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Postural control is important for survival in many animal species, regardless of whether
they live on the land or in the water. Land-walking vertebrates maintain a desirable posture by a
fine, static control, while they also recover from a severely disturbed posture by a vigorous,
dynamic body movement. Although biomechanics of these postural control is well understood,
neural mechanisms of the behaviors are not fully elucidated. When severely disturbed, fish
recover their posture by vigorously performing swimming. Most fish also maintain their dorsal-
up posture when they are still, which strongly suggests that fish finely control posture. However,
the biomechanics and neural circuits of the fine postural control is unknown.

To examine fine control mechanisms in fish, I first observed larval zebrafish behavior
from frontal and dorsal sides during roll-tilt stimuli in a dark condition. As previously reported,
fish occasionally swam and recovered the upright posture. However, fish also recovered from the
roll-tilted posture without swimming. The postural correction behavior remained in fish with
pectoral fins removed. Upon close examinations, I found that fish slightly bent the body near the
swim bladder to the ear-up side when they corrected their posture. The body bend reflex was
more clearly observed when fish were placed in highly viscous water or head-embedded in
agarose. These results revealed that the fine postural correction is associated with a body bend
behavior, which is referred to as vestibular-induced bend reflex (VBR).

How does the VBR recover the upright posture? In a simplified model, when a fish is
upright, gravity, which acts at the center of mass (COM), and buoyancy, which acts at the center
of volume (COV), are on the midline. In contrast, when a fish performs the VBR upon the roll
tilt, the head and caudal body move toward the ear-up side, while in reaction, the body around
the swim bladder moves toward the ear-down side. As the fish body bends, the COM position
becomes more lateral than the COV position, because the density of the swim bladder is

extremely smaller than that of the rest of the body. This results in a misalignment between



gravity and buoyancy, generating a moment of force that counter-rotates the tilted body to the
upright. If this model is correct, swim bladder-deflated fish would not be able to recover from
the roll tilt when they perform the VBR, because the body density becomes nearly uniform, and
therefore the misalignment between gravity and buoyancy is not produced. As expected, fish
with deflated swim bladder were unable to recover. This result strongly supported the model.
Thus, these results demonstrated that fish recover the upright posture by the fine postural control,
which is the VBR.

Next, I focused on the neural circuits for the VBR. Based on the previous reports, I
hypothesized that the VBR is driven by the following neural circuits: tangential nucleus (TAN; a
vestibular nucleus) through neurons in the nucleus of the medial longitudinal fasciculus (nMLF;
a class of RS neurons) to the spinal cord, and finally to the posterior hypaxial muscles (PHMs)
near the swim bladder. To test this hypothesis, I performed two experiments for each cell
population in the pathway: 1) Ca®* imaging using a custom-built tiltable objective microscope
and 2) behavioral analyses in head-embedded fish after cell ablation. During the roll tilt, TAN
neurons in the ear-down side, a subset of nMLF neurons in the ear-up side, and slow-type PHMs
in the ear-up side, especially those located in close proximity to the swim bladder, but not fast-
type PHMs, were activated. As expected from the lateralized neural activity during the roll tilt,
ablation of each cell population in the activated side impaired the VBR. These results revealed
that the VBR is driven through the TAN-nMLF-PHM pathway. Taken together, the present study
revealed biomechanics and neural circuits of a fine postural control in larval zebrafish.

Because fish are inherently unstable in the water, maintaining the dorsal-up posture
requires neuro-muscular activity. Since most fish are upright almost all the time, fish likely
maintain the dorsal-up posture by frequently performing the VBR.

Vestibulospinal neurons, which convey vestibular signals from the vestibular nucleus
directly to the spinal cord, are thought to mainly mediate vestibular-induced postural responses.
In addition to this pathway, it is presumed that pathways from the vestibular nuclei through

reticulospinal neurons to the spinal cord are also involved in the postural control. Here the results
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clearly demonstrated that the reticulospinal neurons play an important role in the postural control
in larval zebrafish. The present study suggests the importance of the reticulospinal pathways in
other vertebrates and sheds light on the evolutionally conserved neural circuits involved in the

postural control.



2. M Fi

LGN, Z 0EYTEETH S, HFERE (PR, ki, Z=d) b
TRECEY TUEARITHTH 2, HIEFE LWL L RBRELED MRS
&, TLORBICRS L5 ImiEE»gl g s, BELEHBYICE LT, B3R
2 L EBOLRATCELEKEZ & %, 1 DHIC, WMl EE TOVCTEL T, X8
DIRFLANE I, RN OEE 222 5 2 & TRAZ U CET HETH S (X 1A;
Ankle strategy; Le Mouel and Brette, 2007) , Z O#HBIO CTHEL 2#EViE+4 LT, &
Bzl R 2 MR 32 2 L 3AHEL 72 B (Morrasso et al., 2005) o 2 2 HicHfizo
HEITOVCELTH S, ZNEHEEST 28 03P ve P 28T _BITEY
TRONZITIETH 508, BAORMAPREE DK, RAEE X 0 3l T Ok %
JUE Y ClE$ 2 2 & T (ZFRICHiZE»T 2L T) BN zfi<HETH D
(¥ 1B; Hip strategy; Horak, 2006) ., D THE LI, HEHSEBARL T3 CFEE
. ROBENEARO WG L AFEEL2v) RS XfEbnsiETh b, 3
DHIC, RELEFTOVTHEL T, BRI RE VR, X7 v 7eHT2 0L
T, 23 E Tl TcOENZ DR HETH S (K 1C, D; Step/Grasp
strategy; Maki et al., 2003) , ZDHEIF LS HBITHR L NS fFETH 5,

o DRBGIEHOFE T ERT AR X (BT 2 (Maki and
Mcllroy, 1997) . E.0 & SRR Ot & 825 25007 (WUe%) CHE hz888) o
EREMEcHiI NS, ERRTRLAZVCTROEEICS, BEOSHRER o Wil kg
ME O 2R8I IECh 5, IFFREEIENT 20 0L wi8lmrs, L
o 1 DHE 2 0HIZEL e\ iEH) (fixed-support strategy; X 1A, B) ZxfL, 3 2H
(32AL 9 % #E) (change-in-support strategy; X 1C, D) & Xttt & #1% (Maki and Mcllroy,
1997) . £/, ZRAOREWEOBLH, S, 1 DHOLREGEIL, FEF /N WE)E CFf
TE DKL MRS 2B <, §H G (static control, DA TNl 7B & 35, X
1A) LMEENZ DI, 220HE 3 DHDEIR, BELOKEAZLITHIGL, fHlh
2 0% B <CHEB) T, B2 H# (dynamic control, LA F XA F 3 v 7 i@ 55, X
1B-D) &M 2 (Dunsky etal., 2017) o

WP . B, BERE, RERE. BACZAOBEMEHiE L CLS %
TrLEZOLNTWS, ZOHT, FIEFRIIZBICEEREEHZRZL v
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(Culluen, 2012; Forbes et al., 2015) . B FTIANCH§ 2 BHE O MERHINE O H AR EIC
Ko TRAEIND, HIEGEIIZZ D%, WO ATEMFAL ITRE T 41, RS ED)
I OIFRPEIASEI NS, % OWFFE T, LBAGIENICBI D 2 ik El i O RFE 3
RENTE 7z, b b CHFUESE ORE BB, [B]REZEAHIE o Fiife (=B O BT 13
FEHEICH L v, Shd, BEIR S W 2 L CHRMIE O % < Bk EMTH S C
L. oIS v a s nRECOMIEOEEI R 2 Z SRR ICEE L WwW S kA
DERLEZLND,

INBE 7 KBS MEBN ) (X T RE I B o 2 TE 2198 3 2 L CIFF I g v, &
T, EPERSL WHOZRRHHEEZ D, €T T 74 v a9 Y Y AYFFTT
X, ¥y Feu— A TROERBMREA 2 SR T THET Z EAA SN TWS (Ulluen et
al., 1994; Zelenin et al., 2003a; Bagnall and McLean, 2014; Ehrlich and Schoppik, 2017) , <
D LG I PE EBFHEEI CO XA F Iy 2 hEBICHIET R EFEZbNDE, ZDX
AF Iy 2 RBREENZAA X AN ANVOBED S 13D 2FREHEI N TS, £
LHEEOMROIEZ 2T ¢ 5 2L T, BT THEHLDHRICHDE—X v &4
ST ERHMONT VS, MREEEKICEL Cld, #E#=a2—v v, f#EH =2 —n
VHNME= 2 —u v DL RLTEREREINTEY, SLICEAEED AT 2D
S = 2 —m VY OEBEEY T Dic, MEICHEES 2 B =2 — v v (A
JERRES = 2 — 0 v ORI =2 - v) b E L bhoTnD
(Zelenin et al., 2003b; Zelenin et al., 2007; Bagnall and McLean, 2014) , L 2> L 7223 & Hiji&#
B=a—u Y ENME= 2 — 0 Y OWEPERRS = 2 — v v OESRIC O W TIEAET
»b,

KAF Iy 7 i BB U, i 2 BB O W CTid, ST OFEED
LATIRARVA, HEHINTVE, TEIASAFADZAAEBEDL L ED X 5 ITRE
ZNTEHSTDTH LA TH S, £7z, MRERBIKOBALL, DX ) ITERI N
TV bl bho> Tk,

X7 T 74 vy FHIEERE b & L2 REHIEEEE A f7e 3 2 EcIERic
FRRETVEYTH 5, HilEY AT LITEHEBYI CRF TN T2 (Diaz and Glover,
2002; Nicolson, 2005; Straka and Baker, 2013) . ZHE#% 5 HHE Ticid, &2 LofkiExr
MEFF$ 2 X 51/ % (Riley and Moorman, 2000) Z & 205, Z DB % <2 ZEGE o
MREEIIER I N TR e EXON DL, T, HEPERR O, FIENE 5 1
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DA XA =2 v 73 alHE/e 72 (Favre-Bulle et al., 2018; Migault et al., 2018; Tanimoto
etal,,2022) . FFRERAYICHFEMIER DS AIRET D 5,

SEOWETIE, ¥ 7T 74 v allBWT, 2 O0DLERHE X =X LDk
RERTE L 720 1 2 BBl 2 BEAGIERE Ic DT, N A A A = W EEK O
W OB GRS 2 2 & Z HIVICHIZE L7z, 2 DHIZ XA F 3 v 7 2 BRI BIBERE
ICoWT, HREE)= 2 — o VM= 2 — v V[RDE & il AR [El % o fi# Bl & B Bt

REIT> 77



3. P8 7n ZBHIH D J1 2208 - FRREEIER OIHSE
3.1. F&m

B LEHEBIYI Lk, DT 0 RERADRAA O WM ARGl % 1T 5 C & TR E T
TETZEPHONTEY, ZOMMllAZRRHEZEYEST LT, BRALHRT 2
TENRTELZLPHAILNT WS (Le Mouel and Brette, 2007; Morrasso et al., 2005)

AIZHE VT, Wl ZBHEBERE ORI S h v 5, (RoEiE OB S 2
b, €7 774y aE0%  DRADEKIIALETH 2 (Webb, 2005; Ehrlich and
Schoppik, 2017, Stewart and McHenry, 2011) ., Z4uld, WREEZ 2210 72 k. &2 Lok
BErROZ N TET, BN LOREICRoTLEI LI b bHL
THb, FREREICH22bLT, BPLEOREZMERT2 220, AT I
RGBSR S TEE T 2 C L Rl S D, L LERIIFAMICE D X 9 1T &
NTWE2IEEL bh > Tk, Favre-Bulle b (2017)iF, ¥ 7774 v aitkw
TALW R BEAOBENIC X o Ttk b a ilEoJEii N 2B5 &l s hb
R LTz, T ORKDJEI LA ICBD 2 LHEEI N T 54, b LM
72 LBEIEIC B D B 72 & AR HHEIICED X 51 L TERZ L CHET 2 1EAHO
FETH D,

B O LTI L. RIEAIRAL 2> & TE R BE I I EE AT 3 2 Al e B s e
25, HIRERE R Z BRI L 72 B3R Ic B W CIERMICHEER K Z R L Tw b 2 L 2dh
S HHIB N T3 (Uchino and Kushiro, 2011; McCall et al., 2017; Witts and Murray,
2019) , HIEBHERE = 2 — 1 v 1%, BhERANE 2 I DB WA S 2 I T b b,
AMEI %8 % LVST (lateral vestibulospinal tract) == —1 ¥ & Al %i# % MVST
(medial vestibulospinal tract) == —1 ¥ TH 2%, LVST = =2 — v I EBEIR I Y il
Rl FCAHBLURomNEHIET 5, —/. MVST =2 —nr VidEHioH
HEE 72 3D HTHI % C L 2R 2 58t L < B 5 9, RoRillofiA, fFicE oK
#HlHI3 2 (McCalletal., 2017) . MVST %W L 724 2 T b B OAIAMERRZ TS
U7zi&®) %7~ L 7= (Wilson and Schor, 1999) o X HIC LVST = a—1 VY AEAI N
ZH i~y 2Th, (ERZREMKEN 2B o M EES) 2 5 5 2172 (Di Bonito et al.,
2015) o THH DFERH L, HIEBRK = = — v v DSNC b R ICHTE G % Bl
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ICIEZ DMl H 2 L EZ b Tz, ZOMEAE LT, HRIEEERS 22T 5
1% (Wilson and Schor, 1999; Peterson, 2004; Sugiuchi et al., 2004) , HAERATHE = = —
O ATRTERIBICIOE T 5 2 L BAFELY Y AT FFThbh o> T b (Peterson et al.,
1980; Bolton et al., 1992; Zelenin et al., 2003a) . L 2> L 7% 5, #bRAHFHE == —n v
DR (HIED 1cBdb 2 LI EHEN AL nE TR ARy, /2, E
ARG & R L R BINIC BT, R SHAER D 72 530, Inddngic i < 21k
AHDOEETH 5,

Y7774y vafffics T, BAgSA A VIERTBICIGE LT 5
(Riley and Moorman, 2000, 7z72 L. ZH5t% 2 B[RS L 77 Cld =8 2%
ELTW5) , fhoBHEBIIEER. EAREII A EMAE A L, —RATERRR
TH 2 MR EIAE % A L CRIEMRZ = 2 — v v (T XHEIEMFE) 1IT{5H % (Bianco et
al., 2011; Tanimoto et al., 2022), HIFEMFELZ = 2 — v v DUE, JEEIC X4 N — RICHIEENS
WOILEL S N B o (ERDRIC N LR R AR % 5 2 - RO 24 X — 2 v 7T &
D, FEHICEHL D=2 —v VEEPMIEENT 5 T & 23D o T % (Favre-Bulle et al., 2018;
Migault et al., 2018), L 2> LERHIE L OHBIL 22b A 59, £ X 5 REIEE TR
FrglglcIridadoRMDOEETH -7,

D7y avTliE, £77 74 v anikl T & Wl BEHIE 2T b
NDEDPENAFT AN =7 ZAOBEH» W LTz T2 X DITEN % F] 2 {R [ o fig
HHEBICHIETE 21T - 72,



3.2. HHR

3.2.1. BHHfTEIER

321.1. 7974 vvaghfaid, SR u—A AP L ORBENTET

BONC, RS Z e RS BB EZ T TEHT 2L EI 2ER#NE 7201, B —1LT]
NS BEERERL L 725, 38D X5 IKfTEIT 20 28I L7 (KI2A,B) . ¥7 77 4
v ¥ afifa /NS T v v o= AT, R R 5 2 RO T R Bl O L
il 2> & By 2 55 L 7z FSEIEBEIHRICHA L. SURIEBRICIKEFE L 2 vwizoic, 5k
DEMETIRIMET 4 F Z A TITEIBRR 2T o 72, 2N Tl 2 X 5 R 2
L. fIOKORMEIC] & 35 N TREICERM L 72, ERZESIIFR O AT, T
DLEBITCDOREICRE 572 (K 2C, D) . JLORBICEE T SBRIC, divk (2 2Tl
RiEEo < Y oEB) ZilEkE L) ZfEo ChIET 28Td Ao, fid, Milz
BEAMERA I = R LBl D70, Wk ettbe WialdiTIcEH L, HRERD S
JCOEBSFAICHEET 2 & i, LI LITHEBOEMAEITEHE TV (X
2D) . VoA, FIEUTENICHRI L. JTCOLKBICEY . LI LI T AR 3 %
LI TENE. B ok cRons (K2E) , ThoofRrs, Ak T Lk
CAERIZEBAD LI CETC 8 TE, AT S W 2 BEAGIEBE SF1E § 2 & D3
DD HNTz,

A OLEBDITHE L DR, Mg EE cEh T/ (K2F) , 2% 0, Wik%
e wlfED ) X I v 7 BB % fF 5 ZROVCHE L BB I iz, WiEoH) %
ICX o TRBADPVTEIND »EHFRD 201, HifgEx ) vz % v CRED
EER (T o7z, MEZVIBRL 72 COIER AL FARICEBZ T TEL T (K26~
D o 7272, 4 OK R COEGMERAE L, EFRfuclkCEro7 (K2 . &
72, Ka—VEERO AEE (RAEEAE? S 15 BHEoARE) 2HHx7zL 5,
Mg % YUIER L 7z 3 EH 2 fc kR TNE o7z (K2K) o 2o DfERD S ol
ZUBRL72faom — A JjMO . CELIE, EFOR XD 55, WEEOMEE) b v —1
i 5 DR THELICHDT IS LT 325, g EBLstotfEcx 4 v
ICEBRAZ T CHELTWS Z EARBINT,
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3.2.1.2 Atk Eih B ERILS L EE L T B

EHE APl U L 2ol o o8l % X BT 5 &, HEF, b
THrIFREACHREEET 20857 (K2C,GRA)  FAZZ Db ThiRiED
JERH LD CTHELICHE T 20Tl wd L HEHI L 72, (Ko JE il E 23 IEH 1</
TWHERE LT, UMTo 283 EZbN5, | siBIE. @ OFEK T, EAHEF
YL FOZERAZTTHEL TV S0, KoEiiZbIricLrAonzneEZDH
Nz, b9 1RE. Fr vy " —DEFHICHOTNICTORBEZLTET &, HlH»2H
DA A7 FAOEEIT DO T THOLLIET L LIChb D, KEDEKD
JERMAERRIC S hoTwd eExLND,

ZzZC, hkofEthzlio 2 W R AEDIC, ik AFLern—2 A D DFAFEK
IR L CHROEFR 2T o7z, AF ki — 2 3MERE WO, EHE OB KIC
B LZRFICHNT, ffldw oL VB, Zoz kT, Koz WV Riz30T
BV FRLE, Fr v "—2 MR THE 22 X 5ERT2 &, Ay EfBT
e 722 X5 MR L. HRBREICIE > CHEMER AL D ZAREAKREL  Bof, 28D
IRF R C i A A FE VSRR IC EE T 20082 BE1E N L T e (20003 B & 5 LulRbRI A
LRILTHZ) o, 2D, 2HDORERA S §HDOIERIE TW o U BHERERN A 1T/ &
(o TWE, 0CITEDWTWwo7z (K3A,B L) o —FA. ROz AH (ER L
) 1R L7z, MRl A 1L 2 ol E T ERPRIEDE NS 51 o TN
L&, Zo®REERNAEREY T3 1con T, iEoEiiaEd/hNadzoT
wore (K3A,BH) , 202 ehb, IO HEIMNITERERME L EE L Tnd L
BRENTz, OO ETORTTHEI N, KHfTHITtHs L ELLN
%o AT, ko e ffid AR X 2 JE Al (Vestibular-induced Bend Reflex)
b L<IFVBR T3,

i D P& Cib~ 7= X 512, VBR O Jmi i/ B (3 BEARE R A B MBS B 5, 2D
Z e, IRICTEEAMER L - £ £ T, VBR ZBEEFICR LN, T 20 Tldnwndy
ETHL. CORMEZMEET 2720 0c, SO L Z T o —Rical L, 4RI
D B2 B HIc B2 2 fucof U<, R R 5 2 72, FE DT EIXX 3C I
Hb, THIEED . AT O VBR XS 2 ICBISE & iz, B & AN AT L 72 s i34
i}~ VBR 28, HHNCERI L 72 & 213/ Ml~D VBR 238 . VBR D J7 AN ER}
Ehic@gzang (K3D) , AFrwin— RO EERIFFERE, @RI D Rk %
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{7m2Ico20T (D VEHFEMAKLIKRE S B 2Ico0C) Atk MAE S KX
(7o Twoiz (K3E) ., FRMGREEZ 200013 T % &, AREIAERZA AN
(7o TWwo 7228, 0°% ko Tz, VBRIZEERZ T - 722 Coflik, RfT ol
ANz (K3F) o 20°0MEAHRED RS 2 & HEhAE D IE S D & 2SRFERGE T K &
{TroTwot, 2T b, HEAMREMSHERL T, 43 L b MO AE D
FHi L W ERHO o7z, LALERYEL, XA F Ak u—XDFE L BT
BB 2> &, VBRIZFASMEM BB 2 2 e b2 Y, FAlz v —AHR D b D RE
SLCIE L ICBE D 2 AlREME A S & B 2 7z,

32.13. VBRICXoTHEALFBFHNBThEZLIiTXY), HOE—AV B2, &
BENCHET

b L. VBR MEMZRAL LDV TEHLD AN =X LDEE, VBRICKH ED
L BNBEATHBEDTH S S H, Bk, 22007 (ENLF))) ZHWEET v
T (K4A) o EHITHABRDX D 5Bz, 1 2D THKST LHEL (Center of
Mass; COM) ()<, FHEIMEBRL O T2 HRIEDOE LHEL WD T, 1 DD N TE
T & RREHL (Center of Volume; COV) 1L, €77 7 4 v ¥ afffi T, HEL LR
Broid, BRELICHFEELTWE 2 A5 T2 (Ehrlich and Schoppik, 2017,
Stewart and McHenry, 2011) . ¥3, VBR 2/ RS A WiER LOREERZE 2 5, EHO LA
B, EFREECEEL, NOoKREIBFELL, _RZ PVFHBKNTH 5 72
W, ke —AEICEEREETH Dt Ex bND (K4A L) , Tl ERZEERE,
ER LM VBR 278356 % F 2 5, ROElc X v, BEE & R BRI dh il (6
REEMD wBBT 08 ERH—KIFROZRIC X 0 IFREA oI E il & SOooHl (6
FTHD B2 (K4A G B ) o 2 [ oFiciing &, B L FE
FLLofiE AT 5 (K4A ) o B & ERREPOLAET 272485 72 ) QWX
TiE, HEOLAREFOIZIER#R S & T, BRI EMICE S 2, Lo Lasd s, Eil
&R E CEPTICAIEY 3, BEOD AR LI TAMIliciiE T 5 (X
AAET) o TAUE, ERITTENCS 5. JUR TR S 7R8I, B2 A5 39F
NOBL DR TH DL, BLOPEEROICH~T R R0 X b s ilhic
(i3 52T, ZRARVCETHMICTOE—AV FBFETILEEZOND,
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MO TR, EHEFNEZZNE N1 2D LTEAT W, —/7, BN
LRI OBE N EWUMEE T L 1cE 2 3 LIEEIICh 2D T\, BRI LIS B2,
H)) (mg) XEEXD 27 c@<, F#h (pVe) MAEERDH 28y Ic@z, oK
EXI, WLRY 20 OK) oFENEeFELY, 2F 0, AOFERIIES LTS

HINCEEEZ T, ZD0ET (ng—pVe = (Pissie-pwaer) VE)  (ZHHHR & KD EE D7
(pissue-pwater) (CLEHIT 2, {F & RE2 IR MO (1.008 mg/mm?®) 137K (0.997
mg/mm?) IZHART, DFrICEe—F, FEROEE (0.00131 mg/mm?) 1F7KIC A~
fﬁﬂmmméw:aﬁﬁmﬁanfmé(%mmmmmmmhmn)o:@:a#
b, 7 ER e PR CHBTE, ZbhTHreTmE QLtFm) Kkhsd—FH, FEE
Tix. ANFEENZR EnE GRS b (K4C, D, Ao RE oz
100 557 %2) o 3. VBRZRIHWEREOREEXZFZ 2 2 &, FER2HR MK
IR ERLLELANMICHIEST 2720, fuio— AT HEkEcCH 2 L E2bNS
(K 4E £5) o Tt ERZESR, ER LI VBR 2R3 56 % F 2 5, K4 [ <]
oFANCHN G & EEElic, &H R E I 2 BB 5 07, KON

GAR LB IR MM (FER) #8832 (K4EH) . 2oz ehr b, @R

Rl &, EB TR LR o 22T, ZBEZ T TCETLHEZILLND,

DL, INOOENEFNERCEZETARIEL TFE, FRNOXEZ K
7ok, EREB» OV CET LA TE RV E PHTE 2, FRNOR A0
L. ROEEREDHSTHIZIE ML D {HRRE, f2° VBR 2R L CHELEE
oI dic, EHEFNRELCHECH2 2720, 10—V F2R3REL K
Wb ThHAHS (K4B) . WUMEERTHEZ D & (ROBEEIZIT—RiIckR 2 L, @
M A @R FTEICREOA N D22 200 THA9 (MIEFH) o COTHEEMGET
572010, FRNOER BRI B2 HER L, EREITo 72, FRADZELRD kW
LLOBEREBICAR T, BN E D, ORI ERGET 2720, 12.5% A
rm— R ELKIGRL TEREEZTo72, (R7B—X%ZHMNT 52 LT, #WED
BREEHP L, BERELFRCFENZHELNZIICLE, ) PHEED, ZVWT0HoD
AT CRIMENZRE L OV CET B TEhr o7z (KISA-C) , 2TOHORITL
5. ERIBAIE D & 4 BRGS0 SRR A B o Ui 1 15.9°C, 1.7 FPIRp s o0 BEER AL A
JEDFRED 1520013 A EZE D> T (K5C) » X HICIEH 2 fa & BEE i
EEET 2L, 1.7THTH 4RORETHIER AAICHRTRERNOES RV
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JEEAEIXAREICE»>72 (KSD,E) » 2OZ &k, CikhiFRNORMEE K
AIIERERA LSV TELTWANWI EZRLTWE, ZORELL, RICRIEL
RENEFNOETNMIIELWTHS I, I HIC, AIRERNLZSE T T 5L VBR 21T-o
Tz (KSABH) o Tt BrHET7THr —RICHEHEUHEIN TS L ED X
I, FRNOZER R, BHHER L 22X TH 200 THS I, HMiRE X
L5 e, FIZVBR 2{T9 2T, HREHADPOLTEL TS Z LB LR L o
726

3.2.2. VBR % ] % ##ZR RO

3.2.2.1. Tan-nMLF-PHM #EE&2* VBR % 5| 2 3 w[BEHE

RIHERF O VBR % 5] &2 2 38R 2 R L 72 LARTORFZEA 5. %
ICTFE LB BEIC 8859 5 nucleus of the medial longitudinal fascilulus ("MLF)= = — v ¥ %
SRR TN T ® 2 L. VBREROITEI 25| X2 32 L 2RI T 72 (Thiele et
al,2014) o TOnMLF ==z —u VIZHAR T 2 XA T REEREIC X Y, 82 C
ERH SN TS (Migault et al., 2018; Favre-Bulle et al., 2018) . fRHI2E 1 7 KB A &
nMLF (3 HEMFEEL T H % Tangential nucleus (TAN)2> > A1 %% 1F Tw» % (Bianco et al.,
2012; Schoppik et al., 2017) . Z® TAN == — v ¥ H HiERIFLIC X Y i58I3 2 2 & 23]
S5 TWw3 (Migault et al., 2018; Favre-Bulle et al., 2018) . & &1C, Thiele et al., 2014 @
#XTlE, 2D nMLF =2 — 1 v OiEHALFEIC, Posterior hypaxial muscles (PHMs) D i
Bd AT EBHONTVE, TNHDHAED S, HIEERL TAN =2 —v V-
nMLF =2 — v Y Z 4 L CEMICEES L, PHM 2/ L C VBR A3 [ &R Z I NTn» 5
EIRERE T (K6) o TORMAMAEST 272010, FAlZZ NZ L OMIREHFICHT L,
Ca*f A=y v 7 L MIEIEER 21T > 72, MR EUEDO 7 v a v TRt L Tw <,

3222 evx2BUETAN =z —n Vi3EBEEE=2—vvTH 3
3. TAN =2 — v V2 BEFNICFEE T 57291, TAN =2 —0 Y TLFK
— 2 —BETAHRAT LI I v AV 2=y 7ERELZ, TAN =2 —1 VI, ®%E
It 5 o —FAMANTHIE LT3 (Suwa et al,, 1999; Bianco et al., 2012) T & Z fefEEic
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L7l Zh, em2 b7V AV 2=y 7fTlIE, TAN=2—R VYOHRENEDH 5 =2 —
By ERDTNW, TAN =2 -0 VOA[REDHE =2 —n v DOREZH~N 570

IZ. Tg(evx2:Gal4; UAS:Dendra2) (Kimura et al., 2014; Taniguchi et al., 2016) ZH T, &
TR Z 1T o720 TAN =2 — 0 VYOHRENEDH 2 = 2 — v VORI, KOl
ICEET L. AT TATHEIC I L. PIEIFEER  (medial longitudinal fasciculus) 12 -
THOTWw (K7A) o BfTWEEER T, P EcHEREL TH Y. TREMKIIRVD
DIFBEHOE3 /A V FETEEL TV, F-BRAELE (L7 tofL—v
aV) Ik o TH—HlEDEEL F~7= L 2 A, FOHllIEED S @ (6/8) &, Snf
il EfTEo b o (2/8) D 2 HEMIEHE &~ (X7B,C) » b OFEIEE ICHE
L I TWwiz, 2OZERH, em2 P T VRV 2=y

A\
i)

IN7ZTAN =2 —u v oOlf
7 ORI X 1L B IR RN AN S AMANCAE S 2 =2 — 0 VI TAN =2 -8B VY TH D Z
Loz,

THIC, TAN =z —nv v HEEWIIHE= 2 —v v 2 2R 57201,
Tg(evx2:GFP) & Mm@ E R RIVIC RFP 2 R RWT 2 P 7 v AV s =y 7 e BT &
b7z (KTD) . veglutl. vglut2a v 7V AY ==y 7 L#HiFAbHE % & GFP & RFP
DO _BEGHEMIER S o 72, —T7. glyt2, gadlb b TV AV ==y 7L AEDE Y
&, CEBHEMIERINGE P o2, 2O EDbew2 FTIVAY 2=y 7T
I ND TAN =2 —nv VOREPEEN, =2 —n v ThHE I LHLNPLE o7,

\

3.2.23. EMNTHIO TAN =2 —wv v BEET 5
R D TAN =2 — v Y OIEEIA A=Y v 7 %475 7201, BERT — I

WoAtFon7nr v XL GRFERFICHERIS 24 X - v 7Y 27 Ll HIL Tz

(¥ 7E, F. Tanimoto etal., 2022) . ZDZTli., B —FK TRz, HRFT
5 LHENHENRE ) LTHEMLTL E I, HRNC X 2 HOLMBEZR A KH E & 5 72
DI, LY FARX M) w7 A A= v 7% H W72 (Tanimoto etal., 2022) . £3. L ¥
ALYy 7 AR=T v ZICENT, X DD DICHRT 2 mREDLEREL L

(AR/Rog) DEE % T2 7-9I1C, TAN =2 —18 ¥ T Dendra2 % ¥ T % fa
Tg(evx2:Dendra2) % F\» 7z, fUCERENEZ TG L, D F221C Dendra2(f%) 2> 5
Dendra2(#R)~ D 281 % 17\ fEARIF D AR/Ry DEALZHIE L 72 (K 7G) o, 20° DAt
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FT ARRo IZERATH 7%0HFANICHZ b7z (KTH) 20720, SH04 X —
YV T ARR D T EZALL 72856, MiEiiahko > 7Fn & hin Lz,

TAN =2 — 8 VICfRE D Ca>" FERHN X v X7 EHTH 5 jGCaMPTb & iRl
H & v X7 E D tdTomato % FFL 3 5 i1, Tg(evx2:tdTomato-GCaMP7b)% F\>C TAN =
2 —n Y OMEEROEIA A - v 7% fToz (K71 L) o K7LICRT faofc
F. RIS E 723 X5 RN 3 L Ml TAN = 2 — v v offifaREss, A5 F ]
7% X ERT B L AMHO TAN = 2 — o v OMIffEEED ARRy B LEFH L7, 2O LR
KR T% %L T»wb 0T, Mifde B2 NN ERMN S 2 RFICHEEI L Tw 2 &Ikt X
oo TIEOB VT NICE TS, Mg R THICER T2 & 2ICFEHHL vz (K
71) o BOMICHIAE & RIS ERNCER S 2 L 2 DT DI ARR A ERLTEY, b
PIIEB LT3 Z e b ko (KT7L)) o L L7ad3o, MINCHERL L 7
DFiH, EANEM L 725 Ik T X W KRE RiEB %2R L7z (VRNCHERI L 23546
X 32 f5KE WV, p=0.0003, X 71) . F7=. ERFEFGEFIX ARR) 1272 A 72 A LT
WE, TXT T avpilRE S LBRBINZ, TANZ2—B YDA X =YV
TiE, IS TENCER L 25 E . ROl ~of@Eft X b K& KIEBh3 2 2 & A3H S %
Lin o,

3224. TAN —=—0a VZEHET 2 &, RXHA~D VBR MK T 5 23

RIT, ewx2 GMED TAN = 2 — 1 V3 VBR ICLE D &) 02k~ Tz, ZD729
1T, Tg(ewx2:GFP)aZ W THMlDO TAN =2 — v v 2R L, SEH 2 T L 72 REET
DIERIRFD VBR DA ZBI5E L 72 (K 8A) . GFP D TAN =2 —r v 02T
(FZw7z v 18 ) e L CL—F =R R A 7, oM E B L 72t &
{28 N ER O Al ~D VBR D AERE L o =0 it LT, A2 F @R
IKf D ffll~D VBR A I RBIg S (KI8B,C) o Z ALITAMASIIEM A3 Ml & 75
% X O ERM L B0 KO~ o iRl K & CFHE S LTz, FkOMERITER
Atk (7 i) cR O, B MR R L 72 FficR 3 VBR O A FEIE, Rl {4
LRI R TN S ERTHEZ KT LTz, (p=0.003, X8D) , =2~ bn
—n e LT TAN = a2 —n Y ORNNCHIE T 2% FERREREL 72 & A, W~
DS 77 VBR BB S N7z (K 8E-G) » 2 v F v — L OWIEFEE 21T o 72 4 {FfK
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TiE. AT A S VBR JEHAEORICIHE REWB RN h o7z, (p=023. K
8H)

il D TAN = = — v v OBEEE AR T, Wifll~d VBR DJEllizs & bic/hE <
b FRL, EBETo7 (KSD o 1IELA2EREIT> TR, i icERl
@ VBR OJE AL IEHH & b/ o Tz (K 8I-L) &

MR DAE R A D, TAN =2 —w YEHE Mlick 2 XS5BT 2L &, 2D
HAEEE & SOl ~ DR D SRR IC BB TH 5 2 L AR S N7z,

3.2.2.5. TAN == —n ¥ OGBIZFERTEEN RO~ Dk D B 233 T h 5
Tld. Ao TAN = 2 — v v ZIEME(L L 2R ic ik iZEdh 32 o Tch 5 5
o FAMIFTAN =2 —m ViZF v pu F 7Y v 2 HKH T 25 Tgevr2-hs:CoChR-GFP)D
fIc BT, F o tangential nucleus I F (GRS L CRK D JEfh 2 8152 L 72 (X
9A) . FHfll. £l tangential nucleus IC Z L Z NWHEEE S IR 32 &, AMAkIxZ
NN, AN U, RS L 22 e 3 SO~ R 2 Rl & 272 (9B, C)
BASHE T #21E. AR ATTOMNBICRE > T oz, Bt ofEihfaE (HaFing 4
2o 5B oD i) (ZEUETO A R 1 #HT & RURTTERT E
JEH AL D)) IR T, O ICKEL R>TED (p=0.002, X9D) . &
it b IS & XSO~ DRl % D 72 53 L AL L o7z, HBIR
EiEtE b v b e — 3B L LT, Tg(evx2-hs:CoChR-GFP)D fAIC 5\ v T TAN = = —
7y OWNHNCATE T 2 evx2 [GHEMALICIBS L 72, % < o8a. b2 cBiifAE 0%
EHRRONZBRETH o7z (M I9E-G) , HEDEETDH, BT 2L, DIFrTiED
25, KOl ~oitkDfEil# b 725 2 e LA L o7 (p=0.02, K 9H) ,
(—HROIT CEAX R EAGEE 25| E R I nzd (KoL) | ERSEE I N
AT, A LR VT2, ) EEFL a2V e — 0 2 DDEfFCco KD
MR AR Z X2 &0 TAN =2 — w1 VIEHERIC X D KE EiifE 2R L Tk
(p=0.003. IK) , UFEDZ 25, ewx2 THEERXI NS TAN = = — 1 v (F, SO
~DHAED JE il % TS 2 MiERTH 5 2 L AR I Nz,
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3.2.2.6. nMLF = 2 —n ¥ O—i3ER LRIORIiES T 3

RDZ—=4"y b LT, nMLF =2 —8a VIZEH L7, nMLF =2 —u ¥ (3,
MRRAEE = 2 — v v O TH . PRICHFTE L. PRI > Tl % 1
L., BHicERHT2=a—a v#HTH2 (Metcalfe et al., 1986; Thiele et al., 2014) ., FA
. A= v 774 27 HMER =y P SHUY AT S L v XERERREE 2
WT, B8V _VTnoMLF =2 —8a ¥ ® Ca¥*f X —Y v 7 %17 -7z (Tanimoto et
al,2022) . nIMLF =2 —B VY% A4 XA =Y v 7+ 237-0ic, o CafiRiETh 3
Cal-520 & AR D138 D rhodamine dextran % BFHEWIMHIICEA L, nMLF =2 —n1 ¥
ZWATHNICHER L 72, X 10A Tl RAESGZHEER E 1 CFEY R DR 2R3, R
IKf. K& 7% AR/Ro1E—# /N X Willlg el s iz (4 10B OMIfE#1. #7. #8) . %5
Fre k& & RIS EER K% 72 nMLF =2 — 12 v (MeLr, MeLc, MeLm) I3
3L A EIEBL v, RSB RN S 2o 72 (K 10B OMifld#d. #5. #10) .
ARX=D Y T BTo7210EDTRTDO=2—vy (333ff) ®9b, H1B3D==2—
RS, [l Bl E 723 X5 iR L7z & X IcH o 2 niEB 2R L7z (M 10C Dt
WA 7 —lifgciit, AL vy, ¥, JEoiin) o Rl Bl 725 X5 ERL
R OEENT, K6 DRFLE —E L T3, nMLF = =2 — =1 V35l TAN = = —
oy L EEREDO AN EZT, £ D TAN = 2 —u vid, filge B2 FRLc 2 2 B ic
BN L Tz, —0, FIATENICAR 2 X9 ER LB, 4 D nMLF =2 —1 v D
AR/Ro 13D T2 IT/E T LTz (K 10C DIl 7 —THED b DR L Y B ho
72) o TOZlIE, nMLF == —u v A2 TRNC R 2 & 5 R L 2B, D3 h il
HFlEINTWD T AR EI NI, 1HIIED & icl@RTIR e ARR DIAfEZ L~ &, ©
130 [l 2S BN R L 72 & & O iEE 2 SO A~ O AN LR THEF IS @ 7o T
Wiz (p=22X%10" X 10D) . &FD LD b woffifds @R ciEd)i3 2 2% EEN
LR 20, EHRZ DD DICHKT 2 AR/Ry DZALIF 0.1 PN TIIZ S5 & \»
> KERFER S S, 0.1 LED AR/Ry DI %Z = 2 — v v DiEHj & A7 L7z (Tanimoto et
al.,, 2022) . A AR/Ro2% 0.1 Zi# 3, 2% ViGEI T 2l EIGIX. 41% (136/333)D
MG 23 FEIET2S EANCERL L 72 & & D BIEE) L, 14% (46/333 1) DAl 23 Hi ]~ o AR
ISIEBI L, DIk =a—wy (123336, 4%) 723 AREEIA TRElICEER L 72 & 2 0
HEH L7 (K10D) » 2D &b, MfEe A EMicZ 2 X5 ERL 72 & i,
PORED = 2 —m v (182/333 . 55%) »3iGEL 7 &M T & 7=,
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o, ERPICEEIZ R Lz=2 — 0 v OREEFRS 2oic, Milgkok
T IRAE LK ARR Z IR L 72, HIRHIK X 2B 2R3 =2 —1m v D% i,
A2/ NS w=a—a vy ThHote (K11A) o HER L= X ST, —BEICHEAIAHE 22 K
¥ 7 nMLF =2 —1 ¥ (MeLr, MeLc, MeLm, MeM) D% < 131 & A EFEHIL 7o\,
b LIRSV N & 225 72, MK ONIE & OBR AT 2 20 ic, HEOM
RERD = 2 — v v ONE % Bt m & AN A kR b L 72 (R 11B) o itk
LWk & K AR/Ro ZIAREZRMRB I A b o7 (R 11C,D) o —J7. gL
BN AR/Ro &t~ 5 & HHNTALE T 2 Mg 23 LBy G iR AR/Ro 278 L Tz
(M 11E) .

HRAEZFLD2 L, nMLF =2 — 1 v ® Ca?* 4 A —¥ v ZEECIE, R
DOFNGFEED nMLF = 2 — 81 Y 2EE L7z, nMLF =2 —ua v D 5 b RG22
W —w o RN K BlicfiiE T 2 AR 7 o 7,

3.2.2.7. nMLF =a—a Y2 $ 5L, Ffl~D VBRMET 5%

DEIC, nMLF B#FERZ{To72 & & D VBR 2% L 7, #fTHIC nMLF = =
—B Y ERD AT, BRI EEEZ T 5 -0, BHEEGE2 VBR ITENICHE X 5. 2
TLE I, 2D, BIEFMIC nMLF = 2 — 8 v 2137 2 B T O [EE % il &4
2o MEDOHIADLL, pi2 7 VAV 2=y Z7APIMLF —a—u v 2T 5L
DHIH T % (Wolman et al., 2008) . FAlZ Tg(pitx2:Dendra2)f & ERL L. 1 THYIC L
D5 ET, nIMLF =2 — 8 YD 5 b D L DOFEEED Dendra2 BitEd &9 2% £ FF~7-
(K 124) o ZDFEHR, ¥ 80%DHITHIIC Y E % nMLF = 2 — 1 ¥ % Dendra2 [51% T
HHZEHRHLNL o (KMI12AT) o L22L7%&A 5, nMLF S % < oififig
M1 C Dendra2 [GPEMMAE S ETE S 2 7 A TR %2 1T 5 72 (Kimura et al.,
2013, B 12B) , % L C. Dendra2 (%) ZFHY IC nMLF = 2 —u v OE#EZ{T o 7=
(K 120) . ZoBg Ffllss Xz 25 HoffiflarntaZiain, 203X CEBiEox
ReE L7,

FAllD nMLF = 2 — v v Z R U 7=l 3, efil2s BN Rt U 72 B o e i~
D VBR DHEHE L 2o FzDIcxt LT, A2 EHNcER L 7204l ~dD VBR &
Wn@iggsnsz (K12D,B) . Z UMM Bl e 72 2 X 5 R L 7B o [F ]
~OfAAEI2 K & PHE T Tz, RO R ITEREA G EK) cRhoh, i
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B2 EANCER L 72 REICR 3 VBR O X, FENCHER L 72 RfIc i~ Tl & S Hn
THFIKT LT (p=0003 X 12F) . 2 v Fa—Ls L CEMICAIET S
Dendra2 [GPEMNE % [FIEARREBIE L 72 & 2 A, Wfl~DBH S 227 VBR 2% X 7z
(B 12G-1D) ., =¥ b w— VEETIE, Y7 e VBRIERMAEOMICZ i i
mEWHER O N h o7 (p=0.05. X 12)) . MEBIEOK RS S, nMLF =2 —n1 ¥
FZo=a—v v Hile 7z X5MHEMT 2L &, 2 ofifa L R~ Rk oD i
WETH DL PRI NT,

3.2.2.8. PHM ITI3HHE 4 T L BHXA THREEN, 3200 T AV TIPS
KT posterior hypaxial muscles (PHMs)IC % H L 7z, PHM (3{FEE T TRl ICHE
5 I o—FECTH 25 (Haines et al., 2004) , KREFOHIAIL, HfH & B TR I LT
Wb EBHAILNTWS (Wangetal,2011) O T, PHM @, EH TIN5 5
IR Tz, W CTHRILT 5 a-actin (Haines et al., 2004) & Zf O —FHFHCTHILT %
smyhc2 (Elworthy et al., 2008) @ 2 ¥ DB LT % A7z, Tg(a-actin:GFP) +F 7 v RAY
= = 7 1 (Higashijima et al., 1997) & #7172 IC{ERL L 7= Tg(smyhc2:10xP-RFP-loxP-DTA)
eI abEeL 25, PHM ICRER £ 4 7, B & A 7O BFAEL Tz
(X 13A) o EMAE I LB AT IR oIt L, B i3 m <. & &,
LEFRRHE IR AE C R E N T B C e BHL L o7z (K13B) o F72, WX A
THEMEATHIDDRT AV PPN T LI L2 ER -7 (K13A) o
i, LLRTO#FZE (Windner et al., 2011; Talbot et al., 2019) & —Ed %, FfAlZ. 2h
530Dk 7 XY EHEID L., rostral, middle, caudal 2 7 A ¥ F EEELTZ, WTR
DAV MTBNTYH, —BI3iFE ICHZE L Tz,

3.2.2.9. fERM EHIOER % 4 7D PHM $5EET %

2D XA 7D PHM ICBHL T, ZNENWEBA A - v 723 5720, JAf
B2 A 7oL v AERBEMEE % v T PHM Z 82 5 BIgE L 7=, dOCBI%E L
IRFic, B Z G L 72 KRB0 o T8 2 Bl o 8% L 7= (M 13C,D) » T Z T,
PHM DA A = v 7k, s BEZLIZU T OERO G & k%, 1) ¥ v 7oK
ICHkT 2 b0 (BEMEEOIEN O TERICEH T AVEHICL 5, ZNIEKITG,H &
FtkoT—F 7727 b TH2) . 2) HADIHEMEEHAIC X 2HADOKE X DZAIC
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HK3 2 b D, 3) VBR DAFR CTHADOKENCHKS 2 b D, 4) AiNOEHEIZEICHEK
T2LD, DB)ETRTT—F 7727 b THY, HIIRHBEL 20w I THB, &
BOBERICHRKT 2T —F 777 PL_XVEHEET 5720, B X4 7D PHM T
Dendra2 % ¥$I1 9 % fit Tg(pitx2:Dendra2)% F\2 7z (X 14A) , FAICEEEZBE L, b
3 2*1C Dendra2(f%) 2> 5 Dendra2(JR)~D 2% 1T\, A D AR/Ro DAL % HIE
L7z (B 14B) . 20° DEFIT AR/Ry DI AfEIZ, 72T 10%DHFEPHICINE > T 7z
(—HoRITIE. KR 15%L ko Tz, K 14C,D) » ZORBICEHVT—F 7772
M ZHEZ D AR/Ro Z IR DIEENCHRK T 2 D & hin LTz,

EHZA 7DOPHM % 4 A —2 v 7 D78, Te(smyhe2:tdTomato-jGCaMP7b)f
HER L 72 (K 15A) o BBl S 81523 % &, fRomifilic PHM HROH L%, IEH R
RNk AREES R o N (M 15AH) o RS E S 272 T
. PHM (FFIC rostral & middle 2 7" X v b) ZAFBWIIEE T2 8/l bn, 2o
HANEBIZAORO DT 2B & LIFFMICHEL Tz (K 15B) . ZOfTEIE
K422 L IEATHE2, dLhLzbey FHHMOEBHEICED> T30
Lty (BRICERT 5) o Ticld,. BRENREHAE SN WifTE v, K
14C ITIZ® 7 A v M HDEF % 4 7O PHM OiEE 233, A2 Bl & 722 X 5 IcfH
#42 L, Ao middle & caudal £ 27" X v b D AR/Ro S K & Zdhnzm L, AflA L
& 72 k5 wcfERld % &, EMD middle & caudal £ 7" X ¥ b D AR/Rg 28K & 7 B8N
%N L7z, rostral 2 77 A v MICBAL Tld, Z DN Bl L 722 X 5 IR 5 &
AR/Ro 23 ESF L7228, % OZA{t3H L middle & caudal £ 7" X ¥ MITHRT/NE oz, 3
DDAV PTRTLCEBWT, HRTHTHRHIT—F 7727 P LAV 8Z 50
BERL T, ZoGE I CTER Elic e 2 X O EFIL 25E&. KE 7R ARRy
iﬁﬁﬁ%ﬂk(mmdﬁffyF3ZM%1FQM\MMR%7XVF35”%p=
0.01. caudal £ 7' X ¥ } :3.5f%, p=0.0006, X 15D) ., 4/ A=Y v 7 OfERE L

T, X DG L Z2fllic VBR Otk ez @iz s sz (K 150) .

RICEf £ 4 7D PAM D) % Tg(a-actin:tdTomato-jGCaMP7) % F\» CHIE L
7= (U 16A) o BHXA T IR Y, EFi X 4 7' ® PHM O HAFEN 2IEEL R &7z
Potz, Ca*A A=YV DR, 300XV P EXRTICEHEWT, T—F 777 b
Bz BIEEIIBE I N o7 (K 16B,C) . £7-. AL E FHNCALE IR S
T ARR) DHAERE R R O N d 572 (rostral £ 7' X v+ ¢ p=0.59, middle & 7" A
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Vb p=067, caudal EZ AV} 1 p=0.11, K 16B,C) ., fiRkxFTLwsL, &
iz A 7 TlE7e . BRZAZ7OPHM 23, Efile 722 X5 R L 2B X v iGEh$ 2
TEDHL» IR0, BFIZA 7D PHM @ 5 5, $fIC middle & caudal £ 27 X ¥~ b

DIPEE I IEE) LA 2R L 72,

3.2.2.10. EfiZ A 7D PHM 25 VBR 2R T 2 EE fRE 25
Tlk. Ef &£ A 7D PHM 25 VBR ICHEEN & D D& F~Tz, TD7=%H, PHM

* aCRBENER A OB CHILT % thx2 (Windner et al., 2011) % W C,

Tg(thx2:Cre) Z/ERK L 72, T D fa% Tg(smyhc2:10xP-RFP-loxP-DTA)fa & HhF & b2, &

y

iz A 7D PAM OWIEZEAATZ, KTV TV RV 2=y 7 TIE, Cre T X V&
£ A4 7D PHM THALADLZ D, RFP TR V7TV THRA T I AV FDF
ArFEINS (K17TA LK) . EIRFHRED X 4 7 O PHM B 1x S58 ik % v i-
PUARY CHEZR T X 72, Tg(thx2:Cre)% 57272 WA TIZ, KON TH PHM T b Ef)
BRI (K17A B, BH) o —J7. Tg(tbx2:Cre)Z Fio A Tld, A DOHINIE
EBHAREINZ0IE L, EBFHZ A 7O PHM OREBIZEA LR RoTnz,

(B 16A T, FH. L2 L5, Tetbx2:Cre)z > Tlk, PHM X Y Wflic iz &
3 % sternohyoideus muscles (SHM)T ® RFP #E235HA L T2 Z & 226, SHM b HIE
ENTOVLHEEERE . ) TOZEPLATALF I VARV 2=y 7T, o
A~DOHELZPEIRTE R0, BHAA 7O PHM BHIEIN T WS 2 L 2R TS
726

—Ji. TOXTNFF VARV 2=y 7HTIX, EH XA 7O PHM I3HIEI
TWiaWwEHEETE 72, T F59 PRz F w72 iR ta ClfEi2 X 17z, Tg(tbx2:Cre)
7z AR TlE, RFP 2 5B T 2 AU S F59 TREI NS HNIHFIET 5
2t (M17B L) | F59 3B XA 7770 T3 Ef& 4 7D PHM 2 a3 2% L&
Zbd, FEEE MICEMES T Tt <L IR SRk D Jeta & iz,
Tg(thx2:Cre)Z FiD i Tld, RFP DHIENHAK LIEM X 4 7D PHM 2MIE X LT 724k
RETIX F59 TDO PHM DRt -7-FEH 7% (K17TBT) . Inbofiffidsst
NROBHETZ o722 b, HFI X4 TIREINRL T Rn eI 5,

BIRFICER X 4 70 PHM ZIE L 72 & & OERFE D VBR 28I L 72, &
iz A 7o PHM S N3 & Ef~D VBR OJRthAE 239 L 72 (K 17C,
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D) . IV bu— LT~ T, Tg(thx2:Cre)% £5-2 PHM M3# <l HAJm b EE 034
13D LTCw (K17E) » ZOfEED2 S, PHM 25 VBR ICIER ICEE % E # 31
2 THRATH B Z EDRRBINT,

3.2.2.11. PHM EB)==z—ua v o—#Z2i#E T2 L. Ffl~D VBR MET 53

NEZ T HT#2 3 % 23, mf%IC PHM #EB)= =2 — o v ICFHT %, PHM EH = 2 —
oSS B H5E IR, S RW]® TR DT, PHM EH = 2 — 1 v OB X R I~
7o B = 2 — 1 T Kaede % 73 % Tg(vachta:Gal4; UAS:Kaede) fi % H\v 72

(Hatta et al., 2006; Taniguchi et al., 2017) . PHM I HIE L T s 2 #fRiE8 1 e

I T () ZfTo72& 25, rostral 27 A Y b @ PHM % T 2 @B = =
—B VIFFICHES AV P ISERE, DI HTlEd 255 417 A v MICEEE
EL Tz (X 18A) o middle 27 A ¥ + @ PHM 2 Xl @B == — o VI3 6 &
72 v M 11-15 {2, caudal £ 2" X ¥ + @ PHM % Xl d 2#B =2 — o v (35 7
€7 AY P 6-11 {ARREAFTEL T/ (K 18B) o Gald-UAS ¥ A7 L TILHERIIC L
PESR I N VDT, Kaede [2MED PHM EBj— o —m v b H s e FHINDL Z LA
b, TNLOMIEKDIELDERRKREVWEEZONS, 2, EELLVDIZ, BF
el 72 PHM EB = = — v v, HEHX 4 70 PHM 2 Xid T 2@ —a—n v & &
x4 70 PHM 2 XBi$ 2@ = o — v vyoli 2 Xl T =S+ s TchH b, »
THOEI AV D PHM EH = 2 — 1 v b | Kaede GEMIEOMIdEIBIZ T N2 H
B0 T L DA ITALE LTz,

7 av 32210 GEfi%x 4 7D PHM OWEEE) 55, PHM % Zfild 2
HEj= 2 — w1 v VBRICHHETZ EREGICHERITE 225, 20 zffEd D 57912, PHM
B = 2 — v v R L 2R COTEIEER T o 72, 723 v 3229180 T,
Effi 24 70 PHM (i) . $FIC middle & caudal £ 27" v M Bl e 72 2 X 5 @RS
5 EIEENT A L oz (K15C) o & OfERS S, middle & caudal & 27
AV PO PHM % XA 28EE) = = — v v 23, Ffll2 Eflick 2 X5 ERT 2 & &0
VBR ICHHE 72 FRRTE 2, 2o DMEj= 2 —w v icxf LT, JEEMICHifTRE%L
T, MK O Kaede(R) 2 Fio=a—n v L —F -+ 2 0 %23 A7~ (X 18B,
C) o hfllss Xz 20 lATEOMISEE TN, ZOTRTEBIFEONRE L7z,
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Hflo PHM BB = = — v v 20 L 2@ A&1x, G025 ERLCER L 2B o
flil~D VBR DA E L 7o 7zDicxf LT, ZEffll2s BANCER L 72 R o Z2ffill~D VBR
I RBIg s N (K 18D,E) o Z MMM B 72 2 X 5 R L 72BE 0 [F
i~ EET 23K % S HE I Tz, FkORERITEREE (7 674 <l o,
BRI A3 FARNIC AR L 72 IR IR 37 VBR O A FEIL. TNCER L Z2Rfic e~ T/h X < He
RTHFIVE T LT (p=0.004, X 18F) , 2 rr—n& L CHMNICILET 2
Kaede [ PEMAE % FIZFREBIE L 72 & © A, Wi~ VBR 2% S 7z (K 18G-
Do, 2vbue—E#ED 4 HkcR-Ch. —J7A~d VBR JE il D BHE KT 1L R
b o7 (p=0.89, X 18)) . HMEHIEDFER 2> 5. middle & caudal & 27" X~ b
D PHM % XIS 2588 == —w v 28, EicZe 2 X5 RS 2 & 2. FEfl~ofifko
JERICHEETH 5 2 L R E N7z, 7272 middle, caudal &2 A ¥ } @ PHM OiEH) = =
—a v EL LY EZIIMG VBR ICLEIIAHOETETH L, I HIT,
rostral £ 7" X v b @ PHM OEH) = 2 — 1 v 23D L5 2213 T OEERTIZA S ATl

R\,
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3.2.3. VBR %5 Mg DB D H HTBIRER

3.23.1. TAN =a—ua vV OBEET, BRI CELIEL RS

INETOFmEHA A — v 7 LifamEE £ 7 TlaE L =B IC X b TAN =
2—0Y—nMLF =2 —u Y PHM EEj = = — 7 v —PHM OMF [ C VBR %%
TEZLEBWHL P E -7z, T, VBR OJEHAENEL ozt Tio, EEOMER
KDL DN TCHEHULICEERHZ 289 2 RICHNZ, EBTiE, TANZ2—u v
Wi & . PHM (FAA) BB o 2 fEEE V72,

v 7Y av3224 Tk, L—F—REICX Y FHlO TAN = 2 — 1 v 23 &
nizfcld, BEERATENC R 2 X 5ER L7z & 12, VBR OEBIAEI/NE (o
7z (K8A-D) . ZOfERD G, B THNC 2 2 X 5 R L 2, EHRLE 25 D
VCHELICEER TS PHETE S, K19A-D Tld, L£fllo TAN =2 —n v % i
L7z~ DERE 0T 2R3, ARl Tl (BEEE w2128 B &7
XM AL, TIREBREEELZ (K19A,B) o —J7. A TRl (B
INTVRMIBTH) LAadicms X5EMT 2 L., EETERMEIT LV RE 7
D, KEENCET I TCOREIEL AoTwiz (M 19C, D) . [ERED#E A A
& GEMK) cBEIhz, BIEX M2 LA 2 X 5 ER L 2B, T _ToildT
TLRAZIVTCELZDOIIX L, BIEI MR THIC R 2 X 5 EFML 2K, ZEoir
THELZEY, 2 TECurniftagigsns (M 19E,F) ., HRBHIBIER 0
AER AL, RS o 7228, (ERDERR P <. BEEM Tl L 725 X 5 R L 72
RED 523, SEERMERIAERE o Tniz, E/z, Ku — LiBEBIIRE O f 8 13 h g
DBMNC 72 2 X SER L 72D 23N & K e o Tz (K19G) o« TNHD T Ehb,
BRI 2S FENC 22 2 X ORI L7z & &, 2 ORGHICERI L 72 & Eichb~ T, ERRES
DODVTHELBHC 2o T EBHLn Lo/, I HIC, BEI M2 L
filiczz s XO5MEM L7z 2o, BEEHEMNAEO A — N —v 2 — F OEAVAIER &3
Rickk~T, FEFICRELS A>Tz (K19B,E) ., T, A== a— Tk
0. BEMATEE 22X 5T LIch2-0THEEEZLNS, ZOFE
Bid 6. TAN = a2 —n v o lligEc, HRLES» 0 0 CHELICEAEREE N,
BERIA THIE 22 X OER LG AICX WV HERZZT 2 LWL Lo T2,
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3232, EBfiZATOPHM 2HiET L. DFPICEBENTCHELIHL 23 TH B
%

B &2 4 7D PHM Bifa Cld, AL ICRBTCELICHERE 2289 %
KIS~ Tz, 27 2 a v 32210 L R BIRERICHIHEIOLER 2 4 7°D PHM 23E
INTw B iRz 7z, FREEY ., ERESAD 5 DI THEL 25T & 2V ikfT 23815
INF—7, VUCTHELZRATIZ BRI N (K20A,B) . 2070, {EHRHG 4
BHoOETAEIRHITHICEL 20 TE Y, EFEAEAKLI VDL 0ERKREL Ao
T (K20E) o Rue—VEEBOMEREZH~25 &, EEEEICHETNE BT
Wi (p=0.03, XI20G) . ZORER»SL, BHZ A4 7O PHM 2SI NS L &1
ICIEERBA T CTELIGEERIH CW R B2 kot LOLARDBL, Efi X A4
7D PHM 2 EREL 72 < Th. v — A JTH DLERADIRALA O DI THE LB FRETH 5
D RIRFICH S 2 & T o 72,

TlX, REEH X4 7O PHM IEA D% K OFfT T, BB TEL A HHET
HBDTHSI D ®7 v ay 322 L. TEBHEICE T 2 gD EE OF L5240 5
N2 ed o, EfZA T DPHM & fREEE) O s r i@ Cuv 2 afREE 2 % 2 72,
Z T, BEfiZA 7O PHM BEEHAICH L, & HICiEERELD Frv 7z % v CHEBRD
KFETo7% (M200) o #RE LT, EBEZTEHT LA TELRWRTD HIE,
LA ePE L -aiTdBis Iz (K20D) , ZoficsnTh, HREAE 4 DO
HER AT ICE S oE B8 KEDL o7 (K20F) . K u — L#HBIRE O M8 13
Eﬁ%mw&fmé<ﬁ01mtgpom X 20G) 23, BIIC/hE L aoTidwi
Dotz, OGRS, KIEEHLY Fro vz, B X A 7O PHM B X, LT T
ELICHEZEIDVOOH, AR — L HD» LDV CHEHLAARETH S Z LRI
7eo BEHE LT, ERIZA 7D PHM ZHEEL ZZfICB VT, DI 0700 VBR %
195 2L BAHETH 255 TH A5, PHM ZHEAOHEI M Ccd VBR OJgihfA
JEiZ, a vt a =it bk TNE W, 0 TldAadr o7 (K17D,E) . £/, K%L

EL7ZRAToEM b ol RiR3 e, b picEhi 2a5iTd R I Nz (K
200) . ThoDZ b, BfiZA 70 PHM IZ VBR ICE W TEEREKLE ZH 5 25,
DA & 17 LT VBR £ L CTEBAGIENICB D 5 Z L 2Rk I hiz,
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324. 20D =2—nv v ouREtE

3.2.4.1. HIEFHE—>—v VY ZHIELTH VBR IZEKS

INE T, BIEMEALTH B TAN = 2 — v v h S HEEEERK =2 —a v o
nMLF =2 — 8 v &) I CHMICEEI L. VBRBFHIN TS T L3 L H
tigof: (Me6) o LooL, HREICHIERRZIET 2/88KIT. ZhZTTldkvy, ¥
777 4 v vathoiyc, WiEEMEE (vestibulo-spinal; VS) = 2 — v v 23HiEETE
Hx RIEARRAL 2 D EBEICEERA T 2 2 e MO N TE Y,  ORKBS BRSO
HEEAEEEZHSTWEEEZLNTWE, €777 4 v ¥ a2 OETHEMBD K
HfR2 5. VS =2 —w vk 2 8 EMIIINEEEAHEEONHICHFEEST 26 E
filac, GEMEOMEDHME S, R THE 22 X 5 REMCKIGT 2 L F x
LTz (Liuetal,2022) , 2O LIHERFDOA XA = v I CHEZEIN TV S
(Migault et al., 2018) . FAD PR ERTIEH 525, nMLF =2 —a v Df XA =YV
7L RO FE T, Cal-520 & rhodamine-dextran DR AR % BRHICTES L. #fTHYIC
VS —a—nm v igo, HEFENE 5 2 - EEE TIHEBRCTH 2031 EiTo72, VS =
2 —n VRIS TS 725 X5 RERHIRICIEBI S5 2 L A3HED D b7z,

TliE. HEAPHEFED VBRICEWTSH VS =2 —r VAL 2 5L 5 x5
7o, Fllo VS =2 —m v AL 72K VBR 2815 L7z (X21A) .
Tg(nefina:GFP) + 7 v AY = = v 7 A CEGR I v, BINEMET 4 ICHEEL. vV A —
Ml (ERZz—xfofifd) ofiafkosMiliciziE 3 2 MigfiEs VS =2 —n v Th 5
(Hamling et al., 2021) ., I N/ VS =a—v v 11-14 % L —F—fEO N L
L7z Hfllo VS =2 —m v IE L 22 @Rl 35 & E6G~D VBR 135 2 FEE#E]
Baxnz (X21B,C) , WHEEHEEIT> 720X, 3IEEFTH LA, —H~D VBR D
Rt AEOHEE K TR oA o7 (p=079, K21D) , 2D &b, fHAH
D VBRICB LT, VS=a—wvvOHFLOAREEFZERICEREINTHRNAE, £
ZY TAN =2—0 Y nMLF =2 —8 v Z X4 VITHLTHERINTWE Z LHL D

Lol

27



3.3. EXE

3.3.1. ZEBGEHHOITENIC DO WT

33.1.1. HEFNFENLEBRD» D ALRECHE LEE
RIZBNWT, KT — AT~ DLRMRE D 5L THES 2 LA b N T W
(Zelenin et al., 2003; Bagnall and McLean, 2014) . L %> L 72725 6 BB DRI D b iKk23 9
EY A=A rgaelMohTnirhrol, BEDHRLO, ALHWICEAR %2
ez L, kEefEbrvifkoEiiHN 25 ERI TN 2 LBAMbN TS
B, INBWKEED R CEAIC, DX RAEMENAERERIOr D> Tk
2> 7z (Favre-Bulle et al. 2017;2018) . &, Wk ZtEbr LB DO THELIC, 78
DA 2RO RISt (VBR & EFK L) MO CEHETH S Z LAHL
Lotz B — M EREE, {ER EEl~D VBR 2351 ¥EZ ¥ B, VBRIC K T, WA
M oA R BB 2 75 (FH — IIFR o33 <, FEEA DKL ear-
down side ICBEENT 2 (X 4A F5) o FADRICH L <, RoEEF L & AR LI ear-up
side ICBEIT 228, HROBEIIIEFICTNI VI &b, BORERETO X 0 ER A
DIMINCHIET 2 EEZbNBE, 2D b, EHMFNCH~TI Y HEA Lo
SlicFN g 2 LT, VMTETHBEICHDE=AY FB205 05T ADHER X
iz (K4A ) o TOET VI, FRADKKZRVZAZHV2 2 & Tl
N7 (K4B. 5A-C) . FRNOKUED L HRHIC VBR SRS T, H L iE
NBTNREDTHOE=RX Y FPBRERINT, VCTEHT I LEBTE R, ZO7%
O, FRNDZELRD R ld, v — L ANICHER L 72F%. VBR ZAT Wil 2 b HRE
B0 TETIERTE RN,

PIERIEL 2> &, VBR IZNEI R AIE D 72 B.OOM AT E IEZL L v
GFEEAHE DML, REMHE DR DAL EMER FHNCHEE) L 72720, HXICE
ODMER FENCEBIL 72 & Al 5, K4A) o M REOIE?HF Z 5 L. VBR
(TGS & RBER A o A 2 Rt LN RE B L. IR o R 2 R TN RSB X 2 5 17E)
L2 b, RN OO EEEBEEINC/N X W7z RO QML E 2 ER T
fhicEd s eEx b5 (K22A,B)
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BHEFHOTNTHERIINZNDE—AV FBRKEWIEE, BEDIT
EL2EFRLCITZ 5, TOoE—A Y MFELEFEFOEOKFET R (F ook
FITE) ORI S 2, mRRKOSHEEHEMEZSES (00, RRONDE—-AV
#152) 1ix. HERINCIZUT O 2 2027 THERH 5, 1) BEBEEIC
INEWIFER, EOMHEICTFEET 22 L, 2) HipEL HETRE S L Th 5,
SEDOXTTT7 4y 2D VBRIZZD 2 oD% L T3, 1) iIBL T,
HOIXFRAMAEICALE T 5 & L 23BEICA ST\ % (Ehrlich and Schoppik, 2017) o 2)
CBAL Tid. Sl oWf3eE &%, VBR KD Atk H i3 iFS L ol s hiz (X
3A) o, £72. BIHIZA ZTOPHM DA A —2 v Zc X b, JEifiE cBE 4 2 5 7 T —
AHBMFONTo, BdBEEICHEE) L 2506713, rostral & caudal ® 7’ AV FTHY, Thb
FENFNRROEN & FEORM O ICAEL TS (M 15A,CD) , TD7=H,
YRR 2> 5. VBR GBI T, BBV CEHLICRDDEO L WTEL L Rk d
LRTE D,

HERILEAD O 3 CE SRS, AR A I RON T iR (== 2 —
F) LTw7 (K2C,D,H) » 2hiciZ2 20BhnsEzon%, 1 2HIZ, 52721
RS 20 (HEIE L 2B A D AAEREA K E v (DO F ) 2EHT 2) O HJFE KD
bLlitkv, HARCTIZEZ SN2 MEEOZNMU LoREsmzasnTtsh, A
DGR 2K & W AN LR I IG T & 37, BRI RICA ==y 2 =}
Tr20TRAEVrEEZONSE, 3O 1 D20HEE LT, AFERKNICAH—N—v 2
—FeABEIIRu—NVEHEGERILTCHE0D Lk, HROGERICEY
T KEREB~OLREZ HE X & 285, WAL & LERBICEKE 2 0 D1EITT % F
Dig TEE] &, KRR L & D ITEIT A L. IRE) L 72203 & &oE SR A8 1
T2 [BRE] 2855, FRETIE. R/NRO A VF—TEITT 508, RiEIRE
FHEICEE 2 DICIER IR 2202 50 —HEVREMW I3 A — N — v 2 — P 2RV RT
23 HEHYZERREAHEIC R 2 DI KRR SRl T % 5, ARATHEOHIENIC 35\ THYLE
LELEDOM G EH T, WEEAREIRTWE, 7774 v a2E08Y,
HE L B E DM T A G b 5 2 & T, RRAD O RBEVTET DT
W EEZ TS,
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3.3.1.2. EHYERBMHIEICOWT

e EEHEEI) X, EIREECTRARETH O, Ml m LB E L 2 175 &
ECHEMIREER RO Z AL N T w5 (Dickinson, 2000; Morasso et al., 2005; Le Mouel
and Brette, 2007) . €7 7 7 4 v ¥ adhfaclt, TETROEL & FERLONEDIE
FIGE W20, AiZu — AV HRICARLETH 5 T L o3R% X5 (Bhrlich and Schoppik,
2017, Stewart and McHenry, 2011) . SEIOM%E.R S LICEZX 2L, €77 74 v v ad
DDl u — AT OLADE NI LAHEIC VBR 2179 2 & T, B2 LOIREL R
DOTE RV LHEHITE 5, ZOHEHMPNIE L T, 1 VBRIC X 2 LGS
X, BE EEHEEY) O W R L BHIEICHY T2 2 e AE R LN D,

T2, SR BBWOBIE A LEX B L, VBREWVWIET T T 4 vy afifao
LT CELIE, fhofEich e, EhEFhoTnIcL v fTlTcws, L
L. HRAMZE G X, B OREA L CHE U ISR 2 PG 2B L, kol
TEHIE. ZEN RO TH L LI HTH D, Highicid, AopEhOsELICIT
AT, EERCEMNICEE S IE. VBR 2T 7R L S RENICHDE— XV F A3
DPYOVERZZEIELIENTES, e, MIICOL) RO EZ L LR WD T
B2 9D 1 ODAREM L LT, —fRIVIC, ZEM LMK (Bl LT, 2mA
HRH CIIZOE M IR DS ERMEPE DS = D Tt Uy 3 i F BREE 28 T 03 /81 0 D31 23
) 225, MR ERT 2720 RERZERHICLTVw 25 THS )
(Webb, 2005) ., FOFIRNLEN ZRAKROB) % CHIE X . B L ERZ L 2 2L
T, PR L REW R FRHCER L T2 EEZ LN D,

3.3.1.3. XBGIMHIC kT 3 WEEORES

LAl EER T VBR BLEBGIEICIEF ICEE L W) T BHL o7z, L
2>L. VBRLEMMC D, MED BEADT CEHLICHAMICHEFS T2 eEx LN, i
ZHY R fCid, o — VB O AR A IER SIS~ TR SR, 35
i, ERIBAG R 4 1) O R T O FHEER A o L, IEE AR TEDTH
o7 (K31,K) « ZOKEIL. MEEXZYIRL 2o — VRO CHEL L, B
DRXY B, MEEOHEB D v — VAL L OEBICELICOT IS L T
LZLERHLDE RS T, PIHNARBRTIZID 22, v — A ERBFOMFED ) X 3 v
o BN EAIENCH O, EAE—TOMEESHEMBIE L T w3 e L, 5o
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W& IZNERRF O Y ZfE o TO B HIR & FF o 7o, 58, RN O i f§E D) o FA 7 i
Wi Z OFfRERIEEFERE O EIC b B nIT L FEZ T 5,

33.14. ¥y FHREOERBGHEEICONT

Y7774 vvalcbuncr—LH (EGHR) ~DRAD» S DREE T
B U VO 7 BRI A3 B D 5 TV B T L A o7z, Tk, ¥y F
GEES 1) ~DRAI» 5DV TELIZE S TH S )2, AIFHETSE O CHE
THNC 22 KO ICHF L CLE 528, dkZBEL Ty FHROLRR LV CEHS Z &
2315 Tw % (Ehrlich and Schoppik, 2017) . FAD P 2 k2> &, FHE LM
TY y FHRICHER L7208, ik z b3, RS, £z EicmiiL 72, X
i, FEESCMEHTOERM XA 7D PHM O 4 A —2 v Z'HIZ, rostral & middle & 2
AV DY X Iy 7 RIEINCHIG L CRE D b cEvTniz (K15B) o ko b
ToaB & icAbe T, AREEEHGROERS TN XS KBgEI N0, ks
TEESICEI T W20 hd Lk, Sh TR~ DL, dEikEE
Bl T Ty FHAORRDOTELFS TR+ rcEzL b3,
Z ORIREMEAS T, il B A3 LA D [ IC T 5 L 7o S BAGITH % 522 K 3 5 Al REtE:
bEZLND, FERORICAIET 2 PHM AIUET 5 2 & T, FEROMEZDLTH
ICHIR T RICKEEIE /3 2 EATE 2D TlEAVA L PRET 3, BEHO L ERET.OIEE]
el 7 IS IEH ICUT V> (Stewart and McHenry, 2010; Ehrlich and Schoppik, 2017) & T,
DI D RIEEROBE)IC X o THEL LAFEETOORET M OMERFREZ T L, B
ZVUCEHTHENDHDE—RX Y F2BHIHF5 2 EBARERTHED0H Lk,
Bt REICB T, €y FHHOLRRFHONIEZITI TETH S DT, FHEitL
WA D =X LOFARIREE LB,

3.3.1.5. DB DL EFIH
Y7774y vafhficli, v — A FROMERNZR 57 THELIC VBR 2859F
HICB b o TWBE T ERHL LR o7z, T D VBR IZ/KEEEHEENY) CHod 3 2 L8]
AN =X LTH? I D FHNAERDLO, €77 74 vvakfie X XHiCE0
TH = FR~OERFIC VBR ERITEI 2 5 LT a2 2 e HIBHL CTHH, v
—NMERD I CTELICED 2 L RKRING, v 7reh Yt —Hos A%,
31



PREFET TR MAICBIL T, HIClEKIC X 284 F 3y 2 Rflfl e R iR T 5 C
EHARETH B L RGICHEITZ 5, IHIC, TNOLDRMICIIFERYE v, 403
MNEWZ Lo b, VBRICKZZEHH 27 232 2L THEL Thawne & X
bNd, AL AR T X Trvavik @EEILNCEML WL HL, BRHICLEIR

MERF S 2 2 L3 TE 2D T, VBRERDZBFHIEZLHATIRRNZES S, JE L Hfil
LTHELT, KPTEMETZOBICHEE 2 ., il aLB8HElzRo L P
5, ROKRZIICNT IMEEORE T DHELIFEROKZIDEIGICL-T, AT
LIz, Mg VBR OfTEIOFESENE D D0 LNk, RikiCHie 4 v hZEoK
BT, FERCE AL, Mzfo, FafEHFHfiozo, L oElixH>C
EHIbI, ZDOMRIOEEIIKLD b/, Znb 0B Tid. VBRERTENIC X
2 ZBAGIENIZARETH 20D LiL7n

X777 4 vy THEI N VBRIC X 3 REHIMNIE, KEBHEEIY) T DM

72 BB ICBIL €. I LD THRELZAN =X LTH D, TDODAH=ZXLT
I, BEALHENETS LI CTETHAICIDE—X v F 2EARHTC & TERINT
Wi, B FIHERIY T OB R BBHE Ic B Wb, BEHLIRKIETH L, Tox
— AV P EERT L CHALRAL LI TET I EBMONTWE, T, B
BWTh, ZErbI IR, HoBRERALT 2L T BE LRI
LZERHONT VS, HOMHABICLY, EheHNET o LhoE—X v P24k
BT ETEBRETTHELTWS, Z0XHic, BEILES 25, Bh & EHICHEN
THLLEAMZDONOMEZT O L TCUZTET EWHIHELAR R LN, 5%, Tt
DIED MRV B 2 oW C O EATTON S LHIFL 721,

3.3.2. ERERKICOWT

3.3.2.1. MR OBRRM
HTEEHESC O (X, EEEEMICIN I 2 HIEEREE = = —n v 3B 5 & < A
515N Twvs 3 (Uchino and Kushiro, 2011; McCall et al., 2017; Witts and Murray, 2019;
Olechowski-Bessaguet et al., 2020) . L 72> L 72725 & FiEBHE G X, AiEBHEREE O EWT 3
2 EBICEWTHATETRK = 2 — 0 v 20 L 2 EERKZ T Tld e, e
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=2 —n Vi bMREERK = 2 — v v 2 AT 2 BRI S B 5 L hTn
5, YV AT FFRLMHALICE T, MRAEEE= 2 — v v ZRTERCSE 3
52 llxbh o> Tb (Peterson et al., 1980; Bolton et al., 1992; Zelenin et al., 2003b) , Mifi
AFClE. MRAEHE = 2 —n v S ATESERFICBED 2 D Tlid v Ll T T
WA, INE CEBENARGHIZIZEA I N TWAd o7 (Wilson, 1993; Wilson and
Schor, 1999; Peterson, 2004; Sugiuchi et al., 2004; Murray et al., 2018) . &lul, ¥7 7 7 4
v ¥ 21CF T, tangential nucleus &\ 9 HIEMTEL D5, nMLF =2 —1 v &\ )il
PRGBS = 2 —m v ) B BRI IR ICEECTH L LT 2 LB TE
Teo T DIC, HIEEHEIE= 2 — 0 v OA[REMEIZSTERICIIHRTE v s, 2 0FHE
B VENZ LN Ro72 (K21) o TOZ L2 b, VBR ZH SRR 1T
EERER I 0D L ARERKSEECH L 2 L BWL L R o7, FAOWIZEIR. B
B O MEERR IS O Il 2 T 2 & & b T, FIERRE ST O IR o B &
AT B LR TE T,

332.2. TAN=z2—a/ilDOWT

TAN =2 — o vk, SMRAHES) =2 —o v (53, 56 4 R IS L. A/l
JEBHIR M T IcBA b 2 2 & AT TIcAI b T3 (Bianco etal., 2012) ., JERER) 2B 52 2>
SAMRBAREE) = 2= — v VI 2 T, 25 O X ) WENCAZE S % nMLF = =2 —
OV ERET S L ARBE T3 (Bianco et al., 2012; Schoppik et al., 2017) , &
[l DI 2 X FFT 5L & dic, ¥HIC, TAN=2—1 Y-nMLF = =2 —
oY RLERARIEICEAD 2 Z L AHOICTEZ N TER, ZDD, TAN=a2—1u
v HSIRBRES) & ZKEHIEH D 2 % EHoTWBE I e BHL L o7, WHFLETH, 4
IR EE = 2 — o v & FBHEE) = 2 — v v D 2 & FT~TEEERS S 3 B 23 5
NTw7 (Isuetal, 1988; Minoretal., 1990) . SO Z#EfET 2 &, REGEB) D
& FIRF I FEB I B BE 2 W63 2 B Reik s, R & FA7e 3 2 mlRetE v+
DBEZLNS,

HTREBN IR S (X B MHEEI Y CHE L 72 S D . 2 D ifERIEE b fREF S T
%o SINTATEBIIRA (& LB DM TT) 1ICBiD 5 TAN = = — v VT ewx2 IRE A
TEHRRTLZERHL Lo (KTA) o 2D, oI E T H RIES)
RSB 2 SMRAHER) = 2 — o VIS 3 2 BIEMFREIC D . IERF evx2 OFEB
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PIRIE I N TV B A[REED BV — T, €7 7 7 4 v vt RO o FiEs
PRI IS 3 2 22 (vestibulo-commissural) TAN =2 — 0 Y AL N TV 5
(Bianco et al.,2012) 25, Slalewx2 TZD X —a—a v IIRFE bk o7, HFAME
TIRZENE= 2 — v v 20 L COROHUlOFEMMFEZ O MHI 2 5Tl D . Rk
WMORZEICBED L EEZ LTS (Uchinoetal,2001) , €777 4 v¥allBn
Th ew2 21D TAN =2 — v v ORREMRIHZE L T, HR2HIERD X =X L, #
OB OMINICENZ EEZLND,

TAN == —w Vi, RfTHoRzZR> £ 4 7L BT L TRIEDHE % F >
ZATHH B, Hh. EITHEIZE? nMLE = 2 — v VIS4 L VBR 2 5 ik o &
THERH L P E o7z, LALARD S, TAN =2 —u v o Fifil%E & PHM-MN (%
FELTWAABEEAZ 2 5N 5, WFLEICH VT, IRER & L8 Dl /5 1B b 3 HiEM
B=—a—mvid, TREZ2—m Y 2N L CEMER =2 —n v ICEH LT3
(Isu et al., 1988; Minor et al., 1990) , FA7-H DFEFAIER 72 EEE S, TAN=Z2—1 v D
TREMEZRIIES CHTOEMEI e/ AV FicETLAERS L TH 53, PHM EE)
Za—uVYPMiET LT AV E GBEST2 7 AV ) iKiFETwRY (K 7A, 18A,
B) . TAN == — 1 v @ FEMEIZED VBRICEEG T 3 L wi Atz o0&z on 3
. bLZITHoTHREEMICL 2 PHMEE = o — v VT L TW iR 5 9,

3.32.3. nMLF =2 —18 Y iZ2\WT

nMLF = 2 — & V36 if vk TENICBID 2 2 & B3FTH T % (Gahtan et al.,
2002; Orger et al., 2008; Sankrithi and O‘Malley, 2010; Severi et al., 2014; Thiele et al., 2014;
Wang and McLean, 2014) , nMLF = = — 1 ¥ YGERAIEML T VBR BT822/~ L 72
Wt9e43% % (Thieleetal., 2014) . T DT, nMLF = = —wr ¥ I X % VBR {TH)iZ,
EEZZHCANA T RO 22k E D723 2 LT, RILEXKAGNEZEZS &
BTE B LREL Tz, ZolipkhoEloMic, AFEFRTIZ, nMLF =2 —u (3
ERNTIGE L, K Z bR WREBATTEL O VBRICHLETH 5 Z L3 L L &
277,

fERPEI ., ReTlEOEB 25 ik 2 372 o, RO nMLF =2 — v v Dif
i, VBR 72U Tid7<, ##KICX 2D DDR[EEWLRZE T 6D, L LaAEb, &
OR[REMEII PR CcE 2 e EZ O N D, RO, WKIFAELAT T O nMLF =2 —nv v
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DIEEIT 5 & ) AT (Orger et al., 2008; Thiele et al., 2014) 2> 5, I N4 7 2D
D30 TolEK T H . IEENDANA T ABDH Y 5 b A D nMLF = 2 — v ¥ AEE)T
5 EHEICR B, £7o. ABMIGEABEIFER T, VBRERDITEIZ G R I 251K
PLIZEBEWTOD nMLF = 2 — v Y OiE#E)E, Ffllo Ca fon B4 2 —75. & 5 R fl
DI T 5 & 5 FefTif9Ed3% 5 (Favre-Bulle et al., 2018) . S RIDOFADAEF L
B ) EZORITHEOBRLEABLCwE b, FAd VBRICHES IEEIZ 4 X —
VUL TwiEEZLNS, IbIT, FEOA X =i, ER O nMLF
T LA ETEEBN R RS a0 72D T (K 10C) \ N4 T AD b ik &> Tk
WEEZOLND, IHICHE, ABAMEOBESE X 2 T2 HRL w52 L
5. lEKE S MR OEEI 0% { ZHRTE TR EEZ LN D,

nMLF = =2 — v Y ZFRlIcii~ 2 &, ERFICEE)I$2 =2 — v v D% < i3l
fAtR2hEwZ e b o7 (K11A) o 2, KE AfMladicbxT/hdn
A D =2 —o v DJH, VBRERDITENCHE L2525 L WHAIR L —EL T
(Thiele et al., 2014), X ST, /NI WHIAARD = 2 — v v IYHIHERES 72V <L 2 HE
LTk 57 (Thieleetal,2014) . B x 9 & PHM EE)= = — o v Offifafk2MrE T 2 &
X v THL (M18A,B) - PHMEE = o — 1 v L i F 7 R CHHi L T\ 2 AlRE
MW E 2 5N 52, nMLF =2 —1 v & PHM #EE)= = — 1 v Ok o e 13X o
HHETH D,

—7J7. MeLr ¥ MeLc, MeLm & o 72 K & 7ol el 130k 23 vk D BRI TG E) 3 5
EHIHL T % (Gahtan et al., 2002; Snkrithi and O’Malley, 2010; Wang and McLean,
2014) , TOZEhH, KEEOEHOLAICIT/NI W o —a VB E I 58,
PATRAEREICR LIV RE A —m Yy PEIBINE ZREZOLND, Hil
DEH) = 2 — 0 VREENE= 2 — 0 VD V2a =2 —0 v Cld, KEKRKDTE
B3/ X WGB3 2 DIt L. B O s BB IC XK % g b IS 5
ZERHILNTEY, TNLDE VT, —a—m vk T cida, i ol
FerE CRriciXPifE) 23B8f2 L <% (MeLean et al., 2007; Menelaou and McLean, 2012;
Ampatzis et al., 2014) o nMLF == — = v % | #HEFREIKEFE L CHIES NS =2 —n
VR LI E L LT, SEIEEF~NOFEEZARICL T EFEILND,
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3.3.24. FRAICOWT

Rt RN E T 28/ 2 4 70 PHM 2N L 72, —J5. AN PN iE 3
2PHM b LIFLIET —F 77 72 b 2B 2bTHAET 77474 bRz (K
15C,D) o SO, NATREL>T 03B, Ak bICHET 25070 &
5. b Lo L7256 AEAD PHM OMIHHEIC X - TIREI~DJEIi2 b Tl E T3 D
b LivZev, BEEHYIC, B 2 R R~ oAfkofadhic k<<, IERELDZ 5
XV RERSIOE—AV IBRERINDEZEA S (K23) , Zid, EHOBXEEHO
LVEfNCIET 2 L9 IchdEZONS, L Ladb, BHE TR KR
TlE WATDT 74— A ARBEEIN R (K3D) Ze2b, BEHOEHR~D
JEHHZIREN TH 5 5, HFNC X o TEIIEBI T 2 & KOO TAN =2 —m v %
nMLF = 2—8vvd, bI2IEET 2560352 220, FAldt LA § 7 2 gk
O LRI & TH B LHEAL TV B

i 2 4 70 PHM BiEAICEH VT, VBR ZTERICIIHRL Ao TELT, X8
A2 SO THEHLICHEI L TWB3RITHAH 572 (K 17E,20A,B) o TDOI L h b,
2 A 7D PHM AN ORI DB 3 & FPRRTE 5, il 2 1877 2 KEL OGO HA
bIEFICE 2 SN D, FEBE. TR ARERD O, EBFH X 4 7 oFEfcd . ERHIT
RFICTEEN S 2 C &3 o7, E7z. SATWIZED O, nMLF = 2 — 1 ¥ O GE{R ARG 14
fLics T, [Ffllo PHM 23K & G822 b 72 5 LT 7223, [FfIlo RO /A D
THIHEH LT 7z (Thieleetal,, 2014) . HACTIEE)$ 5/NS WV nMLF =2 —u v (3
B2 A 7D PHM 7210 Tld 7% . —HOEER OIS 3 288 = 2 — v Vi H B
REMYICHAE L T3 725 95, PHM A ELLHATD 2 DI L 2 TH % 53, HE DM
D A ICIR T 2 2 L IC X o THAER VBRBERIN TS EFEZHbN D,
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4. XA F I v 7 I REGIH O #PRRE OIS

4.1. Fraf

RELSZBEBEANEBIC, A7 v 7% (e b, K1C,D) | FE &
(%)\itﬁﬁ%(%\H%m)%ﬁ%%iy7K%%%ﬂﬁT%(mwwma,
2019; Maki et al., 2003; Warrick et al., 2002; Zelenin et al., 2003) , & b Tix, X4 F I v
7 BRI AA A XA = AN BTGB L T XSRS AT 52
(Maki and Mcllroy, 1997) . b F %I L ® & T 3HFLLAT, & X 5 pfEhEkic X -
TEREIN TV 2PERICIEFEI Ty, ZoMEEE LT, %< OB FH
MICEI 2 b, RREEEPEH CHI B EZLNS, T/, XA4AFIv Ik
LGNNI 2 —v a v ONEL D LI, o4, Hith. TR O A 5 A S b
FTHOICHTEST 22 L CERINEI R, 200 aE— 3 v OMFREEE b AR 7545
D%\

EAESFEEFORBICLY, nax—vavicbidoa—aviconTh
HERRKE CHEAT, BRT2ELRTOEVICE > T, fildoSgka st h
%, BHINICHE VTS MEEATEHIAIL S I 10 > T o DfEEIC T 2. %
DR & TR A BRI T 2L T, ah=a—a v a4 7ienfbL <
> ¢ (Goulding and Pfaff, 2005; Goulding, 2009; Arber, 2012; Kiehn, 2016) , 7= & zI¥. i
BRI D p2 F A 4 v ORI — 31, TERT chxl0 < soxl4 ZFHIE L. &
B v2za =2 —mvicifb$ 3, V2a=a—8a vid A4 VIR & FE N g

HEHj =2 —n vy efthdo V2am= o —m v EEEES F I RAZPRL, nat—v 3

ChEWCHEREE ZH 5T\ 2 (Lundfald et al., 2007; Crone et al., 2008; Kimura et
al., 2012; Ampatzis et al., 2014; Song et al., 2016) , T oMb L7z=a—m vV (V2a =
2= vEFTEEL, o= a—a YFLFEE) ofTcd, X HICIEERTFOFEE
DENIC KLY 24 T L, MR E-CHRE, Bt B 2 3 7 2 4 T3 E A
HaEinz 2 LA ST (Dougherty et al., 2013; Bikoff et al., 2016; Hayashi et al.,
2018; Hoang et al., 2018) . Z D X 5 icHlifdd BAEME (heterogeneity) (3EETIC L - T
HEINDLLFEZLNT WS

farnT, u— A HAOMERND LK TERE L CETE, £, SR
BOBENIC X W EAEZ L CEHTHACHOE—A v M 23005 2 L TEREIND
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(Bagnall and McLean, 2014, [X| 24A,B) . ZNZ N DR % M ZEld 2 HEH) = 2 —
0 Y DNATADHD o FiEENC X o> TEAH XS (Zelenin, et al., 2007; Bagnall and
McLean, 2014) , ¥ 777 4 v ¥ 2 DR W EGKEB) 2 ) ZRDYVCHELICEBWT, {#
R EMclk, BRI Gib L) EB = 2 — v e CIEMIA () B = o —
vy AL YEB L. BOMICHiR Flcld, HHAGES) = 2 — v v A X D IEB) TS 2 &
BbhoTwnd, HHlF., BAGHES =2 —a v iclEEANZ2ES =2 —nr Y D—
ik, BHR - ERRESHELCHY, FCHEM V2aza—v v ¢ EXLNT
w3 (Bagnall and McLean, 2014; Menelaou and McLean, 2019) . L2 L. &% ¥ 7212
JEHER D V2a =2 —m ViZ oW T, HRFEOFEECZ D Lii=a—vYiZonTidb
2o TR, 1B Al 2 MRk O 2k 0 BTdh . BREAN 2 OB o
MHFREEFEICOWTTFEHINT W32, FHINTE D XS Zlgcyl LI nTn 3
DIERICIIFEAE L Twiwy (X240)

V2a=a—m ik, V27— INBWHREEIC L o T, fast XA 755 slow
ZATECTHEIRICHFELTEY, X VECEKRCTEHT 2 =2 —n gy, Hifio
TN AIE T 271235 % (McLean et al., 2007; McLean et al., 2008; Kimura et al.,
2012) . fast X4 7D V2a =2 —m YO TH, chxl0 DFIUBEEDOENICI Y, £ 4
T1e2ATNO2EHEDOY 7 24 Ticomyrh, 24 7 1A - EETES = =
—u Y OMJTICHERT DI L, 24 Z IS HIE % 72 3 EHAHES) = = — o v D
Eboh—IC LR LR EBRI STV S (Menelaou and McLean, 2019) . &
Db, 24T V2a=a—n v, v— UERIKOE /I & ERHES) = 2 —
7Y OIEBDNA T AD0H o 72 iEEICEC b 2 L FEZ b, HHRF 72 2R
RDV2a=a—0 VY7 RATHIEGERFEHEDBZT CHE ST N2 LHEHITE 225,
I 7 x4 TR ELEFICOWTIEb o TWied o 72,

SlEl, AR & EHRES = 2 — 0 v OEEB O ERE L 25T V2a = 2 —
nyoyTEA4T (HR - BEHR V2Za=2—vv) ZEEL. 22 noMiak:
CHRE. B2 —m v RPN LT BOXA F Iy 7 R LBAGIEE © thigE]
WO EZ HIC KB Z2fTo72, £F. V2ama—uvod 724 T2HET 5720
IT, N7 B —HIfED RNAseq %179 2 & T, ZNF RN BT DRIE % A
720
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4.2. ¥EHR

421. V2a=a2—8 vk Vly=a—8a YD, \L27 RNAseq (Bi&)

T, WHRE IS V2a o2 — 0 v 7 44 S CRRNICKREYT 285
T3, o =a—w vFICHARTV2a =2 —u VHTOREHEP L WE FHEL, V2a =
a—a Vi Vov=a—u VE (BBENO p0 F A4 v o b3 2 lEE= 2 —n
¥) D37 RNAseq 21TV, BIE T %L 72, V2a =2 — 1 v (3 Tg(sox14:GFP) T
PFE D, VOv =2 — v v (F Tg(ewx2:GFP) TR E 5, ZNEND =2 —u VT GFP 5%
Ry a0zt L., Mz er Y — & —12hF T, GFP [GHMIED » %
XL (13 v 7 v 5,000 fE oML, 5 v 7 35) | RNAseq 21T - 7z,

X 25A 12 V2a & VOv =2 — 8 ¥V CEBELETORREOKEHE 2, ~—7
—BIETTH D soxl4 & ewx2 IFZNENV2a=a—m Y, VOv=z2—8m Y TLYEL
FIL Tz, £72, V2a THIET 22 L BHONT W3S chyl0, shox2 b, VOv ==
—B XY V2a=—a—uvOLERKRRERE Ao TnE I & 2ERTE -, Vov=
2—BVICHARTV2a =2 —r Yy CHREICE S EHT 28T (FCEFRET) 05
L, XTI 749 aDTF—EX—2R (zfin) #SEIC, YIHICHESETHREL VX
) B R IEAE (W REERTRAT 2B TFO N 7 v AV 2 =y 7Tl
LR =X —BEF IR TR L CLE D) o bhlhe22, cacnlib, mafaa. sax2 DIBIL
FICBAL T 7 v AV 2=y ZHEFR L soxl4 F 7V AV z =y 7L BTADYE
7o DI B, mafaa BILT DA, 2A TN V2aza—avD—EHDREYD TH»
7= (X 25B) . EXREHEMNRERR T, mafaa G V2a = 2 — v v & EHIFHER = 2 —o
VERZRIEHAES = 2 — 0 v L DR AR L 7228, miHICERL T, 2o
EHOEHLE 4 BRI, BUREAEENR V2a =2 —a v3 7 2 4 T CREP
ICHRT2ELEFTERVEEZEZLNS, WifT L TH—HMIE RNAseq 1T > T\ 7223,
ZH LD PHMNELRTFZIY T WEEZ, 2L 7 RNAseq CEOL B FICBIL
TOEBRIIW &L 72,

422. VI VAV FTTFAVIMICV2a s a—a vy T x4 TOERE (B
TR E 2 EHR V2a =2 — v VREERPN LB TZ RO 57201k, TH
FEHEHR V2a =2 — v VB OBLRETFERKT 2 HiEPREEEZOND, £ TH
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% MR V2a =2 — v v AT 272010, FPIVRYFTT A4 I T 4R
(vesicular stomatitis virus, VSV) Zf#ifH L 72 (Mundell et al., 2015) . %2k 3 HH®
Tg(soxI4:RFP) F 7 v A = = v 7 I L, Y3 5 & GFP Z %3 5 VSV-GFP %
FERIfICA vz vavi, 1 HRBEL 2 A% BEMETcBE L -,

AvV 7 vaviiTolz49lRDfD b, DA GFP TYF o 7z ik
26 VL, EH)j= 22— 1 v CGFP Z#HKHL T3 {i{kiZ olE o N7, ApEEI =2 —o v
Ho=a2—mIicBILC, GFPGHED V2a M fE= a2 —v vix 1 T 1 HifgD &7z 57
(K 26A) o —75. #Bj= 2 —m v IiCEHT 2 MEREREEM = = — 2 v (cerebrospinal
fluid-contacting neuron; CSF-cN) 1ICBH L T, GFP [GYEHIIE 23 17E7E 3 2 (R 2SS VTR L ©
&7z (K26B) o ZOfEREDS, BERET V2a = 2 — v v &2 EHHEICERT 2 0 139F
HWICHLWZ EPHL N ol A v ¥ 27 v a ViRDOEKRZRE S TIE% K D V2a
—a—uviETEHHERTH IR D 572, Lo L, ZhE% 2 HH CBRICE:
BTECTEY., XKL S HEICIZRIESEREMICEC 2 b, e &bic, Tl
R EMEMR V2a =2 —n Y EBIET 2B FORIDED 5 & T I, {RIC RNAseq
BARECTH o072 L THELRTOFFEIIREIC 2 FE2bN5, ThbDZ L2l
FZAC, VANAREROIZERIIMEL 72,

423. BSRAEHTV2a =2 —uv¥ 7 &4 IREREMEEIR (M)

Kic, AL 72 3EMR V2a = 2 — v v 2 BLEHYNICHEE T 5 /LR
Biz, JiEE LTI, Tg(soxI4tTA) L 7 v A = = v 7 DZREINIC, tetO:Dendra2-
2A-ChRcDNA 4 v ¥ 227 v a v L (Tetoff VAT L%fEHL, F¥Fo¥ 427V vid
WG LAY | FEDICV2asa—u v icF vy Arm F 7Y v & Dendra2 % R
7z, ZNEHR I HEHOAION L, HHG £ 72 (IEMNHHES) = 2 — = v OfigNEE i
(voltage-clamp) % & W 236, Fx¥ Fru F 7y v FEEHT 3 V2a =2 —n v Iick
L. B—filgL _LcHENEZIRE L7z, K27A, B ICEMAHER CE 2T OEHEL
BRAEHD 7 7 7 %8 5, EHPHER I L7 V2a = 2 — 8 VICh LB % RG]
L. f&€a HIRE~D Dendra2 O 2% 1T o7 (27C) o % D&M % 53 # I H
BEL. JRE1D Dendra2 ZFFoME A EINL X 5 &ikd 7z, Lo L. (pfRgeie s 5% 2 il
ZHEINFT L&, 5L TCHMBICEAA—TZE5ZCLEWL, =7 TV XA[HEITE
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D mRNA #1525 Z EBRTE R o7, —F. TTRICHEEL BINT 5 HiED A 7205
7S OMifE2 S 1 il E o onIEEIcHETH Y., ZoliEEZREL 72,

424 V2a=a—uvDT7vXLixBE—HE RNAseq (Bia)

422423 CHMR EZIEMARE V2Za=2—n v EZREL, ZhE BT 5
DIFFEHICHEH L W LR bhroTz, FTTIVELICHE—~D V2a=—a—a v EREITL
T RNAseq DFERZMRIT L. 2 7 7 22— b6, 2 E % - GHR O
WENKBLL TW3 EREL T, ZNZENORENER T 2T TECY ) B2z,
WEDOWIED O, chxl) DFBUERET V2a=a2—vVF 22003724 Ficnidbn
% (Menelaou and McLean, 2019) o chx10 DFEERZEH XA 71 V2a =2 —uo vt il
KB TIETH Y, T oic, Bl - BAFES =2 — v v OolFicHERT 2, —
Ji. chxl0 DFRBBFTHFNZ A4 711 V2a =2 —uv v IRAEETH Y, b1, B
57 % 72 (IR FHEB) = = — v v~ —JF LR L e\, C OefTifgt 2 Hic, A
Z 2 A7 V2a=a—avDJ v X Lfilaeiz i sz,

chxl0 b 7 VAY =y JEOHERICHANT, soxl4 P 7 VAV 2=y 7 HOH
HDTTBELVIHZ DT, FAZz B DR ETIE, soxl4 P T VAV 2=y 7f%HWT
W3, £9., soxl4d THEHEINDE V2aD 2 4 7% FARB7=01c, ZKEK2HHD
Tg(chx10:GFP; sox14:RFP)f D HNBIE 21T 5 720 chxl10:GFP D% X DiEWH 2 4 7
[ U2 %fWL7zL 2 A, soxl4 T EINE V2a=a2a—u D4l idx 4711 ThH
-7z (X28A) .

RIT, soxl4d TEHKEFRINDE 2 A4 T V2a=a—uv vh, BiriFeFEERIC,
HHFHES) = 2 — v v F 72 3 EHFES =2 —a v &b b —F I L Ek L 2w
D% BREHEANCHTH N2, ZH% 2 HEH D Tg(sox14:GFP) + 7 v XY = = v 7 fAICK
LC. HEEX AT V2a=a—nu vici—2o%y 5% LCHllfask 2 & EREA LFEX
&7z (HM28Bi) » FEB=2— 0 V2iE—D V2a=a—u v o lEEAT %%
008Dk F— L iEk (volatage-clamp) Tat#k L 72 (X 28Biiv) . 25X A4 7
0 V2a =z2—08 VigEHFHEE = = — o vICiZEEEA N ZE 2 0icx L (X 28Bii,
i) . MEIFHES = 2 — v VI ZHEEEA N Lo T h o7z (X 28Biv,v) . 2
HoEB =2 —o v DR aiiRTcEz Vaaza—n i3 1l Q7)) OATH
S H, AT AL T, BRI AZREMNR V2Zasa—avot 5 —T
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HHILERMERTE ), ST, HHH L ZZEHHES =2 —a v D &b L)
CLUMEXATIN V2ama—u v DR TN FH4RTICOWCHERT L ENT
. 2D 1 XTI L CoORERPHER I N, EEIG2 100% Tldad o7z Z
b, W EA4A T V2a=a—nm vid, HEEE EAGES) = 2 —o v ol e
bR L T30 Tida . Tl 2 3EHHEH =z —a ot b —Jic
Lo LT nwz LRI,

ZA 7N V2a=a—u vz il 2RI 252X 29 107 d, £33, X
A7 V2a ZHEEICHEE T 57290 1CZfE% 2 HH D Tg(sox/4:Dendra2) b 7 v A = =
y 7 fICH LT, #EE XA 71 V2a=a—u VICRIBE LT, R {To72 (X
29A) . Bz ZNOMIEOEZ B L T, 24 TN ORI TH 557k TH
5L EMERTILEEDIC, XA 71T DO TN =2 —u v Th - =855
X, 2L —F—CHIE L, JR Dendra2 ZFOMfEIZ T _CTH 4 711 V2a =2 —
ByewIRIIC L, (K29B,C) . 20k, fAZHEEL (K29D) . KD
Dendra2 DHYEEZFAD I, HTAERY bTEXA T V2a=a—u v | fifdsom
U7z (X 29E) .

s 106 EOMAEZFEULL 72 5 B, 48 MAZICBA L Tlx cDNA A E CTilEA, 2D
M. 2 MAICBIL Tidv — 27 = v RICHEYI L 72, 32 MR OEIR T FEI % t-SNE TR
JEfid 2L 20027 722 —icghiiz (M30A) o £3. Dendra2 iBILT 7 A ¥
— YV BT D wbala 1Z., 2COMIETH 2BEGVRHTH DA, V2a==a
—n D~ —h—#8ET (soxl4. chxl0) FZEMIECTORWHEIH LR CE b o7z
(K30B) , 2DZ &b, v—Hh—#EFTTL, MEICERTFRHAZERTEZ TV
BN EDBHL P L R0z, —HOBELETORBERPIKEL T30 E2EEIC AN
DD, 27 TAX—[HCHFCHKHEVL AL 2BEFERTEZEL, ¥ 7774 v 20T
—ZX—2Z (zfin) #ZFC, PIIICHRSERCTHRIL v X 5 R 2EALE (K
30C) o cadmla., creb3i3l, dachd. lin28a. pou3f2b. scrt2. slit3. smarca Di&{nTICEH
LChr I v 2V 2=y ZAEERL, soxld F 7V AT 2=y 7 fat HiIT A bR,
EDBRFICOWTH XA T V2a D—EZiFaklL T2 X5 IiERZT o nxdo
7o RPT 4 7aviu—AThHi~—h—BETOERREERCE AL o722 L
&, SE2 7 7 A= EERGR, BHRUINOY T X4 TRl T b
A[HEMEDS B 2 2 & A5, H—HlIfll RNAseq T b 7B n T-IC B 2 BERIZWT& L 72,
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43. EE

SOOI T, X4 F Iy 7 LRHEICED2 VzZa=a—avoy 7247
FEEFHCHEET 2 EERIOHMEFEL T, R LTI L v
o7,

HE = 2 —u VI T 2B —n Yy (V2aza—my) ZJTlkk
L fE=2—v v ~A L FTiEd 2235 M0% - BHER L 2BEL T2 (Bagnall
and McLean, 2014) . Il A7ID 1 2& LT, CSF-cN (NEBEHREM= 2 —1 ) 28
F1oN T2, CSF-cN iXRDEINCIEE(L T, BHREH -2 —w v D 12TH 2
CaP IC D AIIFIFICHEHE L TH V. Z Ofthod fast ZiEENICB D 25 EF) = = — 1 v 213§
fit L Tz \> (Hubbard etal.,,2016) . 72, @ CSF-cN KA TIF, v —LFA~D
RBAERA LN L PAMONT WS, —F, BHRIGEEATI O Y — 213, 8
nEFTHD, ~VATIE, BVl =a—my itz —mro 1 FEHD £ 4
7) TH T R4 TEHRET ZWMERTIE V2a THRIT L LM SN TS (Bikoff
etal.,2016) o TDT Db, —a—w YHFRRE-TH, F—DIEE KT DIFHIIC
b, FfkoMIEREELERER 2 RT ol h v e #HllT 2, €77 74 v a
IZHVTH, V2a =2 —m YOFHREHET 2GR T, Wfilt=a—mryTcd i
fIZEHELTVWE2b Lk,

V2a=a2—uvobjfiza—n ot LT, FiEFHE =2 —v Y237l
XT3 (Bagnall and Schoppik, 2018) o L22L., ¥7 77 4 v ¥ 2 iCH W CHIER
BElE = 2 — 1 v ORPIEIZE L b o Ty, WA CORETHK =2 — 1 v
X, BN T, EFED) = 2 — IR O FED) = 2 — v ISR I T 2
DAL NTWS (Murray etal, 2018) o D X 5 BN AL EHIR £ 721308
fZDED S0 V2a =2 —a veflifilfk=a—v vick U< dFEET 5 alREl:
D55 EHERT B, SH TP O ERIZERPODIFFRICL Y, X4 F 3y 7 RLKE
THiH oD e [l B D iR 23 AT 2 L B
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5. R ER

X777 4 vy allBnT, Wl ZRGENIT R R = 2 —r v 2 L
THEEZINTWEZ L ZIAMIR LTze —77. X4 F 1 v 7 ZEGEIT AT ERE
Hoa—myvENLTCHERIINS LHEAlE T2 (Bagnall and Schoppik, 2018)
23, ERRIFEEH I N Tz, b LZDREBSIEL Win s, #Bjo7 7 b7y Mk
o T, EERE (FETHK= 2 —ov) CHERE (MREEfK=2—ay) 2
VWi onTnad 2 e b, FEFICHBEREN,

HFFIC B VT, FIEBRRS = = — 7 v LR =2 —v v icowTo
e PHRE I R IR 23 % SRR X N C ¥ 7=, HIETRBEIRARIR (3. TFBEP o (R ES)
Zo—u VICEEMICEERICER L, EHEE = 2 — v i3 f = 2 — e v &2
LT, MfliciEhid 2 L BAIbTwb (Markham, 1987; Basaldella et al., 2015;
Murray et al., 2018) o —/7. MRABREK = 2 — v vk, EFHESH =2 —v v s
= —m v b ICHER., 3 MHNERE b0 L, BfiZ LIk 5 ik
%32 £ SbN T3 (Mackinnon, 2018; Murray et al., 2018) , TNLHLD &
25, HiERME =2 —n v BfizMEI S22 8T, EHICHDH > T, RZiE
FENCHIES 2 o 2T LI EICBD b . HEREES = 2 — o i3, B L g
DpF%E D Lo, HMERICHS T 3D TIE AW LI X Tw 3 (Schepens and
Drew, 2004; Mackinnon, 2018) . fRICZ A IEL Wik b, BjE &N % RiEERER = = —
0oy LGRS e —a v N — VR Z B T LT, BRI A =X L
ZolgECF LA TEr2o0b Lk, WA BEHICEWTHET 774 vy allEs
WTH, EMITIZL EOLRAGIEESFEL T 0. (T8 2 L OREIEEOMH 1T A
ED XS Tbn s p v vid, MR R T b ELAYIC S IR I E W
725725 9,
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6. MELGE

R L 728

Y7774 v a (Daniorerio) W, i, i3 28.5°CT, 14 ] — 10 Kf
. 7203, 12 K — 12 Rl o BE S cEB S8 72, 2L, Fryarm F 7y
v, Dendra2, Kaede # ¥ I3 2, FARIIKESEHCcEBT I, 2L S HEARRICEE
x5z 7,

RIWCESHFEHLEZ N v AV 2=y 72HIET L, T TICRRINTNS
bORBSERLE, SHERLZ 7 v AV 2=y Z7fid 5 b5, CRISPR/Cas9 & AT L
TR L 720 D%, sgRNA D& —7"» FEHIH E72 (K 1-1,1-2) . Tela-
actin:tdTomato-jGCaMP7f) 1 Tol2 ~— 2RI L 72 /53 TIERL L 72 (Urasaki et al., 2006)
a-actin 7'\ & — % — ¥ Higashijima et al. (1997) & [F] U ® Z{#H L 7z, tdTomato-
GCaMP7b ¥ X ' tdTomato-GCaMP7f D 7 = — ¥ a v X v X 7'H | Dong et al. (2017)%
ZZIVERK L 72, CoChR-GFP (CoChR-GFP-Kv2.1)Et%!] 1% McRaven et al. (2020) T~ &
NTWEHDEMHLZ,

F % v N—HTOHHBITEIER

TR IEM 2B DEEZH T o7, KR HOFZT 7 Y vF v v A
— (1.2mm (fF) x50mm (F&) xImm (&) ) KB L., KEKTHEZ L, AOIEH
EHHEMEZ AN TATE STz, BAVDF v v N—% BEEHLRA T —
(Thorlabs, HDRS0/M) (CHX Y {1772 T FH D 2= v b D NEEDR T B LB ICHE >
72 FOIEH & HHD O OEREIST 272012, 2T7DL v X (Olympus, 5x/NA
0.15) #EEL7Z, TNEFNOXTOL VX%, LY XADSEHZIMINICR 3 X 5 IcidE
L7z, DA AT (Teledyne FLIR, GS3-U3-236M) & IE[D 7 A 7 (Basler, ac A640-
750 um) FFARAENCECE L7z, IR & L <, HRIMREZ 4 b (Mightex, SLS-0208-E) % fi
DOIFHNCHLE L 72, 20° DEAIRE GEEE : 15°/s, E, 380 @ 15752 AT &7
559, FREFEVPTERDEIICERTZ, 220D XT7D7 L —L4L—FE100 7L
— LR TIRE Lz, BHPLDH X T13F ¥ v —offfR & FRFRCHRT 2 (K
24) . Thic kb, Bl o O TIE, HEAREHICADOREANITICHES &, AD
RofmroBEINns,
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EREEZ W2 ER (K3A,B) Tl 08% A Frtkin—2%GUEKE
w7z, Mgz bR L 7z faoFEk (2F,G) Tk, 2% S HE (T8h%EEO 1 HA)
D 1% 0.02% MS222 (Ethyl 3-aminobenzoate methanesulfonate salt, Cat# A5040, Sigma
Aldrich) THE:Z221F, € vty b CHBIONEE VIR L 72, FHitkic, fE{TEI%E
BrE ol ez, FER () NomAEROAOER (K5) Tk, Z/koe H
H (TEhEED 3. 4 KiERD ORI L CREZ 2T, 77 22y b & E &SI
L7, HEROATTEMOKErLT 72 AL, ICFFIET % posterior hypaxial
muscles (PHMs) 22Tk 51 L7, FERNOELREHINCHRL 72, FHD
WA EMET 2720, THERTIZ, 125% 2270 -2 TEEKEZHVE, 0K
DEENREL 2270, BNEWPLT I LHRTE S, )

SHER S DI TENERR
ZRoHBDAEZT 7V vF v v — (12mm (I§) x15mm (&) x4mm
(EX)) I L., 2%EASE 7 Ha—2ica L7, xR X 0 EMIciET2T7H

n—2 %R BE, arRHlokEEI»E S X 5IC Lz, EKEMZL, Fr v
—D AN NI FTACTEH ST, MOTEIZKIC CRIEEZHTTo%, T

13 H TR O E S b IEH O %2 B T 2 M 2RV 2D e H L v, {#
FUREOE, BHETEIEBREFECD 02 Hvz, AP OfTEIOR >y 7o ay b &R
TR, RANEIZR L 720§z vz,

TAN = 2 — 1 ¥ ® Dendra2 ¥z EER

TAN = = — v vy O @mifEEE (K 7A) X, ZE% S5 HEH D Tg(evx2:Gald;
UAS:Dendra2) } 7 v 2% = = v 7 fa%k 7=, 1% MS-222 CTHEFE%E 220, 1825 B4
ERDEITNTARILT 4 vy aT2%OERESE T e —ACcaMLz, T4vva
% 7 PSR (Leica microsystems, TCS SP§ MP) (CiE &, 405nm L — ¥ —% TAN = =
—myeTPRHINE =2 —m VICHE L7z, BEERD R LD 3RRKE L., B
ENSR VAN EDPERE CHE I NS Do Th b, FhE ARSI 2 IS L
726
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BRELER (v 27t RL—vavy)

Hiiao 7 <Y vz (K 7B,C) 1FLAHTOFSC (Bhatt et al., 2004; Shimazaki et
al., 2019) #SEIfTo7z, ZfE% S HHD Tg(ew2:GFP) + 7 v XY = = v 7 fi% MS-
222 TR Z 22 oo A7 FLE 3%DERIE T A e — 2 A Y MlZZR (NaCl:134 mM.,
KCl: 2.9 mM, CaCI2: 2.1 mM, MgCI2: 1.2 mM, HEPES: 10 mM, Z /2 —Z:10 mM,
290 mOsm, NaOH T pH 7.8 IC{%E) CEHM L /-, HZE I TH e — A2 R %,
BHER DR G2 AL, TAN =2 —w v XY HliciiiE S 2z 77 A<y b %
WTHLUY BR\> 72, Dextran Tetramethyl-rhodamine (Thermo Fisher Scientific, Cat#D3308) %
BRZEILIE T, GFP IBMEOMIZICH Y A 72 (Shimazaki etal., 2019) . Z Dk, »
K e D 3WEERE L, B oL S BEEE  (Leica microsystems, TCS SP8 MP) CHi%%
L7,

Ca" A A=YV 7Dy T 7

BEOfin 2 77— (Thorlabs, DDR100/M) (CHXY fifiF H 7= iPL v X & fa
FIRFICHERL L 72RF D Ca?* 4 X — ¥ v 7R iR % W CiT > 7= (X 7F; Tanimoto et
al,, 2022) , HENEZBICHKH L, Ca'REFEN kDL 7 F 1 (GCaMP % 7z 1 Cal-
520) &Rt 7 F v (tdTomato ¥ 7z 1% tetramethyl-rhodamine) % 4 A —Y 2 7Y v 7
A VISR R =2 R, W-View Gemini) ZHWTHEI L 7=, 2 BDOH[{RE 1 D
DTV ENH AT (K b =2 X ORCA-Flash4.0 V3) T 10 7 L — LM OEE T
L7z nMLF =2 —0 YDA XA =YV 7T, A=V 7T 4 A7 HESXF v
— (WS, CSU-X1) 23RS ICHlAAA TH 2 HES 2 4 T oL v X @k
BEMEEZ V72, TAN =2 —0 v PHM D4 XA =2 v 7 Gk, KR 24 7 QLS
Tl \») oYL v XMERNIAMEEZ V72, 2% Tk, i (Excelitas
Technolodies, X-cite exacte) % ¥%FHRIAEE (FV vo¥x, BX-URA2. #*V v ¥X BX-
SIWL D o¥—>) | 5L v X &l L <, SIS L7z, EHIRIHEE D 7 4 v & —
I, B 7 4 VX — D BP460-490 (4 Y v o¥R) [ XA w4y 1T — : FF495-Di03
(kzmy 7)), WILT7 4 V& — 1 FF01-512/630 (k2w v 2) THDS, kv 7Fn
3F2—71L v X (FV) v ¥&Z UTR30:2) . IAT~T VY T XTX— (F) v
2, U-TV0.63XC) %illoTA A=Y ATV v T4 VIKFERICED, A A=V AT
YTFAVINFERD T A NZ—1F, K470 4 v 27 3IT7—:DM570 (GF U v R) |
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HEE (Bt) Y32 L0WINT7 4 v & —  FF01-514/30 (x2m v 27) . EFE GF
) Fr A NDWINT 4 V& — 1 BA575-625 (KU v o38R) TH D, EFREIZITEIE
Bl L [FIBETH B,

Ca¥" A A =T v T DD DY v 7 NHEfH

Ca?" 4 XA —v v 735 Kt% 6 H H D7 8T nacre ZR(mitfa) % Fio> T 5%
FAWTf{T»>72 (Listeretal., 1999) ., 727 U F ¥ v N— (I2mm (&) x15mm (KX)
x4dmm (FX) ) LT, FfAa% 2% KESE 7 Ao — 2@ L7z, Fv v S —%EBK
TiizL, 7yv#EbzFLrv7evr vy (FEP) ¥ — bt CE o7, FEP DJEITHKIZ 1.34
&L KDJEIFE 133 1T, Y TIIZFEP Y — b 2B L TA A=YV 7 %{TH 7=
D, TAN=2—8Y ¢ nMLF =a—8 YDA A=Y v iz iR EolkE, PHM
DAA=Y Vv ICER LOREE 2 X WL, $7/2, PHM DA X =¥ v 7 D%
I, TTEIS FRFICBIER S 2720, BlloRZES 7H7a — 22 Y Rz,

Ca¥f A —Y v 7 DFR

BIFHEL LORELE 2 X5, WL v XMEREAREICELY 10 7, & T ol
BIZ10 7L — 2B TIRE LA, TANZ2—ayDf A=Y v (M7L]) Ok
IC. Tg(evx2:tdTomato-jGCaM7b) b 7 ¥ 2z = v 7 faz 7z, 4 X = v 7Tl
20%/NA 0.5 KigL v X (A Y v XX, UMPLANFT) %f\»7z, TAN == —u V(3L H
HicFHOR (v I HEONIEE 43 mW/mm?) B L, HHlrSA4 X -V v 7 L,
L, A A=YV IHRICHBBEBICES 22 BB Y, TNIEFT H e — AN Tk
FRITEIZ R LT3 eEXONS, T — 250X X5 it 2 PR L
770

nMLF —a2—ua D4 2= v 7 (K10) D791, 25% Cal-520-dextran

(AAT bioquest, Cat# 20601) & 25% rhodamine-dextran % /MR ICIE D L 72 IRG TR %
FAWT, nMLF = 2 — v Y 2 {TIICEGR L 72, RAWRIEZ v 72T v e v 2 HAwC,
ZH%SHEHOROBEMDOFE 24 £ 7' A v MCTHEA Lz, —BREE S 872%. 40x/NA
0.8 KiZL v X (k1 v ¥Z, LUMPLANFLN) % F\»CHEmAUEMEMSE v + ©
1T - 7z (Tanimoto et al., 2022) ., 488 nm L — % — (COHERENT, Sapphire 488-50
CDRH) %#XiFH&E L, L—F =37 — 3% v 7AMHTIE 0.3-1.5 mW/mm? TT - 7=,
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nMLF =2 — 8 Y 3HEM»H A A= v 7% fTo 7z, Cal-520 DRURIFED 728, K
URDOA A=Y v 73 1 BT DO L2TR R0 72,

PHM DA X =2 v 7 (K 15,16) DK, fofTH b FIKICBIZ L = (¥ 13C,
D) ., Ca? 4 A= v 73 oEfl2 o1, [TEIZE R 5T - 72, EBRiZA 70
PHM DA A= v 7D 7=® 1T, Tg(smyhc2:tdTomato-jGCaMP7b) %z >, @i x4 7D
PHM DA A =3 v 7 D7=®IC, Tg(a-actin: tdTomato-jGCaMP7H) % 7z, AIID 4 X
— YV 7D, 10x/NA 0.3 KFEL v X (F U vo8 &2, UMPLANFLN) % v, Jilft
DRI 2 4 7', W2 A4 72N Z 3 42 mW/mm?, 5.7 mW/mm? 72 > 7z, {785
B, 77 A7 (Teledyne FLIR, GS3-U3-236M) . L v X (X u v, MIISFM50) % M
W, RN Z 4 b (MiIghtex, SLS-0208-E) %R L C 100 7 L — 2 T L 7z, 4
A=V IHOFENPTEHBEMOBEBRICAVIALT VLS, vy 727 4L
£ — (Y v &, BAGIOIF) % ERIGICHAIAA T,

JEHRET & A 7 OIEFEAE O M4 Re AT

JAARET 2 A 7 OERAREE IC vl RN X2 AL (RSB Ik L
Zm\) BOEHREEH (AR/Ro) Zd~27-00C, fkth & RED Dendra2 X v ¥ 7 B & H50
faxfAv7- (K 7G,H) . Tg(evx2:Gald; UAS:Dendra2) t 7 v 2 = = v 7 faicxf L,
IR E D (400-420 nm) ZHEST L. — & D fk D Dendra2 % fREICEZSHAL 72,
20°EAL L 72RFD TAN =2 — w1 v 28153 5 &, HFNCHKR T 2 AR/Ro 13£0.07 D i
Fotze TOT LB, 007 ZHZ 5 AR/Ry (FHFIEENCHRT 2 2 L ¥b 2o 72,

PHM D4 A —Y v 7B nT, v 7 Aot b R oIt - B8ick 377
—F 777 P eEETH7-0IT, Ef XA 7D PHM T Dendra2 Z ¥4 %
Tg(pitx2:Dendra2)fa % 7z, LEC & [FIBRIC, Dendra2 @ —i % AL L 72, {ERIR,
AR AR/Ro (ZRHE 0.1 AMICINE v, FEfr 015 £ TREAF LT (KM 14) o

TAN = 2 — 1 v QR HEER
TAN =2 —v oL —¥—fEERE (X8,19) k. ZHEEZESHED
Tg(ewx2:GFP) } 7 v AY = =y 7 %l L7z, fFfi% MS-222 THREEL ., 7 K |
LT Ay aD ECEPEERD XDIC1.5% KER T An —2Cal#iL7z, 77 AR
AT 4 vy 2% 2 HTEITBEMEE (Leica microsystems, TCS SP8§ MP) (Ci&E 7=, F-fHl
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ICH 242 TD GFP IGEMNE (3B X 2 181#) 2L —F—MEONRE L7, Al
122 %7 L —+%— (JE 900 nm. Insight DeepSee 680—1300 nm) TIiT\>, WL v X
40xN.A. 1.10 L ' X (Leica microsystems, Article No. 11506352 % 7z 1% 11506357) % F
W7z, GFP 8GR 0 KR 72 PO & 72 (30EEE R 0 23 2 s 28 7L 6 7z
b, BEbICL—F—XF v v &iFI L, MlnERERE, | HEEE S ¢, [78%
B2, TAN == — 1 v TO GFP HOLDHKZHER L 7z, 72T 0~3 fild TAN =
2—BYBEKoTEY, GFPIGMETH -7, a2 v b v —AIEERICEWTH, TAN
—a—mv XY E»roNAlIcH 2 18 D GFP [GHEMAEZ L —F - R E L
720

nMLF = = — 1 v OREEE

nMLF = 2 —w v 2R RAICHIE (12) 3272000, HEM T &
AEbez (K12B) . 2kt 5 HHD Tepitx2:Dendra2) S AR 7 v 2y 2 =
vy 7Dk, 3. AL 1.5% KA T Ae —2icfoflifizs b s Xod
MU, #7PEMEE (Leica microsystems, TCS SP8) (CIE 7z, XL v X 20xNA 0.75
(Leica microsystems, Article No. 11506344) ZfEfI L. 405nm L — % — %2 HFHEDH 3~
9% 7 A v MRS L, Dendra2 DEZHAZ(T 572, 3047 Z &1C 5~10 0 DIt % 4 (1]
1Tol. MG, ETH R =200 L, F &b 4 RFEERECRE L7z,
Zo%, FAZHTCEEL (ZoRREAEE 22 X5 ical) | 2 TEZBEME T
T, LI N GR) 2V N BEERFEORMO nMLF =2 —m v (BB X% 25
i) ZL—F—WIEDONRE L, fTEIEBEIC, nMLF =2 — v v TOHEE L
e ZAh, T SARED nMLF =2 —8v V2% > Tz, 2 v b o — L%
Bt wTd, nMLF =2—m v o X ) BANCAIE L, BIKICHET % 25 f o
Dendra2 Mz v — ¥ =N R L L 72,

PHM E&j= = — v v OiH
PHM EH) = = — 0 v 2053 2 (M 18) 720IC, MRt & lAad
b7, ZK% S HH D Tg(vachta:Gald; UAS:Kaede) b 7 v XY = = v 7 D fix Hw»
Tzo JEEM TR AP L —F — I nMLF =2 — 0 Y ORFEFEETH 5, 405 nm
L —+# —|% PHM O middle. caudal &2 A ¥ FICHEH LT 2HHRICIES L 72, 2 %T
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B EEMEE T o, ffish GRth) 2 v o8 FoRllodE#)=2—v v (18-
25 L —F—MEEONRE L, [TEIEBREZIC, Kaede (FRER) FOEDIHK % TERR
L7ze 720TW0 3{HD Kaede RE) F3ED PHM B = 2 — o v 2K o> T/, a v

b — A BIESERRIC B LT . PHM B = = — v v X O BB L, 5 5-8 27X

¥ b @ Kaede [GHEMINE (20 #) %L — % —BIEOWR L L 7=,

RIREEBERR = = — v v OBIHER

RIEEBER (VS) —a—vn v oL —¥ -k (M21) 3. 2% s HE
D Tg(nefma:GFP) F 7 v A = =y 7%z fiH L7z, L — % —HIEDTTEIL TAN = 2
—u VoK LFAkTH L, FHlicd 22T GFPIGHMIE (kX% 15() 2L —¥%
—WIEON R E Lz, {TEIFEEBKZIC, VS =2 —u v Th GFP #ED A ZHERL 72,
72T 3~5 D GFP [5G VS = 2 — 1 v 3K 5 T 7z,

HABIRYEER

TAN = = — 1 v OERERNEEL ISR (X9) 1328 #% 6 HH D Tg(ewx2:
CoChR:GFP)F 7 v AV 2=y 7Lz, (FfREHTAR LT 4 vy 2 ETH
BEERBZXI, 2% KIS T Ao —2ICgB L2, BHIZE->Tw3 7 e —2%HL
DErE., AEMOEEEHBICEI»EZ X)Lz, HIARMLT 4 v a®IEL
BEMEE (F Y v 82, BXSIWI) ICEW 72, 20xNA0.S KFDOXIL v X (F ) v o8
A, UMOLANFLN) #fEH L. I Y 7+ v FEICER 150um O ¥ ¥ F—L% A
N, ¥V IOVETCHELE SOum ORMIHE A TE 2 X911 Lz, HIHEL T, AEZAnTA
N2 v 7 (Excelitas Technolodgies, X-Cite exacte) Z ] L. BEMEE DI 7 4 v 2 — 1%
NV R T 4 & — (Semrock, FF02-482/18) ZWRHt L 7-, &H (2.0 mW/mm?) %
TAN == —u Vi 5 RIS L7z, 2 bo—a5%EBe LT, TAN =2 —u v o
ICf7E 3 % GFP IGIEMINIC RS L 72, S ofTENE T2 5. 2xNA0.14 L v X (1 v
¥ Z XLFLUOR) & #1 2 Z (Teledyne FLIR, GS3-U3-236M) Zfff L. 50 7 L — L%
s L 72 (Kimuraetal., 2013) .
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SR
yEg e (X 17A, B) % Zebrafish Book (https://zfin.org/zf_info/zfbook/zfbk.html)
% Doganli et al. (2016) 2 Z& 1T o7z, —XPifkL LT, S58 €/ 7 v —F Adifk
(DSHB, RRID: AB 528377) % 1:10 D&M, 71X F59 £/ 7 v —FAHik
(DSHB, RRID: AB 528373) % 1:20 DA T, ZX¥FifkL L T, Alexa fluor 488-
conjugated goat anti-mouse IgG  (Thermo Fisher Scientific, RRID: AB_2534088) % 1:500 ®
AT L 72,

T — X fRAT
MR 7 — X 1% Imagel/Fiji ZEF L., BUlET — £ 13 7 v v 2R L Tt %17

277,

SRER)E dh A BE & AR AU ith A BE oo B E

SRR B A B 3K e 2 DO H D B2 fEA RO R TAECTH S, IEHD
A X ZIERIICH > Tl 2 o ©, 3. E{RE SRR L T, EE R %
BL7-, HoFigxEd 27010, HE% fEtL. EE2»s 20 © 27w L0 EE%
KD 7z o AERPRIPET O BEERERL A FE 236107 AN DEAIT D & % T IC V> 720 FRFTHTIC
J)AREEL 20, 77 L — LQREMBEFE 2 L 72,

HEfTEEBRCcOREEMAREIZ. UTO 2 RKOMDOLTHETDH

5, (WVELADH DL LR RO REMEHZ B 728, (2)iF & Ko RAIE L ok
Uik B2 H. T Z o i TELERD b 2 i L7z, 37 % Ko RBAE
LRDOEMIE. FNFN, WD 10, 20 ¥ 7 eV DFEEMETHE, A FALRA D —
ZADEFETIE, KErE20, BHlOERE o3 Icmbhvy, 2Dk, BOXk
oMb vic, Bofhon (Fx&oRAH L RBokimMomliz 1 & Lie %
D, 12 DffE) ZHwCEEMAEZREH L7z, /A X%2R<ED, 77 —240
BB E 2B L 72, IR ZEIE A2 O Lk i, IR il A R % B
ISl 2 B TERY, (ZORITIE, BH»OOHIRTIE, ARDICBIEZET
N, AREHAEORENIKE A>T LE ), ) Do, (FERVARE & SEEE
RHHEE DA 10° %2 72 & AR i A B D FHI % # 2 7=,
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BT SRR c o AR A R 1L, FEC e U7z X9 ICERAIL 72, B S 1L 1R
RicB L7, —77. EAoHOMR L ERORMOLIR T2k nizd, v==
TATHI L7, ERETO A A FHE L U, SHEAE e 0% AREiAE e L
T2 JARXBRL 720, 77 L — LDHMBEIEE 2 EH L 72,

Ca¥* A A=Y vV 7 DT — X gkt

YL v AEREEE T3, R IR 5, ERIZEGDE DD,
#KT ¥ F v LART v AV OEG % # L L 72 (Tanimoto et al., 2022) , % L C, HEiff%
xy JT AL E A1 (translation) Z1T 9 728, Image] 77 74 v Template Matching
and Slice Alignment Plugin (https:/sites.google.com/site/qingzongtseng/template-matching-ij-
plugin, Tseng, 2011) Z 37z, HE{ROFEEL L fEG DI N4 Y = THETHTEL
7zo RoZHWAID 10 7L — LD FH L LT, % ROID AR/Ro % 7 L — LHFICEHR L
2o JARXBRL 20, 7 7L — L0 2@ L 72,

R 580 HFH L 72 nMLF = 2 —n v OffifdfkOfiE%2 7 74 A v b 3572
wic, IEdHt (WEH) & MeLm OfiziE (NAME) ZHHEL L7z, 4 D MeLm 284
T oG, BHlO MeLm 2L L7, WEE#OT 74 2~ Md, MeLr & MeM @
7l Z fEERICAT V. 42D Y = VIt J 7z, MeLr X D HHlZ Y — ¥ 1, MeLr & MeM
DR OEMN:5r% V' — v 20 MeLr & MeM DD G5 % V' — v 3, MeM X b fEHI
) —v 4l L, MlaRoRE X i3mAL 2R il L 7,

Mt

Ca?" A X =¥ v 7 LATEIEBECIE, 1IRICH L, EEETo T/, A F 1t
Aa—ZDEBIF IS L, 1, 2T L2 fiakdr o7z, Thid, HOELERL
TV E VBR BEAFEANELL o T b TH 2B, (Thid. EfiZ A4 7D PHM
DIGEAITT LT 2o b Lihv, ) EHZA4A Z7OPHM b, 1Lic> &, 1%
7228 TOA LN L Cninv, Zhid, VX Iy 77— MBI X 725
TEPRL 7220 TH 5, 1 ICO EHEBGUTER T2 561, ‘FEE2HER
L. 1IEofFEE L7,

PRI I3 R Z - TIT o 72, #ERHINT IX. ¢ BUE. v 4 v a2 v VLA
s AT A=V T ARETHRIE L 72, B 2 BED ¢ UEZ1T O KR, 2 RO ZDfED
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ERMEZ Yy va — v 4 LV IRECHRIE L7z, MY 2HED  BUEXT O BR. IERME L5
HREAEDOMRT, FREFN Y — T4 A IREE FRIEZMVTHRIE L 72, HiEt
i o % *(p-value <0.05). **(p-value <0.01), *** (p-value <0.001). N.S. (not significant, p-
value 20.05), 7213 p HTEEL 7z,
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X 1
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1. B B4 LEGIH
ZZTRe rDADDEBRGIHA D =X 2 kRmd, BEHOIEKDO L LT, BHL
(Center of mass; COM) % #E R < . CFEELJETH (Base of support) (3EREi & 23 5
AL 2 A 725 C® 5, B OBEIRREECHEBEICIO U TRk A kg 2 & 0 ELDS
TR HOHHANICEE L2 X 51T 5,
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X 2
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M2 ¥7774vyYaffflldn—ArE~DHEFESRD O DI TELRIC, fifkD/E
HHZ £ 5

(A) ITEEBROBAXX, ERBIICNS T2 Ao T8% Elir b & BH2 biE T 5,
(B) 1TENFBRIFICHEH 3~ 2 BE O b DEH,

(C-F) IEHEEEOTE)FER

(C) EB T3 XML MDD XF v 7+ a v b, B S OEIRIIKFEI 1A
KRS, Bl O OEERELEGHRED LT L, EHOE{EROHRII2 2OHD
Fliz ORISR TH D, ZDMMENKTRRO T AEETERNAELE L, LR,
HH2 O DERICE T, BRI OIEF#REZ R L, ¥ Y X DRHILIE
ROEMONE L RO Z BN TH 5, R, 23 ICliEREIL Tw 3
Tl RN, ERMIME. MRS AL CET . Bl S ok TIE. Aokto
b DHIHRIC 7R 5,

(D) fERPRIBE I3 2 SEETE dh A o R, 118250 6 iTE2 R, vE VY XD
FRIZ. ©oFfTICHIGT 5,

(E) ZCoRITD 0B, 178, 4o sHomEilEithAaE, 5k24 RiT2nR4, [F—
itk 2 & OFATIZR—E Lo~ 7, G OTRZRT, FMOTRIE, H—m
SIRTEL L B E Ao R (RUor R &R O LRI R R WA TR T, R/ IME D
b, BN E T, WA HE =S E COHPAT, A OPUSIHEIFHD 1.5 50
FHPFHAND S D% MF TR,

(F) 0 B ~2 B oo BHfl2 & OMlifg o /M miR, KENTIREEDES) % 7R3,

(G-1) Mg % HL Y B\ 7- fa o T H) FE R

(G) MfEZHY PR\ 72D A F v Ty a vy b,

(H) SEHESJE A B o RFE R, 1725 @ 6 iliT2 /R T

O &ToRTD oM. 178, 4 oK OWEEEIAEE, 3L 173 iT2R7,

() IEH 7 fa L g 2 YIER L 72 a0 4 B O BEERE Bl A L o L, p=0.0005 (7 4
nazy v ERAIRE)

(K) IEH 2 f L Mg 2 VIR L 7z o Ko — VsEBIRE o fAEE, Ku — VB 238 @l
KA N B OlE CESRERAESRKIC R - 728825 1.5 BE) o fEE%2nRT,
p=0.04 (7 4nrzazy VELFIBE)
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X 3
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M3 HERZEE» SO TELETSICTEAVEETIR. AEOEMBEE CBEX
na

(A) AFLero—RRRICRLEZADRFy T ay b, HHP2LDOHBRICTE LT,
2ARDPHRD % T A AR AEE L, FIRT,

(B) A F Nk m— RIFHRICIR L 72 I 5 1T 2 AP 3 2 SEER R R & IR id)E
B, sIC7RfTE2RT, ¥ Y 2DfIZA)ER—RITTH 3,

(C) SHERTLHRIZERIG ICfE 3 2 2EiE DR b DEH,

(D) AP T 2 HDITEID R F v 7' a v b, HRFOEG IR, RAElhZ R
L7zt 20MREZRT,

(B) @RI 3 2 M A Bh A o Rt 1 PE, 5 3T o g L R % Z 1
ZNREDMLIKETRL T3,

(F) S aHERco2TofTo 08, 28, 48, 6 B ol olafkEih /A%~
T, HOUTKELAHIICRT,
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A B C Supple. model
: Tissues except ;
Upright Roll tilted Swargﬂtgé%der for swim bladder Swim bladder
Buoyancy
2
0
>
© Caudal \—'j][
z bod
§ ocy VWV Net force
[
‘ Gravity
coMm
2| cov
.0
> VBR
S Swim
g bladder @ ' —
[a)
: Swim bladder
Roll tilted deflated
Buoyancy ¢ Ear-'((ijown ; Ea;up 0
“ side side ”
c R
S ¥ ¢
8 L Moment i)
omen
3 ( of force 1" J‘/ Total force \u' ‘u'
<
(@] Swim
Y  bladder
Gravity

4 REfEOEIC X VERZEE» LI TETET IV

(A,B) VBR iC X W AL LV CETET A, BN EFNEZALSETI DT o0T
ELTEZT-ET N,

(A)IEM 2 5 & ST H & DX & 37 & 485307 COWHR AR T, B (Gravity) &i%H

(Buoyancy) (%N ZHNE L (Center of mass, COM) & {Kf&H.[» (Center of volume,

COV) IThh 2%, b & AREHPLITFEE &I CIChE L, BoFEEPOIck~Th
F 2 HIICAZE LT\ 3 (Ehrlich and Schoppik, 2017) . 5 A 13 E.O & (A8
HUDIE—BL T3 RE L7z, (FE) EO & HBEROIEFRRICES 2, ()

RN, VBR 2175 2 & C, BHER & RM AR IMER B, % & REI oI ER T
flicEE+2 (LedhoX) . BiEKicEs e, B & RO ER i o+
%, HEROBEENZ DD THRD TR VDT, BEO B OIS

T, TOICER EECBEIT 2, chicXsTENEFNLIThE 2 LT, BE%ET

THEITHAIHDE—=A Y F 3205,
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(B) FERHNOELR K 2D ET L, VBR 25| EiZ LTd, ED&HREFOII
[Fl—fh LichiiEd 2, oz T, BEHLFNBFACHERMEICr22 806, T
DE—AY MIFELT, LTHET I ERTEZ R,

(C-E) UM L ICE N L FNOENEEZDET Ve TOET VLA, BDET IV
EARERICIXE—TH B,

(C) FE{ L ZNLSOKICE T, BN EFNOEN%2E 2 72, FEREER MM
TlI, BENORZIPFNORZIICHARTOTPICKREZVED, BT HICT
MEDIICRD, FERTE, EHIRITIT 0T, FHOARL»MEr R0, &1
FINTIZIEE LW,

(D) BOEHNLICE T 2EN LIFNOAET, FERUNOMMTIE, DIFALTHED
N DICH L, FERCTIR, EENARE IO LmZx o123 <,

(B) HLAREDH MO A ST, L& o RANIEHE HEl, THloREIXHE Tl ) %
T, () EFEMEEOER Lok, A2z <, () VBR 2479
Z &, BEES & Bl ARITER Bl i REL oA ER THICEEIT 5, ER
ik, oAt LT, bIrh THEo i@ oL, @R Mlcldd
hogite LTk o i@, chicky, XLV CETHRCHDOE— XV
FIA D, (5) RERNOSUERDS R EBER LR E & 5 L R EML Tl
Bbod—HKkaTREohz2ZT250T, ZRAXZVTEHT I LBTE R,
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X 5
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(A) 2 ENOZER T T ORI N T 2 TBID R F v T2 a vy by
(B) #E RN D AR &\ 7 F O BHFERAERLA BE & i 4 Je i 4 BE D IR TSl 1 PE2s 5 D
6 TR RT, vE vV ZOMIFOQ) L FE—AITERT
(C) FEENDER K- ADRTORTD 0, 1.7, 4 F DIk o BHERE il /A
B (5E23 @37 o AHICH T E RS,
(D, E) IEH Zefilik &7 E N0 ELRE K 7280 1.7 (D, p=0.0002), 4 FE,p=
4.8x10°0) DI A DA A D iR, ZhEny 4 va 7y VAL HIRE
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X 6

Nucleus of the

medial longitudinal fasciculus
(nMLF)
Ear

Tangential
nucleus
(TAN)
Posterior hypaxial muscle
g (PHM)
PHM
motoneuron

6 VBR % 7] % ##EEEE DR

HRENE R 1T tangential nucleus D =2 —1 ¥ (TAN == —nv) %HEHELT 2, TAN =
2 — 1 VI XHEID nucleus of the medial longitudinal fasciculus ® = = — v ¥ (nMLF =
2—8 V) ZEHT 5, nMLF = 2 — 8 ¥ QiR T8I E ST L. posterior hypaxial
musclles (PHM) %33 2588 = = — v VIcEhi T 5, HiGo EVHlcd b, K
FRITIEHHR 2R 5
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X 7
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K7 TAN=z2—uYOREL TAN =a2—a YD Ca®" 4 X =Y V7

(A) ZHk5t% 5 HH D Tg(evx2:Gald; UAS:Dendra2)fa % vy 72 TAN =2 — o v o @iz F
B, L ABEMEREG O 2 2 v ZEiR (ARG 2R3, B Ay, 2
I oM %ERT, (J£) Dendra2(¥%) & Dendra2(#R)H ER % B A b - Hi{R % 7R
T, (£) Dendra2(R)HNRD A ZRT, MI~M3 IZZFNFNEDOE 1~3 7 X v
[N N

(B,C) =L 7 tuiKrlL—va vtk E-{lEDBE, FEHiZEF#HREZRT, B) LT
PR % H DO TAN =2 —8m v, (OFEHERE3 OD TAN =2 —a v

(D) evx2 [5G TAN = 2 — v v O EEYE O Fitk, Te(ewx2:GFP)El{A % . LAT D
A EME R RN~ — 7 — BT T TRFP 2 RBT 2 L T A DY,
Tg(vglutl:RFP), Tg(vglut2a:RFP), Tg(glyt2:RFP), Tg(gadlb:RFP), vglutl & vglut2a (37
NE I VB =2 —ny (B2 —0Y) Ov—H—THY., gh2 137
vFEtE =2 —v vy (=2 —vv) O~v—5—. gadlb I3 GABA fFEIfE= =
—ny (=2 —vyv) O~v—H—Th 3, HOOKRBEIHNOEL Y ZRT,
(E)TAN =2 —u v DA X = v 7FEEOEHAM, 7Hn—2icd# L 7zfmznyL v
ZERIBEMEE CA A =2 v 7 LT,

BOEH,

(G) Tg(evx2:Gal4; UAS:Dendra2) 7% Hv>C, —#D Dendra2 % taffi 2 L 72 DR T
Hb, MOLRODF ¥ 2NV EENT,

(H) #HRIEENICHE L 2 WA D ARRy DRFERE, fk & RED Dendra2 % b 2 fi %
fER L <, RO T —F 4 77 27 b &EHIIL 72,

(I) Tg(evx2:tdTomato-jGCaMP7b) FH DR &, £4H D TAN = 2 — v v OEFPIFENIC N3
% AR/Ro D R,

() FEEIRTHICAR 72 & Eilick o7z & EDRK ARR DI, 1EH 7D 4~6
AITIT . 20 PEEZ 1 IlEofREfEE L, 5F 718 T>7%, p = 0.0003 (BdE 2 # D ¢
WUE)

A7 —No8— 1 (A,B,C,G,1I)50 um, (D)20 um
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X 8
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B8 TAN == —wv ViH

(A~D) Fflld TAN = 2 — v v D L — % — il FE

(A) L — ¥ —BEERTE D Te(ewx2:GFP) DL E S 2 & v 7 [H{R,

(B) SEICLHLLAE C DERIRF DITH,

(C) TERHHI N 3 2 i &R I ith £ BE D Ip [T HE, (B) & [Fl—3 1T 2R 9,

(D) WL 72l THNC 7 o 72 & & & BT 7 5 72 & & o iR th A B o i Kfii o bt
., 7Tk S B, 3 EMOBE T, 4R AHloETH L, 1B 25T
T, ZoFHE%EZ 1 IEoRFKEL Lz, p=0.003 (BE 2 F D ¢ BRE)

(E~H) 22 v b o — L5k

(B) L — ¥ —3#EHT2 D Tg(ewx2:GFP)A DR R X v 7l JRE D PEHR T/ 3 7HIN
BE—=7y FEETH D,

(F) SEIBEHRLAE C DfEAIRF DT,

(G) MERPRIBIC N 3 2 A5 it A4 B o e, (F) & m—aiT25R9,

(H) B L 22 Tl 572 & & & B/ 5 72 & & o iR ih A o i K i o bt
W, 6flkD 5> 5. 3P EMOBIET, 4R AHloOECTH L, 1 EHY 45T
T, ZoFHE%EZ 1 IEoRFKfEE Lz, p=0.23 BEH 2 B ¢ RE)

(I~L) Wl TAN = 2 — 1 v O L —F — s FE

(DL — ¥ —M3HEA T D Tg(evx2:GFP)FA OIS X % v 7 iR,

(J) BHEREHESM T DRI D 1TE),

(K) ERPRREIC 3 2 RS0 Bh A R o R, ()& M—#fT%2 7R3,

(L) Rl NIC 7 o 72 & & LD TN 72 5 72 & % DGR il A o R KfED
o 43 ITITV, ZOVPEEEREMHELE L7,

A — o8 — 150 um
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X 9

C

O

*k

- Before

(-1~0's)

ON
(4~5s)

Left TAN Right TAN
TAN activation illumination illumination 15
evx2:CoChR-GFP 15 ~
Left TAN Right TAN 10 210
- o° @
o c el
85 g 5
g 8
m o 4 %
20
-5 . .
5 5 10 15 .
Time (s)
R Left side Right side G H 15
Control activation illumination illumination 101
evx2:CoChR-GFP g
> T 10
551 5
C >
8 8 s
> o)
g0 S c
o (]
20
. =
Blue light 5]
5 0 5 10 15 5
Time (s)
Right side J 10
illumination 151 o
< sl _ 1
'c o\./
5 3
Qo 0 Y 10+
> 01 RS
3 h o 8
m 8 o
5| > 51 o
S o
m
o)
-10.) 8
r ] o_ \
R > &
5 0 5 10 15 /\@rz;\\oo SO
Time (s) O
*® &

Before ON

(-1~0s)  (4~55s)

68




M9 TAN == —u v ONEEFEEHEL

(A~D) TAN = = — 11 ¥ DB IEFIH AL

(A) Tg(evx2:CoChR-GFP)f D ILFE R R & v 7 R, T (1t D AR TR 3 703 K IS
2=y FEBTH 5,

(B) SHEB UL C oML D 1THE),

(C) AR e v £ B o0 IRpfI Aol A o 1 13 GBS & SOl ~ o Ji ith 2 7R 37, & 5 B
floMES 2R3, 2N ZnDfRIT 1 ITE2RT,

(D) WEHtET (-1-0F) LS 4-5F) o FEEiiAEO O, 18H7-Y
2~6 ;fTITV. ZOFHfEE [ lEoRFEE L, 56 IEfTo 72, p=0.002 (B9 2 ffED ¢
WUE)

(E~)) EmAmEtfto a2 v b o — gk

(E) Tg(evx2:CoChR-GFP)fa D ILEEfi = 2 v ZHi{§R, FH QLD IR R TR I o
2=y FMEBTH 5,

(F) BHER @S C i ALK D 17H),

(G) HRESJe it £ B oD BEREIAR At A oD 1 13 ST & SO~ o Jeet ith % 7~ 97

H) WEHET (1-0#) LS @-57) o FEEiiAEO O, 18H7-Y
4~6 RITITV, ZOFHEE | IEofRFEfEE L, §H6EfT>72, p=0.02 (BHE 2 #o ¢
WUE)

) = v b v —VEERROGKES), &aRAhomEGORREEGEE R,

(3) NS il A B oo R, (1) & Rl—3lfT 2 3

(K) TAN = = — v v OWERE & a2 v b o — v F2ERIRE o JIF G ih A 2 o g,
(D) & (H) D WSS IR D HRES e ph A B o Lel U 72 (55t 6 iR o, BRETBHIAS 4-5 B
D AR A D FIfEZ R T) o p=0.004 (JRSZ 2 FED ¢ FRE)

A4 = o¥— 1 50 um
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X 10

A nMLFneurons Cal-520 + Rhodamine backfill C ,
: ; A Time
Max intensity proj. ; —_—
i
©
]
(O]
Rl
»n
=
(0]
—
Single optical plane
165
1
B (o)
S
»
—
c
[<)]
1 i

Left side
w

20
Right up Left up 5s
6 M
g 7 ® MeLr @ Melc
pe 05. ® MeLm © MeM
D - ! O Others
o € |
8 2 % ‘ .
g = 0.1 ‘ g o
9 WMW 28 o e T
0.2
10
WMW - N
(MeLr ARR, 02
02 001 0.5 1 1.5 2
> 20]—% Ipsi up, max AR/R,
e 0
= 20

Right up Left up

70



K10 nMLF =2—aY®D Ca¥"4 A - v 7

(A) Ca>" {5/ RIED Cal-520 & rhodamine-dextran THifTHYIC nMLF = = — w1 ¥ Z £k L 72
Lz, HEAX 2y Z7HIRE B Y Ol X7 —no8— 1 20um

(B) &= = — v v OMEFHFEICT T 5 AR/R) DIFEFGE, =2 —0 vy o&FFIX(A)DF
FD=Za2—a v EE—TH3,

(C) EeFk L7z d_To=a—u v (L 165 M, A4 168 . 333 M) ofERHEIC
X9 % AR/Ro DIRFfEIRGE DHELL 7 7 —FKn, = 2 —w VGRS Bl e 70 2 X 5 @R
L7z & & D AR/Ro DEAMED 5 WIHIC I~ 72,

D) H==z—v VORI THEICR -7 & &L FlIc7 572 & & DK AR/Ry D LLEL,
B L IKEOWRMITZNE N, ARRo 2 0. 0.1 DESTZRT, ARRo2S 0.1 Zi#EZ 72 b
DIFIEE L7z & AR LTz, p=22x101° (Vv 4 a7y VIENFIBE)
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X 11
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M 11 nMLF =a—8u YDA A —I v 7 O @b

FHIlL 729 _To=a—va v (10025 333 f#) IcowT, MigkofiEekE <&
[EI 23 FRNIC 72 5 72 & & DRK AR/Ry & D HLEL,

A) MR K E & LRI EfNC 7R 572 & & D AR/Rg DI KAE & D HLEL,

(B) WHMi & migiic B L TR L L 2 o Milafk o (i, Ef#te MeLm % f5IC
el 217 5 720

(C,D) [Af23 EHNC 7 5 72 & & D AR/Ro D KA & MRS D P& 1< 0 3 2 A7 (C).
A28 103 2 AZiE (D) & D ik,

(B) A BN 72 5 72 & & O AR/RoD e KAl & AT AR D 5 RS <6 3 2 (i o HUEL,
H I I MeLr & MeM % F5151C 4D DMHMALIEIC /3 1F 720 z1 vs. 22: p=0.0074, z1 vs.z3:p
=0.0073, zl vs.z4:p=1x 10, z2vs.z3: p=0.43, z2vs.z4: p=0.0011, z3 vs.z4: p=

0.50 (AT 4 —L— F7 X IE)
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X 12

Rhodamine backfill

B Optical backfill Laser ablation C
2_photon | pitx2:Dendra2 + Optical backfill
pitx2:Dendra2 ey _
Pre-ablation

Post-ablation (Left side)

-
oo e e e e
I 405 nm "
g §
; ;;
D Left side ablation E F o
Left up Right up 20 -

) Body bend (°)
S 8 )
Max body bend ( °)
@ S5 @

Left up Right up 5s @& @ Q
NI AN
R
G Control ablation H Right side ablation I
Pre-ablation pitx2:Dendra2 Left up Right up 20
°
C
8 o
>
©
o
m
-20
204
= 01
= 20 - <
Left up Right up 5s
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Max body bend ( °)
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X 12 nMLF = = — 0 VBEERER

(A) Tg(pitx2:Dendra2) 14t L rhodamine dextran Z i {7V L - EH R & v 7
Hiff%, (L) Dendra2 ®ADMHR, () FOME{RDHEHRCH DR OIEKHEIR,
HEF v AN ERAGDEEBR LR T, TOBRD AL Dendra2 51 D rhodamine CTHEGH
IN/ZnMLF =2 —1a V&3,

(B)nMLF = = — v v ZFpERNICHHIE T 2 EER oA,

(C~F) A fll®o nMLF = 2 — 1 v © L — 9 — i 9255

C) v —¥—tEfio o EL R Xy JHR, ~v¥ v &2 ordfild Grao
Dendra2 SO % FfOffifid) Zwd#E L 72,

(D) SHERE LM T ORI D1 TE),

(B) fERERIBEIC N 3 2 50 A R o e, (D) & Rl—iliT 2R3

(F) BIE L 25 Flic e o 72 & & BAlic 7z - 72 & X DAEEIIAE DRl Ot
i, 8fEfkD 5> B, 4Rz fllomEc, 4T AMOBIETH 2, 118H7Z YRS
ATV, 20 PHEfEZ 1 IEORFKEL L7z, p=0.003 (BE 2 FED ¢ BE)

(G~]) 2 v } o —LEE

(G) Tg(pitx2:Dendra2)fi D L — ¥ —HIEATHR O O ILE R A 2 v 7 lRZRT, 2 b
0—L& LT, B =a—nmvoRHlZHEL -, FERIZFNE ZIKOBERIR %R
ER

(H) SEER @AM ORI D1 TE),

(1) AR N 3 2 W it 4 BE o IRefET R, (H) & Al—adT 2R3

() BIEL 722 TN 72 o 72 & & & BT 7 5 72 & & O HRERE th A B o e Kl o L
i, SfEfkD 5> B, 2Rz EflomE e, 3EAMoBIEch 2, 11EH72 D 6~8 iR
TV, ZOVFEfE%Z 1 ILOREFEE L7z, p=0.05 (BHHE 2 FE D ¢ E)

A — o8 — 150 um
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X13

A a-actin:GFP; smyh B a-actin smyhc2 Merge

Middle : Caudal

Rostral

Roll-tilt stimulus

Camera for :
behavior imaging

™
Q/
&

v

Camera for Ca?* imaging

45° mirror

Ca?imaging 3/ Longpass filter
g (Ayorr = 615 nm)

Camera for
behavioral imaging

X13 PHMOFFH L PHM®DCat* 4 A —¥ v S Dk

(A) Tg(a-actin:GFP; smyhc2:10xP-RFP-loxP-DTA)fa D, 2 S8R L -4 2 &% v 7|
. PHM 123 2D+t 7 A~ } (rostral, middle, caudal) THiKE N T3, HEDH
MCHENHE, FEROMEZRT,

(B) (A) THE LR TR X L7255 O Wi .

(C) PHM @ Ca*" 4 X —¥ v 7" L TEBI% % ARl o BIX, Ca**' 4 A —¥ v 73D
R, FTEMEIER XTI 51T 5

(D) PHM @D Ca*' 4 A — ¥ v 7 LATEIBIEE % [FIRFICAT 5 B OREH b D FHE, Ca>*f A —
UV LTEBIRONE Y, T NnENEBEL v Y X TRL TS,

A — o8 — 1 (A) 100 pm, (B) 50 pm
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X 14

A

B pitx2:Dendra2
pitx2:Dendra2; smyhc2:RFP Dendra2(G) Dendra2 (R)
pitx2 smyhc2

Right

Rostral

Caudal

Autofluorescence

© Rostral———’m\—wf 0.2
o .
‘» | Middle ——MW
§ 0.15
CaUda|-\/\/\\—v—/~\\//‘ j=3
hd
© 0.1
<
Rostral 3 005
8 =
w .
= | Middle ———————————___ 0
[=)
v 0.1
© CaUdalw\M‘W’/\,w‘W |AR/R0 0.05
Y Y
G \@ G
—~ 20; 0%\\ \bb Q,ob
< OJ_L/—/—L & N ¢
= 20

Left up Right up

K14 PHMA A —Y v BT —F 7 7 7 FHEE

ARy J R, pitx2 |ZERT X A 7D PHM THRILT 5,

(B) Tg(pitx2:Dendra2) fa% VT, —#fD Dendra2 # (it z L 724 DHIRTH 5, fk
EREDF ¥ AN EEN, Bl b 0EHE,

(C) BFix A 7D PHM DK+ 27 A + D AR/Ro DIFEFEME, ik & /RD Dendra2 %
bOoMEMEML T, WHRKFO T —T 4 7 7 7 P EFHIIL 72,

(D) &7 XV MicE T 5 ARRoDIRAfE, &2 27 A b 421E 21 5 ATD0EL D
W, 50C) Omfi%ERT,

A7 — 8= 1100 pm
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X 15

A Slow-type PHM
smyhc2:tdTomato-jGCaMP7b

Side view Red channel Ventral view Green + Red channel

Right

' ‘ i Rostral
\

N

|
Imaging area

Caudal

Autofluorescence
B Spontaneous activity in slow-type PHM
(]
9
(]
% Rostral
— | Middle W\N\MN\N\AMMNMWNWM[W
Caudal ——
()
°
2 |Rostral | 05
< AR/R
5 e N N N N \_ owi
Caudal [P NS AV A N A e S e A~
>0 5
Sec 0 I
o~ -
= e ("
5 5s
C Rostral ST D
Rostral PHM Middle PHM Caudal PHM
q') * * *k
2| Middle 15, 15, 157 ——
=
o
- o o o
<, < <
Caudal < < <
x x x
© © ©
RM 205 Z0s 205 /
g — /
21 % 0
= | Middle 0. 0.1 0.1
5 R ' & R
@ 0.2 \bo \%\ \bo \QG} \60 \Qé
Caudal |AR/R0 & & &

-
o

Body bend (°)
o

-10 Right bend Left bend
20
o
= o.%
=
20 Right up Left up 5s
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15 EBfHZ 4 7O PHM O Ca¥* 4 A= v 7

(A) Tg(smyhc2:tdTomatojGCaMP7b)f D HNFE, (L) foi» b OFH, REHL
peFEBRErENGDEZERZ RS, () EOHERD imaging are” T/ L 72457
DRI b DFH, FREHR & ROIFREERNEG DL LEEREZ R T, PHM ZH D
MHNCAIE L, HFEROHEMMTRT, PHAM IZ3 7 A v MicarnTwb, AOIEF#E
BVITIEIGPINE RO AR HENPBE I NS, AT — o — 1 200um

(B) fEANI % 5 2 T WIRFIC A b7z PHM O HEW 7 ) X 1 v 7 i5#),

(C) HERBRIBIC T4 238/ 2 4 7D 7" X v MMED AR/R, & AT it 4 FE o Rk,
(D) EBFiZ A4 7D PHM O&t 7 A v bicks T, FEIBATHICR 728 & & Blick
272& D ARRy DIRAMED L, 1TEH 720 1, 23T, 23 TDEE IR Z DF
Bfi%z 1 lCoRFME L L7z, 516 PEfT > 72, rostral : p=0.01, middle : p =0.02,
caudal : p = 0.0006 (BE 2 #E D 1 fRIE)
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X 16

A Fast-type PHM  a-actin:tdTomato-jGCaMP7f

Side view Red channel Ventral view Green + Red channel
‘ Right
Rostral
N
I — |
Imaging area
Autofluorescence
C Rostral Middle Caudal

g Rostral MMW PHM PHM PHM
ol .. ; 54 05
(0]

041 0.4+ 0.4
- Caudal W Q:O

031 0.3 03
% Rostral W < 0.2 02
»n x 0.2
£|Middle —eo— T T S 04l 0.1 0.1
[) 0.2 . —
¢ | Caudal v—/\/—\"\.q_____\/_‘f‘__ AR/R, 01 e 0 0 ——
20 01/ 0.1 0.1

20 Left bend Right bend

20
0'#
-20- 5s

Left up Right up

Tilt (°) Body bend (°
y
_ o
PA
s
%,
2
/4
s
%
/4
=
%,
2
A
s,
%
/4
s
(o)
7
/i
25,
%

K16 HEfFHZX A4 7DOPHM D Ca¥f XA =L v 7

(A) Tg(a-actin:tdTomato-jGCaMPTNf O HNFE, (/) M O» b OFHE, MREHL
R eFENBRErERNAGDEZEBREZRT, () L£DOH{RD imaging are” T/~ L 72 H#57
DRI b DFH, FREHER & ROIRE ERNG DL LEREZ R T, PHM ZH D
MENCALE L, HEOEMRTRT, PHMIZ3 £ 27 X v MicaritTwv b, A IEFfR
BWITIEIGPINE RO AR HEALBE I NE, A7 — 3= 1200 um

(B) HEALHIBIC T 28T 2 4 T DX 7 X v MMED AR/R, & AT it 4 FE o Rk,
(C) EfHizx A 7D PHM D& 7 A v Mk, [EEIZ TRl R -7 & & & Eflic 7
272 L EDRAK ARR DL, 1PLH72 Y 3:fTITV. ZOFHfEE | lEoRKRE L
L. #F3PEfTo7z, rostral €7 A~ } 1 p=0.59, middle € 7' A~ } : p=0.67. caudal
AV b, p=0.11 (B2 BED  HE)

80




X 17

tbx2b:Cre; smyhc2:loxP-RFP-loxP-DTA

A

Merge

S58

RFP

N

(-)a1D
Buiigis jou0

(+)210
paje|qe WHJ Mmols

tbx2b:Cre; smyhc2:loxP-RFP-loxP-DTA

B

—— o s

Merge

\ "

F59

RFP

(-)210
Builqis jou0)D

. N
[\

(+)210
Paje|qe NHd MoIS

5s

(Right up)

(Left up)

o o
N

O (o) pueq fpog (L’

-20
20
20
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17 EfHZ 4 7D PHM BE T VBR HfHE I 3

(A, B) Tg(smyhc2:1oxP-RFP-loxP-DTA)fIC 0§ 5 fufiefkge . (A) S58 HURIC X % %%
FHAR A, (B) F59 HUfARIC X 2 g fiffkifte, 2z (b)) Tehx2:Cre)Z Fi7-7n\
DEH (aviu—n) & (F) Tgthx2:Cre)x Fi>DEEEZ/RY, (B. F) taFz
fiofaThollew, —HOMWITBRETENLTL E 57,

(C) Tg(tbx2:Cre; smyhc2:10xP-RFP-loxP-DTA) & @ SHE Gl HE 51 ¢ D {ERIRF D 1T H,

(D) fERPRREIC T 3 2 IS0 il A R o B, ()& F—RfT % nm 3,

(BE) =¥ b r—)L (Tgthx2:Cre)& i7=7a\>) LiEfi X 4 7O PHM Mg (Tg(tbx2:Cre)
ZFi0) ONKREHMAEORKMEDOIER, TNZEi 6 LiTo7, 1 EH 7% Y HAK 5 H 1T
T, ZoFHfEZ 1 IEoREfEE Lz, p=0.0004 JiL 2 T D ¢ IRE)

Z 47— 8 — 1 100um
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X 18

A Rostral PHM motoneuron B Middle & caudal PHM motoneuron C
vachta:Gal4; UAS:Kaede vachta:Gal4; UAS:Kaede Middle & caudal PHM motoneuron ablation
Kaede(G) Kaede(R) Kaede(G) Kaede(R) Pre-ablation

Post-ablation (Right side)

D Right side ablation E

Left down Right down 20 —
Z = 15
T° c
C
_8 0 . A _EE‘
! > o< 10
; 8 g
“ it m "
I [ -] ©
0 1 2 =5
i i —~20
{ i T of
F 2 -y " —>s
- 5s & 2
Left down Right down 66\ (\6\6
g RN
YR e
© 8
G control motoneuron ablation H Right side ablation

Pre-ablation vachta:Gal4; UAS:Kaede Left down Right down

T

Post-ablation (Right side)

2 20, NS
oy e B
o 0 c
° ©
> Ko}
3 >
oM .8 10
.20 Qo
x
~20 g 5
= 01
[l —
0 Leftd Right d 5s 0
(- jown 10! own . (/]
o ¥
S
O XS




18 PHMEH) =2 — o v ORE#EC VBR HEXI NS

(A, B) PHM #E) = = — 1 v AW T IC e te L 7z Rp o L 2 2 v Z iR, (A) rostral &
7' AV @ PHM I 2B =2 —n Y, BREFOATHo7cd, —BDHE
HHBETERD o7, (B)middle & caudal £ 7" X~ + @ PHM IC #6542 #E) = 2 —
= S

(C—F) middle, caudal £ 2" ¥ + @ PHM @B = = — v v DR FER

(C) middle & caudal & 7" A v MICHE T 2B = 2 — v v W TINIC AR L 72 I
L. s 2 v "0 Hefioma—ny (¥ v XD=a—0 ) OWEERR
DEE[RA Xy 7HRE RS, HHOEE) = 2 — v v BBIEI N7,

(D) SEFCLHEEA: T o R O FTED,

(B) fERERIBEIC N 3 2 50 A R o e, (D) & Rl—iliT 2R3

(F) B L 2 Fllic o7z 8 & & Bfilick o 72 & 2 o EBAE R KfEo
B, 7TMETXCHMOES =2 —u v OR#ETH L, 1ILHZY 6-8iRkITITV. D
SEEEE 1 IEOREME Lz, p=0.004 (BEE 2 D ¢ BR7E)

(G-)) 2 v br—)=a—nyOiEEER

(G)v —F —IEREROLERZ X vy JHEREZ RS, HEEOOEMR TR ITHERDEMIAL
&3 % Kaede [5G % Rk L 72,

(H) SEFT LA o ERIRF O fTE),

(1) AR 3 2 W it 4 BE o IRe TR, (H) & Fl—adT 2R

() IR L 722 TN e o 72 & & & BT 7 5 72 & & O HRERE th A o e Kl o L
i, SRS R CHEMBETH 5, 1 EH 72D 3-6 lfTiTVv. ZOFHEE 1 lLoflF
flie L7z, p=0.89 (BE 2 B ¢ BRE)

A7 — 8= 1100 pm
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X 19

A Ablation-side-up tilt

Frontal view

Dorsal view

C Ablation-side-down tilt
Os 17s

Frontal view

Dorsal view

Ablation-side-up tilt

Head roll (°)

Os 1.7s

4s

o

Head roll (°)
=)

\

-2 0 2 4 6
Time (sec)

N

-2 0 2 4 6
Time (sec)

©

= n
o =) S

Head roll (°)
=]

(=]

Ablation-side-down tilt

Head roll (°)

Counter roll angular velocity

(*rs)

p=0.06
L
0 o
s
(e}
(e}
-10.
8
-15.
& L
: P
&S S
‘Q\ \)Q vg}bo
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19 TAN == —nv v RIBER O B B{TBIEER

(A-D) £flld TAN = 2 —w v Z23#E L 7- (ko B RiTEIER, & CRl—{AkofERc
»b,

(A) AHIATICAR 2 X 5EF L 2ol 2F vy 7> ay b, BEROEICHDED L
5 X9 I RIEX 47z,

B) LA TICZ 2 X SR L Z2Fpod, SHECH Al A o RflResE, 2372 R g, ¥
v 2 DRE. (A)DRITICNIET 5,

C) FMIRTICZR2 X5 L 2o DRF v 7 ay b, BRSO
5 X9 I RIEX 47z,

(D) L3I 2 X 5B L =W, BRI ith A B D IR #, 2 3fT2R3, <+¢
v 2 OfjE, (C)OFITICHIGT %,

(E,F) EEx{To7 302 TORITD 0. 170, 4 oK R oA Eii A, (E)
TAN = = — v VIIEMI2: BN 72 2 & 5 R L 725807 G e3liT) . (F) TAN =2 —
o RIS TN 72 2 XS ERIL 2257 GE 6 3ldT) 2R,

(G) TAN = = — v v OREEEEIA I, & 72 13 TRNCHER L 2R, v — LB o f
HE D, p=0.06 (B3 2 # D ¢ #E)
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X 20

A

Frontal view

Dorsal view

Slow-type PHM-ablated

2 sec 4 sec

0 sec

Slow-type PHM-ablated &
Pectoral fin-removed

4 sec

1.7 sec

Head roll (°)
o =

AN
=)

N
o

Tilt ()

20
2 0 sec 1.8 sec 3 sec
[
2 10
s >
s g
- E WJ
3 (
©-10 [
T
2
[0}
E -20
3
S -30
a
CZO]
E o
2 0 2 4 6 8
Time (sec)
E F Slow-type PHM-ablated &
Slow-type PHM-ablated Pectoral fin-removed
30 30+
20 o 204
Ooo 80 (o) 00
<10 °8°§oo 00 C 10l o o o°go o
E 8 oo 0 00° © 000 ° S § ° ©
8 8088l 8% 0T 8.0 8 oL 2°M ©oT 2
o o8 00g ol So 0o°L] £ Ogogo? 8 o
10 8900 8 0] °° o” ©
. ° o 104
o
o
-20 © o 20 ©
0 sec 1.7 sec 4 sec 0 sec 1.7 sec 4 sec
G 5 *
T . 1
=
e
g 0 @8 Zo
e o
8 ° © 9" 5
3~ o o %
2w 5 % §80
® 9
S o o
° % o 8, B0
- o
L 109 580 o
c <] o ©o ]
=]
3 o
o
15 o o
Intact PHM-ablated PHM-ablated,

pectoral-fin removed

2 4 6 8
Time (sec)
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X 20 Efh% 4 7D PHM BEA O HEBTHER

(A) Tg(tbx2:Cre; smyhc2:10xP-RFP-1oxP-DTA)f ©, AN E 5 2 72 & & DfTEjD R F-
vy 7vav b, 28iTERT,

(B) fEAPREEIC N 3 2 BHESE dh 4 B O RS, 1260 6 T2 T, v €V XD
iz, ADLEMOIT. 7 v ORI A)DHEOFAITICHIGT %,

(C) Tg(tbx2:Cre; smyhc2:10xP-RFP-loxP-DTA) D g % HL b Fr\> 72 fUI{EAVRE % 5- 2 7=
REDITEIDO R F v 7' a v b,

(D) AR N3 2 S il A4 P O WEfET R, 1 IEh 0 D 45 fT2RT, v 2V XD
FRIZ(C)DBTICNIET %6

(E,F) £2ToORfTD 0¥, 178, 4 WOk OB Z R 3, (E) Tg(thx2:Cre;
smyhc2:10xP-RFP-loxP-DTA) CiEffi # 4 7°D PHM 23 X /- (6 PE 33 3A1T) . (F)
Tg(tbx2:Cre; smyhc2:10xP-RFP-loxP-DTA)fa D ffifi # B b I 7= £ (4 VL 17 R4T) %Zom
ER

(G) Fm — VEB)R O fEE O IEH G, i &% 4 7'® PHM d#EMA. Mg 2 IR L 7
B 2 4 7°D PHM BEH O IR, IEHGEH 2 4 70 PHM BEfH © p=0.007. 1EHF K
i VbR L 728/ 2 4 7' 0 PHM 38 1 p=0.03 (Vv 4 v 2 27 Y vIEMRIFE)
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X 21

O
O

Max body bend (
(4]
z
(%]

A Vs ablation B Rignt side ablation

Pre-ablation nefma:GFP Right down Left down

20

Body bend (°)
o

v

-20

20 ﬂ
] ol
R R4
-20 N
& bé

Right down Left down 5s

Post-ablation (Ri

Tilt )

X 21 HIEEHEEK——o /BELTD VBRIIES

(A) L — ¥ —BHI# D Te(nefina:GFP)fa DL X & v 7 Hiff, 27— S— @ 50um
(B) SEICLHLLE T DERIRF DITH,

(C) TERHHI N 3 2 R &R I ith £ BE D Ip [T HE, (B) & [Al—3 T 2R3,

(D) WL 72l THNC 7 o 72 & & & B 72 5 72 & & o iR th A B o i Kfii o bt
e 3fEfkD 5 5. 1R IF M omEE T, 2 EFETENOBIETH 2, 1PLH7Y 6
AITITV. 20 FPEEZ 1 IEoREEE L7z, p=0.79 (BE 2 FED ¢ IRE)
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X 22

Before VBR During VBR Before VBR During VBR

High-density
part

Low-density
part

High-density
part

22 VBR iC & V{EEEEIOR X ERAO A3 HREAICEET 2

(A) VBR i€ X 2K D Rz, VBREBRDOEDAF vy 7 ay T, K2A LE—TH 5,
DR IE VBR 22 Z THIO O IEH#RZ R L, HEDEHRITF 2 ROMEZ R
o AL VY DRHANL VBR IC X o TEIM ORI 2R3, BAES & Bl oA 13 E dhifllic
BEL7z0icxf L, 7 & KR o FidiREAlICEE T 2,

(B) VBR IC & 2 (RO AL % fElg{L L 72 T L 721X, #HE ORI VBR 2 2§
RHiOMOET#EZRT, v 2V 2T vyolzEnFnEL (COM) & ERET.O
(COV) %Rd, HELDOMIZE I VBR IR CELL R\ oo L, (RO R
N EE 3 5.
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X 23

Pure VBR VBR + Dorsoflexion | VBR + Ventroflexion

L .
body )

Frontal view

Cross section
—
~_
N
\_/

Middium Small Large

Morment
of force

23 Btz VBR & VBRIRFICHRIE., ERIER%Z L 72 Ko g

HifiZe VBR 278 L 7285 & Ic e~ HRlE S RIF IR 3 & .o &R0 O fnER
REL Y, ToE—A Vv F2NE s, —J7. BEEMZ R ICOR ST L ELL
BT ODONERGRIELS R, NOE—XA VY FHRKREL L2,
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X 24

self-righting
torque
C compensatory body
movement: roll right
head movement: /A

roll left vestibulospinal
y S neurons
w w 111y [l

—Og —

M 24 K4 F 3y RRBHIEERE

(A) B —JTHDRE LR (90" DIERL) 2 6 Dk % 5 BEL TIEL DR F
y7vav b,

(B) kA NT 2XBLTHELDNFNRA N =X by EABEBEDONAT 2D 0557
AGENC X 0, BBEE VL CETHRICTOE—=A VP (V7)) B35 25, Kt
Bagnall and McLean (2014)%> 5 5|H] L 7z,

(C) k%S> BB CHE L % & 2 iR 0. MED I > CTHNEOHE
Mg —& (BEile) 2ABoMm3 2, AEMREE =2 —r v GROMEKE. & &
o) 236 EMIEOERE B ORTEEHE =2 —n v GREMR) imES 2, miE
TR =2 — o Vic k), RIRECEBID AN A T 2D 50> o 72K DA Ok 8 % 4
AT, L2 La2s, BHNOMEIE X D> Ty, XX Bagnall and
Schoppik (2018) 2> 551 L 7=,

=1
=1
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X 25

6
5 S8
— o bhlhe22 “"‘{
; 4 sox14 e o o chx10 ® mafaa
‘% sax2
12}
et 3
_8’ cacn1it.7
2 . ® evx2
|
0 1 2 3 4 5 6 7

log,,(evx2 +1)

B

sox14

Tg(sox14:RFP; mafaa:GFP)

maraa

Merge

X 25 V2a-VOv == —1 ¥ D L7 RNAseq

(A)V2a & VOv =2 — 0 Y TOXKBRTOFRHEEOHE, AL v DRt plE2d0.01

UToEEF. ~¥v2onii, EHLAZEETFZRT,

(B) Tg(sox14:RFP; mafaa:GFP)DIE LT X 2 v 7 iR, £ 4 71 V2a=a2—n1 v D—f
% mafaa BALF IR L T 5, BROEMABYIHEL, FRIAEREZ RS, 27—
— 150 um



X 26

A VSV-GFP infection into Tg(sox74:RFP)

( 4 '“f'. e

26 v 4nARERICXBEHR V2a=a—8vvDRE

Tg(sox14:RFP)fa DIEMHIfFIC VSV-GFP & 4 v ¥ =7 v a v L, WifTHICH#ESE = 2 — o v
RO, EHIKMIVAYFTT 4y JNCHEE = 2 —u v ERD 2, XK~v—7
A vyzrvavEiiERnT,

(A) H#B==2—1 v (MN) Oftic 1 fil@D A V2a =2 —uv v (EEBDRH) T GFP
DBHEBL T3,

(B) EF==2—w v (MN) Oftic, EEOMEERES =2 —1 ¥ (CSF-cN; Hf1D
KPi) TGFP B3FEHL T3,

A7 — 8= 1100 pm
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X 27

A Tg(sox14:tTA), tet:Dendra2-2A-ChR transient expression

Blue light

Dorsally-innervating MN

V2a neurons

B Blue light
Dorsally-
innervating
MN
50 pA |
5ms
C Dendra2(G) Dendra2(R)

Merge

M27 BREENICV2Za=a—uv¥ 7 x4 SoES

(A) Tg(sox14:tTA)SZHEINIT tetO:Dendra2-2A-ChR ¢cDNA # 4 v ¥ = 7 ¥ g v L7z fickt
L. BfEH =2 —wvo Xy 577 v 7HOFE, Ny FRNIRICEBRIEGENT
Wb DT, HE= 2 — o v OEROIEE (RH) 2MEZRTE 2, HEHMOMIZFHELR
5 O #iH % R 3,

(B) (A)TH— V2a = 2 — 1 V2 20 m HEEEHG 2 L <. KiEHAL L 72K o {78
Bj= 2 —n v 232 2 WEEAT,

(C) H—ffifto e EHute DHEEE, H—0 Dendra2 (£%) FHIEMIIEIC SR EE% G L
T. 1 #fED % Dendra2 (OR) 1AL 72, AR FIZEENBH OHIFHZ T~ 3, (C)
1Z(A), B 72 TH 5,
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X 28

A

Tg(chx10:GFP; sox14:RFP)

sox14

Merge

iii. V2a stimulation

|
i

T .
V2a e sy N’U \?‘\MM A

WW
f
f
Dorsally-
innervating Ry e "”fo RIS A
L T o
. 20 pA
20 ms

iv. Ventrally-innervating MN

V. \/2a stimulation
PP o ° r Y
V22 weasmd "’FN“"]H(«V‘ (Ip J'ﬂ! ' l 4 \,A\ Py
H }.’ i #1|4 { J
{
Ventrally-

inne I\l;mting vﬂMWWWWMW&WWMMa’
20 pA|

20 ms
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X 28 soxI4 TEERINZ V2a =2 —u v Ok

(A) Tg(chx10:GFP; sox14:RFP)fa DILEE R A X v Z R, chxl0:GFP FEHGRE T X b E{l
ICfIET 2 V2a=ma—nyax A7 (HEDORR) . 24711 (HEDKRR) ITX
L7 soxI4RFP X2 A4 71 V2a=a—u v CoHRHEET, 2471l VZama—n v
THRELz, A7 —No%— 150 um

B) F—74HE 24 71 V2a==a—u vl - BBRGES = 2 — o v ~D .
(i) Tg(sox14:GFP)f T GFP 0tz gAY Ic, #HEEX 4 711 V2a = 2 — v v O fusfilix
HOFH, RftEe~<y bR,

(i) HHFHES) = 2 — o v OMifldNEEEOFHIERE () &% ol o
() . BEROMEIEAL vV ORAITRINT NS

(i) 24 711 V2a & HIFES = = — 0 v DX T Ay Fiifk, V2a == —u vichl
fasth 5 100m BoEREETEA Rta~—) L, @HlIcEkE 2L E OF

) . HHFES = 2 — v vich THEEEAT (FI) A7,

(iv) BEMIALES) = = — = v OMIfINGL SRR O HHEE (I, *) & Z offildofEX
(F) o ERFEFELICESZYCREET, PRIZ X M AR 1
EUCREHE,

v) 2471 V2a L EWIFHES =2 —0 v DX T A8y Fiddk, V2a =2 —1 VIcHl
fastp 5 100m BoEREZEAN Rtan~—) L, @HIIcEkEETd GRAL) .
HHlfpEE) = 2 — v VI IZEEEATI R A > Ty,

(i) & (iv)DiEE) = = — v v DFEH X 1T Menelaou and Mclean (2012)2> 551 H L 7z,
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X 29

A Tg(sox14:Dendra2)
Dendra2 (G)
B Photo-
converted
Dendra2 (R)
C Laser
ablated
D Cell > c
dissociation e
5 3
2 )
2
E Single cell Dendra2 (R)
pick-up —

29 %2471 V2a==a—uvOE—Higmix

(A) ZHt2 2 HH D Te(sox14:GFP)ADHRIDILIE R R 2 v 7R, WEDRFAIZ XA
71 Vzaz—a—u Yy eillEnsg=2—v YT, 405nm L —F—%2 BT 22 -7 v
FTH D,

(B)405nm L — ¥ —HHFHC X Y V2a =2 —m v 2 EAHRL CTH 6, BIRRE L 2%
DIELHRA Xy ZHIR, AKZ DRI, WRP DR Z RS, 2O ehb, MO
EH2OoFT20Mdk, 24710 VZa=a—ma v ThiIebhd, BEATOMI
(O~ — 7 offifld) X, 2 T L —¥F—HEHONRTH 2,

O) 2t F L —VF BRI EL X 2y 7 HE,

(D) MfEEEtL <, 7L — M EEE, HOERHIE=2—u v ZiR1,

(B) 7 A~y F CH-MildxEINT 258, St () L@k
Dendra2(red) HCH{§%Z ERSbE-HEHG () TH 3,
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11 272 av3 CEHLAEAN S VAV 2=y 27fAD—&

FSvRY 2w I

Ak DL

2B,/ S EERDBA L. sgRNA O
£ —4"y PRI EEA

Tg(evx2:GFP)

Tg(evx2-hs:GFP)

Kawano et al., 2022

Tg(evx2:Gal4)

Tg(evx2-hs:Gal4)

Kimura et al., 2014

Tg(UAS:Dendra2)

Tg(UAS:Dendra2)

Taniguchi et al., 2017

Tg(vglutl:RFP)

Tg(vgluti-hs:
loxP-mCherry-loxP- Gal4)

SACK(RDY
sgRNA: gagagagactcgggegegeg

Tg(vglut2a:RFP)

Tg(vglutla:
loxP-RFP-loxP-GFP)

Satou et al., 2012

Tg(glyt2:RFP)

Tg(glyt2-hs:
loxP-RFP-loxP-GFP)

Satou et al., 2020

Tg(pitx2:Dendra?2)

Tg(pitx2-hs:Dendra2)

Tg(gadlb:

Tg(gadlb:RFP) Satou et al., 2013
loxP-RFP-loxP-GFP)

Tg(evx2:tdTomato- Tg(evx2-hs: 4 1Bl Bk

jGCaMP7b) tdTomato-jGCaMP7b) sgRNA: Kimura et al. 2014
Tg(evx2-hs: A AR K

Tg(evx2:CoChR-GFP) )
CoChR-GFP-Kv2.1) sgRNA: Kimura et al. 2014

SACK(RD

sgRNA: gagctttgactgtcagcgeg

Tg(smyhc2:tdTomato-
jGCaMP7b)

Tg(smyhc2-hs:
tdTomato-jGCaMP7b)

SACK(RDY
sgRNA: gacttggatttcatctggcg

Tg(tbx2b:Cre)

Tg(tbx2b-hs:Cre)

SACK(RDY
sgRNA: ataaagcgtaagccgaccg

Tg(smyhc2:10xP-RFP-
loxP-DTA)

Tg(smyhc2-hs:
loxP-RFP-loxP-DTA)

SACK(RDY
sgRNA: cacaatgctgcaagctcac

Tg(a-actin:GFP)

Tg(a-actin:GFP)

Higashijima et al., 1997

Tg(a-actin:tdTomato-
jGCaMP7Y)

Tg(a-actin:
tdTomato-jGCaMP7f)

4 E{ER CRSPR/Cas9 TERK L T
Wizl (ER L 285 8)

Tg(vachta:Gal4)

Tg(vachta-hs:Gal4)

Taniguchi et al., 2017

Tg(UAS:Kaede)

Tg(UAS:Kaede)

Hatta et al., 2006

Tg(nefma:GFP)

Tg(nefma-hs:GFP)

4 [l /F Bk
sgRNA: Liu et al., 2020
catcgacggatcaatgg

100




£12 7V avd4 CEHLEN S VAV 2oy 27fAD—&

FSvRY 2w I

AR DL

R/ SHERKOBHAE .
sgRNA © 2 —7 v FEEHZEEA

Tg(sox14:GFP)

Tg(sox14-hs:GFP)

Tg(sox14:RFP)

Tg(sox14-hs:1oxP-RFP-loxP-GFP)

SACK(RD
sgRNA: gctgattgggcgctcaggt

Tg(evx2:GFP)

Tg(evx2-hs:GFP)

Kawano et al., 2022

Tg(bhlhe22:RFP)

Tg(bhlhe22-hs:10xP-RFP-loxP-GFP)

A0
sgRNA: gactcgcacccacaaatgtg

Tg(cacnlib:GFP)

Tg(cacnlib-hs:GFP)

SACK(RDY
sgRNA: gaacgcgcgctcacctgagg

Tg(mafaa:GFP)

Tg(mafaa-hs:GFP)

SACK(RDY
sgRNA: tttcctegegttecacctte

Tg(sax2:RFP)

Tg(sax2-hs:loxP-RFP-loxP-GFP)

A0
sgRNA: gaaggggaggagagccggct

Tg(sox14:tTA)

Tg(sox14-hs:tTA)

SACK(RDY
sgRNA: gctgattgggcgctcaggt

Tg(chx10:GFP)

Tg(chx10:GFP)

Kimura et al., 2012

Tg(sox14:Dendra2)

Tg(sox14-hs:Dendra2)

A0
sgRNA: gctgattgggcgctcaggt

Tg(cadmia:GFP)

Tg(cadmla-hs:GFP)

SACK(RDY
gRNA: gcgcgtgaggagatgctaa

Tg(creb3i31:GFP)

Tg(creb3(31-hs:GFP)

SACK(RDY
sgRNA: gacctgtcacatgctttacc

Tg(dachd.GFP)

Tg(dachd-hs:GFP)

SACK(RD
gRNA: ggcgtcegetgttccacta

Tg(lin28a:GFP)

Tg(lin28a-hs:GFP)

SACK(RDY
sgRNA: ggtagtttgaggggtgttac

Tg(pou3f2b:GFP)

Tg(pou3f2b-hs:GFP)

SACK(RDY
sgRNA: ggcgatgctggtgacgtatg

Tg(scrt2:GFP)

Tg(scrt2-hs:GFP)

SACK(RD
sgRNA: ggagggagggatggtatcag

Tg(slit3:GFP)

Tg(slit3-hs:GFP)

SACK(RDY
gRNA: ggggtctcgactcgagaagt

Tg(smarca:GFP)

Tg(smarca-hs:GFP)

SACK(RDY
sgRNA: gggggaccgtgaatgacgcg
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F2 HHLEHEV—E

/K% 8LETT 854 ID

S58 DSHB Cat# s58,
RRID:AB_528377

F59 DSHB Cat# 159,

Goat anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor

488

LEUE 8T 8% ID

Ethyl 3-aminobenzoate methanesulfonate salt Sigma Aldrich Cat# A5040
(MS-222)

Methylcellulose Sigma Aldrich Cat# A0387
Agarose-LM nacalai tesque Cat# 01161-12
Sucrose Wako Cat# 196-00015
Cal-520 Dextran conjugate MW 10,000 AAT bioquest Cat# 20601

Anionic, Lysine Fixable

Dextran, Tetramethylrhodamine, 3000 MW,

Thermo Fisher Scientific Cat# D3308

3 EHLZEERO—E

PER 8lETT BqaEs

Motorized rotation stage Thorlabs HDRS50/M

Motorized rotation stage Thorlabs DDR100/M

Light source Excelitas Technologies X-Cite exacte

Episcopic illuminator Olympus BX-URA2

Tube lens unit Olympus U-TR30-2

C-mount camera adaptor Olympus U-TVO0.63XC

Image splitting optics Hamamatsu Photonics W-VIEW GEMINI,
A12801-01

Digital camera

Hamamatsu Photonics

ORCA-Flash4.0 V3,
C13440-20CU

Digital camera

Teledyne FLIR

GS3-U3-23S6M-C

Digital camera

Basler

acA640-750um
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RRID:AB 528373
Thermo Fisher Scientific Cat# A-11029,
RRID:AB 2534088




F4 FRHLEY 72T 0—&

A WEYS SLETT URL

Kinesis Thorlabs https://www.thorlabs.com/newgrouppage9
.cfm?objectgroup id=10285

FlyCature2 Teledyne FLIR https://flycap2-viewer-

release.software.informer.com

Pylon Viewer Basler https://www.baslerweb.com/en/products/b
asler-pylon-camera-software-suite/
Imagel/Fiji NIH https://imagej.net

Template Matching and Slice
Alignment Plugin

Tseng Qingzong

https://sites.google.com/site/qingzongtsen
g/template-matching-ij-plugin

R

R Core Team

https://www.r-project.org/

Excel

Microsoft

https://www.microsoft.com/en-
us/microsoft-365/excel
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Land-walking vertebrates maintain a desirable posture by finely controlling
muscles. It is unclear whether fish also finely control posture in the water. Here,
we showed that larval zebrafish have fine posture control. When roll-tilted, fish
recovered their upright posture using a reflex behavior, which was a slight
body bend near the swim bladder. The vestibular-induced body bend pro-
duces a misalignment between gravity and buoyancy, generating a moment of
force that recovers the upright posture. We identified the neural circuits for
the reflex, including the vestibular nucleus (tangential nucleus) through reti-
culospinal neurons (neurons in the nucleus of the medial longitudinal fasci-
culus) to the spinal cord, and finally to the posterior hypaxial muscles, a special
class of muscles near the swim bladder. These results suggest that fish main-
tain a dorsal-up posture by frequently performing the body bend reflex and
demonstrate that the reticulospinal pathway plays a critical role in fine pos-

tural control.

Maintaining posture is important for survival in many animals. Devia-
tion from desirable body orientation evokes corrective movements to
recover the original orientation. When the posture is disturbed, two
types of postural correction movements occur in land-walking verte-
brates. The first type is vigorous movements (dynamic control); when
deviations are large, animals correct their posture by performing
stepping or walking'. The second type is fine movements (static con-
trol); upon small deviations, animals correct their posture by adjusting
the contractions of anti-gravity muscles®. Because the body slightly
sways all the time, this fine control is continuously working in land-
walking vertebrates when they are standing’.

Vestibular information plays an important role in the neural
mechanisms that control posture*’. The head orientation relative to
gravity is received by the otolith organ in the inner ear. The vestibular
signal (i.e., tilt) is transmitted to the vestibular nuclei in the hindbrain,
and ultimately, the motor commands are sent to the spinal cord.
Numerous studies have been conducted to identify the neuronal
pathways that are involved in postural controls. These studies

highlight the importance of vestibulo-spinal neurons, which convey
the vestibular signal from the vestibular nuclei directly to the spinal
cord®®, In addition to this direct pathway, it is presumed that indirect
pathways from the vestibular nuclei through reticulospinal (RS) neu-
rons to the spinal cord also play a role in the vestibular-induced pos-
tural responses’ ™2 In most cases, however, conclusive evidence for the
functional importance of the indirect pathways is lacking except for a
limited number of recent studies®.

The larval zebrafish is a useful animal model to study neuronal
circuits for vestibular-dependent postural control. The vestibular sys-
tem is largely conserved among vertebrates'*'. By 5 days post-
fertilization, larvae start maintaining a dorsal-up posture”, indicating
that neuronal circuits for postural control are functional by this stage.
The transparent brain enables functional imaging in the animals that
are subjected to vestibular stimuli’®-%°,

For postural correction movements, larval zebrafish can recover
from a roll-tilted posture by performing swimming?, similar to other
fish such as lamprey®. In contrast to this dynamic postural control, it
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remains unclear whether larval zebrafish (and other fish) possess a fine
postural control mechanism to recover from roll-tilted posture. A
study showed that an artificial otolith displacement induces a body
bend reflex that does not accompany swimming?. This body bend
reflex may be a fine postural correction behavior. However, how the
behavior contributes to postural correction remains unknown. More-
over, the neuronal circuits that control this behavior remain unclear.

Here, we examined biomechanics and neural circuits for fine
postural control in larval zebrafish. We first showed that without
swimming, fish correct their roll-tilted postures using a reflex behavior,
which is a slight body bend near the swim bladder. Thus, this study
reveals the physiological role of the bend reflex that was previously
reported®. We also provide a physical model for the postural correc-
tion mechanism; the bend produces a misalignment between gravity
and buoyancy, generating a moment of force with a rotational direc-
tion toward recovering the upright posture. We then revealed the
neuronal circuits that control the reflex, including the tangential
nucleus (a vestibular nucleus) through neurons in the nucleus of the
medial longitudinal fasciculus (a class of RS neurons) to the spinal
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Fig. 1| Larval fish perform the vestibular-induced bend reflex (VBR) during roll
tilt. a Schematic illustration of the behavioral imaging. b Snapshots of the fish
during a left-down tilt. The frontal images are horizontally flipped (mirror-imaged)
such that the left-right relationship matches with that of the dorsal images. The
bars in the frontal images show the lines connecting the tops of the eyes. Head-roll
angles are indicated at the top. The white dashed line denotes the midline of the
rostral region of the fish. The magenta dashed line denotes the line connecting the
caudal end of the swim bladder and the tail end. The magenta arrowhead indicates a
body bend. The dorsal view of the fish became oblique when the fish recovered the
posture (3s) due to rotation of the dorsal side camera. ¢ Time course of the head
roll angles in response to tilt stimuli. Six trials in a fish are shown. The magenta trace
corresponds to the trial shown in b. d, e Same as b and ¢, except fish were in water

cord, and finally to the posterior hypaxial muscles. This study high-
lights the importance of indirect postural control pathways in
vertebrates.

Results

Larval zebrafish correct their roll-tilted posture by performing

the body bend reflex

To examine whether larval zebrafish possess fine postural control
mechanisms, we first observed how fish responded to postural per-
turbation in the roll axis. A larva was placed in a small chamber, and its
behavior was imaged from the frontal and dorsal sides (Fig. 1a, Sup-
plementary Fig. 1a). To focus on mechanisms that were independent
on visual information, experiments were performed in a dark room
using infrared light illumination. During a leftward tilt of the chamber
(Fig. 1a), the larva was also tilted in the left-downward direction due to
the viscosity of the surrounding water (Fig. 1b, middle top). The fish
returned to the original posture within a few seconds (Fig. 1b, right top;
Supplementary Movie 1; note that the dorsal view of the fish became
oblique, not vertical, after the postural correction due to rotation of
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containing 0.8% methylcellulose. The body bend angles are shown in the bottom
panels in d. In the middle panel in e, traces of the body bend angles are shown.
Traces are terminated when the difference in the tilt angles between the chamber
(bottom) and the head (top) exceeded 10° (see Methods). Seven trials from five fish
are shown. The magenta traces correspond to the trial shown in d. f Snapshots of
the head-embedded fish imaged from the dorsal side. In the middle and right
panels, images of the fish with the maximum bends are shown. The black dashed
lines indicate the edge of the agarose. g Time course of the body bend angles of a
fish in response to tilt stimuli. The average and standard deviation of five trials from
one fish are shown using the black line and gray shade, respectively. Scale bars,
frontal images in b, d 200 pm; dorsal images in b, d, f 500 pm. Source data are
provided as a Source Data file.
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the dorsal side camera). Fish occasionally performed swimming to
correct the perturbed posture during the trials. To focus on fine pos-
tural control mechanisms, we only collected trials in which the fish did
not perform swimming. The peak of the head roll was observed at
approximately 1.7 s under our experimental conditions (Fig. 1c). We
measured the angular velocity of the corrective counter-roll move-
ment when the movements were prominent (a 1.5-s time window
starting at the peak of the head roll). The median value was -7.2°/s
(Supplementary Fig. 1g). The counter-roll movements often overshot
the upright position, and in many trials, the head roll angles were
below the original values (Fig. 1b, ¢, Supplementary Fig. 1d; median
value at O s was —3.0°, while that at 4 s was —7.4°). These results indicate
that fish have the capability to recover from the roll-tilted posture
without performing swimming.

During the postural recovery, rhythmic pectoral fin movements
were often observed (Supplementary Movie 1). To examine whether
the pectoral fin movements were the main cause for the postural
recovery, the same experiments were conducted on fish that had their
pectoral fins amputated. The fin-removed fish recovered the upright
posture in most of the trials (Supplementary Fig. 1b, c, e; Supple-
mentary Movie 2). The angular velocity amplitude of the counter-roll
movement was slightly decreased compared with that of the intact fish
(Supplementary Fig. 1g, median values, —7.2°/s for the intact fish
compared with —6.3°/s for the finless fish, p = 0.04). Additionally, the
overshooting counter-roll movements were not obvious (Supple-
mentary Fig. 1e, median value, -0.4° at 0 s, and -1.5° at 4 s) and the roll
angles at 4 s of fin-removed fish were larger than those of intact fish
(Supplementary Fig. 1h, p = 0.0005). The slight decrease of the angular
velocity amplitude and disappearance of the overshoot suggests that
the counter-roll movements became less powerful, and thus, the
pectoral fins may partially contribute to the postural recovery. How-
ever, the results strongly suggest that the fine postural control in the
roll axis is mainly achieved by mechanisms without the pectoral fins.

Upon close examinations of the dorsal side images, we noticed
that the body was slightly bending to the ear-up direction near the
swim bladder during the recovery phase in both the intact and fin-
removed fish (magenta arrowheads in Fig. 1b and Supplementary
Fig. 1b; Supplementary Movies 1, 2). We speculated that this body
bending contributes to the postural recovery. The bending angle of the
body was small, and not highly obvious. We speculated that this is
probably because the fish continuously corrected the perturbed pos-
ture using the small bend.

To observe the body movement more clearly, we performed the
experiments in water containing 0.8% methylcellulose. The expecta-
tion was that the high viscosity of methylcellulose solution would slow
the postural recovery process, enabling clearer observation of the
body movements. The results showed that the postural recovery
process was greatly slowed. Upon roll tilt of the chamber, the head roll
angle showed a clear increase with its maximum sometimes reaching
the maximum tilt angle of the chamber (20°) at -2's, which corre-
sponded to the end timepoint of the chamber tilt (Fig. 1d, middle top;
Fig. 1e). Then, the head roll angle slowly returned toward the original
angle between 2s and 8s (Fig. 1d, top; Fig. 1le, top; Supplementary
Movie 3). The body bent near the swim bladder toward the ear-up
direction (arrowhead in Fig. 1d; Supplementary Movie 3). The angle of
the body bend increased as the chamber tilted and then slowly
decreased as the fish returned to the upright position. The bending
consistently occurred in all the trials (Fig. 1e, middle). The results
showed that the body bend reflex is associated with the fine postural
recovery. In this paper, this behavior is referred to as the vestibular-
induced bend reflex (VBR).

As noted above, the degree of the VBR showed a temporal cor-
relation with the head roll angle (Fig. le, top and middle). This sug-
gested that the VBR would be pronounced or persistent under
conditions where the fish were unable to recover from a tilted posture.

We tested this idea by applying the roll-tilt stimuli to larvae with their
heads embedded in agarose. The behavior of the fish during the roll tilt
was observed using the apparatus shown in Supplementary Fig. 1i.
As expected, the VBR was observed when the fish was tilted (Fig. 1f;
similar behaviors were observed in the artificial otolith displacement
experiments®). The tail deflected to the right during the left-down tilt,
whereas it deflected to the left during the right-down tilt (Fig. 1f;
Supplementary Movie 4). The body bend angle increased as the head
tilt angle increased. When the tilt angle reached a constant value (20°),
the bend angle began to decrease. However, the angle was kept above
0°, as expected (Fig. 1g). VBR was observed in all the fish tested,
although the body bend angle varied across trials and fish examined
(Supplementary Fig. 1j).

Our results thus far strongly suggest that VBR is the behavior that
corrects a roll tilt. Then, how does the VBR produce the force that
recovers upright posture from the roll tilt? We built a simplified model
using two forces, as described below. Gravity acts at the center of mass
(COM), while buoyancy acts at the center of volume (COV). In larval
fish, both the COM and COV are located near the swim bladder®. When
a fish is in the upright posture without the VBR, the fish is in an equi-
librium state in the roll axis. In this situation, the COM and COV are on
the midline, and gravity and buoyancy are antiparallel with the same
strength on the same axis (Fig. 2a, left bottom). Upon the roll tilt, a fish
performs the VBR with the bend near the swim bladder. This bend
deflects head and caudal body toward ear-up side, and in reaction, the
body around the swim bladder moves toward the ear-down side
(Fig. 2a, right top and middle). With this dogleg-shaped body bend, the
positions of the COM and COV change in the body. In the cross-section
near the swim bladder around where both the COM and COV are
located, the COM and COV are no longer on the midline, and both
move toward the ear-up side. However, the degree of the shifts is not
equal. This is because the density of the gas-filled swim bladder is
smaller than that of the rest of the body. Due to this large difference in
density, the COM shifts more laterally than the COV (Fig. 2a, right
bottom; for more details, see Supplementary Fig. 1k, | and Discussion).
This results in a misalignment between gravity and buoyancy, gen-
erating a moment of force that counter-rotates the tilted body to the
upright posture (Fig. 2a, right bottom).

If the model described above is correct, swim bladder-deflated fish
would not be able to recover from the tilted posture because in this
condition, the density of the body has become nearly uniform, and thus,
gravity and buoyancy remain aligned on the same axis regardless of the
VBR (Fig. 2b, bottom). To verify this idea, we conducted behavioral
experiments using fish with deflated swim bladders. To compensate for
the decrease in buoyancy in the fish, experiments were performed in
water that contained 12.5% sucrose. As expected, the fish was unable to
recover the upright posture in most of the trials (Fig. 2c; Fig. 2d, top;
Supplementary Movie 5). Population data (Supplementary Fig. 1f)
showed that the median head roll angle at 4 s was 15.9°, which was not
much different from that at 1.7 s (15.2°). Additionally, the head roll angles
at 4 s of swim bladder-deflated fish were significantly larger than those
of intact fish (Supplementary Fig. 1h; p=4.8 x10°). These results indi-
cate that the swim bladder-deflated fish lost the ability to recover from
the roll-tilted posture. We also found that the VBR continued during the
entire period when the fish was roll-tilted (arrowheads in Fig. 2c; Fig. 2d,
middle; Supplementary Movie 5). This was probably because swim
bladder-deflated fish were unable to recover from the tilted posture,
similar to the fish that had its head embedded in agarose. Taken toge-
ther, these results demonstrate that fish have a fine control mechanism
to recover the upright posture in the roll axis without swimming, which
is that fish correct their roll-tilted posture by performing the VBR.

TAN-nMLF-PHM pathway may produce the VBR
Next, we explored the neural circuits that are responsible for the VBR
during the roll tilt. Previous studies showed that neurons in the
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(COM) and center of volume (COV), respectively. The COM and COV are located
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dorso-ventral axis, the model assumes that the COM and COV are located in the
same position. Left: the COM and COV are on the midline. Right: in the fish
performing the VBR upon a roll tilt, the head and caudal body move toward the
ear-up side, while the body around the swim bladder moves toward the ear-down
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text). This results in misalignment between gravity and buoyancy, generating a
moment of force that counter-rotates the body. b A fish model with a deflated
swim bladder. Positions of the COM and COV are the same even when fish per-
form the VBR (middle and bottom). Gravity and buoyancy are antiparallel on the
same vertical axis (bottom). This does not generate a moment of force.

¢, d Behavioral experiments on fish with the swim bladder deflated. ¢ Snapshots
of the frontal and dorsal images of a fish during a left-down tilt. d Traces of the
head roll and body bend angles of a fish in response to roll tilt. Six trials in one fish
are shown. The magenta traces correspond to the trial shown in c. Scale bars,
frontal images 200 pm; dorsal images 500 um. Source data are provided as a
Source Data file.

tangential nucleus (TAN), a vestibular nucleus involved in vestibulo-
occular reflex”, were activated during vestibular stimuli®. These
studies also showed that neurons in the nucleus of medial longitudinal
fasciculus (nMLF) were activated. Anatomical evidence showed that
nMLF neurons receive axonal projections from neurons in the TAN*, A
study reported that a VBR-like behavior occurred upon optogenetic
activation of nMLF neurons®. The authors also provided evidence that
a class of muscles, called posterior hypaxial muscles (PHMs), is
involved in this bending behavior. Based on these previous studies, we
hypothesized that the VBR is produced by vestibular inputs through
the TAN-nMLF-PHM pathway (Fig. 3). To test this hypothesis, we
performed Ca* imaging and cell-ablation experiments for each cell
population in this pathway. The results are described in the sec-
tions below.

TAN neurons are active during roll tilt when the ipsilateral ear

is down

TAN neurons are located in the lateral-most region in the hindbrain
rhombomere 5'°%, To genetically identify TAN neurons, we looked for
transgenic fish lines expressing reporter genes in prospective TAN
neurons and found that evx2 transgenic fish met this criterion. In the
image shown in Fig. 4a, prospective TAN neurons, which were identi-
fied by their position, were highlighted in a Tg(evx2:Gal4; UAS:Den-
dra2) fish””?® using a photoconversion technique. The axons of these
neuronal population projected contralaterally and bifurcated to

ascend and descend along the medial longitudinal fasciculus. The
ascending axons of TAN neurons extended to the midbrain, while the
descending axons reached the third segment of the spinal cord (see
also single-cell morphologies; Supplementary Fig. 2a, b). The axonal
trajectory of these neurons was identical to that of TAN neurons
reported in the previous studies®”. Thus, we concluded that the
labeled neurons in the evx2 transgenic fish were TAN neurons. Cross-
ing Tg(evx2:GFP) to RFP-expressing transgenic fish lines for neuro-
transmitter phenotypes revealed that GFP-positive TAN neurons were
positive for RFP reporters for vglutl or vglut2a but not for glyt2 and
gad1b (Supplementary Fig. 2c), indicating that TAN neurons labeled in
evx2 transgenic fish are mostly excitatory.

We aimed to perform Ca* imaging in TAN neurons during roll
tilts, using the imaging system in which an objective lens and a fish
were tilted together using a motorized rotation stage® (Fig. 4b; Sup-
plementary Fig. 2d). In this imaging system, two-color ratiometric
imaging is used to reduce the motion-related artificial fluorescence
intensity change during the tilt. Because this study is the first to use a
wide-field version of the tiltable objective microscope (note that a
confocal microscopy is used in the original version”°), we evaluated the
level of artifacts upon roll tilts using green/red-Dendra2 (the green
Dendra2 was partially photoconverted to red-Dendra2 by ultraviolet
light such that TAN neurons contained both green and red-Dendra2;
Supplementary Fig. 2e). The amplitude of the green/red ratio change
(AR/Ro) was confined within +0.07 (Supplementary Fig. 2f). Thus,
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AR/Rg that is above 0.07 was considered to be signals derived from
neuronal activity.

We performed Ca®* imaging in TAN neurons, as a population,
using larvae of the Tg(evx2:tdTomato-jGCaMP7b) transgenic fish that
were generated in this study (jGCaMP7b is a green fluorescent Ca®
indicator, while tdTomato is a calcium-insensitive red fluorescent
protein). In a representative example shown in Fig. 4c, a large increase
in AR/Ro was observed in the left TAN neuron population when the fish
was tilted in the left-down direction. Similarly, a large increase in AR/Rq
was observed in the right population when the fish was tilted in the
right-down direction. Similar phenomena were observed in other fish
(seven fish; Fig. 4d). The maximum ratio changes (0.2-0.5) were much
higher than the artificial changes, indicating that TAN neurons were
active during the ipsilateral-down (ipsi-down) tilt. TAN neurons also

Ear f g E
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(TAN)

Nucleus of the
medial longitudinal fasciculus
(nMLF)

Posterior hypaxial muscle
(PHM)

PHM
motoneuron

Fig. 3 | A hypothesis of the neuronal circuits that produce the VBR. Vestibular
inputs activate neurons in the tangential nucleus (TAN). TAN neurons project to
neurons in the nucleus of the medial longitudinal fasciculus (nMLF) on the con-
tralateral side. The axons of the nMLF neurons descend to the spinal cord and
project to motoneurons that innervate posterior hypaxial muscles (PHMs). Rostral
is toward the top. The dashed line shows the midline.
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Fig. 4 | Ca®" imaging of TAN neurons during roll tilts. a TAN neurons photo-
converted from green to red in Tg(evx2:Gal4; UAS:Dendra2) at 5 dpf. Confocal
stacked image (maximum intensity projection). M1, M2, and M3 indicate the
first, second, and third muscle segments, respectively. b Schematic of Ca?*
imaging experiments. A fish embedded in agarose is imaged using a tiltable
objective microscope. ¢ Top: image of a Tg(evx2:tdTomato-jGCaMP7b) fish.

exhibited slight increases in AR/Rg (0.1-0.2) during the ipsi-up tilt
(Fig. 4c, d), but the maximum amplitude during the ipsi-down tilt was
larger than that during the ipsi-up tilt (3.2-fold larger for the ipsi-down
direction; Fig. 4d). In summary, the results indicate that TAN neurons
are highly activated upon ipsi-down roll tilt.

TAN neuron ablation impairs the VBR in the contralateral
direction

Next, we examined the necessity of TAN neurons for producing the
VBR. For this purpose, we unilaterally ablated TAN neurons using a
laser (Fig. 5a; all the GFP-labeled TAN neurons, approximately 18 cells,
were subjected to ablation) and examined the VBR performance during
roll tilt in the head-embedded condition. When the left TAN neurons
were laser ablated (Fig. 5a), the VBR to the right during the left-down tilt
was greatly impaired, whereas that to the left during the right-down tilt
was largely unaffected (Fig. 5b, c). The VBR performances during
ablated-side-down tilts were greatly impaired, and this similar tendency
was observed in seven fish (Fig. 5d). As a control ablation experiment, a
similar number of evx2-positive neurons located ventromedial to the
TAN neurons were ablated (Fig. Se). In these animals, clear VBRs were
observed during tilts in both directions (Fig. 5f-h).

Optogenetic activation of TAN neurons induces the VBR in the
contralateral side

In addition to the ablation experiments described above, we per-
formed optogenetic activation experiments by expressing channelr-
hodopsin in TAN neurons using Tg(evx2:CoChR-GFP) fish. Optogenetic
activation of TAN neurons elicited the VBR with a bend direction that
was opposite to the illumination (Fig. 5i-k, 0). In a control experiment,
optogenetic activation of non-TAN neurons elicited the VBR negligibly
(Fig. 5I-n, o). Collectively, the ablation and optogenetic activation
experiments indicate that TAN neurons play a critical role in producing
the VBR in the contralateral direction.

nMLF neurons are active during ipsilateral-up (contralateral-
down) roll tilt

nMLF neurons, a cluster of RS neurons that project axons into the
spinal cord along the medial longitudinal fasciculus®, were the next
target of our investigation. We performed Ca®* imaging in nMLF
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Middle and bottom: time course of AR/Rq in the TAN neurons in response to a
roll tilt. d Pairwise comparison of the maximum AR/Rq in TAN neurons
between ipsi-down and ipsi-up tilts (seven fish). Four to six trials were per-
formed in a fish, and the average values are shown for each fish. p=0.0003
(two-sided paired samples ¢ test). Scale bars, 50 pm. Source data are provided
as a Source Data file.
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neurons at single-cell resolution using a tiltable objective microscope
with a spinning-disk confocal unit?. For this purpose, nMLF neurons
were retrogradely labeled with a green chemical fluorescent Ca?
indicator, Cal-520 dextran, and a red chemical fluorescent dye, rho-
damine dextran. Figure 6a shows images with a maximum intensity
projection and a single optical plane. During the tilt in the ipsi-up
direction, a large increase in AR/Ry was observed in subsets of small-
sized nMLF neurons (cell #1, #7, and #8 in Fig. 6b). Uniquely identifi-
able large nMLF neurons (MeLr, MeLc, MeLm), however, exhibited
little or a relatively low level of AR/Rq increase during the tilt (cell #4,

#5, and #10 in Fig. 6b). Among all the nMLF neurons examined from
ten fish (n=330), approximately one-third of the neurons were
obviously active when fish were tilted in the ipsi-up direction (red,
orange, yellow, and white color in the pseudo-colored image in
Fig. 6c). This conspicuous ipsi-up (contra-down) activity was con-
sistent with our hypothesis, which is shown in Fig. 3 (note that nMLF
neurons receive commissural axonal projections from the excitatory
TAN neurons). During ipsi-down tilt, in contrast, slight decreases in
AR/Rg occurred in many nMLF neurons (the dark blue color becomes
more blackish in the pseudo-colored image in Fig. 6¢). This suggests
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Fig. 5| Ablation of TAN neurons impairs the VBR, while optogenetic activation
of TAN neurons induces the VBR. a-d Ablation of TAN neurons. a Confocal
stacked images of Tg(evx2:GFP) fish before and after laser ablation of left TAN
neurons. b Behaviors of head-embedded fish during roll tilts. ¢ Time course of the
body bend angle upon roll tilt. The same trial shown in b. d Pairwise comparison of
the maximum body bend angles between ablated-side-down and ablated-side-up
tilts (three fish for left side ablation and four fish for right side ablation). Average
values of two to four trials are shown for each fish. p=0.003 (two-sided paired
samples t-test). e-h Control experiment. e Confocal stacked images of
Tg(evx2:GFP) fish before and after laser ablation of non-TAN neurons on the right
side (magenta circle). f Same as b upon a control experiment. g Same as ¢ upon a
control experiment. The same trial shown in f. h Same as d upon a control
experiment (two fish for left side ablation and four fish for right side ablation).

Average values of four to six trials are shown for each fish. p = 0.23 (two-sided
paired samples ¢ test). i-k Optogenetic activation of TAN neurons. i Confocal
stacked image of Tg(evx2:CoChR-GFP). The blue dotted circles are areas illumi-
nated with blue light. j Behaviors of head-embedded fish upon blue light illumi-
nation. k Time course of the body bend angles. Positive values indicate body bend
to the contralateral direction with respect to the illumination. The blue bar indi-
cates illumination that lasts for 5s. Six trials in a fish are shown. I-n Control
experiment. I Same as i, but different areas (blue dotted circles) were illuminated as
a control experiment. m Same as j upon a control experiment. n Same as k upon a
control experiment. Four trials in a fish are shown. o Body-bend angle upon
optogenetic activation (mean angle between 4 and 5 s). Six fish for each. p = 0.004
(two-sided two-sample t-test). Scale bars, a, e, i, 1 50 um; b, f, j, m 500 pm. Source
data are provided as a Source Data file.

that these neurons were slightly inhibited during ipsi-down tilt. To
quantify what percentage of neurons were active, we set the threshold
to 0.1 for a AR/R increase, and neurons with a maximum AR/R, that
was above 0.1 were considered to be active based on the artificial
fluorescent intensity changes during the tilt*°. Based on this criterion,
41% of neurons (135/330) were active only during the ipsi-up tilt, 15%
(48/330) were active during both the ipsi-up and -down tilts, and a
small proportion of neurons (8/330, 2%) was active only during the
ipsi-down tilt (Supplementary Fig. 3a). Therefore, during the ipsi-up
tilt, more than half (55%) of the nMLF neurons were judged to be active.

We further characterized active neurons with respect to their size
and position. For the soma size, highly active neurons (e.g., those
neurons with a maximum AR/R, above 0.5) were mostly small with a
soma area size that was less than 60 um? (Fig. 6d). As noted above,
uniquely identifiable large nMLF neurons (MeLr, MeLc, MeLm, and
MeM) exhibited little or a relatively low-level of activity. To investigate
the relationship between neuronal activity and soma position, we
aligned the imaged neurons in a horizontal plane and in the dorso-
ventral axis (Supplementary Fig. 3b, e; see Methods). For the rostro-
caudal and medio-lateral axes, no clear relationship was found between
the maximum AR/Ro and soma positions (Supplementary Fig. 3c, d).
For the dorso-ventral axis, there was a tendency that neurons located
dorsally exhibited a higher maximum AR/R, (Supplementary Fig. 3e).

In summary, Ca*" imaging revealed that a subset of nMLF neurons
on the ear-up side was active during the tilt. Among nMLF neurons,
highly active neurons were mostly small neurons, and they tended to
be dorsally located.

Ablation of nMLF neurons impairs the VBR to the ipsilateral
direction

For laser ablation of nMLF neurons, we sought to genetically label
them. Previous studies reported that nMLF neurons are labeled in pitx2
transgenic fish®. We first examined the percentage of labeled nMLF
neurons in Tg(pitx2:Dendra2) (generated in this study) by performing
retrograde labeling with rhodamine dye into the larvae of the trans-
genic fish, and we found that approximately 80% of backfilled nMLF
neurons, including small neurons, were positive for Dendra2 (Sup-
plementary Fig. 4). In Tg(pitx2:Dendra2) transgenic fish, Dendra2
expression was not limited to nMLF neurons in the brain (Supple-
mentary Fig. 4). To specifically visualize nMLF neurons, we highlighted
nMLF neurons using an optical backfill technique®’; Fig. 7a). Then, we
unilaterally ablated photoconverted nMLF neurons (all the optically
backfilled nMLF neurons, approximately 25 cells, were subjected to
laser ablation; Fig. 7b), and the resultant larvae were examined for their
VBR performance upon roll tilts.

A representative example is shown in Fig. 7c, d. The larva (left side
ablation) exhibited a clear impairment in the leftward VBR during left-up
tilt, whereas the rightward VBR during right-up tilt was largely unaf-
fected. The VBR performances during ablated-side-up tilts were greatly
impaired, and this similar tendency was observed in eight fish (Fig. 7e).
These results (impairments of the VBR to the ablated side) are consistent

with our hypothesis shown in Fig. 3. As a control ablation experiment, a
similar number of Dendra2-positive neurons located in the hindbrain
were ablated (Fig. 7f). In these animals, clear VBRs were observed during
tilts in both directions (Fig. 7g-i). Thus, the ablation experiments indi-
cate that nMLF neurons play an important role for producing the VBR in
the ipsilateral direction during the ipsi-up head tilts.

Slow-type PHMs are active during ipsilateral-up (contralateral-
down) roll tilt

PHMs, a class of hypaxial muscles that run obliquely near the swim
bladder®, were the last target of our investigation. We first performed
anatomical investigations to investigate whether PHMs contained both
fast- and slow-type muscles. Images of compound transgenic fish of
Tg(a-actin:GFP)** (a marker for fast-type muscles) and Tg(smyhc2:loxP-
RFP-loxP-DTA) (generated in this study; a marker for a subset of slow-
type muscles) revealed that PHMs consisted of both fast- and slow-type
muscles with thin slow-type muscles intercalating with thick fast-type
muscles (Supplementary Fig. 5a, b). Images also showed that PHMs
were divided into three segments (Supplementary Fig. 5a), as pre-
viously reported®?¢. We defined these segments as the rostral, middle,
and caudal segments.

We first focused on slow-type PHMs. The PHMs were imaged from
the ventral side with the wide-field version of the tiltable objective
microscope (Supplementary Fig. 2d). In Ca* imaging of the PHMs,
artificial fluorescent changes were derived not only from the tilt of a
sample (Supplementary Fig. 2e, f), but also from muscle displacement
during the VBR. To estimate the level of artifacts in this experiment, we
used Tg(pitx2:Dendra2) fish that express green/red-Dendra2 in slow-
type PHMs (Supplementary Fig. 5d, e). During tilt, the maximum AR/Rq
was mostly confined within 0.1 (Supplementary Fig. 5f, g).

Next, we performed Ca** imaging in slow-type PHMs using
Tg(smyhc2:tdTomato-jGCaMP7b). Simultaneously, behaviors of the
head-restrained fish were observed from the dorsal side (Fig. 8a and
Supplementary Fig. 5c; see Methods). Fluorescence derived from
bilaterally located slow-type PHMs was clearly visible (Fig. 8b). During
the imaging experiments, we noticed that slow-type PHMs occasion-
ally exhibited bursts of rhythmic spontaneous activity (Supplementary
Fig. 5h; the physiological significance of this activity is unknown). To
simplify the analysis, we collected data from the trials in which the
bursts of spontaneous activities did not occur. Figure 8c shows an
example of AR/Rq from the slow-type PHMs in each segment during
roll tilts. Upon a right-up tilt, large increases of AR/Ry were observed in
the middle and caudal segments on the right side. Conversely, upon a
left-up tilt, large increases of AR/Rqy were observed in the middle and
caudal segments on the left side. For the rostral segment, increases in
AR/Rq upon roll tilts were present, but their amplitude was not large
compared with those of the middle and caudal segments. Quantitative
analyses of population data collected from six fish are shown in Fig. 8d.
All three segments occasionally exhibited small AR/R increases that
were considered active during the ipsi-down tilt, but mean amplitudes
of the maximum AR/Rq during the ipsi-up tilt were larger than those
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during the ipsi-down tilt (2.0-fold for the rostral, 5.7-fold for the mid-
dle, and 3.5-fold for the caudal segments). Concomitant with the large
increase of AR/Rg in slow-type PHMs, the body bent to the side where
the PHMs were highly recruited during the roll tilts (Fig. 8c).

We next examined activities of fast-type PHMs. For this purpose,
we generated Tg(a-actin:tdTomato-jGCaMP7f) (Supplementary
Fig. 6a). Ca® imaging in fast-type PHMs revealed no significant
increase in AR/Rq in the three segments during the tilt (Supple-
mentary Fig. 6b, ¢). Collectively, the results of Ca*" imaging indicate
that slow-type PHMs, not fast-type PHMs, located in the ear-up side
are active when fish perform the VBR. Among slow-type PHMs, those
in the middle and caudal segments exhibited higher activity than
those in the rostral segment.

Slow-type PHMs play a critical role for producing the VBR

Lastly, we performed genetic ablation experiments on slow-type
PHMs. For this purpose, we generated Tg(tbx2b:Cre) transgenic fish
(tbx2b is expressed in migratory muscle precursors including muscle
precursors for PHMs*), and crossed the fish with Tg(smyhc2:1oxP-RFP-
loxP-DTA) fish. In the resultant compound transgenic fish, Cre-
mediated recombination occurred in PHMs, as shown by the
absence of RFP in PHMs (Fig. 9a, left panels). This led to the expression
of diphtheria toxin A fragment (DTA), which would kill slow-type
PHMs. Successful ablation of slow-type PHMs was examined by
immunostaining with the S58 antibody. In Cre-negative control sibling
fish, slow-type muscles in both the trunk muscles and PHMs were
labeled, whereas in the compound transgenic fish, labeling in PHMs
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samples ¢ test). f~i Control experiment. f Confocal stacked images fish before (top)
and after (bottom) laser ablation of hindbrain neurons (non-nMLF neurons) in
Tg(pitx2:Dendra2). g Same as ¢ upon a control experiment. h Same as d upon a
control experiment. The same trial shown in g. i Same as e upon a control
experiment (five fish, with three for left side ablation and two for right side abla-
tion). Average values of five to eight trials are shown for each fish. p =0.05 (two-
sided paired samples ¢t-test). Scale bars, b, f 50 um; ¢, g 500 pm. Source data are
provided as a Source Data file.

was almost completely absent while labeling in the trunk muscles was
intact (Fig. 9a, middle and right panels).

We examined the VBR performance of the compound transgenic
fish during roll tilt in the head-embedded condition. As shown in
Fig. 9b, c, VBRs of these fish were markedly reduced. Quantitative
analyses of the population data verified that the maximum body bend
angles in the compound transgenic fish were three-times smaller than
those in Cre-negative control siblings (six fish for each; Fig. 9d). These
results indicate that slow-type PHMs play a critical role for producing
the VBR during the roll tilts.

Discussion

Fish possess a capability to recover from a roll-tilted posture by
performing swimming®-*>. However, it remains unclear whether
fish possess a postural control mechanism without swimming. An
artificial otolith displacement was shown to induce a body bend

reflex that does not accompany swimming?, but the physiological
role of this behavior was unknown. In this study, we demonstrated
that the body bend reflex, which we called VBR, is crucial for the
postural recovery from a roll tilt without swimming. We also pro-
vided a physical model that explains how the VBR recovers upright
posture. When a roll tilt occurs, the fish performs the VBR. This
bend deflects the head and caudal body toward the ear-up side,
and in reaction, the body around the swim bladder moves toward
the ear-down side. Because the swim bladder has a low-density, the
VBR unequally shifts the COM and COV. This results in a mis-
alignment between gravity and buoyancy, generating a moment of
force with a rotational direction toward recovering the upright
posture (Fig. 2a). This model was strongly supported by experi-
ments in which the swim bladder was deflated (Fig. 2b-d). Without
gas in the swim bladder, the above-mentioned unequal shifts of
the COM and COV would not occur. Fish with deflated swim
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bars, 200 pm. ¢ Time course of AR/R in each segment of slow-type PHMs and body
bend angles in response to a roll tilt. d Pairwise comparison of maximum AR/Rq
in each segment of slow-type PHMs between ipsi-down and ipsi-up tilts (six fish).
A single trial or average values of two trials are shown for each fish. p=0.01 for the
rostral, p = 0.02 for the middle, and p = 0.0006 for the caudal segments (two-sided
paired samples ¢ test). Source data are provided as a Source Data file.

bladders were unable to recover from a tilted posture although
they continued to perform the VBR.

Taking physics into account, the absolute location of the COM in
space does not change by the body bend with the internal muscular
contractions (Supplementary Fig. 1k, I; note that the apparent shift of
the COM in the cross-sectional view in Fig. 2a is caused by the lateral
movement of the body around the COM). From this view, the VBR can
be considered to be a behavior to move the low-density part of the
body (i.e. swim bladder) toward the ear-down side, resulting in the
lateral shift of the COV (Supplementary Fig. 11). The strength of the
recovery moment of force depends on the separation distance

between the COM and COV. The maximum separation distance (and
thus, the maximum moment of force), in theory, can be obtained when
the following two conditions are met: (1) the swim bladder, which is the
least dense part of the body, is located near the COM; and (2) the body
bend occurs near the swim bladder. Indeed, the fish body shape and
the bend location fulfill these conditions, as follows: (1) the COM is
located near the swim bladder*; and (2) the bend occurs near the swim
bladder (Fig. 1d). Our calcium imaging experiments in slow-type PHMs
provide further evidence for the bend location. The most conspicuous
activities were observed in the middle and caudal segments of PHMs
(Fig. 8c). These two segments are located directly lateral or latero-
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head-embedded condition during roll tilts. c Time course of the body bend angle in
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control (without Cre) and PHM-ablated (with Cre) fish (six fish for each). Average
values of at least five trials are shown for each fish. p=0.0004 (two-sided two-
sample t test). Scale bars, a100 pm; b 500 um. Source data are provided as a Source
Data file.

caudal to the swim bladder (Supplementary Fig. 5a). Thus, the VBRis a
highly reasonable behavior when physics is taken into account, and it is
likely to be an energy-efficient behavior for postural correction.

Terrestrial animals are unstable when standing upright, and they
maintain their upright posture by continuously performing fine, static
postural control>*¥. In larval zebrafish, the vertical positions of the
COM and COV are close to each other*, suggesting that the zebrafish is
also unstable in the roll direction. Based on the results of the present
study, we suggest that zebrafish keep their dorsal-up posture by fre-
quently performing the VBR upon small disturbances. If so, the pos-
tural control by the VBR in fish may correspond to the static control in
land-walking vertebrates.

Mechanically, postural recovery of larval zebrafish using the VBR
shows similarities with ship stability through use of a misalignment
between gravity and buoyancy. However, there is a fundamental dif-
ference between the two systems, which is that the ship stability is
automatically generated, while the VBR is actively generated with the
neural and muscular activities. Theoretically, fish can acquire stability
in the roll axis if the COV is located far above the COM (i.e., placing the
swim bladder in an extreme dorsal region of the body). Why do larval
zebrafish (and perhaps other fish) not adopt this stable design? One
possibility is that fish select maneuverability over stability*s. Another
possibility is that the swim bladder cannot be situated in such an
extreme dorsal location owing to the necessity to take up gas from the
gastrointestinal tract. In any case, animals are likely to efficiently
compensate for instability through use of the fewest movements (i.e.,
VBR) to achieve stability.

The vestibulo-spinal reflex involves vestibulo-spinal (VS) neurons
that project directly to the spinal cord®®. However, the vestibulo-
spinal reflex is thought to be controlled not only by direct pathways
through VS neurons, but also by indirect pathways through vestibular
nuclei and RS neurons’. In lamprey and mammals, RS neurons respond
to vestibular stimuli***2, Recently, the functional importance of RS
neurons for the vestibulo-spinal reflex was shown™. Our results clearly
showed that circuits from neurons in the vestibular nucleus (TAN
neurons) to RS neurons (nMLF neurons) play a critical role in the
vestibulo-spinal reflex in zebrafish. This study supports the evolu-
tionary conservation and importance of the indirect pathways in ver-
tebrate vestibulo-spinal reflexes.

TAN neurons project to the extraocular motoneurons (nlll and
nlV) and are involved in the vestibulo-ocular reflex”. Anatomical stu-
dies strongly suggested that, in addition to the nlll and nlV, TAN
neurons also directly project to the nMLF neurons®%. Results of the
present study are consistent with this neuronal projection and further
revealed that the TAN-nMLF pathway is involved in a postural control.
Thus, TAN neurons have dual functions because they play roles in both
vestibulo-ocular and vestibulo-spinal reflexes. In mammals, a class of
vestibular neurons projects directly to both the extraocular and spinal
motoneurons****, Thus, the presence of vestibular neurons that are
involved in both vestibulo-ocular and vestibulo-spinal reflexes is likely
conserved among vertebrate species. Based on the finding of the
present study, we expect that in mammals, there are vestibular neu-
rons that control vestibulo-ocular reflex directly and vestibulo-spinal
reflex indirectly via RS neurons.
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In the nMLF neuron ablation experiments, the body bend was not
completely abolished. A likely explanation for this is that not all nMLF
neurons were ablated, and the residual nMLF neurons contributed to
producing the weakened VBR. Another possibility is that nMLF-
independent pathways may be involved in the VBR. A likely candidate
for this is the descending axons of TAN neurons. Our anatomical study
revealed that the descending axons project to the rostral spinal cord,
but do not appear to reach the somata of PHM-motoneurons (Fig. 4a,
Supplementary Fig. 6d). Thus, even if the descending axons contribute
to producing the VBR, they would exert the action via a polysynaptic
pathway.

nMLF neurons are involved in locomotor behaviors®**™, A study
showed that an optogenetic activation of nMLF neurons elicited a VBR-
like bending behavior®®. Because the study was performed in the
context of examining functional roles of nMLF neurons during swim-
ming, the authors suggested that the bending behavior would play a
role in inducing biased swimming to the left or right, thereby enabling
fish to change their swimming direction. While this may be a role of
bending, our results showed that, independent of swimming, bending
has a clear physiological function, which is postural correction in the
roll axis.

Because the tilt stimuli occasionally elicit swimming, it is possible
that nMLF neuron responses in our experiments may have been
associated with the swimming and not associated with the VBR alone.
While this possibility cannot be completely ruled out, the observed
responses of nMLF neurons were highly asymmetric with almost no
activation in the ear-down side (Fig. 6¢), which strongly suggests that
possible contributions of swimming-associated activities are minimal
(note that the swimming-related activities of nMLF neurons occur
bilaterally***). Furthermore, in our experiments, trials in which there
were large displacements of the imaged field (which indicates strong
movements by the fish) were excluded from the analyses. This prob-
ably contributed to reducing the chance of analyzing swimming-
related neuronal activities.

Among nMLF neurons, highly active neurons were mostly small
(Fig. 6d). This is consistent with the previous study showing that
neurons with smaller somata had a greater impact on VBR-like beha-
vior than those with larger somata®. nMLF neurons with smaller
somata project to the rostral spinal cord*®, where PHM-motoneurons
are located (Supplementary Fig. 6d). Thus, we expect that these small
nMLF neurons make monosynaptic connections onto slow-type PHM-
motoneurons, although this should be tested using paired electro-
physiological recordings.

In this study, we showed that the TAN-nMLF pathway plays a
critical role in fine postural control in the roll axis in larval zebrafish.
However, TAN-nMLF is not the only pathway that conveys vestibular
information to the spinal cord. VS neurons, which have axons that
descend along the ipsilateral side of the spinal cord, have long been
considered to be a main pathway in postural control***°, although
little is known about their mechanisms of action due to the paucity of
knowledge about their output connectivity. Does the VS pathway
play a role in postural control in the roll axis? If so, in what situation is
it involved? One attractive possibility is that the VS pathway is
involved in the postural control during dynamic movements, i.e.,
swimming. If this is the case, investigating how fish use the two
pathways (the ipsilaterally projecting VS pathway and the con-
tralaterally projecting TAN-nMLF pathway) properly or coopera-
tively, depending on the type of behavior, would be an interesting
area of future research.

Similar to fish, many vertebrate species use both fine (static) and
vigorous (dynamic) control strategies for correcting posture'>*°*', The
mechanism of how switching between the two strategies (fine versus
vigorous) is achieved is an interesting question, and zebrafish could
serve as a good model system to address this issue.

Methods

Animals

All procedures were performed in accordance with the guidelines
approved by the animal care and use committees at the National
Institute of Natural Sciences. Zebrafish adults, embryos, and larvae
were maintained at 28.5°C. All animals were kept on a 14:10 or
12:12 hour light:dark cycle, except for embryos and larvae expressing
channelrhodopsin or Dendra2 proteins, which were kept under dark
conditions. Morphological and immunostaining experiments were
performed in 5 days post fertilization (dpf) larvae. Behavioral and
imaging experiments were performed using 6 dpf larvae. Sex is not yet
determined at the larval stage. At 5 dpf, larvae started to be fed.

The following previously published transgenic lines were used:
Tg(evx2:GFP)*?, Tg(evx2:Gal4)”, Tg(UAS:Dendra2), Tg(vglut2a:RFP)*,
Tg(glyt2:RFP)**, Tg(gad1b:RFP)*>, Tg(a-actin:GFP)*, Tg(vachta:Gal4)*®,
and Tg(UAS:Kaede)**. Additionally, Tg(evx2:tdTomato-jGCaMP7b),
Tg(evx2:CoChR-GFP), Tg(vglutl:RFP), Tg(pitx2:Dendra2),
Tg(smyhc2:tdTomato-jGCaMP7b), Tg(smyhc2:loxP-DsRed-loxP-DTA),
and Tg(tbx2b:Cre) were generated using the CRISPR/Cas9-mediated
knock-in method with the hsp70 promoter”. The sgRNA sequences for
targeting the genes were as follows: ggagggagagccagaacaga (for
evx2)”, gagagagactcgggegegeg (for vglutl), gagetttgactgtcagegeg (for
pitx2), gacttggatttcatctggeg or cacaatgctgcaagctcac (for smyhc2: the
former was used for the generation of Tg(smyhc2:tdTomato-
jGCaMP7b) while the latter was used for the generation of Tg(smyhc2-
hs:loxP-RFP-loxP-DTA)), and ataaagcgtaagccgaccg (for thx2b).
Tg(evx2:CoChR-GFP) was  generated using  CoChR-GFP-
Kv2.1 sequence’. Tg(a-actin:tdTomato-jGCaMP7f) was generated
using the Tol2-mediated transgenesis®® with a-actin promotor®.
Tg(smyhc2:tdTomato-jGCaMP7b) and Tg(a-actin:tdTomato-
jGCaMP7f) were generated with tdTomato-jGCaMP7b or tdTomato-
jGCaMP7f fusion construct®. Zebrafish lines generated in this study
have been deposited to the National BioResource Project in Japan.

Behavioral experiments without head restraint

Behavioral experiments were performed using the device shown in
Fig. 1a and Supplementary Fig. 1a. A larval fish at 6 dpf was transferred
in a small acrylic chamber (1.2 [length] x 50 [width] x 1 [height] in mm).
The chamber was then filled with fish-rearing water, and the top and
the front sides were covered with cover slips. Then, the chamber was
placed at the intersection of optical paths in a T-shaped unit attached
to a motorized rotation stage (Thorlabs, HDR50/M). To take images
from both the dorsal and frontal sides of the fish, two pairs of lenses
(Olympus, x5/NA 0.15) were placed on either side. In each lens pair, two
lenses were oriented in opposite directions. As a light source, infrared
light (Mightex; SLS-0208-E) was positioned ventral to the fish. The
dorsal camera (Teledyne FLIR, GS3-U3-23S6M) and frontal camera
(Basler, acA640-750um) were placed on the image planes. Tilt stimulus
(speed: 15°/s, acceleration, and deceleration: 15%/s*) up to 20° was
applied to the left- or right-down directions. Images were taken at 100
frames per second (fps) for both the frontal and dorsal cameras. The
two cameras roll-tilted together with the chamber (Fig. 1a, Supple-
mentary Fig. 1a). This means that the dorsal view of the fish became
oblique, not vertical, when the fish performed posture-correcting
behaviors.

In the experiments of Fig. 1d, e, the fish was immersed in 0.8%
methylcellulose solution dissolved in fish-rearing water. For experi-
ments with fin-amputated fish (Supplementary Fig. 1b, c), the fish were
temporally anesthetized with 0.02% ethyl 3-aminobenzoate methane-
sulfonate (MS-222), and the pectoral fins were manually removed using
forceps at 5 dpf, which was 1 day before the behavioral experiments.
After surgery, the larvae were allowed to recover until the behavioral
experiments. In the experiments of Fig. 2c, d, swim bladder-deflated
fish were prepared as described below. Three to 4 hours before the

Nature Communications | (2023)14:1217

12



Article

https://doi.org/10.1038/s41467-023-36682-y

behavioral experiment, the fish was anesthetized using MS-222, and a
glass pipette was inserted into the lateral-rostral-dorsal surface on the
swim bladder where there was no PHM. The air in the swim bladder was
then released. In the behavioral experiments, the fish was immersed in
a12.5% sucrose solution dissolved in fish-rearing water to compensate
for the decrease in buoyancy.

Head-restrained behavioral experiments

A larva at 6 dpf was embedded in 2% low-melting point agarose in a
small acrylic chamber (12 [length] x15 [width] x4 [height] mm).
Agarose located caudal to the swim bladder was removed, such that
the fish was able to move the caudal body. The chamber was covered
with a cover slip. The fish behaviors were filmed using the device
shown in Supplementary Fig. 1i. The device was similar to that used to
film head-free behaviors as described above, except that the setup
for obtaining the frontal view was omitted. The head roll tilt stimulus
was applied to the left- or right-down direction as described above.
Images of the fish with the maximum bends are shown as examples of
the fish’s behavior.

Dendra2 photo-conversion in TAN neurons

Five-dpf-fish of Tg(eux2:Gal4; UAS:Dendra2) were used for the photo-
conversion experiment. A larva was anesthetized in 0.02% MS-222 and
embedded in 2% low-melting point agarose on a glass bottom dish in
the ventral-up position. The dish was placed under an inverted
microscope (Leica microsystems, TCS SP8 MP). A 405-nm laser was
applied to the prospective TAN neurons. The fish was kept for at least
3 hours to allow photoconverted Dendra2 protein to be transported to
the axons, and confocal imaging was then performed.

Electroporation

For the single-cell labeling by electroporation®®®, a 6-dpf fish of
Tg(evx2:GFP) was anesthetized in 0.02% MS-222. The fish was
embedded in 3% low-melting point agarose dissolved in extracellular
solution ((in mM) 134 NacCl, 2.9 KCl, 2.1 CaCl,, 1.2 MgCl,, 10 HEPES, and
10 glucose, 290 mOsm, adjusted to pH 7.8 with NaOH). Agarose cov-
ering the head was removed. The head skin was peeled off, and a thin
layer of dorsal hindbrain was removed by suction through a glass
pipette (diameter >10 um) to allow to access to the tangential nucleus.
Tetramethyl-rhodamine was electroporated into a single evx2:GFP-
positive cell®’. The fish was kept for at least 3 hours to allow the dye to
be transported through the axon, and the electroporated cell was then
imaged using an upright confocal microscope (Leica microsystems,
TCS SP8 MP).

Ca’" imaging setup

Ratiometric Ca*" imaging was performed using a tiltable objective
microscope®. An objective lens and the fish were tilted using a
motorized rotation stage (Thorlabs, DDR100/M). Blue light was
shone onto the sample, and green (Cal-520 or GCaMP, Ca*-depen-
dent signals) and red (tetramethyl-rhodamine dextran or tdTomato)
signals were separated using imaging-splitting optics (Hamamatsu
Photonics, W-View Gemini). Images of each channel were simulta-
neously recorded using a single digital camera at 10 fps (Hamamatsu
Photonics, ORCA-Flash4.0 V3). For the imaging of nMLF neurons, a
spinning-disk confocal scanner (Yokogawa, CSU-X1) was inserted
into the illumination and detection light path (the same setup as that
used previously?’). For the imaging of TAN neurons and PHMs, a
wide-field (non-confocal) version of a tiltable objective microscope
(Supplementary Fig. 2d) was used. For this setup, the excitation light
(Excelitas Technologies, X-Cite exacte) was delivered to the objective
lens through an episcopic illuminator (Olympus, BX-URA2). The fil-
ters used in the episcopic illuminator were as follows: excitation,
BP460-490 (Olympus); dichroic mirror, FF495-Di03 (Semrock); and
emission, FF01-512/630 (Semrock). Fluorescence signals were

relayed to the imaging-splitting optics through a tube lens unit
(Olympus, U-TR30-2) and a camera adaptor (Olympus, U-TV0.63XC).
The filters used in the imaging-splitting optics were as follows:
dichroic mirror, DM570 (Olympus); emission for the green channel,
FF01-514/30 (Semrock); and emission for the red channel, BA575-625
(Olympus). The tilt stimuli were the same as those described in the
behavioral experiments.

Sample preparation for Ca* imaging

Ca’* imaging was performed using 6 dpf fish with a nacre
background®. A larval fish was mounted in 2% low-melting point
agarose in an acrylic chamber (12 [length] x 15 [width] x 4 [height]
mm). The chamber was then filled with fish-rearing water and covered
with a fluorinated ethylene propylene (FEP) sheet with a refractive
index of 1.34, which is close to that of water (1.33). The sample was
viewed through the FEP sheet. The fish was mounted in the dorsal-up
position for TAN and nMLF neuron imaging or in the ventral-up posi-
tion for PHM imaging. For simultaneous imaging of Ca*" in PHMs and
fish behaviors, agarose located at the caudal body was removed such
that the fish was able to move the caudal part of its body.

Ca’* imaging procedures

A fish was placed dorsal side up on a tiltable objective microscope. All
images were recorded at 10 fps. For imaging of the TAN neurons in the
Tg(evx2:tdTomato-jGCaMP7b) fish, Ca?* imaging was performed using
a x20/NA 0.5 water immersion lens (Olympus, UMPLANFL). TAN neu-
rons were bilaterally illuminated using blue light (4.3 mW/mm? power
at the sample) and imaged from the dorsal side. Occasionally, fast
shifts of the image occurred during Ca*" imaging, presumably due to
the occurrence of escape behaviors by the fish in agarose. The corre-
sponding data were excluded from the analyses.

To image the nMLF, we retrogradely labeled them with 25% (w/v)
Cal-520-dextran conjugate and 25% (w/v) dextran tetramethyl-
rhodamine mixed in the extracellular solution. The mixture was
injected into the second to fourth segments of the spinal cordina 5 dpf
larva using a tungsten pin. The larva was allowed to recover until 6 dpf.
Ca”" imaging was performed with a spinning-disk confocal unit with a
x40/NA 0.8 objective lens (Olympus, LUMPLANFLN). A 488-nm laser
(COHERENT, Sapphire 488-50 CDRH) was used as a light source with a
laser power of 0.3-1.5 mW/mm? at the sample. nMLF neurons were
imaged from the dorsal side. An imaging series was performed from
the dorsal to the ventral plane and vice versa. For each fish, imaging of
each plane was conducted only once owing to the desensitization of
Cal-520.

In Ca?* imaging of PHMs, fish behaviors were monitored simulta-
neously (Fig. 8a, Supplementary Fig. 5¢). Ca*" imaging and behavior
imaging were performed from the ventral and dorsal sides, respec-
tively. Tg(smyhc2:tdTomato-jGCaMP7b) fish were used to image the
slow-type PHMs, and Tg(a-actin:tdTomato-jGCaMP7f) fish were used
to image the fast-type PHMs. The muscle imaging was performed using
a x10/NA 0.3 lens (Olympus, UMPLANFLN). lllumination power was 4.2
and 5.7mW/mm? for the slow- and fast-type PHM imaging, respec-
tively. Fish behaviors were filmed at 100 fps using a camera (Teledyne
FLIR, GS3-U3-23S6M) and a lens (Tamron, M118FMS50) with infrared
light illumination (Mightex, SLS-0208-E). To remove blue light in the
behavioral images, a longpass filter (Olympus, BA610IF) was inserted
into the optical path.

Evaluation of a wide-field tiltable microscope

Evaluation of the tilt-derived (not neuronal activity-derived) AR/Rg in
a wide-field version of the tiltable objective microscope was per-
formed using fish that expressed green/red-Dendra2. Specifically,
Dendra2-expressing TAN neurons in the Tg(evx2:Gal4; UAS:Dendra2)
were briefly illuminated using violet light (400-420 nm) such that
green-Dendra2 was partially photo-converted to red-Dendra2.
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Observation of the TAN neurons during 20° tilts revealed that the
amplitude of tilt-derived AR/Ry was confined within +0.07 (Supple-
mentary Fig. 2e, f).

To evaluate the artifacts derived from the tilt of a sample and
muscle displacement in the PHM imaging, we used Tg(pitx2:Dendra2)
fish that express Dendra2 at slow-type PHMs. Dendra2 was partially
photo-converted, as described above. During tilt, maximum AR/Rq was
mostly confined within 0.1, and occasionally up to 0.15 (Supplemen-
tary Fig. Se-g).

TAN neuron ablation

Laser ablation of TAN neurons was performed in Tg(evx2:GFP) larvae at
5 dpf. A larva was anesthetized in 0.02% MS-222 and embedded in 1.5%
low-melting point agarose in the ventral-up position. Then, the fish was
placed under a two-photon inverted microscope (Leica microsystems,
TCS SP8 MP). All the GFP-labeled TAN neurons on one side (approxi-
mately 18 neurons) were subjected to laser ablation. The ablation was
performed using a two-photon laser (wavelength 900 nm; InSight
DeepSee 680-1300 nm) with a x40/1.10 lens (Leica microsystems; No.
11506352 or 11506357). Scanning was immediately terminated when
brief flashes of saturating intensity or a sudden decrease in transmitted
light image intensity were observed. After laser ablation, the larva was
allowed to recover and was fed until 6 dpf. Then, the larva was used for
behavioral experiments. Successful ablations were verified after the
behavioral experiments by checking for the absence of fluorescence.
Fewer than four neurons survived. For a control ablation experiment,
approximately 18 GFP-positive neurons located ventromedial to TAN
neurons were subjected to laser ablation.

Ablation of nMLF neurons

To ablate nMLF neurons, a combination of optical backfill and laser
ablation was used (Fig. 7a). Homozygous Tg(pitx2:Dendra2) fish were
used. First, a larva at 5 dpf was embedded lateral-side-down in 1.5% low-
melting point agarose. Then the sample was placed under the inverted
microscope (Leica microsystems, TCS SP8 MP). A 405-nm laser was
applied from the third to ninth segments of the spinal cord using a
x20/0.75 lens (Leica microsystems, No. 11506344). Five to ten min of
illumination was applied every 30 min for four times. After photo-
conversion, the fish was removed from the agarose and kept for at least
4 hours under dark conditions. The larva was then re-embedded in the
ventral-up position. Next, all the optically backfilled nMLF neurons, -25
cells, were subjected to laser ablation. Observation of the fluorescence
after the behavioral experiments revealed that fewer than six neurons
survived. For a control ablation experiment, a similar number (-25) of
Dendra2-positive neurons located in the hindbrain were subjected to
laser ablation.

Optogenetic activation experiments

Optogenetic activation of TAN neurons was performed in 6 dpf larvae
of the Tg(evx2:CoChR-GFP) line. A larva was head-embedded in 2% low-
melting point agarose in 35 mm glass bottom dish in the dorsal up
position. Agarose located caudal to the swim bladder was removed,
such that the fish was able to move the caudal body. The fish was
placed under an upright microscope (Olympus, BX51WI) with a x20/NA
0.5 water immersion objective lens (Olympus, UMPLANFLN). A 150-pm
pinhole was inserted at the field-stop position, which allowed us to
illuminate a target area that was ~50 pm in diameter. As a light source, a
metal-halide lamp (Excelitas Technologies, X-Cite exacte) was used.
The light was filtered using a bandpass filter FF02-482/18 (Semrock).
Blue light illumination (2.0 mW/mm?) was delivered to the TAN neu-
rons for 5s. As a control illumination experiment, evx2-positive neu-
rons located medial to the TAN neurons were illuminated. Fish
behaviors were filmed from the bottom®” at 50 fps using a x2/ NA 0.14
objective lens (Olympus, XLFLUOR) and a camera (Teledyne FLIR, GS3-
U3-23S6M) with FlyCature2 software (Teledyne FLIR).

Immunohistochemistry

Immunostaining was conducted according to the Zebrafish Book
(https://zfin.org/zf info/zfbook/zfbk.html) and Doganli et al.*>. The S58
monoclonal antibody supernatant (DSHB, RRID:AB_528377) was used
as a primary antibody under 1:10 dilution conditions. Alexa fluor 488-
conjugated goat anti-mouse IgG secondary antibody (Thermo Fisher
Scientific, RRID:AB_2534088) was used at a 1:500 dilution.

Labeling PHM-motoneurons by optical backfill

To label PHM-motoneurons (Supplementary Fig. 6d), a Tg(vachta:-
Gal4; UAS:Kaede) larva that was 5 dpf was used. The optical backfill was
performed in the same way as the optical backfill of nMLF neurons that
was described above. The illumination site of a 405-nm laser was the
axons located in the middle and caudal segments of PHMs. After 3 to
4 hours, confocal imaging was performed.

Data analysis
Images were processed using imageJ/Fiji, and numerical data were
analyzed using Excel (Microsoft).

Head-roll and body-bend angle

The head roll angle was measured as the angle between the horizontal
line and the line connecting the top ends of both eyes. The frontal
camera rotated together with the chamber, and therefore, the images
were counter-rotated to cancel the rotation. To determine the top
ends of both eyes, images were binarized, and the top position of each
eye was defined as a mean position of the top 20 pixels. Trials in which
the head roll angle before tilt was within +10° were used in the analyses.
To denoise, seven-frame moving averages were applied before the
analyses. To calculate angular velocity of the counter-roll movements,
angular velocity during a 1.5 s time window starting at the peak of the
head roll was used.

The body bend angle in the head-free behavior experiment was
measured as the angle between the following two lines: (1) line con-
necting the middle of both eyes and the caudal end of the swim
bladder; and (2) line connecting the caudal end of the swim bladder
and the tail end. Each point was separately detected by binarizing
images. The caudal end of the swim bladder and the tail end were
defined as the mean positions of ten and 20 pixels from edges,
respectively. In the experiments where methylcellulose was used, the
tail was not straight due to the high viscosity. Therefore, the middle
point of the tail was used instead of the tail end to measure the body
bend angle. The middle point of the tail was defined as half the length
of the body from the swim bladder. To denoise, moving averages of
seven frames were applied before the analyses. The body bend angle
could not be accurately measured when the body was not viewed
vertically. Thus, the measurements were terminated when the differ-
ence in tilt angle between the chamber and the head exceeded 10°
(under these conditions, the dorsal view of the fish was too oblique to
measure the bend angle).

In the behavioral experiments with the head embedded in agar-
ose, the body bend angle was measured as described above. The tail
end was determined as described above. The position of the middle of
both eyes and the caudal end of the swim bladder did not change
during the experiments. These two points were manually detected
without binarization of the images. The angle before the roll tilts or
photo-stimulation was converted to 0° and the body bend angle was
shown as the angle difference compared to this default angle. To
denoise, seven-frame moving averages were applied.

Data analyses of Ca** imaging experiments

In the tiltable objective microscopes, the images rotated during the tilt.
For registration purposes, green and red channel images were counter-
rotated®®. Then, the images were translated in the xy direction using
Template Matching and Slice Alignment Plugin. Counter-rotation and
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translation were performed with interpolation using the bilinear
method. The AR/R, of the region of interest in each frame was calcu-
lated, where Ry was average ratio of the first ten frames. To denoise,
seven-frame moving averages were applied, and the maximum AR/Rqs
were then calculated.

The positions of the nMLF neurons recorded from different fish
were aligned in a horizontal plane using the midline (for medio-lateral
axis) and the MeLm position (for rostro-caudal axis). When left and
right MeLm neurons were labeled, the caudally located MeLm was
used for the alignment. The recorded neurons were aligned along the
dorso-ventral axis (z-axis) using the positions of MeLr and MeM as the
landmarks. Four zones (z1 to z4) were defined as follows: z1, more
dorsal than MeLr; z2, the dorsal half between MeLr and MeM; z3, the
ventral half between MeLr and MeM; and z4, more ventral than MeM.
The size of the soma area was measured in the plane where the soma
was the largest.

Statistics and reproducibility
For most of the experiments, multiple trials were performed in a fish.
For the behavioral experiments in the methylcellulose solution, only
one or two trials were performed in a fish. This was because the VBR
performance worsened in repeated trials in the same fish, presumably
due to fatigue of slow-type PHMs. For the Ca*" imaging in slow-type
PHMs, one or two trials were analyzed in a fish. This was because trials
during which bursts of rhythmic spontaneous activity occurred were
excluded from the analysis. In the experiments where multiple trials
were performed in a fish, the mean value was calculated, and it was
used as a representative result for the fish. In the experiments of
Figs. 4a, 9a and Supplementary Figs. 2c, 4, 5a, 5b, 5d, 6d, more than two
individual experiments were performed, and results that were similar
to the representative images were observed across animals.
Statistical analysis was performed using R. The statistical sig-
nificance was assessed using paired samples t-test, two-sample ¢ test,
Wilcoxon Exact rank-sum test, or the Steel Dwass test. All tests were
two-tailed tests. Before performing paired samples ¢ test, the normality
of the distribution for the difference values between paired samples
was confirmed using the Shapiro-Wilk test. For two-sample t-test, the
normality of the distribution and the variance were checked using the
Shapiro-Wilk test and F test, respectively. Statistical results were
indicated as follows: *, p value <0.05; **, p value <0.01; **, p value
<0.001; or N.S. (not significant), p value >0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper.

Code availability

Code used for measurements of head roll/body bend angles and the
image registration are available in Zenodo with identifier https://doi.
org/10.5281/zenodo.7583110.
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Supplementary Table 1. List of transgenic lines

Transgenic lines

Source

Tg(evx2-hs:GFP)
noted as Tg(evx2:GFP) in the text

Kawano et al., 2022!

Tg(evx2-hs:Gal4)
noted as Tg(evx2:Gal4) in the text

Kimura et al., 2014°

Tg(UAS:Dendra2)

Taniguchi et al., 2017°

Tg(vglutl-hs:loxP-mCherry-loxP-Gal4)
noted as Tg(vglutl:RFP) in the text

This paper

Tg(vglut2a:10xP-RFP-loxP-GFP)
noted as Tg(vglut2a:RFP) in the text

Satou ef al., 2012*

Tg(glyt2-hs:loxP-RFP-loxP-GFP)
noted as Tg(g/yt2:RFP) in the text

Satou et al., 2020°

Tg(gadlb:10xP-RFP-loxP-GFP)
noted as Tg(gad1b:RFP) in the text

Satou et al., 2013°

noted as Tg(smyhc2:10xP-RFP-loxP-DTA) in the text

Tg(evx2-hs:tdTomato-jGCaMP7b) This paper
noted as Tg(evx2:tdTomato-jGCaMP7Db) in the text
Tg(evx2-hs:CoChR-GFP-Kv2.1) This paper
noted as Tg(evx2:CoChR-GFP) in the text

Tg(pitx2-hs:Dendra2) This paper
noted as Tg(pitx2:Dendra2) in the text
Tg(smyhc2-hs:tdTomato-jGCaMP7b) This paper
noted as Tg(smyhc2:tdTomato-jGCaMP7b) in the text
Tg(tbx2b-hs:Cre) This paper
noted as Tg(tbx2b:Cre) in the text

Tg(smyhc2-hs:loxP-RFP-loxP-DTA) This paper

Tg(a-actin:GFP)

Higashijima et al., 1997’

Tg(a-actin:tdTomato-jGCaMP7f)

This paper

Tg(vachta-hs:Gal4)
noted as Tg(vachta:Gal4) in the text

Taniguchi et al., 2017°

Tg(UAS:Kaede)

Hatta et al., 2006"




Supplementary Table 2. List of key reagents

Antibodies

Source

Identifier

S58

DSHB

Cat# s58,
RRID:AB 528377

Goat anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor 488

Thermo Fisher Scientific

Cat# A-11029,
RRID:AB 2534088

Anionic, Lysine Fixable

Chemicals Source Identifier
Ethyl 3-aminobenzoate methanesulfonate salt Sigma Aldrich Cat# A5040
(MS-222)

Methylcellulose Sigma Aldrich Cat# A0387
Agarose-LM nacalai tesque Cat# 01161-12
Sucrose Wako Cat# 196-00015
Cal-520 Dextran conjugate MW 10,000 AAT bioquest Cat# 20601
Dextran, Tetramethylrhodamine, 3000 MW, Thermo Fisher Scientific | Cat# D3308

Supplementary Table 3. List of key optomechanical components

Optomechanical components Source Product identifier

Motorized rotation stage Thorlabs HDRS50/M

Motorized rotation stage Thorlabs DDR100/M

Light source Excelitas Technologies X-Cite exacte

Episcopic illuminator Olympus BX-URA2

Tube lens unit Olympus U-TR30-2

C-mount camera adaptor Olympus U-TVO0.63XC

Image splitting optics Hamamatsu Photonics W-VIEW GEMINI,
A12801-01

Digital camera

Hamamatsu Photonics

ORCA-Flash4.0 V3,
C13440-20CU

Digital camera

Teledyne FLIR

GS3-U3-23S6M-C

Digital camera

Basler

acA640-750um




Supplementary Table 4. List of key software and algorithms

Software and algorithms | Version Source URL

Kinesis 1.14.23 Thorlabs https://www.thorlabs.com/newgrouppa
ge9.cfm?objectgroup id=10285

FlyCature2 2.13.3.61 Teledyne FLIR https://flycap2-viewer-
release.software.informer.com

Pylon Viewer 6.2.0.21487 Basler https://www.baslerweb.com/en/produc
ts/basler-pylon-camera-software-suite/

HC Image Live 4.4.0.11 Hamamatsu https://hcimage.com/hcimage-
overview/hcimage-live/

LAS X 3.5.7.2325 Leica https://www.leica-

microsystems microsystems.com/products/microsco

pe-software/p/leica-las-x-ls/

Imagel/Fiji 1.53t (ImagelJ) | NIH https://imagej.net

2.9.0 (Fiji) https://fiji.sc

Template Matching and #2015/2/07 Tseng Qingzong https://sites.google.com/site/qingzongt

Slice Alignment Plugin seng/template-matching-ij-plugin

R 4.1.2 R Core Team https://www.r-project.org/

Excel 16.65 Microsoft https://www.microsoft.com/en-

us/microsoft-365/excel
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Supplementary Figure 1. Behavior of fin-removed fish and population data from
behavioral experiments

a Lateral view photograph of the experimental setup for filming fish behaviors upon roll-tilt
stimuli.

b, ¢ Behavioral experiments on pectoral fin-removed fish. b: Snapshots of the frontal and
dorsal images of a fish during a left-down tilt. c¢: Traces of the head roll angles of a fish in
response to roll tilt. The magenta trace corresponds to the trial shown in b.

d—f Population data for the head roll angles of intact (d; 24 trials from five fish), pectoral fin-
removed (e; 17 trials from three fish), and swim bladder-deflated fish (f; 23 trials from five
fish). The head roll angles for each trial were measured at 0, 1.7, and 4 s from the onset of
roll-tilt stimulus. Three to six trials were conducted for each fish. Data obtained from same
fish are vertically aligned.

g Population data for the counter-roll angular velocity of the head. Box plots are shown on the
right. This is the same fish as in d and e. p = 0.04 (two-sided Wilcoxon rank-sum test)

h Comparisons of head roll angles at 4 s. The same data as in d—f. p = 0.0005 (two-sided
Wilcoxon rank-sum test) for intact vs. pectoral fin-removed, p = 4.8 x 10 (two-sided
Wilcoxon rank-sum test) for intact vs. swim bladder-deflated.

i Frontal view photo of the experimental setup for filming fish behaviors in the head-
embedded condition upon roll-tilt stimuli.

j Population data of the body bend angles in head-embedded fish. The body bend angles for
each trial were measured at 0, 2, 4, and 6 s from the onset of the roll-tilt stimulus. Forty-nine
trials from eight fish (five to eight trials for each fish) are shown. Data obtained from the
same fish are vertically aligned. Box plots are shown on the right.

k Body displacement caused by the VBR. Snapshots of the fish before and during the VBR.
The fish images are the same as those in Figure 1d. In both images, yellow dashed lines
denote the fish midline before the VBR. White dashed circles indicate the swim bladders.
Orange arrows show displacement of the corresponding body regions. The head and caudal
body move toward the contraction side while the body around the swim bladder moves to the
stretched side.

1 Simplified schematic of body displacement caused by the VBR. Yellow dashed lines denote
the midline before the VBR. Magenta and cyan circles indicate the center of mass (COM) and
center of volume (COV), respectively. The COM position in the absolute coordinate does not
change during the VBR, while the COV position moves to the stretched side.

Box plots in d-h, j: Boxes represent the interquartile range (IQR) between the first and third
quartiles and the line inside represents the median. Whiskers denote the lowest and highest
values within 1.5 x IQR from the first and third quartiles, respectively.

Scale bars, frontal images in b 200 pm; dorsal images in b, k 500 um

Source data are provided as a Source Data file.
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Supplementary Figure 2. Characteristics of TAN neurons and the performance of the
widefield-version of the tiltable objective microscope

a, b Single-cell morphologies of TAN neurons revealed by electroporation of rhodamine-dye.
Maximum intensity projection of confocal stacks of dorsal view images. Dashed lines indicate
the midlines. Rostral is to the top. Lateral is to the left. a: A TAN neuron with an ascending
axon. Similar data was observed in 2 fish. b: A TAN neuron with a bifurcating
(ascending/descending) axon. Similar data was observed in 6 fish.

¢ Neurotransmitters properties of evx2-positive TAN neurons, as revealed by crossing
Tg(evx2:GFP) to RFP-expressing marker transgenic fish lines for the following
neurotransmitter phenotypes: Tg(vglutl:RFP), Tg(vglut2a:RFP), Tg(glyt2:RFP), and
Tg(gad1b:RFP). vglutl and vglut2a are markers for glutamatergic neurons, glyt2 is a marker
for glycinergic neurons, and gadib is a marker for GABAergic neurons. Yellow arrowheads
show the overlap of fluorescence. Dorsal views of confocal stacked images.

d Frontal (left) and lateral (right) views of the widefield-version (non-confocal-version) of the
tiltable objective microscope for Ca>* imaging of TAN neurons during roll tilts.

e Image (merge of the green and red channels) of Tg(evx2:Gal4; UAS:Dendra2) after a partial
photoconversion of Dendra2.

f Time courses of AR/Ry in the left and the right TAN neurons in response to a roll tilt.

Scale bars, a, b, e 50 um; ¢ 20 um

Source data are provided as a Source Data file.
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Supplementary Figure 3. Characterization of Ca?* responses of nMLF neurons upon
roll-tilt stimuli

Overall, 330 neurons from ten fish were analyzed. Neuronal identities (MeLr, MeLc, MeLm,
MeM, and others) are shown in the right-hand side box in a.

a Comparison of maximum AR/Rg during ipsi-up and ipsi-down tilts for each neuron. The
black and gray dashed lines indicate 0 and 0.1 of maximum AR/Ry, respectively. Neurons
with a maximum AR/Ry that was above 0.1 were judged to be active.

b Soma positions of medio—lateral and rostro—caudal axes are aligned based on the midline
and the position of MeLm.

¢, d Graphs showing the maximum AR/Ro during ipsi-up tilts (Y-axis) vs. the medio—lateral
position (X-axis in ¢) and the rostro—caudal position (X-axis in d).

e Graph showing maximum AR/Ro during ipsi-up tilts vs. the dorso—ventral position. The
dorso—ventral positions of the neurons are categorized into four groups based on their relative
position to MeLr and MeM (see Methods for details of the alignment). Boxes represent the
interquartile range (IQR) between the first and third quartiles and the line inside represents the
median. Whiskers denote the lowest and highest values within 1.5 < IQR from the first and
third quartiles, respectively. z1: n=143 cells, z2: n=130 cells, z3: n=27 cells, z4: n=30 cells zI1
vs. z2: p=0.0057; z1 vs. z3: p=0.0072; z1 vs. z4: p=2.7 x 10, z2 vs. z3: p = 0.44; 72 vs.
74: p = 0.0028; z3 vs. z4: p = 0.65 (two-sided Steel Dwass test)

Source data are provided as a Source Data file.
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Supplementary Figure 4

pitx2:Dendra2

Rhodamine backfill

Supplementary Figure 4. Characterization of nMLF neurons labeled in
Tg(pitx2:Dendra2) fish

Top: Confocal stacked image of Tg(pitx2:Dendra2). Bottom: nMLF neurons were labeled in a
retrograde manner by injecting rhodamine-dextran into the rostral spinal cord. The three
panels are expanded images that correspond to the white dashed box in the top panel. Dots in
the middle panel indicate the rhodamine-labeled nMLF neurons that are positive for Dendra2
fluorescence. Scale bars: 50 um
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Supplementary Figure 5
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Supplementary Figure 5. Anatomical characterization of PHMs and Ca?* imaging of
slow-type PHMs

a Lateral view of the confocal stack image of Tg(smyhc2:l1o0xP-RFP-loxP-DTA; a-actin:GFP)
fish. PHMs consists of three segments: rostral, middle and caudal segments. White dashed
circle denotes the swim bladder. R, rostral; C, caudal; D, dorsal; V, ventral.

b Cross-section view at the position of the yellow line in a. M, medial; L, lateral.

¢ Lateral view photograph of the experimental setup for both Ca?* imaging and behavioral
imaging. Light paths for Ca?" imaging and behavioral imaging are shown in green and
magenta lines, respectively.

d Lateral view of the confocal stack image of Tg(pitx2:Dendra2; smyhc2:loxP-RFP-loxP-
DTA) fish. pitx2 is expressed at slow-type PHMs.

e Image of Tg(pitx2:Dendra2) fish after a partial photoconversion of Dendra2. Ventral view of
the area around PHMs. Green and red channels are merged. Slow-type PHMs are located at
the lateral sides of fish (dashed blue lines) and are separated into three segments.

f Time course of AR/Ry in each segment of slow-type PHMs in response to a roll tilt.

g Maximum AR/Ry in each segment of slow-type PHMs during tilt. 42 dots (left and right
side) in each segment, 21 trials from five fish.

h Bursts of rhythmic spontaneous activities in slow-type PHMs.

Scale bars, a, d, e 100 um; b 50 um

Source data are provided as a Source Data file.

13



Supplementary Figure 6
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Supplementary Figure 6. Ca?* imaging of fast-type PHMs and anatomical
characterization of PHM motoneurons

a Fluorescent images of Tg(a-actin:tdTomato-jGCaMP7f) fish. Left, lateral view. Red
fluorescence and transmitted light images are merged. Right, ventral view of the area around
PHMs (“imaging area” in the left panel). Green and red channels are merged. Fast-type PHMs
are located at the lateral sides of fish (dashed blue lines) and are separated into three
segments.

b Time course of AR/Ry in each segment of fast-type PHMs and the body bend angle in
response to a roll tilt.

¢ Pairwise comparison of the maximum AR/Ry in each segment of fast-type PHMs between
ipsi-down and ipsi-up tilts (three fish). Average values of three trials are shown for each fish.
d Optical backfill (from green to red) of motoneurons innervating the middle and caudal
segments of PHMs in Tg(vachta:Gal4; UAS:Kaede) at 5 dpf. M6 and M7 indicate the 6th and
7th muscle segments, respectively.

Scale bars, a 200 um; d 100 um

Source data are provided as a Source Data file.
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