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Magnesium ion concentration in environmental water is effective for the
size and shape of Xenopus larval median fin
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Abstract: The median fin is a membranous structure that develops on both the dorsal and
ventral sides along the midline in amphibian larvae and teleost fry for swimming. In anuran
(frogs and toads) and urodelan (newts, axolotl, and salamanders) tailbud embryos, the median
fin starts to expand along the midline. Importantly, the shape and size of the developing median
fin are highly species-specific and stage-dependent, reminiscent of the fine tuning of genetic
control to realize the species-specific morphology of the median fin. Here, we hypothesized that
ionic composition of environmental water of the larval habitat is essential for adaptation and
optimization of the developing fin morphology. Therefore, in the present study, using amphibian
model organism Xenopus laevis embryos, by depleting the magnesium ions from culture saline,
we reared Xenopus late-stage tailbud embryos for several days until the early larval stage, and
morphometric analysis was performed to assess several parameters regarding global fin mor-
phology and its individual epidermal cells. Magnesium-free treatment induced shortening of
the early larval axial structure, and the effects on the ventral fin and its epidermal cells were
significant. Based on these results, we discuss the possible mechanism that affects the fin mor-
phology via sensing of the environmental magnesium concentration.

Keywords: fin morphogenesis, epidermis, morphometry; tadpole larva, Xenopus laevis

V¥

1E P LB DA F Ot o K BEEh) D S A= D ik
D5 ZEH U7 Rk o3& ¢, 5 ME i i (2 F8\ ) TR
BHEIOIEFIZI > THOTWS, Wi EIC B0
Tl EFEEIXERL2FRESE & LTHREEL, Ko
BEEh, T AEO&EE 2 RV, EHEOR
HITFEICBEMEIN O E Y . ZOIE0Y A AR
T, BAERBEZLIZ-ETHD, MEHMAED
77 YA T E)VOIEREEDGEITIE. BIHFHRO
B CRIELAIRD, BENBEDLETHREL, D
BBIBEIED D,

MR H WA H O IE R O E X R BT, &
B XD IS ICHEE L2 D e A TRERR &

ALTWT, ZHDORBITEE 7= R O R XA
BEMIfL E st~ R Y v AnB e b, Ml
S~ b U v 7 R EN, TS K- THRRXK
Fraipt7 2, oI EE o R IEER K 2 B
A L CHBO LEEEEERT D 2, ZORBKIX
ZAREAIEOREG I 72 £ 2 < Offifia 2 A 7 CHERK
IND, EFEEICEHET 2 HEELBEITIEFTH
%o JBHFITHRET D ROEIIAIE T MO £
D THY ., PR D D> DOFEE & % T7 P IRIEFEI D
MO AEERIZ L > TEDOEKRI AL <41, lunatic
fringe & Notch Z 3817 2 ¥ fIfEEk & . Notch U 7
> K Delta 3 BL4 2 JERIFIR & O AER IR

©Research Institute for Integrated Science, Kanagawa University



20 Science Journal of Kanagawa University Vol. 35, 2024

L CRIFIEHR SN D 9,

WA DOMIEEIZIBNT, JBIF & ERFEOMH ALE
i, @Y7 AEDEEIRICB N TR TH D,
FEE DI L IEHHE DT RIIMRS 2L D FTHIEERE D~ &
FRFICEE Z 0 2 OFH FEEE N FE O Y 22 TR &
A RN BB B2 R d O, T YAV AN
TV O IE A BT R A RS (LUF, HiE) &
JEMIRERE (LLT, MEEE) 1Ty S, T2 ol
KITRAe D, HHEORIFHEITE DE TIZdH Dt
AR L RMARTIICHEE L, 2 Ko TiFE X
Nz, BEEOMFEHIL, FIhIRERRE SNDH0,
—EIARE I b kT D L AN TTE 8D, —
Ji. NI AV ==y 7R E W EE ORI
ko, 77U HY AT VA RFEEBICEBIT S
EOMFERRIE, AR TIEAR < EARICTIRE) S H
KT HZENEISNTWS Y, EFEIIREND
HMET DRI KL - TR E D720, JBIFEDIHE
XIE A IE DA B R A AT,

FEIFOFAIZE L TIIEk A 22058035 2126 03
boT, IEREEOY A X EHIET 58I A —
ROHIfE ZE BN SERITITM STy, EED
I, Y A AOPEARAIIE, BEEKICIEITIAA
S TEREOA I A AU DBRBERETHD EE X
7oo BREIIEICEMLLTBY, AT icEisd
HUENDH D, EEHEOIL, KEEBYMIILE T3
U AR BITKEREEIZH R T DR AR R ER O —>
ERVEDLITHAIML, AX~T v 7 VIR~ T X%
U ARBEOBRESICEDOXHICHENL LY &
LH0EEFETHTHT X, B FOFEEFICHE
NEOHRE LTSI EE 2T, AR, B RO
~ 73y MIE O REREIR O FREE F T T VA
WL T HH—HE LT, v IRV LA T REN
WV AT T I)VIHAED IEFREED Y A ALK IFE T 5
AT, BEOREHIEHT D A =X LD—i%
fifi4 5= L 2 HiE LT,

PR E Tk

FEAR
FREREME L TCHEMDOT 7 ) Y AT
(Xenopus laevis) DI & S % iz,

Ttk

1. AN LRehS

WY AT T VRED 17T 2 HE L, = HIH
HR S TEINZAV Yz, A A2 400 unit, A A2
600 unit OVERRHIEL R /LE > gonadotropin % V15 L |
—WEHGE L TR AN ESTz, AV T MERRT b
U ATIEY —EEREL T, MRIRICEL B

P THRBRIE & BRI 2 T 72,

2. Mg**-free ® 10% Steinberg LK T O fiil 5%
Mg*—free @ Steinberg X % & i i @ Steinberg K
WAL CTI0EAN L CRBEIRE L, FBREt
1< Mg*—free ® 10% Steinberg K i T 2 [A #E15 L.
6 X7 L — kD% well 1T 72 L 72 Mg*—free @ 10%
Steinberg i H Calg L7z, *FRERITE S O 10%
Steinberg ik 1 CHalZE Lz, MifEiLA 4 RE %
MR 2720, HHAKBAZ LT, 16 COMEIREEH
THIEE LTz,

3. 77uA VU

st. 43 12 LTz & Z A THAEDINE & Bl OJERE:
BHAEo T, 4% RFHRA LT AT e RCEE L,
[E7E L7=%h4 % PBST (PBS-Tween20) T 5 45 1 [A]
P> T, 200 nM @ Acti-stain™ 670 Phalloidin T 1
BERGeta L7, = D%, 1 X PBS T5 4y 2 [mI%e4 L.
1E g e 2 S 8 5 L — Y — B SE (Carl Zeiss
LSM730) T 680 nm THIZE L 7=,

4. RyERREILY 1

EN 28122 Lod < 72012 MF20 Hiik & Fv 7= i3
EIZL Y, i Efkos iz ez,

st. 43 (T LT2SVEE 4%/ T~V AT VT B R T
[EE L CHBOMROEREEZ R LT, £0%, —
PR L LCTHLa A 7 HEED myosin heavy chain
ERiT D~ AE ) 7 u—F PR TH D MF20
BROGSH T, —BEOL S THE R, Bk AT
Z O anti-mouse IgG “KHUAZIEM L, FRE B
JEEHT, YEE LTz, ki, B e L ESR L ——
PAMREE CYERE R 520 nm THIZE L7z,

1. Y AHTI)VHA L 2 OEEDIEET — 2 ORIE & RE.
Image J TUL FOO~@DEZEIE, FHHE L.

OV ATz NVHEDOKRE. QgL IEEOE S UGB
Esy). @1 < ) OFROBE O3 A, @LEMEI 5
RIZAMEORRGIEZBIT 2 EN AT 5 mEOEE. ©
BEF IR O HFE %2, fERMIEEER D7 7 a1 VY
b STHIE. WIET—21T, t- BE 2 T IR &t
OO~ DOFELEDAEERTE L=



Ak L S E DR REIC

5. BEWHIRGT — & O RINRPT

F—=T Y = RAOEBHENTY 7 FU T Th D
Image J TY X T )VADIKE, 56E L EiED R
&, T oFROME O MA, ERE)»S /R
SN D RRBEEIZBIT 2 EN SE T 2 EEOE S,
R MO ERBZFI LT, ZhHD/RT A—X
WZOWT, t BRE A W TEBREE & SRR B =
OFEEARHLE (K1),

Wil B

StA3 T LY A T Veh/E 13— EDERRE S %
o T\ b0, Mg*—free ™ Steinberg FKifk Chil#s L
TeFdZ~T % 7 AT REEL V EBERE ) 2395 < 7e o
T, FEVETK Lo T-, wAIZ, Mg*—free Ik
REFCOAEGFEREFE LT-, ABEEOLEFERIT1HE
H T 56/60 (93%), 4 H H T 48/60 (80%), 6 H H T
41/60 (68%) Td - 7=, — . Mg*—free JLHL L 7=
FBRBEO A FHIL 1 A H T 56/60 (93%), 4 HHT
54/60 (90%). 6 H H T 26/60 (43%) T -7=, 4 HH

2. %R IEIE ) 5 Mg*—free ® N T K (10%
Steinberg [Kifk) Tl L7 SEBREE (TEL) & [RIE s PRAE
(LB oZEMimK. FEEBREECITEME 220, FRCIETHE

DERDFED L& < 72 HBIGINFRO B A7, Scale bars,

1 mm.
P<0.005 P<0.005 NS NS
10 1 0.7 - 0.6
0.6 - 0.5
21t { o8 * 0.5 1 * } 0.4 . :
6 0.6 '} 0.4 -
0.3
4 0.4 95
: 0.2
0.2 -
2 0.2 01 4 0.1
0 0 0 0
C E C E cC E C E

3. Mg*—free N T.ik/K THH L 7= EBREE (E) & FE X
FERE (C) DR E: (A, Hitlho AL mm), MEEEOE X (B, HAL
mm), HEOF S (C, AL mm), S R -REEcs
F 6?;%@% (D, T5HIfE + fEMIGE) OEIA. NS, HEZR L (P
>0.1).

Ff

Mg A AL REBRIETHE 21

F COFRBEDAAFRITHRI R, & TRl < |
RWNIZERE Lz Mg? A A v TAEERR I &
EZHND, M TSR LSRR, EBREET
IREFMEAED U, EREEOMBREIL, R %)
FEBE L W A< 72 o7z,

BIEND R & EREEOMRITEAEL Y L K
SHWERTH-7= (K2), 72, BIFITERR
DI HERHI R D> T2, JEIETIX, HRBECITE S
NV HE T DAY /N %%ﬁ@ﬂﬁ@% M A
PR E LTz, g LG HE%E S &2 Image J
TY ATV EDKRE (K 3A). B goms (X
3B), HfgEoEmS (K3C), MDD HA
mEfEOHFE (X 3D) M~ OfigR Ao mEfg (X 4)
ZRE LT, 7 —F 2 EKE 1% Ot BETHE
ZEEtR Ui, ZORR, FEBREEOERE T3 REED
HRELVAEICE» -T2 (R 7.25 = 0.96 mm,
XIREREE 8.01 + 0.76 mm; P < 0.005, #4741 n=60,
X 3A), EBREEOWHED E S & AH 2 OIS EEF KM
S IR REED Z 1 B I3 L CHEZED o 7273,
MEfECITAEZN D  RHREEL V L Em o7 (3
BREE 0.74 &= 0.12 mm, *REE 0.64 = 0.09 mm; P <
0.005, X 2, X 3B LXK 4, ZNZ4n =60), filx D
fEfEFR AL R X R O Z N L 0 K& Do 72 (52
BRiE 549.6 & 163.1(um)%, xFHERE 292.2 + 96.2 (um)*
Ip%h%hw0P<om5H@ LU, il fs

ZE O 2D SR EBOEIEIITAEEN R T
(3D, P > 0.1),
P<0.005
800 -
600 -
400 -
200 A {
0 .
€ E
IR ERTRIX

C: NEBELREEE

Mg : Mg2 + EERE# R
B = Z N 100/E4EA
ITOTH 5B,

X 4. % W R F W 5 Mg —free D AN LK (10%
Steinberg KifZ) Thilde L7 EEREEOIEREMAL (TE) <‘:
FREx BEBE O fEfEM AL (LB %, Fh 2 i eims
phalloidin THeth L 7z Yetafg. ML EH gD RKZIC
HBo TS, 7T 7 OHERO AL, (um)?. Scale bars, 50
pm.



22 Science Journal of Kanagawa University Vol. 35, 2024

2, MEOMEICLRERENDY (ZNEh
n=20), KBt CF¥MHE 102.3°) OB nxiEEE (OF
%11 69.5°) OZN LV AENBEHNTW (K5),
flis, BRI x RETEA T, —#oA 2~
/%&/@@% IAKEBETT, ZOFDBE G

WCHAETET AR T, —HOFF~ Ty
7/®% (TR ¥ L7k s H T & 72, st. 43
RO 2RI & KRR D FE 2L FIRE L (TR D o 7223,
std3 M E D & FEEREEORTENRAIT B L,

PLEDREER NG, Mg*—free HTHA LY AT
TOVHHAETITRR CTEMEE WO BIRBEZ 5722
&ﬁb#oto%nﬁmtﬁﬁﬁé@#\ﬁﬁﬁw

—Z MBI T E R, LR IZARBIE O Mg*—
ﬁwﬂﬁ@#%kbfm%t SNTHEIEREDE L
WEABIZ DWW T, ZDORRICOWTELET 5,

YA H L O DI OV T, TRPM F v
/L (melastatin-related transient receptor potential
channels) ® 7 7 X U —I|ZJ& 3 5 TRPM6, TRPM7
BT R FEINTND, TbD5TIE
e B4 8% IR @ radial intercalation (TRP6 73 H %4 ),
mediolateral intercalation (TRP7 234034 ) (2B 5 L
Tk, BEATHY72 Mg*—on transporter SLC41A2 &
FHTHREHAEA O LRFE SN D 210, ZhIichH
LT, TRPM6 DREHES ) v 7TV b~ U AL
WY IR LAETEMFRENGET L2 L bHlES
nNTng W, Y 2 H T VFREIRTIE, Wit > 7 v
DOIET AR & TRPM7 & 322 LC. RGBT s
D UL % i £ ## B (convergent extension movement)
% GTPase @ Rac IKFAIZHIEI L T\ D Z LA HE
SNTEBY, Z2ZITMg* A T PEE5T5Z &0
RE SN TWD 0, FEF 5%, ALK 7 BMP-2,
4 (bone morphogenetic protein-2,4) (Z & - CTFHi#E <
AU RGBSR D R IR TE D IR - 125~ —
I —8a Tt & LTH LI, BHFEOHRESMRED 4 —
= 75T 5 2 LG STV D Xhox3 D%
BINBRBLAK T D Mg —free IZ B S, 1IE L Aif%
BCER TE RV BB X T D 2, 2 LT,
¥~ bV w7 2D lamin % 22— N9 % Imnbl 325K
BAERFOX I~y 7 VORIT, BAERM L LT
MAHICABEIZEL, RO e S TnDd ¥,
> T, Mg™ A A N2 R RN E 5 Z &
75‘3 Imnb1 \ZAEAFT 5 (7 A ﬁi/lxﬁj]{%@ﬁ%@ffm}i@&

(R 72 ) B2 D 253 & S B 7 R O TRk & e
MBS LIV, Eio, Y ATV JREIGIR \_io
VT, VR R SRR R (R T (platelet-derived growth
factor) & = D% ®{AD PDGFA /PDGFR o > 7L
ENHEIND & TIREEMR O 5 mMES L X
. Tl EORD A &R &b e, Mgr-

X 5. AR D Mg —free O ATk (10% Steinberg
Kift) Tl LI (hI) L FIAIERE (2B 0
AT ORGE. AU 278 %75 MF20 €/ 7 m~d‘ﬂ/1’“
& 1L RbUEE T2, faEaomMpEE Tk Lz, &
BREEOMEIL, <1 OFROFFEOR3MAMN TV,
SERH I PAT 22 FRAHERE 13 2 < OB T STV T,
—EBOREL TIIAAL TV 2. Scale bars, 100 um.

free ALFRIZ J. - C., PDGF > 7 v b 8B A 5215 C
WDHDONE LR, Y ATT)VOREOMHE, fiE
B L OBFEMILDFEEITIE Notch & 7Ly L B8 &
WS TW5 Y, RERCTEBIEINZAEDHKE
LRI, Notch 3 7 F LN E S -84 xt
JELTWDAREME S B 5,

MUT, 73U ARRITHIIATEME, 38 LU
MRIZ RN WL T2 > 7 WARTERR IR I R R % )
EL. AR ERRRIC T 2 ER b~ &
BNRDZEDNRINT, v RV T AAREOREN
gLV HHEREIC K E < e DT Fim Tk 7= i
DM RFE DEFEWIZER T 2 f[RetER & 5, JEfED
TR DOZEAGIZFR IR OO KIZER T 5 & &
bhsd (K2, X3B, X4, {KMg* A4 EED
RPLT Tl ELISMIER ~ 22/ e B 2 = 1 Tk
FNHAETE oo Te, FRICHE &L IO RE iy
Br bz EEIHES T RITENHD Z LRy
Mmool

BIEOT — 2 HMAEHNTE 25 L. Mg™ REDER
BECHA LRI TEA R T &3 2 N A355 <
72T, HIEE S MICHET 2035 2 &3
R ENT-, BREFEROMEIIFROMEICL -
TEREh S D 20, A% ITHEROME I Mg

NEEBESTDLONEBRTE L2V, F7-. Mg*—free L
PR TS D Steinberg FORIZ R T & 3AEMN E D
B MNERRD, BT, HEHE, FFICEFTHEO
FROFEEEORAEIC, BEKFO~ 7Ry T LRE

DB DO THRFT L2V,

i

AW H(TT H LT, SRR MBS 2THEE L

7o, BIRMEEOIERR S A, FEHES A, &

‘@%é‘/\/ HEARFB SIS LES, Y ATV
« $hE @ wholemount F 2 Yuta D HiE A # 2 T <



i AR

EESWE Lz, BIEMSLRF ORISR, /I
ARICEEH#HNZ LET, R HONEE TR LT
THE F LICRE BRI R IR Z R 22 5 O
(ZTESALIZREH# N LET,

SCHk

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

Nieuwkoop PD and Faber J (1967) Normal Table
of Xenopus laevis (Daudin): A Systematical and
Chronological Survey of the Development from
the Fertilized Egg Till the End of Metamorphosis.
Elsevier Science Publishing Co. pp. 1-258.

Tucker AS and Slack JMW (2004) Independent
induction and formation of the dorsal and ventral
fins in Xenopus laevis. Dev. Biol. 230(3): 461-467. doi:
10.1002/dvdy.20071

Tucker AS and Slack JM (1995) Tail bud
determination in the vertebrate embryo. Curr. Biol.
5(7):807-13.doi:10.1016/s0960-9822(95)00158-

Beck CW and Slack JM (1998) Analysis of the
developing Xenopus tail bud reveals separate
phases of gene expression during determination and
outgrowth. Mech. Dev. 72(1-2): 41-52. doi: 10.1016/
$0925-4773(98)00015°x.

Beck CW and Slack JM (2002) Notch is required for
outgrowth of the Xenopus tail bud. Int. J. Dev. Biol.
46(2): 255-258. doi: 10.1387/ijdb.011489.

Garriock RJ and Krieg PA (2007) Wnt11-R signaling
regulates a calcium sensitive EMT event essential for
dorsal fin development of Xenopus. Dev. Biol. 304(1):
127-140. doi:10.1016/j.ydbio.2006. 12.020.

Garriock RJ, Warkman AS, Meadows SM, D'Agostino
S, Krieg PA (2007) Census of vertebrate Wnt genes:
Isolation and developmental expression of Xenopus
Wnt2, Wnt3, Wnt9a, Wnt9b, Wnt10a, and Wnt16.
Dev. Dynam. 236: 1249-1258.

Taniguchi Y, Kurth T, Medeiros D et al. (2015)
Mesodermal origin of median fin mesenchyme and
tail muscle in amphibian larvae. Sci. Rep. 5: 11428.
Runnels LW and Komiya Y (2020) TRPM6 and
TRPMT7: Novel players in cell intercalation during
vertebrateembryonic development. Dev. Dyn. 249(8):
912-923. doi:10.1002/dvdy.182.

Komiya Y, Su LT, Chen HC, Habas R and Runnels
LW (2014) Magnesium and embryonic development.
Magnes. Res. 27(1): 1-8. doi: 10.1684/mrh.2014.0356.
Walder RY, Yang B, Stokes JB, et al. (2009) Mice

12)

13)

14)

=

15

16)

17)

18)

19)

20)

21)

LESh A DEETEREIC Mg™ A AV RZNRITTHE 23

defective in Trpm6 show embryonic mortality and
neural tube defects. Human Mol. Genet. 18(22):
4367-4375. https://doi.org/10.1093/hmg/ddp392.

Ruiz i Altaba A (1990) Neural expression of the
Xenopus homeobox gene Xhox3: evidence for a
patterning neural signal that spreads through the
ectoderm. Development 108(4): 595-604. doi: 10.1242/
dev.108.4.595.

Larkin K and Danilchik MV (1999) Ventral cell
rearrangements contribute to anterior-posterior
axis lengthening between neurula and tailbud
stages in Xenopus laevis. Dev. Biol. 216(2): 550-560.
doi:10.1006/dbi0.1999.9495.

Beck CW and Slack JM (1999) A developmental
pathway controlling outgrowth of the Xenopus tail
bud. Development 126(8): 1611-1620. doi: 10.1242/
dev.126.8.1611.

Arbach HE, Harland-Dunaway M, Chang JK and
Wills AE (2018) Extreme nuclear branching in
healthy epidermal cells of the Xenopus tail fin. J. Cell
Sci. 131(18): jes217513. doi: 10.1242/j¢s.217513.
Nagel M, Tahinci E, Symes K and Winklbauer R
(2004) Guidance of mesoderm cell migration in the
Xenopus gastrula requires PDGF signaling. Develop-
ment 131(11): 2727-2736. doi: 10.1242/dev.01141.
Nagel M and Winklbauer R (2023) Polarized contact
behavior in directionally migrating Xenopus gastrula
mesendoderm. Int. J. Dev. Biol. 67(3): 79-90. doi:
10.1387/1jdb.230123rw.

Weliky M, Minsuk S, Keller R and Oster G
(1991) Notochord morphogenesis in Xenopus
laevis: simulation of cell behavior underlying
tissue convergence and extension. Development
113(4):1231-1244. doi: 10.1242/dev.113.4.1231.

Goto T and Keller R (2002) The planar cell polarity
gene strabismus regulates convergence and
extension and neural fold closure in Xenopus. Dev.
Biol. 247(1):165-181. doi: 10.1006/dbi0.2002.0673.
Ezin AM, Skoglund P and Keller R (2003) The
midline (notochord and notoplate) patterns the cell
motility underlying convergence and extension of the
Xenopus neural plate. Dev. Biol. 256(1):100-114. doi:
10.1016/50012-1606(02)00130-6.

Goto T and Keller R (2021) Preparation of three-
notochord explants for imaging analysis of the cell
movements of convergent extension during early
Xenopus morphogenesis. Dev. Growth. Differ.
63(8):429-438. doi: 10.1111/dgd.12748.



