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ABSTRACT

Ghrelin is involved in the brain reward circuits via dopamine neurons related to
motivational properties. Here, we showed the relevance of ghrelin as an initiator of
voluntary exercise in ghrelin knockout (GKO) mice. The plasma ghrelin concentration

T R AR =Y EE Vol. 39



—122—

showed a bimodal diurnal rhythm with peaks at the beginning and end of the dark

phase in the wild type (WT) mice. Although predominant increases in wheel running

activity were observed accordant to both peaks of plasma ghrelin in the WT mice,

those were severely attenuated in the GKO mice. A single injection of ghrelin receptor

agonist brought about marked enhancement of wheel running activity, in contrast to

no effect by the continuous administration. The brain dopamine level was attenuated

in GKO mice compared to that in WT mice. These findings suggested that the surge in

ghrelin should play a crucial role in the motivation for voluntary exercise via the central

hedonic dopamine system.

2 B

FL) L, F—o83 VR A L CEBATE)
DEFR=2 a3 YRBENEIARIZES L Tn5.
LS cix, 7Lv) v v 27 s (GKO) <
T AERNT, ZFLY rOESEBEERT & L
TOZREZHS I L7z, BAR (WT) w7 &
ot 7 L) ViEER, BHoBT ) ERbY O
T =2 2R L, FOWMYE — 7 LI[E] UEEH
W2, WT 7 A TlElz 7 IO A Eid a2
AL 7245, GKO <7 A TOMEANIIBRMTH -
7. GKOX T AT A7 L) Y gHEAET T=
A b OHEGEF 5%, [z T o Rk E K
[ZHEI S 7278, BB I =R ¥ 712 & B Febidx
GCRMIBoO 6Nk ro7. A F—,33 »
LAVIZEIL T, WI AL TGKO <
7 ATIEEg LTz, DLEoEE2S, Mk s
L) VIBEOT— Ve EREHIR =83 v
AT L% LICHEEEBICH S5 EFN—2 3 »
WCEEAREEZHE L TV LIRS N,

#

Jill]

LN RERE I L 5T, SEBIAE R R A
W7 E R DS DRRIZ BV RE L7125
FIEEECHONTYS B2 AR L B
(97 SEB L, BUEH R CE AL RIETH 2 AL

FEDFBh & HEICK L, # R Fih b E2 5N 5.
LAaL, MEE i, EErEeEe - mEr e
BD7ERE) X AOEND LIE LITFREEIZERS S
M O & AL LRI O R b R
HODIZL TG, #EEE T AV F—HE OB
WL HRERAEZHNE L THERSINL DS, £<
DOILHE & - CEMN 2 ES) 2 BT 2

I LV W RIS, EBIETV, BIEIL
THZODEFN=2 3 v EEART AT XL
LI L, FRIEMHICE o TEERZET
H5.

7 L) IEE RV E WD (GHS)
ELTHEE - FEsh, BHECTITEERERV
EELTHDHSONTWS, RKRXRTF N 28 i
DT I/BHILHEINTEY, HIKHEOmRS
W B % XIA-like NI 2> & @A S b
V. 7vy) yoX i EaEEH Y, GH
TIVEEE TH 5 2%, oM = 3 Ov F—
6 o pEER D, LRI ROMEE Y n ek
Gtk e RAEYFIREPREINTNE, T
1) 2 1d N Kl Sers TOF 7 % Y ERIBHiIIZ L -
THEYFEEE S, 2 OIRIERIS AL ghrelin
O-acyltransferase (GOAT) |2 & - Cfiltfif S Tw
%9

METTr/ V) Y2535, BETEHEB X
P Z OB BRESESTGET 528 (AT

T b AR =V EEE Vol. 39



A% B, food anticipatory activity; FAA) 7%k &5
ENTW5D, HiZ, FLY) YZHFEEREYT AT
X FAA B LTwazens 10 7Ly g
FAAIZOWTHIELZHZHELELTWDLEEZD
N5, fitoT, ZL) iz A vF-—R#P, &
BATHR ARG 2 ECHEEFED) A LI20H
HGLTwhEEZONTE, @Y LRI AN F—
INT Y ARMRET A0, BETENI RN E R
B (NAC) TV 72 &, B4 2 B 0 W& HEAL IS
L0 BERES 2 HIR LRI L D S T
b, BEOWZEN S, 7L R RO E R
B (VIA) O F—=/X3I v =2 -0V IZEEH L
TWLIZENHELENE R 572728, NAc 125
$ % VIA Wiz F— 83 =2 —1 278
BETEHTEZT 7LV VOEEREHATH S
ZedFEmEshs?. coZers L) g,
BT OEF N— 3 R A IC 5D B
B T o T D NI E R 2 B S LT\ 5 TR
WAEZ NS,

T4 1%, mRIif (HFD) (ZX 2005 v bE
T W72 FEERT, BZEEEIIEAETERE %
WETH LT L) VEERAESELZ LR
W LW, B L) IS ENES D B TR
BafEe L7z, kL 72&912, 7Ly »idiEsE
TEIOEF N—2 3 R HEGHEEOILEIZES
LTWwa7o, HEEGHCEAETHON =2 —
-t LTEEREEZHo TnDL Z EPHFEES
N5, £ 2 TR TIE, BEERZ1T) EFN—
2avIlBIFAZ LY YOBEIZOWT, F LY
>/ v 277k (GKO) ¥ A% HWTHEEL 7.

1. 7 &

1. 1 {EREMW

A & L CIZEFER (WT) vy 2B X
C7 L) YEEFRE (GKO) v 2 W %
Fv, Wi~ 24002 12 B 2 & o BB (B
7:00-19:00, HEHI : 19:00-7:00, Zeitgeber time : HH

T b AR =Y FEE Vol. 39

— 123 —

WMoptakZ % 2710, B OBERZ % ZT12 &
$ % 12/ 12 B O B I 517 2 AR RERT o
K%l b &T, —EOREISHEFIN (£
i :25+2C, WE:60+10%) MBHEETHE L7,
T7z, BEEE BEERAREFR (10 keal% fat,
produced by Research Diets, Inc., New Brunswick,
NJ, USA: open source diet code D12450B) % H Hi
AL L7z, W, &ToBWIERIE, AR
B ERZRROKBR LG TERITL.

1. 2 BHBEHKRETCOERR7OMNI—I
WT ¥ A& GKO v A% 4 BEI250 72 1 9
EE)HE (WT-Se B £ 18 GKO-Se; 4% #n=8) B
FUHSER M (WT-Ex 3 X 8 GKO-Ex; %%
n=8). & TH~7 A, EERIZHWZHENIZ—H#
{97 TPX ®4 — 2 (W22xD32x H13cm) |2 CH
MEAT %4772, —HEOBIMEHE 12 HEEE I,
HZEHH (WTEx B X O GKO-Ex) & L Tl
#z I (JE4% 15em, T 5em) ff EFFF v /v —
(W32xD20.5xH26.5cm) |2 CHAEE L, #HH
&, HEEHE [iEy TICL LR ERE
HEJE M > 2 7 4 (ACTIMO-1IM combined with
MFD-100-CH; %8> >~ 7 7 7 b —, f&fi]) 12 C
13-14 Az, ACTIMO-DATA V7 N7 = T2
LY MERE L. BRI 001 g O EREE
2T 3 mIClERSR L, A% ERRIL 1 5o
[l A Z O [RI§R 55 2 e dkEtill L 7z,

1. 83 JULVRR/ET7IZX MO ARER

V) vEFERT T=A ML LT GHRP-6
(Bachem, Bubendorf, Switzerland) % ffi Ji L 7-.
HL [l E e G- & LC, 13D GKO ¥ 7 A
\ZHEH 18 I 30 43712 14 H ] GHRP-6 (1 u g/ AR
g) FEoIZAHANKEEENES L7z, 2O,
s 7 IO EgRE % FE T 1. 2 12V HlE L
72, ¥Rtk G E LC, BEE I =K YT (Alzet
Model 1004; Duret Corporation, Cupertino, CA) |2



—124—

GHRP-6 (42ng/0.11 uL/hr/ 1A g) F 72134 Hfr
HARZEAL, 12 8# GKO ~ 7 ANFREE T2
THERENA~ O3 A % 1T L, —HEB OB L%
HLAE e G- & AR, S T oo [l g & e
L7z,

1. 4 I K—/¥3 DEEOBEIE

WT-Se, GKO-Se, WT-Ex, GKO-Ex 2%} L C,
Rl =a—LEHw~v A 70y A7) Rk
) % Wif7 L7z, ESEBNEE (Bx BE) & JEEB)EE (Se
) © 13-14 Ao~ 7 2D K H O (NAc)
IS, MEFNICYA A 70y 4 7)) v AT a—7
#HEA L7: (NAc fHi & | CHHZ 1S Bregma & 1l
f&2~ 5 A/P 1.4mm, L/M 0.6mm, V/D4.5mm DA i&
IZ7a—7xiA). Fiitk, ¥ AZEHOT
27 1) VA (W30xD30xH40cm) (2 48 I i H. 5E
fH L, AEkE~ L7054 7 ) v AFEERTL
7. A RHOMER, SHEOSTY AEEAEY
20 M5 %2, FOHME R 72, 20 45 CE
£ L7 EE WT-Se (156.5+46.1mg) & GKO-
Se (123.3+30.8mg) @ [, WT-Ex (114.4+65.6
mg) & GKO-Ex (113.2+38.1 mg) D THEHEIL
Zipodz. BAE (GREEfE) LEERISSBE
OFENW A B L, F—=33 L)L (DA) %
EEfk s u~ 757 4 —EE=oHrd: (HPLC-
ECD) (2L D %E=L 7.

1.5 IYFAL/T7ytA(RA)ICEBME
7L VIREETE

L) VIEENEHOIMAIE, HEEk (R
I EE0IN) %z 7z #%, Sep-Pak CI18 cartridge
(Waters, Milford, MA) % H\W<THIE L7z, Hhil
WidofifiEzig 217\, — 80C TIRAF L7z, Bk
MH, SAHEZRE L 72K RIA buffer 2 I\ C
WLz EEies L) E, Iy b L) v
» N #% # (Gly'-Lys! with O-n-octanoylation at
Ser’) HWTHH L7z, REERIEZ LY v 0

Ser3 n-octanoylated form % 45 5AYIZFZFE L, des-
acyl ghrelin Z78i#k L 2\ 2%, B b, YT A, Tv
FOT VL) I ERIS L, o acyl-
modified ghrelin (2% 223 I E S & 7R

1. 6 #atag

ETOMETFIT— &1, SPSS #iit5 /Y —3 =
> 23 IBMALNY) & HWCRITL, %87 X —
% O 1IE#HEEFM X Kolmogorov-Smirnov #5E 12 &
DHIE L7z, ka0 A B2 1L Student's t #RE b
L < 1 Mann-Whitney U 5212 L 1), fEbRE 5%
Kiizd > THEED ) LHEL .

2. & R

2. 1 BEHMBHETCOERETE, BRIHE

E&EhTIC L3 EREHE
EETE (K 1A, B) RHBEEEHE (K 1C, D)
DOHWY AL L CIIBARM G ESHE (W
Ex) &7 L) Y #EETFRIEAFSEEHE (GKO-Ex)
M TEWVIIRRO OGN ro7/z. F72, HIB LD
B OB =L HRIEEEICB VT OMEICKE
mEFAON o7 (B1E F). 2512, W
FEOE 7 T2 & 5 HIsER =L, -1 2
VIZBWTZDIEEACIIRHIIZEHES R (X
2A, B), WT-Ex ¥ 7 2 Cl, BHIDED & #b
DIZIlEE 77 TS X A B ESEB) R OB RS
S (K 2A), A EORNREY & [FE L Tz
—7, GKO-Ex ¥ ZAD [z A T2 X 5 HIEES)
HIEZWTEx ¥ 7 ZA L L THEIZIKTLTW
7 (X 2B, C).

2.2 BHHBEETOEREGSIICLSBREE
INZ— 2

BAAIC BT 5 285 2k oElER s T2 X 5 H%

EEEAAT L7225, WI w7 A& GKO <

7 ADWHET, A EEOFHREIL ZT (Zeitgeber

time) 20 (BHREC O BIAIES] % ZTO, K51 o B ik IR

T b AR =V EEE Vol. 39



0.5+
0.4 4
0.3 4
0.2 4
0.1 4

Food intake (g/5min)

_ 50,

S

€ 40,

£ 230.

g 20+

=

g 104
04

3=

2.5+

Cumulative food intake (g/12hr)

2.

1.5+

1 -

0.5+ I———I

0 L D

WT-Ex
1

The food intake and locomotor activity under ad libitum feeding

GKO-Ex

Cumulative locomotor activity (count/12hr)

0.5-
0.4 4
0.3+
0.2+
0.1+

0-

Food intake (g/5min)

Locomotor activity (count/5min)

10001

8001

600+

400+

200+

—125—

WT-Ex

GKO-Ex

There is no difference in the diurnal rhythm of the food intake (A, B) or locomotor activity (C, D) between WT-Ex (A, C) and GKO-Ex (B, D)
mice. The cumulative food intake and locomotor activity during the light and dark phases were also comparable in both exercise groups (E, F).

Error bars, s.e.m. (WT, n=8 mice; GKO, n=8 mice).

A

500 4
400 1
300 1
2001
100 1

Wheel activity (Count/5min)

5001
4001
300 1
2001
100 -

Wheel activity (Count/5min)

L D

2 Voluntary wheel-running activity under ad libitum feeding
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L: Light period, D: Dark period.
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In WT-Ex mice (A), a marked increase in voluntary wheel-running activity was observed at both the beginning and end of the dark phase, concomitant with an
increase in the food intake in these periods. In the GKO-Ex mice (B), however, the level of voluntary exercise was markedly reduced in comparison to the WT
mice (C). *#P<0.01 versus WT-Ex mice by Student's t-test. Error bars, s.e.m. (WT, n=8 mice; GKO, n=8 mice). L: Light period, D: Dark period.
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3 The wheel-running activity patterns of mice under ad libitum

With the exception of ZT20-22, the wheel-running activity of the
GKO-Ex mice under ad libitum feeding was significantly reduced
in comparison to WT-Ex mice at all time points. *P<0.05, **P<0.01
versus WT-Ex by Student’ s t-test. Error bars, s.e.m. (WT, n=8
mice; GKO, n=8 mice).
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4 The plasma concentration of ghrelin in the sedentary
and exercise groups (A) and the effect of a ghrelin receptor
agonist in GKO mice (B, C)

The plasma ghrelin levels in both WT-Se and Ex mice showed a
bimodal diurnal rhythm with peaks at ZT12 and 0. These levels during
the dark phase (ZT12, 18 and 0) were significantly higher in WT-Ex
mice than in WT-Se mice (A). After the once-daily administration
(B) of GHRP-6 for 14 days, the wheel-running activity during the
dark phase was significantly increased in comparison to vehicle-treated
mice at each time point, and the activity was almost restored to the
WT-Ex level (Fig.5a). In contrast, the continuous administration (C)
of GHRP-6 by an osmotic mini-pump for two weeks had no effect on

the wheel- runnmg act1v1t during the dark phase in GKO mice. (A)
P<0.05, "TP<0.01 and T"P<0.001 versus WT-Se at the same time point
by Student's t-test. Error bars, s.e.m. (WT-Se, n=9 mice; WT-Ex, n=10
mice). (B) *P<0.05 and #1P<0.01 versus vehicle by Student's t-test.
Error bars, s.e.m. (Vehicle, n=6 mice; Ghrelin Ago. i.p., n=6 mice).
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5 The effect of voluntary wheel running activity on the dopamine levels in the unilateral NAc

In GKO mice, the basal dopamine level in the Nac (A) was also enhanced under exercise condition (GKO-Ex), but to a lower degree than
that observed in WT-Ex mice. In the WT-Ex mice, the food consumption-induced increase in the DA levels (B) was persistently higher and did
not return to the basal levels for up to 140 min. However, in the GKO-Ex mice, these increases in the DA levels were much smaller and were
significantly lower than those observed in the WT-Ex mice. The values are expressed as the mean + SE. Arrow: the time point at which the mice in
each group began to be fed regular food for a period of 20 min after 24 hours of food deprivation. *P<0.05 and **P<0.01 vs. GKO-Ex by Student’

s t-test. Error bars, s.e.m. (WT, n=5 mice; GKO, n=5 mice).
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