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Loss of cholinergic neurons and/or dysfunction of the glutamatergic system in the central nervous system cause
learning impairment in experimental Alzheimer’s (Alz) disease animals and Alz patients. Furthermore, the impaired
cholinergic system is likely implicated in depressive behaviors in Alz patients. Neurogenesis persistently occurs in the
forebrain subventricular zone (SVZ) and hippocampal subgranular zone (SGZ) in rodent and human brains. Notably,
impaired neurogenesis in those regions is implicated not only in memory deficits but also in depressive behaviors. We
have recently found that olfactory bulbectomized (OBX) mice reveal memory impairment and depressive behaviors.
Using this attractive OBX mice model, we discovered a novel cognitive enhancer, spiro [imidazo [1,2-a] pyridine-3,2-in-
dan]-2(3H)-one (ZSET1446/ST101), that is a new azaindolizinone derivative without inhibitory action on acetylcho-
line esterase (AChE). Interestingly, ZSET1446 improved learning and memory by potentiating nicotine-induced ACh
release in the hippocampus of amyloid-beta infused rats. In addition, ZSET1446 restored OBX-induced cognitive defic-
its in mice. Furthermore, chronic ZSET1446 administration significantly rescues decreased neuronal precursor cell
proliferation seen in the dentate gyrus of OBX mice. Consistent with enhanced neurogenesis, chronic ZSET1446 ad-
ministration improved depressive behavior assessed using the tail suspension test in OBX mice. Protein kinase B (Akt)
and extracellular signal-regulated kinase pathways likely mediate ZSET1446-induced neurogenesis. These results suggest
that ZSET1446 action via stimulation of the cholinergic system elicits improvement of the depression and cognitive im-
pairment observed in Alz disease patients.
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Fig. 1. Decreased Hippocampal Neurogenesis Following OBX is Reversed by Repeated ZSET1446 Administration

A, Top, DG regions double-stained with BrdU and NeuN. Bottom, the enlarged view of double-positive cells (arrows) in the SGZ region of DG. B, confocal
microscopy images of double staining for BrdU, NeuN, and merged images taken from slices 30 days after OBX operation. C, quantitative analyses of the number
of BrdU-positive (BrdU+) /NeuN~* double-positive cells in the DG. ZSET1446 (0.01-1 mg/kg) or vehicle was orally administered daily for 14 consecutive days (15
—28 days) after OBX operation. Each bar represents the mean+S.E.M. ** p<{0.01 versus sham-operated animals. * p<<0.05; ** p<<0.01 versus OBX-vehicle group.

Dunnett’s multiple comparison test. n=6, in each group. (Modified from Ref. 38)
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P PRI IE BT & 0 FEA L 7=,

ZSET1446 OEMEF 512X D OBX ¥ 7 22BN
THHBEREITEHA A Lt 2 —0 > ORIIHE
KEMICERICEE L2 (Fig. 1), 512, gk
A OUGEICHE T, ZSET1446 DR E5I2L 5
T OBX X7 A D HEB) ¢ fi] D 4E 7Y H BAK AR A
HICKEINZZ EMNS, ZSET1446 1213415 D%
RNH B ENRM TN (Fig. 2). Z OH#EH
AfRENRIIZaF T FI O CZEROM
EHETHDANITI Lo THIHISND Z &N
5, ZSET1446 IC K DRI N7 &F)Lbay >n
FEMBEOZaF T FIV T 2w R E R
T2 ETHRIAENMEET 2EEZ 515 (Fig.
3). T5IT, MIEAN A=A LEL T ZSET1446
DR A EME R IZ1E Akt & ERK OFE AL AEE
EI3LEZ515 (Fig. 4).3
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Fig. 2. Chronic ZSET1446 Administration Reduces the Duration of Immobility in a TST in OBX Mice

Effects of chronic (A) and single (B) administration with ZSET1446 on OBX-induced depressive behavior in the TST. Chronic ZSET1446 (0.01-1 mg/kg
p.o.) was administered daily for 14 consecutive days (15-28 days) after OBX operation. Single ZSET 1446 (0.5 mg/kg p.o.) was administered once 1 day before be-
havioral tests at 28 days after OBX operation. Each bar represents the mean+S.E.M. * p<{0.05 versus sham-operated animals; ** p<0.01 versus OBX group. Dun-
nett’s multiple comparison test. n=9 in each group. ZSET, ZSET1446. (Modified from Ref. 38)



No. 4

509

Sham

OBX + ZSET

600 -
500 [
400 |
300 |
200 |

100 |

Number of BrdU+/NeuN+ cells

+ Meca.

. .

OBX + Meca.

Sham Sham OBX

+ Meca.

OBX OBX OBX
+ ZSET+Meca.+ ZSET

]
> >
BRI

"
&

3
o4

+ Meca.

Fig. 3. Chronic Mecamylamine Infusion Prevents ZSET1446-enhanced Neurogenesis in OBX Mice

A, confocal microscopy images stained for BrdU in the DG are shown. B, quantitative analysis of the number of BrdU and NeuN coexpressing cells in the DG.
ZSET1446 (0.5 mg/kg) or vehicle was orally administered daily for 14 consecutive days (1528 days) after OBX operation. Mecamylamine was injected via in-
tracerebroventricular administration for 14 days (15-28 days after OBX operation) with a micro-osmotic pump. Each bar represents the mean +S.E.M. ** p<{0.01
versus OBX-vehicle mice. * p<<0.05 versus OBX-ZSET1446-treated group. Student’s ¢ test. n=6 in each group. Meca., mecamylamine; ZSET, ZSET1446. (Modi-

fied from Ref. 38)

NEHT T4 TERT AT, WM X 2
RET O ENHHI NS Z &N S, 4D Bel-2 DA
72579, brain-derived neurotrophic factor (BDNF)
L Dfthd CREB MiELT MM EICEET 2
EEZBENS. TOXSIC ERK ##1Z Bel-2,
BDNF Q¥ 2T U THREH Lz EitEd 5. £/,

Akt @ Fifisr T & L T glycogen synthase kinase-38
(GSK-38) - {Kf: =% i & [K T hypoxia inducible

factor-la (HIF-la) 723% %. Akt OIEME{LIL GSK-
3BDIEEKE TS E, ZTDOFHRD B-catenin D) >
b =& 5. YU BRI O B-catenin TN
28T LU, ¥x5 # i K T lymphoid enhancer-bind-
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dothelial growth factor (VEGF), TVU XOHRIF
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Fig. 4. Possible Mechanisms of ZSET1446-enhanced Neuro-
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4. HHYIC
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AEfEEL 2. 51T, WK B O MR A2 R
WD DREROSEITMA T, BERFEHICKZ KT
UZeiBARED UGB IC O 575 LB 2615, &
D Z &1 ZSET1446 1213 7 IV Y NA < — iR B FIC
FUT, FIEROBAFEED B S TREDERD S
DIERBLET S ENWRFTES. ZSET1446 1
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AR THIE E A ERITERNA SRV, 7L
YNA R TG TR AR AR FE O BERE TR AR
T EDIRBHENRD 5N %, ZSET1446 DR 175
BT A REEI R SR E Y 2 2 & TH

ey b7 — 27 OFEERDER L IBRE I NE X
5N%. HIKEBRZHT, BED QOL DUEICH
BTET EBE> T D,

#EE AR O—EIL HAEMR BB
Bl B B B R AR B B IT L D b
HDTHD, TIITHEHMBLET.

REFERENCES

1) Moriguchi S., Shioda N., Maejima H., Zhao
X., Marszalec W., Yeh J. Z., Fukunaga K.,
Narahashi T., Mol. Pharmacol., 71, 580-587
(2007) .

2) Moriguchi S., Shioda N., Han F., Narahashi
T., Fukunaga K., J. Neurochem., 106, 1092—
1103 (2008) .

3) Moriguchi S., Han F., Shioda N., Yamamoto
Y., Nakajima T., Nakagawasai O., Tadano
T., Yeh J.-Z., Narahashi T., Fukunaga K., J.
Neurochem., 110, 170-181 (2009) .

4) Fukunaga K., Shioda N., Morioka M., Han
F., Nippon Yakurigaku Zasshi, 131, 341-346
(2008) .

5) Yamamoto Y., Shioda N., Han F., Moriguchi
S., Fukunaga K., Yakugaku Zasshi, 130, 717—
721 (2010).

6) AltmanJ., Das G.-D., J. Comp. Neurol., 124,
319-335 (1965).

7) Gage F.-H., Science, 287, 1433-1438 (2000) .

8) Gould E., Tanapat P., McEwen B.-S., Fliigge
G., Fuchs E., Proc. Natl. Acad. Sci. USA, 95,
3168-3171 (1998).

9) Cameron H.-A., McKay R.-D., Nat. Neu-
rosci., 2, 894-897 (1999).

10) Bengzon J., Kokaia Z., Elmer E., Nanoba-
shvili A., Kokaia M., Lindvall O., Proc. Natl.
Acad. Sci. USA, 94, 10432-10437 (1997).

11) Parent J.-M., Yu T.-W., Leibowitz R.-T.,
Geschwind D.-H., Sloviter R.-S., Lowenstein
D.-H., J. Neurosci., 17, 3727-3738 (1997).

12) Dash P.-K., Mach S.-A., Moore A.-N., J.
Neurosci. Res., 63, 313-319 (2001).

13) Liu J., Solway K., Messing R.-O., Sharp F.-
R., J. Neurosci., 18, 77687778 (1998).

14) Kee N.-J., Preston E., Wojtowicz J.-M., Exp.
Brain Res., 136, 313-320 (2001).

15) Gu W., Brannstrom T., Wester P., J. Cereb.



No.

511

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

Blood Flow Metab., 20, 1166-1173 (2000) .
Jin K., Minami M., Lan J.-Q., Mao X.-O.,
Batteur S., Simon R.-P., Greenberg D.-A.,
Proc. Natl. Acad. Sci. USA, 98, 4710-4715
(2001) .

Haughey N.-J., Nath A., Chan S.-L., Bor-
chard A.-C., Rao M.-S., Mattson M.-P., J.
Neurochem., 83, 1509-1524 (2002) .

Jin K., Peel A.-L., Mao X.-O., Xie L., Cot-
trell B.-A., Henshall D.-C., Greenberg D.-A.,
Proc. Natl. Acad. Sci. USA, 101, 343-347
(2004) .

Jin K., Galvan V., Xie L., Mao X.-O.,
Gorostiza O.-F., Bredesen D.-E., Greenberg
D.-A., Proc. Natl. Acad. Sci. USA, 101,
13363-13367 (2004) .

Kotani S., Yamauchi T., Teramoto T., Ogura
H., Neuroscience, 142, 505-514 (2006) .

Jin K., Xie L., Mao X.-O., Greenberg D.-A.,
Brain Res., 1085, 183-188 (2006) .
Cooper-Kuhn M., Winkler J., Kuhn H.-G., J.
Neurosci. Res., 77, 155-165 (2004) .

Harrist A., Beech R.-D., King S.-L., Zanardi
A., Cleary M.-A., Caldarone B.-J., Eisch A.,
Zoli M., Picciotto M.-R., Synapse, 54, 200~
206 (2004) .

Coronas V., Durand M., Chabot J.-G., Jour-
dan F., Quirion R., Neuroscience, 98, 213-219
(2000) .

Ma W., Maric D., Li B.-S., Hu Q., Andreadis
J.-D., Grant G.-M., Liu Q.-Y., Shaffer K.-M.,
Chang Y.-H., Zhang L., Pancrazio J.-J., Pant
H.-C., Stenger D.-A., Barker J.-L., Eur. J.
Neurosci., 12, 1227-1240 (2000).

Frotscher M., Leranth C., J. Comp. Neurol.,
239, 237-246 (1985).

Kaneko N., Okano H., Sawamoto K., Genes
Cells, 11, 1145-1159 (2006) .

Dajas-Bailador F.-A., Soliakov L., Won-
nacott S., J. Neurochem., 80, 520-530 (2002) .

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

Shaw S., Bencherif M., Marrero M.-B., J.
Biol. Chem., 2717, 44920-44924 (2002).
Takada-Takatori Y., Kume T., Sugimoto M.,
Katsuki H., Sugimoto H., Akaike A., Neu-
ropharmacology, 51, 474-486 (2006) .

Li B.-S., Ma W., Zhang L., Barker J.-L.,
Stenger D.-A., Pant H.-C., J. Neurosci., 21,
1569-1579 (2001).

Jin K., Mao X.-O., Del Rio Guerra G., Jin L.,
Greenberg D.-A., J. Neurosci. Res., 81, 497—
505 (2005).

Shioda N., Han F., Morioka M., Fukunaga
K., Neuroscience, 155, 876—887 (2008) .
Yamaguchi Y., Miyashita H., Tsunekawa H.,
Mouri A., Kim H.-C., Saito K., Matsuno T.,
Kawashima S., Nabeshima T., J. Pharmacol.
Exp. Ther., 317, 1079-1087 (2006) .

Ito Y., Takuma K., Mizoguchi H., Nagai T.,
Yamada K., J. Pharmacol. Exp. Ther., 320,
819-827 (2007).

Han F., Shioda N., Moriguchi S., Yamamoto
Y., Raie A.-Y., Yamaguchi Y., Hino M.,
Fukunaga K., J. Pharmacol. Exp. Ther., 326,
127-134 (2008) .

Harkin A., Kelly J.-P., Leonard B.-E., Clin.
Neurosci. Res., 3, 253-262 (2003) .

Shioda N., Yamamoto Y., Han F., Moriguchi
S., Yamaguchi Y., Hino M., Fukunaga K., J.
Pharmacol. Exp. Ther., 333, 43-50 (2010).
Hao Y., Creson T., Zhang L., Li P., Du F.,
Yuan P., Gould T.-D., Manji H.-K., Chen G.,
J. Neurosci., 24, 6590-6599 (2004) .

Chen G., Rajkowska G., Du F., Seraji-Bozor-
gzad N., Manji H.-K., J. Neurochem., 75,
1729-1734 (2000) .

Zhu D.-Y., Lau L., Liu S.-H., Wei J.-S., Lu
Y.-M., Proc. Natl. Acad. Sci. USA, 101, 9453
-9457 (2004) .

Patapoutian A., Reichardt L.-F., Curr. Opin.
Neurobiol., 10, 392-399 (2000).



