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Chapter 4
Nicotinic Acetylcholine Receptor Signaling: 
Roles in Neuroprotection

Toshiaki Kume and Yuki Takada-Takatori

Abstract  Glutamate neurotoxicity is involved in various neurodegenerative disor-
ders including brain ischemic stroke, trauma, and Alzheimer’s and Parkinson’s dis-
eases. In addition to excitatory neuronal death, neuroinflammation accompanied by 
the activation of glial cells has been shown to be induced by these disorders. We 
previously reported the roles of nicotinic acetylcholine receptors (nAChRs) in the 
survival of central nervous system neurons during excitotoxic events and neuroin-
flammation. Nicotine and other nAChR agonists protected cortical neurons against 
glutamate neurotoxicity via α4- and α7-nAChRs in cultures of neurons obtained 
from the cerebral cortex of fetal rats. In addition, donepezil, a therapeutic acetylcho-
linesterase inhibitor currently being used for the treatment of Alzheimer’s disease, 
protected neuronal cells from glutamate neurotoxicity. Moreover, nicotine and 
donepezil induced the upregulation of nAChRs. Thus, we propose that nicotine as 
well as donepezil prevents glutamate neurotoxicity through Α4- and α7-nAChRs 
and the phosphatidylinositol 3-kinase (PI3K)/Akt pathway. In addition to the ben-
eficial effect on neuronal cells, we have reported the responses of astrocytes to bra-
dykinin, an inflammatory mediator, and the effect of nAChR stimulation on these 
responses using cultured cortical astrocytes. Bradykinin induced a transient increase 
of intracellular calcium concentration ([Ca2+]i) in cultured astrocytes. Both nicotine 
and donepezil reduced this bradykinin-induced [Ca2+]i increase. This reduction was 
inhibited not only by mecamylamine, an nAChR antagonist, but also by PI3K and 
Akt inhibitors. These results suggest that nAChR stimulation suppresses the inflam-
matory response induced by bradykinin via the PI3K-Akt pathway in astrocytes.
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4.1  �Introduction

Nicotinic acetylcholine receptors (nAChRs) are distributed across various organs, 
such as the central nervous system (CNS), and are involved in changing cell func-
tions and controlling cell survival via several intracellular signal transduction mech-
anisms. Many endogenous compounds such as glutamate are known to trigger 
neuronal death via apoptosis in degenerative diseases of the CNS (Bresnick 1989; 
Choi et al. 1987). To date, we have elucidated that excitatory neurotoxicity triggered 
by excitative glutamate can be inhibited by various endogenous factors. In research 
using cultured rat embryonic cortical neurons, nicotine was shown to exert neuro-
protective effects against glutamate neurotoxicity via neuronal nAChRs (Akaike 
et al. 1994; Kaneko et al. 1997; Shimohama et al. 1998). These studies raised aware-
ness of this issue among many researchers, and numerous groups subsequently 
reported that nAChR agonists inhibit acute glutamate-induced neuronal death.

Alzheimer’s disease (AD) is a common type of dementia. Its pathological char-
acteristics include the formation of senile plaques primarily consisting of amyloid-β 
(Aβ) proteins, neurofibrillary tangles, and neurologic deficit; thus, AD has aspects 
of neurodegenerative disease (Whitehouse et al. 1982; Perry et al. 1995). Various 
disorders related to cholinergic nerves have also been found in the postmortem brain 
of AD patients, such as atrophy of the nucleus of origin of cholinergic nerves, reduc-
tion of acetylcholinergic nerves that project to the cortex from the Meynert nucleus, 
reduced activity of acetylcholine transferase activity in the cortex, and reduced 
expression of ACh and nAChRs (Bartus et al. 1982; Coyle et al. 1983). Since the 
cholinergic nervous system is involved in the functions of cognition and learning, 
attempts have been made to relieve symptoms by supplementing ACh, which led to 
the emergence of treatment drugs that act as acetylcholinesterase (AChE) inhibitors, 
such as donepezil. In addition to the neuronal injury, inflammation in the brain is 
involved in the pathogenesis of AD (Heppner et al. 2015; Heneka et al. 2015; Rogers 
2008; Lee et al. 2010). In inflammatory conditions, it is reported that glial cells, 
such as astrocytes and microglia, are abnormally activated (Morris et al. 2013; Lee 
et al. 1995). This abnormal activation of glial cells contributes to the pathogenesis 
of various neurodegenerative disorders (Heppner et al. 2015; Heneka et al. 2015; 
Rogers 2008; Lee et al. 2010; Yan et al. 2014). Astrocytes are the most abundant 
cells in the CNS and play important roles in the maintenance of neuronal activity 
through the release of neurotrophic factors, the maintenance of ion gradients such 
as extracellular K+, and the construction of the blood–brain barrier (Giaume et al. 
2010). However, a recent study revealed that, in various pathological conditions, 
astrocytes were abnormally activated and could be deleterious to adjacent neurons 
through the release of various inflammatory cytokines (Allan and Rothwell 2001). 
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Therefore, inhibition of the abnormal activation of astrocytes is considered to be a 
therapeutic strategy for several CNS diseases involving inflammation.

As a therapeutic drug of AD, donepezil is an effective AChE inhibitor for slow-
ing the progression of cognitive function disorders. In addition to AChE inhibitory 
activity, several other mechanisms have been noted for their possible relationships 
to the therapeutic effects of these drugs. AD is a neurodegenerative disease, and 
some of the therapeutic effects of donepezil may be attributable to its neuroprotec-
tive action; however, the assessment of its protective action and analysis of its mech-
anism of action have not been fully investigated, and much has yet to be clarified. In 
addition to the effect of donepezil on neurons, another group reported that donepezil 
inhibited the production of inflammatory cytokines induced by the treatment of Aβ 
oligomer in cultured microglia (Kim et al. 2014). However, the effect of donepezil 
on the function of astrocytes has not been elucidated.

This chapter summarizes the effects of nAChR stimulation using nicotine and 
nAChR ligands, including donepezil, on excitatory neuronal death in rat cultured 
neurons and neuroinflammation in astrocytes.

4.2  �Neuroprotective Effect via Nicotine Receptors

On the basis of the above findings, we have focused on the neuroprotective action of 
donepezil and found that it exerts its protective effect against glutamate neurotoxic-
ity, as determined through research seeking to reveal its mechanism of action. At the 
same time, we found that donepezil did not exhibit a protective effect when neurons 
were treated simultaneously with glutamate and that it expressed its protective 
action in a manner dependent on the duration and concentration of the pretreatment. 
This strongly suggests that donepezil exerts its protective effect by a mechanism of 
action other than AChE inhibition (Takada et al. 2003).

Thus, we continued our analysis with the objective of elucidating the mechanism 
of the neuroprotective effect of donepezil against glutamate neurotoxicity. It has 
been shown that nicotine exerted a protective effect against glutamate neurotoxicity 
via nAChR in the primary culture of cortical neurons by pretreatment (Akaike et al. 
1994). Since donepezil exerted a neuroprotective effect in a manner dependent on 
the duration of the pretreatment, we examined the possible involvement of acetyl-
choline receptors in the protective action of donepezil. Upon treatment with gluta-
mate after treatment for 24  h with the nAChR antagonist mecamylamine and 
donepezil, we found that mecamylamine treatment significantly prevented the pro-
tective effect of AChE inhibitors. Upon pretreatment with the muscarine acetylcho-
line receptor antagonist scopolamine and donepezil, there was no impact on the 
protective effect of donepezil. These results suggested that the protective effect of 
donepezil against glutamate neurotoxicity involves nAChRs.

Next, we examined nAChR subtypes which are involved in the protective action 
of donepezil. The brain-expressed primary subtypes among the currently known 12 
nAChR subtypes are α4- and α7-nAChR. First, when we verified the expression of 
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primary component subunits of α4- and α7-nAChR in the primary culture of rat 
embryonic cortical neurons used in our laboratory, we detected nAChR mRNA and 
proteins of α4 and α7 subunits, which are the subunits composing α7-nAChR. We 
also used dihydro-β-erythroidine (DHβE) and methyllycaconitine (MLA), which 
are α4- nAChR and α7-nAChR-specific antagonists, to examine the involvement of 
neuronal nAChR subtypes in the neuroprotective action of donepezil. We applied 
glutamate treatment after treatment with donepezil and DHβE or MLA for 24 h and 
found that the protective action of donepezil was significantly inhibited. The above 
results showed that the protective action of donepezil against glutamate neurotoxic-
ity involved nAChRs (Takada et al. 2003).

4.3  �Mechanisms of Neuroprotective Effects by Stimulating 
Nicotinic Receptors

Nicotine exerts a neuroprotective effect against neuronal apoptosis via 
α7-nAChR. The phosphatidylinositol 3-kinase (PI3K)/Akt signal pathway has been 
reported to be involved in this protective mechanism (Kihara et al. 2001; Shaw et al. 
2002). In addition to the protective effect of nicotine against glutamate neurotoxic-
ity reportedly being inhibited by various kinase inhibitors through the PI3K path-
way, the phosphorylation of Akt by nicotine treatment and the increase in the 
expression of Bcl-2, an anti-apoptotic protein, have also been reported. Since done-
pezil exerts its protective effect through α7-nAChR, we considered the possibility of 
the involvement of the PI3K-Akt signal pathway in this protective action and inves-
tigated specific inhibitors of kinases that form the PI3K signal pathway. Janus-
activated kinase 2 (JAK2), a non-receptor tyrosine kinase, and Fyn activate PI3K in 
conjunction with α7-nAChR, so we examined the involvements of AG490 and PP2, 
inhibitors of JAK2 and Fyn. After pretreating cerebral cortical cells with either AG 
490 or PP2 along with donepezil 24 h ahead of time, the application of glutamate 
significantly inhibited the protective action of donepezil. Next, to clarify the involve-
ment of PI3K, we examined the effect of the PI3K inhibitor LY294002 on donepezil 
and found the protective effect of donepezil to be significantly inhibited. After that, 
we examined whether the MAPK pathway might be involved by observing the 
effect of the MAPK inhibitor PD98059 on donepezil; we found that the protective 
effect of donepezil was unaffected. The results of using these different kinase inhib-
itors suggested that the protective effect of donepezil is expressed through the PI3K 
signal pathway.

To further examine the role of donepezil in the PI3K signal transmission path-
way, we observed the phosphorylation of Akt and the change in the amount of Bcl-2 
expression in cerebral cortical cells treated with donepezil. Akt is known to be 
recruited by active PI3K in the vicinity of cell membranes, activated through phos-
phorylation, which in turn activates proteins and caspases of the Bcl-2 family of 
apoptotic control factors to regulate apoptosis. Using western blotting to observe 
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Akt phosphorylation in cerebral cortical neurons treated for 1 h with donepezil, we 
found a marked increase of phosphorylated Akt in the neurons treated with donepe-
zil. Likewise, in assessing change in the amount of Bcl-2 expression in cerebral 
cortical cells treated for 24 h with donepezil, an increase of Bcl-2 expression could 
be seen from the donepezil treatment. By integrating these results, the protective 
effect of donepezil against glutamate neurotoxicity is thought to be linked to the 
activation of PI3K by α7-nAChR via JAK2 and Fyn and, by virtue of activating 
p-Akt, to be expressed through initiation of an apoptosis control program involving 
an increase in Bcl-2 expression (Takada-Takatori et al. 2006).

4.4  �Mechanism of the Nicotinic Acetylcholine Receptor 
Upregulation upon Long-Term Nicotine Stimulation

Unlike other receptors, the amount of protein increases in nAChR and its function 
is accelerated—that is, upregulation is provoked—as a result of long-term exposure 
to nicotine and other agonists. However, much remains unknown about the details 
of this mechanism. Thus, further research has been performed on the signals related 
to nAChR upregulation and increased sensitivity of the neuroprotective action in 
order to elucidate the mechanism that promotes the survival of neurons associated 
with nAChR and to understand the changes in cellular and receptor functions that 
are caused by long-term stimulation of nAChR, which has a neuroprotective effect. 
It is assumed that long-term nicotine stimulus is subjected to complex regulation by 
the desensitization of nAChR. Therefore, the study described below investigated 
this mechanism using donepezil, as an nAChR activator, which is currently indi-
cated for long-term clinical use.

When we observed the amounts of nAChR expression in primary cortical neuron 
cultures as a result of long-term treatment with donepezil using western blot analy-
sis, the expression level of α7-nAChR protein was increased. In addition, when we 
observed the immunohistochemical changes in the amount of nAChR expression as 
a result of long-term treatment with donepezil, we observed that the number of 
α7-nAChR-expressing cells increased in the cell membrane, which is important for 
the exertion of nAChR function. These results suggest that long-term stimulation of 
nAChR not only increases the amount of α7-nAChR that is expressed as a protein 
but also promotes a shift of that expression to the cell membrane, which is thought 
to be responsible for the function of α7-nAChR.

Next, to investigate the effect that increased expression of α7-nAChR has on the 
function of nAChR, we investigated the involvement of nicotine in increased intra-
cellular concentrations of calcium ([Ca2+]i). Temporary increases in [Ca2+]i as a 
result of nicotine treatment increased even further as a result of nicotine stimulation 
in cells that were treated with donepezil for 4 days. This indicates that long-term 
treatment with donepezil enhanced the response to nicotine stimulation immedi-
ately after administration and induced upregulation (Kume et al. 2005).

4  Nicotinic Acetylcholine Receptor Signaling: Roles in Neuroprotection



64

Since it is clear that nAChR upregulation occurs as a result of long-term stimula-
tion of nAChR receptors in cortical neuron cultures, we continued our investigation 
of the mechanism behind this effect. To investigate the involvement of nAChR stim-
ulation and its downstream signal, we simultaneously carried out both long-term 
donepezil treatment and treatment with MLA, which is an α7-nAChR antagonist. 
The results indicated that the increases in the amount of nAChR proteins caused by 
long-term donepezil treatment were suppressed by simultaneous treatment with 
MLA. Therefore, we simultaneously carried out both long-term donepezil treatment 
and treatment with either LY294002, which is a PI3K inhibitor, or the MAPKK 
inhibitor PD98059 and found that simultaneous treatment with either LY294002 or 
PD98059 suppressed increases in the amount of nAChR proteins. These results 
indicate that the nAChR and the PI3K and MAPK signal pathways are involved in 
nAChR upregulation caused by long-term donepezil treatment. Next, to elucidate 
the mechanism of action of the promotion of nAChR function caused by long-term 
donepezil treatment, we investigated the involvement of the actions of nAChR 
antagonist, PI3K inhibitor, and MAPKK inhibitor on the increases in [Ca2+]i that are 
caused by nicotine. We carried out simultaneous long-term treatment with donepe-
zil and treatment with the α7-nAChR antagonist MLA. This resulted in the suppres-
sion of further increases in [Ca2+]i as a result of nicotine. We then carried out 
simultaneous long-term treatment with donepezil and either the PI3K inhibitor 
LY294002 or the MAPKK inhibitor PD98059. This also resulted in the suppression 
of further increases in [Ca2+]i as a result of nicotine. These results suggest that 
nAChR as well as the PI3K and MAPK pathways are involved in the promotion of 
nAChR function in cell membranes, such as seen when [Ca2+]i increases as a result 
of long-term treatment with donepezil (Takada-Takatori et al. 2008a).

4.5  �Mechanism of Increased Sensitivity in the Neuronal 
Protective Effect of Nicotine That Accompanies Receptor 
Upregulation Caused by Long-Term Stimulation 
of Nicotine Receptors

Next, to investigate whether the increased sensitivity to the neuronal protective 
effect results from nAChR causing upregulation, we conducted long-term treatment 
with donepezil and investigated its effect on donepezil against glutamate neurotox-
icity during a state of increased nAChR function. The concentrations of donepezil 
that are sufficiently low that they do not lead to expression of the normal protective 
action (1 nM) in the treatment of neurons that have been subjected to long-term 
treatment with donepezil resulted in the marked suppression of glutamate neurotox-
icity. This indicates that the protective effect that is induced by long-term treatment 
with donepezil is dependent on both the treatment duration and the concentration. 
Therefore, to elucidate the mechanism of neuroprotection that occurs under the con-
ditions of long-term treatment, we investigated the effect of simultaneous long-term 
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treatment with donepezil, nAChR antagonist, and either PI3K or MAPK pathway 
inhibitor on increased sensitivity to the neuroprotective action of donepezil. First, 
when we examined simultaneous long-term treatment with donepezil and treatment 
with the α7-nAChR antagonist MLA, we observed that the neuroprotective action 
caused by low concentrations of donepezil administered after long-term treatment 
with donepezil was suppressed by the simultaneous treatment with MLA.  Next, 
when we examined simultaneous long-term treatment with donepezil and treatment 
with either the PI3K inhibitor LY294002 or the MAPKK inhibitor PD98059, we 
found that both had the same suppressive effect. Finally, to elucidate the mechanism 
by which the survival signal is enhanced by the phosphorylation of Akt in the down-
stream PI3K pathway, we observed the phosphorylation of Akt in cortical neurons 
with long-term donepezil treatment and pretreatment using western blotting. The 
results indicated that, although the amount of phosphorylated Akt in neurons with 
long-term donepezil treatment and pretreatment increased markedly, when we car-
ried out treatment with nAChR inhibitor and PI3K inhibitor simultaneously with 
donepezil pretreatment, increases in the amount of phosphorylated Akt were sup-
pressed. These results indicate that when receptors are in a state of upregulation as 
a result of long-term nAChR stimulation, the promotive function of nAChR in cell 
membranes increases sensitivity to the neuroprotective effect of donepezil, which in 
turn indicates that the nAChR and either the PI3K or the MAPK signal pathways are 
involved in that action. When nAChR is in an upregulated state, the survival signal 
via the nAChR, PI3K-Akt, and MAPK pathways is more efficiently transmitted, 
and thus, we assume that this is why even lower concentrations of donepezil exerted 
the protective effect (Takada-Takatori et al. 2008b).

The mechanism of the neuroprotective effect of donepezil via nAChR that we 
assume is at work as a result of the above results is shown in Fig. 4.1. We hypothe-
size the following: As a result of the stimulation of α4- and α7-nAChR, donepezil 
exerts its neuroprotective effect via the PI3K-Akt signal pathway. Long-term 
nAChR stimulation induces the upregulation of nAChR in cell membranes, and the 
resulting promotion of nAChR function causes increased sensitivity to the neuro-
protective effect (Takada-Takatori et al. 2009).

4.6  �Effect of the Stimulation of Nicotinic Acetylcholine 
Receptor in Astrocytes on Inflammatory Response 
in the Brain

Not only direct nAChR receptor stimulation on neuronal cells but also an indirect 
effect through glial cells is considered to mediate the neuroprotective effect. 
Therefore, we investigated the effect of nAChR stimulation on the inflammatory 
responses of astrocytes, which play a crucial role in brain inflammation. As an 
inflammatory mediator in the brain, bradykinin is produced in the early stage of 
inflammation and induces the expression of several inflammatory genes (Lin et al. 
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2012; Hsieh et al. 2007; Schwaninger et al. 1999). In particular, bradykinin induces 
a variety of responses, such as a transient increase of intracellular calcium concen-
tration ([Ca2+]i) (Akita and Okada 2011), the expression of matrix metalloprotease-9 
(Lin et al. 2012) and cyclooxygenase-2 (COX-2) (Hsieh et al. 2007), and the release 
of interleukin-6 (IL-6) (Schwaninger et al. 1999) and glutamate (Liu et al. 2009) in 
astrocytes. In addition, it was previously reported that the cleavage of high-
molecular-weight kininogen, the precursor of bradykinin, was increased in the cere-
brospinal fluid of AD patients (Iores-Marçal et al. 2006; Bergamaschini et al. 1998) 
and that bradykinin receptor antagonists ameliorated the cognitive deficits in AD 
model mice (Bicca et al. 2015; Prediger et al. 2008; Lacoste et al. 2013). Accordingly, 
it can be speculated that inflammation induced by bradykinin in astrocytes is 
involved in the pathogenesis of AD. On the basis of these findings, to elucidate the 
effect of nAChR stimulation using nicotine and donepezil on the function in astro-
cytes, we investigated the responses of astrocytes to bradykinin and the effects of 
donepezil on these responses using cultured cortical astrocytes.

Fig. 4.1  The mechanism of the neuroprotective effects of donepezil via nicotinic acetylcholine 
receptors
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We first examined the effect of bradykinin on [Ca2+]i in cultured cortical astro-
cytes. Bradykinin induced a transient increase in [Ca2+]i in a concentration-dependent 
manner. Next, we verified the gene expression of B1 and B2 receptors in cultured 
cortical astrocytes. Both B1 and B2 receptors were expressed in our cultured astro-
cytes. We investigated the involvement of B1 and B2 receptors in the increase in 
[Ca2+]i induced by bradykinin using subtype-specific antagonists. Des-Arg9-[Leu8]-
bradykinin, an antagonist of B1 receptors, did not affect the increase in [Ca2+]i 
induced by bradykinin, but HOE140, an antagonist of B2 receptors, almost com-
pletely inhibited the Ca2+ response induced by bradykinin. We further determined 
whether the [Ca2+]i increase induced by bradykinin was due to Ca2+ influx from the 
extracellular space or Ca2+ release from the intracellular Ca2+ store. Bradykinin-
induced [Ca2+]i increase did not change upon excluding extracellular Ca2+. In con-
trast, depletion of Ca2+ stored in the endoplasmic reticulum (ER) by treating cells 
with thapsigargin, a blocker of Ca2+-ATPase on the ER, significantly reduced the 
Ca2+ response. These results suggest that bradykinin-induced [Ca2+]i response is 
attributable not to Ca2+ influx from the extracellular space but to Ca2+ release from 
the ER. Next, we examined the effect of nicotine and donepezil on the increase in 
[Ca2+]i induced by bradykinin. Simultaneous treatment of nicotine and donepezil 
did not affect the increase of [Ca2+]i. However, 24 h pretreatment of these drugs 
significantly reduced the Ca2+ response in a concentration-dependent manner, while 
these drugs did not affect the cell morphology and cell proliferation in astrocytes. 
These results suggest that nicotinic receptor stimulation suppressed the increase of 
[Ca2+]i induced by bradykinin and that pretreatment is required for this inhibitory 
effect.

We attempted to elucidate the mechanism of the inhibitory effect of nicotinic 
receptor stimulation on the increase of [Ca2+]i induced by bradykinin. We previously 
reported that donepezil exerted a neuroprotective effect on glutamate neurotoxicity 
via nAChRs in cultured cortical neurons (Takada-Takatori et al. 2006). Thus, we 
herein investigated the involvement of nAChRs in this effect of donepezil using 
nAChR antagonists. When cortical astrocytes were treated with a nAChR antago-
nist, mecamylamine, for 24 h before Ca2+ imaging, the inhibitory effect of donepezil 
was significantly antagonized. Previous studies reported that the most abundant 
nAChR subtypes in the brain are the α7- and α4- nAChRs (Paterson and Nordberg 
2000) and that both of the receptor subtypes were also expressed in astrocytes 
(Oikawa et al. 2005). Thus, we examined the effects of MLA, an α7- nAChR antag-
onist, and DHβE, an α4- nAChR antagonist, on the inhibition by donepezil of the 
[Ca2+]i increase induced by bradykinin. When cortical astrocytes were pretreated 
with either MLA or DHβE for 24 h, the inhibitory effect of donepezil did not change. 
However, the effect of donepezil was significantly suppressed by treating cortical 
astrocytes with both MLA and DHβE for 24 h prior to bradykinin. These results 
suggested that both α7- and α4- nAChRs were involved in the inhibitory effect of 
donepezil on the increase of [Ca2+]i induced by bradykinin.

Previous studies demonstrated that JAK2 was activated in the downstream sig-
naling of nAChRs (Razani-Boroujerdi et al. 2007; Marrero and Bencherif 2009). 
Therefore, we used AG490, a JAK2 inhibitor, to investigate the involvement of 
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JAK2 in the inhibitory effect of donepezil. Treatment with AG490 significantly sup-
pressed the inhibitory effect of donepezil on the increase in [Ca2+]i induced by 
bradykinin.

We previously reported that the stimulation of nAChRs activated PI3K and that 
the phosphorylation and activation of Akt downstream of PI3K were induced 
(Kihara et al. 2001). Thus, we examined the involvement of the PI3K-Akt pathway 
in the inhibitory effect of donepezil on the Ca2+ response induced by bradykinin. 
LY294002, a PI3K inhibitor, and Akt inhibitor significantly suppressed the effect of 
donepezil. In addition, we investigated the effect of donepezil on the phosphoryla-
tion state of Akt in cultured cortical astrocytes. The phosphorylation level of Akt 
was significantly elevated by treating cells with donepezil for 6 h.

Taking the obtained findings together, nAChR stimulation using donepezil 
induced the activation of the PI3K-Akt pathway in both cultured astrocytes and 
cultured neurons. However, there are some differences between astrocytes and neu-
rons with respect to the signaling pathway mediated by nAChRs. For example, we 
previously showed that Akt phosphorylation was induced 1 h after the treatment of 
donepezil in cultured neurons, although donepezil induced Akt phosphorylation 6 h 
after the treatment in cultured astrocytes. Moreover, treatment of MLA or DHβE 
alone did not inhibit the effect of donepezil, and the combination of MLA and 
DHβE significantly reduced this effect. Thus, further studies are needed to elucidate 
the differences of the time course of Akt phosphorylation and the involvement of 
nAChR subtypes between neurons and astrocytes. Here we demonstrated that the 
Akt inhibitor suppressed the effect of donepezil on the increase in [Ca2+]i induced 
by bradykinin. Other researchers reported that, as the downstream signaling of the 
PI3K-Akt pathway, the activated Akt induced the phosphorylation of inositol tri-
sphosphate (IP3) receptors and lowered the function of IP3 receptors (Khan et al. 
2006; Szado et al. 2008). Taken together, these findings suggest that the phosphory-
lation and hypofunction of IP3 receptors by Akt could be involved in the effect of 
donepezil.

A previous study showed that bradykinin induced the production of intracellular 
reactive oxygen species (ROS) after the [Ca2+]i increase in cultured astrocytes (Akita 
and Okada 2011). To elucidate the effect of donepezil on ROS production, we 
examined ROS production induced by bradykinin using a fluorescent ROS indica-
tor, H2DCF-DA. Bradykinin induced ROS production in a time-dependent manner. 
Donepezil significantly inhibited the increase of intracellular ROS level induced by 
bradykinin. Previous studies reported that an increase in intracellular ROS level 
activated transcription factors, such as nuclear factor-kappa B (NF-κB) and activa-
tor protein 1, and this activation led to inflammatory responses in astrocytes (Yang 
et al. 2012; Park et al. 2004). In fact, bradykinin induced the expression of IL-6 and 
COX-2 downstream of ROS production and activation of NF-κB in cultured astro-
cytes (Hsieh et al. 2007; Schwaninger et al. 1999). We here demonstrated that done-
pezil inhibited ROS production induced by bradykinin. Taking these results and 
reports into account, we suggest that nAChR stimulation using donepezil decreases 
the inflammatory response induced by bradykinin by regulating the increase of 
intracellular ROS level.
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4.7  �Conclusion and Future Prospects

It was previously reported that nAChR is involved in AD and many neurodegenera-
tive diseases. We investigated the involvement of nAChRs in the neuroprotective 
action that is induced through the use of AD drugs and found that PI3K-Akt and 
other intracellular information transmission systems play an important role in the 
neuroprotective effect and nAChR upregulation. In addition, we found that nAChR 
stimulation exerted an inhibitory effect on the [Ca2+]i increase induced by bradyki-
nin via the PI3K-Akt pathway and also inhibited the increase of the ROS level in 
cultured cortical astrocytes. The cholinergic hypothesis was first proposed in the 
1970s, but interesting new discoveries relating to the mechanism of action of AD 
drugs based on this hypothesis continue to be made. Research into the molecular 
mechanism that targets the signals that are related to nAChR, which is still only 
slightly understood, should make major contributions to the development of new 
drugs for neurodegenerative disorders including AD.
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