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ABSTRACT

Humans, rats, mice, and other species exposed to hyperthermia
exhibit a variety of developmental defects. Development of central
nervous system is particularly sensitive to hyperthermia. It is known
that hyperthermia induces cell death in embryos and affects gene
and protein expression. Homeobox-containing genes (Hox) are a
family of regulatory genes encoding transcription factors that pri-
marily play a crucial role during development and direct anterior-
posterior axial patterning during embryogenesis. To observe mor-
phological effects and gene expression pattern by heat exposure,
day 9 p.c. (post-coitum) mouse embryos were exposed to hyper-
thermia in culture. Embryos exposed to 43°C for 15 minutes induced
significant decrease in crown-rump length and somite number, and
delayed in ear and limb formation. The expression of Hoxa-7 gene in
heat-treated embryos did not show any restricted pattern of ex-
pression along the anterior-posterior axis, whereas the control
group have a distinct anterior boundary of expression, i.e., C5 in the
ectoderm-derived spinal ganglia and neural tube, and T3-T5 in the
mesoderm-derived prevertebrae. This result indicates that a brief
heat shock at specific stage during embryogenesis can interfere
with the normal establishment of Hox codes, and subsequently per-
turb the morphogenesis.
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M B

22 (hyperthermia)& Q7+& X33 o8] FolA 2 4 ¢ 7182 42 5 Ak A
Z wrAle] 9lo] FulaE A (gastrulation) F£7)& &) W7HalA wH8-sle] viz} A4 Fol 9} F3
NAAZ] 718E §2A71t} (Buckiovd and Brown, 1999). 22 JAl7]e] =7} 7712 9
3 7Y e ARSUL FE3 o] =& o FAAE ¢ YA o] 2 <l witel 7B & KT F
slt} (Miller et al., 1978: Miller and Ziskin, 1989). &3l £ 57} 248, 120 5 e A7
o] AojALE A ol ulAE T GS ARY Ags A}, o ot vizp By o] 71
o A Eel wjRe] BA£3 goo vehte AE F49 wahy FF3Es Ay F& (cell
death), =& o] ¥ 7}x)¢] 4% AL 78t} (Breen et al., 1998). 714id, 3 2g, 33, A
A, E7), %, #A), A50) At 721 2] X F-FolA 2o st FF41A 2] Aol 7t
Z 23 #AHEd, ole F2 A7 M E (neuroblast) & F4]o] AHM H YA Al &F W&ol
2y Ry E R At (Graham ef al., 1998). ¥ 120 23 25 Ao ) AAY] g4
gHo) N EEA 9L v H7) dFolgte= B 9tk (Miller and Ziskin, 1989).

2L w A X =& (apoptosis B programmed cell death)& F %87 % gt} (Mirkes et
al., 1997). M=E &S A17F o g L1529 £2ToM & 2HE vHE H 37T 3 EAIZ
oS, oAl et E 27 (43C) L M S dols EoE o) A4S yeEllA ged), ol €FA U
4} (thermotolerance)-$ A 5 7] W Eolgts deix Aot ojA EF4 WA S 24 € Wiz o
Al GRS wAEE R o8 duAe] o] Ay 54 ¢ d | heat shock
protein (HSP)¢] w&o] 581 o] A& qFA A" @i Fo] 23 foldingH e A& A
o2 937 WAL A 3ty g8l Aot (Walsh et al., 1987). 53] 3120 )& 714 @ol
E = Hsp70 @ Ao] 720 g2 R wzxE BIsle 934 YA L fxdled 2HE o
ghg sttha 994 e (Mirkes ef al., 1999), o]¥ ¥34 WA & wjzld sl22 7F2] DNA
243 & apoptosisE ZAA7)E Aoz deiA ok (Mirkes ef al., 1997).

HZEEE|AM Hox $4x= A, B, C, D 4719) clusterdl tandem repeat e} & #2383 Y2
o, o2} oM B FAH] (homology) & WERY & homeobox & 2L, o] vhal 2 W e
o] DNA$} 23138l homeodomaing ¢+& 3%k} (Chan and Mann, 1996). Hox %1 A5 v 2}
2 glo} atAlo| A = a38lA 2HEsted AA] A -$£= (anterior-posterior axis)-® whg}l thddt g
o Ale] WS Ao =Ast} (Duboule and Dollé, 1989). 2+ Hox A 2= clusterol Al #
Aol 9o we} 13789 groupl & U ojxH, o] F 14 group oprtv] @Gl (branchial
area)® %3 (rhombencephalon)®] & A4S 58 groupe AMA e 7}4& %9 (thoracic
portion) &, 18]35 9-13 group 3 8-A8] 99 (lumbo-sacral region)& Zddls Aoz 4
Z 9t} (Boncinelli, 1997). A 7 groupdl| £8+= Hoxa-7 A A= AF ] GulgA A7) &
W g = (WA 7.59), =2 A4 (neural tube), A A %A (neural crest), 18] 2 & 9
2 Zu| 9 (paraxial and lateral plate mesoderm) oA W& WA 95U = Abz| o] F704
(mesenchyme) oA W& 31 Al 12 590)& 5% 3 A7 A (cervical spinal ganglion)
s AR, 2l 3HA A SR FHo) MY me] o2 wEste o del4 Ad (Min
et al., 1998). & Ao A= iz} wiek (whole embryo culture) H 8- o] -§-afa] WAl <1 AJ 3 9
A8 2.9 (43T) 9l F A S o dojuls Pl F el wislel WA Al e FA o] dhoighda o
Hx A Hoxa7 A wdle vAe G&S HHAFOEAR 20 A Aol vl x| 3

o thate] dotr 12} Fhrt,
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Mz YUY

4 FE L WA

AP FEL C57TBL/6 AHE A3t Aol 43l 3~4rlele} 3 1vle] & AR & ot
£ ok 929 plug7t AFHA o] W& BA 0.5¢2 FA3tArt Y& # 2rj2)2RE 24
8.59A == A 15vke] & #Ejtdth o] ¥ 2rtele FAHAL el &AHR e 2nlel s
2717k A ot WAl Al 7] 2 & ¥eld 6vte] 2 i i gS skt

LR D U= R |

A xS Z2Fo R 7H7) 3uejH o R E 24417 F9F 37ColA M £18 AT
HA ksl ), o)uf AL£-3 uj X Streptomycini}t Penicillin G& T 38l= 75% Rat serum
# 25% Tyrode’s buffer2 50 ml conical tubeo] 6 mlg ) YA vl o), 714 8L 12A]7H
R0 AFL 5% O, 5% COz 90% N2B AT E4 Gl 20% Oz 5% CO», 75% Na
2wyt (Sadler, 1979; Foerst-Potts and Sadler, 1997). Z&-& 37T oA] 18417} v o
F 43CoA 168% F9 =EAA EFFH L 713 F 37l 547 O i gERly, AL
37 colA Al v

P AF

o] B wizte & dulA 3tlM vg] £%7e] (crown rump length, CRL), A&
(somite) 2] &, wiz}e] 3)A (turning) #%, o}7}v|F (branchial arch) &} 4=, AR #9) H #
T, & (optic), A (otic) 2X9] H 2 A4x# (upper limb bud) 2] &g A&} o] BN 54
(Theiler, 1972) & &% % #&sc

Probe §4

Hoxa-7 FZAZ%E homeoboxE EH3Z Sy exon 22%3E 1.28 kb EcoRI-Sacld ¥
(Puschel et al., 1991)8 #3382 ©]& pGEM-3zf(+) WES EAdst F9o 4edsty
pGEM:2KRISE A &3ttt (Fig. 1). EcoRIo. & A aj¥l pGEM:2KRIS DNA 1 wg& SP6 &
38 49} Dig labelling kit (Boehringer Mannheim, GmbH, Germany)& A}4-3le] anti-sense
RNAEZ @439 o1, sense RNAY AL Sacl E47) 28)® 73 DNA 1 422 T7 854
9} vk A1# Al

Whole-mount in situ Hybridization

918 fFo] B wizle 4% paraformaldehydeo] X F AN ¥ We-L 2 g4 (dehydration)
A7) 3L ThA] rehydrationA] A 6% H:0.8 €238t} o] Proteinase K& Al g &, thA] 4%
paraformaldehyde /0.2% glutaraldehyde® X% A|Z) ¥ prehybridization buffer (50%
formamide, 5XSSC, 50 ug/ml yeast tRNA, 1% SDS, 50 wug/ml heparin) & @3 50CA]
prehybridization A]Zt}. Hybridization buffer 1 mld 0.1 ug ¥ %2 digoxygenineS.8 F A€
RNA &3 (probe)& 373t 50TA 8% ¥ $< hybridizationd} e}, o1& &9 1 (50%
formamide, 5xSSC, pH 6.0, 1% SDS)E 70CA A&AE 1 &4 2 (0.5 M NaCl, 10 mM
Tris-Cl, pH 7.5, 0.1% Tween 20)°] RNase A& 3 7}8}9 hybridizationo] 5] £3 RNAE )
AP, thAl &9 3 (50% formamide, 2XSSC, pH 6.0)22 70T AHs] &
preblocking3} anti-digoxygenine A& 4CoA 85 W F¢F H23 & Mo w WA A
A v zpoll A BEEE A4S FEs )
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Hoxa-7
1 kb
. exon 1 exon 2
T —{ Yl 3 [
Sal 1 Ecokt 1 Sac 1
T7, L SP6
pGEM:2KRIS w———'{A F

EcoR 1 Pstl 128 kb Sac 1

Figure 1. Restriction map of pGEM :2KRIS containing a part of exon 2 of murine Hoxa-7 gene. Exons
are indicated as boxes: white box, the 5'- and the 3'-untranslated regions; hatched box, protein coding
region; black box, homeobox. The directions of transcription for sense and antisense probe are marked
as arrows along with the appropriate polymerases names for RNA synthesis, T7 or SP6.

2 =

i2o] oy Ao v A= 9

A 23 XEFoR X3 ozt ¥ BAF A, AAH g TL&F uiRte mE R
o] 4% gzl v 2 westA E3a JSS AFY £ U (Fig. 2). &4 u]A £ o]
&3l B2 A3 (Table 1), g -E% o] (CRL)& A3 iz vlsf 22794 & A}
A ZREFE B 7 UNT, 53] 1vlele 3ol Ha dJolx Bpslar mel R io] Ao weslr]
Zatdvt (Fig. 2). AA (somite) 2] &= AY thxFolMe 23~ 2479 &M E A3
FAAEA B& FA% Helo 7, 1202 4GS 2102 BY 1, ol7tu]F (branchial arch) 9] 4
© HETAME PH7E #EFE 9, 120 e 3, 24, 107 BEEJ At 3A
(turning)& A3 hEFNME ojn] &8/} @ v, T2 Fo & 27} o 3148 AJZE QA 1
Me A3 A=A gron, A7 (neural tube) & A% 2T BF9} 72272 27 oA =
FEAUL 2 MR AUt w9 Aol YoM e AP dxF BF9 227 279
A 22X (vesicle) & FA3AI, YA sldolME & (sulcus) FEiE =2 At A9 A&
Ag qz2FdM e 25 & (duct) & AL, 2 &7 #S AT A, 29 (cyst) S A
A, A3 A 123 A 5 ook vttt AR A4S 49 xidME 25 54
(crest) & FASAL, L&FMe Ve 54, Ve @2 54 (low crest), vpM=a] st
e s FAEA G A §F 9A s vehdth A8 dized 225 BRI 4% vHEo]
HFHUL B2 v mFo] o] do] A wrAo] MR £ AL ol AL Bkt

Expression Pattern of Hoxa -7

WA A GE Al A HE o vizle] el E AAsted £330 9TL e Aeg U
A Hox FAAF % 3112 Hoxa-7 442 (Puschel et al., 1991: Knittel et al., 1995) 2] 2+& kAt
£ AY z2FF 227 vA oA whole mount in situ hybridization ¥ o & #asdc} =z
2] 7§ Hoxa-79] 28 9= 4217 3UA A 58A F3F (thoracic vertebrae, T3-T5) A
&3k 4% 7 A (anterior boundary) & o] #u| g R91g wdo] olol & 9] Kol w
P34 B (Fig. 2A), LeFdde 488 9% AW S 43¢ 5 QA3 Ad 29
ol Al ectopicatA w# 3t} (Fig. 2B).
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Table 1
Hyperthermia Effects on the Morphology in Mouse Embryos

YS CRL S BA Turn® NT?® Op° Ot ULb He

Control 2.7 2.3 24 3 C C Ve D C B
°’; o0 95 21 24 3 c c Ve D c B
BOUP - o4 23 23 3 C C Ve D C B
Heat 2.6 1.8 7 3 S C Ve D C B
shock 2.1 1.9 12 2 S C Ve Cy L B
group 1.8 1 N 1 N @] S N N B

The assessment of morphology: diameter (mm) of yolk sac (YS) and crown rump length (CRL):
the number of somite (S) and branchial arch (BA): *rotation of embryo (Turn), completed (C) or
start (S) or no rotation (N): Pthe status of neural tube (NT), closed (C) or opened (O):
‘developmental stage of optic system (Op), optic vesicle (Ve) or optic sulcus (S); “developmental
stage of otic system (Ot), otocyst with endolympatic duct (D) or otocyst (Cy) or no development
(N) ; upper limb bud (ULb), crest (C) or low (L) or no detection (N): “heartbeat (H), beating (B)
or no beating (N).

L

32 (hyperthermia)o]@ AAte] A Ho) £& 255 Yotk 228 A9 RE FEAA
gl 717 o)At frEated), oY A9 A4 adoeges & AT = AHolv =HIL &
7, 243 2%, 32 FE 5ol U Hol A AR Fe] B3] A7l o mEFHH A
Fol o)ie] A7, AAY F4 Frlde 2FF (microcephaly)e] oF71H ™, 53] A7 44
(neuroepithelium) o] 4 ¢} 22 817 ojio] WAl st gl A Ut (Graham et al., 1998). & 4
FollA e AFH LAA] 1L0] He) HA o] vlX e TS dotrr] A3t vz} v F 43C 2
7oA 158 EQF iRt E =E2AAH AgiF o 7L 4 S NE F F izl Huis HAY =
A fAze 3 F4E FEEHA.

P o 2= AW o & Wt dden A, & 4% g -7 Aol & Ae]7t YE
wou MRS HY FFe EUE FolE Ho|A Yty BE wizte 4ol ¥Eal ARen
2w F700)] FojA O o4 Ax] E§ o] of e} 2ol ojE FelE WEAIZ L AT
4 9tk 8F (rat) 9] A9 g o3 A vigsiA 9% & s & (Walsh et al.,
1987)01Athe B37F o), # Aol ALg3 AF 9 A9 wollA e & AolE HolA ¥
o 937 Ad oM Zh w1748 weS el ol R uiAr) L&d & E TA stage
o 9] o] B Ho oEHct 53] MHL UFo 3 (axial skeleton) & B 3}57) 0 &
of A £ PiE e (caudal) o] 3 F v]BE 3} truncation® A28 Ao A&H @
HEA Al7ld] Zeo] ZlEiRA H RY4E EHF FFAAAC B2 odg HoA HY
(Graham ef al., 1998), ¥ A@ox e dulgA A717F Ad 24 9Y wiAE o] =& A A
B Eo] MZ Brie e ZolA e FAo) 7 dojux e AHE Bidx AzE o] A7)
£ A oA A7 F(anterior neuropore)o| A& @3l AlFo|a A7 AFHries A Fo
Aol s dojpe g o] Y BshE J 8AE olde] AAAM ol ARrt gt s A
o2 fFdh

3l 7&o] AZoA] homeotic transformationg FEFHbe Bi7F erg (Li et al,

o
}

o, ok

ux
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Figure 2. External morphology of control
(A) and heat shock (B) embryos cultured in
vitro and the expression patterns of Hoxa-7
detected by the whole mount in situ
hybridization. The arrowheads indicate the
anterior boundary of Hoxa-7 gene expression,

1997), & A gol A+ axial pattern Aol FFE vX= Hoxa-7 329 U@ FuE E43A
t}. WA Hoxa-7 §-HAe] w8 GA4S 4 xFoME AU Fd 4, & AA F 3
A 5¥ F3 YX2RY 1 2o BHste IS RRAY LM E BES 4F AAT
el @7 98 ¥ 5R] g 9% (anterior) A E HHEE 5 A Ho2 AY dix2TH
= gE wd AL By ol Aate 3189 9§ AF A 0] Hoxa7 FHR7E A 43 B 9]l A
B se AL WAL, )R 72t AR HA Hox coded] o4& efste] 2 97t &t E
P WEalx B st FFAHeZ NS HFEAZGE AzEd. QA1 Al retinoic
acid (RA)E =23t anterior &£ posterior homeotic transformationg ¥ g3l 713 o] &
wxlEy), 535 244 8597 RAY =25 v &8 wio} FAIS me|&e] e 7|go]
vebdth (Kessel, 1992). 12 Hox 8249 @& o] in vitrod 4] RA 3 = dvhe Aol
A B3] ]t} (Lobe, 1995). 2 ¥z A3d YHE A3 A A3}, Ade] HOXA-79
X Eo] AR e F sf9] RARE (retinoic acid receptor element) 3H& A Go] EA3}L U
= Aoz wEAHE o9 vl fAE GrIMFo)l AF 9 ReME EAsta Jen (Min et al,
1996; 1998), F9 teratocarcinoma cell lineo]] RAE #2}3F & RARE utE A g9 £4 o Fof o
g} reporter §-A=}e] WHo] ZHHE Ao g v|Fo} (unpublished data) RAZt Hoxa-72] 3|
0l WL FEF 7t i Eux 2ok Wby o) 98 Hoxa 7 429 AX5H
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o) % W@ wiste] e B2 FEAMY 71 &E oldes] AsH Lol 9% D 24 FAAT cis
Ze rans 243he X S0] 2AAR, T RARESS] B4 & FHstalok sejetx uyf,
JRe FIHOZ Teo) Aol FEHE FH) 718 % 7124L wele ol 98 & Aoz
g,

AEEH
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