4. AS VTV VEBRERODEECEDEL S ICEET DD

MLz, O%BBTA28)E%2MA 5L, EHONEOWEIZ S FERITERR
M52 &EATE 5 (Bushnell, 1979) 6

CCTOEOMBERERTLE, THOHERPICED SN HEHAED,
B2 T A AT ) Sy v R EBEE LV AT A TR I N TV AT E
WDHb, V)T L THb, B CBELRIARPORRFE, BXiTH
> THLAZEROHBFMOZILZMEL TV AERETDS Lk, 72, B
BEBON— VORI OMEI 2o THBED, BHENY 2 TSV IV ED
B v b5 A N CHELBENET 2bNTW AT RENSH S, L L, HER
HOREBRENRA T ) TV VAT TR INARELBET AHL LT, EHO
FOBE (FoRxL, DOME) 2HERPEULHSTH S (Meltzoff
& Moore, 1977) o FHERI AT ) 7Y V#FEO AR, OV PTF R M
5, H AL VoHOFON—YDEEZ2BMTEI L3 TrLLEZL S,
BEDEICHELZDLE, 257V VPHEROME - AP PboTwb
WHEEZBETE LRV, MATEERBNB AL Y Ou FTY Y, HEWIER
Whra—rF Ty ENLUPHEMEDFERICRE L TV 5 T RN D 5,

A 5/ 7YV RBRERORKECED LS ICHET B0

Browwres sl

BERBRARLEDAT ) TV rifloT, HREEREMCTRELTnE L
ZRZTREFIE, L FREROREIZS 2 ANHRBEOFELFITAREN L
WL LT, WY A 7 VDb H0ERE L 24HPF L VRIS (ERREL b
FiEN5) O20o0BECTHREREMZ LB LHEPS S,

T A AT b N RRMR T, WY A 7 Vv0d 5 REETRES I
FoRER20%, EHRECRE SNRERAEPHR L RoT. TORDRE
WA T, ORENN, QI NIHBENEF 2 —THOHIALE Y ICBIT LK
B, OMEE & WY MIRES T 5720 0BENLEL - -HH, @OAL
IR gs 2 L7228, &volzmilBWTHY 1 72 VDb 5 ERETRE
SNLBEROFD, HHRREORER XV BEEER L ho 2 ESINT
w5 (Miller et al, 1995), FBDOIMEDA F) 200 DERRIFFEDI S b T
WC, YA 7 VvOHBHBRECRESINLBREROG A, EWNREORE

—e
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SER - ERORERE

VRN, MRS, REMNSL ot ESN TS (Mann et
al, 1986), HIETH HAORER - HrARETIE, EWREZEREL LR
RUTWBIERDPEZVONBRTH S, Rb2ADTEELZEZ B L, RIKRWFTE
TREREEGDOLBZTR o/ LT, YA 7 V0O 5HHEOEX 2%
AT ALENDLPD LILE N,

ERESESEYRET AR LR CH5XBEEWN57:012, <7 AH
R B IRICEEDT 2 o ERIC I, FrER~ Y A0k, KA<TT X
O & VI LEEZERE W b T (R11-5 @ 55 —0#kS
M) o MAEMH XY 24RMA L WERIE (EBRE) 3B HER~
7 ADEYRFEFHIZFTAREICE Y, WY 4 2 VDBFEET 5 HRETEEF
LRV BIETFORBENNY — U PBES N, SHIZHL, KARTAD
AW R AREIC SR D200, 4hH L) BRIHE, ERREICEET
BLERH o, MEAT, RARY ADEYBEPAREIC R 5EE&EEED
10% DA T, EPHEREICE LSS (Ohta et al, 2005), Tiud, FHER<
7 A DL REEAVEFR BB TIZIZI00%6 R R EIC R 5 DI RV TH 5
(Ohta et al, 2006) .

ZOFERMOBEZEOT S, UM TERAT5 ) 7V Y RISD5FE
Bl (v A) KOBEENS, HBRO-5HE»TT, A/ 7V V2EH
T 5 HEEMROBEEML, 0% LEVITRA LV OBREIHILEAH
D5 he Tz, HHBICHTHHMBORISE AN T A4 T VIREOERT
Ml L7-EBRTH, EBOBOFPERS HICHN, SRS WI AR S
NTwh (Sekaran et al 2005)

PR OBRESEE, KEBlcay ba— v Eh-HEEE SO
YA 7 WVICARDEBRA =X LD) AL ERAAEESL L0 ) BRT, EEIC
BEBEZHE-TVWBE EIICELS, UL, —FTHIEICT28ED
BRI, FOFCEEEOLDIC, HAROKECFHNRLIRE S X 5THE
BELFRL TV D, e ZWEMR LA LI, [EFHREICRE SN -REROMK
EHMNA, YL 2 V0B ARRETREINIRER L VBN L0
EMTw3 (Mann et al, 1986 ; Miller et al, 1995)0 F 7z, Fd:IBZRICRERE
B AERAELgUTORERTREZ VT <, BRELSEDRERHND

&+
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5. BER - fiEROBREMAIEKRT T - EUTEEF DO TH ?

AEW 2 ATERESMERROERE 2o T AWREMENEH S (Malloy &
Hoffman, 1995) o

B SER MLEROBRFRMERT 57 -3 E LT
el SEILHOMOH?

HEHORERIER, ROBKEAC - FERD B LV EYENLEERSTT
B, BEHOBERME, TLCRBTFHII 2= —3Ya vy Ha0H8
B2 EIRD S S, FEEMHORE » AOETFICE o CTEELEREZ LD, Kb
2 ADBRMBEDOTED, WKEBEROLE (X572 V) »oiREy, # - &
REBT AWMBIEROME (2 F 7YY - a—=rF 7Y Y) REBITLTWLZ
Ehbhol, LHL, FOREAY— FIZERHT, BEEROME MDY
DL DIZAEBS DR 5B, FICRERTE, WREROBEZTERI AT/
TV ORPEZDIICH T AL IREEDE (, BRERS S ORMEORR
EYR—-PTHIEN, FHLADRPLPBRELERTAOICER,

BHER - iEROBEZHBTALWIRE,LDS, UT0 3270, KbeA
OHBERBEEAEZ DL TEELRT < Thb,

ORER - TAERORKEL LREOBRBRLHELMITHI L [ HEDCHR T,
A5 )Ty REE LEWIEENE, RVEY  WREERAL, EBO
FAER 2 RERIBEETRLE—D A I = AL TH b, BEDEERNZ T
WENALHIE, ABRBERL L AOKRERNE Vo ERFEIIHET S,
CDOAH A LTS - BYE - BFEZBLELGPICL, RbeAlllo
THRELZEBORERESZ ROTAIEPEETH S, £WFE BIHT4E
W) OFEIE, FOEBENOEE L, FABETITHREIIA - Iy b
WKRONAZEHRELL, b - FPNENRETH I EIFEFHENICHIN
TV, ZOEAMFEOFHEZ LHEEOFETH, EPWFETHELONETY
ZOMB%E, I MIT7 4= Ry 7 TELTREND 5,

QRERORLLALBRLEOBEREZ TR — T HHERRHELZITRH
& RERE, MIR0ETE T NI ERICES, BEEHRzEI e R
TV e A=V F TV PRIT, BEZOHETBROWMLER LR RS L

@
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SER - FERORYEE

HHEND, 2020, MAEERZIZEETEOBREN M) & 2T LEER
DOFIBRZ L, ZOEEBBICEABOBREEREIC L0 IS 5 K
Ao T b RERICBWTIE, ERIBEGIEOFAERHGEHERICIL
~NE ¢ (Leventhal et al, 1989 ; Stanton et al, 1994 ; DiScala et al, 2000 ;
Kivlin et al, 2000), ZOFEED 120& LTEFEIHRD 2 ANOEE L A
L— AR TELVEIMEREIN TV S, BEABICOWVWTOHEMOBHR
BAD, RIEOZLWEEROBTFSACH TS CHPOHMGL ) 2L
FOBOMN R B THREEFERT LRI WEREYRD 5, AEFKED
ﬂ RO R - MIERRT AL, RERZ I ORFTEOERLN Y
VB LTEETH D '
@%%vA@ﬁ%-%%xw:fAmﬁﬁéxﬁ/fvy@“u&%a#u#
Bl BEOHREIIBNT, HERMOBEAN=XLB0 FTY Y (18
AR DOREEE P OICERINTE 2, LML, REOHREMFIC X
h, ZORXA =R LO—TITHABEROLE L EKETEXF ) TV (18
JEEHIN) ORETUEINTVAWERENHTELZ, B FTYY - X5
T D 2ODNEEEEER, TNETCORER - FrEROREA I =
ArZELZETIECEY, BE - FRANERICH - 2R - B L
TNATEMEND B, 2, A5 7V YREBERORERMIED
I3 b oTWwbsOh] (MO XS5 )7 kL U HEHERL
HOIED, FOBOUNTY Y« a=rF Ty vkdull L Bg G
HOFEIHETL00] Lo -BRMIERb2 ADREEELZZZH LT
BURIR VT —< Th Bo

fi « TARE . TEE - IRE L Vo MOMEIC S, b 2 AOB R
AR KRB R 20, EBRBBEOREL LY ZIRTVEWVR L, FICRE
e ATRECABRKEARDEH SN, BERICE o THRHERE ORI
DEHIIKEL, 29T hRBAT7AIFIv 2 BREMEIRELADLY
BELFEEICEBEORPLIENEAI,

&
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FEAR, WEKEEBALGNS, [Hxa—
WEOKSRD I — RT3 L AMiEeE
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VB FEIZE SR/ RBIREO L2/ S 155E
W Z R RIS,
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s R A, A, EEEEESR S0
THRT A ERTFUIC oL S, LA E
AL L TR AHIRR A 7 a -7 3 2 - FRIE
ofil. NIHREM, BloRLE R Ex1TH.
QLA ISUIVERBERICLDEYEN
Lr 3= RTHIREZD L 05K L, Mg
RO SEEEAL 20 BITRET 200 b
55”3ﬂ% 2 N AZ Y v BRI b A

i Si!

b

u%‘A HERFEBREOERTH L, {5
S HOM RS - I EELEFIIRS. 12

FEME T o 3 % 5 % AL E LT v b 285, BIPER
PR E MR T E R vy, BIERI S &
VAR UMORE R DL, { N A Y
CORNEI & UCTIEIR, B4, (s, i
M, L& Hm, LRI, BN 574 5%
IFodn s,
ot BIROEBBEIE L 1%“>~m
DTN OHELY 12 - 24 B F'if'n]l‘f“ 3 A%
@T%
P A s A RIS {1 & v
M 1HH02mg/ke, 2 H 0.1 mg/kg, 3
FEH 01l mg/kg 2-3IRRALL BT #E
u} Wz AEh2-7 R 4 ¥y vEnE
M 11HE 02me/kg, 2 HHE 0.2mg/kg, 3
BH 02 mg/kg 2- 3B EMMT T BHE
?fMMW‘ EBTANE 27y L EHTH

B 02 mg/kg, 2 [ H 0.25 mg/kg, 3E
Wﬁmwm 2- 3R T EHE
“Lcum@fumﬁﬁa.
al FH B 221 ﬂﬂ?&”ﬂ? (R& :06
mLfixg/ ki) AT & BIRREAIE AL T 5 &

SR T bR,

'Dlﬂﬁ%éwiZDﬁW&%?ﬂR%OW%

TELUGAE, DBEoBR5 b Ra% M
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- )71_1[//{/?-7’—){/)
k;wngﬁT@%MmULﬁﬁLc%W SRk
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@%5254

fzrxﬁvy%w&ﬁuow s d 0,

WMERER 1075
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VraHERS Y GE L Tuay re Yy
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B, MR S ) BRERETASLETH S,
BRI & » TRHEIGIIZEND L2 0NBIRTH 5.
nB, HARBRMERESILI BB T4
/ﬁﬂ&éﬂ%rmLﬁa

MER OB MEMERE

chronic lung disease (CLD) of the newborn
E =S T R (PR o e

BN

PESR, @M (CLD) &3 R 12 oIk g
HE B (RDS) #5355 %8 10 2w
(BPD)KHEUTrandmka$9%>dem-khh
ity REMRE 7 & % & Toir A VA MR O 18 M 0 i 2 % R
TJ} BMaETH-7z LeL, ANIWiY—772 %

N (=T 7275 (S-TA)) BEDERE A
I% [IRE DU I, STE TN S il
W TR A AMERE 5 5 2 &2 & B RS
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7 b NS bmg%@ﬁk%ﬁ#%m$mwm¢%*
AOHNAB LA o7 (new BPD). BTzl
AL LI BIERK6 BT A0ME 11’&(—:-?2!; &
&melcﬁowfﬁbﬂé.k%ﬁmaﬂf

RO E IS BRI T & 2985, BT
BINGHE, OFAMWEREREATY Fo— 2

(DCH), FCHBRFHIAE (FENGHI R, AEFETIIR
EH (PDA), WK, MERHEME, BEBRE,
SOEREH R EAURTBE T L A Y, RS C LR R i

HZ@H 9 5 B R GRS ML B L 4 5,

LTI A A R S B iR SR B
nNTwipwizo, WERFA~OUREL RN L &2
OHZEE, PHOMITZ RA SRV EHINEBRD
BRHERB,
O HERIOBAEE
BRI WEAAYE S A TR 23 38 BmrETo

ﬂlll}ﬁ-mm‘%%ﬁﬂx&'&é# TRLBETIREE:TEN
PehE R DCH A8t i, £k o %8 /a3t
(mm)cﬂﬁwkwﬁéﬂt”Ak@,ﬂ%Kz
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\’{«*ff, ’LLP Hj 1 (])4]1”]75 PETH B,
@ i IFRERE

VH PR E RO ILE &0, 'I"’t‘i}ﬁlx,

st handling B3R E 2L, AFI—-NT

v e YMEEH T E2 LR TVWHO Li%”i

5
Gl ISR T B, 72, R

DL, S, BIIRERTE, T R—
T pnIREEA 7\HT|FE7:L LT A L ) BH TN
e, HEROEE L EEIRETHE. IT
WG LA LT TH 5.

15 C O L SE L 1 3 o0 PUHE 2 & Bl 28 42 ©
PVL S O fE Bt 2SI 3, ) e A DRI A B
El se -0 5 3y B M5 & 12 nDPAP (nasal Directional
Dmisiv sirway pressure) 7 &, {5 CO: WL HE 7 Bl
P IASTEE TH B, Tz, BN TR

L EOBEASA S NS AR MTFET IS
e i s B < 2o o R AT F MR 2 7 0 4 Fi%
A
@4?&%99)

(- ”J(/)U)HK SHAEIEIR E Shb L VP A Y
Drh BN SIS THRERS T A LI
Yo T IVHORELRTFH SN ENHRESINT

% \,Z).

DA B B SRR T > ¥ AL TR FL
W T 1, AR R BV T 1 1 6 B
i '/1%7//woummo 24 W1 = 2 1
LI G I 00 BiEAE 5 31 3 TR 5 B 2 &1 X o
TR R RA S 2k A IR TVH (T
Vi) %79 L RBEIC IS 7,

REROAM

anel ma of Erema’ngrif[y
A E

AR KRS - MR/ IR JJ\'.['

0 e
L
ol g &
’*\:&fg W Ffn & X,
FWMLluxufl%ymMm%KEm¢é$M

TV IO W BN A e I E RS
LRl LT A, REIGES 28 M%
SRR A S, ER1-20H

ity

iy, 454 2 HUBICRIET A 8RZ ISR
Sl () BmE ok E s,

@n?

{7rz°>f 12 o/dL i & —HeM 2 il &
EFET A, LN T SO EE T D AP ik
ﬁﬁ@?&@.f%iﬂki$ﬁﬁﬂﬁ A &

WiFsk, 7 x> O, REkEEA R, SRRk

& wols AT 1 154
HEEREDS AT A,

N

+£ﬁMbﬁLanWé%Mﬂivw@¢ty
DI O, g oRAMLE ST 5O
BOOITY) ATRLF CRENTRE 2D, B
A% U RIS 28 L R O BRI 5 0BT
H5.
O RHAEM

IYROKRLTFL  HAEKRE 1500 g &m0 li T
i“GEVDEfVmﬁfugﬂﬂﬂwﬁbﬂifbf‘%ﬁ
) AR RETF L OFEERGT 5. @RS
100 mL/kg VAfESE ks, #kpla % 13”/?9
sROLSh TERD, 2) 2T A.
1) o AA—E 1200 Hifi/kg W20 T
N ArrLiIyriay7

4-6meskg (FLLTY r1-2

ool JRiE  EIEENRE L 37 MR E T O E ¥
WEHEHY 10 g/dL uu?r"'xu_ﬂ‘ﬂu;fﬁﬁll TS,
2. FRmIkEGM KOMEREFETAYLEIIEET 5.
2L CHRBUR R B ik AR A N4
% B &ijw\

a) MR E AT SRR A E ST
v /ﬁl 8 o/dL ki, @ANETZ T Uil 8-10g/

L THMIC L DIERERDS L &,

b)"TUlw;%ﬂ““B!L( WD IR A R
: SED PRI 2 MR DINIZTFR Z 5.

(& LT 6mg/ml)

MAP CARILER BEFENTR IR s iueRkaielsti 1
A 10 - 20 mL/kg Bl g L ) - i
R R NS A R W AN kw{\#}x'}d 1x1-2

mL/kg/IiF & L,
B G c;t,M\
© 2HAEM
1,500 g A o Wi AR S 38 AR L 72w, $l
X555,
G156
IV V-
4-6maskg (FELT)
Wl gkt BT 2,300 - 2500 ¢ Lf\E’ZUE/ﬂh
A3 10 g/dL i CEE L T v b+

‘ ) HM’I ’L"f‘ /\75“uu &') b ;“(
ORI LIS U TSI

o7 (kLT 6mg/mL)
5r1-2
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351 # ADIERE

37 SFEINILA

0 BT TR G ST T ST AA T 46 TR 28

RS LT R RIS LA ¢ 1S i N AR WL IV R A BT T AR -

—— Light Pulse

BHOY, WFHEDY, EREMbYS
{DWH Y AT AR BOTHEEY 1 7 i3
&b ARt oRAEFCH 5, {E
RS TV 38 W ORI 0D LA % 170,
BB DA RIRITIC 5 2 2 P e S~
BEERIT IO Z ONENB I SV R &
JHNR%,

PRSI EE L 3V AR E 2T
WEREET O LT, EURMEER
DKAES % 7oy b Uk RIS
(phase response curve : PRC) & Xifh,
PHEEt ORI ERE T 3 5 2 cHE
ThaH (H1,2), FHENBOE SV AE
EE A EMARERMIE . & v, TH8
EORIFCBAMEORRE, FHEOR
P fEiEERE T 5, oo Rk
TARMERIGHOBIE g Ticfirs
hIiE LA ETTOEibET, e
N ABIDRUHRIGHM E Lidh b, &7,
FEAE O SV I GHRZE R 0 LML
F#B 2 & ARG L T 2 W RSO
fHABSTEET 508, CORMER 7 0 A4 —
=4 > P ERENRD, OGN,
HRNWAREZAEI YT A ANV AL
UTIER U TIHRE Mk T 5 2 2 53d
5.

AR IS IR ER OB 8 S h e v
RXLDF—Find, SVARE L WA
o LT, (MEERBOMIEE
oy b L7 B AL A R dh i (phase
transition curve) & XiXh 3 (F2), &
O FROME & DI 1 WiE V2R

1 O

&y 1 BOGHERIGHAR, 0 AW

2RTIEEWE 0 BOMBES S48
NB. —fBIE SN RADEENER A L
{HHEROKE S K& LY, MHERE
M E: 0 B & | BT 5.

W2 B R OBEELDN IV R AT
RO REFEEEFL 2 bk
b, HMBEEIOXEMCEEY 2 A% S
BHOYURBRETRET I LN TE
5,

—7%, (BT CERE OREE % 7T
5 EEREOLA (dark pulse) AU E &
B8, T OBEOMHRGHIRE N, v 2
7 A4 TONARRIGHR IR Y, 8]
RIB DA & FEROFIF AR DR
H#r, ERNEOGBED S FHNBOR L
AR ERE NS (|3, Vo
HSOBRTHOMA Y X 4 %i8iE
Gl S OIS HIET 2388, NARY
— & L wlmE U STIERSsE e L
WEPL PV TV I LR O ERE L
BEc B o h 2 HERIGER g/ S A D
RIS e KK P ERIT Lo
5, i XSRS Ol & B Rags
{i2i339EER)EE (non-photic entrainment)
ERmasNdzT b H B, (BRARAEZ)
X Rk
1) BB : BUPRIFI AW, pp.1-328, 1

&iE, 1990,

2) Pittendrigh, C. 8. . Handbook of Behavieral

Neurobiology, Voltune 4, Biological Rhythms

{Aschoff, J. ed.), pp.95-124, Plenwm, 1981.

3) Dwyer, S.M. and Rosenwasser, A.M.: ]
Biol. Riytluns, 15, 491-500, 2060,
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— Pineal Organ

FEHEI OEABE (pineal organ ; pine-
al gland ; epiphysis) &, [EldOBZ04E
HIBEAS I L TRETARETH Y,
¥, HEROT, MoRE R T 58,
b MCBOTIRAREEORBED I DD
LB LT 5 (K1), ARSI%EayIc i
JEEW L CHUIOBBETH I, O
BERGEARBETH -, 1775
N ELTIRGE TRIMOE, EbL
hfz, 19 BT AR R ARIEI O BB O %
WIFEMIDIR & 5 70 & &b S MR IR D
REEEST L wbh3 k3o,

1917 4232 McCord & Allen i 7 ¥ A B
B3z SO BERCER L T
BERL ST IMEEED I ER RV
L, 1958 #£iZ Lerner & 93 N-7 ¥ 5 )--5
~APFEPIDTIYIORET LD AD
b=o & EORRPIE L UCBE - AEL
TEUE, M4 fl9 2 058 I IRERaY 1o e
B U 7%, Kappersic & 2 G E~ DR
WEASIOE, Axelrad Bk 3 A 5
b= EEGROMHE, Quay it X3 HAEY
ALDFR, Oksche, Collindic &k 51
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Monitoring Preterm Infants’ Vision Development with Light-
Only Melanopsin is Functional

~ 27-week-old, 949-g preterm infant was born with re-
' . spiratory distress. With administration of surfactant
and the use of low-pressure ventilation strategies,
his respiratory function gradually matured, and respiratory
support became unnecessary at 31 weeks’ gestational age.
At 33 weeks’ gestational age, ophthalmoscopic examination
detected no signs of retinopathy of prematurity. The infant’s
pupillary light reflexes (PLRs) to both white and monochro-
matic light also were evaluated to assess visual perception.
As shown in the Figure, in darkness the infant’s pupils
opened and reached maximum size as a result of spontaneous
PLR, as did the adult’s (left column). At 33 weeks’ gestational
age, the infant’s pupils did not respond to 600-nm single-
wavelength light (5 guW/cm?), which lies outside the range
of perceptibility of melanopsin, the only sensor functioning
at this early developmental stage; in contrast, the adult’s
pupils completely contracted in the same single-wavelength
light (middle column). But the infant’s eyes responded as
much as the adult’s eyes to white light (28 pW/cm?), includ-
ing wavelengths < 590 nm (right column), suggesting that the
infant’s PLR has already matured sufficiently to function to
similarly to the adult’s PLR.
The human retina contains 3 types of visual sensors: rho-
dopsin, coneopsin, and melanopsin. Melanopsin controls the
PLR and also sets the brain clock, which controls sleep-wake

Dark

Adult

600nm

cycles. The light environment in the nursery has been associ-
ated with the growth of preterm infants in clinical studies,
with exposure to light-dark cycles improving weight gain
more effectively than exposure to either constant light or
constant darkness. Simply examining the PLR of preterm
infants with a particular light wavelength can provide infor-
mation on the ongoing developmental process of vision,
aiding the scientific design of more appropriate lighting con-
ditions for infants. =

Supported by a Grant-in-Aid for Scientific Research (to H.O.) from the
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Figure. Left, PLRs of an adult and a 33-week preterm infant under complete darkness; middle, 600-nm single-wavelength light;

right, and white light.
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Abstract

Background: It is widely accepted that circadian physiological rhythms of the fetus are affected by oscillators in the
maternal brain that are coupled to the environmental light-dark (LD) cycle.

Methodology/Principal Findings: To study the link between fetal and maternal biological clocks, we investigated the
effects of cycles of maternal food availability on the rhythms of Per1 gene expression in the fetal suprachiasmatic nucleus
(SCN) and liver using a transgenic rat model whose tissues express luciferase in vitro. Although the maternal SCN remained
phase-locked to the LD cycle, maternal restricted feeding phase-advanced the fetal SCN and liver by 5 and 7 hours
respectively within the 22-day pregnancy.

Conclusions/Significance: Our results demonstrate that maternal feeding entrains the fetal SCN and liver independently of
both the maternal SCN and the LD cycle. This indicates that maternal-feeding signals can be more influential for the fetal
SCN and particular organ oscillators than hormonal signals controlled by the maternal SCN, suggesting the importance of a
regular maternal feeding schedule for appropriate fetal molecular clockwork during pregnancy.
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Introduction

Most living organisms exhibit circadian rhythms, oscillations
with a period of approximately 24 hours, in their behaviors and
physiological functions, including activity, sleep, metabolism and
body temperature. Circadian rhythms normally entrain to daily
environmental cycles and free-run with a period of approximately
24 hours (called “circadian period”) in the absence of environ-
mental cues [1]. Circadian period is remarkably precise for each
species and differs slightly from 24 hours [2,3]. In mammals, the
circadian timing system is organized as a hierarchy of multiple
organ oscillators [4,5]. Among them the suprachiasmatic nuclei
(SCN) of the anterior hypothalamus function as the master
pacemaker at the top of the hierarchy, which coordinates clocks in
peripheral organs such as the heart, lung, liver, kidney, pancreas
and uterus [6]. At the molecular level, cellular clocks in the organs
are controlled by autoregulatory transcriptional and translational
feed back loops of key “clock genes”, in which BMALI and
CLOCK proteins drive expression of the Per and Cry genes while
the PER and CRY proteins in turn suppress the transcription of
their own genes. In the circadian system, the light-dark (D) cycle
is the most reliable and effective external signal that synchronizes
(entrains) biological rhythms with the environment. In mammals,

@ PLoS ONE | www.plosone.org

photic information is perceived by specialized retinal photorecep-
tors and conveyed directly to the SCN of the hypothalamus, which
is hypothesized to transfer circadian information to the other
organs through hormonal signals or the nervous systems [1].

During fetal development, however, the situation is different.
Fetuses do not respond directly to the entraining effects of light, but
the timing of their biological clock is nevertheless coordinated with
the environmental light-dark cycle. This prenatal entrainment of the
fetal biological clock is the result of communication of time-of-day
information from the mother to fetus in the uterus [7,8]. In addition,
based on postnatal behavioral rhythms, maternal-fetal communi-
cation of circadian phase is considered to be disrupted by
destruction of the maternal SCN, suggesting that the fetal clock is
regulated by the maternal entraining signal [7,9]. Previous studies
focused on the possibility that the maternal signal comes from
hormones regulated by the maternal SCN since fetuses are
anatomically separated from maternally-originated tissues by the
placenta and maternal-fetal neural communication does not exist.
Removal of selected maternal endocrine organs (pineal, pituitary,
ovary, adrenal, thyroid and parathyroid), however, does not seem to
disrupt maternal-fetal communication of circadian phase in the rat
fetal clock, indicating that the rhythmic hormonal outputs from
these glands may not be necessary [10].

July 2008 | Volume 3 | Issue 7 | e2601



In this study, we focused on a maternal signal, which is not
directly controlled by the maternal SCN, by using a restricted
feeding (RF) schedule to examine the possibility of feeding-related
factors being a synchronizer for the fetal SCN. When food is
available only for a limited time cach day in an RF schedule, rats
increase their locomotor activity 2 to 4 hours before the onset of
food availability [11]. Entrainment of anticipatory locomotion by
RF occurs independently of the LD cycle, suggesting that the
circadian oscillators entrained by RF are distinct from those
entrained by light. Surprisingly, RF does not influence the phase of
clock gene expressions in the adult SCN but does influence
locomotor activity and the clock gene rhythmicity in the other
organs {12-14]. Thus, this is an ideal model to test the effect of
maternal circadian signals independent of the maternal SCN on
the fetuses. Moreover, synchronization can be found between the
phase of locomotor activity of an SCN-lesioned mother rat who
has been entrained through RF while still pregnant, and that of
her newly born offspring, suggesting that fetal clocks can be
controlled by RF on mothers [15]. With a transgenic rat model in
which the mouse Per/ gene promoter has been linked to a
luciferase reporter, we continuously monitored the rhythmic
expression of Perl, one of the key “clock genes”, by recording
light emission from tissues i vifro [4]. We used this model to
investigate the effects of maternal feeding on the communication
between mother and the fetal SCN during pregnancy.

Results and Discussion

We first exposed pregnant Perl-luc rats to an RF regimen, in
which food was available only for 4 hours during the light portion
of a 12-hour:12-hour LD cycle, and recorded their locomotor
activity, for 22 days of pregnancy after mating. Within 10 days,
the rats began to increase their behavioral activity a few hours
before food became available, and also shifted their locomotor-
active period from night to daytime (Fig. 1). After 21 days of RF

Maternal Feeding & Fetal Clock

and one following day of fasting, we sacrificed the animals;
explanted both the fetal SCN and liver as well as the maternal
SCN and liver and measured luciferase activities from each tissue
in vitro (Fig. 2, Fig. 3 and Fig. 4). Despite the marked effects of this
regimen on maternal locomotor behavior, the phase of the
maternal SCN rhythm was unaffected (one-way ANOVA,
p>>0.05; the peak times for ad lib and restricted feeding were
43.9*1.4 hand 44.2+0.8 h (mean=s.d., throughout) respectively)
and remained phase-locked to the light cycle, even after 21 days of
RF (Fig. 4). This result is consistent with previous studies which
report that RF does not entrain the adult SCN and supports the
general notion that entrainment to cycles of food availability does
not directly involve the maternal SCN [12-14]. In contrast, the
circadian clock in the fetal SCN was entrained by the 4-hour RF¥
regimen (Fig. 2, Fig. 4) and phase-advanced by 4.7 h (one-way
ANOVA, p<<0.01; the peak times for ad lib and restricted feeding
were 50.0=1.1 h and 45.2+2.1 h respectively). This suggests that
the fetal SCN may have a unique ability to adapt temporally to
changes in the maternal feeding pattern unlike the adult SCN. The
fetal SCN showed prominent Perl-luc circadian rhythms
(23.3%1.7 h, n=5, in the ad lib feeding and 22.5%2.0 h, n=3,
in the RF for the calculated free running periods of the fetal SCN
m vitre; no statistical difference between the two groups) with
smaller (0.32-fold) trough-to-peak amplitudes compared to those of
the maternal SCN.

Our finding of Per!-luc circadian rhythms in the rat fetal SCN
differs from the findings of some previous studies that did not
detect clear Perl circadian rhythms in the rodent fetal SCN by i
situ hybridization [16-21]. In addition to possible variation due to
putative strain and species difference, this discrepancy might be
explained by the technical difficulty in measuring the low-
amplitude Per] circadian expressions in the developing SCN by
in situ hybridization, which requires a delicate combination of the
proper affinity of designed probes to the target Per] mRINA and
the appropriate film exposure time for successful detection of weak
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Figure 1. Representative locomotor activity records from pregnant Peri-/uc transgenic rats. (a) shows activity in an animal under ad lib
feeding. (b) shows activity in animals given access to food for 4 hours each day (the restricted feeding (RF) group). The open boxes in (b) indicate the
daily food-access interval. The bars at the top indicate the light period in white and dark period in black. For rats in the RF group, food access was
restricted to a 4-hour period at zeitgeber time (ZT) 5-9 for 21 days of pregnancy (where ZT0 is lights on and ZT12 is lights off). RF in (b) resulted in
typical anticipatory activity occurring before food access. During the RF, activity is generally increased and the nighttime activity is shifted forward

toward the food-access period of daytime.
doi:10.1371/journal.pone.0002601.g001
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Bioluminescence (counts/min)

Days in vitro

Figure 2. Rhythms of light emission by fetal SCN explants.
Shown are raw data from (a) a fetus of an ad lib fed control pregnant
animal and (b) a fetus of a pregnant animal that had been exposed to a
4-hour RF regimen for 21 days after mating. Because the pattern of
light emission is quite variable during the first 12 to 14 hours after
explantation, we consider that the phase of the tissue in vivo is best
reflected by the phase of the peak during the first full subjective day (1
to 2.5 days after explant) as previously described [13]. The phase of
these peaks is consistent from animal to animal (Fig. 4). Here, the phase
statistically chosen is indicated by the inverted triangles.
doi:10.1371/journal.pone.0002601.g002

radio-labeled Per! expression without over-saturation. To ensure
correct measurements, we surgically made purely coronal SCN
slices from Perl-luc transgenic fetal rats to detect Per/-luc signals
directly from the fetal SCN and eliminate the background Per/-luc
expressions from other neighboring brain tissue. In addition,
highly-sensitive photo multiplier tubes were used to capture the
low level Perl-luc signals. Our findings in the present study are
consistent with previous reports on circadian rhythms in the firing
rates and metabolic activities of the rat fetal SCN [7,22,23] and
are also supported by n-vio imaging data which demonstrated
day-night differences in Per!-luc expressions throughout the whole
body of Perl-luc rat fetuses during the late gestational period [24].

The circadian phases in the fetal liver in RF also showed phase-
advance, advancing by 7.4 h compared to those in ad b feeding
{n=>5 for each group, one-way ANOVA, p<<0.01; the peak times
for ad lib and restricted feeding were 39.1%£1.6 hand 31.7%£1.8 h
respectively; Fig. 3, Fig. 4), indicating that the fetal liver clock as
well as the fetal SCN was entrained by the maternal RF regimen.
The relatively smaller phase advance in the fetal SCN compared
to the fetal liver in maternal RF may be explained by a possible
competition in the fetal SCN between a stronger maternal-feeding
based synchronizer and other unknown signals which subtract
from the phase advance induced by maternal RF. Although Perl-
{uc circadian rhythms were detected in the fetal liver (23.5£1.1 h,
n =5, in the ad lib feeding and 24.21.5 h, n =5, in the RF for the
calculated free running periods; no statistical difference between
the two groups), the oscillations were damped with smaller (0.28-
fold) trough-to-peak amplitudes compared to those of the maternal
Liver. This is in contrast to fetal SCN circadian rhythmicity which

@ PLoS ONE | www.plosone.org
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displays more distinct oscillations, suggesting a more immature
nature of the molecular clock in the fetal liver at this
developmental stage. The phases in the maternal liver in RF also
phase-advanced by 9.1 h compared to those in ad lib feeding as
previously reported (n=5 for cach group, one-way ANOVA,
p<0.01; the peak times for ad lib and restricted feeding were
57.1x1.1 h and 48.0%1.2 h, respectively; Fig. 4) [13] .

Our data invite a reexamination of the previous models of
maternal-fetal communication in the mammalian circadian
system. Previous studies have been trying to find the signals
between maternal and fetal SCN based on a hypothesis that
signals regulated by the maternal SCN, which is entrained by a
daily light-dark cycle, exclusively control the fetal SCN [9,10].
This study, however, suggests that maternal-feeding signals might
be an alternative mechanism controlling the fetal SCN. Since RF
did not affect the maternal SCN (Fig. 4), the present study
indicates that fetal SCN are not directly controlled by hormonal
signals regulated by maternal SCN but by maternal feeding.
Further study is still required to identify possible alternative signals
from mother to fetuses in the RF paradigm. A more direct way to
confirm the findings of this study would be to employ more
advanced in-vivo Perl-luc imaging of the fetal SCN in the pregnant
uterus, however, such a technique has yet to be developed [25,26].

Our results also have potential practical importance particularly
for both normal and abnormal pregnancies [27-29]. During
pregnancy, a regular daily-lifestyle schedule with appropriate
amounts of sleep and nutrition is regularly recommended for
pregnant women to achieve healthy fetal growth. So far studies on
maternal feeding have only focused on the nutritional require-
ments for healthy fetal growth. However, this study illustrates that
the maternal feeding schedule itself also has powerful effects on
fetal physiology by influencing time information in maternal-fetal
communication. In this rodent study, fetal biological clock as well
as maternal behavior was strongly influenced by RF even though
the maternal SCN remained adjusted to the light-dark schedule.
This indicates that maternal-feeding signals can be more
influential on fetuses than the maternal SCN during pregnancy
and that perhaps time information relating to the LD cycle is
relayed to the fetus via the mother’s own LD-cycle based feeding
cycle. The most appropriate maternal feeding schedules should be
explored to achieve the sound physiology and healthy develop-
ment of both fetuses in utero and preterm infants ex utero.

Materials and Methods

Animals and housing

Homozygous male and female transgenic Per!-luc rats (Japanese
Wistar) expressing 6.7 kb of the mouse Periodl(Perl) promoter
driving firefly luciferase were used for this study. Timed-pregnant
Perl-luc rats were housed individually in cages on a 12-hour:12-
hour light-dark (LD) cycle (lights on at 08:00h and lights off at
20:00h; 200 lux at cage level during light period). The rats were
exposed to a restricted feeding (RF) or ad /6 feeding. For rats in the
RF group, food access was restricted to a 4-h period at zeitgeber
time (ZT) 5-9 for day 21 of pregnancy (where ZT0 is lights on and
ZT12 is lights off). The RF rats adjusted the timing of their food
intake to the limited feeding period within several days and also
adjusted their daily food consumption to match normal daily
intake levels as previously reported [11]. On day 22 of pregnancy,
the last day of tissue culture, the pregnant rats under ad fib and
restricted feeding were fasted to prevent the direct effects of food
intake on the fetal SCN, to make sure not just one feeding event,
but repeated feeding cycles over day 0-21 of pregnancy
contributed to any changes in the fetal SCN rhythms. Locomotor
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Figure 3. Rhythms of light emission by fetal liver explants. Shown are raw data (a) and detrended data (c} from a fetus of an ad lib fed control
pregnant animal. (b} and (d) show raw and detrended data, respectively, from a fetus of a pregnant animal that had been exposed to a 4-hour RF
regimen for 21 days after mating. The peak of the phase during the first full subjective day (1 to 2.5 days after explant) as statistically chosen is
indicated by the white and black inverted triangles. The white inverted triangle in (a) and the black inverted triangle in (c} indicate the same peak
time statistically chosen, as do the white and black triangles for (b) and (d), respectively.

doi:10.1371/journal.pone.0002601.g003

activity of the rats was recorded by infrared motion sensors using
an online system (Actograph System, Rapid Fire Computer,
Japan). Animal care and use were reviewed and approved by the
Committee for Animal Research of Tohoku University.

Zeitgeber time (h)
0 6 12 i8 24
Fetal 0o— Control (5)
SCN E—l 4h-RF (5)
Fetal b Gl Control (5)
liver L] - 4h-RF (5)
Maternal i Control (5)
SCN [:EE 4h-RF (5)
Maternal —o— Control (5)
liver ] e 4h-RF (5)

Figure 4. Effects of 4-hour restricted feeding on tissue
luciferase rhythmicity. The average times (£s.d., shown by error
bars) of peaks from the different tissues are plotted against the LD cycle
shown at the top of each panel. The timing and duration of food
availability at ZT5-9 is indicated by open boxes in each section. The
sample size is shown in parentheses. The phases of fetal SCN, fetal liver
and maternal liver rhythmicity were significantly different from control
values in all groups of RF rats (one-way ANOVA, p<<0.01); the phase of
maternal SCN rhythmicity was not significantly different between
control and 4h-RF groups.

doi:10.1371/journal.pone.0002601.g004
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Assessment of circadian periods and phases of the fetal
and maternal SCN

Following behavioral assessment, both pregnant Per/-luc rats
and their homozygous fetuses were sacrificed for recordings of
SCN rhythmicity on day 22 of pregnancy, one day before
expected birth. We sacrificed one fetus each from five different
litters of both ad-lib and restricted-feeding type pregnant rats and
their mothers at ZT11 and rapidly removed fetal and maternal
brains (n=>5 for each) as well as maternal liver (n =35). We also
prepared a separate set of pregnant Per-luc rats in ad lib and RF to
sample the fetal livers (n =5 for each group) in the same manner.
The paired SCN (coronal sections of 300 wm thickness, made with
a vibroslicer) and the liver tissues (1-mm thickness) were cultured
on membrane inserts (Millicell-CM, Millipore, Bedford, MA) in
1 mL of medium (Dulbecco’s modified Eagle’s medium, Sigma,
St.Louis, MO) supplemented with 10 mM HEPES (Sigma), 2%
B27, 25 U/mL penicillin, 25 pg/mL streptomycin, 2.2 mg/mL
NaHCO3, 4 mM L-glutamine, and 0.1 mM beetle luciferin
(Promega, Madison, WI). Unless noted, medium ingredients were
purchased from Invitrogen (Carlsbad, CA). Each culture was
sealed in a Petri dish and maintained at 36°C in darkness.
Bioluminescence was collected in counts per minute for 4.5 days
without a medium change using a photomultiplier tube
(HC8259MOD, Hamamatsu Corp., Shizuoka, Japan).

Phase, period, and amplitude were determined using modified
published methods [30-32]. First, original data (1-min bins) were
smoothed by an adjusting-averaging method with 2-hour running
means as described [30]. Then the data set were detrended by
subtracting the 24 hour running average from the raw data using
Exmax software (gift from Mr. Tuyoshi Yaita and Dr. Shigenobu
Shibata, Waseda University, Tokyo, Japan). Peak time was defined
as the highest point in detrended data. The period of Perl-luc
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activity (recorded from 24 to 108 h i vitro) was assessed for cach
SCN culture and calculated by averaging the period between the
first and second peaks and the period between the sccond and
third peaks. The Perl-luc amplitude for an SCN culture was
calculated as the difference between the first trough and second
peak of the detrended curves of the bioluminescence. Statistical
comparisons for these data from the RF and ad lib groups were
performed by one-way ANOVA (p<<0.05).
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