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L. A4 £

o17Fe] AHAIA A (mental retardation, MR)E= RAl% 7| 5& @93}
central nervous system (CNS)e| 7|5 Ao s dojdria &y
Z Qdt} (Luckasson et al, 2002). &< FEAF#se] &7 4 WA S

S Ao wde] JAFS WA= B FAAEC] XA Al w4

rr

A= Aol Hwa At (Inlow et al, 2004). ©o]# 3 FHAAES EH sl
X-dA# AHAA A (X-linked mental retardation, XLMR %+ X-linked
intellectual disability, XLID)g} ¥ Z =1t} (Schalock et al., 2007). & A7}
2 XLMRY d3 HH4A2 102719 FAARE0] Lo A
(Stvenson et al, 2012), oI5 727k HolA oW 75& 7k of
ek 71de Fal QIzbe] sk e dFdFe VA=A LExd vt
7ol vk Aol Aol B XAt AEg HgyAe H
23ty A7zl gl AWy wiimel AAX Al g rdA
5

2 Aol Fze B IS T 5 odE meH

7)
1% A (Berry et al., 2008). & 33}

o

% -, olfactory receptor neuron (ORN)e]
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A Mitral/Tufted neuron (M/T neuron)< A4 pyramidal neuron® &
AIdEa, ZF9 49 ORNS A} projection neuron (PN)E 73 A
MB X+ lateral horno. 2 ¥t (Davis, 2004) (29 1). SZARA
g 3d T AXA HeE z2FoZ ORN ®uh antennal lobe (AL)<]

glomeruli7} &#ZFolA %= &A%} (Shepherd, 1998; Mori, 1999). ©] &3t



Zutglo A FZ-gR HdE2 antennal  lobe  (AL)ZH-H
mushroombody (MB)7}A] 39AlE AXH dEEtt (Busto GU et al,
2010). 34 EA3s= WA= olfactory receptor neuron (ORN)<]
dendrite ¥WolA W& %= olfactory receptor (OR)o] Z=&3], &% 4¢
o 4RSS doyH Az AYES A2t (Clyne et al, 1999; Kaupp
UB, 2010). 522, WA= ORN axonds S3 ALz &=, AL%
projection neuron (PN)o] &7 & A3t glomerulusdl Z=g3l=d], o]
el Aol 34 AAFEEdS Tl HAHPEIE Jhedd. A GA =
2F 18070 2] PNo| axong MB9| calyx® =+ lateral horn (LH)= o]
7fEE 7 ARE T35t dEdth. MB neuron (MBN)2 calyxel A
Ue 159 axong A 7FA 727 vE B9 E wWEth (Aso et al,
2009). Zt B9 & o/B, o/ 283 yoltt o/B o/B axone ZF7
7He] 7FA] (branch)2 wdt} as} o 7FA= 529 (vertical) lobeE T
Asta, et B 7HAE= 39 (horizontal) lobeE A3}t y neuron
horizontal lobe®Z %t W=t} = PN<S 712 MBNo| =423 HAQA
calyxZ2 5 wWo] 142 ZF MB lobeZ HEHT} (2192).
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SAS stx 2 7Y dAF= olE A% AF WHY F
t} (Quinn et al., 1974). =3 elA 71 da
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o] AFWHE %7]9] operant conditioningoll A % 3}g] <]
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5 ¥ 9l classical conditioning ©]t} (Tully et al.,
1985). Classical conditioning®] g2  WAel #2 A=

(conditioned stimulus, CS), Z18]3L A 7] %4 (aversive)o|y HFHo] (
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a9 1. %3 E579 Olfactory Bulb9 +%

<7} 4&A (olfactory receptor, OR) (F3)e] wre] o} 7} HXA
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1Y 2. Drosophila®) 3¥38 T4 F+x

o

@3] ZtzE sy 9] olfactory receptor neuron (ORN)  (3}gkA),
projection neuron (PN) (5F34) interneuron (IN) (X&) 18
mushroombody neuron (MBN) (=gtd)o] EA|st= I ¥ 3wt
TE BEAEZ e, ORN2 159 axone antennal nerve (AN)S &
3 antennal lobe (AL)® ™. ORN¥ AlWY2=E ¥A3k= PN, IN9| cell
body:= AL9 FHo X3 PN& AL9 glomeruli® axons " i1
antenno—cerebral tract (ACT)E &3 lateral horn (LH)S= W om
mushroombody cell (MBC)¢ AlW2E A5l f18 calyxZ2% WS,
MBCZY-E wWo] 2 axone pedunculus (P)E T3l Al 71# €9
MB lobeEZ 5. o/B o/B axon Z+zF F 719 7FA] (branch)®
Ui, ast o' 7R E 39 (vertical) lobeE FASHaL, Bt B 7HAE
9] (horizontal) lobeE T4 3. y neuron< £ % horizontal lobeZ 5+
< YEW7] A BEFAAE 3E713. Dorsal
5%, Medial> <Qt%, Anterior %), 17 2+ Busto (2010) =3l A
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apetitive)9} 2> W] ZH 2= (unconditioned stimulus, US) 7+e] Agte
2 olFoXt F, 23 E 5A WS AVTA e Bl =
5, 54 HA el dE 29y vtgs EUYE St

= & 4 9t} (Buesto et al, 2010; Roman et al, 2001; Tully et al.,
1985). ©] 23+ olfactory classical conditioninge] A F7FA ¢ Z3ta] ¢ g
T #H AFdA T olf= A 23 o FAAJAA FAE

g ool = vt 22 olflo] 3tk (Busto et al, 2010). &2 |

1
wl
K

iy

ko

o} w3 vl A e E7} classical conditioningS WA} el (A
71%A v BAFHo]) Atole] Agtel o] wEA o] FH Xt} o]t
classical conditioning®] 21&/4d-& AI7Fe] s Fo W& 7199 oy 7hA]

¥4 (memory phase)s rstAl A+ = Slof wi§- F&stot.

zugle] 7199 A (memory phase)= short-term memory
(STM), intermediate-term memory (ITM) Z12]3l long-term memory
LTM)& v elzltt (Davis, 2011). STM2 35 & & & o], ITM<
3AIZF o] FZ 2 AHoHt}. o] ¥ memory phaset S5 & 244 7F
Wy = ¥hAE LTMS o8] ¥ 955 = spaced conditioning©l] 2]
al St § OAMIHE HA 24N A A o] BEHAY (Pascual et
al.,, 2001, Tully et al, 1994, Yu et al., 2006). °]¢} &Htslo] G
(imaging) 71 AH&3l, Zk2bel 719 @AM A&st= ABAZLE F
A3ttt (Brand et al, 1993; Miesenbock et al., 1998; Nakai et al.,
2001). M A, CSe US| dAFS wwksk 7] 7192 AL PN¥ o'/p’
MBN 18] 3 GABAergic anterior paired pateral (APL) neurons 2 Al
7EA] A A A 1A el o] FH R ITMS dorsal paired medial
(DPM) neuron®l Al MB vertical lobeZ 417 d o] doji} g & 34



el o] FAH, LTMS sheh A 24A1%F A, %o o/B MBN# y
MBNo A o] F Rt B At (Quinn et al., 1976; Tully et al., 1994:
Yin et al., 1994). o/8 MBNol| A LTM®E] ®w§2 g5 & o 3647t
A, ¥y MBNeJ Al # 24 48A12k74A] E£A]3He] late-phase LTM (LP-LTM)
< Ao (Davis, 2011). o]¢ 22 A= Z3ol A olfactory
classical conditioning®] MBelA 3 A ¥ += Z} memory phaseE A3+

estn AHd 5 s PEYe melF

Dopamine (DA)= &, A, g5 g 719E& E3sts B
H 7)leeo] #HE  catecholamine AlAAEEZAo|th ZugloA DA
neuron< aversive USel| #®F3-3] MBolA CS<ele

re
dt
o
ot
oX,
r
o

(Davis, 2005). a| 53824 © 2 DA neuron< MB9| a lobe%} synapses
A3t a lobeoll A A7 5 ZA 2ol& DA-dependent calcium signale] <l
AEchar BaE At (Mao et al, 2009). =3 DA neuroncl A A& A=
= WA W, WY 71 27 AExIga deA Ao
(Schwaerzel et al., 2003). =327} @&ds+= F+ DA receptor= MB
neuron®l| A dDAI Z1¥]3 DAMB geneo] 29&] @& H T} dDA1 receptor
7F Aol E ZHA =W (dumb), olfactory classical conditioning®] ©] 5
oA A ko o] rescue AES FI THIHATY (Kim et al., 2007).

5t MB neuropil ¢ PPL1, PPL2ab 2 aversive olfactory learning®l] 2

H
o

N

429l DA inputE AFadta & At (Mao et al, 2009). o] # st
A

HNES vtegoz 2ukgd A MBel €% DA neuron< US input©]



AR dunce (dne) ¢ rutabaga (rut) E=AWolo| A Z7]7]19 Ao #
N7 fFrdEol Hiuxo]Hrt (Dudai et al, 1976; Mao et al, 2004;
McGuire et al., 2003; Nighon et al., 1991). fasciclin II (fasl]) &= <o)
o 5l STM7} &9l ##A=A 2™ (Cheng et al, 2001), =3 DPM
neuron®] amnesiac (amn) E<A WMol A ITMo] &% LTM7ZHA <
S m o]l HaEo] gltl (DeZazzo et al, 1999; Waddell et al., 2000).
28] 31 cyclic adenosine monophosphate response element binding
protein (CREB)2] 21%%& block Al#H S ZA$ LTMo]l A HA Zaol

Wa] b (Perazzona et al, 2004). 181} o] ARELS R E 27|

zshele] AR MBAA 44 B8 24 FEsel F4AF )
o] JHFL MAL FAAES FEH ATE obAAA wag vt @l

(Bolduc et al 2008; Michel et al., 2004), A A > o] MBol =r3lt3}o] 2z}
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1. Drosophila Strains

HeE Age AE¥" %38 +E  Bloomington Stock Center
(Bloomington, USA)Z %8 <& living stocko]t}. WA, oAy Z3g
2+ Canton-S (CS)E W x+ (Wild Type. WT, positive control) & =
Abgstath Addders ke XLMR - (X-linked  mental
retardation) ¥## FHAAT 298] AR Bad 2708 FHAE

o =L A
= 5 9

ki

A sl o™ (Lubs et al., 2012), /n vivo knock-down 4!
T F 32899 UAS-dXLMR™Ys A&sach (& 1. 74 F3129
i HAS 2aE o 24 BolHow xAsty] 9 AHEHE GAL4
% 3}2] 52 mushroombody-GAL4 <1 OK107-GAL4 (Aso et al., 2009)<}
mushroombody -GeneSwitsh-GAL4%! MB-GeneSwitch-GAL4 (Mao et
al., 2004)2 Gregg Roman S ZHE o] Al&3lvt. 29gEe 29

2742 25°C HEEANA Ay A

APdgel 2 2985 bottledd  WF  SEA F
UAS-dXLMRE" ¢} OK107-GAL4 %% MB-GeneSwitch-GAL4 ¢+ i
i Al ew, 10 T 129 ofF Aot AAE ¥ vial B 60vEH &7
Hol 29 vtk A2 vial® &7 AZT FEHE FAAARLH, 4-69
of At 23S ol &ste] A¥S AFsktt (Tully et al, 1985) (1
3).
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2. X4 Eo]z wdL 93 RU4LRE A T

UAS-dXLMR™4 ¢} MB-GeneSwitch-GAL4Z fresh normal food
oM awf Azl 5 10 T 12 Ay Aol A x9S 500 uM
RU486 (Sigma, #M8046) foodoll 48A1%t& 7191 MB-GeneSwitch-GAL4
o] 285 FEstYrh o] tA] fresh normal food2 A 2¢4% A3

S AsAt (Mao et al, 2004) (=¥ 3).

3. Aversive Olfactory Conditioning ¥} Odor

Preference Test

Aversive Olfactory condition Tully et al (1985)¢] 23 WS

mel Pttt &5 (25C), 5% (70%) 2 Fho] SAE FA oA

a

¥ 3l grass S88X Stimulator o] A FHO A7 AFE& = 4 Ao, &
vol Edt2Yg Wow gl w7 5 F v A4 FEHe= A
THZo AZAF] of 307 v dAA FHI T Z2A 3§

—

of g7 43 4 AEEF 3t} (Resting interval). 30x7F A & Z)
Z}o] ¥ H = mineral oil (Sigma, #330760)°] A& A 3A49 odors, =
1.5% 3-Octanol (OCT, Merck #8.21859) T 0.7%
4-methylcyclohexanol (MCH, Sigma #153095)¢} A H 3} F Ao 90V <]

_12_



Aekoll = 12 pulsed] HIE==Z 173+ =%F%¥t} (conditioning phase #1,
CS+). 4] 30%7t resting interval® + ¥, OCTel| ==%HJd 38 &
< MCHOl, MCHell ==4% A" g5 OCTel A7 A= gQlo] ==4
t} (conditioning phase #2, CS-). # % resting interval 30% %o, 23
A dao me} dAAZ H} T T-Mazeg AHE&3ste] stel 59 AF7]

= SATY (2d" 4).

12

Agg719del =4 w3 Tully et al (19852 WHE uwat}

Conditioning®] €5 % 385 T-Mazeo T3+ t7l99x=2 %44, 30

27 dAst FHI Fr)EE =F¥h o] H9F T-Mazed % 2
Aot 2 TR A" OCTe MCH7F 94294, 3027 At & 3
g5 il e deHelH 7 WE A gelEo]l F odorAtele] Aol 7}
SEHA Hu, ol 28 A&HY. 285 dvlolEHE v HA I
e ojF g ATttt & FE o FYES oitstEr s AR vt
A" 5, 2 AT AR (19 4).

goly 42 n(CS-)-n(CS+)/n(CS-)+n(CS+)*100 2= o] &3
PI (performance index) #& 3tH, 3 A E (2vial=lset) & HA 4 W

= S (N=4) s fo] = Hauste] dedi

RU486 foodoll 48A17+S 7199 MB-GeneSwitch-GAL42) &< +r
=% 5, thA] fresh normal foodZ &7 2do] A A zuz] 9 o

_13_



TS Ao, 27k 1X phosphate-buffer saline (PBS)el A 3l F-3}o] ¥
F3 A xAS AAT H, 4% paraformaldehyde® 30% F<F 114 A
Atk 14%® ¥ 2HE A7bE 1X PBSE 1583+ 3W wHEste] Al A s}
Fom PBT (0,2% Triton X-100)= A= 4 1A]7F &<t blocking 3}
th 12 A 2= A A 3o mushroombodyE A 3F= anti-Fasciclin 11
(Developmental Studies Hybridoma Bank, 1:5)& 4°CellA overnight® =
WE AlF o o] PBTZE 15w%F 3W wHESto] Al H ettt Cy3 71 4

skl 2% 84 (Jacson ImmunoResearch, 1:200)5 AF&3lo] oA 1
AIZE &< RESAIZL & PBTE 156%%F 31 HEESto] Al F st oH, 50%

glycerol& ©o]&3to] &Egfol=defe vt® sttt 2aE] A o =
o] &3 olm %= LSM 5 pascal microscope (Carl Zeiss)ES o] &3}

Aol W,

_14_



Human gene annotation symbol | Fly ortholog (symbol) |Bloomington RNAi linej Function
33632
PGK1 CG3127 (Pgk) 35220 ENZYME
DMD CG34157 (Dys) 31553 structure of skeletal muscle membrane
NDP CG2210(awd) 35145 Neurorectodermal cell interaction
OCRL1 CG3573 (Ocrl) 34722 ENZYME
ATP7A CG1886 (ATP7) 31083 COPPER TRANSPORT
. 27309 STABILIZED GDP BOUND
CoI Ceaa22{(Gd) 36603 CONFORMATION
RPS6KA3 (RSK2) CG17596 (S6kil) 35583 KINASE SIGNALING PATHWAY
CELL CYCLE,
DKC1 CG3333 (Nop608) 36595 NUCLEOLAR FUNCTION
FLNA (FLN1) CG3937 (cher) 26307 ACTIN BINDING PROTEIN
PAK3 CG14895-PA (Pak3) 35373 Rac/Cdc 42 effector
LAMP2 63305 (Lamp1) 35675 Wermbrane,
lysozyme
Neuroligin CG13772-PA (neuroligin)) 28331 Cell adhesion
FANCI CG13745 (FANCI) 32972 DNA repair
Cell cycle,
SMC1L1 (SMC1A) CG6057-PA (SMC1) 34351 mitotic spindle organization and biogenesis,
chromosome segregation
UBE2A €G2013 (UbcD6) 35476 Ublquilin-cycle,
ubiquitin-protein ligase
BRWD3 CG31132 (BRWD3) 33421 Transcription factor
Signal transduction,
GRIA3 CG43743 (GIuRIB) 27673 ion transport,
glutamate signalling pathway
Transcription regulaton, |
RNA polymerase Il transcription mediator activity,
MED12 (HOPA) CG8491 (ko) 34588 llganc}dependentnyclearregpetortranscnplon
coactivator activity,
vitamin D receptor and thyroid hormone receptor
. ‘hindinn
PRPS1 CG6767 35619 Rlbonucleo_tlde monqphosphate
biosynthesis
RPL10 CG17521-PC (RpL10) 29356 Protein synthesis, ribosomal protein
36714 Ubiquitin-protein ligase,
HUWEA ceste4 36715 mRNA transfort
27556 Signal transduction,
CASK CG6703 (CASK) 32857 protein trafficking,
35309 synaptic function
MBTPS2 ©G8988 (S2P) 35760 , (RIoteaseacvty,,
activates signaling proteins
RAB39B CG12156 (Rab39) 25953 Formation and maintenance of synapse
EIF2S3 CG43665 (elF-2y) i Initiates translation
32914
THOC2 CG31671-PA (tho2) 28537 mRNA transcription or export

£ 1 37 A4FgsH 7194 #o3
X-linked Mental Retardation €

Human X-linked mental retardation
o5 35t

UAS-dXLMR™ 4219l gr &g o,

7]

0] =
=

o 5

277N

FAAE
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MB-GS-GAL4

D D D D ‘ § ‘ D D 1SET=1 experimentX 4 times
X A 0 == &
UAS-Z d 1 experiment
3 @ 10-12days (0-2 agesfly) (4-6 ages fly)

a9 3. A4A ¥ =7 5oy dL ¢33 RU4L86 AT

A& AL8H  mushroombody-GeneSwitch-GAL4 (MB-GS-GAL4)=
mushroombody®°ll 59°]% ¢l promoterE AF&3dte] GAL4 HAAFQI =7}
mushroombody ol A vt & d = Q1. oA TdE GAL4 A A=
RU486°1 <]s ggdstect. =, RU4B6e <& &dstd GAL4 dAMIA
= 5AFAA (X)ol s RNAiE Zdsto=zi MBoA 54
AAAg. FR¥E RNAQ 23S MB-GS-GAL4%t wvje 5 1z

o

EAdlel Z3te] A RU486°] E3E we AFste] $7 AR
Ao A& A F3t F 49 e 69 Alole] AAE AFESHH, 60

wEstel YA 4P A B,

Y
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A
Odor preference test ‘ Aversive olfactory conditioning test

Setting up
the odor pair

Learning
v
Short-term memory

Odors are drawn for 1 min

Odors are drawn for 1min
with 12 pulses of electric shock.

without electric shock. T-maze test

30sec 1min 30sec 1min 30sec

l CS+:MCH | I Cs-:0CT I

30sec 1min 30sec 1min 30sec

I CS+:0CT | I CS-:MCH I

_17_



298 4. Aversive Olfactory Conditioning #3A
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a1, o] FEE o] 83}o] aversive olfactory conditioning test = learning

o

=
o g AseE Hol=x g

S
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=
X

S
ol

Se 235 574

| $138] o]ol W3+ preference testE A] &3k o] preference testES %

o

N

BN
i)
ol

OCT¢t MCHel wd #e3 AsrEsE Holkes ZHZe vh &

I} STM & <33, (B) Aversive olfactory conditioning< $3F%]
&3t A71E5A % st HAR S (54)& s 1
T H, WSS U A sk (8RR vt & AV

287t T-maze oA HAE 314 4.

s

A

(o]

Y
=0

N
&
X o

ko
rol

Abolel= 30 =%+ ¥7lEgs Fol HAA=A e x5 4.
A BT parallel 3HA o] AEAH S =<9, Conditioning 77 of A
learning ¥ STM F 239 training ¥ testing 18] 1l waiting 737
2pol 7} EA8E. (C) th&2 aversive olfactory classical conditioning 2]

training & WEIH & A E9).

Conditioning A3 FL3g /A5 g =E reciprocalst Al X = o] of

= & odorell wigh ste]e] S5 A whgol o] vEd 4 U= artifact?]
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Ir. 2

1. GeneSwitch GAL4 System< ©o]&3 A

Mushroombodyol]l A ¢l Eo]F <2 oFH F &=

AR fEse JlsHon FAAY g EE v|oe dFe mAE
FAA FAe 7 Aol 2 SAo ) o|d @ AN N 24 So]F

ol &g FE3dty] 9ste], UAS/Geneswitch GAL4 system & ©] &3}
o] Al MB oA Eo]4d o2 RNAIE Switch-On o =24 54 {3
25 knock-down @A4te]  dojuyk s E9th.  Mushroom  body
gene-switch GAL4 (MB-GS-GAL4)%} &R 3 UAS-dXLMR™YS
gk & 7 AEAge x3bE] AAld RU486¢] 2T HE WS AlEsto

ZF A% 71y Ao AFE3FSth. Transcription factor?! Gene-Switch

of
ol

3
+ progesterone receptor ligand binding domains 7}4 antiprogestin®!
RU486 ##7} Ags|oFst GAL4 DNA binding domain®] UASe] A%
g 4 ok 2¥A =W dXLMR RNAi7F Switch-Ono] %o dXLMR
gene®| MB oA el && A7t dojubAl Hi= Zolrh. o] A
RU486 ¢f&S wolol ¥ol dAdtes Zapgo] AAGA 7o gtA #ojxd

P A Bold S =T 4 Ad (Mao et al, 2004). o] A F
ANM = AAZE FA 2d A 48A1%F F<F HolE Tl RU4SGS A& st
e,  webd  Zage] AAATIlAN MB 0 x27F  Soldom

PN'

o
ofr



el FRls ATshyl s dge] Aasidnt. 49S MB-GS-GAL4
¢ UAS-mCDS-GFP] v} § §Udg RU4SE Helxzlo] Zihal 1hA]

ko] Switch-Onel dolt=AE Ak o FgdA
MB ¢ F%x9 HAZ FasllE& ALLstgth 238 oA FasllE  cell
adhesion molecules <1393ty MB2 o/B lobedl Al ZatA wasta y

AL Mo ksl RASFUA @A Fo¥ GBS wnt

BA HE el

1 4 A At} (Cheng et al, 2001). 23 Z3 MB A E5o] Eo]4 o

1_,

2 GFP7} 2@ o= MBE %A stE Fasll®t colocalization 35
dEG = AAv. ¥k, RU486 wolE WA %o MBel GFP7F 23
kA eFokth (1% 5B). ol# gk A= RU486 Hol7F A= k=0 A
o1, mushroombodyol Al Eoldoz2 BHE MB-GS-GALIES S &3
g AP o zZN UAS-mCDS-GFP +7dA7F Switch-On & &

2. 4 $AAe] RNAi Strain® OCT$ MCHS 4

AT FEo &2 M35 E

2= AFELE& olfactorye] TFd 719E FAHs7] 98l aversive
L o

classical conditioning 2 & 7] ¥ |83ttt o] AdF7|HLE oFdl A7)

_20_



RUA486 -

RU486 +

Iy v OFF
Genomic enhancere— X _—
Mushroom Body UAS i (XLMR candidates. )
Gene Switch 7 P “ o
GAL4
L 4Mnmw~y
CROSS

Adult Brain

Genomic enhancer—

n<4
) B

MB-GS-GAL4/UAS-mCD8-GFP

MB-GS-GAL4/UAS-mCD8-GFP

s

_2‘]_



aY 5. UAS/Gene Switch GAL4 SystemS o] €3 AA 39
Mushroombody 914 5o]3 9 Switch-On ¥4 #3z

Ao AFEE MB-GS-GAL4= 3 ZF=<1 RU4860° <&l GAL4 AR
271 &4 35 ™| mushroombodyoll &-©] 41 promoter= 13l g 7
2] WE o] mushroombodyoll AT dojuyxs: -3 4 L. (A)
MB-GS-GAL4%}y UAS-dXLMR™ 4] v % genomic enhancer % <]
gene switch transcription factor 3 AF (=g 3}A 3 )7 el o
w2 (=M $-748])S progesterone receptor ligand binding domaing
7}A] antiprogestin®l RU486 A} (W3t F1ebw])el Astsjoryt GAL4
DNA binding domain°] UAS (gt wh)ell =74 dv. 2 A3}, UAS
F9 dXLME™Vo] @ (R4 g2 %)ske] Switch-One] WA
knock-downo¢] F%%H. (B) MB-GS-GAL4/UAS-mCDS8-GFP %1%
o]-&3k AgeolA 500 pMe RU486<S AH&atdS wW thxatol nl3)
mushroombody A€ GFP Z&do] Faax= AS AT (54). MB
s Holg (=34), o
ol By S o] AES F3, RU4LR6Y s%=7F 500 yMY o, GAL4

0
7F F#3] A 3E o] mushroombodyol A 28382 2n] gk scale bar,

ot

ol

£ ¥ A3= Fasll (M7FA))el dbg oFAlo] A X

d
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kA woll HA G FEE OgUd Ao EAjste TS BEI
= WA oy 7R 2 Eo] Aokt dktl (Tully et al, 1985). 7}

F 7B Ad =4 F styE WA A= o] CS (conditioned stimulation)®

(

A Aol olFAof & Aoty ol A 2o]= WAAS 2 OCT
9} MCH oty &% ZAbe MB-GS-GAL4$} UAS-dXLMRE™4 32
gkelel 7 waj s S v AL 32 #dd% gxaoemsE CSe
MB-GS-GAL4%t CS¢tel wwlE Fall U2 MB-GS-GAL4/CS7F W7
of ©ity, A% FAF A3, 15% OCT ¢F 0.7% MCH ¢ ZolA Z
Zhl sl A7 55 oA 64 & HA ¥ AEE ddd (2" 6).
uekA 1.5% OCT ¢ 0.7% MCH® 2% Ut conditioning A 3=
A&stdnr. o] 42 T-mazedl & oA 70% 5=, 25T &%,
adal B 2ol FdT AH stelM A4 HAE FAC 283t =F
AlA olsste dEle & Ao Wal E4ste] adzE a9 AdE

el Qo BE RNA] A hAS RU4RE Ho] 4% FUSA o] Fo
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oY 6. Wl F+AAY RNAi Strainel A @A zA5 OCT< MCHS
A=

Aversive olfactory classical conditioning 2 &l Eo]7}7]o] 24, OCT
o} MCH ¢ A3 =E5 ZASIAS. 27 F 2 3 ZF RNAi 32 2F2l9
sl OCT (A vhel MCH (34 vhe] dse+= 64 & dA &+

el A Hjs2dk A

KeN
=
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ot A F24Ae St 71 Ao MBo A = s ofF
o] Atk MBellA 7ede] Hid e sdWols o]&d 49 4
hes Fo MBe $4dd sts A 7171 A 2ad oS

19 o

gk MBNS 7FA a1 1o 719 S frx]stal 23 v HEA7]+= del 2
F9Jo] Ba At (McGuire et al, 2003). A A A #FHo] 9l XLMR

o] zuteldAel 45 FAA7 S5 wr)71e (STM)O] mAE 43

o

o
>,
ol
N
Ho
o
Q
=z
D
=
2
=
D
o
=
Q)
(@]
a
O
=
<
o,
Qo
[07]
2
(@)
o,
(@)
o
=
o
=
O
=)
5
™
>
et
ftlo
4>
ot

W£3tE odorge F% (1.5% OCT ¢ 0.7% MCH) & wtgo=z A3
o] FolHtt ofd WAAlS Hdox A3 ntRrbA R g4 CS, MB-
GS-GAL4/CS? F Wz 32 #Rlel MB-GS-GALY/UAS-dXLMR"
Mol T}, Aversive olfactory classical conditioninge 90V A ¢te] ¢kat A
NA FA43 A B 12 pulse 2 1 3 WAIS} AF719 sh5S 3
Azl & 283 HAE Fo 719S HAES . STMY 4% g5 +
T

<k, 2Ya FE o] FAT AHAdA ¥FH F 2or oF
of & (CS-)-(CSH/(CS-)+(CSH) e A3t gt 1 & 2=z 1
Aok (29 7). 2 A, F xRy vk R 32 gl st o
7] 71oll A B 50% o]/ PI #tS ztv Ao] #AH AT o]
Zoll 4] 7t 277/0°] XLMR A% &322 A4 MBolA HaAsE &
stolete St5at ©@r]7] o] ol e Holx Fetha & 9l

rr

=

o)

ﬂll

4. MB-GAL4Z o438 FZAFdEo] BAse
R
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Performance Index (%)
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Performance Index (%)
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Learning
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,y@r»»esp»» BT T T ss» &
& & ay é’a‘ & oqa" £ ov” A A y":f of 0,&" a y";&” f&‘yo‘/"'
& & & & & 4
&4 @ﬁﬁwwvwe°“o,pi¢,e°'o'o°f,f°“’o',,o’é’\yaww"’9“’0"""

STM (Short-term memory)

= N2 o »’ "\ & \\c , & ‘gy
@‘!&9’& P‘ap‘/"’} ,y“j ?’6‘9‘“ \“ #‘!v&",’e @‘ e‘éf j j’jqﬁ 3‘}, o
.vv,o.p p@";@’ e"“&@' ‘y q@' ‘avr ﬁs,
’oyaﬁo’ o f{,f(,&“ & v"‘»’ vy & & .9' r’ gy & f"w"’«"’
& F & I & &
P ,p":evo?ﬁ‘; 7y ’wyoq@ovoq;y&ef’;fj,# L
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2% 7. O FAAE AR MBAA 2@ Astd we FzAF
s3] 79 B4 23

a3
=

)

ol
Ll

A3t

freste] S4AF g5y @r17Ide] %S mA=A aversive

Z3g oA XLMR A5#AAE o=

rok
=

Jm

B

o]

X
ro,

vy

4

olfactory classical conditioning 2 ¢S X33k (A) sty A3, ok 3}
MB-GS-GALL} & copy ¥ thx+3 vlustalS wf RNAi #Fel =
3lo

-1

o
oot

T PI gtol 50% o]49l ez S QS vAA F&
B) @771 Az, S5 wRANA R fAY R MB-GS-GALLT @
copy = Wzt zF 3270 oAk gelold mE PI gte]l 50% o] Aol
o2 T717]Y ool gl Aol #EAHE. T Y ZE Hluws)] By g

BA
w7 @171 o] PL gkl Al @771 9] PL glo]l " es vas o
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i AP AEL 2w JANNNAT MB A5 ARE

o

o WAARE fEstel WP Ak 271 TAAARE MBe 57
AR WAARE FRAA Aol 710 £ 5L 29 @i
el 4 9tk (Michel et al, 2004). olel wheh, olxl o] vlabolgld
XLMR 9% o4 #4844 2074 4 o2 A4stad (& 2. 474

I FAA Fele old £dEL Fa AditolH mouses EEE &

(

4~

b

)

o] memoryell &74o] At ¢HF FHAAE] £33 (Benoit et al,
2010; Dadamo et al.,, 2002; Giannandrea et al., 2010; Meng et al., 2005;
Putz et al, 2004; Vandewalle et al., 2013; Wu et al., 2007). 112}l
T 9N FARES #4Z S6KII, lampl, gdil, ngl pak3 rab39, ubcdb,

il
rlo

glurlB, elF-2y o]t}. o] Q17 XILMR A& /A XA}, ribosomal S6
Kinase (RSK), lysosomal-associated membrane protein 1 (LAMPI),
GDP dissociation inhibitor-1 (GDII1), neuroligin (NGL), p2l-activated
kinase 3 (PAKS3), RAB39B, ubiquitin—conjugating FEnzyme EZA

(UBEZ2A), glutamate receptor ionotropic AMPAS (GRIA3), eukaryotic

transiation initiation factor 2 subunit 3 (EIF2S3)¢ Z3g] A5 /dA}
oth. o AL FA FaA AeEaAwo] xutelelA stePo)s

dodl= FHAQ S6KII= o7 o]l Hodt (Putz et al, 2004).
web A SEKTT 2ele Shgol ZAsHS Ho|i= positive HERTOE ALE-3}

=5 3,

5. MB-GAL4 & °|&% Ad YyAzAT Az=g

Sl G AL FAA B



Human gene annotation symbol | Fly ortholog (symbol) [Bloomington RNA. line} Function
. 27309 STABILIZED GDP BOUND
sl CeRa22(Gdl) 36603 CONFORMATION
RPS6KA3 (RSK2) CG17596 (S6kl) 35583 KINASE SIGNALING PATHWAY
PAK3 CG14895-PA (Pak3) 35373 Rac/Cdc 42 effector
LAMP2 CG3305 (Lamp1) 35675 MCprang,
lysozyme
Neuroligin CG13772-PA (neuroligin) 28331 Cell adhesion
UBE2A €G2013 (UbcD6) 35476 _ Ubiquitin-cycle,
ubiquitin-protein ligase
Signal transduction,
GRIA3 CG43743 (GIuRIB) 27673 ion transport,
glutamate signalling pathway
RAB39B CG12156 (Rab39) 25953 Formation and maintenance of synapse
EIF2S3 CG43665 (elF-2y) 940 Initiates translation
32914

XLMR & o &4

!

o

d 2 3o memoryd] £4o] Aria &
=g
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A AFHR AR @RS A& FARE aversive
olfactory classical conditioning A& Zol| a3 xojof = Aol 2
§ S MB-GAL4 (OK107-GALDS} UAS-dXLMR™4 11 #<le]
zF wwE B3 Y2 A 183l negative WERTFOE, CS 9
MB-GAL4E 3 copy 7VA+= MB-GAL4/CS®] % i1, positive ™ Z-2
2 UAS-sOKIIRNAi/MB-GAL47v €t ey ] 3ol A
UAS-eif-2yRNAL/MB-GAL4 A<= (F 2 o) 45 4 Ao =,
x5 hottledl Xl OKI107-GAL4°] balancerE 3+ copy 7F3&
CID,panCID, Svspa-pol/UAS-eif-2y"™ 4wk 2ol t7] wj& o]t} Bottle

= AuEy g ol waEehA XF dEo] wol weol %ol ssde=d o

M MB-GAL4 UAS-eif-2y" 4= embryonic lethal 4 ZHo=z F=
g ootk wEkA Uy AFFor o ggolow AF AnE: =&

At T74Ag 5ol A3 positive FZS A 93 negative T F -3}
U2 i gAEAA BF ShFel ool gle ALE Yyt (1

FAAEL 23] MBolA way, 7154 F24A% shaol mA
AL o 5 AT e S6KIT SRS A, Sere

Zbele] WA A7lel web B Yepdisu, o MBe] wA
A7l e F2E Gl BYIA Shgel Ashe] SEKIIY AHd A
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39 8. MB-GAL4E ol &3 A3 WAAFT 559 3o 9

€ A= FAA Y A3

(A) MB-GAL4= ©]£3F aversive olfactory classical conditioning 2 &
of Eo7}7]el kA OCTe MCHO WA= 3% ZALE 3. B
© HEa 3 87He] RNAL lel s OCT (A4 whek MCH (214
el des %+ 64 & 9A e Ao A A3 #EE. (B) &
& A3 negative ET3 npztAE BE 8 #<¢1¢9 PI ko] 50% o]
Fog TFe oltE& Hole v AL #EF. 94 positive tF:at R

o] s}
- A .

of

ol

o] 40%7F Al ¢F = PI gho® shsro] el g Hol: AL
o

N
gz el Ao TAFHS Gekxp < 0.0001).
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IV. 8 ¢

AZFAA CNSY 7leHole= AAXAE s 23z A4
CNSE 7FA a2 9l 2™ mushroombody (MB)2}al &= o] 3LoA ShsF

3 7lele ggea Ak WAASE A4 Fste] CNSE A9s)

rir
Hj ot
S
[-40
%
12
o
rlo
0,
N
N,
i
B
)
)
o
>,
2
o
2
ax
~
olr
a
o
12 Hu
do
>
>
oX,
o
N
N

A 102707 #EE ek ool xelE RdE, XLMR 4EFA4e 2
grol dojutwl F2HAT wr] 71ele] AstEths vt Stk (Boldue et
al 2008; Michel et al., 2004). o7 H& =z o] A QJex Zutgd=
26719l AERAA EASL, of FAAE F oW FHA7E MBAA
F4A% et 7oel RS MAEAE ob4AA 2 o} gl

wg, AEEAM] 7 obd Zsbel AAA TN ARE MBI fA %

27712l XLMR Z3t2] A5 fdx AAe ueh, Aol MBolAl
d A7 Y 29gES Ao w 749 skgreol A PI Fhol

B 50% oldowm dhFe HoelE HolA Fskth FAAF ] 7]



2 F3stan ATE Faf ¥ Ao A positive control? A A H
SOKII +AxE AQlg yw A 8F9 57 A 5 23, PI #to] 2
T 50% ooz Tl o] S HolA] kTl

W g BF St5d 719 Aol E HolA g AdAds
positive control®] StHFZATH}7E FAo S Hol: Ao HAHYS w AH
AS 9ot FrrE FdgdE Ag A negative  control&

MB-GAL4/UAS-S6KII™A ot} o] A A= ribosomal S6 Kinase
(RSK)°] 3ly= X FEENA mitogen—activated protein  kinase
(MAPK) signalingoll #-&3tH Al@= 7haA 3 719 Ao Adsto
AL FdWolol A gF3 7| EAAS doFinta Havl Ho gl

(Putz et al., 2004). & A= Zytg]e] Z7|LAGARE MBelA

Tl A= null mutantE AF&3te] 4 Aol
Ao qut Eo] A2l knockdowns =

AelA 7EA7F ok E=d 7] WA 7] 7F obd A A A 7)ol = gksto
MBel A S6KIT dAE 28 A= ol Feli7h dn. o] A
ZatElol A 27]5E AAZRA B A7E AAH MBTR7F F4E W
dojt Wyt {3k stsAdel ol 5T £ v x7] MB=
y neuron®] 7F¥ WA HAFH TS0 =E a'/B’ neuron, a/B neuron®]

A H o] FAoA y neuron® remodelinge] ¥ojivb=d, %27 larva

l-'ﬂ
rfe
rO
-
o
x
rr
=
oy
PN

N

o] 4 peduncle¥} dorsal, medial¥$ ol =% neurons FA Tt} o] F
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adultA] 7] el A = dorsali-91 & A€t BE FooA A AAPEAA &
¥ ¥ neuron°] FAFHETI LA dtt (Lee et al, 2000). H=gF o' /B’
neuron<  acquisition®] Ao TWs= Aow dEx vl At
(Wang et al, 2008). 2e]ar Aol A& MB-GAL4= OKI07-GAL4
2 MB9] X E neuronolAd @& GAL4 lineolth (Aso et al, 2009).
oly gt A5 EWE, S6KIIC T3 A st Zupe]e] wA Al 7)o wet
AMZ e gHFERE Holye AL 27| larvadl A A EAE dorsald-
#19] ¥ neuronel A S6KIIS] & A 37F Folo] A= a'/B" neuron®l
HAstES doA g5 &S FdtaL, oln AV @ 23 A = a
'/B" neuron®] FAo] EY gF &S v @ JF Pkd Aol o}

= == & A=
97t #5539

F7le 89 dAFdA wHwE B3 A4S AFdY FelA
MB-GAL4/UAS-elf-2y""e A& & gtk OKI07-GAL49]
balancerE 3t copy 713 UAS-eif-2y"™4/CID,panCID, Svspa-pol?+ “to}
Wil bottleoll Al T o] ASHA HI dEo] FHo de ASs AT
M MB-GAL4/UAS-eif-2y" "= embryonic lethal#tiz F53 = gl
o a2Eyu AAAZ] MBOlA  elf-2y #HAAGE fFEAS A
MB-GS-GAL4/UAS-elf-2y"" = Zrolydol k53t w7719 9 A&
F3d £ AUAdrh. eif-2y= protein synthesis® Z7]#}AA GTP
transcription initiator tRNA®2] complexE dAste] 40S ribosomal
subunit®l] bindingd}l+= protein coding gene® & translation®| initiation®l
3k gene®| oA eif-2ye] AL AAF dojdtia 93] dEA 9l
oo webA 2] A 271 MB Aol A eif-2y) WA A stE ol A

o wagel AWAY £4e D oF A
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—

Adte] AA e FRAARE, AT HAAARE SN st v F
& Hsddsel FdHAMG. AA. HA71FA USH i3k aversiveWt§
(shock reactivity)o] A thE o] FH X =% zF WA == 214 (olfactory
acuity) & ol J=A o W3l CS MB-GS-GAL4/CSs tde=z st
ol H kvt WA shock reactivity®™ T-mazed 3+ Zowt A7|E2 S
T gE 3 £ A7|574 glo] conditioning test A L& %
WHo R 183 54 stdvh 2 A3, BF 80-90% A== =2 d7s
Zol w3t 3| uHrgS Wt (N>4). 4. Olfactory acuity + shock
reactivity 9t 22 W o g ArFAdAl 24 HAE Fu WA E Ja &
7] (ainE A¥st= d5o B 1 23 1.5% OCT9 0.7% MCH
of tial EF 80-90%< AANEES HATE (N>4). o|ZA Fdd A
52 aversive olfactory classical conditioning= HF® O 2 o] FH X <l o
A Al AFolgtar & ¢ v, 28y A3dd e
zagd A HTeH xR A B Ao Aot Al ®A.
UAS/GAL4 system< ©] &3 A70]7] wiitol RNAQ 328155 e
2 mRNAY©o] MBoJA Eo]& 22 knockdown H &S s A3
o] A2ttt MBSl 42l knockdown €4S #3714 MB7F vl =
< ZAHol7ldl DA-GAL4= eol&3 3 HAA wm A lA

o

o @ %

=

o

knockdowns %3] Et} t] &2 57 knockdown &7
Attt UAS-lampl DA-GAL4/RNAi®y DA-GAL4/UAS-neuroligin™*"
AP DA-GALY/+ x5 o2 RT-PCR& 3. 1

=
A, F AFLelAM HEaET mRNA o] HATS Qo=

’
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ABSTRACT

The Screening of genes associated XLMR
involved Drosophila Olfactory

Learning and Memory

Sooyeon Jang
Department of Biology
Graduate School

Sungshin Women’'s University

X-linked mental retardation 1s a relatively well known
neurological disease involving, among others, cognitive impairment.

Despite discoveries of a variety of genes found to be associated with
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the cause of the disease, it is yet to fully lend itself to our
understanding mechanisms leading to mental retardation caused by
mutations in these genes. In this study, I explored the effect of
XLMR fly orthologues on whether any 1is involved in olfactory
associative memory using Drosophila Melanogaster as the animal
model. RNAi1 lines of the 27 XLMR fly orthologues are specifically
expressed In memory center, the mushroombody of adult fly, to
investigate their impact on acquisition of and 1 hour maintenance of
memory. All the genes tested are discovered to not have an impact on
either learning or the short term memory. In addition, I explored the
effect of 9 XLMR fly orthologues on olfactory associative learning by
mushroombody-specific, RNAi-mediated knockdown of these genes
from the early stagesof fly development. As result of this,
the S6kI] gene 1s found to be required to olfactory associative

learning, corresponding to the previous studies.
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