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Gener al |l ntroducti on

Act amwe paeBsvVRg

mo

mo

e X

M a

Ani mals employ various sensory Imodalit.i

neral, sensory systems can be classified

d passi{terseprpsi pws, see .Nallrtoavcestaandsei Magc,| v e

i mals intentionally move their bodies or

nitoring their own movements. I|In other <ca

ch as sound anod ienlteecrtarcitc woiutlhd etshhyteaiem vi r

formati on. Il n contrast, passive sensing

ationary and external stimuli, such as I

ergy that actisv.at Blse t dies trienccetpitoorr Iciedsl i n

nerate the sensmeyeé¢nye Whe et WwWemd olnv d s airn a

r imetdac&ness or within enchosiede’es@hnson

adner nmhhankPasmevessems asglydisit nomodaomviensal s

ssivdalnyt dmaleictari sing from c¢h.anlgrescadmt rtehse

tive senasniimgelli nlv et ai esygeyn sgoernye ri attpghuetivan t hr o u ¢

vemamrt,i oor ener. &gyh od emlciavaroyn, aeliactini dleoca

pl oaméi erampl es tod acquived s % piNeeatlinsmiin

clver, 2006;, BRO®&I mann et al



My st ufdoyjc ussnredt acti |l e sensing as a repres
sensNaoagt.ur nal Il nsects, such as cockroaches
detect the shape and | ocat(iHoanr |oefy séutfraaces.n, d i2n
et al ., ), 204d&entPtzadnmiy mowhe stklegi t oopbyebesnea
and idepoisiyi omdgHaanrdt pRabnfinl Br escot;Bu et all .., 2C
20)LBhese examples illustrate that active se
group but is a widespread strakieggddbdmr spat

I n neur ossceinesnatrfeyp r manted meo’'wsa b botdy movement
provi ded by sensory feedback signal s from
“reaftfeamenby the efference copy ofedeas al S
“‘copol Hdasgh(@r gpea8ommer ;St2r0e0k8a a R0OlIn8 t he whi ske
system, reafferent signals drmriega efnrcoym vti he al
generated at the whisker base durzi 2606dPnt a
which are transformed into neur al represen:
the tr-bgemiehalcortex pathway (Ebert et al
brainstem nucl ei already exhi bitesnta asndbt r ¢
exafferent signal s, indicating that sensory
first syAtpthe tev#Hloowal moewélat i popfrom t he

cortex further gatestoeahf ealdretopweinmgutta sckorit n



of sensory gain (Chakrabarti and Schwarz 20

contribute to integrating whisker and | oc«

esti matneotofonseanfd spantal eposilti @926¢C Chen

findings reveal that the brain dynamically
seddnerated sensory inputs, ensuring percep
essential fortifome spatial | ocaliza

Howevwew, t he mowe'smewn ss®fisory organs ar e

wi t hicrentthre | n earnvdo ucso nepyaskteedm wat hst i mul i t o i

spatial i nformanidemstemains poorly

Ki nemat iattse morita ¢ tseeml € i erg cikret s

For act i vneo cd¢ eimngsisehcgt, s |, such acsr i ceeksopac

Vi gorowistllyeainrt ennae, reammy ngundhidmenspaee.

flagel |l um o bdjuerd tntgs,sdceomr iarcgaat!l ioonmge f laangde | | um

t dee f | en@atginoattu dehat contact probjdetidiforamate

orientation (Okada and Toh, 2000; I fere et

bet ween t he bfjflecgelsluurni aacreds occonvey i nformat.
such as tsaxtid@emandet al ., 200GB0o ntLionuwmwns e
changhehsi s i nforamttesmmandungngl so allow for t



contour or spati al Samckraegdmemgtel bbm obpaesectns

muscul ature ( HagAlelggamudeoaante glgdedrt haet 9 dMWtee n n a |

scanning i smogZzeemefinatsbedo bys al joints to samp

These actsiemegiunatcea s d leginzaavtiigamdowcol | i si on avo

particularly wunder condi t Okresd a@b,2r0eDOvi sual

RitzmetangnD li2f ere et al ., 2022, 2025)

Crickets are usefobamteé&tafhosenssoadyi syg:

because t he ki nemati cs of their antennae F

trac(tatbhdwedacheEaeth adnanesoihdhtd ®ea psacape, a pedi

and a f| agelclhumr e conmaecitteido rbegyd tamo 1 eod rnltys

one anot he+s.c alplee jmwd diitc gglemev amerst sneidm otl lad el G

directamad +shceapkegdisntdocrosmotvreonitm at hel geati o

di rectTihbense two rotational axes form a geome

a t-dremensional ¢(Babdi aate Thmamar20C&) .ati on

the mechanical |pasRasomdhwse makehdri exlp archit
of the cricket antenna is straightforward a
sysweml d bfeoruseedpullori ng how tactile infor ma

angduppopapseatepti on and motor control
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l ant ennalsemse caglalaoss @ nistvheeg ,cr i cket must <co

monitor the position of It s atmot encncaler aatte | e

determine the posi.tibthonwreaeropnit & et @d makj ent

aboutt ennal position is provided to the ner\

contribute rteanatimi ungr ®e@egs s

Go alf this thesis

The central goal amd W ythh es d rmtednoxaalit £hdd i@rt |

t he scape anfdunpcediocnelasj opirnotpsr i o cteopd e nvtei fnye c h

target areas tosevhs aemhy tfheedbparcokvi alleo ut ant

moemeBecause crickets rely on aw®tmdmiyalni &ct i

stages, effective proprioceptive feedback
and repeated molting. Therefore, uatdesstand
is established and preserved during devel op
stability of anfTenmalhi pveprihecaprbegeati ve:

mor phol ogi c al g nrileeuwr eol aonpamadnpi dotag| h e m

Chapter 1 describes the basic.lsthraucet ur e

buial t!l ed@n memse ®n al f r ame Whoirsk forfa nendedraka isrh opw

actual positions and patstuerrfnasc enf algnhestr hhiasi 3i 11
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scanning el edtSreaw) , milc rfotshceotpeyr k a mnak d mor phol
antenn@ahkibgeeo |ISEEtIM vangves e twsadenti fy the pos
and shape of e&a@ak hhamerc hpleatse hgragyg.oi nt me ml
surroundiweg ebdiil stiNeag Wit bhésdeal | aser scannir
t make rae Bdnisotnrt boedft a nt eAnfntael r braesneoevri nnagl ti ssue
keepgnly t h,e ol ueadic@mlng i nuous opt itchael csultiicceus
aut of | uBrasseademme t hese confocal 3optduwtalli msd i
of the ant ennsatlr ubcatsuersa lo efveeahteuirh gur hair pl at
rel atgtoon sjhoiipnt axes. Thdoe colelBadrpv aatfi otnhse ahlali
pl ates.wadhiwaeshpatsi al reference for the dev
2 awnred epepd!l ai n heosw ehnaciord ep ljaoti nt angl e.
Chaptfercusksnedt he dewbbobopfenstnhealhair pl ates.
guestion ofwawhe sthheehbapt ebngements of antenn
identified in adul tduar ingk entysmpviaan € wetraigtrelsias r
guestpeonf,orlmed the same anatysckeusefilrom Ch
i nstar t hr ougdu na teadl tsheaxaadmlitinieed r asr aammge ment
measthed neairgegsior di st anc easl sfecaredseeancshi | H auinmr |
|l engt hedhebdat eshs hispsushieethwetehh ot @& ibaamd t hat

new sensidbhbasemeli § & uag pwtghi et i pornedseevnecleo porfent al
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rul es. Through these anal yses, poddciebl e de

stabiin itthye di stri bution of sensilla were pr
|l Chaptealnadl yzed the <centr al projection:
antennal h aii fry ph oaw epr apor icdcagpt i ve i nfor mat.

ner vousAngystogmade | alldleirkeipftisErodahebagled| at
t hpewj ecti on pmrithwtalyes Iifaitmeand Asfufbeerseonpthsa df eraol
all hair plates converged in the antennal n
extended further to the subesophageal gan
propectareas was observed among hair plates
di fferences were found in the branching pa
within the AMMC. These anatomical results s
ph ates associated with different axes of a
common <centr al region and are |ikely coupl

sensing.
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Chapter Mol phol ogy a-ddmendhiremeal

reconstruction of t he antennal b

1.1 I ntroduction

When visual perception is | imited, suct
animals rely on active sensing to navigate
insect s, active tactile exploration wusing
peptceon independent of thesensiurmd mgdita@tme s £

detection and route guidance during obsta

(Harl ey et al ., 2009) and stick insects (K
meclbaensory i nputnmnedmoduweldates ccagprecadehavi or

shape and position of obstacl es, i ndi cati ng¢
can be used for behaviors elicited by oth

necelsysatrrii gger those behaviors directly (If
I n the insect antennal system, the basal

at thpedtcapk (-SPapan@HBgapgoints, whereas th

muscul at ueare gtHoale.ggl990) . Mechanosensory re
pedi cel predominantly function as proprioce
antennal position and movements ( Toh, 198

14



flagell umselaipei tre stpfopemse i n cockroaches, wh

flagellum is replaced with an artificial o |
basal segments of theganeeranadpfevdbdackosi ¢
sensionrpput s generated by external stimul i

mechanoreceptors at the antennal base need
neural substrate of antennal active sensing

Abundant exteroceptitviee bbasd | efs talre aln tsd

as proprioceptors, ssclorgantgéO)i,ntexnalt nall

sensilla (CS), and hai's Iprliadtelsegd)al 9t aed &c hr

JO is |l ocated &dttnebhehype¢dhigedluamen et i on and

vi bratory stimuli, triggering escape respor
a circular pattern on the distal pedicel , ¢
at the f 1 exbiebtlwee ecno ntrheec tpieodn cel and fl agel |l u

Hair plates are distributed on the surface:s

to be principal proprioceptive sensors pr ec¢

Toh, 2000How2@@t x hrdelemensi onalof p oisnidtiivoindsu a |

mechanoreceptavevédatosthe joint geometry,

spatially ordered relationship betpweadmr ,sens

15



have remai nfehd unkmndawng.s on these issues wil

how the hair plate detects and encodes ante

To addr s sluesbeeds et he Griyll ldu sc r baiesrkaad umoadteul s

ani mal . I n this species, dorsoventr al mov el
horizont al axis of the HS joint, whereas r
vertical axis of the SP jointtidhesbatwal ht
basic but effective control o f the antenn:;

organi zati on maamnenmnalat kicme m&kteit ss ar e sin

cockroaches and stick insects (Okada and To

To under st anddehtgeitma i mopiletmems necessary

t hei rditmernege3®dn all ocati ons aroModttpheeanoesnses

hawWescribed them in two di mensi omesmaisms a S

| k¢ dg. this dehapnrirngleluset r on nmiccrroossccooppyy at

ma ka8 O maagfe t he antennal base and identify ¢t}

hair pl ameas b hdexdtadsrsrmmaulct ur e ofa iamdViykdeal ser

relationshigr rben gveerdenn. té hgit In

These structur al data provide the morpl
analysis in Chapter 2 and the central proje
how cri etkled samsglnses fdamitregnadt jwe ntactil e

16



1.2 Materials and Met hods
Ani mal s

A wilype strain Gfyl hesf f Deitaord kalttddaeit WT

strain; Wat analse uetedali.n, Tal 8 1 &)xipmeali snewd rse r
| aboratory on an artificial mouse diet ( Or
provided ad | ibitum, under a 12:12 h | ight/

Adul tcrnkiedtes | ess t hdamagewan dnayds mwegte used
Only individuals with intact and undamaged
to ensure accurate morphol ogi cal measur eme
Il nsti Ami mahalCare and Use Committee of the
Hokkai do University, Japan, no requirements

experiments

Scanning electron microscopy

Crickets were anest hetamzd dt lbegn cdoeod a pnigt aot
removed heads were soaked in 50% acetone a
Uusl,; SND, Japan) for 15 minutes. Subsequent
ascending series of acetore ssolmitnideme td()5 0 %,i

and coated with gol dlOuUAssi;ngHiamcihon <S@ptatngr e

17



specimens were demagesdomsisc@gnai higa88WHOOWN r on 1

Hi tachi, Tokyo, Japan)-l@tk¥n accelerating v
Thrckciemensi onal 1t enaero tn dsbit ar suacl t 1 soeng noefn t

To remove all ti ssues except the cuticl
i sol ated anld N nmieeOH eadtr i®@@®% h. After treat mei

re dehydrated through a graded et hanol S

eared i n nTehteh ytlr asnaslpiacryel natt esampl es wer e mo

agent (Okenshoji ,avimkgbass aphnieohoapres

mensi onalThet rcuucttiucrlee.s of t he basal seg

tofluoresce@ebl ow tbéogreange when il | umi

|l i @pti cal section Iiymageepwenusiagqai cedfatcal

mi

1

p

0

e

croscope (LSM980, Zei ss) equUApP@Eer onmatth @

x/ 0.45 M27, Zei ss) . Each optical slice w

xels (pipnelx Pmy3A 10t.i8p3l @f | Mmagaeasngwer especi m

aml ess | yl matgietJcrhseidoni n1. 54 Schneider et a

compl etde memrse ®nal mo d e IMoorfp htohree tarn tce npnaarla nbea

measured from the reconstrdocakshpgeifrscalin in

1.

54) .
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Data anal ysi s

Al | statistical analyses andR(datai oms u:

4.5.0; R CoFer Teamh 23reddss) ulel eudn, h jtvhadlwpgs, (

nor mal i zed by t hpeonlda mgt hb acsfalt hsee goernrte st o o b
nor mali zed value, as defined bel ow:
sensill um
scap;e
nor .
sensillum

{ pedi’cel

To classify individual sensi K-maarmsased
clustering wdagdei hhumb ewa swafsl ed leur anti enresd usi ng
Sil houetkFer meahlmdhat er iphn@ateol ut vahweervwei t h di
eval uat ed,altadrealt thexi mi zed the mean sil houet
opti mal number of c¢clusters.

Based on this c(r+dweli ®encomswipptod mteldyeasr o
al |l hair Twoalk a@ssikigs®@dhss were automatically

center val ues“dsaairdtn“tbbe’™i gnat ed as

19



1.3 Resul ts
Mor phol ogi cal featuraed emnfnat tbasteai r pl at es a
Scanning electron microscopy (SEM) reve
of the antGeryndlusb add eghhienbatsas segments comp
pedicel , which serve as the ffocluAdHBaghon f o
magni fication SEM i mapleast e hsoevesi Icll aa sare rtsh eo f
of t he sedBpe Whiid.e Isi mil ar groups of sens
corresponding articul alrC)surface of the pedi
Det ai |l ednofbsersiangloe s ensv éthhuaetd oena cthh eh asi
pl at e sesnseanbleuddenda wi t hs inr wlc o¢f a aetxei dob | dei rseocctkl eyt
joint suRfAacTOhBEhg. sdnsi |l lian wlerree clto ccaotnetda c t
articulme ant mbasnFba8sBalli ndi cating that they
bywdj acent me mbarnatneensn aw Imesne ggerheentoisveea chhios her
anatomical saggtelmayjte memé hair plates are str
smarldl ati ve movements between the scape an

mechanosensory fcoereiddmtckt ioomn ant enn al

20



Thrckciemensi onal reconstruction of hair plate

To tfhuerr i nvestigate the splatriealthedregani z
di mensional reconst gucbtaisoends oonf ctohnef oacnatle nmi acl
(Fi g3) Folur groups of heaeint!|l pl afce®sweda dé¢ ovn diusat
dorsal, ventral , irheedidadr,s aln da n daweeter oad a &gl dhuapi s
on phexismalf ace ofwht bbb weapet hoboaurghdyvetnot r Ge:t
movemeht & he.Th arteedn rnad and | asteed at athead rompl &k
proxsmatace of the pedicel and are associ at

the antenna.

Classification of sensilla | ength and spat:.

To characterize variation in sensillar
sensilla from all four -maamspéclateseweng aha
=2.The s ewesriel Icai aadvos ftateidst i cally di sathnidnct | e

l oN§i-¢gA)NHe $ o lgernoguphs e not di & tedioibtbhy ani ra
pl at e. Shorbtdacskéypozialtleal wmerae t he prwhxeirneal or
they lie closer It @msdehaviepriea aygsowsflitlitydiree d od ing t. a

along the | ater al edges of {(Fheg3pllat e, farth

21



SEM observadi eas sBhowemsnfgl anwgi oh di ffe
on both (tFhe Bgclaapned t he-4E&ddippatighrdesiud .t s1 of 31
reconsi At abobiugih t his spatial pattern suggest
have different anhgeuleavri dreenscpeo nisne trhainsg ecsh a ptt e
support this functional i nterpretation. To
the relationship between sensillum | ength

guantitatisventdead ai mrteheraedul t -3,d-42-832s6t s i n C

Khnematics of the antenna

Movemahhse fheape (HSpedndescé&pPplIUt waoi nt s ¢
primary and orthogoofnat heaxaish eonfrHabe djidait ieto n
dor sovneonvternaeht & he antenna,cowttielbeldit dvlea tSePr ajl c
movemeRit-§8AD)L. These two rotati omalp edaergerde €so
form the fundamental mecvémentsa]| dleesmaltoivch B |
di agoampwmamdat rgyb H,FiF).. 1During dorsoventr al
the antenna fl| ageltlhiem amadwed dii ickegdwihee , wine ¢hi o
rotati on aptr otdhbea e8® w¢domeint she pedicel, and di

but ctalpee swasremmbbivkeet o.Theef beadphoashiptdipdmt es

22



along theseorjobichdtisgrsallrIf adciespl acements of the

dur i ng bncootnatteagotdh denfghecs.ensi |l | a
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1.

Th

p |

et

p o

mo

4 Di scussion

ekei mensi onal spatial organization of ante
I n thisleghedthdet asip aetdi al arrangements o
ghtaes edrem oIBtructi on &fyl hesabiheadalaadd ase

ape (HS)peandescadgppde)y aj @ iwatl somd hogonal ax e

par at evleyr taradhatlri adort teanln a | movements, respec

al . Thed2005hadar dla,t essent r a)werme ccioanls,i sa rech

sitioned along these joint surfaces in a

vemenfThaxde®r sal hapmldatvwesntwearle Ipacoaxtienda!l al o

rface of the scape, almogygreame whietrhe atsh & haex ins

d lhaatppémaales were positioned on the pedicel

vemendthi s tight geomet hetheae geapmlaitegni egg ¢ t

treccttati on around a specific axis.

Anat omi cal features reveahddtchbayle et he 3

chanorweee pmeclsanp @il tl iybewesdtfjtud ar d ethiamg e s

t ennal . molvheememvittralpd ggq n a | aodnt wgd ti glnbneuwnt e
t ween | oint ki nematlickpgtagnvd deenasi dil me cptl a
undfaari phlhhaitre ambereobés@aadalb orientatndn with

24



to prpowvipdieo@r i ocept i vean tndnmonedardind s nagb cawtt i v e

sensing.

Functiimmlad meinsteantsidol @ tarri but i on

Il nhis ,dbbhptewved that s @a bk e hsh athewni dtehd dti of

occupy <characteristic [fodiengfthsRrRwusiiiin eac

t hought tiotsslmrgd i¢toimitimtey JAd it mtouagmglmechani cal S

also influenced by materi al p rroepperr et si eenst ss utchl

mo s t directly observable morpblbbobogi csa®Ilnsi at

| ocated closer to the joint pivot or inner

smalbihgul ar di splacementsartiiwhegefrremntshé | @i, v

the outer heaptrdaaey wobul ler eqfucarcei vaT9pem mov

arrangemedratbl v all ows pheypyheenr i plcagtpal syeatbeomt

the joigenahgl grlayedserst Ul & malshtetsite nmaotiinotn r

aligns with previous physipdladgi cradc egpttwdise s

phastsbai c responses t o antennal defl ecti on

computational wor k indicating that sequent

encode joint angl e uSAchheae& aDlirarhraaiarg efmipantt €T k

25



s en dialslead on sensillar | ength | ikely suppor

orientation, enabling crickets to. identify

Ant ennal movement encoding pr eddd rctt eerdn ab y S

ki nemati cs

Antennal mawe nemédiseslednory i nfohenati on

HS and SP joint rotations durioffj dtbesawmeahnn

fl ageSilnitreei r swd @obsei ti oned alongoitmte sorf &cq

ant emntamoiudmli ng t he adjacent cutitclud alhhaime mb

pl atte speci fiRBy oodmmitreitn g ntshe sensory input s

and jeaicmt, drmgel e ent r aslh oncehrdfcad ahey ptreemi se or

of thedaniegnactiveldntsenndlhesananxni mg.ol ogi

the postsynaptic circuitsthe ihéocehtiah al

antennangljeomiand rSeptadtiiadnadlnfaximati on of mect

often represented byyJadaophgrampdhi Theouwmgians emt i

al .,. TR0o0&@a8y)yress this cgeunepsrtaijoenc,t ilo nesx aonii nseedn s o

from hair ipAhatpe®r sensil | a
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1.5 Figures

(Figtje 1

Figuit®cdnning electron milcringyea pahflggyoldhitsh e a
bi macul atus
( AFront al view of the <cricket head showin

fl aggqlBl)i@mgmagni fyvicaws onf( Bmgple iC &P le
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(Figgajype 1

Figu28cdnning el ectofordtadnerc po@na&ptsensill a

(A)A singl e hair pslcaatpee ,s eennsbieldlduend oinn tahef | exi [

sur f(BWEelai r pl ate sensil |ar tdiedfednhdarrtaende . by t he a

28



(FigB8jye 1

A dorsal view B ventral view

?

lateral-HP

medial-HP
Di
M L
P
500 pm
Fi gurBeThIr-édiemensi onaledt bBeonasnttreuncnta | base an

di stribution of hair plates
(AB)Dor Apl and B)e rtiordamls e(n niarl adawslet c roifc K entes. S
medi al , |l ateral, dor séala,i rawedrast ecso kr at ed ai n

pur pl e,anadr gamgee,n .Dir,e sipiexcttalviel By, proxi mal ; M,
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(Figdajype 1

A I:‘ Short . Long

dorsal

120

ventral
120 _— .

lateral

120

©
=}
|

60 ;
30 I:I Ij.| | | " ' L
0_

T T

| I
0.02 0.04 0.06 0.08
Normalized Length

Figu4bi slt rislofit ipdvimt e sensi lhlaa rwiltemguwahr yi ng

( ANor mahalzedgtf heach-smashédibo@@thor sal , ventr
medi all at)amalr . pITheewseernésa 4 4 iaZgi reod(ipicse thld n g )
usi ngneank cl ust elrhierh@a dalsgkoamrridtiddra tdeefn @ ihtey cur v
di stribution of nohlramarl.i zDeadd ldeedn gltihosk sfsoire de acca
cent(eBr)sEcanning el estofromhenidoogalaph@B) pl at
anddhe dorsal s ur(fGicnecil aagthree d e alpedndel at er al

showmarbypywheTahdes col or s of atrreo Wbamgrddu xorresp
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FigubHodi zont al mowve medtit taind a&Inn a

(AD)Sequenti al i mages odr tetmg(rA)ib,g KdBlpg retrean n a |

(C), eadnddmf | sccft itome.( EnS EMemat i ¢ di agrams i ||

hor i zont al (medi ol ateral) movememifrkEt) aaondnd
vertical (dorsoventral) movement(@FQaorloournd t h
shades indicate the angulha&nteange dfractewon

to the body axi s, was defimetllneaso @&t ii nn atlh €

direction bDbklRoargi porstidali vekeki.recti on of the bod

the vertical pl ane, poasthivpward el evation b
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Chapt:d@reva|l opment al pattern f or ma

organi zationhaifr apt aenesl

2.1 Introduction

The spati al organi zati on ode taentgtesnanlia l h a
joiamgl es that determine thedoriegtatctitowmeot
sensGrnigcket s, wnle it @mocaa pién shemti s , possess ante
newly hgmohtaedilge and perform active sensing
t hedevel opmentEdlf e gpteioper d o c exppit e ydihreen putder | y
arr angemeenhta emfsm | § me os c a peb saenrdv epde diinmceddul t

Chapter 1, whi ¢ ht hhmuosuttg iyeessttmari ynd raii pnreala edosvd h

However, it remains uncl ear whether this s
dursmlgst anti al hmagpbobhogbsal ngmphal stages.

The devel opmead s cacnidatnmnal triennge wa | of me ¢ h
been documented in var.il gotuosc kit pwmictheetsabotuouar

investigations reveal ed t hat ccampasi famrdn

reconstruction of their sensory processes

mechanotransducti on appar atus i s periodic

mai nt@vorean, 1971; )Moamml eemie natla.r,y InBorép hol og
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further showed t hat antennal postembryoni
sequential addition of newspewrsiflilcaawdhilepm
sensory orgéeémchaif €rr iamuw3d ;Sadcchhaefdes t1 WL 9T ) g s

guantitative analyses of antennal sensill a
number across ny mphal stages, whil e sensi
devel ofBemtzot et. ai.mi | d®VBYgedidk i Tenewal (
mechanoreceptive hair sehselrfashaawthebai ge

f un

( Gn

( Gn

hanosensory hairs ar e repl aced at eact

anization of( Thobemasene.olrna Inearnrtdi@so/mefrlea g
el opment exemplifies the complexity of &
h multiple processes jointly eX@amlda ng

al .l,)n ZQl4)k i nseatgaa,n tcloempd kelxgemsu all r eady

ctional at hatching, wi t h l ater devel o

ientation that r(Stirmellvi RO2#¥Yi)on sensitivi

I n crickets, the devel opment al processe

died in the cercal organ, where various

atzy and Schmidt, 1971; Gnatzy, 1978). D

m elpi der mi s, and a new cuticl e, incl udi

atzy and ROmer, 1980). The ventromedi al
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gravity acceleration, shows a consialtent sp

addition of sensilla across instars yields
receptor to be individually identified bas
contrast to the cercal sensil lraganihzatdieore | @
antennal hair pl| & toaud dr drhaei npsr ewcn ksreowanr.r ange
sensill a reqguacsdd fiong edfd eecgtiavkel i shed durin

Considering t he function o f @amg ennal
mor phol ogi cal featur es, including their sp
correlated with each hair l2ago s amei veisdl
t hroughout the develgoepnneetnigaeall a tsit tafly dbafs stelgegm s t
spat i ashrneaaynetdath nroughout devel opment, what | ¢
added, and where, as the hair? pHuartteh ee xnpoarned ¢
woudldsowgddsatt nhiealksparts o tphbecocaetshsersaey s en
proprioceptive inputsnwamgel adtreqaly f or med du

I n t hi s icnhvaepstteihgeat @elvel opment al changes
organi zation of antennal hair p Isapteecsi f fi to m
guestions in thi3sWhatpl emeyseehngs ial &l al hosd il eo2asd:d e
2) tAmsepat i aloff dataa m @adh gpermesnd tsv @ ddyehweaulto p ment ?

3Podshe posheipdmstbei ft rel ative to ATthee expan
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answers to thpsewiqdasathi @enssuwider st anding ho

proprioceptionomai nsaabddvalycprmeamtughout
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2.2 Materials and Met hods

Th&éet hbdEkEanning el ectamnan Tfhatddemesncsa pyn a |

reconsofuanit enna weaseali dseengtinrecnalh atpd etr h ds e

Ani mal s

A wi lype sctrriacikmeytdsi (s IDiendeceul,atHokudai WT

rearkedbomatory was used in al/ experi ments.

|l ight/ dark cycl e at at hcroonusgthaonutt tdeenvpeelroapt nuer net

various swagesnymphaeh8 i anrsd aavweudKtl-smoasgtil n a |

mol ting, were used to investigate devel opme
The devel opment al stage of nymphs was det e
features, <wuamdaswihgdyadi devel opment, as d
(Suzuki and Nishimur a, 1997). Only individ

were chosen for analysis to ensure morphol c

From the sixdh wihmemasexnwaul d be reliably
female ovipositors, only male crickets wer ¢
the Institutional Ani mal Care and Use Commi

Hokkai do ,Undiavpeans,i tddo not specify any speci

insects in experiments
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Mor phol ogi calot hmeemtsdbraessael n tsse g me nt

The number and | ength of mechanibosensill

3breconstrulty ewdscionmag gae a1l (n SSM908shcédibpees K 0 ¢ h e n

Ger mahtye 3D i mages were obtained through t

Chaptoerr elacth deveMopmeomeal r st agleodmegengt h

anrdu mlodr s ewesrie |Inmae a srwerceodh sftmeumetse.d For al |l dev

st ageN8 (aNrd tadewlet ano,r p ho mentdhsepapaab meéi er si bu

t hseensi |det ewemmiened for four different posit

medi al atandilndi(wi cual s. for each stage)

Data processing

Threiemensi onal |l ocations of individual
based on the confocal i mageThwasnd toh@gaorkgi
mor phol ogi cal p @if a nehteeirtsd ncederosniad XedjaZb r di nat e

describing t he spati al Feposistpiaotn albf alkiaghm

di mensionality reduction of the morphol ogic

(PCA) was wused i@orRe (VeamQAroWa4b )sa.pMp;l iRd pri

align the coordinate systems across sampl e
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variati on, rat her than to reduceThrheee numb:«
di mensi onal coordinates for each sensillun
position of all sensilla in each haiimr pl at e
prcomp function to derive the madpta axes$ hef
sensilla were projected ont andhp,sae mpahblnicng a
comparison of the sensilla distribution pat
similarity in the dissamplbeust ivwans od u asretnisfiil d da
Hausdorff distances (AI't et al., 2003) comp

Sci Py (Virtanen et al ., 2020) Il ibraries in
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2. 3 Resul ts

Mor phol ogical fdbasemenny mphe antenna

Usi ngaranisng el ect r o,no hseatrhoes cvoepnyt r(aS E )i d e

scape i natnfdeurstegcoonmiizda mairadaeT bledihresphatnkl| a

t hney mpwber e al so arranged in two rows at the

adul &siengglh at the stereotyped aafl seidserl yas

mai ntained thr ougRdAC) Hloeweevietorprme rptos( Eii @.n of

pl aatpepse as eidf t ot oward the pdexemapbmend of ogh

The position gradeél Fhyaed tpdvadred t he pr oxi ma

t hdeevel opment al . Thti ag@opn @ @ibdshdae dlteey fatt aph me

adaptitohnat hel ps these hair pl ateantpneal sel

segments, eviemcracashdoayaggf t he antennal base

final mol t showed tfhoart tthwe r aadaplrte pshaatead st nts

posi ti ofni namad tnhyeipFhizglD).Ishm agddi ti on to them, é

sensilla seemed to be produced at a more di

i ndi catha nrndladt itve positions and orientati

suggaetghtat t he stplaheaiial pllaaytcecuti sofmai nt ai ned th
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Thrckciemensi enalbbbheaiion pl at e

To further investigritzattihen datrrkaikced slpa

t hrdeenensi onal reconstruct iwarsidoanse It chpemeannttad r

stagesased on conf oc(ali @nFocAdo sdgrpuadp si noafg elsa i

pl ates wer e c oancsriosstse nitnldyi voibdsuearlvsetdhed doesal o

ventral, medi alT,heardd risatl e raamnld glreotuaptse.ld lai it h

posterior surfuwkiechfwe he dolwaywgriealrtdroelidtes e c t

t hena@bhe islelfiast he dor s al h dii m a@irwitapee vvearad ar I

rows adjacent to edchtatheaireenicod, pwiexi ena

ventr al hair plaoerwese sapraaa@ed-3f#Lm each

Meanwhi |l e, the mediaale a nodc altaetde roanl thhaei rp opslt aet

pedj cehi chhetl e ktel mmdy e meh eassrlatée nna. These hai

were also arranged imal atbewi D&KL héeEr gm. pPR

stereanrgegpesdp@cairfriacngement s of drhet hmigc gppdeta

pediweele al r eadyheolddesrsvgegdetsstitagt, hi s spati al

wasonserved throughout devel opment

Mor eawvoe rquaaenv d Ifoygmeamtgals i n t he aag angeme

t he ant esremangnlelmsoempared the spati al patternr

normali zing the Bag#r25@R6ate Asi 2de( diegel o0p me
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progressed, the number of sensié¢wasdeémwmsi lelaat

aspeci fi ¢t hleocsaetnisointsd ahph atse @ wd & éiad u td rhien g

overall spg&ati slemgant degarcvhi thai r pl ate were di
constrained area, andppelaeied 1t el asttirawye scpoonssi
devel opment al stages. Even as the number
mai netdaitnhe sbragrgdlinmreelic teiach pl at e. I n the dors

di stinct rows bededrodnhidel | 1 @n Bl aabL4i n stt lae

thirdf reewnsi appledteywapnevthweapnsgvsamdNesS nst ar ,

t hihsw became mbhbBNGpnomameourth row of sensi

t he medi al edge of the dorsal hair pl ate,

t he vent r rnmat shian erd @avatttedunt oughout deawéhinop ment

t he 1 nst arhSebsdladgeard dtihamnal sbbotdmeamsiimdla arfg

reg.i ohhe medi al and | adalemaymmat risgdalak asd e x

arr angoefmesndilmgs iilnsat ar sNest dgra dvwwmamfdtdhleorter se

develboepewme em evth @ soaws hese.Thad isr-dtigrireateeiso n a |

or ganiczoantsiearovreods s d eswueglgde@smaesnthai r pl ate pl a

geneticallandr ¢ halt attehde mechanoisessbdunctsiysh a

topology despite substantial size increases

positions with the major axes of antennal
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directional di spl acememtogerpits avgeg efset @ dnbga ctkh eiin

antenna

Devel opmental dynamics and morphometrics of
To elucidate devel opmant glpelxeahndiengeb e | n @
mor phometri,suplarametleessi ze and nombéheof s
basal seqgrndeisnstf st e vealt o p me rFtoaulaqstti aagaetsov e t Aamral y s
devel opmenetg mam tibemesaasl u mseed st irmé gttt st ance bet
proxi mall aenndd sdicsft aeach segment, Boatshe dt hoen 31
scape amappadcidedalb e prdaxditeaddgt h t hroughout de
framfei r st | ntshteara d uNl1t2-7Ast,toaTgadd NNeRiagb.l eyg me rhte s
| engdwed ha signi fitchaen tfaignmteme & s eNviGtmamish e( N5
ot her, hamdhreeaghdor di st anicrecsr ebéeshevdte nl isreeasr Il
al |l four regi otnhsr oauyerto b o pRaZgR.t Tpalbd-2p dhe
expansiinosne nisipdaavas el at i vel yt hemalvlearaltihaml| ar g
the hair plate surHoarc ee xtareepg ewdii tche | md tnwrr eetaiscer
by up to fi viefotladr afdruolmt N1ImelantunBe®gt MN:1, 113
591. 3 m 2B . &dtghesy¥cape showed aneegbhdgreat

(mean | engtum: i 84812 MARH3ddulc®Bnirast, the
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bet ween nearest sensfiollda dinsetaan@ & € qud2By 1a ko 01

the dorsal hair plate, 23.0 =+ Thieg cuwrne afsoirn gt h

rad fensemn dii Isltwansceeac d mpar abl e among the dor sa

and | ateral haihatedrmdteigs het dhretd smanteiea td us d anlg

devel opment

Al t hough new sensilla were adodedal bcal

spacing betweemrmatskeelm dJthielsle if i ndi ngs suggest

par tcioamp eyfsoat edshe reduction in spatial resol

Theumber ofnceeaassé¢éd aphogudgdswsa lvddogéfnad u r

|l ocaof onheplhmd edorTsal nhpahdme séeard ihlalna t he

ot hantdhi s di hémeastkbe devel opme(ntiza8l. $hage p

number ofadseslat®v | 0 pafi Ar. 8t h25 d® psfadr. 6t h,e ventr

23. 3 puf @rhe merdd a2 4pdf otr 1t.h8e | ater al )hair pl

Al ongside the increthméengtmdonéi dual c®enstsl

el ong@gatdedecame varied aBi2§hlehcor isafle shtaal e v e |

sensihlowande gr eat etshtée evragVvibant iaosn tihne hair | engt

var,i esehsognsi | lea or eaencacionunt faam toisdseev enhaoj ponreinttya |

staffkss result suggest se tphraetv itohues hsatiarg es eanrsei

el ongated ones, with new, short slésesi | | a a
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devel ogmamigreelst he exi sting areas, oafumblre, a |
ant emaniarl apleatpepss 8 d briai nn @ imaimdnghepr opri oceptiv

funcithihoen acti veaseaasnng of the

Mul ti di mensi onal spati alcramrsal deive | ofp meaitr p

To quantitaticwelsy ©thesheagisr tphleat e spati al
throughomendemea radgds ttrhpebtutodfoman di vi dual sensi
sampaed devel opmentngHategahqgrefsfo fditdhheaireree
di men<cioomal( s ate Melthh ;sd smertdn ictahtei nnga x i mum spat
devi dteit wele® ntewo es esnesnslélaairabe ausmaelasausr e of
geomet ri c .Idm sdsgtdhii Isasmeetarriact el 'y f or the dor s a
and | at eranwihsauiarl ipzleadt epsaeit mveiesne asthinphl eerss 2 me ba i
di fferent devaesd op mera2fiha st ages

The Hausdor fal Idhfsd wrwelesssh oflmlee ween sampl e
att he same devel opmeantt adi $Sftaaggeen Dtalgi A h ¢ ho s e
di stributi oml ptaed t eanms indfdadhmpwd §/u a@iclr oss i ndi vi
Regardingtapbge vamemditlhda ifecsura hpaditsenpwad es,
the small est di ¢thsepmateisg & n ghednecnattaisoofg sst esmaseinltl, a

espedinaltlhy dorsabepkhofrmelstecnisghdwtr i dnstdri b
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by the PCAvmatitikhoed tnfuantber oéd slkewn needv sregisdcd ¢ ac
t o dgapsl bteh cesxa rsatti ntghe pr(EwPRSy < 2-512-6)den
addithheem,git hdiovi duocan tskeenshdilra pl ate correl at
wi t hihmatrhay, wietnhd idloadged al | y t han proxi mall
on the dorsal hian crr épal saehded, d ichadn arr [db & shigeth & s
(Fi2pB). Teseversglalti ask p At tyemmmii Inlea |l argely ur
t hroughout dev el ®(dmesnptl aalc esmteang e so,r cl usterin
these resubttisatd etmoer sd pattieal ar c hwat ehcitguhrley o f
conserveddéewebopgment. The patrhdéocisdnidr | yl & o&
suggtelsdspasenslidywat ti ghtl.y Tohhess il bisiptds ef | ec
rolmominmgr vert imoane satnefsBep ad i @& n Blziaka@loyn ensur

coinst ent p rfoeperddoaccekmtigii we a s ecirlsiegrnkge ws .
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or

dy

.4 Di scussi on

vel ommemitligpilattyr goefni zat i on

Il b halsapsgstematical |l ydimaempse d ntalhe mohmpde |
ati al di sdglrdtbestd exmsaolffl idr aditrr oimig $i2€g)r ™My adul
sults revealed that the sweahei@Hl| yaraamgiegne
riodgsisvi dual sdevherlooupgnmeoruttal st ages, i ndicatir
gani zat iAsn alhiepdteted romeed st i nanesenms iel lwa dieé ¢

aced, andvenee wa dsdeends iilnl ,asypelc i d $ c bietteugkiemmas | o n

ws , al ong the peri ph®hriasl-umoearirgrn msbutor s tnhrewa
| ar germegddtrhvee over al | marangemeonryg gi nal s p
ganiTzhhitd ononserved organabheéei onoputkset g p tei

en as the ani mal grows and its antennae
nsory organs may be <contr otlHe dp agtetnesrtn icrad
chanosensoDryo shorpitisietirlaee st hen arr angemermtr yof
gans is regulated by egaeamgeasni gedh Nasclhasr

namics (D9@3d3Car e®RO0aFLt ,al . ,
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Functrobaeamdt po @aintdgr amdalent s

I nteresensgl Yyai stinct | engtlhosc atwed e atco
corresponding irneltahte van tpeorsmali olm&s e nse gmenB
devel opmedhabk suoagesrpedit ebbmt ed tsoudggast | en
t hatsptahe al ohgamspabi@&igphtitsedr elquuliang devel o
Such comnsi geeegguwiyt Bdi f ofuncti on as proprioce
encodgenset adt ed antennal e mentemit & f $ & heedt worr
ant enad@hle bnausmb eprl actfe hs@imismd d ex e teead € ptoln t e d
i Acheta dodessalkus52, ventral ¢MdCar tneerdiard
Loudon,Th20s25d)ii féfi ekded gyictt ® b @dsy.2 eHo wieitvserga | s o

posstitheldceol ogi cal doff bebauvesr aemwgenntf heerces

receptorSpeenseist yt.hat depend mor e heavily (
l ocomotion | ikely require greater propri oce
senasri ldensities i ThTheplaideéerc mambemplhafi esensi

pl atl s 0 g gietses spotenti adaétienap vrerdnaceal imaryi ent at i
ber ucii alt efrdra edadinntganc trse lodtsit @arc | teo h e idghrti ngnd p
forward |@choemotiinosne ct mechanosensory systen
senson |tahe crderkwedx taosxyrowmie,ganvoe det ect unpr e

mechasticamall i | i ke eaxitre rcocnepetminse. cOme:ae n | ar
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of receptors distr i(Dmbe davattarngds®sB 4b rAosa ds hsouw nf &
i nhuagnt i t atanmn et hset uadd recsa,l asletinhwdawermydh | g sditueathi | ity
i mhreumber andofplhaaciermesndnsi |l [ atihe seslca thi \aegl vy
di strombut heoncgadbiazsed on their preferred dir
whiicdsel | approxi mated KyMidadnmgotdityisd neatl anho.d, e
2012Zhi s ethganadz rhair arteywabbbtuhbulgpt ectio
reduci ndraohigebrg b nsirteyc spftlomr contrast, the ant
syshafdewer ,s ewhsidah® rag atrieasdlaynadlte gm e c.i sTehley

consisspaeemidad ltoedbrsre r vaeldl e v el @ap mesntta e b y refl ect s
proprioobpsithese recqgpti org epilwhkibd einagput

t hr oupmdsotuea migr yavrt ihc

Consi stent hair pl at e armamrgieareeng dsb amneky s u
actisgengen

The hair pedetaes!| ymai deat hcal structures
whimdy guarant ee et h @epspstesnptaindoleneépahii avn o.sensi ng
During tactile expl or dthpeoniotfitdirg samnmramanmEes
ti mda.hel fpositivasi ed wiethlsi gt awt h, proprioce

unreliable. The dOepvehepmpatibhl| saankepbgétment
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i n dhhapiugmest s ¢ on seinsctoedn tn gp copf u It ehtea camd o1 n a |
stagbbtsabsl e peri pghekredly subneduecntenutpasablc aogfs

haplk steensionrpyint t he nelkitn vcehlsalptgeare, cent r al pr oj
sensadrfyrents from bhaairnpamad esulwo ¢ stoepshtd dpea |
whet her the hfiormphaatepbidgkepkibéesnsapyaaeim

Jacobs and Theunisse)n, 1996; Paydar et al
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2.5 Figures

(Figtye 2

old
cuticle
___ new
cuticle

Nis

Fi guitbPevel opmental changes in the antennal
(AC)Scanning electron microgr abpbh)s wife wehce fvrem
the ventral si das) eocfo ntdif &f)rsactradprie, | @3 dtulilete. an d

areassedcby dotted | i AHeP{ DA moahif antesdg et hoef et hvee

antenna during molting from the final ny mp h
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( Fi

dorsal view

Di

ventral view

dorsal view

ventral view

Figur2e. Thr-eiemenklipynareconstructed antennal

di stribution of hair npylnaptbebsh gagecsr.oss devel opn
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(AH)Dor ¢ &H1and veAR2ZRI ews of the dadtfemmalt b

nymphal NtlaesaN8l.la of the medial, | ateral,

(HP) hair plates were col ored i nDicyadn,stpaur;p

P, proxi mal; MScakedi ulnr sL, 10t er al
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FiguB&tandasgiadéadlt r sbwtfi cdropkatehaéensill a &
devel opment al stages.

Each dot representfsarae dodsai dbhalrsehat kel oh
pl otted in t khd asnteamdaredi zpaed n¥Y pal component
(See Materi aThandatMat Wierd@8mM dbf Aenedt sampl es

devel opme@dlad roditaeifgceadtee nor mal i zed | engt h.
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Figud&tandasgiodedltr sbfuenlonlpmliat e sensil |l a &
devel opment al stages.

Each dot representfsarbea vaedtwvabdubh&ai sepbat éuan

pledt in t he Ssthamadar daifzteedr XpYr i nci pal compo
aligboBenat Mat er i al and Methods). The data we
for each devel opmental stage. Colors of dot
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Fgur® S2andasgpiadéedlt r sbfme d dhalipt at e sensill a &
devel opmental stages.

Each dot representfsarhea madi al dbhairsphat el afr
pl otted in t khd asnteamdaredi zpaed n¥Y pal component
(See Materi al and Methods). The data were

devel opment al stdage.t eCalhcer snoafmadadtzsedi 1 engt
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FigubfsStandaspiamdaedltr sbfubat émdgplt ate sensill a &
devel opment al stages.

Each dot representfsarae i attevadubhisepsal bubn
pledtin the splaanmde radfitzeerd pXrYi nci pal component
(See Materi al and Methods). The data were

devel opmental stage. Colors of dots indicat
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Figusfle@Si2mi | ari ty i n spati al arrangement 0

devel opment al stages

(A-D)Heat maps depicting pairwise spatial S i mi
pl ate sensilla among sampl eA) vemB)raedi di f f €
(C) and(DRaehatell in the heat map represent
two individihe spkormefm®r easédntmathée xnenima

Hausdorff-sdosépnbet veen two s aempil eesn iad rralll a

arrangement of the hair plate sensilla. As
represents a shorter distance, i1indicating ¢
| onger distance, indicating | ower similarit
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2.6 Tabl es
(Tabl)e 2

Tablle. 2Devel opment a

I change

i n Fs®ape

and

St age Segmel Segment

|l ength ( Sampl e

Scape 143+D057 3
N1

Pedi c 111+%.724 3

Scape 162+83321 3
N 2

Pedi c 123+t®.796 3

Scape 2073371 3
N 3

Pedi c 147+B333 3

Scape 297+£DD. 79 3
N4

Pedi c 1779071 3

Scape 361+£D3. 45 3
N5

Pedi c 225+B@. 53 3

Scape 484777 3
N 6

Pedi c 286 +D.053 3

Scape 856x40dD. 50 3
N7

Pedi c 511+8%5. 90 3

Scape 1002+5Q0 614 3
N 8

Pedi c 543+8337 3
Adul t Scape 1251+867 67 3
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Pedic 628+D®. 34
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(Tab2)e 2
Tabl2 2Mean-neeghbdo®tr di sFiaghicBe.s dat a
St a Hai r Nearestghbor Sampl e s
9 pl aft (um,mean = S
Dor s 8. 98 = 0. 3
N 1 Lat e 7.20 = O0. 3
Medi 7.76 =+ 0. 3
Vent 8. 45 + 0. 3
Dor s 9. 0. &1 3
N 2 Lat e 8.84 + 0. 3
Medi 8.07 + O0. 3
Vent 9.90 + O. 3
Dor s 11.64 += O 3
N 3 Lat e 10. 36 + O 3
Medi 9. 76 =+ 0. 3
Vent 11. 35 = O 3
Dor s 14. 00 £ O 3
N 4 Lat e 12.31 £ O 3
Medi 12.19 + O 3
Vent 12. 70 £ O 3
Dor s 16. 33 + O 3
N5 Lat e 14.62 =+ 1 3
Me d i 13. 42 + O 3
Vent 14. 71 += O 3
Dor s 18. 27 = O 3
N6 | ate 15.40 + 0 3
Me d i 14.59 + O 3
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Vent 19. 02 + O 3
Dor s 22.88 + 0 3
N 7 Lat e 18. 75 £+ O 3
Me d i 19. 40 =+ 1 3
Vent 24. 54 + 0 3
Dor s 22.99 + O 3
N 8 Lat e 20.48 + O 3
Me d i 19. 32 + 1 3
Vent 24. 27 = O 3
Dor s 25.14 + O 3
AclulLate 23. 04 = O 3
Me d i 22.43 + 0 3
Vent 30.92 + O 3

70



Chapter C&ntr al projeahnhtennalof

mechanosensory afferents

3.1 I ntroduction

Antennal mechanosensation pl ays a key
especial |l y duerxipnlgo(ddctiilowme tddrcaails.ee azh@O Dur r
My research in the preaeaviroyd adleasp tad a st ehien dainct:
|l ocated at suptabil @e ppso p i aomageddaaitgrber ds i gn all
f 1l agearolviemae nT h e s ewosuil gdn aadnlslégoont smotnh @iorr ant enna
trajeatrarnygg activeerscempeahengomemddenti fying
i nformation about contacted objects, such &
active tatCTactiel sestsimgl. ati on of t hseucahnt enne
as wal king (Okada damdi nThoihn,g 2(0@almh i2 0aOn6d) Jaonh n
et al ., 2006 ; ,M@Adnathiledesher e b iat 20d8dbesn rev

that antennal posi tion stirnesnegltys ,a InHfdivaeewgdt e s

behavior al and anat omical studies have sugeg
of antennal Il nput s, the detail ed emggiamg zat.
of plhare signals are still not fully elucid
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Anat omiicmd gsidnugli 2 @ € mo n stt raatt esdensory affer

fl agmddhhanorexheipdimatsot opi ¢ organi zation wi't

and subesophiamgead c lgramad h(eNn sahnidn oc reitc kaelt.s, 20

and Hedwi g, f i210i1f8or.m Thhaei r sensilla on the

mechanosensadrsyo ofrogream $ae up radhceiasapfdliavwe ct i on i s
represented in the spatial arrangement of a
et al;. ,001la9m0a9 et dhaecstes2 *0a6 se t he possibility

projections oés aatenmasbaiarrahgeéed topograp

antenna oQliaernitfaytiinogn .t he pridisecmi mal p@aathhtwaly

i mportant for wunderstandialgoains womiae Ptr & Oic @ I t

i's pr.otdeaiced @mifdtegenat s epomadtplcg osaschi f fer ent

would need to be integrated to represent 3L

I n cofngw asttweal i exsamsamregdemsy e n skeasi rotf p It ehtee

antennal miorv sdhetev $ ous work shpiwaetdet hatepi o

gener atteompihassgxki kes suitable for detecting

Ache at@0oDR®nr proposed a model predicting ho

combined across many receptors in stick ins

However, t hese studi es eit her focused on <

estimdt epsopul atTiocmmdec¢ ocdciongel ectrophysi ol ogi c:
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w h

n

ne

t

e

h

r

asurhedsembl e acplat ey abdbf e-dhimméris s iionn atl h rsepea

ectrophysiological Sthhalv e sr te na @lesldteeyn da mago

e velocity of antennal movements i n a sf

01) . However, neur al signals encoding an

iaxnper ovi had rbylswbel depessar yerdirhilgucst,i ve s

der sthamwdiinngt elrinnekuirnrogn smechanosensory affer

urons encode the direction and magnitude

pl oring the neural basis of antennal act.i

I n t hpitseeglaani ned how hair pl ate afferen

rvous snytsitfene.d It hieder oj ecti on patterns of

nsory fibers enbeni anadal soanskedwrehrogt hde
e central projections of hair plate sens
amewor k for understanding how antennal m

of f er a basis for future studies on sensor.
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3.2 Maerials and Met hods

The materials anMnimsatlbsb d e nuwedei ndehei c.

Chapter 1.

Anterograde staining of sensory afferents

Adul t mal e crickets wer e used for ant

anesthetized parevemusherckiirceanotvements. After

or two hair plates on the scape or pedicel

with a dye solution containing 1% Al exa FI

conjugates (ermoO0OCAd sMW;r TShci enti fic) diluted

in contact with the <cut area. To perform c
mi cropi pettes, each f il loebd9 4s,e pnaerraet epllya cweidt hi
with digdterreengi drag. The gl ass pipettes were
were kept in a omoesnhi ghtambEheateghal i c gang

suboesophag(exaQG@Gmdangémnbomnal nerve cords conn.
i soltarteerdsf erred onto filter paper for shapi
(PFA) for 6 hours. After fixation, the gan

series (50 %, 7 0 %, 9 0 %, and 100 9%; 5 min each
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C o ncfad i maging of sensory afferents

The stained mechanosensory afferents of
confocal | aser scanning microscope (LSM980,
(PFAAprochr omat 10x/ 0. 45 M27, sZeaviigd) .a Opetsiod ailt
1024 x 1024 pi xunl 8 |np B Bneelr es iczpap t-Butr 8eBfds aftr olm
the ventral to dorsadalmagiedea safo nt-sle aSgik) n g &t ihicea s.
of i mages was merged intrm kar isg mtgln ess mamge a

clearly visualize the full mor phol ogy of t#h
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3.3 Results
Centr al projection of hair plate afferents
Anterograde | abeling of the sensory aff
the base of the antennaspahenmé¢l yheli apensed!
andonverged into dis-ilApctThxesnbbonddéreshéRi g
the antennal nerve and reached the | ateral
Within the DL, these axod8)brAhtbedbtanchlil
axon, reféenrddirttdhdaacedltpcehdeer al region of
ganglion (SOG). The -2majroa-medkooens 6cy | d mmd etr earl rsi,
the -thedsal region of the DL, which corresp
and motor center (AMMC;20OXDb2) t slumeaddidt Aeomu m

terminal -BranonhkebBtedétsarea of AMMC (LAMMC)

to-1T6an@. Tdhe sensory afferents, including
i psilateral hemi sepwerr eextfen dhed ganmgdsa tame m
regionpl aft ehaiff erents in DL did not extend

Fi g-l1BRiggierssghathey ar e anatomically segrega
mechanoreceptor pat hwatys f andt iscerrsv.e Hlai r p |
proprioceptive information about antennal |

from theThiagptbpupecti on pattern was consi st
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of

s ha

aff

t hr

bet

per

spe

the hair mltattense, aifrfceirceantti nog gtpheicz &1 com uw

red among dorsal, ventr al-2 ADje.diAallt, h oaungdn
erent fibers from the dorsal, ventral, n
ough gpgpmregabklyreaetes, their axonal traj
ween the AMMC and SOG.

rli apping projection patterns without top

Tocomparper otjlreect i on patterns of sensory

ferenltpelrd matmeangd,ual anterograde | abel i ncg

e Met h®)yds ,Thriig. aXons entered the deutoc

t e,sdidregpeon the hair plate of origin. Ho w
verged just after entering the DL, and
i s overlap was observed across alrlalcombir

r plates. No clear spatial segr®lgiagi on,
ult suggests that positional i nformati o
i phery is not spatial l'y r epreecsoednetde dbyi n

cific postsynaptitimeusgssemsuch as the
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3.4 Discussion

|l ntegration pattern of hair plate projectio

Neural tracing experiments demonstrated
both the antennal mechanosensory and motor
ganglion (SOG), without extending into the
proijemctpattern closely parallels recent fi
filling pkedikels¢gapwmsg reveal ed dense innerv

subregions of the AMMC, but not the VFA (A

studies have shown t hat di fferent mechanose

di stinct dendritic regions and that touch ¢

map along the dendritic tree of tsdrsgethtneu

with this, anatomi cal studies in cockroache

antenna exhibit somatotopic organizati on,

flagell um projecting to progr estsacveerl egb rnuomm e

and subesophageal ganglion (Nishino et al .,

di fferent hair pl ates exhi bi meax ppearitmeanltlsy

showed no evidence of a clearSAQ®p(BRirga.phi c

However, It shdwel dandermgtread et tataci ng used |

all sensory neurons, |l eaving the possibilit

78



scal e variati olrhse swe rfti nun thegpse sstubgigoensat | tihmaf or n

antennal hair plates 1is centr dlolnye isnptaetgraat
fashion, as observed for flagellar i nput. T
as an integrative hubstfroeamau, twipt e thee hang
function of hair plate inputs distinct from

system provides an example of a true affer

gi ant interneurdempen@ds&l N phiemareillayx i ve posi
within the spatial map formed by mechanose
2000; Ogawa and Mitani, 2015) . Due to the
number of filifigrmnhaigmatomnt hetawere:n aff er e
architecture of GlIs is necessary to achiev
pl ate system, however, the spatial organi
stereotypedcamdscomgil vyt enutalad. This precise

sensory receptors means that the direction

robustly transmitted to descending neurons

topogr aphiig-bmeadperroactessi ng | evel s. Thus, unl i
antennal hair plate pathway may rely | ess
i nherent organization and devel opment al pr e
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cell bodies A A
A

Fgur-&C8ntr al projections of mechanosensory
(A)A confocal stack i mage showing peripheral
dor sal hair plate. Cell/l bodi es are observec
hair socket s, and their axons conveege int
|l abeled in red, and cuticle autoyml uorescenc
B)FIl uorescent i mage of the deutocerebrum s
sensory afferents from the dorsal hair pl a
within the medial and | ateral antennal mech

LAMMCA,ant ey,vent rlal S caaleea aduar s : 100
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(Fi g-&8)r e 3

Alexa Fluor 488 Alexa Fluor 594 Merge

p I.I

lateral-HP

medial-HP
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Figu2€eBtr al projections of mechanosensory
(AD)Fl uorescent i mage of deutocerebrum show
sensory afferents from (tA)efrvemtthke medi dbr s
hair (pBl)ateem the ventr gIC)aardd | fartem ad orhxadIr g
hai r @ED{EXFdsuor escent I mage of SOG showing af

and medi alA,amaierr Pplraptreosx.i mal ; SM,a |l nee dumarls;: L1,0 Ol
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Gener al Di scussi on

Proprioceptive informhthainr ppbaitded by the

Previous physiological studies have sho
cockroaches-texhicbdi sphasge in response to ¢
Toh, 2001) . The variety in sensnbthr amdr ph
orientation, |l i kely enables the hair pl at e
movement dynamics. The computational mo d e |
t hat antennal movement gradual |l yr dtelfd ejcaisn ti
di spl acement, the more sensilla are activat
activity of individual sensilla and the po
correlated with antennal movements.

However modelei di d not i nclude WM@ariati or
mor phol ogi cal data revealed that the hair
within the organized spati al pattern. Spec

closer toetdet hoynetoulwdh be activated by a
contrast, |l onger hairs positioned farther
di spl aEkeimensystematic distribution I|ikely r
enablbaesi tuousscamhe fnometoring of antennal
behavior al studi es have <c¢clearly shown tha
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antennal orientation with high accuracy ( Ok

N

025). ¢ptriowe iiomfeor mati on about antennal or i

di fferent mechanisms from the topographic n

Functional significance of reafferent input
Many species of insects, such asrcricke
antennae to sense ‘their surroundings. Thu

originate fgrecmraittelde rmosvrelmfent s or passive ¢

I n this study, I f ound t haax-asn tgemendall § ehrai r
organi zation, a hi ghly reproduci bl e spati
devel opment al stages, and selective affer
sensori motor iBratseegdr adn otdlaevdgemmaeiarls .pl at es ser

key proprioceptors that encodé¢ Azmteemamal Dmo v

2015). Similar mechanisms have been observe
suggesting a conservVvedossolien sodf Ot ad @enaimds hah
2004; edasale. , 2021; Krishnan et al ., 2012
organi zation and genetic consi stency, t he
unraveling the principles of proprioceptive
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A recent theonyi hgaaksapclt-eredgetyi c | 00|

(Ahi ssar and Assa, 2016) . | che stchriisb efsr asm et wioar

where an ani mal adjusts i1its sensors to det

sensing refers mal catésr whémses thhee it aa@it md ret .s

system, both types of sensing often occur s
the sensory consequences or reafferent 1inp
and Hart mann, 2020) . Unl warekdg,yphaecae¢vearctive

i nputs mediated by the activation of hair p

al ter t he environment . Il n t his context, r

)

necessary to monitor cien trheeala nttiemmen awhiisc hc uarrre

It is proposed that this information is pr

pl ates, enabling spatial awareness through

The precise andormrgegmiodatciidd eo fs phaaiiralpl at

spatially structured recruitment of recepto

neur al representation of antennal position.

neurons downstr@dmtefs twheé |l hal arify how ant

addition to these experiments, the computat

of hair plate senglilmeasiiomal udimsdgr rtbeiti onhh)
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in this Istuay, amse wral ki nemati cs, wi || cl

represented during active tactile exploratdi
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