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Exercise Prevents Cognitive Deficit and Depression via Improvement

of Adult Hippocampal Neurogenesis

Toshio Mikami
Department of Health and Sports Science, Nippon Medical School

Abstract

Regular exercise plays an important role in preventing metabolic diseases, the impairment
of cognitive function, and the onset of depression. Regular exercise enhances adult
neurogenesis in the dentate gyrus of the hippocampus, and the exercise-derived prevention of
cognitive deficits and depression is closely related to adult hippocampal neurogenesis. Both
blood-derived factors and brain-derived factors are thought to contribute to the exercise-
induced enhancement of adult hippocampal neurogenesis. Blood-derived factors include insulin-
like growth factor 1 (IGF-1) and vascular endothelial growth factor (VEGF). Exercise increases
the transport of these substances from the blood to the brain and increases adult hippocampal
neurogenesis. In contrast the exercise-induced enhancement of adult hippocampal
neurogenesis can be blocked by inhibiting the binding of IGF-1 or VEGF to its receptor. On
the other hand, brain-derived factors include brain-derived neurotrophic factor (BDNF) or
Wnt3. In particular, BDNF plays a wide range of roles in neuronal development and survival,
and the exercise-induced enhancement of hippocampal BDNF contributes to the increase in
hippocampal neurogenesis. Aging and chronic stress impairs cognitive function, whereas
regular exercise prevents age- or stress-induced impairment of cognitive function, the
improvement of which is attributed to the action of IGF-1 or BDNF. In addition, the preventive
effect of exercise on the onset of depression is also dependent on the improvement of
hippocampal neurogenesis via BDNF or VEGFE. These findings demonstrate that regular
exercise helps maintain cognitive function and prevents depression in the elderly and the
stressed; however, the mechanism of the exercise-induced improvement of cognition or
depression remains unclear. Clarifying the mechanism via neuroscientific and molecular
biological studies is needed to promote the usefulness of exercise for preventing cognitive
deficits and depression.
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Key words: exercise, neurogenesis, cognition, depression, brain-derived neurotrophic factor

Correspondence to Toshio Mikami, Department of Health and Sports Science, Nippon Medical School, 2-297-2
Kosugi-cho, Nakahara-ku, Kawasaki, Kanagawa 211-0063, Japan

E-mail: mikami@nms.ac.jp

Journal Website (http:;//www.nms.ac.jp/jmanms/)



HERESE 2012 8(2)

FL&IC

DM - B, EHICEAFRY Y2 VU F
O — 2, BERE, RIS, SIIREEL R &R
OFFIH L CEBIPARTH D Z Lok h, &
DANZZALIIDVTHRHEINTETN S, —F
IS ORHRBDO AR % S THBRAEOMERE - EICH
LCHEENIRRED D B0, ZDORAHZAXLITDNT
W FBICAW LR ERS . A CIEEERERDO
ETFE2MZ ) OWOREL FHT 5 BHORRIZONV
THEBOMBRB EL OBBRLLEEL, [HMoREHE
¥l O00EEL TR TH L EHOF RN & EHIC
DWTDORBEMFEDOLEEIZOWTE L .

1. #EHE

MR A L3 LSRR E N5 L TH
5. 20 WAAAEEIC ) — OV - KEERSH L
YT 4TI TR A=A, [HAEORT
EF - IR EF N v ] EIRIBL TR, #
DEZDPIELTHFENR T2, L L, 1990 E4812
JEARD T b W EATE 2 5 & & ARV THFE S
M, 1990 AEMERE T TICIRE FHEDT TN
HAIA TR A SR Z A 2 EASEH & L7z,

R ART v b EEEEO KRR 3B B R
A, F e LTINS o MBE T L 22 INE T & S
OBIRENCBRE L TR 5. MRS EMOKE T T
HEN/m -0 VIIBERN MBI L, 1 V5 —
Za—ua b, BAEOMBHEICIRY AN
. 75, TR ERORRL R & Rtk Ial M o B AL
§ 2 PEROAIIA T & XA 2 IR 0 SIS e
PAEL, PRME TR CHAE L= 2 —u i
L 7= R R LA T B B I g IRl ©
DRI FH LR R ) DMOIIE - Sk &
2L, #ELOWMENLZINTVAS.

2. HREFEICHT EROXE

1999 4E 12 van  Praag 512X 0 EBHIC X Y #EE o
BRI T 5° 2 EHBBRSNTLE, EB & p
BRAICEET 55 C OMEPEEIN TS, EE)
12 & B AR AE OB, FEEREN Y AN i B A
HFEMIZHEE S TT ) BHEB O AL 59, EER
BE Ly FIVECTHRESGESES MLy M3
VETHHMT . Py FINVEDYE, HHRE

169

OEHTHEBIHZICA DML AKIVEY THAHINF O
A78 Y OMHPREDS AT 2 &5 bl
ELENE MLy FINVERBWIZE > TIEAMLA
THb. KK, AL AIMRHAEZLT S50,
APLVATHo THEBPMITELZHMIEL L
IZIEFICHIBREE WV, 512, MLy FIVEZHW
WZEDIZ & A Lid—m W, W2 EE) % 17be 7z
Yty ORI E 2 R TH A25, 1RO MLy
R I VESMRHEICG 2 2B ERHRD L, K~
BIEO MLy FINVETIZ 1 EZTOEE)IHEE O
B AN S 2D, I REICE S iR
JED Ly K IVETI 1 B OEE)AHEE Ok 4
B 12K B O A EICHMS ¢ BUERR
H)., ZoZ &k, EEAEKICESTAMLRER
DD D BA, FOXAFLAZMMOA ML R EIZEL
L5 ERRIBELTNS.

3. EERFOMEREOEMICEFRT 5EF

EENANE S O MR A2 BN ERITKE D
DIGEHEI NS, — 2 HIR KT (blood-derived
factor) TH Y, b9 —2IIMWHREF (brain-derived
factor) T» 5.

TR MBEHKET-O—2134 ¥ 2 VRN T
1 (insulin-like growth factor-1 : IGF-1) T& 4. IGF-
LiZECHEE BHmTREEINSE R VE VKD E
T, KN IGF-1 T ME ISP WILT LS, 2t
WSO EDIRT 3 2°. I~ 7 A~® IGF-1
P53 MEC X 2 MR A O T 23k LY, E#hid
PEERIM 2> S ALY sAE 15 IGF-1 B2 N &8 T
MREFAEOHME S 7259 (BE1)"

i & AN Bz M e B 5l 7 (vascular  endothelial
growth factor : VEGF) (2l #H A 28 &4 5 K
TFELTHMBNTWS2S, VEGE K o pikH A&
PR ST LIEH L FHD". VEGF A RO HEH T
& % SU1498 #3512 X 0 dEEC X 2 ik A o B8 23
HERTHI NS, EHHIZX 2 MBEIHEOHMICD
VEGF 28 5- L TWAB Z EAURENTWAEE

—h, WHRKNT & L TIEMHRMRERENT
(brain-derived neurotrophic factor : BDNF) 3% 4.
BDNF (3 fifEAle ClEA S B WMEEAE T, Mk
MO EFRRE, ¥ F T ADRE, HEOMEHE
DIRAEZ: EOMBEANL O RICHEE 2B X 2o,
13 ® BDNF mRNASSIH 2 8N & €°, BDNF 5
& (TrkB) OZFRIZ L Y #EEYIC X 2R Lo
MMAEET 22 LA 5" EENZ X 2 MEH LD



170

HEKRE S 2012; 8(2)

Brdup5 P44 A2
8000
*
[H
7000 ©
6000
£ 2 5000
£
§ ~ 4000
5 2
2 8 3000
801 () Y
2000
g 601 [ 1000
T 8
L o
O S 40 0
% 2 _L. M Control
SIS ; |
s 20 ' - @ Exercise
o i M Exercise + Anti-IGF-1

S 6:5’ £ N control+ Anti-IGF-1
(§ -\@“" G‘.?x :C:J
& =
G &

1 B & 2 R O AL ORI § % IGF-1 D

(a) ¥ A2 BrdU # e S L, % sk o BrdU BrEiie g 2 30 U i 4 o f i
E5 5. (b)) Py FIVER 14 HEHET 5 2 &1 X D AGERILD S BN HHH (CSF) izt h
AEN B IGE-1 ®2HINT2 (Exercise). = OXHNE IGF-1 F APk (AntiIGF-1) %2¥#:5-32
ZEIZEDHERT S (Exercise + Anti-IGF-1). (c) 4 HIE MLy FIWEEFTH) 2 LICL DI
B (Control) 125t L CHEEH A2 AE BICHIMT % (Exercise). IGF-1 HflPifk % $5- L C
B % AT ) LEENC X 2 EE OB EORINANH AT % (Anti-IGF-1 + Exercise). FE#BHREIC

IGF-1 itk Z 5 L TH AN AITLL L v,

BDNF 2S5 L CTWaA Z ERWPLNE R o TW
%. 7z, o BDNF B o, rsu~xFr%
i3 %5 2 b % DNA Of5di (7&F ik, xF
MERE) ICX ATV 22T v 7 RBIET-HE 2
LCTiibnTH Y, HEEIC X 5 #E BDNF o8
IV ATy 7 Rz Tn s

SO RN TI21E Wnt3 235 5. 8 o4
B Wnt3 BlaTD/ v 777 b7 A THA L, Wnt3
OBEFFEBL~ 7 ATHINT 52 &5, Wnt3 254
AT 2 HELRARKRTTHSL I EAREINT
W B0 PR A I AR M R oS R R L Ak L C
DN, ZOHIE 7 7RO E X RS
B TS X A2 A TICE LT Wnt3 1F
S5 LTBY, M X 2k E oK T I X
AR OB E B L DTIERL, TA MO
PA ML Wnt3 AT 32720 THsD &8
RENTWS. ZLC, EENIWE7 A baH A b
? Wnt3 BEAERE & BN S kBl Y o A8 4 % B8
SE5Y

*P<0.01 vs. Control (Z# k4 & V%)

Bk o IGF-1 % VEGF @ X 9 % RN E & 13 R
%75, GEENC X B MNINGEE OB b EE S X B Ak
BrAEORINZBERT 5. LT OWFFE Tl E B o i
WRIZZALL WV E SNTWAE, RKEDIED S
EHRF ORI R IZIM LT, &SI Eokz
% EA T & B R IR I o M R AN S 5 2 & A
B L T o 720, i EAR I o L & oo B8 0 i& IGF-1
% VEGF AL % 4 L C eIk In2 @ iEh % &= % 59
X, R EOMINCERT 22 b0
TV,

¥ 7z, Hizko> BDNF 3Bl & 2§52 A b D
IV VAT 147 B0 ZELiE MAP ¥+ — XY %%
Akt ROPUSREIIC I DRI TEBY, TNHDK
ISR X IGF-1 ®° VEGF 2L Dl s hhTcwab 2k
5, WERRETERIC X A E R T IC X )
B3 TBY, MATEERICEELTN..



HEERE SRS 2012; 8(2) 171
1000 1 (a)
= 800 1
5 |
2
° 6001
B -
S 4001 .
200 1 X
1.548 64 B 124 H 24+ R
IIADAE
b
) L | Control 40 - i (©)
500 * & : 3 *k
L
T 400 = 30
5 300 5
5 5 20q[=y
= ¥
E 200 = ~o- YR
Z 2 101
100 i 0
~&- OR
0 0 T T T T T

BrdU DCX
FAitdile  FRTEHER

1 2 3 4 5
IKXEEHERDOZBHE (days)

B2 kS ok A & A FRRRE T G- 2 5 Nk & B o s
(a) WMEEOEATIAE RS OFIFHT T L 5. (b) 2iEonil~ 7 212 H HiE
xR rbe s s, HHEE%Z1T->72% 7 A (Runner) 13#EE) % 17h % WIAAEEO < 7 A
(Control) & Vi gkiknl > BrdU BptEMilast, Bl HAREE A RICHMT 5. 2ol
Lid, PIAEAESIB O IRIE T3 B Doblecortin (DCX) FtEMINEAHEIN U 7245 e & b 52
AEEN D, *P<0.05 vs. Control, **P<0.01 vs. Control (c) E—1) AKKERECTlllE
L7z~ A (0) OFHLERDIIET R (Y) LVKTTS. LarLl, HHE
B & AT 72~ 7 A (OR) OFHLEEIIEI T ADOL NV ETHET 5. EH)
Effo7eFHve YA (YR) CllE#z ibiawvweo A (Y) LABRRETRD SNV,
COREHRETIEIY T A% T — VAN, KATICRENZT Ty 7+ —AIZHET
% F TORIKFERE (Escape latency) ZMlZEL, ZOREEOREHWEILZ @15 L T8
EREDJOBLELZHZETS. *P<005vs. Y, YR, OR : **P<001 vs. Y, YR, OR (CHik

23 X k)

4. HIEHE ERREHOMR

{35 T OMIEH A IO MR & BItRT 7. § 74
bH, Ml & 0 EREEREDIET S 2520%, s
PRV ORI AE DT 97 5%, 2 LT, B
SIS X DO A ZHET L L, HVI T AT
LHEHALWEENOZE LWVETAEZ % Zhb R
K&, WO A AR R E
FTHEEZHTLEZEZONTWS., £ LT, EHILNiE

WX R AE O T 2 HHI L, s ic & 2 R
REORT 22 (B2)% 2512, #Hls A
MUAARIERBYOLF BRI EKTIES
A5, BENIZ DA ML AHROEFLEEN DK T %
B < 7z, #EE)IC X AR EEEET O UGER 1T
IGF-1EH OBEIC X W kT 5% 7z, WHEOM
AR OEF O AL ST REOMWH R B L
TWABIELWHLRPIIRoTWBE k)i, iE
BT O MR A 2 BN S, ofEE LT
RAMVAZ X 2FEEEENORTEZRC. £/,



172

Immobile time (s)

Surface capillary density (%)

X3

160 r (a) *1_

140 f

A

"7

o1 é
L g o

20

14
12 }F_+ ©
10 | *
*
8 ,'r
6 | 2?7
° %
0 Z
Control Stress Stress Stress
+ +
Ex Ex
+
Su1498

ANV AWED ) D REAT B & i B ORI A1 525
TEE)E VEGF 0%

(@ ¥~ AICEMM % AML R (chronic
unpredictable stress:CUS) #BfifLT, sk
TGRBRE AT ST B OR A IRL T D, ZORERT
< ADSIRHS TN B IR FE T VTSR]
(immobile time) ZHELIOHATEOFEFEL T 2.
AR AR LIz A (Stress) davha—i<ry
ALY MEBRE R ASHE I35, LAaL, AP AL[HEE
IEBZAT DR 72~ AT MBI R O T A5t
2% (Stress+Ex). L#*L, VEGF Z&ED [ E
#] SU1498 4% 5. TAL AL BB 2 AT 5L,
TRENZ LA MBI OB T2 9% (Stress+
Ex+SU1498). *P<0.05 vs. Control, TP<0.05
vs. Stress+Ex (b) ff: F kIR ol o il 45 8% BE 23 o
T 572012, MEMNEZMRORETHS CD31 D
Pofkz g a7z . ComEo
CD31 FPEMNg o fit 2 g 1 di R Ml o i R TR L
TIHEHEEZRDZ. (¢) FLOEBRTOWED
MEBEZHDLE, ANVATEKTL (Stress),
AN A+EE T FEL (Stress+Ex), SU1498 T
HEM T35 (Stress+tEx+SU1498). 2 s
FERD, WENZXLP) DRI FIIE VEGE Ut %
WZBIERL 7- M4 BT AL ASBE 5§ B S EATRIZ EN .
*P<0.05 vs. Control (3CHk 12 XhdeZ)

HEKRE S 2012; 8(2)

B ORRIEREE T VB TOREEE N, Ty
NAI—=IHET N7 ATHEFOFH LR IKT
R T B EIIRINT VDY

5. HREMEL S OROBER

b OIHHERICBWT, FFITRED S DT
JEENAY ) OWIGHEIRIRSH 5 Z LA AL TW
. 1) DG OMATEIOYGE & & B ISR
AR BIN ST, MR EEET S P 2R
BAWEET B EnBE I OMATEIOIIE - LI
S OB EDS R T S, FLT, EENC X BT
I ORNRANIIEIE O MR A & & DTS O A B R
LERTEIEPHLIhER->TWAE(K I T/,
JEH)IC X 5 %N BDNF 080 & 5E Bk o4t 5 o1
IR & B a o,

6. EENCEIY 2MADNSHE

INFE TRz &) IHEB i T O AR A & 3
S TN, A ML A, BB X 25285 EED)
DT 2B CMEDRDH B, EHIZ, ) OIROEFIH
LTHAIMARENR TS, T I3k
RIS, A MLAISERT 2 9 DREENEHE LT
WABUARITBWT, A4 [INoEREER ] o7
DIEHZERTLILIL, SBIVEFEIILLTDH
59, $0EZLDONLEHEERTLLIICRD
720021E, BN G 2 2 A HEIC O W T ORMER
BRWAFH I N T BLEDRH L. LA L, #EBEICX
5 OB 2oV TOMRIZE BT 721
PO T, SHROMHTREZ L IERICHE LV
5.

AENEEENC L BFREIVET RS 2HWOTRIZoOn
TOWIERDAZRFI L1225, 1ZD DR ITB T D
BIHMEEOMERS - BB OTETH LI L ERL
7RI R 2B 5. EREAERICB VT, £
EoTHRBELRAENZ%5 2 L2, QOL D5,
FRREREZRETAENSDEETHL. FoOk
DOFHRFETH 2 EH IOV TOEREN LTI
IHWICEHETH D, AME, AL, 5T EwS,
BRSO R T2 V788 oW Toif%E, 374
bh [EHERY] oML EFEO—58 & LTRSS
DOHFICHE. ST, FBNICHEZIToTw L
X, SBOEFWIEOEELZRETCH L LEZ T
5.



10.

11.

12.

13.

14.

HERESE 2012 8(2)

X ®

van Praag H, Schinder AF, Christie BR, Toni N,
Palmer TD, Gage FH: Functional neurogenesis in the
adult hippocampus. Nature 2002; 415: 1030-1034.

van Praag H, Kempermann G, Gage FH: Running
increases cell proliferation and neurogenesis in the
adult mouse dentate gyrus. Nat Neurosci 1999; 2:
266—270.

van Praag H, Christie BR, Sejnowski TJ, Gage FH:
Running enhances neurogenesis, learning, and long-
term potentiation in mice. Proc Natl Acad Sci U S A
1999; 96: 13427-13431.

Trejo JL, Carro E, Torres-Aleman I. Circulating
insulin-like growth factor I mediates exercise-
induced increases in the number of new neurons in
the adult hippocampus. J Neurosci 2001; 21: 1628—
1634.

Soya H, Nakamura T, Deocaris CC et al: BDNF
induction with mild exercise in the rat hippocampus.
Biochem Biophys Res Commun 2007; 358: 961-967.
Nakajima S, Ohsawa I, Ohta S, Ohno M, Mikami T:
Regular voluntary exercise cures stress-induced
impairment of cognitive function and cell
proliferation accompanied by increases in cerebral
IGF-1 and GST activity in mice. Behav Brain Res
2010; 211: 178-184.

Pham K, Nacher J, Hof PR, McEwen BS: Repeated
restraint stress suppresses neurogenesis and induces
biphasic PSA-NCAM expression in the adult rat
dentate gyrus. Eur J Neurosci 2003; 17: 879-886.
Arvat E, Broglio F, Ghigo E: Insulin-Like growth
factor I: implications in aging. Drugs Aging 2000; 16:
29-40.

Kuhn HG, Dickinson-Anson H, Gage FH: Neuro-
genesis in the dentate gyrus of the adult rat: age-
related decrease of neuronal progenitor proliferation.
J Neurosci 1996; 16: 2027-2033.

Lichtenwalner R]J, Forbes ME, Bennett SA, Lynch
CD, Sonntag WE, Riddle DR: Intracerebroventricular
infusion of insulin-like growth factor-I ameliorates
the age-related decline in hippocampal neurogenesis.
Neuroscience 2001; 107: 603-613.

Jin K, Zhu Y, Sun Y, Mao XO, Xie L, Greenberg DA:
Vascular endothelial growth factor (VEGF)
stimulates neurogenesis in vitro and in vivo. Proc
Natl Acad Sci U S A 2002; 99: 11946-11950.

Kiuchi T, Lee H, Mikami T: Regular exercise cures
depression-like behavior via VEGF-Flk-1 signaling in
chronically stressed mice. Neuroscience 2012; 207:
208-217.

Li Y, Luikart BW, Birnbaum S et al: TrkB regulates
hippocampal neurogenesis and governs sensitivity to
antidepressive treatment. Neuron 2008; 59: 399-412.
Gomez-Pinilla F, Zhuang Y, Feng ], Ying Z, Fan G:
Exercise impacts brain-derived neurotrophic factor
plasticity by engaging mechanisms of epigenetic
regulation. Eur ] Neurosci 2010; 33: 383-390.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

173

Lie DC, Colamarino SA, Song HJ etal: Wnt
signalling regulates adult hippocampal neurogenesis.
Nature 2005; 437: 1370-1375.

Song H, Stevens CF, Gage FH: Astroglia induce
neurogenesis from adult neural stem cells. Nature
2002; 417: 39-44.

Okamoto M, Inoue K, Iwamura H et al: Reduction in
paracrine Wnt3 factors during aging causes
impaired adult neurogenesis. FASEB ] 2011; 25:
3570-3582.

Foreman DL, Sanders M, Bloor CM: Total and
regional cerebral blood flow during moderate and
severe exercise in miniature swine. J Appl Physiol
1976; 40: 191-195.

Pereira AC, Huddleston DE, Brickman AM et al: An
in vivo correlate of exercise-induced neurogenesis in
the adult dentate gyrus. Proc Natl Acad Sci U S A
2007; 104: 5638-5643.

Sahay A, Scobie KN, Hill AS et al: Increasing adult
hippocampal neurogenesis is sufficient to improve
pattern separation. Nature 2011; 472: 466—470.
Kempermann G, Kuhn HG, Gage FH: Experience-
induced neurogenesis in the senescent dentate
gyrus. ] Neurosci 1998; 18: 3206—-3212.

Rola R, Raber ], Rizk A et al. Radiation-induced
impairment of hippocampal neurogenesis is
associated with cognitive deficits in young mice. Exp
Neurol 2004; 188: 316-330.

Kronenberg G, Bick-Sander A, Bunk E, Wolf C,
Ehninger D, Kempermann G: Physical exercise
prevents age-related decline in precursor cell
activity in the mouse dentate gyrus. Neurobiol
Aging 2006; 27: 1505-1513.

Trejo JL, Llorens-Martin MV, Torres-Aleman I: The
effects of exercise on spatial learning and anxiety-
like behavior are mediated by an IGF-I-dependent
mechanism related to hippocampal neurogenesis.
Mol Cell Neurosci 2008; 37: 402—411.

Kitamura T, Saitoh Y, Takashima N et al: Adult
neurogenesis modulates the hippocampus-dependent
period of associative fear memory. Cell 2009; 139:
814-827.

Hoveida R, Alaei H, Oryan S, Parivar K, Reisi P:
Treadmill running improves spatial memory in an
animal model of Alzheimer’s disease. Behav Brain
Res 2011; 216: 270-274.

Malberg JE, Eisch AJ, Nestler EJ, Duman RS:
Chronic antidepressant  treatment  increases
neurogenesis in adult rat hippocampus. J Neurosci
2000; 20: 9104-9110.

Zhu XH, Yan HC, Zhang ] etal: Intermittent
hypoxia promotes hippocampal neurogenesis and
produces antidepressant-like effects in adult rats. ]
Neurosci 2010; 30: 12653-12663.

(%A 201243 H 7 H)
(%3 201243 22 H)




