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Abbreviation

Abbreviation

ANOVA : analysis of variance

CS :  conditioned stimulus

Ctrl :  control

DA :  dopamine

DAergic :  dopaminergic

DAPI : 4’ ,6-diamidino-2-phenylindole

DSI :  dopamine secretion interference
EYFP :  enhanced yellow fluorescent protein
GABA ©  gamma-aminobutyric acid

L-DOPA :  L-3,4-dihydroxy-phenyalanine
MSN  medium spiny neuron

NAc - nucleus accumbens

PCR polymerase chain reaction
RM-ANOVA ' repeated-measures analysis of variance
SEM :  standard error of the mean

SN :  substantia nigra

TBS-X : 0.1% Triton X-100 in Tris-buffered saline
tetX . tetanus toxin

TH :  tyrosine hydroxylase

tTA :  tetracycline transactivator

VTA - ventral tegmental area
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Abstract

BB BITENOZ < ITHI S 5 \WVIZZ O FRIC L v FE s b, JEHRY
P (R A A A H 2 2) I X WIEIEE%1T 5 (Mangel & Clark, 1986; McNamara &
Houston, 1986), # D7z, B OHRENEFATENISMI I D281k, 25180
KRR EDENIREDEAIZ K » THIZHZE L Z1T T 5 (Bindra,
1978; F. M. Toates, 1986), Z® X o 2 TEIFREI DA ZMREIT 5 2 L1
HIWTRE O A BT D72 DICAR AR ThH D, ZILETOWEN S, HI
R F—s33 0 &S AT 8 o BE M 2 R STV D (Berridge, 2018;
Flagel & Robinson, 2017), ¥KEERFIEOFER NS HIAAZICRTT 5 R—33
Za—u a2 LERRE, EEEREGI 22 72 v MIx LT, iz sk
D HEEZFHOE Z 32 LN TX % (Pecifia & Berridge, 2013), Figure 112
AT RO, F= " R OBSS T, KA L T VIA R RrF 225 NAc ~E D%
B &, SNe B striatum ~FEHRKEO _FENH 5, WMIMERITENCE LT
X, BIE TH D VIA S0 ReF 205 NAc ~FE B IRBKICBEMR L7iFEn £ < 11T
ETWVDHDIZR L, BFICHL TOMEIES E D L 1Eke0,

Figurel ¥~ 7 RBICH T2 R—/2 v @EODmERHFGME, VIA, ventral tegmental
area; RrF, retrorubral field; SNc¢, substantia nigra pars compacta; NAc, nucleus
accumbens,




Abstract

ITERRE O Z B & ST B 120, Bl EW ORRKITE &2 BT IC LT,
wanting (% N &) ° liking CRINZ 155 2 & (T4 2 200 OHRED A5
DTHI TV D (D’ Aquila & Galistu, 2017; Dastugue, Merlin, Maquart,
Bernard, & Besnard, 2018; Johnson, 2018), 723 AMFS2ICH T, wanting (3
RE) 13~ U ARG E LW CTH o KICH L To& 2 L THERIRL XD
T L@ (Bfate) 2R L. liking GRI~DE V) & I37KHRN 4 15 72 12 &R
RIZE->TH7ZH 4D hedonic impact (BEUDOFhE) KT, EIIINE
% (ZEERRR, BMOSEIERT 7 AF ¥ ) BLOWEIREE (2218
&LV E) AZHE > THIE M OITE 2 2 FE T3 2 720 SHRITT & PIERIR
REDM SN TE DN R ER & 72D, £ LT, K= V2B RITE T
VOHARITENZHE T2 2 ENMESNTND, F—/3I 2R ERITEOMHE
5 D1 BRZ AR L D2 B2 A/IRD ol RBlEN S, £ LT, DI AL
D2 RRZ AT 2 (ICFH KB ("wanting”) & AN O = ORR (“1iking”) ~5
WA .2 T D ATREMEANV R S U7z (Galistu & D° Aquila, 2013; Genn, Higgs,
& Cooper, 2003; Robles & Johnson, 2017),

AW T, ATERRENCRBIT D = "I v ORFIZMIT 572012, #Fiil
RET AV 2=y 7= DAL, =7 2D licking 178 Z Wil o473
% (number of licks, number of bursts, size of bursts, intra—burst lick
speed ZFHIT %) 2 L AWMU T, RF— 33 VMR FIC L HITEIZ (LA R~
7o RO~ 7 AL R— 3 MRS D F— 33 VWD — 5 NEEIND
ETrRENTZTeD, R—=/3I U3 UWREE~ T A (DA secretion interference :
DSI mouse) & FESZ SZ L7z, ZDDSI w0 RIZEB VT, F—/33 Ol
ZIZIEFELRIZIM A D Dopamine deficient (DD) ~ 7 A (Palmiter, 2008) & | H
220 R DAELFDT=DIZ L-DOPA Z LE & L7puosh, APAYSRARIZITY IREE

TR=RIVORZ(DDWVITIET) DFBLE R—RIVZRIKS TV T
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IZ X AHERERIEIZ DWW T2 95 Z E RN A[EEIC /e o 72, Lol FEESI L
R=_I v =a—n X OBITEEDOKHS < HWRO T, MR~ D X L DT
B DAERN DI FEBRBSOSCHERETH D Z ENEFTCTH o T, BOKITE) & H
W~ OB E FIZFE L AT D720 fOKITENFEBR IS8 - T DST Bf &
KD~ 7 2 F—=" I D DI ZHFET =X |k (A68930 F 7213 SKF38393)

BLOD2/3ZR/RIKT 2T =Z I (ropinirole) 3 A EE % H i TEM L7,

Chapter 1 : Behavioral Change Induced by Reduced Dopamine Secretion

ARKFFRIZIBNT, TetX FT7 ATV == 7 <17 A (Camk2a—10xP-STOP-
loxP tetracycline transactivator & tetO-tetanus toxin) (Nakashiba, Young,
McHugh, Buhl, & Tonegawa, 2008) & Sl1c6a3(DAT)-icre/ ERT2 ~ 7 A
(Schriever et al., 2017) Z#FHbED Z LItk v, DSI ~ v RAAFR L7z
(Fig. IIA), DSI =@ A® Cre recombinase DHEE[L Slc6a3 (5|4 Dopamine
Transpoter: DAT) promoter (Z X o> TFEIND, F— I UHRRAIAEIZ D Fr
HENAEL D, Tamoxifen G T 25 &, F— 33 RGO 1oxP-STOP-
loxP &~ F23HELY BR2ML, tetX light chain ORI IEE 5, FOFGHE &
LT, F= I D5 WN tetX IC LV [EEINS (Fig. 1IB),

A Control mice )

DAT-icre/ERT2
Camk2a-loxP-STOP-loxP-tTA
DAT-icre/ERT2

e @
e g
L]
X S\nap(lrwsmle& *wtetX

DAT-icre/ERT2 t-SNARE
tetO-tetX VAMP2(v-SNARE)
Camk2a-loxP-STOP-loxP-tTA \ )

’{«V == = \ Neurotransmitter
x Crossbreed D51 mice Secretion Blockade
HREH RS DAT-icre/ERT2
Camk2a-loxP-STOP-loxP-tTA
tetO-tetX

Figure Il (A)DSIY 7 X ZFEd 5 BRENT, (B)tetXIZ &k o MES(F—/t3Y),
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Cre recombinase DFEHLO KB Z R T H70OHIZ, DSI w7 R &
Gt (ROSA) 26Sor ™ (1P SIFIot BN s < 07 2 DEMT B EITV, Fbhic~ T A
Z WO b2 3 L7-, = DOfE%R. Cre-1loxP recombination (T &
D RINFEINZ EVFPER L F— R VD~ —h —[Z 2 (TH) BNEAR Y
B0 2 EMREEN (Fig I11) . ZHUZ & 0 BB T OREEDHER I N,
Fo, EEFSDO K—/33 =2 —1 Tl Cre-1loxP recombination A3

X LR ST,

Vehicle

VTA

Tamoxifen

Figure Il CreL R —42 —BZFDFDODSIN T RIZH T D
TH(FR) &L EYFP(#) D _&ERE, thAIR, 25 um,

DST T AD R—sXI VEFEEHANDIZDIC, ~A 7 AT Vv AR
ZATo e, TORIR, tamoxifen G- A D DSI ~ 7 A TII M~ 7 A &Ik
e L O R— 82 R EE ORI 23R8 BT (Fig. IVA), #REIKTIL 61. 4%,
AR Tl 54. 5% E T LT D Z & &R L7z, DSI v 7 A XXt~ ¥
A L[ UARE & EAHOKETH o 7o, EEERICE L Tidn—# vy BT
Pl AT o 7o, EORR, B—Z —Hil#NC X HEF (Fig. IVB) (Sidak test,
Ctrl vs. DSI; day 7, p = 0.004; day 8, p =0.021) 238k LStk F ([ldsm

FE > 28rpm) TR X TWAH Z & 2R LT,
5
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:A Striatum s Nucleus Accumbens N
s 20 * o o 600 —O— DSI mice
= °c_ = * @ s
E = ) o 44 - ¢ 500 A #
o & 15 =
i3 o 3- T 400 {
O 2 104 T 00 S 300 ] *
W 2-
23 Fry
2 g 2 w0
2 o O 1 )
S Oo @ 100

-

0= T 0- T 0
Ctrl mice DSI mice Ctrl mice DSI mice YD
S @@ D QD Q@
\\\5(9 \,\5“? \,@d’ W ‘96\@'? \'Lb“o G@Q \,513?

oa‘; o’b" 0'3“ 0@“ 0‘3’! 0’3‘! 0‘3‘3 Q°

Figure IV (A)BREERQIBZOBTRICHE TS K=/ VEE, (B)D—420v R
i8R, RM-ANOVA: *p < 0.05, XfBRBEF~ T R & DEEE, #p < 0.05& ##p < 0.01,
—HP DR,

DSI =7 ADFHFLERR IOV TIL, £ AKKKEOZEM22E b wifisss
BERHWCIHMLI 2T o7z, ZTORER, R~ X L LA ERZITR <,
Z OFHE TR DR Y F=EFLERE /NI IER Th - 7= (Fig. V),

DI

Spatial Learning Reversal Learning
o 60 = 607
@ - Ctrl mice é‘i{ -o Ctrl mice
> 507 © DSImice 5 0 O DSI mice
2" 40 = 404
2 2
= 30 = 301
- —
o 20 o 201
g 5
B 10+ S 104
= 0 T T T T 1 = 0 T T T T T
pa¥  pay > pav ® pay * pay® oy O pat T oy B oy Oy 10

FigureV TR I 4 =8 — A4 XZH T 2 EMEE &L PinFH,




Abstract

AKITENCEIT DV v % o ZA (numbers of total licks) (ZTEh~DH)
P DB X (FIOR) & g™ 2, KA~ DIBECRILZE L A~OFREE L L TR < AW
5TV (Davis, 1989; Mendez, Maidment, & Murphy, 2016), HHEIICE Z
X U XU TEENS O E L BKSOFCRDBEENZ AR LT D EE X
D, LnL, BTl ~72 L 51T, H@EORIETIL DST ~ 7 2 DK & 135t
HaRE~ 7 R LR TET D o T, BOKEOHIBR &V 5 Setbid, BOKTTEN X
THBRAERT 5 Z LN TE B, Z 2T AN TIEB RS RN BV T,
R =3 2 U T K D BOKATENS 63 2 B O A 21T - 7o,

7 B OFOKITERBRICIBW T~ 7 AN KEEBRT S 2 L 22ATE, 20
BR. RO DEEIC L > TKDBELND Z E 2FEHIETDOEN, R—I %
WD DT HOKHIR T DST ~ w7 2 TIEHRD 2 WA Z I L=
(Fig. VI), Numbers of licks [TEFERIRBCRDOME 2K &5 2 Hiv, DSI
~ U A TILERD D EE DA L Te, DF D | MEDS B W TV DARPLIZIB W T
KT DHCRPED L TNWD EBZEZXHZENTE D,

A R 3 _I:aii:u;t?ng "1 Training for
acovery : and Preparing.: licking test
A >7days 3 days 7 days
Surgical operation
350 1 _o— ctrl mice
2 300 { —O— DSI mice
Q
5 250 - ]*
“S 200 -
@ 150 -
o]
£ 100 -
=
Z 50 -
0

NI
o 0@‘10'” o o oo o

Figure VI (A)SKTEHIROR, B)IEIET2 Y v+ JEK
RM-ANOVA: *p < 0.05, xJ888f~ 7 R & DLLER,
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Chapter 2 : Dopamine Receptor Agonist Affects Water Drinking Behavior of
Mouse Under Thirsty Condition

BB O L= Y v ZEE Gl L7 Bl ED Y v 7 OfRELY 0.4
LN T®H 5 Z L) % burst & 5\ bout & FEFRT 2 (Fig. VII) (D’ Aquila &
Galistu, 2017; Johnson, 2018), i L 7=V v 7 @){E D B (number of
bursts) IFMTEYOIEMAC 2, 3 7o B KR CERIH (x4~ 2 Fimt) iR < %
KR35, —h T, —Eo#FE Lz v 7 8EORKE S (size of the bursts)
T OB OGN H (R & BIROFE) OMS 2 %, £/, #@fE Lz v
7 @{EDE X (intra-burst lick speed) (Z#k® 2 BEICI T 5 € — & — il
(5 LEMEDOBEENE) DORREZ 7R3, AWFZETIX, BOKITEIREROY v %7

(15 & e ) D—53 R D burst UK EERR D285 H 5 ANC) Z5HHl L7,

Lick number

S—— . .
urst —04s  =04ds >0.4s P >0.4s

Figure VII U v 7 BIEIZ & 1T % BurstiZE D < Licking
Microstructure(fl#itgi5) = & 9 2K,

RF— 33 0 DI AT 2= % k (A68930) D#Ee 5%, = L TV /= DST <
U ADEIKATEI~DRCKR 2 B8+ 230K 8 - 72, Fig. VIIIAIZRT X 912,
AR BNTHIO TR LIz CTh 5, T, SKF38393 £ 513t~
7 A @ numbers of total licks F TN & Tuv 7= (Fig. VIIIB), Z ?® A68930

& SKF38393 D RDZFIT, R/RIKT T = N DRENIARC BIR~DIHNE

8
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PEDBENNGAEL D &ETRISND, /o, DI ZFET 2= h ORI
~ORIPRIZ L0 LT 2 REE S B 2 5415, Numbers of total licks TFE
fifi S AL DG OIEEN L, DT DR BEORROZAIT T 2BURME L BIE L T 5
A[REMEAY & 2 (Dastugue et al., 2018; Uematsu et al., 2011), %t~ T, DI
ZBRRT A=A MRGIZEB T H/RIT, EORREEAT 52 LI2X Y DSI
~ U ADKITEN Z FIE CE L ARBER ST bivd, 72, D1 R EKDBKE
BRZOBEICHT 2 REORMICELE L WD AEEL#RE SN TV
(Bouchaud & Bosler, 1986; Miyahara, Ono, Hitomi, Hirase, & Inenaga, 2012),
DI ZHET A=A bOBGIZL > T, BKITENEE LS REIORRIL, 2
NE TIZHT I TWEAF TR & 16O T EARANZGER L= gld T o — A
ThdESIENTE D,

A B Ctrl mice]T B Il Ctrl mice]T

@ =3 DSI mice » 500 =3 DSI mice

% 400- # o LA

o o _ ;

S ew @k o o 2w, 73

& 3004 o o % S %)3 go X

(e} (=] -

ﬁ 00 o ol = 300 o Q

S O i o ®

: 200 . : 200 %

2 o S o 2 o o

E 100- 5 100 .

Z Z

0- 0% T T T
0 0.01 0.24 1.2 0 0.24 6 30
A68930 (mg/kg) SKF38393 (mg/kg)

Figure VII1 A68930(A) % 7= [£SKF38393(B) M 1% 5% ®numbers of total lickstE#R,
RM-ANOVA: tp < 0.05, B FEDLEE., *p < 0.05, XBET T X & DLER, #p<
0.05& ##p < 0.01, BEE DLER,

D2 REZAMITFE LIATEZHOMT ) 2 LICARFRIZLHRE STV D
(Lopez, Karlsson, & 0 Donnell, 2015; Randall et al., 2012), AA#FFEIC
BWTH, D2/3 ZHIKT =2 b (ropinirole) D GIL, &TH~ T ATE
T intra-burst lick speed ZJ/) & &7= (Fig. IX), 7o, E—F —#Hlf#Hlc

B 5 D2 ZRIKOEEE %2 KM L7~ (Gerfen, 1992) number of bursts & size of

9



Abstract

the bursts A SHZZ L6, FHRENE L WO EODR LD ST
CHEE SN, D2ZBIRT v F T= A MEEIZ X D size of the bursts D
PiE, MMOBFEIZBWTHHE ST 5 (Galistu & D’ Aquila, 2013; Genn
et al., 2003; Schneider, Davis, Watson, & Smith, 1990), F7=. D2 #E=%
BIERDT A=A FBEIOT v # =2 MY EITHE LATE 203 5 %) 5
MR &> 7~ (Fraser, Haight, Gardner, & Flagel, 2016; Lopez et al., 2015),
PLEIZE D, R=_ v MEEZEEROV T TV > 7 RS E 3 E Ll
L3z licky, gokfTERmflan-eBZxons, L, 208X
WS Ob OMRRERKICEAE L TRY, IEFITEMETHL L BEA DD,

¥ Hl Ctrl mice

- = DSI mice
=z 400 ol
2 I
= 3004 o
e o
= o ## # #
= 200 i % E’j o
= lo] a®® 4 ©
£ 100l | %
=
- : éé
0- T T T T
0 0.2 4.8 10
Ropinirole (mg/kg)

Figure IX ropinirole & '5% ®numbers of total lickstE#, RM-ANOVA:
tp < 0.05, BILFEDLER, ##p<0.01, BEE DOLEE,

Chapter 3 : Dopamine D2-like Receptor Agonist Changes Effort-based

Decision-making of Mice

WL E AR O Lo B X 255 LT CRFFIZHT O 1TEh 2 3
S TDT=DIT ATERBEZOREN S R—32 O&REN 250+ D098 S X
< BHb, R=RI BT X A= NO¥EIX, ZoO@ERE (LA N—%

10
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HLTHHEDL D I, BECZIRICH D@02 RD50) 1N D

{55 J1fi 1) (1% 4) Z e 5 (Salamone, Correa, Yang, Rotolo, & Presby,
2018) , AHMFFEITERA L7 HARIZ L 218 IRZ 2 7 (Fig. X) 121X, DSI v 7 &
ERB~ T 2O FTHL—=2 712X > T I M [ (phasel
licks/phase 2 licks) > (6 sec/24 sec = 0.25)] AMEI Z LoVRE N, K
FMEMNCEE DD EHEE SN D R— 32 OB HIL, DST v ATk K—,33
VEEAEMRDBKI S TH LT, B2 T holctBEXBND,

A -Lights on - Lights off B @ o— Ctrl mice
o 0.45 { —O— DSl mice
o~
T T ey $ 0.40
Phase 1 1} Phase 2 1 Reset and Repeat @ ™
(Low-effort Phase) 24 d " for 30 times Q. g 35 -
6 seconds | uni fsecon/ 512 a4 %0.30 _
1 unit of water/ umgtg) l:?;atelr‘ 1(< > & =
1 lick 36, 48.. licks) @ 025
®
1727 1 737 1 737 T3 g e > £ 0.20 T T T
Day 1 Day 2 Day 3

Figure X (A)F BRI X RS X7, (B)IlARIZ& 1+ % phase 1& phase 2
DEEER, RM-ANOVA: tt1p < 0.01, Day 1& OLBER,

Z OIRT 1B A X SKF38393 & 5 TIXR BN B T b v o e,

h

ropinirole #HIZHB W TIIAE &7z (Fig. XI), SEATAFRIC LY D2 &K
TG (reward cue) (IZ K DFFERNEELEZ F72OICHETH D Z L AR
XN TW5D (Fraser et al., 2016), Ropinirole #5-(2 % - T phase 1 TD
U & o ZEEDFEANR T L7728l & L CLBE ORMFETRZ o T s
B2 HND D2 R REREE U F— 32 U &8 U7 S OfilEA, 7
T=R2 MZ X 2EF7e D2 ZRERIC L VR L2 EnBZoND, 20

11
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H D Z BT A LT, D2 7o X TR NEFEHLEEBRRENTHD & A
OIDHN, ZORERIL. D2 FEZ BRI L D~ 2RO MR EE R
BB Bl 2 LR T I N E COMZERE R L L TWD,

Hl Ctrl mice
=3 DSI mice

-
o ©
o
o oo & o |H#
i_F io
T T |ﬁ

Saline SKF38393 Ropinirole

e
%
|

e
N
|

o
N
|

o
[ ]
|

e
=)
|

Phase 1 licks/ Phase 2 licks

Figure X1 Bi&7/K, D17 Jd =X ~(SKF38393)% /= (&D2/37 I3 =X b
(ropinirole) D 5% Mphase 1& phase 2DEEZE, RM-ANOVA: ##p <
0.01. BIEKIKESL DR,

Conclusion :

AW T, BERITENCRBIT D R—= I v ORFIZH L7202, Friwv
BAATDRNT AV z=y 7~ ADS]) &AW %d 505 Lz, 2@ DSI
¥ U ATEBNTIE, F=" OB EE ~ 7 A L g U TR R EL T
SNTEY ., WMERITENCRIT 2 2D F—/3I UEZFEIE DL A4 7 - D2
BAAT)VDIFHE L, ZNENADOT A=A M HWTHANDLZ &1@ LTV
oo ZHNETIZ R— I VOB ZIFIFERER2ICIZ S DD ~ 7 A% AW 7-4F5E
WEMSNTE e, 2O DD~ T AOMMITITEMETH S0, (A DR
I review i CIZAERE 5 Z L1235 28 (Palmiter, 2008, p37-38), R—/33 v
ARRICE P DS (Tyrosine Hydroxylase: T %/ v 7 77 b Lz~ A (ki

AT1TAHTHEETD)IC/ VX T ) vma—ar TORL TH BEEEZREE

12
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HHEIICTDHEEZLTIOHBEETIIIERICRAETE DN, 20Kk, £%20
AETITEERITENTETIORETT D, L, 2O~ AL, F—
PRI VORIBEE TH D L-DOPA &, 1 HIZ 1 BIEET 2 L EFEHEFFCE 5
X 91272 % (Zhou & Palmiter, 1995), L-DOPA #¢5#% 0 b — 7 B icH\\ T, IF
HLAULOK) 10%, F— S U BB STV e, ZOEMER S IR T,
BAROFERRN TN S A, WETTENC 1T D K — X v DREIR, R IZH B
IZENTWo iz,

AWFFRIZEB NI, SEEOBLR a2 A N7 7 FEHWTIER L~Ld
#150%, R—= "I U BERTELYTARADSI v U R) ZEHT 5 Z LdHikiz,
ZOERMETFIZHEW T, RAITENH OWME TN ST D F—_I ok %
R L7=, 20 DST = 7 RIZHBWTIE, DD w7 R EXRR Y EROAEFDT
DIZ L-DOPA #ME & LiaWiz®, ABNSGRIFISIEVIREET R— I v oXZ
(HDVITART) DL R— IR ERT 7T ) 7 K HHERERIE I
WTHHEZ T2 Z ENAaE L 72 o T2,

ARBFFETIE, DI 7 =& b3 K=/ V0K T X 0 JiHPRRE I &
DHOK~NDET 4 N—2 3 (BEITKHT LA EITHRMOZERIR) %
EE G52 ER L, —HT, D2/3 7 A=A MIBAKITE~DET 1 X
— a3 v (FFREE L O O Z 0% R 2 & IR N &7 (Table I), DD+
U ADLGEIE, P U OB RIGICHIR STV S 720, D2/3 T A
ZA MDOBEHIZL o THHFTHAITE~DET 4 X—a VREET D Z L
DRENTWD, —KIZ, BIROBYR SIZBWT, DI 7 I =2 MIEH
IbDFH~HL DL, D2 7 T =2 MIIHIBNAEHT 2 & Tk, DSI
~ U ATRONZE AL, BRARFN L BESEIMTN TN D (D LO2ENE
S>TWVD),

PLEDBHE NG, KR THEOLNTZHARDL 7 T=Z2 MZXEHET 4 X—

13
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va ORI IF. R—/33 U RRIC X 258 R AUE) OTRRICHE
BRT& % (Frank, 2014), £&Zx b b, £72. BT VERE HNTAZEND

BRI D LN R = "I VREPERJIEEICRLZEbHREINTND
(Flood & Coleman, 1988; Friedemann & Gerhardt, 1992), #f LW\ D1
T A=A R THD A68930 1F, F—rS I UMK O 72 9 (I S A7z i
FATE) (BKRFOKAITE) NEE TE D Z ARSI NIz (Table I), R—/33
AEENERICEE LT, BEOBUICIB W TIE, DI EEEE BB S D 7 — R (1

H7p< | ropinirole 72X D2/3 7 A=A R I TWDEN, ABFFEIZE

T, DI 7H=A POARMEIZONT, Fiez i TH I ENTEIERD

Lick I Intra-burst Burst Burst
number Lick speed size number

no,

#AE D 4543 L — 5 —Hlfp B /S E 3% EE#

DSI mice J -> -> J

DSI mice
+ > - - N2

D1 agonist

DSI mice
+ 44 N2 N2 i

D2/3 agonist

Table | F—RNIYVZBRET7I I MREED Y v 7 EFIABE)IET S
4 2 DIEE,
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General Introduction

General Introduction

Dopamine transmission and reward-oriented behavior

Mesolimbic dopaminergic (DAergic) projections from the ventral tegmental area (VTA)
to the nucleus accumbens (NAc) is important for cues to motivate animals to seek for

reward (Fig. 1) (Baldo & Kelley, 2007; Dickinson, Smith, & Mirenowicz, 2000;

Halbout et al., 2019; Ostlund & Maidment, 2012). DAergic projections from the

substantia nigra (SN) to the dorsal striatum also plays an essential role especially in

terms of initiating behavior (Palmiter, 2008). Activation of mesolimbic dopamine (DA)
neurons is thought to reinforce behaviors and endow predictive cues with the

reinforcing property of reward (Halbout et al., 2019; Sharpe et al., 2017; Steinberg et al.,
2014), and thus the cues may also become target of behaviors. Moreover, the degree to

which DAergic neurons are phasically excited by rewards proportionally evokes

subsequent cue-triggered DA response (McClure, Daw, & Montague, 2003; Schultz,

Stauffer, & Lak, 2017).

Dopam, VTA

.. 2 i
ey .
Proje .. Clgj
Jectioy, e %

Figure i

Distribution of DAergic neurons and their projections in an adult mouse brain. VTA,
ventral tegmental area; RrF, retrorubral field; SNc, substantia nigra pars compacta;
NAC, nucleus accumbens.
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While DA is known to play an important role in pairing a cue (conditioned
stimulus, CS) with a reward, its role in the expression of previously learned responses is
less clear. The responses to approach the learned locations of a lever (reward cue) or a
reward are reported to be mediated differentially by the mesolimbic DA system (Flagel
& Robinson, 2017). Flupenthixol, an antagonist of both DA D1 and D2 receptors,
administration directly into the core of the NAc attenuates the contact with lever
(sign-tracking) but not the contact with food-cup (goal-tracking) (Saunders & Robinson,
2012). A recent study also indicated that chemogenetic inhibition of VTA DAergic
neurons disrupts the reinforcing property of CS to enhance reward seeking response
(lever pressing), but the ability of CS to increase reward retrieval response (food-cup
approach after lever pressing) was spared by that inhibition (Halbout et al., 2019). Their
findings indicate that the CS-evoked response targeting a reward cue is highly
dependent on VTA DAergic neurons while the response targeting a reward is not.
Therefore, the VTA DAergic neurons likely contribute to the behaviors that comprise
many steps and require more effort to complete, but they do not play a necessary role in
the expression of learned responses. Consistent with this thought, extended training
reduces the cue-evoked DA release and makes the learned response less dependent on
DA transmission (Clark, Collins, Sanford, & Phillips, 2013; Levesque et al., 2007,
Wassum, Ostlund, & Maidment, 2012).

There are less studies which examined the role of the nigrostriatal pathway
(projection from the SN to the dorsal striatum) in facilitating behavior because
complete lesions of this pathway result in severe motor control impairment (Gerfen,
1992; Puglisi-Allegra & Ventura, 2012). However, the DAergic projection from the
SN may be as important as that from the VTA because neural activity in the

nigrostriatal pathway specifically signals the initiation or the termination of actions
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(Jin & Costa, 2010). The studies by R. D. Palmiter showed that restoring DA signaling
selectively to the dorsal striatum by viral gene therapy in DA-deficient mice is
sufficient to restore feeding behavior and reward-based learning (Palmiter, 2008). The

rescued mice also expressed normal motivation to engage in reward-oriented behaviors

(Darvas & Palmiter, 2009).

Previous studies of DA-deficient mouse

Taking advantage of gene targeting techniques, Q.-Y. Zhou and R. D. Palmiter
generated a new knockout mouse line (Zhou & Palmiter, 1995) by inactivating the both
Tyrosine hydroxylase (Th) alleles of mouse and introducing a TH gene under the
control of the Dopamine [-hydroxylase (Dbh) locus (Thomas, Matsumoto, & Palmiter,
1995; Zhou, Quaife, & Palmiter, 1995). The Th~~, Dbh™" mice cannot produce DA
anywhere except in noradrenergic neurons (Fig. ii), whose function is necessary for
embryos to survive. Those mice are referred to as DA-deficient mice in this dissertation
to distinguish them from the new transgenic (DSI) mice generated by our lab.

TH DOPA decarboxylase

J

L-Tyrosine R_’ L-DOPA T’ DA
0O,, Tetrahydro- H,0, Dihydro- Co, 0,, Ascorbic acid
biopterin biopterin

Dopamine B-hydroxylase —>
H,0, Dehydro-
ascorbic acid

Norepinephrine
Fig. ii Catecholamine biosynthesis pathway.
DA-deficient mouse pups are essentially indistinguishable from control
littermates during the first 10 days since birth, after which their body weights are
gradually exceeded by those of control littermates (Zhou & Palmiter, 1995). The

DA-deficient mice then become hypoactive and will decease because of insufficient

17



General Introduction

feeding unless the mice receive daily injection of L-3,4-dihydroxy-phenyalanine
(L-DOPA) (Szczypka et al., 1999). After L-DOPA injection, the DA-deficient mice
become active and begin to eat food until the level of DA returns to less than 1% of
normal again. Although the DA system in DA-deficient mouse develops normally in
the absence of DA production, the post-synaptic, medium spiny neurons (MSNs)
show hypersensitivity to DAergic stimulation. For example, striatal c-fos expression
can be induced by concentrations of DA or D1 receptor agonist (SKF81297) that have
no effect in normal mice (Kim, Szczypka, & Palmiter, 2000), and the extracellular
signal-regulated kinase is activated by D1 receptor agonist not only in the NAc but
also in the dorsal striatum (Kim, Palmiter, Cummins, & Gerfen, 2006). Those reports
suggest that DA-deficient mice response to DAergic stimulation slightly differently
from normal mice, even though the adaptation of MSNs to lack of DA signaling can
be reversed by semi-chronic L-DOPA treatment (5 times per day) (Kim et al., 2006).

Drugs such as amphetamine that facilitate DA release are shown to inhibit
feeding of mice (Cannon, Abdallah, Tecott, During, & Palmiter, 2004). DA-deficient
mice are spared from the inhibitory effect of amphetamine, but the feeding behavior
of DA-deficient mice can be inhibited by amphetamine if the DAergic projection to
the dorsal striatum has been restored by viral gene therapy (Cannon et al., 2004; Sotak,
Hnasko, Robinson, Kremer, & Palmiter, 2005). Even without the DAergic projection
to NAc and striatum, DA-deficient mice are able to learn the location of food;
however, DAergic projection is necessary for demonstrating what they have learned
(Robinson, Sandstrom, Denenberg, & Palmiter, 2005). It is unclear if the DA-deficient
mice perceive and evaluate the food as the normal mice do.

In spite of the infirmity and the less food and water consumption compared to

control littermates, the studies of DA-deficient mice by R. D. Palmiter and his
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colleagues indicate the importance of DA signaling within the striatum in motivation,
suggesting that the nigrostriatal pathway alone is sufficient to allow feeding,

locomotion, and reward-based learning (Darvas & Palmiter, 2009; Palmiter, 2008).

Taste supports the reward-oriented behaviors in eating and drinking

Animals can modulate their behaviors in response to environmental changes and their
needs. However, the precise mechanisms underlying this behavioral modulation
remain unclear. One of the crucial abilities is to distinguish ‘acceptable’ foods from
the potential ‘toxic’ foods (Breslin, 2013; Mennella, Daniels, & Reiter, 2017). This
ability is important for surviving in an environment where nutrients are scarce, and it
has been manipulated by evolution over millions of years. We perceive the taste of
food after chewing and dissolving it into saliva. The taste percepts are elicited by
stimulating the taste buds located in the oral and pharyngeal epithelia with the
molecules released from what we ingested. Taste system, which combines olfaction
and oral somatosensation to form flavors, enables us to evaluate food and water and
prepare the body for what we eat and drink (Dotson, Geraedts, & Munger, 2013;
Zimmerman et al., 2016).

These sensations have been involved in reward system by evolution to perceive
the environment, and animals use it to learn the physiological outcomes of ingestion
and modulate their behaviors according to different tastes. If the taste meets the
requirement for survival, it will bring strong hedonic impact to animal through
orosensory mechanisms and encourage the animal to seek for the same taste. For
example, intense saltiness that is disgusting and induces rats to express mouth gapes,
headshakes, and arm flails can become attractive to rats under sodium appetite

(Robinson & Berridge, 2013). Normally, rats that have learned a lever conditioned
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stimulus, which predicts intense salt taste in their mouth, escape from the lever
whenever it appears. However, the lever conditioned stimulus suddenly becomes
wanted, once the rats are in a salt appetite state of sodium depletion. It is of note that
the internal state (hunger or thirst) is a potent factor to reinforce behavior, but
reducing hunger or thirst alone is usually not enough to motivate animal. For example,
rats scarcely press lever to deliver nutrients directly to their stomach through a gastric
fistula (Nicolaidis & Rowland, 1975) unless a mouthful of saccharin is given at the

same time (Holman, 1969).

Objective ‘liking’ and ‘wanting’ during ingestion

Feelings of animals have long been of wide interest mainly because animals express
their thought in their own ways. Contemporary psychologists and affective
neuroscientists tried to resolve this puzzle by manipulating neural transmission in the
brain (Berridge, 2018). Although it is hard to draw absolute distinctions, they used the
words ‘liking’ and ‘wanting’ (with quotation marks), which have objective
consequences and features that can be detected in physiology and/or behavior, to
distinguish them from the accompanying conscious feelings liking and wanting,
which are subjective and implicit.

To study the neural systems responsible for the hedonic impact, many studies
have exploited the facial expressions of animal (Berridge et al., 2009), which includes
newborn human infants, orangutans, chimpanzees, and rats, to measure the objective
‘liking’ reactions to sweet taste rewards. Specific sites in the limbic structures have
been called ‘hedonic hotspots’ because opioid stimulation within those spots doubles
or triples the number of ‘liking’ reactions elicited by sucrose taste (Berridge et al.,

2009). However, opioid stimulation outside those hotspots can still stimulate ‘wanting’
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for food but do not enhance ‘liking’. Therefore, ‘liking’ and ‘wanting’ rewards are

anatomically dissociable.

Analysis of licking microstructure in drinking behavior

Central pattern generator is a group of neurons that generates repetitive patterns of
motor behavior. The neural control of eating and drinking can be reduced to the
modulation of the corresponding central pattern generators (Fay & Norgren, 1997;
Travers, Dinardo, & Karimnamazi, 1997). Analysis of licking microstructure is used

to reveal the modulation of rhythmic licking pattern during fluid ingestion (Fig. iii).

Lick number

S~— ] .
Burst —g4s  S04s  2Urst 07s U >04s

Fig. iii Scheme of the licking microstructure.

The study by J. Davis (1992) found that the size of burst increased, when the
sucrose concentration was elevated, while the number of bursts showed an inverted
U-shape curve. Therefore, the size and number of bursts were regulated differently.
The findings also showed that blocking the entry of sweet solution into stomach,
known as sham-feeding, significantly increased the number of bursts due to the lack
of post-ingestive negative feedback. By contrast, the size of bursts was not affected by
sham-feeding but increased by the elevated sucrose concentration (positive feedback).
Therefore, within the framework of incentive salience attribution hypothesis

(D’Aquila & Galistu, 2017; Johnson, 2018), the size of bursts is considered to be
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influenced by the hedonic impact brought by the taste, and the number of bursts shows
the degree of desire to consume liquid solution. The intra-burst lick speed is used as an

indicator of licking-associated motor control to reveal the effect on tongue movement.

The aim is to reveal the roles of DAergic neurons in water drinking behavior
In this study, I described the measurable, mesolimbic form of wanting (‘wanting’) as
incentive motivation, which is an immediate desire triggered by reward cues that
promotes mice to approach and consume water reward. By contrast, ‘liking’ was
revealed by the hedonic impact brought by the taste on the size of bursts during water
drinking. Animals constantly alter their reward-oriented behaviors when the value of a
cue or reward (taste and its corresponding experience) changes or when the internal
state (hunger and thirst) shifts (Bindra, 1978; F. M.Toates, 1986). Elucidating this
process of behavioral change is fundamental to understanding how a decision is made.
Considerable evidence has indicated the involvement of mesolimbic DA system in
reward-oriented behaviors (Berridge, 2018; Flagel & Robinson, 2017). Pharmacology
studies showed that DAergic stimulation of the nucleus accumbens (NAc) triggers an
intense response to obtain a reward, even if a rat has undergone extinction training
(Pecifia & Berridge, 2013). It has been suggested that DA receptors modulate rodent
drinking behavior, but D1-like and D2-like receptors may differentially influence the
incentive motivation of mice or the hedonic impact of reward (Galistu & D’Aquila,
2013; Genn et al., 2003; Robles & Johnson, 2017).

The experiments in chapter 1 were focused on generating a new transgenic
mouse line with reduced DA secretion (DSI mouse) and revealed the influence of DA
loss on the motor control and the water drinking behavior of mice. In chapter 2, the

roles of DAergic neurons and DA receptors in reward-oriented behavior were
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investigated from the perspectives of ‘liking’ (hedonic impact of reward) and ‘wanting’
(incentive motivation) by the licking microstructure analysis. Mice also received a
subcutaneous injection of DA D1 receptor agonist (SKF38393 or A68930) or DA
D2/D3 receptor agonist (ropinirole) to compensate for the moderate DA loss. Chapter 3
investigated the influence of DA loss on the effort-based decision-making of mice by
a novel effort-based choice task based on licking test, which may provide new
information about how a decision is made. The findings from this study further the
understanding of reward-oriented behavior in fluid ingestion of mice and may

contribute to new treatments for illnesses related to moderate DA loss.
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Chapter 1

Behavioral Change Induced by Reduced

Dopamine Secretion

24



Chapter 1 Introduction

Introduction

Most animal behaviors are driven by rewards. In the 1930s, B. F. Skinner developed a
new method to study these behaviors and called it operant behaviors (Skinner, 1938).
Operant behavior is said to meet two conditions: (1) It is spontaneously emitted by an
animal, and there is no obvious triggering stimulus. (2) Its frequency or degree of
activity can be enhanced or suppressed by consequences of behavior (F. Toates, 2012).
Animals constantly alter their behaviors in response to homeostatic regulation (hunger
and thirst) (Mangel & Clark, 1986; McNamara & Houston, 1986) and reward cues
(conditioned and unconditioned stimuli) (Bindra, 1978; F. M.Toates, 1986), and thus
operant behavior is sometimes called reward-oriented behavior to emphasize its
variability (Goltstein, Reinert, Glas, Bonhoeffer, & Hiibener, 2018; Tsutsui-Kimura et
al., 2017). For example, when a corresponding reward cue appears, animals that are
hungry or thirsty work more intensively to acquire a desired reward (food or water)
than animals with ad libitum access to food and water (Campbell, 1960; Petrovich,
2011; Weingarten, 1983). That is, reward-oriented behavior changes as the animal’s
internal state fluctuates or the value of a cue or reward is revised. Elucidating this
process of behavioral change is fundamental to understanding how a decision is made
by an animal under different situations.

Considerable evidence has indicated the involvement of mesolimbic DA system in
reward-oriented behaviors (Berridge, 2018; Flagel & Robinson, 2017), and DA
antagonism changes the ingestive behaviors of rodents (Galistu & D’Aquila, 2013;
Robles & Johnson, 2017; Salamone et al., 2018). Pharmacology studies showed that
DAergic stimulation of the NAc triggers an intense response to obtain a reward, even if

a rat has undergone extinction training (Saunders & Robinson, 2012; Pecifa &
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Berridge, 2013; Singer et al., 2016). By contrast, direct administration of flupenthixol,
a nonspecific DA receptor antagonist, to the NAc impairs responding for a reward
(Danna & Elmer, 2010; Saunders & Robinson, 2012). Fluid ingestion of rodents has
been used as a means to explore how ‘liking’ (hedonic impact of reward), ‘wanting’
(incentive motivation), and learning (reward prediction) modulate animal behaviors
(Berridge, 1996; Berridge et al., 2009; D’ Aquila & Galistu, 2017; Dastugue et al., 2018;
Davies et al., 2015; Johnson, 2018; Taha & Fields, 2005; Uematsu et al., 2011).
Although it is contrary to a common view that DA signaling in NAc is involved in
motivation to engage in reward-oriented behaviors (Baldo & Kelley, 2007; Salamone &
Correa, 2002), previous studies with a DA-deficient mouse developed by R. D.
Palmiter and his colleagues (Zhou & Palmiter, 1995; Palmiter, 2008) showed that DA
signaling in the dorsolateral striatum was sufficient to serve these functions (Darvas &
Palmiter, 2009). DA-deficient mouse exhibited infirmity and consumed less food and
water due to loss of DA production (Palmiter, 2008). In order to avoid the drawbacks
caused by severe DA loss, a tetanus toxin (tetX)-based method developed by S.
Tonegawa that inhibits synaptic transmission (Nakashiba et al., 2008; Schiavo et al.,
1992; Schoch et al., 2001; Yamamoto et al., 2003) was adopted to generate a transgenic
mouse line with moderate inhibition of DA signaling (Kao & Hisatsune, 2019).
Specifically, tetX transgenic mouse line (Camk2a-loxP-STOP-loxP- tetracycline
transactivator [tTA] and fetO-tetX) was crossbred with a mouse line carrying the
Slc6a3(DAT)-icre/ERT2 transgene (Gore et al.,, 2017; Schriever et al., 2017) that
encodes a tamoxifen-inducible Cre recombinase under the control of the Slc6a3
promoter, which is active specifically in DAergic neurons. The expression of tetX light
chain in these mice is indirectly regulated by an a-CaMKII promoter, whose activity is

relatively weak in DAergic neurons (Burgin et al., 1990; Wang et al., 2013). After
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tamoxifen administration, the DAergic neurons whose loxP-stop-loxP cassette has been
removed by Cre-loxP recombination begin to express tetX light chain and reduce their
DA secretion. This new triple transgenic mouse line is expected to exhibit partial
blockade of synaptic DA release rather than severely impaired DA secretion and thus
was named the DA secretion interference (DSI) mouse line.

The DSI mouse line enables the study of phenotypes related to DA loss and the
role of DAergic neurons and DA receptors in reward-oriented behavior. It may also
contribute to new treatments for illnesses related to DA loss. In this chapter, the
reduction of DA concentration in the brain of DSI mice was examined by microdialysis
and immunochemistry. In addition, possible influences of suppressed DA secretion on
motor control, limb strength and learning were investigated by rotarod test, grip
strength test and Morris water maze respectively. Water drinking behavior of DSI mice
under thirsty condition was compared with control mice by recording the total number

of licks, which represents the degree of feeding activity.
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Materials and Methods

Animals and drug treatment
C57BL/6-Tg(Camk2a-tTA)1Stl/] mice and C57BL/6-Tg(tetO-GFP/tetX)5696Stl/J
mice (kindly provided by T. McHugh and S. Tonegawa) were crossbred with
C57BL/6-Tg(Slc6a3-icre/ERT2)2Gloss/] mice purchased from Jackson Laboratory
(Bar Harbor, ME, USA) to generate the DSI mice (Fig. 1.1A, B). To confirm the cell
type specificity of Cre expression by immunohistochemistry, some DSI mice were
further crossbred with B6.129X1-Gt(ROSA)26Sor™ EYFPICos/J mice purchased from
Jackson Laboratory. The DSI mice without Camk2a-loxP-STOP-loxP-tTA (Tg2) or
tetO-tetX (Tg3) were used as control (Ctrl) mice. Three to four mice per cage
maintained under a 12 h:12 h light-dark cycle (lights on at 08:00 a.m.) at 22°C were
given ad libitum access to food and water. All animal procedures and experiments in
this study were approved by the Ethical Committee of the University of Tokyo and
were conducted according to the Guidelines for Animal Experimentation required by
the University of Tokyo.

Tamoxifen (350 mg/kg, dissolved in corn oil) was orally administered to control
and DSI mice (male, littermates, 12 weeks old) for 4 consecutive days, and the last

administration was given at least 1 month before the behavioral experiments.

Mouse genotyping

Mouse tail biopsies are obtained from mouse pups between 21 and 28 days of age,
and then incubated with tail lysis buffer (100 mM Tris-HCI, 200 mM NaCl, 5 mM
EDTA, 0.5% Polyoxyethylene-20, pH 8.5; 5 pl/ml Proteinase K, Takara Bio Inc., code

no. 9034) overnight at 52°C. Tail sample (in lysis buffer) was mixed with equal

28



Chapter 1 Materials and Methods

volume of phenol/chloroform/iso-amyl alcohol (25:24:1) and then centrifuged at top
speed for 5 min. The upper phase of the samples was retrieved and mixed with equal
volume of chloroform and then centrifuged at top speed for 5 min. After retrieving the
upper phase, the tail sample was mixed with 3 M sodium acetate in 100% ethanol in
the ratio 1:2.5 to form DNA precipitate. The DNA precipitate was rinsed with 70%
ethanol (-20 °C) and then dissolved in Tris-EDTA Buffer.

For identification of mouse genotype, 1 pl of DNA sample retrieved from each
mouse tail biopsy was used in a subsequent polymerase chain reaction (PCR) with Taq
PCR kit (code no. RO07A) purchased from Takara Bio Inc. The final reaction mixture
contained 25 mM TAPS, 50 mM KCI, 2 mM MgCl,, 0.1 mM DTT, 200 uM of each
dATP-dGTP-dCTP, 100 uM [*H]-dTTP, 1 uM of forward and reverse primer, 1.25 U
Taq DNA polymerase, and 0.2 mg/ml DNA sample. The DNA primer sets used in the
PCR were as follow: Tgl forward primer TGGCTTGCAGGTACAGGAGG, reverse
primer AGACTTCCTCGGGCTCCCG; Tg2 forward primer CGCTGTGGGGC-
ATTTTACTTTAG, reverse primer GGGTCCATGGTGATACAAGG; Tg3 forward
primer AAGTTCATCTGCACCACCQG, reverse primer TCCTTGAAGAAGATGG-
TGCG. The PCR started with denaturation at 94°C for 1 min and followed by 35
cycles of denaturation at 94°C for 30 s, annealing at 60°C for 1 min, and extension at
72°C for 1 min, and there was a final extension at 72°C for 2 min. PCR products were
separated on a 1.5% agarose gel by electrophoresis and then stained with ethidium

bromide.

Immunohistochemistry
Six weeks after tamoxifen administration, mice were anesthetized with a xylazine

hydrochloride-ketamine hydrochloride solution (10 mg/kg body weight, 80 mg/kg;
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intraperitoneally). After introducing a cannula into the ascending aorta through the left
ventricle, the mice were transcardially perfused with phosphate-buffered saline and
then with 4% formaldehyde. Brain samples were postfixed in 4% formaldehyde for 24
h and then incubated in 30% sucrose in phosphate-buffered saline for 2 days before
being embedded in OCT compound (Sakura Finetek, Japan) and frozen at —80°C. The
frozen brain samples were coronally sliced into 30 pum-thick sections on a cryostat
(Microm, Germany) while kept at —20°C and submerged in cryoprotectant solution for
preservation at —30°C.

For immunohistochemistry, the brain slices were rinsed with 0.1% Triton X-100 in
Tris-buffered saline (TBS-X) three times and then incubated in 0.1% TBS-X containing
3% normal donkey serum for 30 min. For the staining of TH, which is a marker of
DAergic neurons, and enhanced yellow fluorescent protein (EYFP), the samples were
incubated with primary antibodies (mouse anti-TH IgG, 1:200, MAB318 [Millipore];
rabbit anti-GFP IgG, 1:500, 598 [MBL]) diluted in 0.1% TBS-X containing 3% normal
donkey serum for 3 days at 4°C. After rinsing three times with 0.1% TBS-X, the
samples were incubated with secondary antibodies (Alexa 647-conjugated anti-mouse
donkey IgG, 1:1,000, A31571 [Invitrogen]; Alexa 488-conjugated anti-rabbit donkey
IgG, 1:1,000, A21206 [Invitrogen]) for 2 h at room temperature in the dark. The
samples were rinsed with TBS for 15 min and then incubated in 0.1% TBS-X
containing DAPI (4',6-diamidino-2-phenylindole; 1:5,000 [Sigma]) for 5 min. After
rinsing with TBS to remove excess DAPI, the samples were mounted on glass slides
and observed with a confocal microscope (TCS SP2; Leica, Germany). Images of the
ventral tegmental area (VTA) or the substantia nigra (SN) were acquired at x10 and x40
magnifications, and the numbers of TH" and TH/EYFP" cells in four random 10,000

pm? areas in each image were calculated using Imagel software (National Institutes of

30



Chapter 1 Materials and Methods

Health, USA). The optical density of the TH signal within the VTA or SN was

calculated by dividing the signal intensity by the signal area covering the cell bodies.

Microdialysis and analysis of the dialysate

Mice were anesthetized with a xylazine hydrochloride-ketamine hydrochloride solution
(0.8 mg/kg, 8 mg/kg; subcutaneous) and placed in a David-Kopf stereotaxic apparatus.
A microdialysis guide cannula was implanted above either the NAc (1.2 mm anterior
and 1 mm lateral to bregma, 3.1 mm below the dura) or the striatum (1 mm anterior and
1.7 mm lateral to bregma, 2.0 mm below the dura). The guide cannula along with a
stainless-steel screw anchored to the skull were secured by cranioplastic cement.

After 4 to 7 days of recovery from the surgery, a concentric microdialysis probe
(0.20 mm inner diameter, 0.22 mm outer diameter, 50 kDa molecular weight cutoff,
artificial cellulose membrane; Eicom) was inserted into the target area through the
guide cannula (the probe extended 0.5 mm or 2 mm beyond the end of the guide
cannula into the NAc or striatum, respectively). Microdialysis was conducted in the
same plastic cage in which the mouse lived, and the mouse could move freely during
the experiment. Sampling was performed after Ringer’s solution (147 mM Na', 4 mM
K", 2.3 mM Ca**, and 155.6 mM CI") was circulated through the probe for 40 min at a
flow rate of 1.2 pl/min (ESP-64 syringe pump; Eicom).

The obtained dialysates were manually injected into a high-pressure liquid
chromatography system with a 10 pl Hamilton syringe and analyzed by
electrochemical detection. The mobile phase consisted of 80% 0.1 M sodium phosphate
buffer (pH 6.0) containing 20% methanol, 50 mg/liter EDTA-2Na, and 500 mg/liter
I-octanesulfonic acid sodium salt. DA was separated on a reverse-phase analytical

column (Eicompak CA-5 ODS, 5 um particle size, 2.1 mm inner diameter, 150 mm;
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Eicom) and detected with an electrochemical detection system (ECD-700; Eicom)
consisting of a graphite electrode set at +450 mV against an Ag/AgCl reference

electrode (RE-500; Eicom).

Rotarod test and grip strength test

The motor control of mice was analyzed using a rotarod test. Before the training session,
the mice were habituated by placing them on a rod for 10 min per day (0 rpm) for 3
consecutive days. During the 3-day training session, the mice were placed on the rod
rotating at a steady speed (16 rpm) for 10 min. If a mouse fell off the rotating rod, it was
immediately placed back onto the rod until the 10 min trial was over, and the time of the
first fall was recorded as the latency to fall. On the next 5 days of testing, the rotation
speed was increased 4 rpm per day from 16 to 32 rpm. The mice underwent three trials
every day and were not placed back onto the rotating rod after falling. The latency to
fall of each mouse in the testing session was calculated as the mean from the three
trials.

A grip strength meter (MK-380M; Muromachi Kikai, Tokyo, Japan) comprising a
metal grid attached to a force meter was used to evaluate the muscle force of the four
limbs for each mouse. In every test session, a mouse was lifted by its tail to the height
where the mouse grabbed the grid with all four limbs. After visually checking the tight
grip with paws, the operator gently pulled the mouse away from the grid until the
pulling force overcame the grip strength. The force meter recorded the peak pull-force
achieved by the mouse. Each mouse was subjected to three consecutive measurements
with 1 min intervals, and the mean value of the three measurements was recorded as the

mouse’s four-limb strength. Both tests were conducted by the same operator.
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Morris water maze
Mice between 15 and 17 weeks of age were transferred and habituated to a dimly lit test
room for 30 min prior to the experiment. A circular pool (120 cm in diameter) filled
with opaque water made with white paint at 20°C was placed in the test room, and
four large objects were hung near the pool as cues. The mice were trained to find a
hidden circular platform (10 cm in diameter) placed in a predetermined quadrant (NE
for spatial learning and SW for reversal learning) 1 cm below the water surface.
During training for spatial learning (day 1 to day 5) and reversal learning (day 6 to
day 10), the mice were released from four pseudorandomly assigned start locations
(NW, NE, SW, and SE) and allowed to swim for 60 s. If a mouse did not find the
hidden platform, it was manually guided to the platform and allowed to rest on the
platform for 15 s. The mice underwent 6 training trials per day from day 1 to day 5 and
4 training trials per day from day 6 to day 10.

Probe trials were conducted 5 hours after the final training trial on day 5 and day
10. In the absence of a hidden platform, the mice were released at the center of pool
and were allowed to swim for 60 s. Both training and probe trials were conducted by
the same operator. The latency to reach a hidden platform (escape latency) of each
mouse was calculated as the mean from the six trials (day 1 to day 5) or the four trials
(day 6 to day 10) within each day. The percentage of time staying in four quadrants

(quadrant occupancy) was measured during probe trials.

Licking test and data recording
Thirsty mice showed vigorous activity when water was available, and they drank from
different angles either in front of or under the water nozzle. This tendency reduced the

accuracy of licking recording. Thus, an apparatus that monitors neural circuitries while
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a mouse is licking (Komiyama et al., 2010) was utilized. The apparatus (TaskForcer;
O’Hara & Co., Ltd, Tokyo, Japan) for licking training and data recording includes a
water-pumping device and an infrared beam detector system, which are controlled by
software (OPR-9210). A custom-made head plate was fixed onto a mouse’s skull with
dental acrylic to reduce its head movement. After 2 days of water deprivation, the
mouse was placed inside an acrylic tube and trained to lick for a water reward for 15
min per day for 7 consecutive days. Each interruption of the infrared beam counted as
one lick, and the mouse was rewarded with one unit of water (4 pl of water per lick).
From the beginning of training, the water intake per day was restricted to 1.5 ml until
the end of the experiment. If a mouse failed to acquire 1.5 ml water during the training
or testing session (which was typical), the remaining amount of water was provided by
a water dispenser after the session. For these experiments, a burst was defined as
continuous licking (> 2 licks) with < 0.4 s between licks. Bursts were recorded only

within the first minute after the first lick.

Statistical analysis

All data are expressed as the mean + standard error of the mean (SEM) and were
analyzed with GraphPad Prism (version 7; GraphPad Software, San Diego, CA, USA).
The normality of all data was checked by a chi-square goodness-of-fit test (p > 0.05).
The DA concentration of dialysates, optical density of TH, water consumption per day,
and force by four limbs were compared between genotypes using one-way analyses of
variance (ANOVAs). The effects of genotype or place on the quadrant occupancy
were analyzed by two-way ANOVAs. For data across days, repeated-measures
(RM)-ANOVAs, with time serving as a within-group factor and genotype serving as a

between group factor, were performed to examine the effects of factors and the
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interaction between the effects of two factors. The main effect of time was further
assessed by a post hoc test (Dunnett's test), which compared the first day with each
individual day. When the interaction was significant (genotype x time), a comparison of

genotypes (Sidak test) at each individual day. A p value of <0.05 was considered

statistically significant.
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Results

DSI mice were mostly indistinguishable from control littermates but had lower
DA concentrations in the striatum and NAc
A new transgenic mouse (DSI mouse) line with Cre-mediated cell type-specific
expression of tetX light chain in DAergic neurons throughout the brain (Fig. 1.1A, B)
was used in this study. In these mice, tetX light chain expression following
tamoxifen-induced Cre-loxP recombination prevents neurotransmitter release from
DAergic neuron axon terminals by cleaving v-SNARESs (Fig. 1.1C). DA concentrations
in the striatum and NAc regions of these mice were suppressed to 61.4% + 13.4%
(mean = SEM) [ANOVA: F(1,10) = 5.576, p = 0.040] and 54.5% + 11.7% [ANOVA:
F(1,10)=5.710, p = 0.038], respectively (Fig. 1.2A—H), of that in control mice 6 weeks
after tamoxifen administration. To examine if the expression of TH in DAergic neurons
was altered in response to the DA loss, the optical density of anti-TH immunostaining
signals in the VTA and the SN was calculated; however, there was no statistical
significance between the control and DSI mice [ANOVA: VTA, F(1,4) = 0.082, p =
0.79; SN, F(1,4) = 0.648, p = 0.47] (Fig. 1.3A—C). The EYFP signal triggered by the
Cre-loxP recombination overlapped the TH signal (Fig. 1.4A, B), confirming the cell
specificity of transgene expression, with 51.8% = 1.2% (mean + SEM) of the TH" cells
in the VTA and 46.2% =+ 1.5% of the TH" cells in the SN expressing EYFP (Fig. 1.4C).
Figure 1.5A shows the body weights of control and DSI mice after tamoxifen
administration (Ctrl, n = 10; DSI, n = 10). The RM-ANOVA comparing body weights
across genotypes revealed no significant effect of genotype or interaction between
genotype and time [body weight, F(1,18) =0.024, p = 0.88; genotype x time, F(3,54) =

0.533, p = 0.66], whereas a significant effect of time was observed [F(3,54) = 10.78, p
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< 0.001], indicating that no difference in weight gain existed between control and DSI
mice. The DSI mice also consumed the same amount of water as control littermates

(Fig. 1.5B) (Ctrl, n = 14; DSL, n = 14) (ANOVA: F(1,26) = 1.213, p = 0.28).

DSI mice held the ability to complete different tasks
During training (day 1 to day 3) on the rotarod (Fig. 1.6A), there was no significant
effect of genotype on the latency to fall (Ctrl, » = 10; DSI, n = 10) (Fig. 1.6B)
[RM-ANOVA: genotype, F(1,18)=0.011, p = 0.92; time, F(2,36) = 65.155, p <0.001;
genotype x time, F(2,36) = 0.143, p = 0.87]. During testing sessions (day 4 to day 8),
the DSI mice fell from the rotating rod earlier than the control mice [RM-ANOVA:
genotype, F(1,18) = 6.242, p = 0.02; time, F(4,72) = 24.730, p < 0.001; genotype x
time, £(4,72) =3.211, p = 0.018], indicating that the motor control in DSI mice might
have been impaired. However, the grip strength test revealed that the DSI mice had the
same limb strength as control mice (Fig. 1.6C) [ANOVA: F(1,18) = 0.107, p = 0.75].
As the interaction between the effects of genotype and time on the latency to fall was
significant and the significant differences between genotypes revealed by post hoc tests
were only under challenging situations (rotating speed > 28 rpm) (Sidak test, Ctrl vs.
DSI: day 7 [28 rpm], p = 0.004; day 8 [32 rpm], p = 0.021), it was concluded that the
DSI mice still had adequate body strength to perform different behaviors.

The mice were trained to remember and find the location of a hidden platform in
a pool filled with opaque water (Fig. 1.7). During spatial learning session (day 1 to
day 5), there was no significant effect of genotype on the escape latency (Ctrl, n = 7;
DSI, n = 7) (Fig. 1.8A) [RM-ANOVA: genotype, F(1,12) = 0.062, p = 0.81; time,
F(4,48) = 26.133, p < 0.001; genotype x time, F(4,48) = 0.114, p = 0.98]. The 5-day

consecutive training significantly reduced the escape latency of mice (post hoc
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Dunnett's test: day 1 vs. day 2, p <0.05; day 1 vs. day 3, p <0.001; day 1 vs. day 4, p <
0.001; day 1 vs. day 5, p < 0.001). The probe trail on day 5 revealed that both control
and DSI mice tended to stay in the NE quadrant, where the hidden platform was placed
during training session (day 1 to day 5) [two-way ANOVA: genotype, F(1,48) <0.001,
p > 0.99; place, F(3,48) = 72.860, p < 0.001; genotype x place, F(3,48) = 1.058, p =
0.38] (post hoc Dunnett's test: NE vs. NW, p <0.001; NE vs. SE, p <0.001; NE vs. SW,
p <0.001). Since there was no significant difference between control and DSI mice, it
was suggested that the spatial learning of DSI mice are intact.

The hidden platform was relocated to the opposite quadrant (Fig. 1.7) during
reversal learning session (day 6 to day 10). The RM-ANOVA revealed no significant
effect of genotype on the escape latency (Ctrl, n = 7; DSI, n = 7) (Fig. 1.8B)
[RM-ANOVA: genotype, F(1,12) =0.008, p = 0.93; time, F(4,48) =19.365, p <0.001;
genotype x time, F(4,48) = 0.438, p = 0.78]. The escape latency of mice significantly
decreased after 5-day consecutive training (post hoc Dunnett's test: day 6 vs. day 8, p <
0.001; day 6 vs. day 9, p <0.001; day 6 vs. day 10, p <0.001). The probe trail on day 10
indicated that both control and DSI mice tended to stay in the SW quadrant, where the
hidden platform was relocated during training session (day 6 to day 10) [two-way
ANOVA: genotype, F(1,48) < 0.001, p > 0.99; place, F(3,48) = 23.640, p < 0.001;
genotype x place, F(3,48) = 0.150, p = 0.93] (post hoc Dunnett's test: SW vs. NE, p <
0.001; SW vs. NW, p <0.001; SW vs. SE, p <0.001). This result suggested that DSI

mice were able to learn the new location of platform as control mice do.

DSI mice lick less for a water reward under water-deprived conditions
The influence of moderate DA loss on drinking behavior was investigated under

conditions of water deprivation, which provides the motivation to drink. After 2 days of
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water deprivation (Fig. 1.9A), the mice were placed into a lick-measuring device with a
water-pumping pipe for behavioral training (Ctrl, » = 16; DSI, n = 16). The
RM-ANOVA revealed main effects of genotype and time (Fig. 1.9B) [genotype, F(1,30)
= 6.506, p = 0.016; time, F(6,180) = 55.226, p < 0.001], but the interaction between
these factors was not statistically significant [genotype x time, F(6,180) = 1.898, p =
0.083]. The results indicated that both the control and DSI mice learned to lick the
water nozzle for a water reward by the end of 7 consecutive days of training and that the

DSI mice licked significantly less than the control mice.
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Figure 1.1 Transgenic construction of the DSI mice

(A) Breeding scheme to generate DSI mice. (B) In Tgl, Cre recombinase is expressed
under the control of the promoter for the S/c6a3 (DAT) gene, which is specifically active in
DAergic neurons. In Tg2, tTA protein expression is regulated by the a.-CaMKII promoter
and Cre-loxP recombination. In Tg3, tetX light chain, which interferes with
neurotransmitter release, is expressed under the control of the tetracycline (Tet) operator.
Tamoxifen administration induces Cre-loxP recombination in DAergic neurons and then
the expression of tTA, resulting in the activation of Tg3. (C) The tetX cleaves v-SNARE,
thereby preventing synaptic vesicles that store neurotransmitters from releasing their

contents into the synapse.
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Figure 1.2(A-D) Microdialysis and DA concentrations in DSI and control mice
Representative coronal sections and schematic drawings showing the site of the implanted
microdialysis probe for measuring the DA concentration in the striatum (A, C) or in the
NAc (B, D). The arrowheads indicate the ends of the guide cannulae marked by Evans
blue, and the arrows point to the traces left by the microdialysis probes.
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Figure 1.2(E-H) Microdialysis and DA concentrations in DSI and control mice

Six to eight weeks after tamoxifen administration, the DA concentrations of the dialysates
collected from the striatum (E, G) (61.4% = 13.4% [mean + SEM]; ANOVA, p <0.05) or
the NAc (F, H) (54.5% = 11.7%; ANOVA, p < 0.05) were compared between the control
and DSI mice. (both, Ctrl, n = 6; DSI, n = 6) (E, F) The peaks of DA in representative
chromatograms are in red. *p < 0.05. Values are shown as the means + SEMs.
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Figure 1.3 Immunohistochemistry of DSI and control mice

Representative image of the TH staining of a control (A) or DSI (B) mouse near Bregma
-3.6 mm. Scale bars, 150 pm. Most of the DAergic neurons were inside the VTA or the SN.
(C) The optical densities of TH signals in VTA or SN were calculated and compared
between the DSI and control mice (ANOVA: VTA, p = 0.79; SN, p = 0.47) (Ctrl, n = 3;
DSI, n = 3). Values are shown as the means + SEMs.

43



Chapter 1 Figures

A Tgl = DAT Promoter Cre-ERT2 e
Tg2 =] Camk2a Promoter STOP tTA ™
Tg3 =1 Tet operater Tetanus Toxin (tetX) |

PGK Promoter

EYFP |-

© -
i
|

VTA
Vehicle

Tamoxifen

Vehicle

SN

Tamoxifen

Figure 1.4(A-B) Cre-loxP recombination in the DSI mice

(A) A fourth transgene (Tg4) was introduced into the DSI mouse to locate the cells that
underwent Cre-loxP recombination. (B) Representative images of TH (red) and EYFP
(green) double staining in the VTA or SN of a DSI mouse carrying the Tg4 transgene were
taken 6 weeks after tamoxifen or vehicle administration. The arrowheads indicate the TH"
cells, and the arrows point to the TH/EYFP" cells. Scale bars, 25 um. EYFP" cells
overlapped with the DAergic neurons (TH") in the quadruple transgenic mice. (DSI:
vehicle, n = 4; tamoxifen, n = 4)
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Figure 1.4(C) Cre-loxP recombination in the DSI mice

Within the VTA or SN, the average numbers of the TH'/EYFP" cells and the TH" cells in
the areas of 10,000 pm? were calculated. (DSI: vehicle, n = 4; tamoxifen, n = 4) Values are
shown as the means + SEMs.
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Figure 1.5 Body weights and water consumption of DSI and control mice

Mice were provided with food and water ad libitum. (A) Body weight was recorded from
the first day of tamoxifen administration to 3 weeks later (RM-ANOVA: genotype, p =
0.88) (Ctrl, n = 10; DSI, n = 10). (B) Water intake was recorded starting the second week
after tamoxifen treatment, for two weeks (ANOVA, p = 0.28) (Ctrl, n = 14; DSL, n = 14).
Values are shown as the means = SEMs.
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Figure 1.6 Motor control of DSI and control mice

(A) Scheme of the rotarod test. (B) After 3 days of training (day 1 to day 3) (RM-ANOVA:
time, p <0.01), control and DSI mice were challenged with various rotation speeds (16—32
rpm) on subsequent days (day 4 to day 8) (RM-ANOVA: genotype, p < 0.05; time, p <
0.01; genotype x time, p < 0.05). (C) Comparison of the average four-limb grip strength
between control and DSI mice (ANOVA, p = 0.75) (Ctrl, n = 10; DSI, n = 10). *p < 0.05
compared to Ctrl mice. #p < 0.05 and ##p < 0.01 compared within a day. Values and are
shown as the means + SEMs.
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Figure 1.7 Scheme of the Morris water maze

(A) Protocol for spatial learning (day 1 to day 5) and reversal learning (day 6 to day 10).
Probe trials were conducted 5 hours after the final training trial on day 5 and day 10. (B)
Control and DSI mice were trained to find a hidden platform 1 cm below the water surface.
The platform was placed in the NE quadrant from day 1 to day 5 and relocated to the SW
quadrant from day 6 to day 10. The probe trials were conducted in the absence of the
platform.
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Figure 1.8 Spatial and reversal learning of DSI and control mice

Control and DSI mice were released from four pseudorandomly assigned start locations
(NW, NE, SW, and SE) and allowed to swim for 60 s. The performance of spatial learning
(A) and reversal learning (B) of mice were evaluated by the escape latencies to reach the
hidden platform during training sessions (left) and the quadrant occupancy during probe
trails (right). (Ctrl, n =7; DSI, n =7). (RM-ANOVA: genotype, p > 0.81; time, p <0.01). *p
<0.05 and **p <0.01 compared to day 1. ##p < 0.01 compared to day 6. Values are shown
as the means + SEMs.
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Figure 1.9 Training mice to lick for a water reward

(A) Scheme of the training for licking test. (B) After 2 days of water deprivation, control
and DSI mice were trained to lick a water nozzle for a water reward (4 pl/lick)
(RM-ANOVA: genotype, p < 0.05; time, p < 0.01). The daily water intake was limited to
1.5 ml per day, and the body weight was maintained at the same level (Ctrl, n =16; DSI, n
=16). *p < 0.05 compared to Ctrl mice. Values are shown as the means = SEMs.
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Figure 1.10 Reduction of DA concentration by different causes

DA concentration in central nerve system is reported to decrease while animals grow
old (Friedemann & Gerhardt, 1992), and progression of some diseases, such as
Parkinson’s disease (Zarow, Lyness, Mortimer & Chui, 2003), also accompanies
reduction of DA concentration. Although DSI mouse line may not be a suitable animal
model for the study of aging or Parkinson’s disease, findings by DSI mice may help
understand the causes of some features.
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Discussion

DSI mice had lower DA concentrations in the brain after tamoxifen
administration

Transgenic mouse completely lacking DA (i.e., DA-deficient mouse) is a valuable
animal model for studying the role of DA in eliciting actions (Zhou & Palmiter, 1995;
Palmiter, 2008) and has contributed to the knowledge of motivation. However, such
mice consume less food and water than their control littermates, making it difficult to
evaluate the influence of DA on certain behaviors. Therefore, a more suitable triple
transgenic mouse model (i.e., the DSI mice) with suppressed DAergic signaling was
generated.

DSI mice harbor the DAT-icre/ERT2 transgene (Tgl), which enables expression
of tamoxifen-inducible Cre recombinase in DAergic neurons via the Slc6a3 promoter
(Gore et al., 2017; Schriever et al., 2017). Tamoxifen administration resulted in
Cre-loxP recombination in approximately one-half of DAergic (TH") neurons (Fig.
1.4G, H). The expression of tetX light chain (Tg3) to block synaptic release is indirectly
regulated by an a-CaMKII promoter (Tg2), whose activity is weak in DAergic neurons
(Burgin et al., 1990; Wang et al., 2013). Thus, some DAergic neurons whose
loxP-STOP-loxP cassette (Tg2) has been removed may not produce sufficient amounts
of tetracycline transactivator, resulting in incomplete blockade of DA secretion. As a
result, the DA concentrations in mice received tamoxifen administration were reduced
by 38.6% in the striatum and by 45.5% in the NAc (Fig. 1.2C), and the ratio of DA
concentration reduction was slightly smaller than the ratio of DAergic neurons which
underwent the Cre-loxP recombination.

Neurotransmitter secretion interference was restricted to the DAergic neurons in
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DSImice. This may apply to DA and gamma-aminobutyric acid (GABA), which is also
produced by some TH" cells (Borisovska, Bensen, Chong, & Westbrook, 2013; Tritsch,
Ding, & Sabatini, 2012). However, dual-transmitter neurons are relatively rare, and
some are considered nonexocytotic because they lack vesicular monoamine transporter
(Peter et al., 1995; Weihe, Depboylu, Schiitz, Schifer, & Eiden, 2006). Hence, the
results observed in DSI mice were attributed to the reduced DA secretion.

DSI mice had similar body weights and water consumption as littermate controls
and exhibited motor control impairment only under a challenging situation. These
findings demonstrate the usefulness of DSI mice to study the role of DA in diverse
behaviors. The result of rotarod test indicate that DAergic inputs in the striatum of DSI
mice are sufficient to relieve the inhibitory effect of GABAergic neurons on
movement (Gerfen, 1992) but inadequate to attune striatal output neurons during
intense activity. As the DA-deficient mice were shown to be able to learn the location
of food without DA (Robinson et al., 2005), DSI mice had no difficulty in learning
and finding the location of a hidden platform in Morris water maze. It is suggested
that DSI mice may hold equivalent or even better learning capacity than DA-deficient
mice because DSI mice still have functioning DA systems. However, it is unclear if
the DSI mice used the same strategy as do the control mice to find the hidden
platform. The findings by DSI mice may also contribute to the study of behavioral
change related to aging (Fig. 1.10) (Flood & Coleman, 1988; Friedemann & Gerhardt,

1992), since the DA concentration in the striatum is reported to decrease while aging.

Licking microstructure analysis revealed altered water drinking behavior in DSI
mice

The numbers of total licks indicate the degree of feeding activity (Fig. 1.9A) and thus is
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commonly used to evaluate changes in fluid ingestion and general drinking behavior
(D’Aquila, Rossi, Rizzi, & Galistu, 2012; Davis, 1989; Higgs & Cooper, 1998; Mendez
et al., 2016). Moderate loss of DA resulted in fewer licks in water-deprived DSI mice
(Fig. 1.9B), indicating a suppression of water drinking. As the number of licks is
representative of general drinking behavior, the fewer licks by DSI mice suggest
changes to the drinking behavior. Importantly, there was no significant difference
between control and DSI mice in long-term ad libitum water consumption (Fig. 1.5B),
indicating that the homeostatic control in DSI mice remained intact.

The DA-deficient mice manifest the preference for sweet solution in the absence
of DA as do control mice but less frequently initiate licking (Cannon & Palmiter,
2003); however, the DA-deficient mice lick faster and emit more licks than the
control mice once the licking is initiated. The transient, intense licking of
DA-deficient mice may reflect the hypersensitivity in MSNs or the adaptations in
other neurons to the lack of DA. By contrast, the DSI mice are also able to learn the
association between water nuzzle and reward, and the performance of DSI mice nearly
matches that of control littermates. The DSI mice should be spared from the
hypersensitivity shown by the DA-deficient mice because frequent injection of
L-DOPA (providing continuous DAergic stimulation) reversed the hypersensitivity in
DA-deficient mice (Kim et al., 2006). Nevertheless, it remains unclear if the hedonic
impact brought by the taste of reward that reinforces behavior is affected by DA loss
in either DA-deficient mice or DSI mice. Further tests providing different
concentrations of rewards are required to examine this possibility, e.g. sucrose,

saccharine, and salt solution.
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Dopamine Receptor Agonist Affects Water Drinking

Behavior of Mouse Under Thirsty Condition
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Introduction

The analysis of licking microstructure has been proved to be a very useful method to
study behavioral change from the perspectives of ‘liking’ (hedonic impact of reward)
and ‘wanting’ (incentive motivation) (Berridge, 1996; Taha & Fields, 2005; Berridge et
al., 2009; Uematsu et al., 2011; Davies et al., 2015; D’Aquila & Galistu, 2017;
Dastugue et al., 2018; Johnson, 2018). The meanings of licking (Fig. 2.1) are based on
the observation made by J. Davis (Davis & Smith, 1992) and the incentive salience
attribution hypothesis (Berridge, 2018; D’Aquila & Galistu, 2017; Johnson, 2018). The
numbers of total licks indicate the degree of feeding activity and thus is commonly used
to evaluate changes in fluid ingestion and general drinking behavior (Davis, 1989;
Higgs & Cooper, 1998; D’Aquila et al., 2012; Mendez et al., 2016). Rodents usually
cluster their licks into separate sets known as bursts or bouts. The size of bursts
represents the hedonic impact brought by the taste and reflects the orosensory positive
feedback (Dwyer, 2012; Kosheleff et al., 2018; Mendez, Ostlund, Maidment, &
Murphy, 2015; Ostlund, Kosheleff, Maidment, & Murphy, 2013), and the intra-burst
lick speed is used as an indicator of licking-associated motor control to reveal the effect
on tongue movement (Gramling ef al., 1984; Gramling & Fowler, 1986). The number
of bursts reflects the incentive motivation triggered by cues because it indicates the
activation of responses and is highly affected by orosensory and post-ingestive
mechanisms (Davis & Smith, 1992; Johnson et al., 2010, 2013; Smith, 2001).
Injection of DA into brain regions regulating thirst was reported to reduce the
water intake in rats (Miyahara et al., 2012; Tonelli & Chiaraviglio, 1995). It has been
indicated that DA receptors modulate drinking behavior, but that D1-like and D2-like

receptors may differentially influence the incentive motivation in rodent or the hedonic
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impact of reward. P. S. D’aquila and A. Galistu suggested that DA D1-like receptors
play a role in the activation of reward-associated responses (D’Aquila, 2010; D’ Aquila
etal.,2012; Galistu & D’Aquila, 2012, 2013) and DA D2-like receptors are involved in
the evaluation of reward (Schneider ef al., 1990; Canu et al., 2010; D’Aquila, 2010;
D’Aquila et al., 2012; Galistu & D’Aquila, 2013). Their hypothesis regarding the role
of DA receptors in fluid ingestion was based on the effects of DA receptor antagonists
on rats’ licking microstructure (D’Aquila & Galistu, 2017; Johnson, 2018a). Thus far
there is only one study that assessed the effect of DA receptor agonist on licking
microstructure (Genn et al., 2003), and it showed an inhibitory effect of D2/D3 receptor
agonist on the licking for sucrose solution. However, the effect of agonist on mice with
moderate DA loss has not been examined.

In this chapter, I investigated the role of DA receptors in water drinking behavior
by analyzing licking microstructures (number of licks and bursts, size of bursts and
intra-burst lick speed). To compensate for the moderate DA loss in the DSI mice, I
administered a DA D1 receptor agonist (SKF38393 or A68930) or a DA D2/D3
receptor agonist (ropinirole) subcutaneously before measuring the water drinking

behavior.

57



Chapter 2 Materials and Methods

Materials and Methods

Animals and drug treatment

The DSI mouse harbors Slc6a3(DAT)-icre/ERT2 (Tgl), Camk2a-loxP-STOP-loxP
-tTA (Tg2), and tetO-tetX (Tg3) constructs. The DSI mice without Camk2a-1oxP-
STOP-loxP-tTA or tetO-tetX were used as control (Ctrl) mice. Three to four mice per
cage maintained under a 12 h:12 h light-dark cycle (lights on at 08:00 a.m.) at 22°C
were given ad libitum access to food and water. All animal procedures and experiments
in this study were approved by the Ethical Committee of the University of Tokyo and
were conducted according to the Guidelines for Animal Experimentation required by
the University of Tokyo.

Tamoxifen (350 mg/kg, dissolved in corn oil) was orally administered to control
and DSI mice (male, littermates, 12 weeks old) for 4 consecutive days, and the last
administration was given at least 1 month before the behavioral experiments. Mice
received subcutaneous injections of DA D1 receptor agonist A68930 [cis-(£)-A68930
hydrochloride; Tocris Bioscience] or SKF38393 [(£)-SKF38393 hydrochloride;
Sigma-Aldrich] or D2/D3 receptor agonist ropinirole (ropinirole hydrochloride;
FUJIFILM Wako Pure Chemical Corp.) dissolved in saline. These injections of
A68930(0.01, 0.24, and 1.2 mg/kg), SKF38393 (0.24, 6, and 30 mg/kg), ropinirole (0.2,
4.8, and 10 mg/kg), or saline (vehicle) were administered 5 min before the behavioral

experiments.

Licking test and data recording
The apparatus (TaskForcer; O’Hara & Co., Ltd, Tokyo, Japan) for licking training and

data recording includes a water-pumping device and an infrared beam detector system,
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which are controlled by software (OPR-9210). A custom-made head plate was fixed
onto a mouse’s skull with dental acrylic to reduce its head movement. After 2 days of
water deprivation, the mouse was placed inside an acrylic tube and trained to lick for a
water reward for 15 min per day for 7 consecutive days. Each interruption of the
infrared beam counted as one lick, and the mouse was rewarded with one unit of water
(4 pl of water per lick). From the beginning of training, the water intake per day was
restricted to 1.5 ml until the end of the experiment. If a mouse failed to acquire 1.5 ml
water during the training or testing session (which was typical), the remaining amount
of water was provided by a water dispenser after the session. For these experiments, a
burst was defined as continuous licking (> 2 licks) with < 0.4 s between licks. Bursts
were recorded only within the first minute after the first lick.

The day after the final training session, mice received a subcutaneous injection of
saline (vehicle) 5 min prior to the testing session, for which the setting was the same as
the training session, but the time was reduced to 10 min. On subsequent days, the mice
were assigned to receive A68930, SKF38393, or ropinirole at escalating concentrations
every 2 days across sessions (A68930: 0.01, 0.24, and 1.2 mg/kg; SKF38393: 0.24, 6,
and 30 mg/kg; ropinirole: 0.2, 4.8, and 10 mg/kg). The day after each drug injection, the

mice were injected with saline to prevent the carryover of drug effects.

Statistical analysis

All data are expressed as the mean £ SEM and were analyzed with GraphPad Prism
(version 7; GraphPad Software, San Diego, CA, USA). The normality of all data was
checked by a chi-square goodness-of-fit test (p > 0.05). For data across days,
RM-ANOVAs, with agonist dose serving as a within-group factor and genotype serving

as a between group factor, were performed to examine the effects of factors and the
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interaction between the effects of two factors. The main effect of agonist dose
(SKF38393, A68930, or ropinirole) was further assessed by a post hoc test (Dunnett's
test), which compared the saline treatment group with each agonist dose group. When
the interaction was significant (genotype x dose), a comparison of genotypes (Sidak
test) at each agonist dose and a comparison of agonist dose (Dunnett's test) within each
genotype were conducted by post hoc tests. A p value of <0.05 was considered

statistically significant.
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Results

DA D1 agonist treatment restored the number of licks by DSI mice

As in the training trials (Fig. 1.9B), a main effect of genotype was revealed by the
RM-ANOVA comparing the numbers of total licks by mice treated with A68930 (Fig.
2.2A) (Ctrl, n = 9; DSI, n =9) [genotype, F(1,16) =7.214, p = 0.016], indicating that
DSI mice still made fewer licks. Although the effect of A68930 treatment did not reach
statistical significance [RM-ANOVA: dose, F(3,48) = 2.288, p = 0.091], a significant
interaction was discovered between the effects of genotype and A68930 treatment
[RM-ANOVA: genotype x dose, F(3,48) =3.972, p = 0.013], indicating a differential
effect of A68930 on control or DSI mice. To assess the origin of this interaction, the lick
numbers were further compared within genotype or individual dose in post hoc tests.
The number of licks by DSI mice increased with 1.2 mg/kg A68930 (highest dose)
(post hoc Dunnett's test, 0 mg/kg vs. 1.2 mg/kg: Ctrl, p = 0.78; DSI, p = 0.003), and the
increased lick number was close to that of control mice (post hoc Sidak test, Ctrl vs.
DSI: 0 mg/kg, p = 0.02; 0.01 mg/kg, p = 0.02; 0.24 mg/kg, p = 0.15; 1.2 mg/kg, p =
0.97). The result suggests that the high dose of A68930 only affected the number of
licks by DSI mice.

To avoid the influence of consumed water (post-ingestive feedback), only the
bursts within the first minute after the first lick were recorded. The RM-ANOVA of the
licking microstructure showed that the lick speeds within bursts and the sizes of bursts
were not affected by genotype [intra-burst lick speed, F(1,16) = 0.687, p = 0.42; burst
size, F(1,16) = 0.002, p = 0.97] or A68930 treatment [intra-burst lick speed, F(3,48) =
0.930, p = 0.43; burst size, F(3,48) =2.000, p = 0.13] (Fig. 2.2B and C, respectively).

The RM-ANOVA revealed that the number of bursts was lower in the DSI mice
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(Fig. 2.2D) [genotype, F(1,16) =5.399, p = 0.034], and it was not affected by A68930
treatment [dose, F(3,48)=1.083, p = 0.37; genotype x dose, F(3,48)=0.654, p = 0.58].

Similarly to that for the A68930 treatment test, the RM-ANOVA comparing the
numbers of total licks by mice treated with SKF38393 showed a main effect of
genotype, indicating that DSI mice made fewer licks than control mice (Fig. 2.3A) (Ctrl,
n=10; DSI, n =10) [genotype, F(1,18)=8.294, p = 0.010]. SKF38393 treatment had a
significant effect on the lick number [RM-ANOVA: dose, F(3,54) = 5.857, p = 0.002],
but the interaction between the effects of two factors (genotype and agonist dose) did
not reach statistical significance [RM-ANOVA: genotype x dose, F(3,54) =2.190, p =
0.100]. The 30 mg/kg SKF38393 (highest dose) increased the numbers of licks
regardless of genotype (post hoc Dunnett's test: 0 mg/kg vs. 30 mg/kg, p = 0.001).

Again, the lick speeds within bursts and the sizes of bursts remained unaftected by
genotype [RM-ANOVA: intra-burst lick speed, F(1,18) = 1.163, p = 0.30; burst size,
F(1,18) = 0.627, p = 0.44] or SKF38393 treatment [RM-ANOVA: intra-burst lick
speed, F(3,54) =0.904, p = 0.45; burst size, F(3,54) =2.134,p = 0.11] (Fig. 2.3Band C,
respectively).

The DSI mice had a decreased number of bursts (Fig. 2.3D) [RM-ANOVA:
genotype, F(1,18)=9.086, p = 0.008], but there was no significant effect of SKF38393
treatment or interaction between the effects of the two factors [RM-ANOVA: dose,

F(3,54) = 0.866, p = 0.46; genotype x dose, F(3,54) =0.416, p = 0.74].

DA D2/3 agonist ropinirole suppressed water drinking behavior in both control
and DSI mice
RM-ANOVA comparing the numbers of total licks by mice treated with ropinirole

revealed significant effects of genotype and ropinirole treatment on the lick number
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(Fig. 2.4A) (Ctrl, n =7; DSI, n="7) [genotype, F(1,12) =5.893, p = 0.032; dose, F(3,36)
= 39.588, p < 0.001]. The interaction between the effects of the two factors did not

reach statistical significance [RM-ANOVA: genotype x dose, F(3,36) = 2.771, p =

0.06]; however, treatment with ropinirole decreased the total number of licks regardless

of genotype (post hoc Dunnett's test: 0 mg/kg vs. 4.8 mg/kg, p <0.001; 0 mg/kg vs. 10

mg/kg, p <0.001).

Although the effect of genotype on the lick speed within bursts and the size of
bursts was not significant [RM-ANOVA, genotype: intra-burst lick speed, F(1,12) =
0.107, p = 0.75; burst size, F(1,12) = 1.955, p = 0.19], a main effect of ropinirole was
observed [RM-ANOVA, dose: intra-burst lick speed, F(3,36) = 7.502, p < 0.001; burst
size, F(3,36) = 8.636, p <0.001] (Fig. 2.4B and C, respectively). The RM-ANOVA did
not reveal a significant interaction between the effects of genotype and ropinirole
treatment [intra-burst lick speed, F(3,36) = 0.504, p = 0.68; burst size, F(3,36) =0.787,
p = 0.51] (Fig. 2.4B and C, respectively); however, the post hoc test indicated that
ropinirole treatment reduced the lick speed within bursts (Dunnett's test: 0 mg/kg vs. 10
mg/kg, p = 0.001) and the size of bursts (Dunnett's test: 0 mg/kg vs. 4.8 mg/kg, p =
0.006; 0 mg/kg vs. 10 mg/kg, p = 0.011) regardless of genotype.

The RM-ANOVA of the number of bursts revealed a main effect of ropinirole
treatment (Fig. 2.4D) [dose, F(3,36) = 48.143, p < 0.001], while the effect of genotype
and the interaction between the effects of the two factors did not reach statistical
significance [genotype, F(1,12) =0.411, p = 0.53; genotype x dose, F(3,36) = 0.660, p
= (.58]. The results indicate that the numbers of bursts in both the control and DSI mice
were suppressed by ropinirole treatment at the two highest doses (post hoc Dunnett's

test: 0 mg/kg vs. 4.8 mg/kg, p <0.001; 0 mg/kg vs. 10 mg/kg, p <0.001).
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Table and Figures

Lick i Intra-burst Burst Burst
Number Lick speed Size Number
DSI mice J -> -> J

DSI mice T

+ > > -> 2
D1 agonist

DSI mice
+ 4 ¥ J 2%

D2/3 agonist

Table 2.1 Summary of changes in licking microstructures after D1 receptor agonist
(A68930 or SKF38393) or D2/3 receptor agonist (ropinirole) treatment

DSI mice made fewer licks and bursts than control littermates. The D1 receptor agonist
ameliorated the lick number but did not increase the burst number, and the D2 receptor
agonist suppressed all the measurement results from the licking test. +The D1 agonist
A68930 was effective only for DSI mice, but the D1 agonist SKF38393 was effective for
both control and DSI mice.
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Lick number

Time

Figure 2.1 Scheme of the licking microstructure

The number of total licks represents the degree of water drinking activity and therefore is
commonly used to evaluate changes in fluid ingestion and general drinking behavior. A
burst is defined as continuous licking (> 2 licks, each vertical bar marks a lick as time
progresses toward the right), in which the interval between two licks is < 0.4 s. The size of
bursts represents the hedonic impact brought by the taste and reflects the orosensory positive
feedback, and the intra-burst lick speed is used as an indicator of licking-associated motor
control to reveal the effect on tongue movement. The number of bursts reflects the incentive
motivation triggered by cues because it indicates the activation of responses and is highly
affected by orosensory and post-ingestive mechanisms. To avoid the influence of consumed
water, only the bursts within the first minute after the first lick were recorded.
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Figure 2.2 Effect of DA D1 receptor agonist, A68930, on the licking microstructure
Mice received a single injection of vehicle (saline) or A68930 (0.01 to 1.2 mg/kg), 5 min
before the test session. (A) Comparison of the numbers of total licks after various
treatments (RM-ANOVA: genotype, p < 0.05; genotype x dose, p < 0.05). After the first
lick, the average lick speed within bursts (B), the average size of bursts (C), and the
number of bursts (RM-ANOVA: genotype, p < 0.05) (D) during the first minute were
recorded and compared (Ctrl, n =9; DSI, n =9). 1p <0.05 for comparison of genotype. *p
< 0.05 compared to Ctrl mice. #p < 0.05 compared to vehicle treatment. Values are shown
as the means + SEMs.
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Figure 2.3 Effect of DA D1 receptor agonist, SKF38393, on the licking microstructure
Mice received a single injection of vehicle (saline) or SKF38393 (0.24 to 30 mg/kg), 5 min
before the test session. (A) Comparison of the numbers of total licks after various treatments
(RM-ANOVA: genotype, p <0.05; dose, p <0.01). After the first lick, the average lick speed
within bursts (B), the average size of bursts (C), and the number of bursts (RM-ANOVA:
genotype, p < 0.01) (D) during the first minute were recorded and compared (Ctrl, n =10;
DSI, n=10). ¥p <0.05 and t1p < 0.01 for comparison of genotype. ##p < 0.01 compared to
vehicle treatment. Values are shown as the means + SEMs.
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Figure 2.4 Effects of DA D2/3 receptor agonist, ropinirole, on the licking
microstructure

Mice received a single injection of vehicle (saline) or ropinirole (0.2 to 10 mg/kg), 5 min
before the test session. (A) Comparison of the numbers of total licks after various
treatments (RM-ANOVA: genotype, p < 0.05; dose, p < 0.01). After the first lick, the
average lick speed within bursts (RM-ANOVA: dose, p < 0.01] (B), the average size of
bursts (RM-ANOVA: dose, p <0.01) (C), and the number of bursts (RM-ANOVA: dose, p
<0.01) (D) during the first minute were recorded and compared (Ctrl, n = 7; DSL, n = 7).
tp < 0.05 for comparison of genotype. #p < 0.05 and ##p < 0.01 compared to vehicle
treatment. Values are shown as the means + SEMs.
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Discussion

The DA D1-like receptor antagonist SCH 23390 reduces the number of licks by rodents
for various fluid rewards (water, NaCl solution, or sucrose solution) by decreasing the
burst number (D’Aquila, 2010; D’Aquila et al., 2012; Galistu & D’Aquila, 2012, 2013);
thus the DIl-like receptors were suggested to play a role in the activation of
reward-associated responses. By contrast, the DA D2-like receptor antagonist
raclopride reduces the number of licks by decreasing the burst size (Schneider et al.,
1990; Canu et al., 2010; D’Aquila, 2010; D’Aquila ef al., 2012; Galistu & D’Aquila,
2013); therefore, the D2-like receptors were suggested to be involved in the evaluation
of reward. Moreover, treatment with a D2/D3 receptor agonist, such as 7-OH-DPAT or
quinpirole, suppresses licking for a sucrose solution by reducing the bout duration

(Genn et al., 2003).

Effect of DA D1 receptor agonist on the licking microstructure

The findings from the D1 receptor agonist treatment showed that the decrease in the
numbers of licks by DSI mice was restored by treatment with the D1 receptor agonist
A68930 and that the SKF38393 treatment increased the numbers of licks in both
control and DSI mice. The effects of A68930 and SKF38393 may differ because of
their different drug distributions in the brain and binding selectivities, which would
suggest that the effects of D1 agonists depend on how the neural circuitries are
stimulated. Two studies evaluating hedonic impact with sucrose solutions showed that
the number of licks is a sensitive measure and reflects small changes in hedonic value
(e.g., low sucrose concentrations) (Uematsu et al., 2011; Dastugue et al., 2018). The

finding that D1 agonist treatment restored the number of licks but not the number of
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bursts in DSI mice may support this, suggesting that the recovered lick number largely
reflects an increase in the hedonic impact. However, previous studies in rats suggested
that D1-like receptor signaling is involved in the incentive motivation (D’ Aquila, 2010;
D’Aquila et al., 2012; Galistu & D’Aquila, 2012, 2013). This discrepancy might reflect
differences in species, drugs, or administration routes. Of note, there was no significant
change in burst size, which is also used as a measure of hedonic impact (D’Aquila,
2010). Therefore, more work is needed to elucidate the mechanism(s) by which D1
agonists ameliorate the water drinking behavior of DSI mice, which may involve
alterations in postingestive feedback and thirst perception (Bouchaud & Bosler, 1986;
Miyahara et al., 2012). Nevertheless, the restoration of the drinking behavior in DSI
mice is evidence that the D1 receptor agonist A68930 may be a drug candidate to treat
ilinesses related to mild to moderate DA loss, including anorexia nervosa, as suggested

by G. K. W. Frank (2014).

Effect of DA D2/3 receptor agonist on the licking microstructure

The D2-like receptors are crucial for the performance of acquired conditioned
responses and goal-tracking behavior (Fraser et al., 2016; Lopez et al., 2015; Randall et
al., 2012). In the present study, the D2/3 agonist ropinirole decreased the intra-burst lick
speeds of both DSI and control mice, indicating that ropinirole impairs
licking-associated motor control and reflecting the role of DA in movement (Gerfen,
1992; Puglisi-Allegra & Ventura, 2012; Salamone ef al., 2016). Ropinirole treatment
also reduced the number and size of bursts, indicating lower incentive motivation in the
mice and a decreased hedonic impact of the water reward. A decrease in burst size after
D2-like receptor antagonist treatment was also reported by previous studies (Schneider

etal., 1990; Genn et al., 2003; Canu et al., 2010; D’ Aquila, 2010; D’Aquila et al., 2012;
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Galistu & D’Aquila, 2013). Overall, interfering with DA D2-like receptor signaling (by
either stimulation or blockade) may suppress fluid ingestion, but the underlying cause
may not be straightforward and may involve several neural mechanisms.

The findings by the DA agonist treatment (Table 2.1) may suggest the
involvement of DAergic neurons in mechanisms that specifically regulate water
intake, such as postingestive feedback and thirst perception (Gizowski & Bourque,
2018; Zimmerman, Leib, & Knight, 2017), in addition to the ones (motor control,
hedonic impact of reward and incentive motivation) assessed by the licking

microstructure analysis.

71



Chapter 3

Chapter 3

Dopamine D2-like Receptor Agonist Changes

Effort-based Decision-making of Mouse

At GG, 5 =& (pp. 72-85) D431, European Journal of Neuroscience
WCHEHEDOETHITESND TETH L2, FHR5 B b ERA 4 —F
v N TORERETHZENTEEHA,

72



Chapter 3 Introduction

Introduction

73



Chapter 3 Introduction

74



Chapter 3 Materials and Methods

Materials and Methods

75



Chapter 3 Materials and Methods

76



Chapter 3 Materials and Methods

77



Chapter 3 Results

Results

78



Chapter 3 Results

79



Chapter 3 Table and Figures

Table and Figures

80



Chapter 3 Table and Figures

81



Chapter 3 Table and Figures

82



Chapter 3 Table and Figures

83



Chapter 3 Discussion

Discussion

84



Chapter 3 Discussion

85



Prospects and General Discussion

Prospects and General Discussion

Studies of reward-oriented behavior unveil how animals modulate their behaviors in
response to environmental changes and their needs. Here, a new triple transgenic
mouse line (i.e., DSI mouse) is developed to help elucidate the roles of DA in
reward-oriented behavior by licking microstructure analysis. Specifically, the DSI
mouse model enables investigations of DA signaling while avoiding the severe
drawbacks of DA deletion. In fact, the performance of DSI mice nearly matched that of
control littermates. However, the limited DA secretion interference has a drawback that
much careful observation is required in order to reveal the behavioral difference
between control and DSI mice. The DA concentrations in DSI mice were only reduced
to 55% to 61% after tamoxifen administration while 46% to 52% of the DAergic
neurons underwent the Cre-loxP recombination. It appears that some DAergic neurons
were more insusceptible to the tamoxifen-induced Cre-loxP recombination probably
due to their distance from microvessels and/or compact chromatin structure. In addition,
the relatively weak activity of a-CaMKII promoter (Tg2) in DAergic neurons (Burgin
et al., 1990; Wang et al., 2013) might restrict the expression of Tg3 and allow of sparse
DA secretion.

It is reported that even with 95% loss of DA in the striatum or the NAc, rodents are
able to consume minimum food to live and express almost normal goal-directed
behavior (Salamone & Correa, 2002; Szczypka et al., 2001). Accordingly, the
experiments with DSI mice can be further improved by slightly enhancing the DA
secretion interference, and it will enlarge the difference between control and DSI mice

and make it easier to observe. Firstly, the a-CaMKII promoter (Tg2) can be replaced
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with a Slc6a3 promoter by crossbreeding a transgenic mouse harboring Tgl and Tg3
with a mouse line [STOCK-Tg(Slc6a3-tTA)2Kftnk] created by Prof. Tanaka of Keio
University to enhance the transcription of tTA and then the Tg3 expression. Secondly,
elevating the given concentration of tamoxifen and prolonging its consecutive
treatment will increase the chance to induce Cre-loxP recombination in those DAergic
neurons that are relatively far from the microvessels.

The use of different methods to examine the role of DA may provide new
information and further our understanding of reward-oriented behavior. Inspired by the
study by Komiyama et al. (2010), the licking test can be combined with functional
magnetic resonance imaging in the future to study the brain regions underlying fluid
ingestion. However, such studies require restriction of the movements of behaving mice
(Jomura, Shintani, Sakurai, Kaneko, & Hisatsune, 2017). As restraint promotes the
release of stress hormones, such as corticosterone and norepinephrine (Keim & Sigg,
1976; Grissom & Bhatnagar, 2009; Herman, 2013), it is necessary to prolong the
training session in order to facilitate habituation to the experimental conditions.

Findings by this study may contribute to new treatments for illnesses related to
DA loss, including anorexia nervosa, as suggested by G. K. W. Frank (2014). In
chapter 1, the DSI mice show adequate capacity to consume food and water by
themselves, and have no difficulty in learning a specific location or an association
between location and reward. Despite the motor control impairment only under a
challenging situation, DSI mice have been proved to be a useful tool for studying the
role of DA in reward-oriented behavior. In chapter 2, the findings reveal that the D1
agonist A68930 ameliorates the suppression of water drinking resulting from DA loss
(Table 2.1), whereas the D2/3 agonist ropinirole impedes water drinking. It may

suggest the involvement of DAergic neurons in mechanisms, which may be related to
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postingestive feedback and thirst perception, in addition to the ones (motor control,
hedonic impact of reward and incentive motivation) assessed by the licking
microstructure analysis. More discrete behavioral tests with DSI mice, which provide
different rewards (e.g. sucrose, saccharine, regular chow, and high fat chow), should
be helpful to ascertain the role of D1 receptor in hedonic impact.

Regarding the reward-oriented behavior, a new effort-based choice task based on
licking test was developed in this study to help elucidate how an animal assesses costs
and benefits of a behavior. Since the DA agonists had not yet been used in this type of
study, chapter 3 examines the effect of DA agonist on the effort-based decision-
making of mice. Even with 60% of DA concentration of control mice, the DSI mice
are shown to be able to learn and make an effort-based decision as control mice. This
finding may suggest that mild to moderate DA loss is not sufficient to impair the
decision-making of mice. However, the process of decision-making in DSI mice may
be more susceptible to other factors, such as aging and stress, which may influence
DA receptor signaling, and this possibility can be examined by treatment of low
concentration of DA antagonist, especially D2-like receptor antagonist. The treatment
of DA agonist reveals that, even though the D1 agonist SKF38393 ameliorates the
number of licks in DSI mice, it exerts no effect on the choice made by mice. By
contrast, the D2/3 agonist ropinirole prevents mice from showing their original
low-effort bias regardless of DA status (Table 3.1). This result indicates an important
role of D2-like receptors in decision-making of mice during water drinking behavior.
Perhaps a series of effort-based choice tasks of chapter 3 that provides different
concentrations of reward can help to further discriminate between the role of DA in

reward evaluation and the role of DA in effort evaluation.
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