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Donepezil, galanthamine, and tacrine are therapeutic acetylcholinesterase (AChE) inhibitors used for the treat-
ment of Alzheimer’s disease. The aim of this paper is to review recent findings on their neuroprotective properties and
the mechanisms of neuroprotection against glutamate neurotoxicity in rat cortical neurons. First, the hallmark of neuro-
toxicity induced by two different glutamate treatment conditions was examined, revealing that acute glutamate treatment
(1 mMm, 10 min) induces necrotic neuronal death and that moderate glutamate treatment (100 uM, 24 hr) induces apop-
totic neuronal death. Next, we showed that therapeutic AChE inhibitors protect cortical neurons from glutamate neuro-
toxicity in a time- and concentration-dependent manner. We examined the mechanism of this neuroprotective effect and
found that the neuroprotective effects against both acute and moderate glutamate treatments are mediated through nico-
tinic acetylcholine receptors (nAChRs), or more specifically, the effects of donepezil and galanthamine are mediated
through o4- and o7-nAChR. We also showed that donepezil and galanthamine protect cortical neurons against acute
glutamate treatment-induced neurotoxicity at steps before, and that tacrine protects at steps after, nitric oxide radical
formation. On the other hand, the neuroprotective effects of donepezil and galanthamine, but not of tacrine, against
neurotoxicity induced by moderate glutamate treatment were mediated through the phosphatidylinositol 3-kinase-Akt
pathway. These findings unveiled the hitherto unknown neuroprotective effects of therapeutic AChE inhibitors and
provided valuable insights into its neuroprotective mechanisms. They may very likely form the basis for a novel treat-
ment strategy against Alzheimer’s disease.

Key words——acetylcholinesterase; nicotinic acetylcholine receptor; neurotoxicity; Alzheimer’s disease; cortical cul-
ture; glutamate
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Table 1. Comparison of AChE Inhibitors Used for Treatment of Alzhei-

mer’s Disease

Drug Chemical structure

ICso (nm)

Donepezil
H3CO

0
HsCO. N
6.7+0.35
OH

O_‘
. CHy—O, Vi
Galanthamine i > 1200+33
N
“cH
NHz 8
Tacrine Cﬁ\/vk) 77+1.4
e
N

1Cs values for AChE in the rat cerebral cortex are taken from Kosasa et al., 1990.
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TRAEVE R R OME R T 2 at L 7z

3. RAERVIEESTILY I CBRAEBICK > THFR
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AR EET IV Y 2 DBRALEICEL > THEHEIN
% R el BT & BB 221 R VAL B TR M B K D
et U7z, BTV EY I DBEZTT > RO
MlEoEEHNELEZ, "TIR2 - EFPalb—T 3
AT AMEREFULHEME N TR L
25, 70— ARHIIEHIEOED A 50
oo RIT, NFABMRAIZKDEOBER &2 #%2
Lizel?, 7R =2 RN ZOW b
ExHoniinoiz (Fig. 1(B). 7HRE—=TZAD
FITITIEY >IN E D de novo v 1 A )N—T
DEENEETH 2 ZENHSN TS, £IT,
& N B ERHZESK cycloheximide (CHX: 1 ug/
ml), RNA & kFHZE 3 actinomycin D (Act.D: 1 ug/
ml) X caspase-3 fHE#X DEVD (1 uM) ZHWT
TIE 2 VB EEICHT AERERFA L. Z
NS OHFEHT 24 R aiTlE R ORI IV F X >
i EFIRALE 2175 72708, WENORILEIZE > T
bIREMEHIEA S N> 2 (Fig. 1(0). Ihnb
DFERMNS, BETINEY I VBLEICK > THERS
NA5MREMEEITEICR 70— X2 LB DT
HBIENRSINZ, FRRIC, BEZILVEY I DRI

BICK D MEMsE ol 21> 2. BT IVS
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fLEBELZETA, KO TF > OERESCK 1t
2 ET R b= AKOKEEIL A 5N (Fig.
1(E)). %7, CHX, Act.D (1 ug/ml) Xi% DEVD
(1um) THIAE KBTIV Y 2 2 & R R E
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nHasNz (Fig. 1(F). KEEZIVY I EEEIM
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0, DNAHEERLI a2 R 7 Ol &2
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K DFEFHE I NS MRMAAZEIT Y R b — ZAEDBHD
EEOlLamR LTS (Fig. 1).
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Characterization of Necrotic and Apoptotic Neuronal Death Induced by Glutamate in Cortical Neurons

A-D: Effects of glutamate treatment on the nuclear morphology. Culture fields were photographed after Hoechst 33258 staining followed by formalin fixation.
A and D: untreated cells. B and E: cells treated with 1 mm glutamate for 10 min and 100 um glutamate for 24 hr, respectively. Arrowheads in E shows nuclear frag-
mentation. C and F: Effects of CHX, Act.D and DEVD on the viability of cells treated with 1 mm glutamate for 10 min and 100 um glutamate for 24 hr, respectively.
Cortical cultures were treated with CHX, Act. D or DEVD for 24 hr prior to glutamate treatment and were then stained with trypan blue. Cell viability is represented
by the number of non-stained cell out of all cells (stained and non-stained cells) are shown in percentile. All the tested drugs significantly protected the cells from
neurotoxicity induced by 100 um glutamate for 24 hr (F), but not from those induced by 1 mm glutamate for 10 min (C). **p<0.01 compared with glutamate a-

lone. Data represent the means+S.E.M. of =5 independent observations.
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RTALE 217 9 RMFICB W TR L7z, H1iRPE AChE
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Time- and Concentration-dependent Neuroprotective Effects of AChE Inhibitors against Glutamate Neurotoxicity

A: Cells were incubated for the duration shown with 10 um AChE inhibitors prior to treatment with 1 mm glutamate for 10 min. B: Cells were pretreated with
ACHE inhibitors (0.001-10 um) for 24 hr prior to treatment with 1 mm glutamate for 10 min. **p<0.01 compared with glutamate alone. Data represent the means

+S.E.M. of n=5 independent observations.
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Fig. 3.

Effects of Various AChE Inhibitors on Glutamate Neurotoxicity

Cells were treated with 1 um AChE inhibitors for 24 hr prior to treatment with 100 um glutamate for 24 hr. All AChE inhibitors except physostigmine sig-
nificantly protected cortical cells against glutamate neurotoxicity. *p<{0.05, **p<{0.01 compared with glutamate alone. Data represent the means+S.E.M. of n=5

independent observations.

neostigmine, pyridostigmine, R R] 3 AChE [fH %
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TER O E O RIZIZHBE N A S5 N sh-> = (Fig.
3). LEDO#ERMNS, BRI, HI5253 2,
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BETINY I CEBLEEZITO & T A, mecamyl-
amine JLi& 12 & O AChE LEZR O FEERIIWT
NbHEEICHMH SN, —HLAN VZHK
(mAChR) #3113k scopolamine & AChE fHZEZ T
ATALE U 72855, W RKPE AChE FHESE O (73 (E H
B EZ o7z (Table2). LiM->7T, 7
WVE I BRI 9 S AKX AChE [H 3 35
DREFEMIENACR 2L TWE EEX 5N 5.
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9% nAChR 74 A 7Ot 217 -> 7. BIEAIS
NTW3 12D nAChR 751 7 D55, AN
THRELTWSEFEHELRY T YA T3 od K o7-
nAChR TH 3. £9, AMEETHVOTND TV
N R A7 H SR A RS 22 K BRI BT 2 od O
o7-nAChR O EEMIRY 7 1= v b D FEBL % iR
L7m&Z A, od U o7-nAChR OREREY 7T 12w
NTHBDd I TIAZy NED 7T T2y FOD
ZOF UZREMA MRNA EF N B EN
72,20 X512, od KT o7T-nAChR O 5 B3k
T & % dihydro-p-erythroidine (DHBE) & methyl-
lycaconitine (MLA) Z W T, W1k AChE [HZ
O MR REERICHBT S IS kg% nAChR Y

Table 2. Effects of AChR Antagonists on
Glutamate Neurotoxicity

T5 14T O EZ#HEH L=, DHBE Xi3 MLA &
KR % AChE [HZESE T 24 FEaTlE L7=d & 12, &
PSRBT I G X D BALEZTT> &5, BXx
ROIWKOHT Z 25 I > OREERSEZICHH S
NEOITHL, 27U > ORGEERZAZ I
INemof (Table2). DA LEOFERLD £, 7
V5 2 VAR E IS % X AChE fH &5
DIREEMIEI nAChR 2 L TWBH Z MRS N
. THIT, RRRDIVKGH T 24 2 > DIREE
FZ o4 2 WX a7-nAChR 2/ L TWADIZx L, ¥
7)) > DIREERIZDWTIE, 5@ nAChR 2419
575 &E, ob & a7-nAChR E DB DN &0
EZ2o6N5, 02

51. REITILY ICBRABEICHT 2 PR HE
AChE [HEEDOREFRABKEF BTRXELD
2, EMRUERES VY 2 CBILE TR ENZE N R
70— ZAEROT R b — 2 ORI X
NTW%, ZIZT, 70— 2O,
7R b= 2O D ZNTNITDNT,
HifX P AChE FHES N E D KL S In ki CIREEM
ERBET LMDV THRNZITo 7.

FO—= ZAMOTIVE I D EHREHEEIIE N-
methyl-D-aspartate (NMDA) Z&&KE ML=
TLAWA, ElTNITHIEH W TR Z % Nitric
Oxide Synthase (NOS)DJE 1L, Nitric Oxide (NO)
DOEANEEREHZREZLTNWSEEZEZLNTV
%, % Z T, "I AChE FHZE# DR # (EH D I1E
S ZHSMZT 5 HNT, NMDA 25K %Z T3
THIENICERE DI D LARAZBIER T HIL S
TLAF ) TFTDAF <A, KUONO R
F—®S-ZhOvIATA> (SNOC) IT&oT
FHFE S NS RIS S K% AChE [HE S

AChHE Inhibitors-induced Neuroprotection against

Donepezil Galanthamine Tacrine

(10 un) (10 um) (10 um)
nAChR antagonist Mecamylamine + + +
04-nAChR antagonist DHpE + + —
o7-nAChR antagonist MLA + + —

mAChR antagonist Scopolamine

Viability of the cells was compared between cortical neuron pretreated with 10 um AChE inhibitors and those
pretreated with AChE inhibitors and acetylcholine receptor antagonists (mecamylamine and scopolamine: 10 um,
DHJE and MLA: 10 nm) prior to glutamate treatment. Viability of the cells was examined by trypan blue staining.
+ : quite effective (>>50% inhibition of neuroprotective effect), + : effective (<50% inhibition), — : not effective.
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DIEH R L7z,

9, 14 /312> Bum) Xid SNOC (300
pM) DMEREHRGICEK VAT VY 2 D BLE &
FREEOMREENARIND L 2MRB L. &
512, HiME AChE [HERIZWINb A4 /<A
U O BRI U TREER 2R L7z —A,
SNOC #FFE D g HmMEICH L TIEY 7 U > DA
REMEHZRLZ. LEDRST, REXDIIVKUH
F 28 2 OREEROIERAX, VT LDH
A5 NOS DEEREICH D, #0712 DIREERD
TEHRIENO T P IVEEDIRE QBRI 2 & H#E
TIN5 (Fig. 4).
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THREERZFREL, TOMREEMEFIZIE phos-
phatidylinositol 3-kinase (PI3K)-Akt 37 J )L #% 1%
MBHD ZENMEINT NS B2 J) 53
R EMEICNT 520 F > OIREIEA A PI3K £
BT 2T F—EHFETHUHEIND EWOH
HITA, ZaF 2 UEICED Akt O L&
PL7 RS — 2% 2\ Bel-2 DFBEO BN H
HINTWws (Fig.5). RRRIIIENTH
CDOREMEAN oT-nAChR Z L TW5D Z &M
5, HXPE AChE [HEENREEHAZ BT 58
FRIZH N T PI3K-Akt > 7 FIVRERENBE G L Tha

Donepezil

Glutamate
C a?+

NMDA ’ﬁ\\/
receptor Ca2+
f”jgﬁA\

lonomycin
NO

synthase

Fig. 4.
min

a4-nAChR / \ a7-nAChR

D

/

\/inhibition

et 2% 2, PIBK 27 FI)LRRIE 2T % &1
FF -T2 RRMEEEZ AN TR 2T
=, EgAEKBFOL > FF—E TH S Janus-
Activated Kinase 2 (JAK2) K& X Fyn 1%, o7-nAChR
EHBEIL TPBK 2{EM{Ed 5. 22T, JAK2 K&
O Fyn DR #E# AG490 & U8 PP2 %z W THiat 2
fro 7z, KIKEEMEZ AG490 X1 PP2 & ikt
AChE [HEH T 24 FpfaillE U 7212 I8 7L
SUMEEITO KR, RARDIIVKOHT T >4
COREERIFERICHKISNLD, ¥7U DR
EERTEEEZZ TN, RIZ, PBK 05
ERETT 57290, PIBK BHER LY294002 @ H X P
AChE [HERITHT 2B ZHRM/E A, X
PR T 28 2 OREERIIAERICHH SN
DR, 70U OREERTEEEZ T
57, 517, MAPK BB AOEBIZOWTHK
#9572, MAPKK [H# 3 PD98059 O H X 4
AChE [HEZRITH T 2B 2R/, XD
W, HI2HI2, 270 OREERIVTND
WEEZFRho., NSO/ EFF—YHESE
ERHWERBERKD, RRROIVKOAT T4 2
> OIREERT PI3K &7 FIVREEE2 N L THIHT
HZENRBINTZ. £, PBK 7 F )Lk
X, 70 2 OREERICB N TIN5 E 2
RELTWhWwEHEZS5NS (Table 3).

PI3K 37 F )R ERE I B 5 ik AChE [H
EEROEHE I S5ITHET 5729, HHK{E AChE

Galanthamine Tacrine
Other oo
nAChRs »
—0 v

".‘ o -

/nhibilion

— NO° —— (Cell death

SNOC

A Schematic Model of the Neuroprotective Mechanism by AChE Inhibitors against Treatment with 1 mM Glutamate for 10
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Fig. 5. A Shematic Model of the Mechanism of Neuroprotection Induced by Nicotinic Stimulation of a7-nAChR

Table 3. Effects of PI3K Inhibitors on AChE Inhibitors-induced Neuroprotection against

Glutamate-induced Apoptosis

Donepezil Galanthamine Tacrine
(10 um) (10 um) (10 pm)
Non-receptor tyrosine kinase inhibitor
Fyn inhibitor PP2 + + -
JAK?2 inhibitor AG490 + + —
PI3K inhibitor LY294002 + + —
MAPKK inhibitor PD98059 — — —

Viability of the cells was compared between cortical neuron pretreated with 10 um AChE inhibitors and those
pretreated with AChE inhibitors and PI3K inhibitors (PP2, AG490 and LY294002: 10 um, PD98059: 50 um) prior to
treatment with 100 um glutamate for 24 hr. Neurotoxicity induced by glutamate was examined by trypan blue staining.

+ : effective, — : not effective.
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Fig. 6. A Schematic Model of the Neuroprotective Mechanism of AChE Inhibitors against Treatment with 100 uM Glutamate for

24 hr
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