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WE

5-% % ¢ (5-hydroxytryptamine, 5-HT) 2 ER2ARA—RHEENLEY K.
SHTAEBR 2 WEARENZHURTHT AR, BLEAHRRNGEEBERT
HRERRGARETRANHEHERA, AYERETENTAES, LR,
Eye RE ¥IRTNLE, BERENS-HTZ AR, 2 5 H5-HTa, 5-HT5,
5-HT2a, 5-HTyp #15-HT;. X % 5-HT 147 5-HTp18 BXGi%& & 5| & H § cAMP
MK, S-HT AR S-HT B B G, & B 5| R A Ca> 8 B %, 5-HT. B B G, & &
SIRMACAMPH A &, 4%, BRS-HTREZRNARE T RAHHER,
HMokBE WS HTZ R, FRTTHRPEEFUERIN. T TRAER
SHTZ BB ERFHEAZR, RN US-HTZ R YRR, RiIEHFEERER
HARBELER . ETh, AXUTFH LNWEEE R X F hPieris rapae
(#% 38 H Lepidoptera, 1 ¥% #Pieridae) AKX K, HKANAXE XK 5kik.
EMERAN . RNATH GRS R AEFH, MAEANSHTE AW E S
HRAS-HTE S ER S 5 AR A AREEH T REEHAK.

1 REAS-RBERIANTERESHEEY R H

MHKEHERATETINS-HTZ AKX H K £ KcDNAS A A Pr5S-HTia.
Pr5-HT g fPr5-HT;. # X B k4 A%k %k THEK 2934 M), A S-HTH Bk,
Pr5-HT) A% PrS-HT; 86 % 37 | forskolin3 | A2 B9 i A CAMP K JE B9 7 %, ECsofE 4 51
#63.90 nM#92.59 nM; T PrS-HT, &% 5| & i A cAMPE ¢ fn, ECsofE 410.71
M. 2% B ¥ 5% % ¥, S-carboxamidotryptamine . 5-methoxytryptamine 1
(+)-8-Hydroxy-2-(dipropylamino) 3 % Pr5-HT g 71 PrS-HT, & # s R E A . #HA
Methiothepin ®] # #15-HT 4 PrS-HT s X R 89 1E Al , ICsof& #2.49 uM., Methiothepin
0,9 4 455-HT 3 PrS-HT, & £k 894 JiL, ICsofE %899.16 nM. SB 2166412 AS-HT
TR RERETA, ZAWER L EHRS-HTHPS-HT s T HRA KA ; 10 uM
SB-2699708% 5% 4 [EL #7500 nM 5-HT %k 7 #9Pr5-HT, % & K 5

2. — R B S5-B 6B % RPrS-HT# ) #8552
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o EEE R HKRSES-HTZAK, 4 AR H I3 #5-HT14.5-HT 5. 5-HT2a.
5-HTpMS-HT;EE. RIIAEFRAHEHLA TR T —HABNGEEBBRT
KcDNAFF], wEERS-HTZHFFIHEMN, ERFETHMEHNS-HTZ AR
B. W% EAHEK 203MMAKE, (G EHSHT (<10nM) RS
BEE, HIRENCTREAT. TACHEYE, GFES0K. TaRMIE
PR BE E Ttk . FTURA & & %% E APrS-HTs, URXA B Bam7X
5-HTZ tk. Pr5-HTs% ke £ M S-HTX RB B AR E, @
5-carboxamidotryptamine, 5-methoxytryptamine#(+)-8-Hydroxy-2-(dipropylamino),
Methiothepin@ —#5-HT X iy B M EHR A, RNXACHLBHE
Pr5-HTg. SB-269970. SB-216641#1RS-127445% T 4 4 # $15-HT#{ PrS-HTe % &
HIfER, TTWAY-100635%PrS-HTs X A BHH ML, &% b, RAIEMPS-HT%
hRRKT —AFHS-HTZ A, FHREPHS-HTRGNGEE R RTHNT—#.
BRNE—LERRENESWEFRE FRE T Pr5-HT,Z R EERERE, wofkHl
AEfRT, EREES, FELMRRNERNATRARINAEFENERFF.
BAEBAAWHEEEFRA RIS HL T X ENREEE, XACTHE
—RTE DR R T,

3.5-B A RE W H R F BW5-HT 2 4 H¥ B & i 41 5%

S-RERESHEERAMHIHERRTURLBERE, ERER RAKZ M
ERNE LS FTHAE, ROUEFRODBRAFARNER, RAELF R B EHIE
4% (LPS) HEGRSEECARENUB(TPH)MNER T & &KS-HT, B FHHH
WTPHE T8k, HF BXRNAITHRTPHEE MR EAGLERR L HRE E4
/1. RT-PCR, M EREMUREE FREEE KA S E ERIKS-HT s
F5-HTp%th. AERRNEHS-HT s B2 B ER R A AT RS . WA
RHAEHS-HTsW BT U RS A AR, BLRNAISG A FHRXAEA
ZHRORLEABREEER, RERUNER. RINAIEXEWERREN
S-HTg REAE—F R T AS-HTpRANERT, B TEEEA K, REHR
FRERREERZ AT, BXREFE¥BME, LA LHH ESHTpR#
SHTpZHBBHEFUETRNRERRLE, CHABRBEERS, EXTLT. &
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Abstract

5-hydroxytryptamine (5-HT) is an important biogenic amine in insects. 5-HT is
synthesized in both neuronal and peripheral tissues and it can be reuptaken by
serotonin transporter into presynaptic neuron. 5-HT plays various important
physiological roles in insects through specific G protein-coupled receptors, such as
feeding, circadian behavior, aggregation, learning and memory. There are five types
of 5-HT receptors in insects, 5-HT 4> 5-HT)p, 5-HT24, 5-HTp and 5-HT;. 5-HT A
and 5-HT,p inhibit intracellular cAMP production. 5-HT,, and 5-HT,p increase
Ca®* level, and 5-HT; induce cAMP production. In recent years, great progress
have been made in the research of 5-HT in insects, especially their receptors. More
and more S5-HT receptor genes have been cloned, and their function and
pharmacological properties have been analyzed. The pharmacological differences
of 5-HT receptors from different insects will provide fundamental basis for designing
and developing new specific insecticides for pest management. In this study, we
investigate the pharmacological properties of serotonin receptors in the small white
butterfly, Pieris rapae, and the role of serotonergic signaling pathway in regulating

insect hemocyte phagocytosis.

1. Molecular cloning and pharmacological characterization of

serotonin receptors from the small white butterfly, Pieris rapae

The full lengh cDNA of three 5-HT recptors (Pr5-HT, 4, Pr5-HT,5 and Pr5-HT;) were
obtained from the small white butterfly, Pieris rapae. Receptors were stably
expressed in HEK 293 cells and their ligand responses have been examined. Pr5-HT
and Pr5-HT;g receptor activation with 5-HT can inhibit intracellular forskolin
stimulated cAMP level, with an ECsy value of 63.90 nM and 2.59 nM respectively.
Pr5-HT; induces intracellular cAMP level, with an ECsy value of 10.71 nM.
Experiments with agonist and antagonist revealed that 5-carboxamidotryptamine,

5-methoxytryptamin and (+)-8-Hydroxy-2-(dipropylamino) tetralin can stimulate

v
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Pr5-HT;g and Pr5-HT7. Methiothepin is a full antangonist for both Pr5-HTg (ICso
=2.49 uM) and Pr5-HT; (IC50=899.16 nM). SB 216641 is a human 5-HT5 selective
antagonist. It can partially inhibit Pr5-HT;g. 10 pM SB-269970 can fully inhibit 500
nM 5-HT stimulated cAMP level in HEK 293 cells stably expressing Pr5-HT.

2. Larvae of the small white butterfly, Pieris rapae, express a novel

serotonin receptor.

The biogenic amine serotonin (5-hydroxytryptamine, 5-HT) is a neurotransmitter in
vertebrates and invertebrates. It acts in regulation and modulation of many
physiological and behavioral processes through G protein-coupled receptors. Insects
express five 5-HT receptor subtypes that share high similarity with mammalian
5-HT4, 5-HTp, 5-HT24, 5-HT2p and 5-HT; receptors. We isolated a cDNA (Pr5-HT5)
from larval Pieris rapae, which shares relatively low similarity to the known 5-HT
receptor classes. After heterologous expression in HEK-293 cells, Pr5-HT; mediated
increased [Ca®"]; in response to low concentrations (<10 nM) of 5-HT. The receptor
did not affect [cCAMP]; even at high concentrations (>10 pM) of 5-HT. Dopamine,
octopamine and tyramine did not influence receptor signaling. Pr5-HTg was also
activated by various 5-HT receptor agonists including S-methoxytryptamin,
(+)-8-Hydroxy-2-(dipropylamino) tetralin and 5-carboxamidotryptamine.
Methiothepin, a nonselective 5-HT receptor antagonist, activated Pr5-HTs. WAY
10635, a 5-HTa antagonist, but not SB-269970, SB-216641 or RS- 127445, inhibited
5-HT-induced [Ca®"); increases. We infer that Pr5-HTj represents the first recognized
member of a novel 5-HT receptor class with a unique pharmacological profile. We
found orthologs of Pr5-HT;s in some insect pests and vectors such as beetles and
mosquitoes, but not in the genomes of honeybee or parasitoid wasps. This is likely to
be an invertebrate-spéciﬁc receptor because there were no similar receptors in

mammals.

3. Serotonin modulates insect hemocyte phagocytosis via two

different serotonin receptors
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Serotonin (5-HT) modulates both neural and immune responses in vertebrates, but its
role in insect immunity remains uncertain. We report that hemocytes in the caterpillar,
Pieris rapae are able to synthesize S5-HT via TPH following activation by
lipopolysaccharide. The inhibition of TPH with either pharmacological blockade or
RNAi knock-down impaired hemocyte phagocytosis. Biochemical and functional
experiments showed that naive hemocytes primarily express 5-HT;p and 5-HT,p
receptors. The blockade of 5-HTp significantly reduced phagocytic ability, however
the blockade of 5-HT,p increased hemocyte phagocytosis. Silencing of 5-HT,g and
5-HT,s by RNAI generated similar results. We further found that the 5-HTp-null
Drosophila melanogaster mutant showed higher mortality than controls when infected
with bacteria, and this was assumed to be due to decreased phagocytotic ability. Flies
expressing 5-HT g or 5-HT,g RNAI in hemocytes also showed similar sensitivity to
infection. Combined, these data demonstrate that S-HT mediates hemocyte
phagocytosis through 5-HT,g and 5-HT,g receptors and serotonergic signaling
performs critical modulatory functions in immune systems of animals separated by

500 million years of evolution.
Key words: Pieris rapae, G protein-coupled receptor, 5-hydroxytryptamine

receptor, agonist, antagonist, Drosophila melanogaster, phagocytosis, hemocyte,

immune.
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F—X BRSBEBRRAZEHFRRLR
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5-%# % (5-hydroxytryptamine, 5-HT) & —f & H Bk, £ A% H 4+
EH—RESHF, ERARMRTRIEZNEEDTHALIE, WFWRM
% @ Caenorhabditis elegans W Z T &7, K&K 4w MNE R Aplysia
californica W1 B &, * W% % IT Homarus americanus B #H KT 4, "BLH ¥
MR . R &k A LIEE (Weiger, 1997) . 5-HT & 2 F 1946 4 # Erspamer
K 3., Erspamer NERB — M5 ¥ RFIKEN R, RA—FETH
# Kultschitzky 40 o fn 7 i & R R Fn R B F, B B0 K b 2 5 /N B
(enteramine) (Erspamer, 1946)., M./, Rapport % (1948) ¥ 3k FHF M )E
MR R E TR, A E B B A B MR, I & 4 7 & (serotonin).
% i J& # Erspamer f0 Asero (1952) #itfh¥ LS Z#E 4 5-HT. HLEkX, &
TSHTHEBRABHRTHNEEY, BABSWARET R =4ERW 5-HT, HAE
xR B 3t B B R ¥ Drosophila melanogaster ¥V 75 % % Apis mellifera #9554
MEN. AU, ERHRE GFHEF%, 2013) wwEab b, £65#H BRAYHR.

25-HT W4 Rfn4-#

FEXARE AR (tryptophan, Try) S-HTHW AWM & REKR, ECEARAZNE
(tryptophan hydroxylase) #71E fl T & & 5-# & & B (5-hydroxy tryptophan,
5-HTP) , R G £ 5-# € 88 it £ ¥ (aromatic L-amino acid decarboxylase, AADC)
HER T, BLAR%EAEKS-HT (Fitzpatrick, 1999) . &£ BREMEES-HT4 KT
BPwkEe, EERETECARZNBERNEE RS, WITPHAJTRH
(Coleman and Neckameyer, 2005) ., % /™% [H # 5= 4 & 8.8 £ LB £k A 40 7
W, 1BdTPHEEMEH R ¥ RiA, dTRHEBEE/HZH L P %A (Neckameyer et
al, 2007) . AADCE FAEME R G FH5-HTA 5 EEME TP HE KL, TR
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£ 55-HTH A& &, ©.55% B A K (Bowsher and Henry, 1986) .

EEHAM—LELHY, EEREAY. BLFELSWEA, 5S-HTH
NBEREHTE. BEAEKN, SSHTEEEN-Z B X #£ %8 (N-acetyltransferase,
NAT) B9fEF T 4 EN-Z 8t £ % B (N-acetyl serotonin, NAS) . HH X %kH, B
R LT ERNSYS-HTH £ E R # >~ 4 5-£5 % 2% (S-hydroxyindole
acetic acid, 5-HIAA) (Rubio et al., 1983; Squires et al., 2010) ., "BHLIW&E A,
5-HT% % # fx € /. Bafrb (monoamine oxidase forms a and b, MAOa and MAOb)
B PE R T 4 RS- 8 (5-hydroxyindole acetaldehyde, 5-HIAL) , % Z BE#% &
2 (aldehyde reductase 2, ALDH2) #9El T/ & S-HIAA (Squires ef al., 2010) .
BRENERAAER EF REEIMAO, BHAKNRTHFEMAOK £ R MK EL
FEFW. AFRARAR EHEHARNR D LKA MAOHTEH (Sloley, 2004) .
SHTE R 2N EGR MR LELL, HAHWAENSHTE -4 RBREE
E”4NAS., #E#H K (melatonin) . 5-F % E™ % ® (5-hydroxyindole
thiazolidine carboxylic acid) , XEHERN K E = £S5-L€ERK (5-HT sulfate)
(Squires ef al., 2006, 2007) . WMAEKAKYF, 5-FEHERK fy-4 2B £-2
# R (y-glutamyl-serotonin) & 5-HT 4 # # £ E 7 #7(Stuart et al., 2003; Stuart ef al.,
2004; Hatcher et al., 2008) .

Aapc

2
N

B

H11 BdS-HTA RS2 AWM B (#3 B Squires ef al., 2010; Watanabe ef al.,2011)
Fig 1.1 Major biosynthetic and catabolic pathways of 5-HT in insects (adapted from Squires et al.,

2010; Watanabe et al., 2011)
Tryptophan: & £8; TRH: £ % 8% £ . % Tryptophan hydroxylase; TPH: % £8- ¥ H &K Z 18

2
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Tryptophan- phenylalanine hydroxylase; 5-HTP: 5-# €, 4 Bk 5-Hydroxy tryptophan; AADC: 5-# & £ B it & B8
Aromatic L-amino acid decarboxylase; 5-HT: 5-3  jS-Hydroxytryptamine; NAT: N-Z B ¥ # # %
N-acetyltransferase; NAS: N-Z. 8% #2 € i N-acetylserotonin; 5-HIAA: 5-# 3| % Z. 8 5-Hydroxyindole acetic acid.

35-HT 4%

RRSHITER R G AWA AL ERBRARARNF &, SHIER £ F
W2 &4 (central nervous system, CNS) Fuét B B#Z RGP HA L. BHE
k¥, REWSHTHZE TR ¥ EWNE T, EREMHET (Lutz and Tyrer, 1988) .
VT AME Y (Helle et al., 1995) . # [E#% T (Settembrini and Villar, 2004) .
W25y (Nissel and Elekes, 1985) %34 HS-HTH A ., o HEE
Stomoxys calcitrans S-HTH 4 A H R LA, RE X5-HTH £ 7E W W RAE R R
HICNSHo fig j S 2 ¥ 458 £ I (Liu et al,, 2011) , Haselton% (2006)% % 7
5-HT# 7 ¥ T o Tabanus nigrovittatus#ICNSF 5 ff . Siju% (2008) KX #.S-HT
AT % B AP B Aedes aegyptity F R F S AN ERZ R G F, AT ENRENE
S fum A PRS- HTH AR B RFE,

SHTE R RN AH —EHN A, CNSHHRE, N4 hBiEEY,
LHS-HTE EA T, REHS-HTEELL2MA HR WMWK X (Taylor et al,
1992) . HBHEREA X TN B RBEHHE R G T WS-HTHE T #ATREE
L8, KA AN WET, KRB S T1004 (Vallés and White, 1988) .
FSHT#HEZHRBER B EANR P LY TI824NAS-HTHE T, HF—&
B4 # VallésF White (1988) ##, TERBETHE TMEHIHET. ERER
ok f R B Y, S-HT &R AB#HE TS BB E#E TH KR FHE N
KA ER A (Hamasaka and Nissel, 2006)

4 5-HT WE% &k

SHTERB 2R RAMEARRERNFFAMXESE, FERIHL
RELLEEHRE., XNMEEEERES-HTHZEES-HTE R R # N\ R
%A% (Rudnick, 2006) .

5-HT#iZ4k (serotonin transporter, SERT) . # B #EhfnEFE LR #
E B TR B Na mCI W E % 3 2R A K #% (Rudnick and Clark, 1993)

3
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R E KA 124N % B 4 #4938, (transmenbrace domain, TMD), F H & X353
EFama T HMFE N . Bt A (Ramamoorthy et al., 1993) . # B (Blakely et al.,
1991) . Ba%AH+ B NSERTFF| 447, HMATMD HIATMD IV [§
H—A KB KSR,

MNEB R B+ LR ASERTE B =& A F — M€ W & ¥ B4 154K (Corey et
al., 1994) , /& &DonlyfuCaveney (2005) A XB ¥ K ¥ B EERKTRF,
W T & # K ¥ Manduca quinquemaculata . B | E X ¥ Ostrinia nubilalis#n B 2
% ¥ & Leptinotarsa decemlineatatiSERT ., T [& i ko B A ¥ B sh 4 ¥ R s 12 1k
t, SERTHR 5 1 & %, £ £ 8 ¥ 5] [7] 8 14 66%~96%( Donly and Caveney, 2005).
Xt B R B SERTH o) B 2 AT &R (Corey et al., 1994; Demchyshyn et al., 1994) ,
TGRS RRBIFAYSERTARE, * A SR KA SR s
LA ER 5 . X E K B Manduca sexta ™ A& #4 3 1§ 5| B9 SERTH % % ¥
TMDI#TMD2Z ¥ £ 1 R A AR T F HER NS, ZE B R
* B A AR (Sandhu et al., 2002) . i# i 3% & K & Bombyx moritySERT, 3
SR 5T FEBEME AT RASERTARTIHLERARL SR T SLEAS
HrEEEERYE (Guetal,2006) . B# ki, BifxtE =ZSERTHHARL%,
TEETESNE. BREAMXRENIEKE 2.

B, o fu 3 2 4k PO SERT 4 8 4 34 44 S-HT 5 Na FoCl— B E A B2 4 J,
B EHKE B M. SHTHWERKE 5S-HTHARE k. BRNS-HTRE—F
BRERAK, F—FENERTHERNS-HTHER K. SERTEFEFS-HTE
EFERETEENER, BHS-HTAHMSER, HFES-HTEREARA,
M EAEK YK (Murphy ef al,,2004) . BRAXRBERBEY P BHERGHE
FHEERFHS-HTRESRA, YERUBEIAE, &RENLS-HTHLHRE,
KA RS-HTH & ik BE % 8 7 S-HTE R ¥ % 7| 89 78 (Borue et al., 2010)

5 5-HT i 4 B 3h i

AR S-HT ZGWEFAR —RERAE X, wHEIRE. RLE. T8
E.BRTHAN. ERE. KR4 HEEES (Jones and Blackburn, 2002) .
H# AW SERT EELEANEARETHRARRKEA. ££EH, sFHLBHN

4
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S-HT EX K #I (selective serotonin reuptake inhibitors, SSRIs) & & 77 #1 &f
B A KA 5%~10% (Baueretal.,2007) . B HR4&KN S-HT d ek & 1 h M4 #
FoHEARBRENEHREREEENAES G, AV EZEWNATHEH. S-HT
Wi S-HT s ZH AL BRREBR T4, SHTa EBHRBEANHHE T
PERE, RES-HTpWERLXBRENL FATRTALEXBHERES X
B F KR (Yuan et al., 2005) . 5-HT #8#% ¥ $k Periplaneta HI"E & IR ,
A S-HT EERRES T2 EEFEWER (Walz er al, 2006) . 5-HT
G4 AR B K 4T % Rhodnius prolixus B M %474, Bt 4R #
ERREI LW, EhREAEXONAKSE, BEROEX, 5IRAREWE
o, ANTITUEHE S RRE M (Orchard, 2006) . T H 5-HT B H X K
LR R prolixus LW cAMP fu Ca® Mk BB # & K€ W Na™fu K'# i
(Gioino et al. 2014), BX A E M EERERM T S-HTHWE &, RE¥HEET
MFFTH, FHBLREFFRYEN SHTHA B LR A AFNHR
(Dierick and Greenspan, 2007) . Alekseyenko & A 898t %X i % 3 & ¥ iy ¥
— st xt AR S-HT-PLP WA TAF AT HFRT X8k, HEEIRETLR
HERFITA, TRAREIHETLRBIFIATH. S-HT-PLP HETH
SHT A WETZEMER ., BiE SHTA BETLBEREBRITF LT H
(2014), Bubak % 3t3k X o IR Teleopsis dalmanni 85t %X &8, ¥ 5-HT
ARHR R R I KB ERA S-HT WA E, T S-HT S EdmEF 36
FoE, KBEHNLEEA (2014), EHBIREFMGEEEFRERH S-HT
ZEHERBWIENLRTREEWN/EA (Sitaraman e al, 2008) . P& i
Schistocerca gregaria B EF 8 EAT H 0% 5-HT F A4 WiA%E, B S-HT &
REHHA, URS-HT REHAFN P ERAG D E B ERABERW
FWHAI, SSHT RARSGRHJDEEEYELZNBRER (Anstey et al,
2009) . S-HT 842 KL X Locusta migratoria BEFYMEITH, H£BE
HEATKERES, RESHT S ESAIBE LA, 4B ER AT R HEL
5-HT #TEEEHEAMER, ERNMENBEA AT Y EHEAHH
5-HT, s B ER B X YK ERE (Guoeral, 2013), HF4b, Bk 4y
HE RNAISFH SSHTRES 5B BRBEHMWARER XA, S-HT &4
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HWEHPRTREEZWHMEA (Silvaeral,2014) . 5-HT BEHER B4
HHERGEM ALY E T HNAERSY, R—IBFTERLSHTHEIRAY
THWEH LK M E TG G % 58K 8 4 3 52 311 (Okusawa et al,
2014). BRARENFARLERI S-BERHETHRENAREHRELGEY
R A, MRS X # % W4 & (Shimada-Niwa and Niwa, 2014), H 3 B &

MEREASHTHEESBELE 1.1,

% 1.1 Batki S-HT #hshat
Table 1.1 Functions of 5-HT in insects

1} §¢ Function

B, s b % Insect species

%% X # References

B4 Feeding

R ¥& Phormia regina
4T X W ¥ Calliphora vicina

41 B % M Neobellieria bullata
& & Stomoxys calcitrans

g ¥ ¥ Camponotus mus
T 77 E % Apis mellifera
3% RAP Y Aedes aegypti

Haselton et al., 2009; Liscia et al., 2012

Trimmer, 1985
Dacks et al., 2003
Liuet al, 2011

Falibene et al., 2012
French et al., 2013
Kinney et al,, 2014

% 74 Reproduction

¥ Locusta migratoria
H B Tabanus sulcifrons

% W A Y% Periplaneta americana

BE S, S. calcitrans

Orchard and Lange, 1985; Lange, 2004
Cook and Meola, 1978

Bamji and Orchard, 1995

Liu et al., 2013

¥ 3] #4017 Learning and

memory

& M R $.Drosophila melanogaster

W 7 & & Apis mellifera

Sitaraman et al., 2008

Wright, 2011

™ ¥ Olfactory

Y8 & R ¥ Manduca sexta

Kloppenburg et al., 1999; Kloppenburg and Mercer, 2008

B ¥ 4 Circadian

& 3t B H Gryllus bimaculatus

Page, 1987; Tomioka et al., 1993

%.% K KL Immunity response

# ¥ &K ¥, Spodoptera exigua

Kim and Kim, 2010

i2 % Locomotor

RH R D. melanogaster

Neckameyer et al., 2007; Silva et al., 2014; Okusawa et al., 2014

#F3}+47 & Aggression

KM R D. melanogaster
ik K o RER ¥ Teleopsis dalmanni

Dierick and Greenspan, 2007; Alekseyenko ef al., 2014
Bubak et al. 2014

A & Heart rate

BR8] D. melanogaster
Rt T 4% 5 Anopheles gambiae

Dasari and Cooper, 2006; Majeed et al. 2013; Majeed et al., 2014
Hillyer et al. 2015

% & Development

E R D. melanogaster

Neckameyer, 2010

# E Gregarization

W #E ¥ Schistocerca gregaria
KL «¥ Locusta migratoria

Anstey et al., 2009
Guo et al., 2013
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6 5-HT %1k

SHTAERHAN R ELRWAEER, REFERALEZKZAW. BAl
AXRBHS-HTZR AR WBRRERN, BEEALZHAHSHTZEHARG
% G884k (G protein-coupled receptors, GPCR), XM Z*h 2B LM EH, &
TN R Ko

6.15-HT AWK

IMERF M FERAEEUNSHTZhEE, KPP M REF FARRE
(5-HTy), EABANXERBGPCR, REFFIFRE. XEWLF. RE_F
FEHERERURGERE R, $AEAHENGPCREWS-HTR ko H6A K.
5-HT, (5-HTiapper) 2 5-HTs (5-HTsa) ZHRBRGE G BB, ## M ACAMP
B A Ko 5-HT2 (5-HToamc) XHRGyu BB, BHNBAREHAE, ATE
M ACa> BF & . 5-HTy. 5-HTfu5-HT, % KEGBE, &2 M kcAMPH A &
(Hannon and Hoyer, 2008) . 5-HTs#J % — /& 5-HTsp £ A A T %0 5 3 gE ¢
o, BESMBRARGNA XL, HEAS5S-HTss# T #AEX 8 (Nelson,
2004) . LHEEFHYS-HTZ R EBRBEEAY —HEx, RECEZEIMN
ser-1, ser-4, ser-TX kLR EEANFEHFF MR, FWEHERKAG6
#GPCRE HS-HTZ k4% (Carre-Pierrat ef al., 2006) . BB £&EA TR
BS-HTX R EEAT % (%1.2) , ZEETS5-HT, S-HLAS-HT, XX H.
Bl BEREE DAESHS-HTZ 4 EIS-HT 1, 5-HTip (Saudou et al, 1992) ,
5-HTa4 (Colas et al,, 1995) , 5-HTos (Gasque et al., 2013) fu 5-HT; (Witz et al.,
1990), 4 5| B & FL5h #15-HT1a, 5-HT g , 5-HT2a, 5-HTopF05-HT7 % 1k ] #% (Blenau
and Thamm, 2011) .
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#*12 B SHT RAME. REFPHEEHER
Table 1.2 Functions, expression patterns and pharmacological properties of insect 5S-HT receptors
g -2 ¥ GenBank ¥ f 8 1K B KRR AR #ERA *ik X #k
Species Receptor *e Function Cellular response Expression pattern Agonists Antagonists 4R References
name GenBank (ECso or Kj) (ECsoor K> Cells
accession
number
E B £ H® S5-HTa 711489 K&HITH Aggressive B 1% B I cAMP3R MM T2t g #1425t Dihydroergocryptine  (1.1x107  Prazosin  (0.25x10° molL) > COS.7 Saudou et al., 1992,
Drosophilu behaviors; # K i Response  f Inhibition of Ventral unpaired median ~ mol/L) > serotonin (1.6x10" d-butaclamol (0.33x 10;5 mollL) > Yuan et al., 2006;
melanogaster to light; 1% ¥ BEHR [cAMP}; neurons mol/L) ) o> methysergide (1.4 IQS mol/L) > John§on et al., 2009;
Sleep-promoting: 1% M & % (i)-&-hydroxy-Z-(dxprop)flammo) l-bu_taclgmol (1.4x10° molL) > Rodriguez Moncalvo and
PP B; (8-OH-DPAT) (4.3x10°mollL)  yohimbine (1.8x10° mol/L) Campos, 2009; Luo ef al.,
440 Regulating 2012
Insulin-producing cells;
5-HT Z11490 B H ¥ # Circadian B 1K I cAMP3K 4 o M W42 ¥ Larval Dihydroergocryptine  (3.8x10°  d-Butaclamol (0.64x107 mol/L) > COS-7 Saudou ef al., 1992,
entrainment J Inhibition of ventral ganglion mol/L) > serotonin (2.1x10° prazosin (0.18x10° moll) > Yuan et al., 2005
{cAMP}; mol/L) > 8-OH-DPAT (2.7x10° methysergide (0.72x 10 mollL) >
mol/L) yohimbine (9.8x10° mollL) >
I-butaclamol (3.0x10° mol/L)
5-HTaa X81835 84 # K 4T & Modulate R BHEACTKE SRR HRE Serotonin > Ritanserin > pizotifen > COS-1 Colas ef al., 1995;
aggressive behaviors, & &  Stimulation of [Ca®*]  Coexpression with dihydroergocryptine > methiothepin =Ameth)l'sergide > thaerlinger et al., 2007,
B Cuticular formation; & % pair-rule gene fi= in 8-OH-DPAT yohimbine > mianserin Nichols, 2007,
# # Circadian behaviors embryo Johnson et al., 2009
5-HT»g KC852205 - RERACTARE - Serotonin (2.93 x107 mol/L) Metitepine HEK 293T Gasque ef al., 2013
Stimulation of {Ca®*]
S-HT; M55533 k184X & Courtship and £ ® MR cAMPHK R B sk #Adult head; 47 Serotonin  (1.6x 10° mol/L) > d-Butaclamol (0.32x107 mol/L) > Sf9,NIH3T3 Witz et al., 1990;
mating % Stimulation of = M#Z% Larval 8-OH-DPAT (1.06x10™* mol/L) methysergide (1.2x10° molL) > Saudou ef al., 1992;
[cAMP]; ventral ganglion prazosin  (9.8x10° moll) > Obosi et al., 1996;
I-butaclamol (3.1x10° Becnel et al., 2011
mol/lL)  >yohimbine  (3.2x10°
mol/L)
B 5 &M Apis S-HT, AMO76717 - 1# B A cAMPK W B EMET Serotonin (1.06x10°mol/L ) > Methiothepin (1.305 x10” mol/L) > HEK 293 Schlenstedt ez al., 2006
mellifera J Stimulation of Intrinsic mushroom body 5-cm;boxamidotryptamine 243 WAY100635
[cAMP]; neurons; /MRl &E *10” mol/L) > AS 19>
Peripheral organs 8-OH-DPAT
5-HT)a FN645449 # %47 ¥ Phototactic [ 1 B8 A cCAMPR &iCentral brain; A ®  Serotonin (1.69x10™ mol/L) > Prazosin  (1.5x10° molL) > HEK 293 Thamm er al., 2010
behavior J Inhibition of A | lobes; #.=F 5-cal;boxamidotryptamine (7.005 WAY100635 (4.8x 10:' molL) >
; ; . R 24 x10” moV/L) > methiothepin (1.06x10 mol/L)
[cAMF) %Psn:bl::;;sh az:l—#% 5-methoxytryptamine (3.630x10

ganglion; M #% %

Ventral nerve cord

mol/L)
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5-HT>a FR727107 RERACRE AR % £ % CNS; "8 Serotonin (7x10™ mol/L) > SB200646 =  mianserin > HEK 293 Thamm ef al., 2013
Stimulation of T Bt Hypopharyngeal S-methoxytryptamine (7.0x10  cyproheptadine >
timulation of [C2™];  Glands; "B MSalivary ~ MoVL)>  8-OH-DPAT hiothepin > P >
glands; B K% (5.59x10™ mol/L) methysergide
Malpighian tubules
5-HTzp FR727108 # BB 1 Ca IR X WE R HKCNS; #  Serotonin (3.25%10 mol/L) > Cyproheptadine > | in > HEK 293 Thamm e al., 2013
Stimulation of [Ca®"] T M Hypopharyngeal S-methoxytryptamine (6.04x10® mianserin > clozapine
i Glands, & # MSalivary ~ MOVL) > 8-OH-DPAT
glands; % K4 (5.615x107" mol/L)
Malpighian tubules
% 3 2 % & S5-HTia AB618098 - fifi The central brain, "§ - - - ‘Watanabe et al., 2011
Gryllus TREY
bimuculatus Suboesophageal
ganglion, ¥, Testicle;
59 & Ovary, H K%
Malpighian tubule
5-HTs AB61809% - & The central brain; "# - - - Watanabe et al., 2011
THEY
Suboesophageal
ganglion, ¥ 7, Testicle;
5P Ovary
5-HT;a AB618100 - g % B% Salivary gland - - - Watanabe et al., 2011
5-HT; AB618101 - % 3 1§ Salivary - - Watanabe er al., 2011
gland;  HMidgut;
5 &, & Malpighian
tubule
W ¥ X #® S5HTa DQ840515 B B W CAMP & fi i Antennac; 0B Serotonin  (2.95x10° mol/lL), Methysergide, HEK 293, Dacks et al., 2006,
Manduca sexta ¥ Inhibition of #% ¥ Thoracic and S-methoxytryptamine, ) WAY-100635 Dacks et al., 2013
[cAMP]; abdominal ganglia 2-methyl-5-hydroxytryptamine
5-HT DQ84051 e K H A cAMP K A% Antennae; 170 i Serotonin  (5.70x10® mollL), WAY-100635, methiothepin HEK 293 Dacks et al., 2006, 2013
& Inhibition of 7% ¥ Thoracic and S-methoxytryptamine
[cAMP}; abdominal ganglia
5-HT, 1X891652 £ % M M Calt & fkfAntennae Serotonin (2.54x10° mol/L) HEK 293 Dacks et al., 2013
Stimulation of
[Ca®T;
S-HT; 1X878498 1 % M A cAMPR At 4 Antennae Serotonin (1.05x10™® mol/L), Methysergide HEK 293 Dacks et al., 2013
J Stimulation of
[cAMP];
% R 7 ¥ dedes  SHT, AF296125 2 % M A cAMPK 5 [ %Malpighian Serotonin(3.95x10®  molL) > CHO-K1 Pietrantonio e/ al., 2001;

aegypli

J Stimulation of
[cAMP};

Tubules, A4 4
Tracheolar cells

5-carboxamidotryptamine
8-OH-DPAT > pimozide

Lee and Pietrantonio, 2003
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K & Bombyx S-HT, X95604 - - - - - - Von Nickisch-Rosenegk ez al.
mori 1996
W ¥ & #® S-HTa X95605 - - - - - - Von Nickisch-Rosenegk er al.
Heliothis 1996
virescens
£ M K % S5-HT, CAX65666.1 - & 1% e /9 cAMP 3k A% Brain; &% i% S in > 5-methoxytryp WAY 100635 > methiothepin HEK 293 Troppmann ef al., 2010
Periplaneta J Inhibition of Salivary glands;, % %
americana [cAMP}; Midgut
S % W 8 S-HTaw HE657271, - RHMMACI KK MBrain; "E& K Serotonin (2.4x10* mollL) > Mianserin (7.3x107 molL) > HEK 293 Roser et al., 2012
Calliphora HE856266 Stimulation of Salivary glands S-methoxytryptamine ~ (6.7x10°  methiothepin (1.2x10° mollL) >
vicina [ca™], mol/L) > cyproheptadine (1.6x10° molL) >
5-carboxamidotryptamine yohimbine (2.9x10° mollL) >
(5.1x10° mol/L) > 8-OH-DPAT  ketanserin (1.4x10° molLl) >
(6.2x10°° mol/L) clozapine (1.5x10° molL) >
Cinanserin (3.0x10* mol/L)
5-HT, HE657272 - & ¥ B M cAMPR% fiBrain; % R(+)-lisuride (2.0x10” mol/L) > SB-269970 (9.0x10° molL) > HEK 293 Roser et al., 2012
B Stimulation of Salivary glands; 7}l  serotonin (4.0x710'” mollL) > AS  mianserin  (6.7x10% molL) >
[cAMP]; Flight muscles; S & 19 (G0x10°  moll) > cyproheptadine (7‘3110{ mollL) >
Malpighian tubules S-carb X dotryp . lo (8'0x10_7 moll) >
(4.3x10” mol/L) > methysergide spiperone (2.8x10 mollL) >
(7.7x107 mol/L) > cinanserin  (4.0x107mollL ) >
5-Methoxytryptamine  (9.5x10”7  ketanserin  (1.5<10° mollL) >
mol/L) > 8-OH-DPAT (7.9x10°  phentolamine (1.5x10-mol/L)
mol/L)
FULE 5-HT, KC196076 & (&0 W cAMPR H& Brain; #."Optic S-HT (9.5x10°  Prazosin  (1.39x107 molL) > CHO-WTAl Vleugels et al., 2013
Tribolium J Inhibition of lobes; H 1 Gut molL) >am-5-HT (1.074x10?  methiothepin (1.638x10 mollL) > 1
castaneum [cAMP]; mol/L) > 5-  methysergide (3.397x107 molL) >
carboxamidotryptamine butaclamol (2.041x10" mol/L) >
(2472x10%  molL) > 5- SB-269970 (2.054x10" mol/L)
methoxytryptamine  (9.184x10
mol/L) > 8-OH-DPAT (5.51x10™
mol/L)
5-HT, XM _ 961484 1% # A cAMPIK & Brain; 7+ Optic 5-HT (2.73x10°  Ketanserin (1.95x10" mol/L) CHO-WTALI Vleugels et al., 2014
& Stimulation of  lobes; % 7 % % mol/Ly>am-5-HT(5.19x10° Methysergide (6.98x107 mol/L) 1
[cAMP); Reproductive system; i mol/L) ) > 5-  Methiothepin (7,91><10'23 mol/L)
# Gut carboxamidotryptamine Butaclamol (1.365x10™ mol/L)

(2.228x107 mol/L) >
5-methoxytryptamine (3.028x10?
mol/L) > 8-OH-DPAT
(3.875x10 mol/L)

Prazosin  (1.482x102 mol/L)
SB-269970 (1.582x10 mol/L)
Yohimbine (3.255x107 mol/L)
WAY-100635 (7.680x 10 mol/L)

VVVVVVYV
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HE SHTRA - - - F%Brain - - - Wang et al., 2013
Antheraea pernyi
SHTRp #H Diapause - F#iBrain - - - Wang ef al,, 2013
W% i1 H & 5-HTzp REMACT K E 5 K% Malpighian 5-HT(ECsp= 201 nM); propranolol, spiperone, ketanserin, CHO-K1 Paluzzi ef al., 2015
Rhodnius Stimulation of tubules; *&# fi§Salivary ~ alpha-methyl serotonin (ECso =  mianserin, and cyproheptadine
prolixus [Ca™), glands, PRAERE 32uM)

CNS; ¥i}f Foregut, /&
# Hindgut, ¥ {1 %

dorsal vessel

ECso: B3 %E Median effective concentration; K;: #/ %1% 3 Inhibition constant; COS-7: & F CV-1(simian) E &% SV40 & 154 % # % K Cell being CV-1 (simian) in origin, and
carrying the SV40 genetic material; NIH-3T3: /MR EH R A & 40 f0 & NIH 3T3 cells are established from a NIH Swiss mouse embryo; sf9: ¥} % % ¥ Spodoptera frugiperda; CHO cell:

% E & R4 M Chinese hamster ovary cell; HEK-293 cell: A Bt ¥ 40/ Human embryonic kidney.
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73 Hv5-HT)

GbS-HT:s | 5-HT (cAMP })

s

— S_HT; (cCAMP 1)

DmS-HTm S_HT, (Ca® 1)
52 Hs5-HT2a

1.2 FEPHS-HTZEHREER TN

Fig 1.2 Phylogenetic tree of 5-HT receptors from different species
B, epierB8aiRikEd. BEHARES YA LK. The black, green and blue letters represent
insect, vertebrate and mollusc species, respectively. S-HT % &k % # X GenBank % %% The origin of 5-HT
receptors and their GenBank accession numbers: [ th 383X dedes aegypti (AaS-HT;: AG49292), TH 45 E %
Apis mellifera  ( Am5-HT;: NP_001164579; Am5-HT,: NP_001071289); X & Bombyx mori (BmS5-HT\:
NP_001037502); 2 B £ ¥ Drosophila melanogaster (Dm5-HT;,: CAA77570; Dm5-HT,5: CAA77571;
DmS5-HT25: AAF52113; DmS-HT,s: NP_649806; DmS-HT;: AAF57104; DmFR: AAF47700); #% 3t 2 #% i
Gryllus bimaculatus (GbS-HT,,: BAJ83479; GbS5-HT,p: BAJ83480; GbS-HT,: BAJ83482); ¥ 3 & ¥ Heliothis
virescens (Hv5-HT;: CAA64863); A Homo sapiens (Hs5-HT,,: CAH03197; Hs5-HT,5: EAW48722; Hs5-HT,4:
AAM21129; Hs5-HT,s: AAB31827; Hs5-HT,: NP_000861; Hs5-HTs,x: AAM21132; Hs 5-HT,: AAH74996;
Hs5-HT;: BAG70296); M ¥ & Manduca sexta (Ms5-HT,,: ABI33827; MsS5-HT,g: ABI33826); #3418 5248
Lymnaea stagnalis (Ls5-HT,: AAC16969); %8 4 Planorbella trivolvis (PtS-HT;: AAQ95277; Pt5-HTj:
AAQ84306)

6.25-HT RANETHIRR

GPCRESH# BRI B THERFERGPCREKEE LI REMAFE _GH
WERBE, REESY—F, BESHTXARMEE, RELBRNGE AW
TH, 2EERATRFRAMPHCS RENHE, ATSIRFEAMTENES

12



HLAFEEFARX F-F B REBRIANHARAR

#%#%% (H1.3) (Blenau and Baumann, 2001; Tierney, 2001) .

—HRBLEHERARBRERAMPR ERE . k443G ESE
(stimulatory G protein ) b, B HMIEWG T X 2B FE LR H8RIFAAE
(adenylyl cyclase, AC) K& RN, SR ZAABHFHRE, EATPELA
cAMP, cAMP ¥ & B 7+ B 4 8 7E 1k BicAMPH & 1 # 5 A& 7% £ (protein kinase A,
PKA) . PKARES ¥ KU THANLERPAERFERNY, X8R AHEHHE
FEE. BRITEXEETHENE FEEUR— L% X H FHCREB, CREM,#
ATF-1 (De Cesare et al., 1999) . 5-HTZ kW ab W HIACH B, S-HTZ KR
#%%& & (inhibitory G proteins, Gi) % &, ACREKENGE XL/, H2RHK
TEHG I XFE ML S, NTHFWMACHTEH (Katada et al., 1986; Stryer and
Bourne, 1986) .

F—HEBLEHMACT RERE. ZhELEGLREXEE L
(Gudermann et al., 1996, 1997) , WA EWNG T X E A KB H ¥ C
(phospholipase C, PLC) ## 5 %7 (Rhee and Bae, 1997) , PLCEE4#
KM EE S R — % BB AL 8 — 8 B ( phosphatidylinositol 4,
5-bisphosphate) , ~4& WM ¥ _f5# I Z 8% HL% (inositol triphosphate, IP3)
Fo Z B X H b ( diacylglycerol, DAG ). IP;E I #HA LA TARNE LE M
IP3% 4k b, NTIHEC BETF, Ca'BRBMMFA+. & FPLCARFHC™
W=, LB TDAGH £, AR ZAKKGqoZ BB T #iE%hCa Bk
BZHHF—FETRE. 5P, DAGRYHEE L HE G#™C (protein
kinase C, PKC) . PKCA2 B &t % B4 Ca” FIDAGH # 7 LA B M6 15 BE 8 11
fE. 5PKA—#, PKCRE#ERF R OML AR A EARKRERBRL, NTERE
REEEW . 82, GPCREEE, KEF - BEFAHRAESERRA,
TEWHENESEBETRER - MR FRRRE, REX NN T AR EBRNE
Bl R B A o X b SR IBE KRB PR A VT RE T B LR BB A K BB, TR
T =G AR 8 % E 6 X4, (Blenau and Baumann, 2001) .



HILTAFEEFMRX F—% BRS-RERRTANARAR

Extracellular

ATP cAMP

@/

Intracellular

F13 BRS-HITZABREARRER P ZRRNE/ LB E S/ ERE (B%E
Blenau and Baumann, 2001)
Fig 1.3 Insect 5-HT receptors coupled to intracellular cAMP and IP3 /DAG signaling pathways

(adapted from Blenau and Baumann, 2001)

AC: B HERILBE Adenylyl cyclase; ATP: =@ MR ¥ Adenosine triphosphate; cAMP: ¥R ## Cyclic
adenosine monophosphate; ER: ™ i ™ Endoplasmic reticulum; DAG: — Bt % ## Diacylglycerol; GPCR: 5-
# €. GE B 188 % 4k5-HT G protein coupled receptor; G;: # 7& ¥ G& ¥ Stimulatory G protein; G;: ##|#G
%& ¥ Inhibitory G proteins; Ggo: Gy, XGE & G proteins of the Gy, family; IPy: =88 L ® Inositol 1, 4,
5-trisphosphate; IP;-R: = 8% Bk L B 18 Bk % fkInositol 1, 4, S-trisphosphate coupled receptor; PKA: & & ¥ B A
Protein kinase A; PLC: # f§®C Phospholipase C; PKC: & & #®C Protein kinase C. ¥ Z e #L %22
SHTZABHGEANGSRIRE,; UENLATRS-HIZABHRGEONRE SRR, BafLn
BRSHTZRBHGy, E AW 54 F&%E. The black arrow represents the signaling pathway of 5-HT
receptors coupling to G; protein, the red arrow represents the signaling pathway of 5-HT receptors coupling to G;
protein, and the blue arrow represents the signaling pathway of 5-HT receptors coupling to Gy, protein.

6.35-HT kN E ¥4 K

ERAASHTR NG EX¥ M RRELGHARME, FFE&ZHES-HT
RRLEEFUFROLFEAERARE. FlImWAY1006352 % M A% Periplaneta
americana 5-HT,% th 8 K [ # 517 (Troppmann et al., 2010) , ERZE A £ %8
BWILAWS-HTAX AR F, WAY100635%8 & 1F 4 R HH (Martel e al,
2007) , REXLIEHTIEA R E#ZF (Cosi and Koek, 2000) . Methiothepin
A E LS HS5-HT % 4k 89 K 15 % 31 7 (McLoughlin and Strange, 2000; Martel e al.,
2007) , EREERMARS-HT Z B FURERF, ¥REHAS-HTRR G#

FIWAY 1006357t 5-HT % th 9 # 5/ % . (Troppmann et al., 2010) . 8-OH-DPAT
14



LA ¥ ¥R X % BR5-BERRATARNFRGLR

EEILFHS-HT A B # 5 A (Hjorth and Magnusson, 1988) , JER#A R KA
T AS-HT, 8 — E B S % R (Sprouse et al., 2004) , ERZBFFAARE &
SHT B BA, ©XHL B HS5-HT s, 5-HTp, 5-HToa, 5-HTpH
5-HT739 8 %512 & (Saudou ef al., 1992; Réser et al., 2012; Thamm et al., 2013) ,
{8 7% % M A Yk S-HT % & 5 B % 5h % & (Troppmann et al., 2010) . "8 I3 475-HT,
% E MR AISB 269970 (Hagan et al., 2000) , *t ¥ ¥ Calliphora vicina 5-HT7%
KA RBE BTN (Roser ef al., 2012, Vieugels et al., 2014) , {E &3 Kl 4 &
Tribolium castaneum 5-HT;% & FR MR FH (Vleugels et al.,2014) (£2) . B
WASHTS AN EFURHAXRTELTEEBRRBATE A EL L. R2FF W
TEWRER P EBERNS-HT RN — LA ERAN, AFTUESE, T
ARERSGRABE¥UFEELZR, TEEEANSHTX AL BRI ALE
5- carboxamidotryptamine, 8-OH-DPAT#15-methoxytryptamine %, 3 #&HEHH#F
HA = E A MethysergidefuMethiothepin % . T [ B & 5-HT % (kI 5S-HTH &
AU, W& AR % EAMS-HT A HS-HTHECsE £16.9 nmol/L, 53}
HE R RESN, BHEREDmS-HT A% DmS-HTip4 A 4307718 nmol/L
(Saudou et al., 1992) , 18 & % #| A % #7Pea5-HT, 4 130 nmol/L (Troppmann et al.,
20100 . BREWAERAHXMSHIZRA LHKRY, EETEXAS-HTZ A%
Ttk B U o R BT AE i Bt R A AR

6.4 5-HT ki zh fk

SHTH Y EERBIATARLIAN, HBHS-HTREXKELEMTH
THBNTREIERREHEYIR, ERMEREF ) FANFRAHT
By, BELEERSRARSHIRAZ RN AR XRRE L, WL K
Aedes aegyptiti5-HT, Z R T EAHAEBHEMEH T RE, SHTAFRT
BERTER, ARAEAREESY, SSHT, LR T B B E X S-HTHE H K
K (Pietrantonio ef al., 2001) . W7 E#5-HTH 57 # AT 4, H5-HT, X
RERTSE5ARERAL BN MAT R, A LB KA HE Y ZRIEHS-HT A
MELEEARNATHERANTE, KAEEREKFRAT AT EIEAS-HT A
2 E5RYEENAHRELLE (Thamm et al.,2010) . B FES-HT 25 5@ E

15



FOLA¥REFMRX F-F B REBRRIENARSR

REREAE, B3 ERREINS-HTREARE & (d5-HT14, d5-HTp, d5-HT24)
EEBRE BTN, RHIS-HT), REAKE R BERAK, IALT U@
IE K o 30 B B AR ALK IAS-HT AT 3 2 4h K . T dS-HT pFodS-HToa % REE £ £
BRERE YW, BIABFREFNTEAYMSHTNRLE, BR&EFAE
AR EHER (Yuanetal,2006) . ZRS-HT g A3 5 HERBER, EEW
HEARFNRBS-HT s X R EEB KT # (Yuaneral., 2005) . [ #i# it 3%
¥ A B W A ik, A 4 i 8 4 S-HT % 4k # 4 fl metitepine Xt & J £ 485
fr5-HT % K KA K (d5-HT14, d5-HTip, d5-HT»4, d5-HT:p, d5-HT;) B£&
BB 4T, & I 5-HT24 % metitepinedf #l B & — F EW % K (Gasque et
al, 2013) . BERES-HT(wFS-HTpZ 5 514 N R EHEHRA
(Majeed etal.,2014) . 5-HT, X2 S REAT CEBHERKERLEL, &
BRTCEEMGFAE, YERHMNS-HTEEF 2L, ERS-HT, K&
EAEABBIIR S LA, ZEERRIRS. ARFARESHTL,ZH 2
WEERAFLENUEN CEHEABRER (Guoeral, 2013). EFFFAHE
d, BERGSHTRAZ AW BERFTFRORES (£1.2). RAWTE,
RABEFERERANNFR.

7 ANEREE

S-HT RE 2B F RN ER LT —HEEAREETHTY. TR
SHT B SRF A AWM EREHRA S-HT ZHRE L) TR EEER T #, U
R e CNS F A . SIS — 4, F B 89 S-HT %KW ¥ B =K A 5-HT
HRA, AR REAER E ke 5S-HT %442 GPCR X8, Bhf gz
SRR, THUREBER RS, AR ELLRE b RETELAER
FRAKXEDBRFHIE, ATTTURE, GRS KEAKET # CNS ¥ 5-HT
W38 (Becnel er al, 2011) . fER, HXREREA S-HT RAZARHARLTEZ
T, ANEF AR UBRANER, HEARWBEEREEL S, ARX
&M AKXES-HT, BE&AS-HT WRARE2EMEN.

M EREAS-HTZHRARY F —NEXETAFRGHFR A, BAALFER
WREGHRERWEIEFR, ERHENIRAFRT —EXTRENFM, 0F
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=W, Bk, FRFNERATANREANEELE. SHTELHEAY
WERNERBEHFTRETEENER, REIWSHIXKREZATAYFH T K
Wk, AEEE, BT AFEME =—R_% {1 F & 5 Haemonchus contortusth A
JOHE R B S-HT X4k 5, EUMZARES-HTHER A #AENK, T HS-HTa
W—RBFAREL- [ (4 -BEFE)TE] 4-[3- (ZAFE)LE]K%E (PAPP,
1-[(4-aminophenyl)ethyl]-4-[ 3-(trifluoromethyl)phenyl]piperazine) ¥ iX 4™ 5% & 19 3%
PAREG. EATM XA EWTT R — R EA. B IPAPPAT A Y
BRI, &R A AR, KIE AN]R8 I # K & Pseudaletia separata B14E K Fu 4 &
WEH, INEREMARTS-HTZEREAFRGERNT % (Cai e al,
2009) , BEXFEH#—FWH K. ki, AWS-HT;z (Wang et al., 2013) F25-HTop
(Wacker et al.,, 2013) ZEMBELEHEA RS, ZTUFRGRNERANTR
S-HTX K Z R SR, AT AR RRITFFLREANERET £,

BRI MEAE LT 134 GPCRE & ¥ 5-HT % 4k (Blenau and Baumann,
2001), M HA B R B TR RAASH, Frll Rk B HS-HTHH R TR S Z A THZ
BHRIAURZRFTHEH TR, XETAEBRHS-HIZ KRG EFRRFEEF,
R E RS HTZhH L BN, TAEERENTENEWELFER AR
A—NE S8 B A



HLA¥EELFERX FoE-REBALRRETHER

X SEHRERELRRAFNEA
15w

5-R6K S-HT) FTRE-—HEANHEER, CETUETFRAZEE
PSR EEHSPRIEEERA. B 1984 4 SHT RA SR AT REEX
# 4% W LAk (Slauson et al., 1984), 5-HT ZRZ RS+ E R A3 RANIKE.
Nk —EARKASHT TEBRE AR R ELRER LWZAR, AY k%
ich:oRork N

25-HT f¥ s &k R 5

2.1 5-HT 4% 4R H A R Fo ok

fu /MR B9 55 B 4 B B A R BYS-HT. B4h, sl shs (REEA) W
HE A 40 i 4, 66 4% % o Fn A& BS-HT.. Kushnir-Sukhov# (2007) #7525 & B8 A B4 AR
A LA VB4 ES-HTA K BTPHI (tryptophan hydroxylase 1) ¥y & ik, {HiX
RELBHSHTHAEARE M AEE . A & & ¥Fmastocytosisi A B4 i1 F
5-HT# 4 & ¥ % (Kushnir-Sukhov et al., 2008). mastocytosisiF A I iF % A I,
EABMBEAEE W, IRKALABHTEFEKTS5-HTE 28 A & . O’Connell
% (2006) H9# KK /NE#ZRHHDCs (dendritic cells) F&ikS-HT#E 4
SERT(serotonin transporter), {82 71 &iATPHIA"TPH2. DCs# # & 41 tt. tnLPSFo
anti-CD40&F 4% {2 # SERT# & 15, FBFS-HTH £ ER M8 £ EENBATBHY &
EMEK, HRBFENDCsE B FS5-HTH T £ & #S5-HT.

5DCs—#, Bk E 40 K4 % 7E /5SERTH & 5 & B # 7 (Meredith ez al,
2005). TAEKEERA T RKEBY M+ JLF £ A A ZISERT, EH L5 HFER
MBAM FSERTE MR LR EL AR AT, HBEIRENWE, 2HBAREEY
Tt BB AR E] T % AP RISERTHY & 15, SERTHY & 1k IR % K 40 M0 89 4 K &R IE
H%. SHTETHEHMEE LA &, $HHS-HTAEDCsHBA KRN Z 448
3 B% #(Leon-Ponte et al., 2007; O'Connell, 2006). RAAISMEMTH Kt XAV &
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HIAFREFARX FoFSREBRELRRETHHEA

TPH-1 (R%&3IATPH-2) , {ERBIE6/NET T4 I A TPH-180 % X & 2 7 &304,
5-HTH 4 & & 3 Jn 54 (Leon-Ponte et al., 2007). & EBH R, RETHMTUEE
# B 5-HT(O'Connell, 2006), 18 5 £k # 1 21 T4 fi L & SERTHY % 1% (Leon-Ponte et
al., 2007). S-HTETHM LWER TR BIAS-HIARER AN S EREE
DAT (dopamine transporter) SEHLHY,

HF R KX I B % 4 i b & A TPH-1(Nakamura et al., 2008), E2 XA
EEWBETHAESHAET LA RS-HT, SHTEAR AR LHAK, BEUR
S-HTZ kB NE 2.1,

& 21SHTEAZHH LB A&, BEURS-HTRERERR
Table 2.1 Summary of 5-HT synthesis, 5-HT transport and 5-HT receptor subtypes in
different immune cells.

el Rl S-HT# AR | SHTH#HE | SHTRERAKRR D& EEP.
Cell function 5-HT 5-HT transport | 5-HT receptors and signaling Reference
synthesis

KRAE . . ¥ =
kX320 #L9 4  Antiparasitic, 5-HTza Bochme et al., 2008
Eosinophil 1% # Antiviral, # 16 1F i Chemotaxis

4 3 UK Secretory

granules
REA %M % 4 = Antiparasitic, | TPH-1 SERT S-HTia Kushnir-Sukhov et a/., 2006
Mast cell 4+ B A Secretory # 1tk | Chemotaxis

granules
BARGHR BREEEY SERT - Evans et al., 2008
Natural killer cell | Innately cytotoxic WA AR

Increase cytolytic function

B4 %% Phagocytotic, #1/& | TPH-1 5-HT)a 3% %% 1F Fl Phagocytosis; | Mikulski er al,, 2010;
Macrophage 2 i# Antigen presentation 5-HTac, #11F HlChemotaxis Nakamura et al., 2008
LESES S REZRBAHETER SERT 5-HTug, 5-HTig, 5-HTop#b L 16 7 Idzko et al., 2004;
Dendritic cell Antigen presentation to Chemotaxis; 5-HT4,5-HT/% %% 41 Mueller et al., 2009;

naive T cells #BAEF L6 O'Connell, 2006
wmERxE 2000000 e i . .
T#H BEAN T RE TPH-1 5-HT;, 5-HTyp, S-HT:A R # T4 | Inoue ef al., 2011; Leon-Ponte et al., 2007;
T cell Cell mediated immunity FE Proliferation Nakamura et al., 2008; O'Connell, 2006;

Yin et al,, 2006

B4 4 A Secrete SERT 5-HT; 3 B¢ & founknown; Ek et al., 2002; Klein et al., 2003;
B cell antibodies SSRIs # T Apoptosis Meredith et al., 2005; Rinaldi et al., 2010




LK FE LA 3 FoE R S-ROEREMKREDHEA

2.2 5-HT f X &%

KIRZ T5-HTA 5% K % %8 — 29 % . Kushnir- Sukhov¥ (2006) #1#t
REFASHTHBF S L RAANEAERHHMEERYE, T25REAS
MR AR AR FRREFNTERASHTAER LSBT RT XBHN
R, TES-HTHSFFREABRELARER, NARKESS-HT, HLRER
RBESHEABRNRE, TS-HT R REHF LK.

E]#, Boehme% (2008) WiBf X X HAS-HTR MU AN #MEF, &
FHE RN TERAERERE ARG RN, WS-HTRSRAERELHRHR
&, A¥RERNERDKS-HTH E S LR H ERNE . Boechme% AR
BERBTRTSHIESRER AR IBRREINFR L ET EEER., HAEEH
REAZL R T EZS-HLARE.

ENmp R EEN TR A F %, Nakamura® (2008) ##F % X HS-HT
AL IRESARAERS, SHTAREEMEA., H4, Mikulski (2010)
% RA MR E S M RIAS-HT o k.

BRRGARR—FERAZENR, RAEZWHREBER. Evans¥
(2008) & B 1% £ 4 5- % € Bk 7 3% 330 %) 7 (selective serotonin reuptake inhibitors,
SSRIs) EE4 M ERRGEMAERNKBEMMEM. H#H, Hemandez% (2010)
Wi AKEEEASSRIZH B R R T HMMN ALY, R, KPWESH
BHBEMTHEE.

WRRHHE (DCs) REFBHFEREMMN, AEFFFHEWETH R
Ao —HHAKREETS-HTADCsI B 1A . 1dzko% (2004) #R T AEH
41 IR M DCs £ & 34 % M S-HT R 4K o K sk M DCsZEmRNAK ¥ % 35 5-HT ), 5-HT g,
5-HTp, T A #DCskik5-HT,#25-HT;,

23 5-HT fek A 4%

J204% %, SHTH AN R —HTHER B E. FHOF T KAS-HTRS R
TR, HEETHEY FHIEHATS-HT 48 (@M ER . Leon-Ponte
(2007) *ATEFRER /DR ETHER FS-HTRABHELERT 2 TN AR
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BT K F 22008 3 FoE Bl Ss-BOBEREREPHER

FAMBTHEEEE U W RAS-HT, XK. BAWBTHERAS-HT iz BImRNAK
R, EREEZGATFARMETS-HT, XK THEH#KE G, S-HT;.5-HT|pF15-HT,4
HWmRNARA &4 b, H T HRSHL,EMSBTEARESHS TR EER. 4
% A 5-HT,i% & ¥ £ F1 7 SB 269970 (10-100 nM) 46 31 £ % 24 7 &k 5% 2 LW 5-HT %
5 WERKH #7E T kBaty Bk BR ., T7S-HT pfh it M £ HU A SB 216641 (100 nM)
BREHE. H, SHT, ZHRA B RAS- 198G K ETHM & T5-HTA R LT
RERWHARERIAK. Bk, SHTED ZTH K L BIS-HT, X AATHE B 280
SHERER.

BH — BB RALHAS-HT 1pF5-HTaE MENTH M L& R3&. Yin% (2006)
AW R EAS-HT p B & A HICDA B TH B 7 . Inoue® (2011) A
B9 Bt 55 W E BR 5-HTo % 5 7 8% 4% 3 5% Concavalin- AN TH B B ER A, T
5-HToa 3% 0 77 68 4 FH o7 T 20 B 5% 1K 8 #5 B9 & A~ % 2 A interferon-gamma 89 & 7= .
Akiyoshi% (2006) W4 R4 &k HAS-HT W ERA S B PNRCEBENERE

H—BHEEHAS-HTE 5B K EBA R4 KIE T 1£H . SERTE 19904 + Hi#
A H. Serafeim¥F (2002) EEAS-HTH ER KR A B EMKEE (BL) HHH
BT . HFRSERTE 2R FE XN R . Hernandez% (2010) & I A K #1 I A SSRIs
A EARABARKERI0%ESL., SHTT USRS AR ATWEEYTES, ©
MR THENE T, EMAKS-HTE TER 25 554+, FHME, Serafeim
% (2003) B9 5 % & I % I SSRIs & i3 # RIDNAK & 5%, 3F B ¥ 4 M4l = £Gy/G;
Mer, T EEMEBLA KRS AT, W E¥ M ERRKIRBA KX SSRIsE &
W28 MOV TR it . TR T X A B b 4 Bl SSRIsXYBL# 473677, T E%B
RN BEXRZHHITHT — BT, Meredith® (2005) & % JSERTH T & B4
Mo R &k, TUR&SERTHE 4 BA S 1k b 78 B 8 7 7 97 BEAT .

A—SRARBRETBERLASHTL XA RK. RERBRANZIBE K E
5-HT3 % R AEmRNAK P 8 & 3, T £ A4 B 4 A0 £ 40 K B 8 EmRNAK & &
E&1R % (Ek et al., 2002; Klein et al., 2003). Rinaldi% (2010) #& GAFIELT
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35-HT f ¥ @42 X L5

BEl, AXLABIYS-HTE 52 RAFALERD . KimF A (2009) #4F
R R UAS-HTRE 4 1% i 3 X B ¥k Spodoptera exigua i B B SR &%, URBH
¥ ¥ #9%¥ fm (Kim and Kim, 2010) . ¥ & i fu5-HT 88 4 8 % £ M A Sk Periplaneta
americana L A E g fu 5 ¥ (Baineseral., 1992) . XKW &, S-HTEL & #
HHEERETHERARENENRE/LTFZE, FRHE-—F R,
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15l®

5-# & B (5-hydroxytryptamine, 5S-HT) ZE4A BN ZEEEHER, ETU
WL M EEW & B AT & i (Weiger, 1997; Blenau and Thamm, 2011), 5-HT
REFREZTEBIXNNHS-HTR K. BFHEIWFEXEHI4NS-HTZAREHE,
HEF-—MNREEFRE (5-HT), HEABAMEERAGEOEHK LK (G
protein-coupled receptors, GPCR) (Blenau and Baumann, 2001) . 1} 1 /F 7| B ¥ .
EEMAA ., 5 _CENERECURBE¥UR, HoyarE A sk A
GPCRA! #5-HT % 1K 4 %6 A #(Hoyer and Clarke, 1994; Hoyer and Martin, 1995;
Hoyer and Martin, 1997). #%: 5-HT, (5-HT\apper) 1 5-HTs (5-HTsa) #74)
M cAMPH) & fK; 5-HT, (5-HToamc) REMACa £ %; 5-HT,. 5-HTeHn
5-HT,18 # L AcAMPHI # & (Hannon and Hoyer, 2008) . S-HTs# %5 — L&
S-HTssEARATRDH LTS, EENRPARGAE R, BAS5-HTs
T A8 D (Nelson, 2004)

5-HT,, 5-HT,#85-HT, F £ 7510 F 81 A R R4 W 5-HT Xk #H AT %, 5-HTs
#15-HT,£96.512 21712 % Z #1 A5-HT1 X AR 2t .ifi & (Peroutka and Howell, 1994;
Walker et al., 1996) . J& 0 sh# 0 J& 0 2h ) 49612 216.512. 4 1  H. 4 . (Ayala et
al.,1998), TS-HTX ey E T RO siH g o ik, R AXE S
Fo B MM S-HT £ %71 668 A B R B9 £ BES5-HT% 1k % & (Peroutka and Howell,
1994; Hauser et al., 2006) . [ER LB B R WS-HTZEAR TR £ b
I #HH, HTFEER (Peroutka and Howell, 1994; Tierney et al., 2001) . B
WEHRFRAIASHSHTZ 4k, H3#H AGPCR. BB R #5584 5-HT % kB
S-HTiA(Saudou et al., 1992). 5-HT,p (Saudou et al., 1992). S5-HT,4(Colas et al.,
1995). 5-HTag (Gasque ef al., 2013)F2 5-HT,(Witz et al., 1990), 4 3|5 #5014
5-HTa. 5-HTp. 5-HT2a. 5-HTop#5-HT,% 4 F#& (Blenau and Thamm, 2011) .
BREAEFWS-HIZBWARETEUCHAERIYSHTZ KL R R %, £
TRhEELERFFNEREUURRENE _CHEENSARE MEFRELERN
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WK EAYS-HTZ RN G EFH TR EILA S HIX RN G EEEREFEE
% (Hauseretal,2006) . HTER A XAHERFDS-HTZ AN G EZEREE
1%, REZUHBEEURZR ARES TS RAWS-HTZAR#T LK. X5
ERLREESAXRBAURKCRE R YS-HT WA B EF RHE.
AR, RIONEF T ZEHFE T S5-HT 4. 5-HTip. S-HT, B T BT K
¥ 324 7 7 DL R S-HToaF05-HTp 3 49 cDNAF 7, FH iR B Z K FFI#HTT
4. #5-HTia. 5-HTip. 5-HT74 5% THEK 293 M A, x HEERHIfE
SRBAGEFERMT oM. ELHEFRNLIAX =M LR EHS-HTX
AR RS, HIIRMACAMPRE A, JLAS-HTS4KH ) # W
FRFBERA L EF RS-HTZRRER . XEEEEAFRS-HTZ RS 5
EXERWEERTHIERME L L0,

2 HRET®

21 RRBREHA

HERMBRUXERMNTHIAFECEERE BERERN R TFRAFKT
ATARKE, HAFRKMHH25+1°C. RH.=70%. Light: Dark =14:10 h. 34}
HEHE KA.

% B B # % #% (Dopamine hydrochloride ), 8 A% # 8 # ( Tyramine
hydrochloride), # f fZ# 8 3% (Octopamine hydrochloride), 5-# & fk 3 & 3%

(5-Serotonin hydrochloride) , forskolin, G 418 — Bk 3 (G418 disulfate salt),
SB-269970 #% B # ( SB-269970 hydrochloride ) , 5- ¥ & £ & M

( 5-Methoxytryptamine ) , 8-Hydroxy-DPAT hydrobromide ( 8-OH-DPAT ) #¢
Methiothepin mesylate salt®yj X B Sigma-Aldrich (St Louis, MO, USA). SB
216641 # RS 127445 3£ T Tocris Bioscience (Bristol, UK)

2.2 RNA #if
B30k X F RSB HmwEH Y, FTRIzoliE (Invitrogen, Carlsbad, CA,

USA) #EBHZHERNA, ERBESELT:
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(1) Z#&FmA | ml TRz UBAE43%k, A HRHE X TissuLyser II 4
¥ 1min, FEHE 5min;

(2) 4°C, 12000g B 10min, KRB L ERGKEFH 1.5ml FLE;

(3) fmA 200 RATRBIZRS 15sec, EiR##E 5min;

(4) ERLEFHHFH 1.5 ml HLEF, WAS00 pl FHE, EEHE 10 min
Ja, BAHEQHL (4°C, 12000 g) L 10 min;

(5) &ML, MAImlI75% BB, ®WiERST, B2 (4°C, 7500 g) 5 min;

(6) =B Lb#, FiEFREHRRYRNAK & 4 # EDEPCA F;

(7) JNanoDrop% X ¥ & 1+ (Thermo Scientific) % MRNALLE XK E . ¥ &
&RA T-70°C,

23 XEXR

2.3.1 R X W Bt 5-HT;4 ¥ cDNA

PA1.0 pg BRNAN MR, ¥ H K # KX & ReverTra Ace-kit (Toyobo,
Osaka, Tapan) 3t 17 K $ % & & % — #cDNA.. ¥ /i Takara/\ &) #3'- Full RACE Core
Set4 %3’ RACE (Rapid amplification of cDNA ends) # & #2 #5'- Full RACE
Core Setif il & 4 B 5' RACE ## . RIFEAXRZHINWEF H# KH F5-HT1a
ERFF B, Rt XFE#HF %3 RACEFS RACE 314, A&F7INE&3.1.
K F Takara LA Taq® # 47 £ APCRR B, UF HS5-HT .85 F3 s F5. 5
RACE W R%R S £&#4T, &—%PCR, 94°C, 3 min; 94 °C, 30 sec, 60 °C,
30sec, 72°C, 1 min, 30M{E¥; 72°C, 10min. A1 pl% —#PCR~ 4 A AR
#4T% —®BPCR. £# X, 94°C, 3min; 94°C, 30sec, 65°C, 30sec, 72°C,
1 min, 354 &3; 72°C, 10 min. 3'RACE By EHK KN & #HwT, % —#PCR,
94 °C, 3 min; 94 °C, 30sec, 55°C, 30sec, 72°C, 1min, 30ME3F; 72°C,
10 min. ULl W& —RPCR&# AR #ATH —RPCR. £# 4, 94°C, 3 min;
94 °C, 30 sec, 63°C, 30 sec, 72 °C, 1 min, 354 4E3; 72 °C, 10 min. PCR
RN FERE, #ITI%EEBRK KRR, KEHE¥T, #FAxygensk
fe B R Al 8 B k. B k#4752 1% 2 pGEM®-T Easy Vector (Promega,
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Madison, W1, USA)/5, # A\ #|Trans-T1 & % A 41 f ¥, ¥ ¥ A& & 7 2 Ampicillin
FX-gal LBE AR E F, RBEAFHTEGHFE, HEEPCR, KHEAN
A BA/INIE S0 o bR 32 B 1o 10 9 5 A B U F 8 S RACEAR 215 H03'35 19 5 31|
G, Ritek3I WA E3 T Prs-HT 94K FF (R3D .

F* 3.1 AR AT 4
Table 3.1 Primers used in this study

Primer name Primer sequence (5'-3")

5-HT) s-3'outer CCAACGTACAAGGGCCGAAACAATTGC
5-HT)s-3'inner CCACGGTAGACACGTTAGACGAAGAACCA
5-HT,5-5'outer CGCTTCTCATTCCTTATGTGGATGTAGTCG
5-HT 5-5'inner AATCCAACCCTGGCTAACCTCATAAACAGC
5-HT;-5'outer CGCTGTGGAACCTCTTGTAGGGTTC
5-HT,-5"inner GCTGCCCCTCCATTTTTCACATTTA
5-HTA-compF CGATTTTGAGGAGAGGAGC

5-HTa-compR AACACATACCGTATCACAGAGC
5-HT,g-compF GATTGTGAGTGAGTGCGATGTGC
5-HTg-compR GACAGATAACGCCTATTGCCTAC
5-HT;-compF TCAAACGGAGAAACCTGATGTA
5-HT;-compR CTGGGGTATTGACAATCATAGAAAG
‘Construction of expression vector e =

5-HT;s -Kpn I TTGGTACCACCATGAACTTATCAGGGACA
5-HT)4 -EcoR 1 CCGAATTCTCAGTATTTTTTATT

5-HT,p - Kpn | TTGGTACCACCATGGAGGGCGTGTACC
5-HT)p -EcoR | TTTGAATTCCTAGGGCGGAGCCCGA

5-HT7 - Kpn | TTGGTACCACCATGGCGTCTCAAAAT
5-HT; - Xhol | CCCTCGAGTCATAGAAAGCTCTC

2.3.2 WG E Wk 5-HT,p I cDNA

P23 1T S —HcDNAN MR, REALRERIANEFTRERTH S
S-HT s X B A KFFE Y (£k3.1) ZEEEPr5S-HT ), WAKFF .,

233 REGX ¥ & 5-HT, B cDNA

REALRZBINWEFTFREREAPSHLEEHIELFH], D231%F5
RACE #1#R A #R #475'RACEPCR. B4R E£HwT, #—H#HPCR, 94°C,
3 min; 94 °C, 30sec, 58°C, 30sec, 72°C, 2min, 30/ %E3; 72°C, 10 min.
BAL pl % — 8 PCR&H A MR 31T H —®PCR. ## %, 94°C, 3 min; 94°C,
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30 sec, 64°C, 30sec, 72°C, 2 min, 35/¥E%F; 72°C, 10 min. PCRR fL % X
BHEBE2IITFHS R, AR TAFEE. RERUTAKIHERERT
Pr5-HT,#9 2K F7] (%3.1) .

24 FRILH

*%& T %EPr5-HT 4. Pr5-HT;3. Pr5-HT:#14 K F%|cDNAFF G, A
DNAStar # ## (Version7.1, DNAstar Inc) #t JLORF# 1T FiMl, H#xEF 8 &
Fi T8 A/NSEATHR . FFINCBIF 35 8 GenBank (£ &, i ¥ BLASTX 7 # #t
H#TEEFF L2 4. FITMHMM Server v.2.0
(http://www.cbs.dtu.dk/servicess TMHMM-2.0/) %t ¥ R 45 44 33, 3 47 F il . | Clustal X
S MANCBLE TEE FF#1T £ EFF| . #IMEGA5.05 %, RFAKALME
# 3% (Neighbour-joining) #1T &% KX F A4 FH 7,

2.5 R

2.5.1 Pr5-HT;, XERZRENR

JA Premier primer 5 R it B &L 4, E@3I 4wt Kpn [ EHIH & F5)
Pl B Kozak/5 7| (Kozak, 1987) , R 3l#mLt EcoR I BYIMLAFF (514
W#%3.1) . %KHKoD- Plus- Neo# & X - PCREE # {TPCRY . RN &4 A:
94 °C, 2 min; 98°C, 10sec, 58°C, 30sec, 68°C, 1 min, 40N {&%; 68 °C,
7 min. PCR% G Al 1% 3R iE BB e sk i Jll, W BBV £ W T, 5 Axygen
g R A & B, AR PR B4 W Y188 Kpn [ F1EcoR 14 ) % B S5 9 7= 4 LA
R pcDNA3 (Invitrogen) iR # 4T REEIALE . NBEYIE K G, F1%H 37 A 18 4
e kAR, K BB AT, A Axygent IR F W A & B4k . FIT4 DNA #
B (F4AY) BEKEWEWSY 5SS EAHAR SN R ATy, #5
pcDNA3-Pr5-HT o84 FiAL, B FRIEFEANFFHIEHNK,

252 Pr5-HT s X B R E RN R

JH2.5.15 8 77 kA # @A R AL pcDNA3-Pr5-HT 5.
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253 Pr5-HT, X kZ A4 =

J12.5.1 89 75 3k M R A R KpcDNA3-Pr5-HT;. E @ 51 #1tm b Kpn I BV
frE, REsl4mt Xnol I B EFF GIoREID . KB A®HEY
Kpn [ #8Xhol I .

2.6 MMEXRR R

AR 41 (Human Embryonic Kidney 293, HEK293) WX & L& + Az 4l
£ . HEK 29341 i 5 5 TD-MEM3 % % (Gibco BRL, Gaithersburg, MD) ¥ 5
EPARMI0% R4 miF (Fatal bovine serun, FBS) #Fu1% X it (FE K st
BE) . AHREBRE ZAUEIERE (37°C, 5%C0y) %, 2RIA,
A RE Bt 4k 2000 C Invitrogen ) 4 Al ¥ 8 pg # i K pcDNA3-Pr5-HT),,
pcDNA3-Pr5-HTig #pcDNA3-Pr5-HT; # AScm3E# I (Nunc) W EHEEK £ KH
HEK 293%ffiF (~4X10°MNEM) . #5224/ W ERERKEL: 10K, &
BEREKERE, F0.8 mymiWG4I8FRFNEM AL, RARBGRELLY
%M % . FIRT-PCRA % 3% 40 AL R U 8% 2 K,

2.7 cAMP & ¥

BRELPNBREEREIAK (Nunc) £, EHEBEH(1X1097).
EWExE, FAPBSHA K. I A450 pl /A PBSE #8493k & 4100 uM#y
3-isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich), IBMX T L4 4| 8% Bt — BB
ARECAMP, FiEH#20 min. mASO WAPBSEMM AR RF, BERAEL
FRTHHE20min, X% L BHER, WmA250 pl4i R Mk, 7£-80 °CR £ Ke:
K, BHB7LRME. KEXRBERATLSmIFLE, 12000g, 4°C F 410 min.
KRB EFEF—AMSmIBOE, SEEMAMPHE B H S EF T-80 °CokH.
cAMP ik J& % M BT A iX | & % cAMP Parameter Assay Kit (R&D Systems,
Minneapolis, MN, USA), B # S EEBZ XA EHHHEFH#T.
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28 HSL0H

ARHETARNSBEF LY HEARBEM®, XK, TKRE, Wi,
Rife 4 % BUH A A S, K\ PBS F &% = & . X A TRIzol i% 7| (Invtrogen,
CA) B HARBU L L AL E RNA, £FUFE RNA 5, £/ DNase
(RQI-Rnase-Free DNase, Promega)/{ . £¥ %X H4 DNA. AR #%FiAA & the
ReverTra Ace qPCR kit # 1 1 g RNA K # % & cDNA. A T % * & & PCR 4 #784
BHRMIIH L 3.2, A 22T# A% (Livak and Schmittgen, 2001) %t Pr5-HT )4,

Pr5-HTip. Pr5-HT, R A EEE. A I1SSRNAEIAEEH.
* 3.2 %X EEZPCRAT 25 4

Table 3.2 Primers used for real-time PCR

Primer name Primer sequence (5'-3')
18s-q-F CCTGCGGAAGGATCATTAAC
18s-g-R AACGAAAGAAAGCGTCCAAA
5-HTs-q-F TTTGCAGCTCAGCATCAATC
5-HTja-q-R TTGGCTTACGAGGCACTTCT
5-HTp-q-F AACCTGGTGGGAGACATCTG
5-HTip-¢-R CGGCCAGAGAAAGTATGAGC
5-HT;-q-F CTCCGCATCAGAAAAAGCTC
5-HT;-q-R ACGGCGTCAGGAATTGTATC
2.9 KA

WEEHRBHXAELE RO T ZLH, FHEZ 88 LB R F Tukey’s
multiple comparison test. f| E Sk REF BEM, HF*p<0.5; **p<0.01,

3 BEREHT

3.1 Pr5-HT;s. Pr5-HTz % Pr5-HT, By cDNA W& R ¥R o4

Pr5-HT,#1Genbank & \ 5 ¥ KT946786. F 5| AT4 R %%, %% Pr5-HT 4
BORFA /N 41380 bp, 44590 £ £ B, T4 T8 A/ #45098kDa, ¥,
& #9.09; Pr5-HT;3#IGenbank & \ 5 #KT946787, %3 Pr5-HT;sHIORFA /N4
1323 bp, HHLAM0ONEER, TN FE AN H4831 kDa, FH 2 48.57;
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Pr5-HT;#Genbank & \ 5 AKT946790, %:#5Pr5-HT;8ORF A /N %1680 bp, %
559 R EB, TS FEANA6282kDa, FH K 48.99.

BETMHMMA TMpre Ml A A X =N X FHRENEEHRE LN BHEE
i (E3.D, BTHEBWGEEBERX K. £%E3 (TM3) EHRA2KR (ICL2)
FHEERBEDRYZEME, ETMT EFEN-Pxx-YEHE, XHMBEHE
REOAFAGEEBHRXAATERT. Pr5-HTia BINK A6 B XML&
N-x-[S/T], % = WX A3 NEBRAHBCA K[S/T]-x-[R/KK]. Pr5-HT;p BN H
AINBEEMEE, FZABERAINBRAHBCAE. Pr5-HT, WNRAESMEE
L&, FZWERA2NEBAHBECL A,

MAFRBEWSHTX G EENRRAZ XA AR, U E &
(Neighbor-joining ) # £ 1000k, # UUDmFRASNEEHE, 2 MER LA
Pr5-HTia .Pr5-HT g #Pr5-HT; 455K A fu B 21 #95-HT 4 .5-HTyp F5-HT; %
hEE R (H32) .

v
MNE SCTP vigv sa‘cv&gnccdv\;ws——f : 33
4 T" TTRAGSELATA ;&AA‘AASAS : ‘ZC
2n I e e e ] EHVN--—-——— :
Tc! B MGTVNNESCSWSGSARBTREVE 1L oBASATSSGRLIIGSVOTGNNPGLNY PNFLNSADL YHEGAERA uzﬁcw&pm FENE- : 51
T™M1

. .
RF "%FARFD%FI& ?wau, 305

= RPvmwNﬁNQﬁ%ﬁ F 477

BB RN - - P69 PERERRG - - - ILRY 239
IRRE EMK&Q!&GLK&EKTWS{&JQK i 365
320

'TAAGTNESE : 597

VALAKQQUGEKSTAKSSAAV SGRQEDDGQRPEHGEQECREELEDCDEQV!

------------------------------------------------------------------------------------------------- 388
18 : s SV S DERS S NG - - g : 353
: DGCKANGVEV. mcxkc.‘x.s;z,cx_ s SISAMEET o § NES : 2 717
D ommmmmemee 3 -—- - - - FTRHVTN : 298
o GRQEET - e DR PO TSPV /PLV SERESS s ----—-KEI - mm————----—---- @ 459
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2 Y-HDD

S AE-GQE.

: -——-MPESBYBEVKRQR-- E\,Pu K g% ;\grﬂmwnm scxzcm;ﬁ
: MHTLTRPQEREZVTEIYSRIYI .1r£ a¥aaco ;LEIE..ﬁLNESL 1E

TM1 TM2

» oo n
aOw©n

\é er_ﬁ :
SIDIAANAD B
:nx?nﬂ REG-- -~ z

B3.1 Pr5-HT,4. Pr5-HT;p. Pr5-HT A ERFFIREXME 2N EEE NS LFR LA LH.
Fig 3.1 Sequence alignments of Pr5-HT 4. Pr5-HTg. Pr5-HT; and orthologous receptors from
other insects.

(APr5S-HT S EXRFFIREMRE T RBELEN S EFFILA ST (B) PrS-HT 8 2R FFIRAME =
FRBEEEN S EFFRALN; (C)PS-HL,AXRFIRAME TR FELEANS EFFILAS . B
EEERTERX (TMI-TMD) BB ZARRTHEACE, BeHEXTHRALH T OHBCHALL,

EMETRAELHBALE, EHEXTEANMEER PFXXXWXPE X F I H AN A AR,

(A) Sequence alignments of Pr5-HT,, and orthologous receptors from Drosophila melanogaster (Dm5-HT) 4,
GenBank accession number CAA77570), Apis mellifera (Am5-HT;,, accession number NP_001164579) and
Tribolium castaneum (Tc5-HT,,, accession number EFA10707). (B) Sequence alignments of Pr5-HT;z and
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orthologous receptors from Bombyx mori (BmS-HTg, accession number NP_001037502), T. castaneum
(Tc5-HT,p, accession number XP_008197542) and D. melanogaster (Dm5-HT,p, GenBank accession number
CAA77571). (C) Sequence alignments of Pr5-HT, and orthologous receptors from 7. castaneum (TcS-HT,,
accession number NP_001280535), 4. mellifera (Am5-HT,, accession number NP_001071289) and D.
melanogaster (Dm5-HT;, accession number NP_524599). The seven transmembrane regions are predicted by
TM1-TM?7. Potential N-glycosylation sites and potential phosphorylation sites for protein kinase C are labelled by
filled triangles and filled circles respectively. Residues are predicted to be involved in ligand binding are labeled
with asterisks. The second phenylalanine after the Fxxx WxP motif in TM6, which is a unique feature of aminergic
receptors, is indicated by a thombus.

’—_‘_‘0.1 9 Dm5-HT)4 b

100 Hs5-HTiz

100 Hs5-HTyp

Pr5-HI,

HsS-HTqp
9 Hs5-HTx¢
DmFR

E3.2 Pr5-HT,s. Pr5-HTyp. Pr5-HT 83t B 5:5-HT % fk iy 3t 4w 24

Fig 3.2 Phylogenetic analysis of Pr5-HT;5. PrS-HT;g. Pr5-HT; and various 5-HT receptors.
Apis  mellifera (Am5-HT,,, NP_001164579; Am5-HT,, NP_001071289). Bombyx mori (BmS-HTg,
NP_001037502). Drosophila melanogaster (Dm5-HT,,, CAA77570; Dm5-HT,g, CAA77571; Dm5-HT,,,
AAF52113; DmS-HT,g, NP_649806; DmS5-HT;, AAF57104; DmFR, AAF47700). Tribolium castaneum
(Tc5-HT,a, EFA10707; Tc5-HTyp, XP_008197542; Tc5-HT;, NP_001280535). Homo sapiens (Hs5-HT,,
CAHO03197; Hs5-HT,s, EAW48722; HsS-HT,,, AAM21129; Hs5-HT,5, AAB31827; Hs5-HT,, NP_000861;
Hs5-HTs,, AAM21132; Hs 5-HTg, AAH74996; Hs5-HT,, BAG70296).




HIAFREFLLX F-F REASREBRIANRREBEFRRLN

3.2 Pr5-HTs. Pr5-HT g Pr5-HT, By B ¥ ¥ K

H 7 B R Pr5-HT a. PrS-HT g FoPrS-HT, I E SR S RGB ¥ U R, &A1
4 B H " T #Z KRIAPIS-HT o PrS-HT g FoPrS-HT; X R A 4 I % . 10 pM 895-HT
b4 B F 1 %) % L Pr5-HT 4 % 1K 48 }E, 4 forskolin 5| 2 87 cAMP # & (B 3.3A).
5-HTH — IR KM, ECsoE 415.49nM (B 3.3B). WE &R (OA). B
(TA) f% B (DA) BT REMBRE.

BB, 5-HT&: % T % %] & IAPrS-HT p % K 4 M % forskolinF | & #cAMP 7+
® (A 34A). FERRLEFKHS-HTHECsTE #2.59 nM (& 3.4B)., S-HT% 1k
#y #% 5 7 8-OH-DPAT 4 %t Pr5-HT s X A H — R W9 | 3 X R (E 3.4C). # 3 A
5-Methoxytryptamine (5-MT) X Pr5-HT g% KB B0 R AL A H B 7 2 R AL,
ECsofE % 1.44 pM (B 3.4D). #* 1 7|Methiothepin ] # #S-HT/E A, ICsofh #2.49
uM (& 3.4E). SB-216641 & AS-HTg#y# R HA, ZiXA 2 HS-HT
tPr5-HT g% B K K (B 3.4F).

WY R, S-HTRE® B %5 5 R XA PrS-HT, Z kB9 41 HL M = £ cAMP
(A 3.5A). S-HTH &R L% % HHECsHE #1077 nM (B 3.5B). #3h Al
8-OH-DPAT (B 3.5C)#25-MT (& 3.5D)xPrS-HT, % k0 # 5 2 51 344 B B &9 )
B R &, ECsof 4 %] %3.02 uM#24.29 pM. Methiothepin b, 7 # #5-HT%{ Pr5-HT,
FHRMER, ICso1H %899.16 nM ( 3.5E). 10 pM SB-269970%k 5 4 3 #1500 nM
5-HT3| & #cAMPR (B 3.5F).

A B
1364
1 ¥ 1004
a 124 ™
% " % %1
- 2
- 2.
? R .
» %0
H 3
b I R IR 2 st e st e e san e
KRR EEER]
Log {3- HT )}

B33 FE &Rk, hH fadkik 4 pcDNA3-Pr5-HT . HEK 293t [cAMP| ¥".
Fig 3.3 cAMP levels in HEK 293 cells expressing Pr5-HT, and treated with various aminergic
ligands.
The amount of cAMP is given as the percentage of the value obtained with 10 pM forskolin. (A) Effects of 10 pM
biogenic amines on 10 pM forskolin -stimulated cAMP production in Pr5-HT,, -expressing cells. (B)
Dose-dependent effect of 5-HT (107" to 10° M) on intracelluar cAMP levels in HEK 293 cells stably expressing
Pr5-HT 4 receptor. Data represent the mean £ SEM of four values.
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——y B 120+
100 3 .
3100- .
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£«
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5 204 D
* L Ld k2 ¥ k) ¥ ¥ L L] A
42 -1 210 9 8 7 6 -5 -4
Log [$- HT (M)}
i
&
3%
‘su
[
[
*
A I 9 8 I 6 S5 4
Cf g L [s:;-x DPAT@A; Log [S-MT(M))
og 8
E F "
NS
310"' L4 ;a- A3
3w i
3 i
§ ;
i ‘M
§ o :
- #
5 2
HS r v v . ; . Forskolin(i0pM) - + + + +
9 X 7 % 5 4 3 SHT(G00aM) - + + + +
Log [Methiothepin (M)] LogSB 216641088)] - - 7 6 5

B34RE L4k, WshRFEHH 2 pcDNA3-Pr5-HT;5/HEK 2934 [CAMP], %,
Fig 3.4 cAMP levels in HEK 293 cells expressing Pr5-HT)p and treated with various aminergic
ligands. )
The amount of cAMP is given as the percentage of the value obtained with 10 pM forskolin. (A) Effects of 10 pM
biogenic amines on 10 pM forskolin -stimulated cAMP production in Pr5-HT,5 -expressing cells. (B)
Dose-dependent effect of 5-HT (10" to 10™* M) on intracelluar cAMP levels in HEK 293 cells stably expressing

Pr5-HTg receptor. Data represent the mean + SEM of three values. (C) The effect of 8-OH-DPAT on [cAMP);. (D)
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Dose-dependent effect of agonist 5-MT on 10 pM forskolin -stimulated cAMP production in Pr5-HT,p -expressing
cells. (E) Dose-dependent effects of PrS-HTg receptor antagonists (10 to 10 M) on 5-HT-mediated (500 nM)

inhibition of forskolin -stimulated cAMP production in Pr5-HT,p -expressing cells. Data represent the mean +

SEM of four values. (F) Effects of 5-HT and the antagonist SB 216641 on intracellular cAMP levels in HEK 293

cells stably expressing Pr5-HT;g. Data represent the mean + SEM of three values.

A 40 B
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2 . 404 ( —
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i % 1.5 }
£ 104 »—2—eo—e
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3.0+ 1.8-
% 2.5- g 14
%g 2.04 g 144
g 1.54 %g 124
- ;
€ 104 » E 1.04
[ ]
0.5 dr—v—r—vr—rr—+rrr— 0.8 gy
41 -10 9 8 7 6 -5 4 9 8 7 6 5 4
Log [5-MT (M)} Log [8-OH-DPAT (M)
E 4. F
3.68-
- 4.04 " —
E 351 % 241
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%g 2.5+ g 2 .l
<
> |
2 15 ¥
: 2
= 1.0 ~
0.54— . ' . . bt
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B35 FE L. BShH FiHiR % pcDNA3-Prs-HT,/HEK 2930 [cAMP]; .
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Fig 3.5cAMP levels in HEK 293 cells expressing Pr5-HT; and treated with various aminergic
ligands.
(A) Effects of 10 pM biogenic amines on intracellular cAMP levels in HEK 293 cells stably expressing Pr5-HT,.
(B) Dose-dependent effect of 5-HT (1072 to 10© M) on intracelluar cAMP levels in HEK 293 cells stably
expressing Pr5-HT; receptor. (C-D) Dose-dependent effect of 5-HT agonist 5-MT and 8-OH-DPAT on [cAMP];.
(E) Dose-dependent effect of 5-HT antagonist (10°® to 10™ M) on 5-HT-mediated (500 nM) stimulation of cAMP
production in Pr5-HT, -expressing cells. Data represent the mean + SEM of four values. (F) Effects of 5-HT and
the antagonist SB 269970 on intracellular cAMP levels in HEK 293 cells stably expressing Pr5-HT; receptor. Data

represent the mean + SEM of three values.

3.3 Pr5-HT,,. Pr5-HT ;s f Pr5-HT; R ZRKR

i qPCR H77i%5 %%t Pr5-HT . Pr5-HTp %2 PrS-HT; 9 R X H T T 247
PrS-HT A BBtk T okik, EREXCRAUNEAR T A LE, GETE, £
K, BRE, RU#Z% (H 330 . £4, 2EEENZHALGERAHE
AP RRERE, FHEEALAFHERLERE. PrS-HT s A RUKAR &
WAERE, BERENZEHRAT LA ERE, HARMER KL, BHARDIKE
FRAME KL (H33B) . PrS-HT, wEF AR MMA R F3HF kA, ERM
BRAERE, AARADRE, XML T ZAANRR ERE S THEHY,
TAERB AR &L P REERK (H 330) . XFLEEERAXFNRIAM
AFERE, ARERALETHSEHEXTRTEANWAEE &

A PrS-HTy,

Rlative expression levels
g

FB Gut EP MT Brain NC
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3.3 Pr5-HT),. Pr5-HT 5% PrS-HT, WHR LK
Fig 3.3 Expression pattern of Pr5-HT,, Pr5-HT,g and Pr5-HT; mRNA levels in tissues of
fifth-instar larvae were quantified by qPCR.
Tissues tested are fat body (FB), Gut, epidermis (EP), Malpighian tubules (MT), Brain and nerve cord (NC). Data
represent meanst S.E. (n= 3 repetitions)

4 3t

AHRF, BAINEF REATEE T ZAS-HTZ X H, £ 7 HPr5-HTa.
Pr5-HT g fPr5-HT;. WX ZAZRBFHABEURETT oM. =A%
RAE TN B B ¥ X LR GPCRE AR R F &4 1, P PrS-HT, A N\ ¥ B
B, BN A EHLUHWGPCREE WA B L hF L, LW EKRE
Dm5-HT; (Witz et al., 1990) , DmTyR (Saudou et al., 1990) , #% & {7 ¥ Aa5-HT,
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(Pietrantonio ef al., 2001) LA K 4 ¥ sk g — AN B B AR 408 /\ AN B8 B 45 A 3
(Baxter and Barker, 1999) . 5-HTz%05-HT s % K BEKG:, #4517 %) I WcAMP
AR, SSHT ZERBEKG,, ¥ UR#HEANCAMPH A % (Hannon and Hoyer,
2008) . KAV X =AZhL AR ELZTHEK 2B A 0+, HHEEIBER X
A =AZTHROAEXYHERFAE— £ R . 5-methoxytryptamine F¢
(+)-8-Hydroxy-2-(dipropylamino) (8-OH-DPAT) 3 %t PrS-HTp#Pr5-HT, & #{ 3 1
A . ¥ %8-OH-DPATX{PrS-HT g0 Pr5-HT ¥ 51 24 £ A8 4 8 % . 8-OH-DPATHY
Apis mellifer¥a Periplaneta americanaty5-HT) % K # B K 4.3 5% (Thamm et al.,
2010; Troppmann et al., 2010) . % #i7|Methiothepin ¥ # #.5-HT X Pr5-HT ¥
cAMP %, ICso42.49 uM (& 3.4E). Methiothepinh. 7 3 #15-HT % Pr5-HT; % fk
% F, ICso %7 899.16 nM. Methiothepin ( Monachon et al, 1972) & B %
5-HT,o(Thamm e al., 2010). 5-HT,s(R&ser et al., 2012)#15-HT(Schlenstedt et al.,
2006)89 7 A HAl . SB-216641 2 *E L5 45-HT1p T R By & # M £ A (Price et
al,, 1997) , ZiX A gk ¥ 9 7 S-HT A PrS-HTp % 4 89 K KL . SB-2699702 " 7. 34
H15-HT, % i B W R A (Lovell et al., 20000 *f B : #S-HT, %4 4H £ H1
% & (Schlenstedt ef al., 2006; Roser et al., 2012) . 10 uM SB-269970 & 5% 2 [
#7500 nM 5-HT 1R #cAMPR i, % X € EPCR% R & BAPr5-HT 4% Pr5-HT 5
TEEMZHLAT KL, MSHL,HZEEARERERET R, RARWEL
R, RASHL, TS EXF Ml Hit. BLRACE PCRK & 5L 3
Pr5-HT o f1Pr5-HT #9535 cDNAJF 51, 1B W 7 % 4% 30 1 70 A 2 [ b JF 2k B 2 42

AR R AN RBATHEERN, MESIENFRENKLR, FEET
kB K F RS HR S RKENTF B RFPS-HT A FPr5-HTp X H oy £ K,

MR EGREAEA, RUXANLZHROAEERR.
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FUE —FHE S-REBRFTAK S-HT; B X

15"

SHTHAY A REA RGP L ERAYRENEEDRPTH, LoEE
-+ 4% #8 ¥ 32 5 (Harris-Warrick and Cohen 1985), # #F # # % 17 % (Kravitz, 2000),
PLRE 9B R (Szeetal,2000), S-HTH " & % (Lange, 2004), B&

(Anstey et al., 2009) LR % 3 #2iC1Z(Sitaraman et al., 2008)% . S-HTZ BH A
W Rk, iTAE. MALRE. RRKAAMREENRSHTR A EL
A #* (Jones and Blackburn, 2002).

SHTEERIZHRATE . SSHTRGHRGER EEHK LK (GPCR), B
TS-HT:R® FR#E, Bal, CoBEINERNE UM EBRDS-HTZ k. ¥
14+ ¥ GPCRE W S-HT X th 4+ /6%, BIS-HT, (445-HT a. 5-HTs. 5-HTip.
5-HTig#75-HTip), 5-HT, (H.455-HToa. S-HTop#05-HTyc), 5-HTs, S-HTs(E 3
5-HTsa#u5-HTsg), S5-HT¢F05-HT;. 5-HT,#15-HTsRGif8 8%, #W#HcAMPH & ;
5-HT,. S-HTH05-HT, B G, &8, R #CAMPH & &; S-HTL.IRGEBE, TUA®
B A Ca®* % B (Nichols and Nichols, 2008). B #, EH¥ La#sS-HTZHA =
%, BE5-HT, (5-HT)a. 5-HTg). 5-HT, (5-HTsa. 5-HT;s) #95-HT; (Blenau and
Thamm, 2011),

SHTZ M BB EF R B R+ B EH K. B MR ¥ Drosophila
melanogaster ¥, 5-HT 2 #15-HT,#8 ¥ R E 8 5 R FHF KX H T A (Johnson et al.,
2009), S-HTHS-HTL, X ERBEH LKL BAIKRA, AELXFT (Colas et al,
1995) . % B AF W dedes aegypti H95-HT, Z R E B IR BEF A KL

(Pietrantonio et al., 2001), £ % KEH /G + 4% k34 (Lee and Pietrantonio,
2003), T 77 & ¥ & 3k5-HT; %tk (Schlenstedt ef al., 2006) LA KS5-HTs . 5-HT,

(5-HT,a #85-HT,p5 ) %tk (Thamm et al., 2010), HF5-HT 26 4% BERRATH
(Thamm et al., 2010). Dacks% (2013) K8 ¥ X ¥ Manduca sextatf] fih f * Fo K
B R T WANS-HTZ K, 18947 58 & I5-HT a5k ik E GABAergic T 2 By F [g]
T, EMENS-HTZEEELERA T . #MNAYWPeriplaneta americana ¥
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W—ANSHTRERAEEHARES N AR A RE, FHAXKRALERRO DG
(Troppmann et al., 2010) . ¥& ¥ Gryllus bimaculatus ¥ & /> & A M A5-HTZ 1K,
FEETRHERE, BMUEIERRTHH KL (Watanabe et al,, 2011 . &
IEBERR KA R KS-HTh et — MER (Dalton, 1977) . W

Calliphora vicina e "E % & ¥ & 3A5-HT,« F15-HT,;H A %4k (Roser et al.,2012) .
Vieugels% (2013) A #AMBEF HHE T —ANS-HT, X £H, AR EEETE
& RIFRBHWTALL cells™ %A, 8 F WHNKH-4778 % B A cAMP# & .

B M ARERRRARERERE AW AR KRB WS-HTZ K, XTE
HRES, TRMUATRRZALARBAAWSHTZ R, AXERTXF R
KARBH— M ABS-HTZ K, ZXEEERE W S oWNS-HTZ &£ E B MUE
&, BMEZERNZRT - XFWS-HTRAK, #H¥% €& % HPr5-HTs.

2 RBE S

2.1 SR B RFEA

AFRFPEXFRNEARFZF 21 %, FIARAFRAAKRELEK 4.1,

¥ 4.1 AT EHARN
Table 5.1 Compounds used in this report. S-A = Sigma-Aldrich; AS = Ascent Scientific; TB =
Tocris Bioscience.

OMPOUND ABBREV- ACTION
TATION
Isopropyl B-D-1-thiogalactopyranoside, IPTG Lactose analog
Sigma-Aldrich, St. Louis, MO, USA
(#)-Octopamine hydrochloride (S-A) oA Biogenic amine
Tyramine hydrochloride (S-A) TA Biogenic amine
Dopamine hydrochloride (S-A) DA Biogenic amine
Serotonin hydrochloride (S-A) 5-HT Biogenic amine
Forskolin (S-A) Adenylyl cyclase activator
(%)-8-Hydroxy-2-(dipropylamino)tetralin 8-OH-DPA 5-HT, 5 agonist
hydrobromide (S-A) T
5-Carboxamidotryptamine maleate salt (S-A) 5-CT SHT receptor agonist

G418 disulfate salt (S-A) Antibiotic

Sumatriptan succinate (S-A) 5-HT1 agonist
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WAY 100635 maleate salt (S-A) 3-HTIA antagonist
NKH477 (S-A) Forskolin analog
5-Methoxytryptamine (S-A) 5-MT 5-HT agonist
3-Isobutyl-1- methylxanthine (S-A) IBMX Inhibits cAMP phosphodiesterase
Adenosine (S-A)
Histamine (S-A) Biogenic amine
Melatonin (S-A) Hormone
Tryptamine (S-A) Biogenic amine
Methiothepin mesylate salt (S-A) 5-HT receptor antagonist
Pramipexole dihydrochloride, Dopamine receptor agonist

Ascent Scientific, Avonmouth, UK (AS)

Bromocriptine mesylate (AS) Dopamine receptor agonist

6,7-ADTN hydrobromide (AS) Dopamine receptor agonist
AS-19, 5-HT; receptor agonist
Tocris Bioscience, Bristol, UK (TB)
SB-269970 (TB) 5-HT; receptor agonist
SB 216641 (TB) 5-HTp receptor antagonist
RS 127445 (TB) 5-HT,p receptor antagonist

22 XERK

FELHZEHFRNAR R URDNABR MK B2 AL E = F$22% 523
¥o BAAMBLASTONT AL R FEHNEF AR ZHL L RAHE. KB —
£V B8 HS-HTZ X E# /75|, R EditSeq (version 5.02; DNAstar, Madison, WI,
USA)# 2|% % H ®WJORF. JHPremier primer Si%it4 K54, EmM3I M FLE
% F b #PrSHTs-compF (5-TTATGTGAGTTACCGAAATG-3"), # &5 #fr F
% 0k % # F T ¥ prSHTs-compR (5-TAGTCCAATACGGATTACCA-3") . A
TransStart Taq DNA Polymerase (TransGen, Beijing, China)# # # 1F F At #t /7
PCR. PCRX i % %: 94°C, 3 min; 94°C, 30's, 55°C, 30 s, 72°C, 2 min, 35
; 72°C, 10 min. PCRR R 5% & G, #AT1%8 I RBRK Bk e R, ¥ BB L
YT, 3 Axygendt i B R A & B, ¥ kB 7 4 5% £ 2l pGEM®-T Easy
Vector (Promega, Madison, WI, USA)/G, % N\ E|Trans-TIRZAHH +, W ER
% 74 F Ampicillinfr X-gal WLBE 3 & b, SRR GHTEAHME, &
W #%PCR, BN R BA/NEAHEE 2 B Lo 8w 7 A 810 F .
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23 FR a4

HEEZFIAN,

24 XBREBREHR

BEEZFISIFH G EMERA R A pcDNA3-PrS-HTs. EHE| 4w L
Kpn I WYIfLg, REs|¥mt Xnol I Byt 55, 514 A
Pr5-HTg-Kpnl, 5-TTGGTACCACCATGGAAATAAATAAT-3’;
Pr5-HTg-Xhol, 5"-CCCTCGAGTTACCATTTTCCCTT-3’,
X847 B I B 41 Kpn [ F2Xhol 1

2.5 4 MR R e R
BEEZF26HFH A%,
2.6 cAMP ®: 3|
SEFZFLTH T %
2.7 Ca®* B

¥ # % H pcDNA3-PrS-HTg # HEK-293 4 B # £ 12 mm 3 A t ( Thermo
Scientific) . K HE B FERNMHM, BREERE, APBSHHASE, mA2mL
FIPBS# B #1 pumol/L Fura 2-AM (Dojindo Laboratories, Kumamoto, Japan);
37°C # X% #30 min, £WHFura 2-AMI /WK, FCa® mthit 84 A W E ik
(152 mM NaCl, 5.4 mM KCl, 5.5 mM glucose, 1.8 mM CaCl,, 0.8 mM MgCl,, and
10 mM HEPES, pH 7.4) %t F k. ETHF B S5 % WE2.12% #Ca> W2 F %

2.8 LM

WEFPEARAEHRHO T E204, FHEZEE LB K F Tukey’s
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multiple comparison test. fl E 5 &k TEREF W, HF*p<0.5; ** p<0.01,

3 BRS04

3.1 Pr5-HT; cDNA W3 & & F 5| 4047

Pr5-HTg#% [F # % AORF %1317 bp (GeneBank No. KF878930), 434384
fEK (H4.1), TS T8 H49.4kDa, %8 E49.62,

Pr5-HT: £ FHERFHNEERFIAEINEER (TMI-TM7), SR f
M X AEE, XEZGPCREAGHEA KL (Strader et al., 1995). Pr5-HT:% A
FHRAEBRKEAFESERHRTFLE (HA ., NSFA B MERMALE (N5,
N, FZABERMEZSERAINEEHBECELR AL E (Tiso, S2esr Saa1)o
AL FPr5-HT; % Z AR TM3M A X B BD 2 R ER LB R, AL W4
MBRZEFIF, M EEERT, BACRERESMH K. Prs-HTX T W
TM3IX 5 — M A W 2R B o 4 R B8 AR TV B M, B
Ko PrS-HTEEFH P X B R B BNE AT REZ T RNBRATHEZLEHE
Y1, Winkk. RERBhd, ZEANRRERARAMELH SRR T ERE
fER (H4.1), Pr5-HT % FHTM3HCi 8 R FF 5D-R-Y(D123-R124-Y125), K&
GEEZHRNLFHA A (Moro etal., 1993). TMSX B 22 S8 & % (Sigo, Sio2, S204)
BRYRERELSRERWENES S . Pro-HI % FHHTM6X By
Fi5o-X-X-X-W363-X-P3es F 7 R R 5 R A Zh LRI 4 . RBFFI GRS A
KA EMFs R B K T RWBAEF T o Pr5-HTz% B B TMT X BN 407-Paos-X-X-Yary
B 7 5 2t % fksequestration #7 internalizationiR & & (Barak et al., 1994), Pr5-HTj
EENCHAE - MERERAE, CRBFEHMBANTEREF, BLn
Prs-HTEEWFFI A8, RNBMZZHRRE-—IMEEEZK, REBWLERA
AT ZZEHRE.

#IABLASTA AT, & EHILIH 4 HE 2 &R B Prs-HT,% F o 5 %
W, BERAXEE T HZEEANRERFS ., $AEPHPE - LERTH
Pr5-HT :FW B REEE, Wi/ ¥ B Plutella xylostella, #UA BT, castaneum
A B Wt T #%2 5 Anopheles gambiae. TR B & & M R ¥.D. melanogaster LA B V8
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7 E ¥ A mellifera®n T ¥ %% % 4 /N ¥ Nasonia vitripennis % [ ¥ % 7 Pr5-HTs%
WEBEEHE. PrS-HTLEHFFREWMEHNS-HIRAFFANESRS, B,
B ZZHRTEN —RFHS-HTZ AR, BLFFRA, PrS-HALERRACE =
WK o ] R AR B M A0 AR UM T . Bombyx moriAg Bl #:60%, A8l
75%; P. xylostellaisl @] % 44%, 181l 1561%; Aedes aegyptiFH B 1£36%, 181l 1£56%;
T. castaneum#d Bl 1£36%, #l156%; Culex quinquefasciatustd [ ¥36%, 81
161%; A. gambiaetd [F]1#32%, HHMUMS53% (BT BB F 512 B L &4.2).

¥ Pr5-HTg 5 A fu B i B 40 BYGPCRE W & Y TR fE # AL AT, B RERHI
FHRROCHHEMEZRREETERNH# AR L (H42) , FrATRIPIS-HTs %
—KFHZA,

Fa2 HAMEHAEEFFIEA

Table 4.2 Accession numbers and annotations for the sequences used in the phylogenetic analysis.

Gene ID Accession nr and description

AmTA; NP_001011594.1 tyramine receptor typel [Apis mellifera}

AmTA, XP_394231.2|PREDICTED: putative tyramine receptor 2 [Apis mellifera]

AmOA, NP_001011565.1| octopamine receptor [Apis mellifera)

AmOA;g,; XP_397139.2|PREDICTED: octopamine receptor beta-1R [Apis mellifera)

AmOA;p; XP_396348.4|PREDICTED: octopamine receptor beta-2R isoform 5 [Apis mellifera)

AmOA,p; XP_397077.3|PREDICTED: similar to Octopamine receptor beta-3R (DmOct-beta-3R) [4pis mellifera)
AmDOP, NP_001011595.1| dopamine receptor, D1 {Apis mellifera]

AmDOP, NP_001011567.1| dopamine receptor 2 [4pis mellifera]

AmDOP; NP_001014983.1| D2-like dopamine receptor [4pis mellifera)

AmS5-HT,;, FN645449.1|4pis mellifera mRNA for serotonin receptor (5-HT1 gene)

AmS5-HT,, XP_394798.1|PREDICTED: similar to Serotonin receptor 2 CG1056-PB, isoform B [Apis mellifera]

Am5-HT,g NP_001191178.1| serotonin receptor [4pis mellifera]

AmS5-HT; AMO76717.1| Apis mellifera mRNA for serotonin receptor (5-HT7 gene)

BmTA, BAD11157.1| tyramine receptor 1 [Bombyx mori]

BmTA, BAI52937.1| tyramine receptor 2 {Bombyx mori)

BmOA, NP_001091748.1| octopamine receptor [Bombyx mori]

BmOA, BAJ06526.1| octopamine receptor [Bombyx mori]

BmDOP, NP_001108459.1| dopamine receptor-1 [Bombyx mori]

BmDOP, NP_001108338| dopamine receptor 2 [Bombyx mori]

BmS5-HTg CAAG64862.1|serotonin receptor [Bombyx mori]

BmS5-HTg XP_004923410.1|PREDICTED: alpha- 1 A adrenergic receptor-like [Bombyx mori]
BiOA, GU074418.1|Balanus improvisus alpha-like octopamine receptor mRNA, complete cds
BiOA,p; GUO074419.1|Balanus improvisus beta-like octopamine receptor R1 mRNA, complete cds
BiOAp; GU074420.1|Balanus improvisus beta-like octopamine receptor R2 mRNA, complete cds
BiOAp; GUO074421.1|Balanus improvisus beta-like octopamine receptor R3 mRNA, complete cds
BiOAjp, GUO074422.1|Balanus improvisus beta-like octopamine receptor R4 mRNA, complete cds
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DmTA, NP_524419.2|Octopamine-Tyramine receptor, isoform A [Drosophila melanogaster)

DmTA, NP_650652.1|tyramine receptor [Dmsophila melanogaster)

DmOA,, NP_732541.1Joctopamine receptor in mushroom bodies, isoform A [Drosophila melanogaster]
DmOA,, NP_524669.2joctopamine receptor in mushroom bodies, isoform B [Drosophila melanogaster]
DmOA,g, NP_651057.1octopamine receptor 2, isoform A [Drosophila melanogaster)

DmOA;p; NP_001034049.1|Octbeta2R, isoform A [ Drosophila melanogaster)

DmOA5; NP_001034043.1|Octbeta3R, isoform D [ Drosophila melanogaster]

DmDOP, CAAS54451.1|/dopamine receptor [ Drosophila melanogaster]
DmDOP, NP_733299.1|dopamine receptor 2, isoform A [ Drosophila melanogaster]
DmDOP; AAX52464.1|dopamine 2-like receptor, isoform C [Drosophila melanogaster]

DmS5-HT, 5 CAA77570.1|5HT-dro2A receptor (serotonin receptor) [ Drosophila melanogaster)

Dm5-HT,p CAA77571.1|5HT-dro2B receptor (serotonin receptor) [ Drosophila melanogaster}

Dm5-HT,, NP_524223 .2|serotonin receptor 2, isoform A [Drosophila melanogaster]

DmS5-HTzp NP_001262373.1| CG42796, isoform E [Drosophila melanogaster]

Dm5-HT, NP_524599.1|serotonin receptor 7 [Drosophila melanogaster]

DmFR AAF47700.1| fmrf receptor [ Drosophila melanogaster]

DmninaE NP_524407.1|neither inactivation nor afterpotential E [ Drosophil lanogaster]
HsAja NP_000671.2[alpha- 1A adrenergic receptor isoform 1 [Homo sapiens)
HsAp NP_000670.1|alpha-1B adrenergic receptor [ Homo sapiens}

HsAjp NP_000669.1alpha-1D adrenergic receptor [Homo sapiens]

HsAjp NP_000672.3| alpha-2A adrenergic receptor [Homo sapiens]

HsAjp NP_000673.2| alpha-2B adrenergic receptor [Homo sapiens]

HsA,c NP_000674.2| alpha-2C adrenergic receptor [Homo sapiens]

HsB, NP_000675.1|beta-1 adrenergic receptor [Homo sapiens]

HsB, NP_000015.1|beta-2 adrenergic receptor [Homo sapiens)

HsB; NP_000016.1|beta-3 adrenergic receptor [Homo sapiens)

HsD, NP_000785.1]D(1A) dopamine receptor [Homo sapiens}

HsD, NP_000786.1|D(2) dopamine receptor isoform long [ Homo sapiens]
HsD, NP_000787.2|D(3) dopamine receptor isoform a [ Homo sapiens]
HsD, NP_000788.2|D(4) dopamine receptor [ Homo sapiens]

HsDs NP_000789.1|D(1B) dopamine receptor [Homo sapiens}

Hs5-HTa NP_000515.2| 5-hydroxytryptamine receptor 1A [Homo sapiens]
Hs5-HT s NP_000854.1| 5-hydroxytryptamine receptor 1B [Homo sapiens]
Hs5-HT)p NP_000855.1| 5-hydroxytryptamine receptor 1D [Homo sapiens]
HsS-HTg NP_000856.1| 5-hydroxytryptamine receptor 1E [Homo sapiens]
HsS5-HT,¢ NP_000857.1|5-hydroxytryptamine receptor 1F [Homo sapiens]

HsS-HT;4 NP_000612.1|5-hydroxytryptamine receptor 2A isoform 1 [Homo sapiens}

Hs5-HT,g NP_000858.3|5-hydroxytryptamine receptor 2B [Homo sapiens]

Hs5-HT;¢ NP_000859.1(5-hydroxytryptamine receptor 2C isoform a precursor [ Homo sapiens)

Hs5-HTs, NP_076917.1{5-hydroxytryptamine receptor SA [Homo sapiens]

Hs5-HT, NP_000861.1| 5-hydroxytryptamine receptor 4 isoform b [Homo sapiens)
HsS5-HTg NP_000862.1| 5-hydroxytryptamine receptor 6 [Homo sapiens)
Hs5-HT; NP_000863.1| 5-hydroxytryptamine receptor 7 isoform a [Homo sapiens]
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TcTA, NP_001164311.1| tyramine/octopamine receptor [ Tribolium castaneum)

TcTA; XP_001811970.1|PREDICTED: similar to putative GPCR class a orphan receptor 4 (AGAP004034-PA)
[Tribolium castaneum)

TcOA, XP_970007.2[PREDICTED: similar to octopamine receptor [ Tribolium castaneum)

TcOAzp; XP_974265.1|PREDICTED: similar to GA19956-PA [Tribolium castaneum])

TcOA;p: XP_974214.1|PREDICTED: similar to beta adrenergic receptor [ Tribolium castaneum)

TcOAg;3 XP_974238.2|PREDICTED: similar to Octopamine receptor beta-3R (DmOct-beta-3R) [Tribolium
castaneum)

TcDOP, XP_971542.2|PREDICTED: similar to dopamine receptor I [ Tribolium castaneum)

TcDOP, XP_972779.2|PREDICTED: similar to dopamine receptor 2 [Tribolium castaneum)

TcDOP; XP_969037.2|PREDICTED: similar to Dopamine 2-like receptor CG33517-PA [Tribolium castaneum]

Tc5-HTa XP_967449.2|PREDICTED: similar to serotonin receptor [ Tribolium castaneum]

Tc5-HT,p XP_972856.2|PREDICTED: similar to putative serotonin receptor [ Tribolium castaneum]

Tc5-HToa XP_972327.1|PREDICTED: similar to putative serotonin SHT-2a receptor (AGAP002232-PA)
[Tribolium castaneum)]

Tc5-HT, XP_966577.2|PREDICTED: similar to serotonin receptor 7 [Tribolium castaneum)

TcS5-HTg XP_001809893.1|PREDICTED: similar to serotonin receptor, putative [ Tribolium castaneum]

Cq5-HT; XP_001863625| serotonin receptor [Culex quinquefasciatus)

Ag5-HTy XP_312245.4| AGAP002679-PA [Anopheles gambiae str. PEST]

AaS5-HTg XP_001658546.1| serotonin receptor, putative [4edes aegypti]

Px5-HT; The sequence of Px5-HTg; was downloaded from diamondback moth genome database

(http://www.iae.fafu.edu.cn/DBM/)
Px010018|5-hydroxytryptamine receptor 1A-alpha [Plutella xylostella]

Pr5-HT8 :
Px5-HT8
cS-HT8 :

Pr5-HT8 :
Px5-HT8 *
Tc5-HTS ©

Pr5-BTE :
Px5-BT8 :
Tc5-BT8 @

Pr5-HTE :
Px5-HT8 :
TcS5-HT8 :

T 438
: 515
: 380

o
"R
Yias QH

j# KRMST VgD

E4.1 Pr5-HTZ AR FIIRAME 2 HBEEEN S EF5 WAt 47,
Fig 4.1 Amino acid sequence alignment of Pr5-HT; and orthologous receptors from Plutella
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xylostella (Px5-HTs; accession no. Px 010018) and 7. castaneum (Tc5-HTg; accession no.
XP_001809893). Putative transmembrane domains are indicated by TM1 to TM7. The shaded
sequences highlight the identity level of amino acids between the receptors. Potential
N-glycosylation and phosphorylation sites are labeled by filled circles and asterisks, respectively.
Serine residues (S35, S192, S204) predicted to be involved in agonist binding are labeled with filled
triangles. The second phenylalanine after the FxxxWxP motif in TM6, is indicated by a rhombus.
The cysteine residue (Css) in the C-terminus, a potential target for post-translational
palmitoylation, is labelled by a unfilled circle. The corresponding positions of the conserved
Asp3 32 and Thr**" in other aminergic receptors are indicated by unfilled stars. Letters in the box
represent the region used to raise Pr5-HTs-specific antibodies. The amino acid position is
indicated on the right.

4.2 PrS-HT, SR 3 fb 4 4y & g B St 4k B 3 AL 247

Fig 4.2 Phylogenetic analysis of Pr5-HT; and selected biogenic amine receptors.
Neighbor joining trees were constructed using MEGA 5 software with 1000-fold bootstrap re-sampling. The
numbers at the nodes of the branches represent the level of bootstrap support for each branch. DmFR and
DmninaE were used as out-groups. The receptor sequences, followed by their GenBank accession numbers are list
in Table 5.1.
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3.2 Pr5-HT, # kA4 7 4 2

AR EMB(AES-RERK. EAKOA. BETAMS EEDA)Y TR #
pcDNA3-PrS-HTy/HEK 293 i i cAMP & B # % (FE4.3A) , 4.5 &40 %) s NKH
4775 R A CAMP# B jw (E43B) . B2, MKEWSHTHS3 &
pcDNA3-PrS-HTo/HEK 293§ 5 Ca®* ik & #+ %1, 3F B # & 2 KL, ECsofd #44.8 M

(E4.5) . 5-HTR 43| £ K 4 #WHEK 2934 L ICa " RE E k. B3, BN
BEHEHT S5 £pcDNA3-PrS-HTy/HEK 293 & — K EWE L (B
4.4) . T4 BT 5) & HpcDNA3-Pr5-HTo/HEK 293 1 M Ca®* ok & 4 fL IR K # e iy
HEK 293% M i 9 Ca” R E X R B £ 7, TH A FHEK 293 HH MERA
B ARHL, % ERBIRG,, I REANCSREAE (Iwataetal, 2005) . ER
48 Bk 7~ 4 %" pcDNA3-Pr5-HTs/HEK 293 8 I cAMPIK & % 11(E 4.4).

A 15 . B 25

8
8

=
o

-

o
r

ns
s ns

w
»

515- 515

L

0
Control NKH 477 S5 HT OA TA DA Control NKH 477 S-HT OA TA DA

10 pM NKH 477

F4.3 T F 4 ¥ B A pcDNA3-Pr5-HTy/HEK 293 i [cAMP] % 7.
Fig 4.3 Modulation of [cAMP); in HEK-293 cells stably expressing Pr5-HT;. (A) Effects of
various biogenic amines and 10 pM NKH 477 on [cAMP}]; in HEK-293. (B) Effects of various
biogenic amines on [cAMP]; stimulated by 10 uM NKH 477 in HEK-293 cells. Data represent
means + SE of three experiments. Asterisks indicate values significantly different from the control
value using one-way ANOVA with the Tukey—Kramer multiple comparisons test (**P<0.001), and
ns means no significant difference.
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E4.4 #©— LB K% pcDNA3-Pr5S-HTy/HEK 29387 [cAMP]$7[Ca®" ],/ v4.

Fig 4.4 Effects of histamine, adenosine, tryptamine and melatonin on [cAMP]; and [Ca®"]; in
HEK-293 cells constitutively expressing Pr5-HTs. Data represent means + SE of three
experiments. Asterisks indicate values significantly different from the control value using one-way
ANOVA with the Tukey—Kramer multiple comparisons test and ns means no significant difference.
(A) Effects of 100 pM adenosine on [Ca”"]; in HEK-293 cells. (B) Effects of 10 pM histamine and
adenosine on intracellular cAMP levels in HEK-293 cells in the presence and absence of 10 uM
forskolin (FK). Data represent means + SE of three experiments. ns means no significant
difference. (C) Effects of 100 uM tryptamine and melatonin on [Ca2+]i in HEK-293 cells. (D)
Effects of 10 uM histamine and adenosine on intracellular cAMP levels in HEK-293 cells in the
presence and absence of 10 uM FK.
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Fig 4.5 Representative Ca’" responses and dose-response profiles for 5-HT in HEK293 cells
stably expressing Pr5-HT8. (a) Effects of 5-HT and the biogenic amines OA, TA, and DA on
[Ca™]; in a representative single HEK293 cell. (b) Pseudocolored images of HEK293 cells
following stimulations with a series of biogenic amines. (c) Increasing concentrations of 5-HT
induced changes of fluorescence ratio in a dose-dependent way. (d) Dose-response curve for 5-HT
in cells, obtained from Ca’’ imaging. We analyzed the data in terms of two binding models, a
one-site and a two-site model. The resulting F statistic indicates a closer fit to the one-site binding
model (F =2.6 9 10_11, p = 1). Each point represents the mean + SE from 30 to 50 cells in a
representative experiment from three to five replicates.

3.3 HFpAFERAXN ZARNEERN Ca” 55 W W

S-HT % & ¥ # 71 % 5MT . 8-OH-DPAT # 5-CT ¢ 4 5| &£
pcDNA3-PrS-HTy/HEK 293 % Ca® i & # &, # B #1% 7 & L. Tisumatriptan
FIAS-19T #EBI R A Ca™ IR E E L (H4.6AFB) . 5-MTHIECsofé #14.1 nM,
5-CTHECsofE #19.0 nM, 8-OH-DPATHJECsofé #603.1 nM (E4.6C) . DA%k
B4 % 711 7] £ 4% pramipexole. bromocriptine #76,7-ADTN hydrobromide 5 1~ #¢ 5| &

pcDNA3-Pr5-HTy/HEK 293 . 4 Ca> /% £ % 1. (4.6D) . Methiothepin, — ##5-HT
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FIAFELF GRS
FARE AR, R BUEPIS-HTe X K, # B A M E R, ECsofl 17.4 pM
(E4.7), 5-HT,% K+ # 7SB-269970, 5-HT5% & # 41 7 SB-216641 1 A
5-HT.p % & 89 45 41 7| RS-127445 %1 1~ 4 47 #| 5-HT 5| & #1 pcDNA3-Pr5-HTs/HEK
203 HCa R E A E (HA.8A-C) o MS-HT A% AR FIWAY-100635fE 4 35

F5-HTE| B ACa> % ZE T4 (EH48D) .
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Fig 4.6 Representative Ca®  responses and dose—response profiles for various agonists in

HEK-293 cells stably expressing Pr5-HTs. (A) Effects of various S-HT receptor agonists (10 pM)

on [Ca™]; in a representative single HEK-293 cell. (B) Effects of 10 pM AS-19 on [Ca’"}; in a
representative single HEK-293 cell. (C) Dose-response curve for 5-MT, 5-CT and 8-OH-DPAT
stimulating [Ca®Tiin HEK-293 cells Each point represents the mean + SE from 30 to 50 cells in a
representative experiment from 3 to 5 replicates. (D) Effects of various dopamine receptor

agonists (100 M) on [Cay]; in a representative single HEK-293 cell.
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4.7 Methiothepin #f pcDNA3-Pr5-HTy/HEK 293 #4[Ca®' &/
Fig 4.7 Representative Ca>' responses and dose—response profiles for methiothepin in HEK-293
cells stably expressing Pr5-HTs. (A) Dose-response of methiothepin on [Ca®']; in a representative
single HEK-293 cell. (B) Dose-response curve for methiothepin stimulating [Ca*];in HEK-293
cells Each point represents the mean = SE from 30 to 50 cells in a representative experiment from

3 to S replicates.
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Ratosiossr0a9| e )
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§ 0§ 5‘5 F & & F
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4.8 5-HT % 1k # 4 /| 1 pcDNA3-Pr5-HTs/HEK 293 #[Ca®' |, "H
Fig 4.8 Effects of SB 216641 (A), SB 269970 (B), RS 127445 (C) and WAY 100635 (D) on 5-HT
induced [Ca®; increase. Pr5-HT; transfected HEK-293 cells were first stimulated with 100 nM

5-HT, which was washed out for 2 min. Then cells were incubated with various antagonists for 2
min prior to the second application of 100 nM 5-HT.

v

4 Wi

AEBRKERY, Bhkk—AFWSHT S h. 6%, FAM4EEHA
EERRBWEASAEERENE NS HTRREE R —#; £, #un
ANERRARN FRBRO AN EYRLRRKETANRUK L, £, %%
{4k HEK 2034 MR 45, #46M 5-HT 2 fk ity 4 i 2 1 1 47 Methiothepin#5 .
BT ULEJLE, Pr5-HTsR ¥ & wthk W A5 EANS-HTR A& (Pr5-HT14. Pr5-HT 3.
Pr5-HTy4. Pr5-HT:p. Pr5-HT,) Wi FFIHEUEK. B ZEAmRNAT UEXF =
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FAALFRME., FEHULLE, TUREHERXE LKA - KHFHS-HTZ
*h, FXAESBERAURAEH— LR EHH R,

BRFFN N, RAPrS-HIEBRGEE S, THRBEURGE BBBH X
JF# %4 & (Nichols and Nichols, 2008) . 3 A #5-HTpf5-HTop% th-B th 4
& W ARk B M 9 BT (Wacker et al. 2013; Wang et al. 2013) , D> Wtk &
EFRXBEM. ERXFNEATHSHIZ R T HRTFHNEERFH A
PrS-HT AR P RACEERAE SR, ETHFHT RZTRBRECSHIZHY
BN R,

B A W B JL A A 47 % 349 1 86 ¥ 7 pcDNA3-Pr5-HTo/HEK 293 i, i cAMP i 7t
B, 4B HPHINKH 4778 £ 19 B W cAMPH 7 %, BT DAPrS-HTgBE 718 B Gs b T
BEXGi. BT 5-HT, H'& /LA &4 R4 T 83 BpcDNA3-Pr5S-HT/HEK 29388 A
Ca®" kB8, R¥APS-HTBHG, ABMAC RE.,

PrS-HTsM B ¥ R A CHS-HTSARBEERE ., B —BS5-HTZ KA
#5h F| ww5-CT . 5-MT#28-OH-DPAT *f Pr5-HTs 4.8 # 5 B & . Sumatriptan2 5-HT;
FR B S A (Razzaque et al., 1999) , AS-1925-HT,H— & BHHH A
(Schlenstedt et al., 2006; Roser et al., 2012) . 183 F AN B 5h 7| #5 4 PrS-HTs %tk
# A ¥"f. Methiothepin (Monachon et al., 1972) % B #5-HT s(Thamm et al.,
2010). 5-HTa(Roser et al., 2012)Fu5-HT,(Schlenstedt ez al., 2006) 8 52 2 # 7 .
© 8 B EPIS-HT % 4k, 5] 2 M i Ca® %k & 7+ % . MethiothepinB ECsof& % 17.4 uM,
H5-MT., 5-CT#8-OH-DPATHECso B E&R % . TF — LB R IEHS-HTZ R
RHRASEHHFAWHKR, Yohimbine# A5-HT\a. 5-HTip. S-HTipfsk k%
BS-HT, X R A (Roser et al, 2012) , 18 B ZRA 2 AWS-HT A Z KA &
AWAR KA (Millan ef al., 2000) . B FMethiothepinZ £ ¥ B & 5-HT % &1y #
P, T T EPS-HTe %A 0 Rtk M,

AELRMT LA CHESHTZ KR A APS-HT T K ¥ 1.
SB-269970 2 & SL 3 1 5-HT, X Rt e B W R A (Lovell er al., 2000) *f B Ry
5-HT, %tk A #H KR (Schlenstedt et al., 2006; Roser et al., 2012) . SB-216641
EHILAHS-HT g X R s B H A (Price et al., 1997) %t % & H=Pr5-HT 5
Z AR # 50K A (E3.3F). RS-1274452 78 15 #15-HTop % 1R By 1% B B A
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(Bonhaus ef al., 1999) . & UM R XS-HT:H R A ERKR. TWAY-100635
gt 4% # 41 5-HT 3| & ¥ pcDNA3-Pr5S-HTy/HEK 293 Ml W Ca®* 3% JE 7+ & .
WAY-1006352 "8 5.1 #15-HT s W0 . H M 41 A) (Fornal et al., 1996) , .2 % B
F& % kD9 575 4 ¥ 51 7| (Chemel et al., 2006) . WAY-1006352 % [E A #kPeaS-HT,
F Kk #y K 15 # 57 (Troppmann et al., 2010) , 4.2 77 7 % ¥ AmS-HT, o ¥ 1K B
4 #HL A (Thamm et al., 2010). 5S-HTs XA HE ¥ U FRH CS-HTZ KRBT EE
mHEAERET —XFHS-HTZ K,

AATS-HTR W AR L A RS BRI BA X L Z AT ATHEE
ek, SHTRARMARS HEAE—SB 2FFREAR. BAEEHANS-HT, X
RERS . AR, YATHURD KE +HH %k (Schlenstedt ef al., 2006) . £
FRMEXATREREREGIURARES FHRAEFRA.EEZREFAL
KR ZZERBAKMK. AH¥, % RF RAedes aegyptitt % th AaeS-HT, 2
Ji o R B K € AR X B tracheolar 4 i R ik, BT M Z Z KT S5 F ALK
%) % 4k % (Pietrantonio et al., 2001) .

Pr5-HTg X hEMZHRW T RL, EREMNFAMECERFRFE—FHHE
BR. HEAEFNPREAMRAR. ARLTNERKANE R, nEM. el
LRERT R HMEPS-HT L R XA, AR ZEAEXFRENALHT
oA, RS ERESHEESR®.
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HIR SRERSSRER R MARFEHTR
1 5%

S-BeRE#NEEENHE R R I ZHE L —(Turlejski, 1996). €W E
BN EERDYR S EEIR, wREL ENFERHE(Sze e al, 2000)
#n 1% 3f)(Ranganathan ef al., 2000); ¥ 2 %7 (Anstey ef al,, 2009) AR ¥
FICAZ (Sitaraman er al., 2008); WHEAWEERSPT Y, GEAK, R,
A FBEBR (M6ssner and Lesch, 1998). 7 #%Z Z 44, S-HT £ 4K 5H
EPOREEEFA. SRAHT UG RFEFS-HT, hiw AR A MM &L
5B S-HT A R # % @8 TPH1 (Kushnir-Sukhov et al., 2007, 2008) . # RAEA 40
M % X 5-HT % £ 4k SERT, #E4 MM I H K K S-HT (O'Connell et al., 2006) . 5-HT
18 1 6] A S AR R 4 e 0 RO e R E KR B, T A B M SR R IA R £ A
#5-HT% # (Baganz and Blakely, 2013) . 5-HToafb {2 3t 55 8% 14 4 40 i 09 #4104
(Boehme et al., 2008) . f# B % 4 ffi b #95-HT,c % R BEH S-HT#7E (Mikulski
etal,2010) . AT, Ao EF KA R ARG Y R B 52 40 ML By, B
77 S-HTZE 4 71k 7 9 5 8 5 1 R Fa bL I 6 R 6 2

By ek, wESHk, EE#AE T AHQET o0 Ky,
BERKRRE, ZRNSOAEFERAUREE. BER —HEERTFHEX 45
KA, CEEATOS yumdy KB ANG A, M8 45 2 B9 5 o 40 J fo B vk 40
Ao g b b 48 LR B R FE T 4 A% R ® (Aderem and Underhill, 1999) .
nEREEELRE MR TR TFLEYN —HEFEEN ARG BRA
(Lavine and Strand, 2002) , TS @E B WX i@ o BN 2 T EHE
%4 (Kanosteral,2004) . WEARME LT, AR AKMME RG] A RE
BRI BFHEIERN, AT, REESDAHEL, SHTRAZE 2 hARERN S
FNHERERLELE, BRCHAARKAS-HTHEEE 2 4 i 5% (Baines
et al., 1992; Kim et al., 2009) .

EREARSBALAZZAWC T EAERELAD N EXR LR RAM
(Lemaitre and Hoffmann, 2007), H %i# ¥ wTol X AhfE S BHE AR R P EAREK
#, (Hoffmann, 2003) . 4 /& $E %8 & 9 B o Fo v 3L 30 4y 2 J6] 89 3 b AR LM T B
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VFREAFARHEN TR ARG RELZH S TNE (Adamo, 2008) . BT & =@y
REFREAEE, ARSHINENE - BERAREANRARSERE L
WAXRAUBRES. AR T, RINELBLIHE¥FRURHAHRNAIK AR
RIXEFEHREASHTES HEAR AR R, RNAALAKEE &I R
5-HT, #HS-HTTUEHS-HT\p Fo 5-HTp ZHEEHHEE, MEHAHZK
BRAFWHFALERR . BLEXE 2 RES-HT s R Z R R o 40 o5 7 M Y
RNAi F# X 5-HTp 7 5-HTp XGERHREHFNRILIE TR EEERF
Ao

2 MBEFE

2.1 RBEEHH

XERWEARURFTAAFRA KBS L E ZF2.1%,

ALEBRHFANEBRRBARE THAFHPREEF L (Bloomington
Drosophila Stock Center), B3EHmIA -Gal4 (30139); UAS-5-HT,3 RNAi (27634,
25833); UAS-5-HT:3 RNAi (25874, 60488). 5-HT,5 control Fu5-HT;//"" £4§ &
Leslie Vosshall (Gasque et al., 2013) WAy, REFATALERSE (BE25C,
BET0%, XABAL:D=12h:12h) . RGN IZEREXRNERE, X4
A AT%E EFE . T3%8 E KM 1 T%E B 1% #E T3 0.5%H 37 s $10.25%
HMEHEFE. RIRFAANRBEARTEATTAK, RIS EEKHPTLH
o ABEFARBHARTE B FXBRHFVNAHRBIFHREE, AN
WESEITRHREH IR,

22 REHRRAREX

AXREBA, WEFAA LB XH., WELLEN, £ FEMRA TS %
MREAMBEENR, REBAECCAIEALA, BARBATAIIRATSL
RE, ShARENEUERBH AL LB, REEISCCATRALN, RENK
FEEDZRE, FRMNBEERBICNHATLRE. B TUSERBREX
MAE2SCATERMA, F6 hkE— AR LH. B L HEISCCAIRAMA, 12 h
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BE— AL REHROALBE—REEEE, RERA, HBEHATE A
ATHRREHRBHRA L8E, —BURBHE2SCAIERAN2IXR, W
REEFR, RACHBBRANLLR, —REXHAKREHPNEI-TAN
RLBRBEERE, BELENT3. KENRBIEEARFENEAHL TR,
GEEHRNHAKENRE, BIRBFERARBENFENRBESN, THERT
UEAEREEYETEE —BURFIRKERS %,

A LBl UAS-5-HT 3 RNAi (27634, 25833)F A~ & % 4 51 IR Hmid-Gal4# %,
Fi R4 T4 i 48 fS-HT gt & % . A UAS-5-HT ;5 RNAi (27634, 25833)F N i % LA
R HmiA-Gald 5 % 4 FIBRW'"3 225, FiR1E & T4 i 48 jS-HT g B9 5 R . A
UAS-5-HTp RNAi (25874, 60488)% it & 4+ R IR HmiA-Gal4# %, FiR A T# fn
%8 B 5-HToplY & & . /A UAS-5-HT,5 RNAi (25874, 60488)% /> & % LA & Hmid-Gal4
R RIRW! B, FiR 1N T4 48 S-HTp 4 B R 8.

23 MARHALH. ERFEREFS

RAT0%ERESRXF RS RRkTHFR. AFATRTRIF—AL, %
Mk EFREE, FA10 plEgH k3 Ak B dk % T Grace’s Insect Medium (1:10, v/v;
Invitrogen, Carlsbad, CA). % B # fn sk & im 2 127, 48 fg 35 774K B (Nunc, Roskilde,
Denmark), % & £9 % % 7.2x 10° 448§ . % 3L fw A 100 ng/ml LPS (Escherichia coli
0111:B4; Sigma Aldrich) # & 15min, 1h, 2h # 4h (Ngkelo ef al., 2012; Wu et al.,
2015), ARKEREALKETLS mBECE, BOBERLE, ALERMS-HT
WA E. WEE AR LW ERBRRNA,

2.4 5-HT W

WEF - RNXFRIRYEOKE, BRES. 30 plit K EF 170 pl
Grace’s Insect Medium, 3% 7% % % flv A2 pl 1€ 7 #92-phenylthiourea (PTU). # & 19
M E B —A8H IR+ (Lab-Tek™, Nunc, Thermo Fisher Scientific,
Rochester, USA), ¥ 48 ik #£27°C a3 5k 4, WB20 min, HKEBHI. &
WiEHE, FPBSEBIEREM2K, WAA%H $ R FEEE20 min, £%E

Eik, PBSE#3IK, K5 min, F1%HBSA¥MEMAE TR TH A1 hoe FS-HT
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Foth(Sigma) ¥ 40 L EA °CHEH24/0At, FAM X eV R4 S-HTH AR WA 10
mM 5-HT#4°CH§ #24/M et . PBSIE 2 48 132K, % K5 min. /A SA-Alexa Fluor 546
Z#i (Invitrogen) FE{HF1h. —HB/FLKXE, FAPBSHAMERIK, FX
5 min, 1 pg/mLEDAPIE iE % 4 %S5 min. ZLSM SIOR B A ERERALE
%4 (Zeiss, Gottingen, Germany) T3,

JA5-HT ELISA &7 & (Jiancheng, Nanjing, China) #| k& # 5-HTH & &
(Lietal,2014) A4S RSB RAANEH YA S H7T.

2.5 ¥ %% TRH # TPH £ H i &

FREZF23.1F R BHRNALL X A K #3' RACE #iK #RCR. FTH 5|4

R&S5.1,

#® 51 AFEEFAANT N
Table 5.1 Primers used in this study

Primer name Primer sequence (5'-3")

TRH-3'outer h ATTGGCAACGCTATATFFCTTCACC
TRH-3'inner CACGGATTCGTTTGAGGAAGCTAAG
TPH- compF ACTCT‘ITCGACCTCTCCTCTC

TPH- compR CACCAATTCACTTTAAACAGCT
TRH- compF CGTCCTTACTCGTCAAACTAACC
TRH- compR CGCCGTTTTGTATGTACTAAAAATT

2.6 %&£ & PCR 1 RT-PCR

/N 8RNA#R BUR A £ high pure RNA isolation kit (Roche) 3 ¥ # 2584
RMAEWRNA, RS REBAASHAFRT. Y TRERESH 2O,
B30k3R 4 R A FARTFREHF, L hERA100 pl A HREH X
HAY, B aAREEKTHE] mnBFRE. RE4) =4 HRNAKE BT %
BREF & 4 FRNA B % B 77 i 48 ] . f Nanodrop 2000 spectrophotometer
(Thermo Scientific Inc., Bremen, Germany) # |32 B i k BRNAM R E K & .
K I ERCREYHAR £ X 5 B ReverTra Ace® qPCR RT kit (Toyobo, Osaka, Japan)
R & B HH B 24T, BTARNAR & # 1ug. RT-PCR# # 48 % BKOD- Plus- (Toyobo,
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Osaka, Japan)A A & H 9 # & k. WRAERKE, LK EEEPCRATARA N
SsoFast Eva Green Supermix with Low Rox (Bio-Rad, Hercules, CA), # B it.58 # &
I 72 % A £ EPCR{X Applied Biosystems 7500 Real-Time PCR System (Applied
Biosystems by Life Technologies, Carlsbad, CA) ¥ #17. H F 7% X & EPCRA#TH#Y
BRMSIH N K52, AW % (Livak and Schmittgen, 2001) ¢ 7[5 & [
WRAERE, RFRFAISRNAFE AL EE, RBEREARL 111 AW &%

A

* 5.2 %X ZEPCRFRT-PCR* 7 2 H5 | 4r
Table 5.2 Primers used for real-time PCR and RT-PCR

Primer name Primer sequence (5'-3")
RT-PCR and GRT-PCR for 2 rapae

18s-q-F CCTGCGGAAGGATCATTAAC
18s-g-R AACGAAAGAAAGCGTCCAAA
TPH-q-F AAGATTGTACCGGGTTCACG
TPH-g-R AACGATGCCAGTCCAATTTC
TRH-q-F TACCAAAAACACGCCTGTGA
TRH-q-R AGCCAAACCGGAAAGAAAAT
SERT-q-F GCGGCATCACAAATCTTCTT
SERT-q-R TCCGGGTAGACGATGAAAAC
5-HTA-q-F TTTGCAGCTCAGCATCAATC
5-HTs-q-R TTGGCTTACGAGGCACTTCT
5-HTg-q-F AACCTGGTGGGAGACATCTG
5-HTp-q-R CGGCCAGAGAAAGTATGAGC
5-HTz5-q-F CCAGAGCTATGCGTCATCAA
5-HT,5-q-R TCCACATTGCCTTCTCTGTG
5-HT,5-q-F TCCAGAATGTGAAAAGAGAATACC
5-HTp-q-R CAATACTGACACAAAAGCACCTT
5-HT;-q-F CTCCGCATCAGAAAAAGCTC
5-HT;-q-R ACGGCGTCAGGAATTGTATC
RE-PCR for Dmelanogese
5-HT-F CGTATTCGTAATTGCCGCCA
5-HT;g-R CCGGTCCCAATATCCATCCA
5-HTs-F ACACCACTGTACAGGAGAGC
5-HT;-R AGCGGTCTGTCCCCAAAATA
TPH-F TCGAGACCTGGGGCATTATC
TPH-R CCGAGAGCTGAGTAGTCCAG
RPL11-F CGATCCCTCCATCGGTATCT

RPL1I-R AACCACTTCATGGCATCCTC
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2.7 ¥SLRBR X E 4 DNA # M PCR

BC ] 42 BUR 38 % B 41 DNA B4 # ¥ (Squash Buffer), BHRA &%, HR—
% & ] Tris, EDTA 7 NaCl B4, Fl X & A& &, 7 F % 3L B W Tris # pH=8.0,
% 100 ul IM Tris (pH=8.0, 20ul). 0.5M EDTA #7 50 ul 5 M NaCl fu A 15ml
KENEREFA, FA98ml RAKX, RLRFARS, BARKRA 10ml #
R K H 4 DNA HE& WK .
BLREEFEHADNA RBWEKBETEALT:
(D FELREAN 1SmIBLEF, WEARWREAKEREE, M MEQ
EFMAS0ul WRERE WK (RFHERA, & 50ul FiA lul 10 mg/ml # &
B8 KD,
(2) WHREBEANE R, BREEZWE FAE.
(3) BERFEOE, EHRTE.
(4) ¥ LR K #%HEANPCRE, HEEPCR XA, #FH 37 °C30min, 95C 2
min, 4C ##%.
(5) # PCR /4 14000 rpm % /% 7 min.
(6) ¥ LB X FHADNA% \FTHWPCRE, ET4CHRAERSE.
£ B 47 #yDNA A Nanodrop 2000 spectrophotometer: il & & Fu 3% & . PCRET A 51 47
W.%5.3. % FIKoD- Plus- Neo# & & £ PCREE # /TPCRY # . R B &% %: 94 °C,

2 min; 98 °C, 10sec, 58 °C, 30sec, 68 °C, 1.5 min, 40N &3 ; 68 °C, 7 min,
#* 53 RMEFHYE PCRAAGIH

Table 5.3 Primers used for genomic PCR

Primer name Primer sequence (5'-3')

5-HT,g-genomic-F CTGCGCTCCTTCTTCAGC

5-HT;g-genomic-R CGTAATTGCCGCCATTATACTC
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2.8 BHER

2.8.1 X ¥4 kS E%

¥ F b i 40 MR SN A 52 B % BB Cuttell ef al. (2008), ® 4 KK . 14032 5
Wk G, ¥ 5k 967 4 M3 5 AR £ (CoStar, Washington, USA). /f20 uM Cell
Tracker Blue CMAC (Molecular Probes) (Life Technologies, Carlsbad, CA, USA)
27°CH &1 hZ 5, FAPBS# =% . % HpHrodo E. coli (Invitrogen, Carlsbad, CA)
R HHAFTEELE. pHrodo E. coliFi ¥ FpH A 74HPBSEF R X EREO.S
mg/ml, RE B . 40M %510 uM cytochalasin DA 1h/5, EHmA45 ul&F
BAS plZh 5, 27 °CEEH90 min. AR KX EMH (Nikon Eclipse TS100, Nikon,
Japan) THHH. 200 xEZ A H, EMLENBRESNMAE .

282 RMEAE%

HESENIOXPAES TR RE, MAENF L. A B HE A X Femtolet
microinjection system (Eppendorf)% & sk 48 7% &t A £470.2 pl#1 mg/mL pHrodo®
green E. coli ## pHrodo®red S. aureus (Invitrogen, Carlsbad, CA). ¥ £ % 3 7
25°CH AR ho A5 L B R4 T ok b, 4% K B #% % (Nikon AZ100M, Nikon,
Japan) T4 & L R . Almage KB IT H R AE, RESTEAMEXKAE
k%, B ¥ o 89k XEKDUAE® K L [fluorescencelioma vein
area/ [ fluorescencelagjacent area

REAAKRTHEELIRS R T: AR MEH KX Drummond Scientific
Nanoject 1% 4 3k £ ¥ 7% $136.8 nL PBSE# | pg/pl 5-HT, 25°C ¥ #%30 min. &5
HIE4 27 nL 1.0 pm Red Fluorescent Carboxylate Modified FluoSpheres
(Invitrogen), AIPBS#:1: 2% %, 25°C ¥ #10min/5, E436.8 nLiJ0.4%E B &
(Invitrogen)# K K FH Mk F. RE LW RB|HK TR L, HEAEANTELR
BHR,
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2.9 X ¥ 47 RNAi

RIEX & RS-HTZ A KTPHEZHFBRFF], Hlnvitrogensd BsiRNA R itHK
# (http://maidesigner.thermofisher.com/rnaiexpress/) X 1t 7 48 i #ysiRNA, E ik )F
7| X, %5.4. siRNA f Invitrogen/A: 8] & 5. . 1140 B3 BB2.2F B9 5 i % . A Grace’s
BAREEEMIERATOOLAMIERK. BHEEES, mA24ngsiRNA f2 0.7 pl
siRNA # %X % INTERFERin® (Polyplus-transfection SA, France), R {&k#1E¥
B RERA YA S #1T. BRKAE27CRFBER,

% 5.4 siRNA 4 B F 5!
Table 5.4 siRNA sequence
Gene name Sense (5'-3") Antisense (5'-3')
negative control | UUCUCCGAACGUGUCACGUTT | ACGUGACACGUUCGGAGAATT
TPH GCUAGCGUUCCGAGUAUUUTT | AAAUACUCGGAACGCUAGCTT
Pr5-HT s GCUGACUCCAAGAGAGAAATT | UUUCUCUCUUGGAGUCAGCTT
Pr5-HT»p CCAGUUCACCAUCAUCUAUTT | AUAGAUGAUGGUGAACUGGTT
Pr5-HT, GGUUGUGAAGCAUCUCCAUTT | AUGGAGAUGCUUCACAACCTT

2.10 ¥ W& Pr5-HTp f Pr5-HT s itk &

HWESHT s B R XK A5 4. @5 HPrS-HTip- BamH I 5'-
CGGGATCCCAAACAGCTAGGAAAAGAAT -3' #2 K 1815] #7Pr5-HT p- Xhol I 5'-
CCCTCGAGTTATGTCTTTGCCGCTTTCC -3'. #3|#1¥ #¥S5-HT s %% =K
X F%|, FpET-28a(+)ff 4 FAZ &Kk &4k, K FKoD-Plus-Neo 1% K t PCREg i
fTPCRY # . KM %% %:94°C, 2min; 98°C, 10sec, 60°C, 30sec, 68°C,
30s, 40MEIF; 68 °C, 7 min, PCRZ /G 1%k 3 B B e IR e sk i 0, 4 B
HI&FYT, I Axygenkt B B A & B4k . AR R &1 A 4788 BamH 179 Xhol
1573 ERUE I = LA RpET-28a (DR # T XYL E, eI ERE, A
1% S8 8 B8 B R R i ), ¥ B &% 1T, 3 H Axygendt i B iR A £ K
FITADNA ##8 (Z4£Y) RERENENFNEEREFMELE. BMRs
Fot, BalFRiEENFFIGEHA, #EITFHEAKS# N\ Escherichia coli BL21
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(DE3)&R AWtk &, & W M % £ 4 Kanamycin#i ¥ (50 mg/ml) WLBE &k 5 % I,
WHIESR, H—NLHEH%E TS ml LB Kanamycinfi e AR # X, HA37°C#H
RIBHER, RETRCENTR, HLS0OWLE, SERFERI2ULS FAEE
TUHWLBRE &+, HAFREF (37°C, 220 ipm), R EHODgoofE %0.8.
AmA\0.5 mM isopropyl-B-d-thiogalactopyranoside (IPTG) 28°C, 200 rpm i & %S
KiK., B, FERELE, KESK, BFHBSHN, ESMEARHEELHS
T, % FNi-chelating affinity column (TransGen Biotech, Beijing, China)#} 5 His-tag
MEEARO#HTHA. Y TAHARELHEONEHAYE, RELENEHHEEN
SDS-PAGE ®.ik, A/G#ZIPVDFf L (Bio-Rad). FlHHisHF &M % T Hi ki
WEFNERNE, FWADNAAITKD, RIELFHEHE, BALEHEERS
EARBERB R EYNE, H500 pg5 B RERNERBRBEHREERENF
BEZERT, B2I3AMBEEZ —K (FHRTES) . mELZTHHE X120 pg
A&, BAMEMER. FEUAMBEREE LR, ABG#KR L, &4 0#F,
W HT AR A o ?‘kﬂiﬁﬂﬁ%ﬁuﬁ, MNF B, 4% &, *F Montage
Antibody Purification kit with RPOSEP-A mediai# 7 31 & 45 1L, .

Pr5-HTs i kIR & X F # K& R 77 ik, M EZTEY L8 6Kk, H
GenScript Optimum Antigen™ design tool i | PrS-HT,p % & 418 /7 71 . 1B & & #7
75| % SAAAKTSKGTNISEC, #MKFFIMRE— M EIERRATREZ AL
B EARRITEWE KA KT G, % RPrS-HT i1k & & 0 77 & 34T ok B 41
& Rdl.

2.11 Western blot 2 % 3 %% %

o 48 7 vk A B9 9 3 (1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCI pH
7.5, 5 mM EDTA, 1 mM sodiumo-vanadate) R #, ZAHE ¥ MmN\ E &8 A
phenylmethyl sulfonylfluoride (PMSF, Sangon Biotech, P0754, Shanghai, China). #
THEBEE, B (15500g, 10 minutes, 4°C) @M. KE LiE, A
Bradford reagent (Sangon Biotech, Shanghai, China) 5 & U E G K E . H & Fiv
A4 x Protein SDS PAGE Loading Buffer (Takara Biotechnology, Japan)# %, 3k
#10 min, $EEZHE, K5, RA12%K L FEESDS-PAGEXR & H#T4H % .
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# i Bio-Rad¥ THEMA B B OHINMRA LM L (PVDFE). ATBST (5%
Tris- buffered saline; pH 7.0; 0.1% Tween 20) B&H| B S%HEIH H AR ZEBF
2h, A TBST#2K, €%k Smin. i \ &F 5-HTp % % B A H F H RS H5-HTzs
% mBAE (1: 5000 WHEAE, 4°C, BEHFIHR. ATBSTH4K, %K 5min.
MNAH ERRE ZH A& (1: 50000 FiR T h ATBSTASK, %K 5min.
JECL (Thermo Scientific) 7 = £ %, #HH.

MM AR S R2AT R, BT HARKR—#,

2.12 Ca”" %3

41 8, ) Ca® %K & # 1 5K /| Easy Ratio Pro4% &, % 4 #7 % 4t (Photon Technology

International, Birmingham, NJ). ¥ # $ i 8 Ca>" sk th & B0 T -

1) $SHEFRY 2 MARAEI2 mmFE A L (Thermo Scientific), 41K E
27°C, WA /NET;

2) Mp NG, FEAELR, APBSHB ALK, M\ APBSHEH] pmol/L
Fura 2-AM (Dojindo Laboratories, Kumamoto, Japan);

3) 27°C #A# %30 min, *KFura 2-AMI K, AC ™ G Ry EANE
A% (152 mM NaCl, 5.4 mM KCl, 5.5 mM glucose, 1.8 mM CaCl,, 0.8 mM
MgCl,, and 10 mM HEPES, pH 7.4) #:%# % X .

4) % JG JiEasy Ratio Pro5 & 4 #7 (LR M 48 e, % K % K380 nM (Fura 2) #n
340nM (Ca**-Fura2), %47 K510 nM.

HANLREH =KL L, FOrigin Pro (Origin Lab, Northampton, MA)#k 4 #l 4-S

A i & 1t HECsofE .

213 RELFELR

AAWH £ RN S F &H % KW@ Staphylococcus aureusk B TH L KA ¥ &
FRAZMEFTEIRE. KM EFXTSmE AR ERBWLBERE, K2#E
R b A SR(4°C, 225 rpm) o 4 1 B3 7 B0 B K\ B0 AL 3 5000 g% 443 min,
FELEE, AXEWHPBSERNE, EODsn 404, BEHRNL20L R, HiH

47 - I Drummond Scientific Nanoject 1145 % 3k 5 48 37 B 3 5] — &0 A0 7% 5132.2 nL
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41 vH R, FFLAVEATAR B AR BUK W B9PBSTE 4 2t B . A1 /E B9 RN 25°CH
FEKER, EHE, 6 XA ARZWREIHMEMIBIHGTR, KEARER
%, THAREK. ERRMET— KRR THE. FABREFANFTHEREE.

2.14 HAWAERRAERT HREELR

SRLITH T R R BRLEEHWHRERTHK, ODeo V04, B EFAWR
WAE24K, FLREEMNER. SHEARNRBEHT8LE, BLHAAN
1.5ml BLOEF, BLOEEMALI00 pXEHPBS, LB EXKLE, 9%. F
HLI0RE, RARER K. AL10psHe, NEREZBRE, R0 E
RABENFERENEARLBRERE L, EAESEO MBS, LTEHTH
REHAECCHRFAAER, 2P ERR6 WinlSh/E B, SHEFEARSL., #
BT %, BWELRBAXE, STRLIBE, RAREBILK. SLBEH
WAREITPCREABERIOIR AL, FHE LT HEH TN, EEAREL X,
¥, FHEEHI0Z00MEHENKE, REFBUATERRIX T L% E
HEREHKE.

2.15 ¥k @4

B % EH Studentttests 7 XA T HAEHRRBURBHNATEREREEFN
447 F Log rank tests 7 %, /% ¢ b {4 & #% /f| Gehan-Breslow-Wilcoxon test77 i 4t it
T E, KECEERAELEBENG 204, FHEZE W R X A Tukey-Kramer
FEH#HT o B B A 83 4 A7 #6 & 38 i3 Origin 8.0 (Origin Lab, Northampton, MA,
USA)#2GraphPad Prism 5.0 (San Diego, CA, USA)X B M 8t 5% BB .

3 &ER544T

3.1 MER MM E XA R S-HT Wak

JA100 ng/ml LPSHE S X Fh a2 h/s, B AR R AT ERMEHHA
AS-HTHA K. DABEATURMNZS-HTES (FS1AL) , THENEBEA
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(E5.1AT) . SHTHARTE EFH A8, B6AKRZLE (TPH/TRH) FL-R
EBHAMAADC) (HS.1B) . CAREABESHTERE B FHIRER, &
BATaAANEERT, BhPREEERENHNZTPH/TRH, HLFHE
TPHU/TPH2, ZHEANEEHARA KRN E OB A CEAREUBEL.
TPH/TPHI % [ 72 JE #4241 4 & & 34, TRH/TPH2 % [ 75 #2441 o &K 3& (Coté et
al., 2003; Neckameyer et al., 2007; Watanabe et al., 2011) . 5-HT#iZ{kSERTZ —
A RER @, T 8 A MM E BLS-HT (Rudnick, 2006; Torres et al., 2003) , i T RT-PCR
# M TPH, TRHASERTH# E & fu 40 j E 8 RAEJ. BES5.1CK A 48 j & A TPH
HImRNA, {2 R TRHFMSERTH# X AR A RME XL RER LKA AR EL
TPHE % & BS-HT, T AZMNRMSNRIKS-HT. £#, FELISAR 7 %4 T 4
HEKEEREPHS-HTS . DHMALPSE R WES-HTE EBEZFLH, &
F2hikE R AME, EER40ES-HTE AT T (H51D) . KX < EPCRY
%R BRI MHEALPSH F15 minfi4 hWTPHHmRNAKRKIZ B & it B6 R A%
(ES1E) . B4 LRERTH, WMt EkI 4 RPBHS-HT, IMRAE
AMRKLPSHEEREME. FHit, #AUS-HTS 5 HE IHHEZ.

3.2 5-HT ¥ i 40 fi 5%

AT RS-HTRKEE b 48 A T Z A ke, FBTS-HTH & KB R i &
Eo¥mmARELEE 2L KA EE colithit /1. AMFFBE. colit pHrodo#F 1T,
RE-MEFUAELLE, TERUTRELBAHEN LR K AENEH,
a-methyltryptophan (AMTP) ¥ LA #7 #|5-HT#J 4 A& (Gal and Christiansen, 1975).
ES2HWME&ERER, HAEFMA10 M AMTPES5-HTH 2 B R # TH. MWHIL0
UM AMTP £ B 3% M 1K 1 48 . 5% E. colity 86 /1. mA100nM 5-HT G, mAAME
WE. colitRE 1T LK & (BS53A-D). )5, FIsiTPHT i fi %4 o L TPHEY kA,
FTHE XY H80% (ES3E). FH48h/E, mMABMESE. colitith 1 B T,
4 T4 T TPHA 48 # £ fiw A 100 nM 5-HT /G, i @M EHE. colit 8 /190 & #+
% (E53F-D, REHFERA, DAREGRNSHIENBREE T XEEE#
A
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Fig 5.1 Activated hemocytes are capable of 5-HT synthesis.

(A) 5-HT was visualized by confocal microscopy in hemocytes activated with 100 ng/ml LPS by labeling with
5-HT antisera (Alexa Fluor 546; red) (upper left). 5-HT antisera was preabsorbed with 5-HT as the negative
control (lower left). Nuclei were counterstained with DAPI (blue). Scale bar represents 10 pM. Data are
representatives of two independent experiments. (B) Serotonin biosynthetic pathway. Tryptophan- phenylalanine
hydroxylase (TRH/TPH), aromatic L-amino acid decarboxylase (AADC), 5-hydroxy tryptophan (5-HTP). (C)
Expression of gene transcripts for TPH, TRH, and SERT were determined by RT-PCR from naive hemocytes and
from hemocytes activated with 100 ng/ml LPS for 2h, Central nervous system (CNS) as positive control. Data are
representatives of three independent experiments. (D) 5-HT concentrations in hemocytes supernatants were
determined by ELISA. Hemocytes were activated with 100 ng/ml LPS. Naive hemocytes treated with PBS are as
control (7 = 4). (E) Relative expression of TPH was quantified by real time PCR. Hemocytes were activated with
100 ng/ml LPS. Naive hemocytes treated with PBS is as control (# = 3). One-way ANOVA followed by Tukey’s
multiple comparison test for D and E. Error bars indicate + s.e.m., ***P < 0.001, **P<< 0.01, *P<< 0.05 and NS
means no significant difference.
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Fig 5.2 Inhibition of 5-HT synthesis by AMTP. Both PBS treated hemocytes (control) and 10 uM
AMTP-treated hemocytes were incubated with 100 ng/ml LPS for 2 h. Error bars indicate + s.e.m.,
n =3, the statistical analysis is based on two-tailed #-test, **P<T 0.01.
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A C ontrol B AMTP 10 uM C AMTP 10 uM + 5-HT 100 oM

100 pm
D E I R Control siTPH
= Control siTPH W Si7PH ¢+ S-HT 100 nM
R0 NS M- * ok *k 78 * ok Ak
1 kK = - L W NS ook ok
T = = 18- S
z 60+ £ il 2
2 2 2
2 404 2 g
= 7 9+ =
s 5 <
Z 204 5 = T Z
=
ol r
AMTP(M) 0 10 10 = =S < =
(o] w
5HT@M) 0 0 100 o -
F Control48 h G SiTPH 48 h H s7PH+ 5-HT 100nM 48 h

B 5.3 #I4IS-HTH & K £ R 55 i 48 M B9 B aE
Fig 5.3 Inhibition of endogenous 5-HT synthesis impairs hemocyte phagocytosis. (A-C)

Hemocyte phagocytosis was visualized by florescence microscope. Hemocytes were stained with
Cell Tracker Blue CMAC (blue), green represent the phagocytosed pHrodo E. coli. (D)
Quantification of phagocytosis of E. coli by hemocytes (n = 3). (E) Confirmation of knock-down
effect of TPH by real-time qPCR. The P. rapael8s rRNA gene was used as an internal reference
gene (n = 4). (F-H) Effect of siTPH on hemocyte phagocytosis was visualized by florescence
microscope. (I) Quantification of siTPH effect on hemocyte phagocytosis (7 = 3). One-way
ANOVA followed by Tukey’s multiple comparison test for D and I; two-tailed #-test for E. Error
bars indicate + s.e.m., ¥**¥*P < 0.001, **P<< 0.01 and NS means no significant difference.
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3.35-HT # ¥ Pr5-HT 5 # Pr5-HT,p 8 3 1 40 Je &%

RNEERES-HTS S REMAHRES, ELENFLES-HTA KRBT HAN
ZHRATEELS . BHel, ERETHCE LR HRSHS-HTZ K, ©3ES5-HTa,
5-HTg, 5-HT34, 5-HT25#5-HT; (Blenau and Thamm, 2011; Gasque et al., 2013).
5-HT o #05-HT s RGi 1B BL, PR 1R M ACAMPIK £ o S-HT 2 %5-HTeBRG 1B 5, 7f
B AESE TRE. S-HTRG (85, 7 & M AcAMPX . (Blenau and Thamm,
2011; Gasque et al., 2013). #A1/A100 ng/ml LPS% & 1 48 f2 h/E, 1 it RT-PCR
BRMZRERIER, FUXF P RHEAL (CNS) EHFEM S, ES54A
Y% R R RV 5 89 1 40 MK A PrS-HT 3, Pr5-HTo5 79 Pr5-HT,% ki 4E F &,
FEBL G RENE - FEADBHEAEE G AT XRLEPS-HT,s (EHS4B) #o
Pr5-HT,5(E5.4C). Ca™" A HIE E w A 40 B b A PrS-HTouth & ik, % 40 0
B MR R RS NT AR B, FvS-HTH RS A & A i 4
Ca’ i & & o S-HTHYECsofE 40.15nM (5.5),

MM EFESHZR, BANBEIHE X FELNERZ AL Z RS 5
EmEMESE. TRT2REALKRE A0 (MEADZh% B0 1= R A
(SB-216641, RS-127445, SB-269970) * [ BT % K ¥ sh &k, # & SB-216641 %t
Pr5-HT s 8 8 1 /6 | 7 SB-269970 % PrS-HT, i e B A B B h v B
. RS-1274452 AS-HTosZ thiF R MR A, RITKTERPrS-HT stk B 2%
1R 28 ML & R E.colit RE 77, T 4% HLPrS-HT, 7 f 40 L84 vt A BH B %ol . Ho
HBHE, HRPIS-HTpht R E A B MM ALE coliti & (& 5.4D-H),

#A12t — 2 % ILSB-216641 7 i 40 ML AR 0 B 2R B (ES.6A). # T
Ehdil LR SR, BAVASIRNANSSTH F AR MMM Rkt
. %R R HAsIPr5-HTpA 0 40 24 h#748 h/E, Pr5-HT sl % 1% & £ mRNA K
FAuE g AT L EFERES.6B-C). A AW A B8 AL 2 8 40 MO A I, siPr5-HT )5
RBEHMEREESE KT EEFBRMK (ES6D-F). siPr5-HTsf £48 hE % %K
Pr5-HTp 3 KA FAE A A FH Rk (ESTA-B), Em@MESeE AT
W% (ESTCE), MTHMBRS-HT, WXL EH REmn@mn 5% (&
5.7F-G), X4 R ZHS5-HTE 18 5-HT pf5-HTop R 15 o 40 L o0 &2, 103X 70 A9

TR R T AT
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Fig 5.4 5-HT receptor subtypes expressed in naive and LPS-activated hemocytes. (A) Hemocytes
were negatively purified and activated with 100 ng/ml LPS for 2 hours. The gene expression for
5-HTR subtype was examined by RT-PCR. Data are representatives of three independent
experiments. (B) Gene expression for Pr5-HT;z was examined by immunofluorescence. The scale
bar represents 10 pM. Data are representatives of two independent experiments. (C) Gene
expression for Pr5-HT.; was examined by immunofluorescence. PL, plasmatocytes; GR,
granulocytes. Data are representatives of two independent experiments. (D-G) The effect of
different antagonist on hemocyte phagocytosis was visualized by florescence microscope.
SB216641 is an antagonist of 5-HT,s. SB269970 is an antagonist of 5-HT, and RS127445 is a
human 5-HT.y antagonist. (H) Quantification of different antagonist on hemocyte phagocytosis.
Data are from three independent experiments that each consists of cells from ten fifth-instar larvae.
One-way ANOVA followed by Tukey’s multiple comparison test for H. Error bars indicate +
s.e.m., ¥**P < 0.001, **P<T 0.01 and NS means no significant difference.
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Fig 5.5 Representative Ca’' responses and dose-response profiles for 5-HT in hemocytes. (A)
Pseudocolored images of hemocytes before and after application of 1 nM 5-HT. Red cells indicate
high levels of intracellular Ca’” measured by fluorescent ratio intensities, and blue cells represent
the basal levels. Two major kinds of hemocytes, plasmatocytes and granulocytes, are indicated by
arrows. (B) Increasing concentrations of S5-HT dose-dependently induced changes in the
fluorescence ratio of hemocytes. (C) Dose-response curve for 5-HT in hemocytes, as obtained

from Ca’" imaging. Each point represents the mean + s.e.m. from three to five replicates.
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Fig 5.6 Pr5-HT g mediates hemocyte phagocytosis. Dose-response profiles for the effects of
Pr5-HT s blocker SB 216641 on hemocyte phagocytosis. Data are from three independent
experiments that each consists of cells from ten fifth-instar larvae. (B) Confirmation of
knock-down effect of Pr5-HT 5 by real-time PCR. The P. rapae 18s rRNA gene was used as
an internal reference gene (n = 4). (C) Western blot analysis of knock-down effect of
Pr5-HTs. B-actin was used to show equal protein loading. (D-E) Effect of siPr5-HT,5 on
hemocyte phagocytosis was visualized by florescence microscope. (F) Quantification of
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siPr5-HT s effect on hemocyte phagocytosis. Data are from three independent experiments
that each consists of cells from ten fifth-instar larvae. One-way ANOVA followed by Tukey’s
multiple comparison test for A; two-tailed r-test for B and F. Error bars indicate + s.e.m.,
*xxpP <0.001, **P<< 0.01.
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Fig 5.7 Effect of siPr5-HT» and siPr5-HT, on hemocyte phagocytosis. Confirmation of
knock-down effect of Pr5-HT,p by real-time PCR. The P. rapae 18s rRNA gene was used as an
internal reference gene (n = 3). (B) Western blot analysis of knock-down effect of Pr5-HTag.
B-actin was used to show equal protein loading. (C-D) Effect of siPr5-HT»; on hemocyte
phagocytosis was visualized by florescence microscope. (E) Quantification of siPr3-HT:s effect
on hemocyte phagocytosis (7 = 3). (F) Confirmation of knock-down effect of Pr5-HT; by

75



MIAFETFLIEX FLE G-EERSERER 2 nMEEENMR

real-time PCR. The P, rapae 18s rRNA gene was used as an internal reference gene (n= 3). (G)
Quantification of siPr5-HT; effect on hemocyte phagocytosis (# = 3). Two-tailed #-test for A, E, F
and G. Error bars indicatex s.e.m., ***P< 0.001, **P<< 0.01, *P<< 0.05 and NS means no

significant difference.
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Fig 5.8 Expression analysis of Pr5-HT,3 and Pr5-HT, in naive and LPS-induced hemocytes.
(A-B) Relative expression of Pr3-HT,p and Pr5-HT»g were quantified by q-PCR. The P. rapae 18s
rRNA gene was used as an internal reference (n = 3). (C-D) Western blot analysis of Pr5-HT,g and
Pr5-HT>; in naive and LPS-induced hemocytes. B-actin was used to show equal protein loading.
One-way ANOVA followed by Tukey’s multiple comparison test for A and B. Error bars indicate
+s.em., ¥**P <0.001, **P<< 0.01 *P<< (.05, and NS means no significant difference.
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Fig 5.9 5-HT g is required for microbial phagocytosis and plays an important role in the
Drosophila defense against S. aureus infection. (A) 5-HT,p, 5-HTp and TPH are expressed in
Drosophila naive hemocytes. RPLI] was used as an internal reference gene. Data are
representatives of three independent experiments. (B) Genomic PCR of 5-HTs control and
5-HT;5""" flies. Data are representatives of three independent experiments. (C) Representative

pictures depicting phagocytosis in 5-HT,g control and 5-HT,BA”’“"

flies of fluorescein-labeled E.
coli bioparticles. (D) Quantification of in vivo phagocytosis of E. coli. Approximately ten flies per
genotype were used in each experiment. Data are representatives of three independent experiments.
(E) Representative pictures depicting phagocytosis in 5-HT,g control and 5-HT;;"""" flies of
fluorescein-labeled S. aureus bioparticles. (F) Quantification of in vivo phagocytosis of S. aureus.
Approximately eight flies per genotype were used in each experiment. Data are representatives of
three independent experiments. (G-H) Representative survival curves of female (G) and male (H)
5-HT, control and 5-HT ;5" flies after injection of S. aureus (optical density [OD] 0.4). n =
20-25 flies. Experiments were performed in triplicate. (I) Comparison of the S. aureus (OD 0.4)
recovered in 5-HT, control and 5-HT 5" flies 0, 6, and 18 hr post infection. Bacterial load was
measured in eight individual female flies per genotype at each time point in each experiment.
Two-tailed #-test for D, F and 1. Error bars indicate + s.e.m., ***P < 0.001, **P<< (.01, *P<
0.05.
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B 510 THREDMEFSHT gl RZ 2 THEEMAFTE
Fig 5.10 Knockdown of 5-HT,g in hemocytes affects Drosophila phagocytosis and survival. (A)
Quantification of in vivo phagocytosis of E. coli in WT/UAS-1B RNAi, hml> UAS-1B RNAi and
hmi/WT flies. Approximately six flies per genotype were used in each experiment. Experiments
were performed twice, (B) Quantification of in vivo phagocytosis of E. coli in WT/UAS-5-HT
RNAiI* | hmi>UAS-5-HT ;5 RNAi"**and hml/WT flies. Approximately six flies per genotype
were used in each experiment. Experiments were performed twice. (C) Quantification of in vivo
phagocytosis of S. aureus in WT/UAS-1B RNAi, hml> UAS-1B RNAi and hmlI/WT flies.
Approximately six flies per genotype were used in each experiment. Experiments were performed
twice, (D) Quantification of in vivo phagocytosis of S. aureus in WT/UAS-5-HT RNAi¥,
hml>UAS-5-HT ;5 RNA7**and hml/WT flies. Approximately six flies per genotype were used in
each experiment. Experiments were performed twice. (E) Quantification of in vivo phagocytosis
of red fluorescently labeled latex beads in WT/UAS-1B RNAi, hml>UAS-1B RNAi and hml/WT
flies after a 30 min preinjection of either PBS or lpg/ul 5-HT. Approximately six flies per
genotype were used in each experiment. Experiments were done twice, (F) Representative
survival curves of WT/UAS-1B RNAi, hmi>UAS-1B RNAi and hml/WT male flies after injection
of S. aureus. n=19-22 flies. Data are representatives of three independent experiments. Each
experiment was performed in triplicate. (G) Representative survival curves of WT/UAS-5-HT )z
RNAi**3 | hmi>UAS-5-HT )5 RNAi"*and hml/WT male flies after injection of S. aureus.
n=19-21 flies. Data are representatives of two independent experiments. Each experiment was
performed in triplicate. (H) Comparison of the S. aureus (OD 0.4) recovered in WT/UAS-1B RNAI,
hml>UAS-1B RNAi and hml/WT flies 0, and 18 hr post infection. Bacterial load was measured in
eight individual male flies per genotype at each time point in each experiment. Experiments were
performed in triplicate. (I) Comparison of the S. aureus (OD 0.4) recovered in WT/UAS-5-HT 5
RNAi**3 | hmil>UAS-5-HT 5 RNAi***"and hmI/WT flies 0 and 18 hr post infection. Bacterial load
was measured in eight individual male flies per genotype at each time point in each experiment.
Experiments were performed in triplicate. One-way ANOVA followed by Tukey’s multiple
comparison test for A, B, C, D, E, H and I. Error bars indicate £ s.e.m., ***P < 0.001, **P<<

0.01, *P<< 0.05.
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Fig 5.11 Knockdown of 5-HT,g in hemocytes affects Drosophila phagocytosis and survival. (A)
Quantification of in vivo phagocytosis of E. coli in WT/UAS-5-HT g RNA* hmi> UAS-5-HT-3
RNAi™Y and hml/WT flies. Approximately six flies per genotype were used in each experiment.
Experiments were performed twice, (B) Quantification of in vivo phagocytosis of E. coli in
WT/UAS-5-HT25 RNAP"™, hmi>UAS-5-HT=5 RNAI** and hml/WT flies. Approximately six
flies per genotype were used in each experiment. Experiments were performed twice. (C)
Quantification of in vivo phagocytosis of S. aureus in WT/UAS-5-HT»z RNAi™",
hmi>UAS-5-HT»5 RNAi"*"* and hml/WT flies. Approximately six flies per genotype were used in
each experiment. Experiments were performed twice, (D) Quantification of in vivo phagocytosis
of S. aureus in WT/UAS-5-HT:3 RNA"™™, hml>UAS-5-HT»5 RNA"** and hml/WT flies.
Approximately six flics per genotype were used in each experiment. Experiments were performed
twice. (E) Quantification of in vivo phagocytosis of red fluorescently labeled latex beads in
WT/UAS-5-HT25 RNAi™"", hnl>UAS-5-HT»3 RNAi™** and hmI/WT flies after a 30 min
preinjection of either PBS or lug/ul 5-HT. Approximately six flies per genotype were used in
each experiment. Experiments were done twice, (F) Representative survival curves of
WT/UAS-5-HT > RNAP* hml>UAS-5-HT > RNAi***™ and hml/WT male flies after injection of
S. aureus. n=20-21 flies. Data are representatives of two independent experiments. Each
experiment was performed in triplicate. (G) Representative survival curves of WT/UAS-5-HT >
RNA®™  hml>UAS-5-HT-5 RNAP®"™ and hml/WT male flies after injection of S. aureus.
1n=19-21 flies. Data are representatives of two independent experiments. Each experiment was
performed in triplicate. (H) Comparison of the S. aureus (OD 0.4) recovered in WT/UAS-5-HT>2p
RNAi**" | hmI>UAS-5-HT:5 RNAi™*"* and hml/WT flies 0, and 18 hr post infection. Bacterial
load was measured in eight individual male flies per genotype at each time point in each
experiment. Experiments were performed in triplicate. (1) Comparison of the S. aureus (OD 0.4)
recovered in WT/UAS-5-HT2p RNAI"™ hmI>UAS-5-HT»5 RNAi"* and hml/WT flies 0, and 18
hr post infection. Bacterial load was measured in eight individual male flies per genotype at each
time point in each experiment. Experiments were performed in triplicate. One-way ANOVA
followed by Tukey’s multiple comparison test for A, B, C, D, E, H and 1. Error bars indicate +

s.e.m., ¥**P < 0.001, **P<< 0.01, *P<< 0.05.
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4 Wk

BN ARERUAT AMEANEREANSHIXAESRBELRTH
B, AR ERKRET B & hMBELTPH, 7+ B L4 AS-HT, REAHE
"% 46 B K il (Nakamura et al., 2008) . #LPS#/E# i 48 RTPHH K £ & # &,
MR #5-HTH & i, 1 H, f28M e lS-HTAF & — M E R g 45 31l #%
HF. CHEHES. B GYWETPHEE M 5% # T siRNATH TPHEY &k &
Hee R B RO AEnEEE,

HERG AR FALEREE RS (Meredith ef al., 2005) o 5-HTH# R H
—MEENMEER, CEREPEIL A ST AETRT EEEA. TkEH
MAES-HTHAEEA M AR FTEA T —EWHE, BARAZHEMA K. #
. BHKS-HTLL R A S-HTH K & (Ahern, 2011) . EAH X XHAS-HTHE R &
—FAMEERE, hwmAEAE. £F. WK ES (Baines et al., 1992;
Kim et al., 2009; Kim and Kim, 2010) , (ER A AN E S ER L AEE, o4
E ARNAIF & 27 i 4 M &% 8 6 4 IR ® Candida albicans®#1 £ H X, BHER
¥ ¥ Henne (TPHE| J8 % A ) 4 H 3 & £ #F — 4> (Stroschein-Stevenson ef al., 2006) .
HRAERFSHTX R ALNE —EHERAARLREANRAE TR 208 %
A FT URBRNEFH AT HAIY T XA ZEZ B ERFEKE.

a5, BN RERRAARRF FHEFT 2 i MM A Rk IAS5-HT . 5-HTop
F05-HT;% &, 1B& R4 S5-HT;g#5-HTp8 3 fit . 18 iF i 3 0 B9 3 3 A FIRNAI
Wk, BATAN, E¥S-HTpX AWt 2% Kb EmE S, MHEES-HTs
ZHEIRET AR DA EE. DR, XHNZERUERA T X mh 45
AHEE, RINKZAA L4 BELPSHIEE, S-HT gk EBEF LFA, MS5-HTp
WEZEHRL TH. A, FIEXAMIARELEE EHERTXTE, B2
MAEMEHER, TAMZEBIEANTAREES (H5.12) . BLTIH R
40 B A K IAS-HT pFoS-HTp % 6, S-HTH# i i WA % 4R H 4 R 0 Y #4 1o t
(Miller et al., 2009) . EARRMK MAMEUTERAM, EES-HTRET
5-HT,» (Nakamura ef al., 2008) #75-HTc (Mikulski et al., 2010) #7E B % 4§,
RFERMARARENTRERHAL K. SH, EERPERZER L FRT
Kt A (Kimeral,2013) o BARNIWERERZRAS-HTH T 5 5HE
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mAEEE, ER1ZZ IR EIREE M e g KA.

I A E AN LR - W E R R E R, XEZRBEEER R
o BR, BEZTERELENENWEEKIGATEE, BAKRTPHFRAEZE
K- #1T# (Sternberg, 2006) , T E E #RA# TR Z LREH A H (Lemaitre
and Hoffmann, 2007) . A1 X WEGS-HT g ¥ AR T HRRBE T HFE# AT
B, WARERLBEERGR T, 5T MMM AS-HT o % RH R B I £
HER, RAS-HT pX AN N A E S ER S MR A EEMNIRFRETE
B, THRTOAMS-HTpZ h R EWEBRAFEEGH AEREETHRS,
WARERBEERAS-HTpZ R B HEE, TREFRESIRERFT B

KM UB EE®, BhimmAaEs i fo B MS-HT, BH895-HTHE i 14
BAS-HT g fS-HT % h s 6. HNTAEXAEMBEREH# —FIEHAT
S-HT p#95-HTop % R 72 1K 9 H145 o 40 B 5o B9 o b o X 2L B 1 BAS-HT X A8 &
WESLF, TUBRETRMMHHEE. MaTEEWERAGHEANEE, R
SHTZ R AEHETABRR S AAEAXNEBZ AMHELXRL2ESET.

Tryptophan
LPS -—>Tn>ul|— AMTP

S-HTP

AADC l

5-HT
SB 216641 —1l l!— RS 127445

Lps —> T S B | <— LPS

vyl

Hemocyte
phagocytosis

J, Drosophila melanogaster \LT T Pieris rapae

A 512 BEHK
Fig 5.12 A schematic diagram of serotonin signaling on hemocyte phagocytosis.
LPS enhances the expression of TPH, which catalyzes tryptophan into 5-HT via 5-HTP. 5-HT, which secreted from
hemocytes, activates the hemocyte-membrane receptor 5-HT g and 5-HT-p. The immune responses of P. rapae are
labeled in purple: activation of 5-HT,5 promotes hemocyte phagocytosis and activation of 5-HT.g lead to opposite
effects. LPS increases 5-HT, g expression but decreases that of 5-HT.g. The immune responses of Drosophila are
labeled in green arrows: activation of 5-HT,p promotes hemocyte phagocytosis and activation of 5-HT,g lead to

the same effects.
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Rities
1 N&E

S-REBRE-—FMEENEREGEET, CRTEYE. £WEXBETHE
REER, REANEERAMERNETRBE R AT REFEA, LEBKE
SMAHR, EAMEHERERR. 2B AEENERSNAERRTHRE.
BRRANESHEIENNEYE, O S-REek. 40K &K S6EPHARK.
SHT EREMA T X EEEHEA, ARSHT RANEFLRREMERMEE, b
o i Sk, 0 RR B A8 A 4 R fo B 8% (Jones and Blackburn, 2002) . 5-HT B #
B BB R (Gasqueetal,2013) . BR ¥ # (Yuaneral,2005) . £% (Anstey
etal,2009) . K FHATH (Dierick et al., 2007) LK %¥ 3 Foit 42 (Sitaraman et al.,
2008) %. S-REREIEBIBRMELN TR, BEEMKGEBENE. FiEs
Y BN 14 N S-HT Z4%E, BT SHL ABFRERZR, £4 13
3% GPCR % 1k (Blenau and Baumann, 2001) . Hoyer % 4 % # 1 474k % GPCR
M 5-HT &4 % 6 A% (Hoyer and Clarke, 1994; Hoyer and Martin, 1995;
Hoyer and Martin, 1997), £ ¥: 5-HT; (5-HTiamper) 1 5-HTs (5-HTsap) 18
B G EREH A cAMP B4 & ; 5-HT2 (5-HToamc) B8k G, & AR A Ca®
B 7%, 5-HT4. 5-HTe f0 5-HT; B8k G, & & 1R # ML cAMP #7 & (Hannon and
Hoyer, 2008) . H# B # ¥R LI 5 f GPCR & 5-HT Z4k, 45| A: 5-HT)a.
5-HTig. 5-HT2a. 5-HTo % 5-HT;, 2 FIR"EILF4 5-HTia. 5-HTis. 5-HTaa.
5-HT,p 7 5-HT; % #k & #% (Blenau and Thamm, 2011) . R & & 5-HT F& R
Hezh¥ S-HT ZHRFFIEMUMES, HERNSE _EEME, EREH S-HT %k
MAGEXERREESY SHT ZRNAEFXURFEZR . AR WA S-HT
ZHEHEFUFEIRFEAR, ERBFAAY S-HT LHREHF FEHA
HAEAERE SHT KR LAZLTRA. FERANFR S-HT REGEFUR
MRERE, BEMSHBEHRSHT RGN EFUERRF LR, RIITXF R
5-HTa. 5-HTip %0 S-HT; %4k # AT T HEEHRN, k6.1 EREA=ANAZANGE
¥URELEER. BT RGEFLES S-Ha # S-HTp AN TR &K, B LE
HEFANZREHEFEFTETEN. AREFLS-HT XERNGEFRETES
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BITTRES SHT SARGEFERREEAY S-HT THRGRFRRNZR,
K Ew S-HT ko KR EE L Eah.
5-RERESRESSRERIAYNER LR RRRERBAT &
HH % (Ahern, 2011) . 182 S-HT BB 2 ARKWARH TS, L EXRMBRE
SHT AR S mARAE. 2. 4K EF (Baines er al.,, 1992; Kim et
al., 2009; Kim and Kim, 2010) , X% LR FERAKSHTH, SHT BER
BB EAETEEALERE . RNWARAAR L BT UE &6 KHAD
W S-HT. 2 FHE¥F B RNAI K, RAIKXH 5-HT #id 5-HTp 7 5-HTop
WENAEEE. EXAMBEHERERANTREKE:—FIEH S-HT T URL
5-HTip fo S-HT s BT EE A RAER R HNGE . XBERT AT R4

MBI E S R RO ARREEREA,
& 6.1 X H kv S-HT B ¥ U R

Table 6.1 The pharmacological properties of serotonin receptors from Pieris rapae

ZR B H BRES # A Agonist BRFEK REA 40 &k

Receptor Transduction & ECso Antagonist J 1Cso

Pr5-HT), Gy, [cAMP]; 4 5-HT 63.90 nM

PrS-HTp Gy, [cAMP]; 4 SHT 259nM  Methiothepin  2.49 uM
8-OH-DPAT - SB-216641
5-Methoxytryptamine 1.44 pM

Pr5-HT, G, [cAMP]i¢ 5-HT 10.77 sM Methiothepin 899.16 nM
8-OH-DPAT 3.02 yM SB-269970
5-Methoxytryptamine 429 WM

Pr5-HT; G, [Ca”]if 5-HT 44.8 nM WAY-100635

‘ 8-OH-DPAT 603.1 nM

5-Methoxytryptamine 14.1 nM
5-Carboxamidotryptamine  19.0 nM
Methiothepin 17.4 pM

ETREMEAE S, B TEER RAARGREARE DY TR LR W
5-HT %4k, RATEEI T —AFHEH S-HT 24, X HRENC o8 S-HT %4
FrIEMERK. Bdkskik, #ARTHEFSNTAN, ZXEREH EES
S-HT % (ks 0%, M RIHEH |
5-Methoxytryptamine>5-Carboxamidotryptamine>8-OH-DPAT> Methiothepin (%
6.1), Methiothepin (Monachon et al., 1972) & B % 5-HTa(Thamm et al., 2010).
5-HTa(Roser et al., 2012)F1 5-HT;(Schlenstedt et al., 2006)# % & & H Al T HE#
& Pr5-HTy % tk, BIRM W Ca R EF & . WAY-100635 5% 4K HHEA,
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BNE—BEHFPENBREGEFREPRET PrS-HTs ZRWEFEEE, okl
AEfR T, BEREESE FAEMRENEFAFRARAZEFINRRF .
ERNAERLG WA EEA T LR AR S-HT TAXEWEFELE, #HE
THE-RTHENIERUNZER, s TETEAFhNERATHE, AT
BB A — TR B EEAR .

2AMRAWAFIL

1) s X &8 3 A S-HT %4k 5-HTya. 5-HT s 0 5-HT, #47 T sbsh i e &
BRHEFURER, TULKRIMZRERE,

2) RERE—AHW S-HT ZHEEFE (Pr5-HTy), Bt kNG HE ¥ LB F8H
ZEARBE Gy, BESIRA CRE LA, RINGE—LEhpHFE YR
BREANEFRAZEFRIANZEFENERLE, MEBAHYWURERE R
HARE TN AFE.

D UXFRDBEMAFRR, BLEIES, HHHEBT UK RNAL £ 7%
BREAT BB E &6 RHAL W S-HT, S-HT B 4 f t 5-HT)s
fu5-HTop RARERY, X—SREEXEMBEMRBEABRIRIE.

3ABANTRZA

1) XX & & 5-HTia. 5-HTp 0 5-HT, WG EE B0, iR BB sh |
BUAKELRS, #ERA#—FHARRAZERT S EHAEEI G,

2) XFERSH; XS ERENEB AR ATAHA,

D EARBRRBEREBIUET 5-HT;pF S-HTpp XABERA L EHES, ER
REXFRBPLRALERF — KT, b THEEHE =W RNAI LB
BHRY, FIURERBSIGIRERRAEE B 2AARERIE.

44 FWBE S |

1) TEXEF R S-HT1a. S-HT;p 0 S-HT, TR H ¥ 525,
D) REXFRAEARNAIWEE, AF B THRAEBUERAR T REAZE,
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3) FAGMENTRE RNAI WHEHR SHT RET S SR8, #4
REAM AR A BATH T R
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