutamate-free medium
for 1 h. Incubating the cultures with 10 pM nicotine for 24 h prior to glutamate
exposure significantly reduced glutamate cytotoxicity. To investigate whether
nicotine-induced neuroprotection is due to a specific effect mediated by nAChRs,
the effects of cholinergic antagonists were examined. An addition of dihydro-f-
erythroidine (DHE), an a4p2 nAChR antagonist, or a-BTX, an a7 nAChR antago-
nist, to the medium containing nicotine reduced the protective effect of nicotine. We
also examined the protection of nicotine against the effects of ionomycin, a calcium
ionophore, and SNOC, an NO-generating agent. Incubating the cultures for 10 min
in either 3 pM ionomycin- or 300 pM SNOC-containing medium markedly reduced
cell viability. A 24-h pretreatment with nicotine significantly attenuated the iono-
mycin cytotoxicity, but did not affect the SNOC cytotoxicity (Akaike et al. 1994;
Shimohama et al. 1996; Kaneko et al. 1997) (Fig. 8.1).

We have also shown that nicotinic «7 nAChRs protect against glutamate neuro-
toxicity and neuronal ischemic damage in vivo. The o7 nAChR agonist, dimethoxy-
benzylidene anabaseine (DMXBA), protected rat neocortical neurons against
excitotoxicity administered 24 h before, but not concomitantly with, NMDA. This
action was blocked by nicotinic but not muscarinic antagonists. DMXBA (1 mg/kg
i.p.) also reduced infarct size in rats when injected 24 h before, but not during, focal
ischemic insults. In a mecamylamine-sensitive manner, «7 nAChRs appear neuro-
protective in non-apoptotic model (Shimohama et al. 1998).
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8.2.2 Nicotine Protects Neurons Against Ap Toxicity In Vitro

A 48-h exposure to 20 pM neurotoxic AB25-35 caused a significant reduction in the
neuronal cells of rat fetal primary culture. Simultaneous incubation of the cultures
with nicotine and Ap significantly reduced the Ap-induced cytotoxicity. The protec-
tive effect of nicotine was reduced by both DHPBE and a-BTX. The effect of a selec-
tive a4p2 nAChR agonist, cytisine, and a selective a7 nAChR agonist, DMXBA
(Hunter et al. 1994), on A cytotoxicity was examined. A cytotoxicity was signifi-
cantly reduced when 10 pM cytisine or I pM DMXB was co-administered. These
findings suggest that both a4p2 and o7 nAChR stimulation is protective against Af
cytotoxicity. In addition, MK-801, an NMDA receptor antagonist, inhibited Afp
cytotoxicity when administrated simultaneously with A, suggesting that Af cyto-
toxicity is mediated via the NMDA receptor, or via glutamate in cultured cortical
neurons (Kihara et al. 1997, 1998, 2001).

Although it is regarded that PS-1 mutations enhance the generation of AB1-42,
it is controversial whether Ap is directly toxic to neurons. We found that Ap25-35-
induced neurotoxicity was inhibited by MKS801. It can therefore be hypothesized
that Ap might modulate or enhance glutamate-induced cytotoxicity. Indeed, A
causes a reduction in glutamate uptake in cultured astrocytes (Harris et al. 1996),
indicating that, to some extent, Af-induced cytotoxicity might be mediated via glu-
tamate cytotoxicity.

In our study (Kihara et al. 2000), incubation of the cortical neurons with both
AP1-40 (1 nM) and AP1-42 (100 pM) for 7 days did not induce cell death. These
are the concentrations of A in the cerebrospinal fluid (CSF) of AD patients (Jensen
etal. 1999). Although 20 pM glutamate alone did not significantly induce cell death,
exposure to 20 pM glutamate for 24 h caused a significant reduction in the neuronal
cells in the Af-treated group, showing that Ap itself is not toxic at low concentra-
tions, but makes neurons vulnerable to glutamate. Conversely, co-incubation of the
cultures with nicotine (50 uM for 7 days) and A significantly reduced Ap-enhanced
glutamate cytotoxicity (Akaike et al. 1994; Shimohama et al. 1996; Kaneko et al.
1997).

To investigate the mechanism of the protective effect of nicotine, we focused on
the phosphatidylinositol 3-kinase (PI3K) pathway because PI3K had been shown to
protect cells from apoptosis (del Peso et al. 1997). Long exposure to low concentra-
tions of glutamate (50 pM for 24 h) induced cytotoxicity. Incubating the cultures
with nicotine (10 pM for 24 h) prior to glutamate exposure significantly suppressed
glutamate cytotoxicity. Simultaneous application of LY294002, a PI3K inhibitor,
with nicotine cancelled the protective effect of nicotine. a-BTX blocked the protec-
tion provided by nicotine and DMXB. Furthermore, this DMXBA-induced protec-
tion was also reduced by LY294002. Although a4p2 nAChR stimulation also had a
protective effect on AP- and glutamate-induced cytotoxicity, this effect was not
inhibited by LY294002, suggesting PI3K system is not directly involved in o432
nAChR-mediated neuroprotection. PD98059, a mitogen-activated protein (MAP)
kinase kinase (MEK) inhibitor, did not reduce the protective effect of nicotine, also
suggesting that the MEK/ERK pathway is not directly involved in the protective



8 Roles of Nicotinic Acetylcholine Receptors in the Pathology and Treatment... 143

Nicotine, AChE inhibitor

a4p2 nAChR / \ o7 nAChR

JAK2 | Fyn)

Anti-apoptotic effect

Fig. 8.2 Proposed hyposis for the mechanism of nAChR-mediated survival signal transduction
against Ap-induced apoptosis. Nicotine-induced neuroprotection is mediated via nAChRs, espe-
cially through o7 and a4f2 receptors, and inhibited by a PI3K inhibitor and an Akt/PKB inhibitor.
This means that nicotine activates the PI3K-Akt/PKB pathways and increase survival of neurons.
JAK?2 and Fyn are key molecules trigger activation of the PI3K-Akt/PKB pathways which lead to
subsequent upregulation of Bcl-2 and neuroprotection

effect of nicotine. A non-receptor tyrosine kinase inhibitor, PP2, did reduce the
protective effect of nicotine, suggesting that Src is involved in the mechanism of the
protective effect. Cycloheximide also inhibited the protection, implying that some
protein synthesis is necessary for this effect.

AKT is a serine/threonine protein kinase and a putative effector of PI3K. To
investigate the activation of AKT by nicotine through PI3K, we examined the level
of phosphorylated AKT using an anti-phospho-specific AKT antibody. The phos-
phorylated form of AKT appeared immediately after the application of nicotine.
Nicotine-induced AKT phosphorylation was blocked by simultaneous application
of LY294002, but not of PD98059, indicating that PI3K, but not MAPK is involved.
The AKT phosphorylation is blocked by a-BTX, but not by DHBE, implying that
nicotine-induced AKT phosphorylation is mediated by o7 but not by «a42 nAChRs.
PP2 also blocked AKT phosphorylation, which suggests the involvement of tyrosine
kinase. The level of total AKT protein which was detected with anti-AKT antibody
remained unchanged.

Bcl-2 and Bcl-x proteins are anti-apoptotic proteins that can prevent cell death
induced by a variety of toxic attacks (Zhong et al. 1993). It has been reported that
AKT activation leads to the overexpression of Bcl-2 (Matsuzaki et al. 1999).
Because nicotine can activate AKT via PI3K, we examined the protein levels of
Bcl-2 and Bcl-x. We found that treatment with nicotine for 24 h increased the levels
of Bcl-2 and Bcl-x, and this was inhibited by LY294002, which indicates the
involvement of the PI3K pathway in nicotine-induced Bcl-2 and Bcl-x upregulation.
These results suggest that nAChR stimulation protects neurons from glutamate-
induced cytotoxicity by activating PI3K, which in turn activates AKT and upregu-
lates Bcl-2 and Bel-x (Kihara et al. 2001) (Fig. 8.2).
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8.2.3 Galantamine Acts As an Allosteric Potentiating Ligand

(APL) of nAChRs and Blocks Af-Enhanced Glutamate
Toxicity In Vitro

Galantamine is an acetylcholinesterase inhibitor (AChEI) that is currently used for
the treatment of AD. Although its AChEI activity appears to be much weaker than
other clinically available AChEISs, its therapeutic effects on cognitive function in AD
are comparable with the other agents. Furthermore, the long term extension clinical
trial of galantamine suggested that the cognitive benefits of galantamine are sus-
tained for at least 36 months (Raskind et al. 2004). In addition to the inhibition of
AChE, galantamine binds to nAChRs and allosterically potentiates their synaptic
transmission. Consequently, galantamine is called an allosteric potentiating ligand
(APL) of nAChRs. This APL effect is present on both o7 and o4p2 nAChRs
(Maelicke et al. 2001). Thus, galantamine could stimulate cholinergic transmission
in two ways: (1) by inhibiting AChE and increasing AChs, and (2) by potentiating
cholinergic transmission through the APL effect. We demonstrated that galantamine
protected cortical neurons against Af-enhanced glutamate toxicity by, at least par-
tially, the o7 nAChR-PI3K-AKT pathway (Kihara et al. 2004).

8.2.4 Galantamine-Induced Af Clearance Mediated
via Stimulation of Microglial nAChRs

We found that in human AD brain, microglia accumulates on AP deposits and
expresses o7 nAChRs including the APL-binding site, which is recognized specifi-
cally with FK1 antibody. Treatment of rat microglia with galantamine significantly
enhanced microglial Ap phagocytosis, and acetylcholine competitive angatonists as
well as FK1 antibody inhibited the enhancement.

We further demonstrated that galantamine treatment facilitated Ap clearance in
brains of rodent AD models. We investigate effect of daily intraperitoneal galan-
tamine (1 or 5 mg/kg) administration on Af clearance in rat that had received intra-
hippocampal Ap42 (1 pg) injection. The amount of AP was significantly reduced by
galantamine in a dose-dependent manner, compared with the vehicle-treated rats.
This result suggests that galantamine may enhance microglial AB phagocytosis and
promote the A clearance from the Ap-injected rat brain.

Hemizygous APdE9 mice is expressing chimeric mouse/human amyloid precur-
sor protein APPswe (mouse APP695 harboring a human AP domain and mutations
K594N and M595L linked to Swedish familial AD pedigrees) and human mutated
presenilin 1-dE9 (deletion of exon 9), and present a weak decline in spatial learning
and memory at 9 months of age. We had administrated the mice galantamine (1 or
5 mg/kg) from 9 months of age for 7 weeks and evaluated spatial learning and mem-
ory using water maze testing at 11 months of age. Both low and high dose galan-
tamine significantly improved the performance in the 11 months old APdE9 mice.
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Pathological evaluation also revealed that the AP burden in the brains of APdE9
mice treated with galantamine show less AP plaque. The measurement of amount of
insoluble AP40 and AP42 in formic acid-extracted fraction of the brain revealed a
significant decrease in galantamine-treated mice compared to sham treated mice.

Using primary-cultured rat microglia, we evaluated the microglial Ap phagocy-
tosis. We treated rat microglia with 1 pM AP42 in the presence or absence of galan-
tamine or nicotine. Galantamine enhanced microglial AP phagocytosis in a
concentration-dependent manner and phagocytosis reached the peak at 1 pM galan-
tamine. Nicotine also increased AP phagocytosis at the concentration of
1000 pM. These effects were inhibited by pretreatment with the blockage of APL-
binding site by FK1 antibody as well as with nAChR antagonists. Although
galantamine-enhanced microglial A phagocytosis was significantly inhibited by
FK1 antibody, Fk1 antibody alone did not influence the magnitude of Ap phagocy-
tosis in the absence of galantamine. From these findings, we can assume that the
galantamine-enhanced microglial AP phagocytosis requires the combined actions of
an acetylcholine competitive agonist and the APL for nAChRs. In fact, depletion of
choline, an acetylcholine-competitive a7 nAChR agonist, from the culture medium
impedes the enhancement.

We investigated whether the Ca®* influx correlates with enhanced microglial Ap
phagocytosis. In the absence of galantamine or nicotine, the levels of microglial A}
phagocytosis were almost the same in Ca?* (=) or Ca** (+) DMEM. Galantamine and
nicotine significantly enhanced microglial A phagocytosis in Ca** (+) DMEM, but
not in Ca®* (—) condition. Similarly, inhibition of the calmodulin-dependent path-
ways for the actin reorganization by 20 uM W-7, an inhibitor of calmodulin, or 10 pM
KNO93, an inhibitor of Ca?*/CaM-dependent protein kinase II (CaMKII), abolished
the enhancement. We evaluated other signaling cascades including JAK2-PI3K-AKT
cascade, Fyn-PI3K-AKT cascade, MAPKK (MEK) cascade, using each inhibitor
and concluded that they are not involved in galantamine enhanced microglial Af
phagocytosis. These results suggest that Ca** influx through nAChRs and subsequent
activation of CaM-CaMKII signaling cascade were involved in enhanced microglial
AP phagocytosis through the actin reorganization (Takata et al. 2010) (Fig. 8.3).

8.2.5 Donepezil Promotes Internalization of NMDA Receptors
by Stimulating a7 nAChRs and Attenuates Glutamate
Cytotoxicity

Donepezil is one of the most widely prescribed AChEI for the treatment of AD and
related dementias. Our group reported that in addition to up-regulating the PI3K-
AKT pathway, there is another mechanism underlying neuroprotection by donepe-
zil, showing decreases glutamate toxicity through down-regulation of NMDA
receptors, following stimulation of a7 nAChRs in primary rat neuron cultures (Shen
et al. 2010).
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Fig. 8.3 Proposed pathway for microglial CaM/CaMKII/AB phagocytosis. Ca** influx through
nAChRs and subsequent activation of CaM-CaMKII signaling cascade are involved in enhanced
microglial AP phagocytosis through the actin reorganization

8.2.6 Donepezil Directly Acts on Microglia to Inhibit Its
Inflammatory Activation

Hwang et al. reported that 5-20 pM donepezil attenuates microglial production of
nitric oxide and tumor necrosis factor (TNF)-a, and suppressed the gene expression
of inducible nitric oxide synthase, inteleukin-1f, and TNF-a in the microglia cul-
tures. They also confirmed donepezil inhibit inflammatory NF-kB signaling in
microglial cell line (Hwang et al. 2010).

8.2.7 Temporal Changes of CD68 and a7nAChR Expression
in Microglia in AD-Like Mouse Models

As shown above, activated microglia are involved in Af clearance and that stimula-
tion of «7nAChR in microglia enhances AP clearance. Nevertheless, how microglia
and a7 nAChR in microglia are affected in AD remains unknown. The study aimed
to collect fundamental data for considering whether microglia are potential targets
for AD treatment and the appropriate timing of therapeutic intervention, by evaluat-
ing the temporal changes of A, microglia, neurons, presynapses, and o7 nAChR by
immunohistochemical studies in mouse models of AD. In an Ap-injected AD mouse
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model, we observed early accumulation of CD68-positive microglia at Ap deposi-
tion sites and gradual reduction of Ap. Microglia were closely associated with A}
deposits, and were confirmed to participate in clearing AP. In a transgenic mouse
model of AD, we observed an increase in Ap deposition from 6 months of age, fol-
lowed by a gradual increase in microglial accumulation at AP deposit sites. Activated
microglia in APdE9 mice showed two-step transition: a CD68-negative activated
form at 69 months and a CD68-positive form from 12 months of age. In addition,
o7 nAChR in microglia increased markedly at 6 months of age when activated
microglia appeared for the first time, and decreased gradually coinciding with the
increase of AP deposition. These findings suggest that early microglial activation is
associated with a7 nAChR upregulation in microglia in APdE9 mice. These novel
findings are important for the development of new therapeutic strategy for AD
(Matsumura et al. 2015).

8.3 Parkinson’s Disease and nAChRs

8.3.1 nAChR Enhancement Shows Dopaminergic Neuronal
Protection Against Rotenone Cytotoxicity

Rotenone is a naturally occurring complex ketone pesticide derived from the roots
of Lonchocarpus species. It can rapidly cross over cellular membranes without the
aid of transporters, including the blood brain barrier (BBB). Rotenone is a strong
inhibitor of complex I, which is located at the inner mitochondrial membrane and
protrudes into the matrix. In 2000, Betarbet et al. (2000) demonstrated with rat
model that chronic systemic exposure to rotenone causes many features of PD,
including slow-progressive dopamine neuronal loss in nigrostriatal dopaminergic
system, and Lewy body-like particles, which are primarily aggregations of
a-synuclein (Mizuno et al. 1998; Inden et al. 2007). Rotenone works as a mitochon-
drial complex I inhibitor. Acute lethal doses of rotenone eliminate the mitochondrial
respiratory system of the cell, resulting in an anoxic status that immediately causes
cell death. At sub-lethal doses it causes partial inhibition of mitochondrial complex
I, and in this situation mitochondrial dysfunction leads to increased oxidative stress,
decreased ATP production, increased aggregation of unfolded proteins, and then
activated apoptotic pathway(s) that result in neuronal cell death (Betarbet et al.
2000), resembling dopaminergic neurodegeneration in PD.

In cultures of rat fetus mesencephalic neurons, 48 h exposure to rotenone caused
dose-dependent neurotoxicity, more evident in dopaminergic neurons than in other
neuronal cells. This result showed that dopaminergic neurons were more vulnerable
to rotenone-induced neurotoxicity. Simultaneous administration of nicotine resulted
in a dose-dependent increase of the viability of dopaminergic neurons. This neuro-
protective effect was inhibited by 100 pM mecamylamine, a broad-spectrum nAChR
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antagonist, 100 nM aBuTx and 1 pM DHE. Nicotine-induced neuroprotection was
therefore shown to occur via nAChRs, especially through o7 and a4p2 receptors.
Furthermore, nicotinic neuroprotection is inhibited by LY294002, a PI3K inhibitor,
and triciribine, an AKT/PKB inhibitor. This means that nicotine could activate the
PI3K-AKT/PKB pathways and increase the survival of mesencephalic dopaminer-
gic cells against rotenone-induced cell death (Takeuchi et al. 2009). From our previ-
ous studies, it is known that the PI3K-AKT/PKB pathways would lead to subsequent
upregulation of Bcl-2 and neuroprotection (Akaike et al. 2010; Shimohama 2009).

We confirmed that orally rotenone (30 mg/kg for 28 days)-treated mouse model
showed motor deficits, dopaminergic cell death in the substantia nigra, and nerve
terminal/axonal loss in the striatum. These findings are relevant to some previous
reports on rotenone PD models (Schmidt and Alam 2006; Ravenstijn et al. 2008).
Simultaneous subcutaneous administration of nicotine (0.21 mg/kg/day) prevented
both motor deficits and dopaminergic neuronal cell loss in the substantia nigra of
rotenone-treated mice.

8.3.2 nAChR Enhancement Show Dopaminergic Neuronal
Protection Against 6-OHDA- Induced Hemiparkinsonian
Rodent Model

6-hydroxydopamine (6-OHDA)’s strong neurotoxic effects were described by
Ungerstedtin 1971, in a study presenting the first example of using a chemical agent
to produce an animal model of PD (Ungerstedt 1971). Since 6-OHDA cannot cross
over the BBB, systemic administration fails to induce parkinsonism. This induction
model requires 6-OHDA to be injected into the SN, medial forebrain bundle, and
striatum. The intrastriatal injection of 6-OHDA causes progressive retrograde neu-
ronal degeneration in the VTA and substantia nigra.

Costa et al. evaluated the neuroprotection of nicotine in 6-OHDA-induced
hemiparkinsonian rat model. They injected 6 pg 6-OHDA in the SN, and confirmed
that the dopamine level in the corpus striatum was decreased nearly by half. Repeated
subcutaneous nicotine administration at 4 h before and 20, 44 and 68 h after 6-OHDA
injection significantly prevented the striatal dopamine loss and the protection
reverted by nAChR antagonist. The protective effect was not achieved by one-off
administration of nicotine before or after 6-OHDA injection (Costa et al. 2001).

Using rat 6-OHDA-induced hemiparkinsonian model, the neuroprotective effects
of galantamine and nicotine were evaluated. 32 nmol 6-OHDA with or without
4-120 nmol galantamine and/or 120 nmol nicotine were injected into unilateral SN
of rats. Although methamphetamine-stimulated rotational behavior and dopaminer-
gic neuronal loss induced by 6-OHDA were not inhibited by galantamine alone,
those were moderately inhibited by nicotine alone. In addition, 6-OHDA-induced
neuronal loss and rotational behavior were synergistically inhibited by co-injection
of galantamine and nicotine. These protective effects were abolished by mecamyla-
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Fig. 8.4 Proposed pathway for nAChR-mediated neuronal protection: direct effect to neurons and
indirect effect to microglia against 6-OHDA-induced hemiparkinsonian rodent model. We hypoth-
esize that DMXBA simultaneously affects microglia and dopaminergic neurons and that both
actions lead to dopaminergic neuroprotection

mine, a nAChR antagonist. ®7nAChR was expressed on both dopaminergic and
non-dopaminergic neurons in the rat substantia nigra pars compacta (SNpc). A com-
bination of galantamine and nicotine greatly suppressed 6-OHDA-induced reduc-
tion of a7nAChR- immunopositive dopaminergic neurons. These results suggest
that galantamine synergistically enhances the neuroprotective effect of nicotine
against 6-OHDA-induced dopaminergic neuronal loss through an allosteric modu-
lation of a7nAChR activation (Yanagida et al. 2008).

To explore a novel therapy against PD through enhancement of a7 nAChR, we
evaluated the neuroprotective effects of DMXBA in a rat 6-OHDA-induced
hemiparkinsonian model. Microinjection of 6-OHDA into the nigrostriatal pathway
of rats destroys dopaminergic neurons selectively. DMXBA dose-dependently
inhibited methamphetamine-stimulated rotational behavior and dopaminergic neu-
ronal loss induced by 6-OHDA. The protective effects were abolished by methyl-
lycaconitine citrate salt hydrate, an o7 nAChR antagonist. Immunohistochemical
study confirmed abundant a7 nAChR expression in the cytoplasm of dopaminergic
neurons. These results indicate that DMXBA prevented 6-OHDA-induced dopami-
nergic neuronal loss through stimulating a7 nAChR in dopaminergic neurons.
Injection of 6-OHDA elevated immunoreactivities to glial markers such as ionized
calcium binding adaptor molecule 1, CD68, and glial fibrillary acidic protein in the
substantia nigra pars compacta of rats. In contrast, these immunoreactivities were
markedly inhibited by comicroinjection of DMXBA. Microglia also expressed o7
nAChHR in both resting and activated states. Hence, we hypothesize that DMXBA
simultaneously affects microglia and dopaminergic neurons and that both actions
lead to dopaminergic neuroprotection. The findings that DMXBA attenuates
6-OHDA-induced dopaminergic neurodegeneration and glial activation in a rat
model of PD raise the possibility that DMXBA could be a novel therapeutic com-
pound to prevent PD development (Suzuki et al. 2013) (Fig. 8.4).
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8.3.3 a4 nAChR Modulated by Galantamine on Nigrostriatal
Terminals Regulates Dopamine Receptor-Mediated
Rotational Behavior

This study was designed to evaluate the allosteric effect of galantamine on nAChR
regulation of nigrostrial dopaminergic neuronal function in the hemiparkinsonian
rat model established by unilateral nigral 6-OHDA injection. Methamphetamine, a
dopamine releaser, induced ipsilateral rotation, whereas dopamine agonists apo-
morphine (a non-selective dopamine receptor agonist), SKF38393 (a selective
dopamine D1 receptor agonist), and quinpirole (a selective dopamine D2 receptor
agonist) induced contralateral rotation. When 6-OHDA -injected rats were co-treated
with nomifensine, a dopamine transporter inhibitor, a more pronounced and a
remarkable effect of nicotine and galantamine was observed. Under these condi-
tions, the combination of nomifensine with nicotine or galantamine induced the
ipsilateral rotation similar to the methamphetamine-induced rotational behavior,
indicating that nicotine and galantamine also induce dopamine release from striatal
terminals. Both nicotine- and galantamine-induced rotations were significantly
blocked by flupenthixol (an antagonist of both D1 and D2 dopamine receptors) and
mecamylamine (an antagonist of nAChRs), suggesting that galantamine modulation
of nAChRs on striatal dopaminergic terminals regulates dopamine receptor-
mediated movement. Immunohistochemical staining showed that a4 nAChRs were
highly expressed on striatal dopaminergic terminals, while no a7 nAChRs were
detected. Pretreatment with DHPE significantly inhibited nicotine- and galantamine-
induced rotational behaviors, whereas pretreatment with methyllycaconitine was
ineffective. Moreover, the a4 nAChR agonist ABT-418 induced ipsilateral rotation,
while the «7nAChR agonist PNU282987 had no significant effect on rotational
behavior. These results suggest that galantamine can enhance striatal dopamine
release through allosteric modulation of a4 nAChRs on nigrostriatal dopaminergic
terminals (Inden et al. 2016).

8.3.4 Neuroprotective Effect of Nicotine in MPTP-Induced
Parkinsonian Model

In 1979 and 1983, MPTP was initially identified as a strong neurotoxin when heroin
addicts accidentally self-administered MPTP and developed an acute form of par-
kinsonism that was indistinguishable from idiopathic PD (Davis et al. 1979;
Langston et al. 1983). The tragic results of MPTP poisoning in the heroin addicts led
to the development of MPTP-induced rodent and non-human primate animal mod-
els of PD. Jeyarasasingam et al. reported exposure of rat primary mesencephalic
cultures to 1077 and 10~* M nicotine partially protect against dopaminergic neuro-
toxicity induced by 1-methyl-4-phenylpyridinium (MPP*). The optimal protective
effect was observed when pre-exposure to nicotine for 24 h before administration of
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MPP". They also showed the nicotine protection was mediated by non-o«7 nAChR
stimulation but not through a7 nAChR stimulation (Jeyarasasingam et al. 2002).
Junyent et al. reported comparison of two prosurvival pathways, AKT pathway and
JAK2/STAT3 pathway, in MPP* treated cerebellar granule cell culture. Their data
indicated that the treatment of cerebellar granule cell with MPP* decreased both
survival pathways. Loss of STAT3 could be a signal pathway involved in neuropro-
tection against the MPP*, whereas AKT activation, using a PTEN inhibitor, did not
play a prominent role in neuroprotection (Junyent et al. 2010).

In MPTP-induced animal model, the neuroprotective effect of nicotine is not
consistent probably due to different experimental methods. Besides small number
of negative reports (Behmand and Harik 1992), several independent groups con-
firmed the neuroprotective effects of nicotine against MPTP in rodents. The pre-
treatment of nicotine is essential and post treatment did not show any neuroprotective
effect in MPTP-induced rat as well as in primate models. There are many reports
attributing the neuroprotective effect of cigarette smoking against MPTP cytotoxic-
ity to inhibition of monoamine oxidase B (MAO-B), which converts MPTP to active
MPP". But because of the fact that nicotine does not inhibit brain MAO-B, the nico-
tinic neuroprotection against MPTP cytotoxicity is not mediated through MAO-B
inhibition. A blockade of MPP* uptake into the dopaminergic cells via increased
dopamine release may be the reason of the protective effect. Jasons et al. (1992)
reported the chronic infusion of nicotine via minipumps produced a dose-related
enhancement of MPTP-induced dopaminergic neurotoxicity in mouse, which might
be caused by a failure of nAChRs to desensitized to the chronic nicotine exposure
(Parain et al. 2001, 2003). Regarding to primate model, there have been only several
papers from one group examining the nicotine-induced neuronal protection in
MPTP-induced primate PD motor deficit model (Quik et al. 2006a, b; Bordia et al.
2006; Huang et al. 2009). In their reports, neuroprotection was observed only when
nicotine is given orally before the MPTP exposure. Decamp and Schneider estab-
lished stable cognitive deficit primate model injecting low dose of MPTP (0.025—
0.10 mg/kg) over a period ranging from 98 to 158 days, without the confounding
effect of significant motor impairment. They examined the effect of nicotine, I-dopa,
and SIB-1553A, a4pB4 nAChR agonist, on spatial delayed response task perfor-
mance and reported that nicotine and SIB-1153A improved performance whereas
1-dopa impaired (Decamp and Schneider 2009).

8.4 Neuroprotective Enhancement of nAChRs Through Four
Pathways (Kawamata and Shimohama 2011)

1. PI3K/AKT pathway

Our studies showed that nAChR stimulation protected neurons from Ap-, gluta-
mate-, rotenone-, and 6-OHDA-induced neurotoxicity. From the experimental data,
our hypothesis for the mechanism of nAChR-mediated survival signal transduction
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is as follows: activation of o7 nAChRs stimulates the Src family, which in turn acti-
vates PI3K. PI3K phosphorylates AKT, which causes upregulation of Bcl-2 and
Bcl-x. a4p2 nAChR stimulation also causes neuroprotection cascade without direct
involvement of PI3K system.

2. JAK2/STAT3 pathway

Other properties of nicotine proposed by other groups are anti-inflammatory
potentials and modulating innate immune pathways mainly via o7 nAChR. Nicotine
exerts its anti-inflammatory effect in activated immune cells, macrophages and
microglia as well as neurons, by interacting «7 nAChR. Activated a7 nAChR binds
directory to JAK?2 and triggers the JAK2/STAT3 pathway to interfere with the acti-
vation of TLR-induced NF-kB, which is responsible for pro-inflammatory cytokine
transcription (Cui and Li 2010).

3. MEK/ERK pathway

Importance of the MEK/ERK pathway in nicotinic neuroprotection has also been
emphasized by several groups (Buckingham et al. 2009; Wang et al. 2003). Dajas-
Bailador et al. reported nicotine stimulation leads to PKA activation through a7
nAChR and further Raf-1/MEK/ERK signaling pathway (Dajas-Bailador et al.
2002). Other group showed that stepwise activation of Ras/Raf-1/MEK/ERK cas-
cade provides for an increased cytoplasmic concentration of STAT3 due to an up-
regulated expression (Arredondo et al. 2006) activating the JAK2/STAT3 pathway
in human oral keratonocytes.

4. Microglial CaM/CaMKII/Ap phagocytosis pathway

In addition to known three neuroprotective pathways in neurons, we showed
microglial A clearance effect mediated through nAChRs enhancement should have
special importance especially in AD therapy (Takata et al. 2010).

8.5 Conclusion

Targeting enhancement of nAChRs is one of the most practical therapeutic alterna-
tives against AD to date. Based on epidemiological and experimental findings, clini-
cal application of nicotinic enhancement against PD is also believed to be promising
strategy different from ongoing dopamine replenish therapies. The underlying
mechanisms of the neuroprotective effect induced by nicotinic stimulation were
studied vigorously and three neuronal survival signal transductions have been eluci-
dated as reviewed here. Recently microglial CaM/CaMKII/AP phagocytosis path-
way is proved to be additional important neuroprotective pathway in AD models.
Combined with other therapeutic methods under development, the enhancement of
nAChRs would keep its position as safe and practical therapeutic alternatives against
the progress of neurodegenerative disorders such as AD and PD.
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