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— 71 —PAX6 B T DB 2~ T, R E L TT Aa e BRI L E R —L

T (452 100 iM) DR L BTz,
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JEA TR A SRR A B B (LAY AV R 785 3E)
SR TR

RS =2 —n 2 Ve sy b — 212X DRHlTAD B

WHge
Wl KAt

ESRVALSS SR i RIS S e S R RO =

WHoEt s REB KRR E AR Bdx

AR &
HE

AWFFETIE, Ty NEEARGHIE 3 X OV HESI NeuTox /37— a iklk
DIz DT MR BRI Z T, 2B AT MBI LA
WD BN 5Tk 25 R ORESE AT 7, WMIARIZISWN T, Rkl
ey MU — 7 IGEEHE SRS T OB AT LT, Sk, V%
SONLEMEFHEL . ZNETORMRL T 5L TREELL TOH AN

R THIPEIZ DWW THREEET T,

A. BFZE B HY

AR FHEO PR EES B AR E D%
BEREEHIML TWDED, ZDFIKD—>k
L CREF O WE OGRS T
W5, BUEDA LSBT T 25 ik 5
PEZFM 2R 1> (OECD: TG426 £
J OV EPA: OPPTS870.6300) i, iEHET~ M
WA R THY | RIS 14
Uik @ 700 DL EIC R ORI
THDHD, ZNETITh T b2 mE L
A TETWRD, £ TABIFETIL, X
=Ty MEB IO HEBMEDO R WT Y MR
MR &2 M W 72 £ R iR ( MEA:
Micro-electrode array) > A7 AEIZ XL DR
FROWEHAE BT,

ZHVETITE®E LA & & & 12,
7 v MEEMREMEAE TRy FU—
7GR D O O SR Kb L
oo WNTHEEDILFWE LML, AV
— 7y MEBXOBEBMEREGWA T Y —
=V TRERDEO T O Fa L EiEEL

7. F7=. HESI NeuTox % &Y 7 F—
LZBITHNY T = a VRBROEM %
RIEZ T, 7 v bRIECE s ML 2 H v
7= E ek o Bk ds K OV aklik & 5=
i L7,

B. B%E51E
1. #fe

AR Z > BRI BB M i (Lonza, A
AR N—E ) BLOBEE K- B RERZO
WFFE=E TR VT2 T MG VR RS Vg FS Ao e
MR A N,
2. Fv—ba—547

% MY AT 5 EL T Maestro (Axion
Biosystems £t) & VT, #ifIEEh A FHHIL
720 AMARFEFRERT H % CIT Maestro i 48 7L
7L —h 0.1%RY =F LA (PED (0.1%
PEI in 0.1 M Boric acid buffer solution (pH
8.5) Ta—7 17 L7z, 0.1% PEI kA%
/LT 100 pl F2%@MN% COz A2 F o —H
—WIT 1 IRp[ERRE L7214 BRE K C 3 [Y
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AL, ZY =2 _RUFWNT 1 RS E T2,
WL . 7 2% L CT VURAVTHEEL , 4°C
(SRR LT, B EDORFNICLY, PEIa—HME 1
BTN St S e s Ve oF ey ) IOl PARE T =
SNIZZEND PEl 2a—hL727 L —MNE 1 A
LA LTz,
3. MAMEPRTE, BEHh AT K ORI BHIE
RIRZFRPOEY H U7 Bfs Ml 37°C
DIRHFZ 3 Hr R L TREBR U7, R L 7=/
fel A 50 ml 1= TR (S AIL, & 2R
¥ (SRR Ad: 10% FBS, 1.14 mM
Pyruvic acid, 0.7% Glucose in Minimum
Essential medium ., oK fibd 5 B 1 % A0 A 5%
FBS, 2% B-27, 2 mM GlutaMax, 1%

Penicillin-Streptomycin in Neurobasal
medium-A) Z HEf BRI &5 40T 10 ml (2
ROLETHLTOIA T, LIBALIZITH
e kA L 7, YRS AR 13 200 x g T,
KR AR 370 x g T 5 il L L
— E ORI L2725 1512 20 ug/ml 7=
G R TR B AL, 10 pl/w =112 T
A FICRRTRL 72, FRAE 2 RFfITR 1T, B ahE
Hh (Vi FS AR AR AR I 0.25% GlutaMAX, 1%
Penicillin-Streptomycin, 2% B27 in
Neurobasal medium-A. K fibd 5z B e 5% M i -
PR 35 ML R CAL ) 23U 7o, 332
J& LU C0.5 uM AraC % Day 5-7 CH 7=, KK
BEEAREAREIZ DU T, Day 5 LA I3 RETE ]
B M afn 7E BR 5 B (2% B-27, 2 mM
GlutaMax, 1% Penicillin-Streptomycin in
Neurobasal medium-A) . %25\ X Brainphys
neuronal medium ( 2% NeuroCult™ SM1
TEEEL, BRI
16-20 H HETITV, EHIAICE A ks X
O MEA ([ZXDHIEZAT T, Fiz, #hikis &

Neuronal Supplement) {Z

WLZELTRONLEE 16-20 AZIC, (LE
W% M CTIRINL , £ O G-Fii% TOMRE
OB FRITLIZ,
4. FENT

1 BRI D 1 3BT DA SA 756
HEE (MFR: Mean firing rate) . 1% Pk A
(AE: Active electrodes, 145325 [RILL AR
AV PFEELIZBMEERT D) /N—AMHA
& (Burst frequency, 1 EEMIZH51T5 1 57 &
720 DN — AN RS E) R R P
(Synchrony index) & (2 SN THEHTL 7=,

C. R
1. Fy Mb R BEAEHE S PR AR MR 2 A W e
MEA (Z X Db E D E Rl

v M VB B AR AR I B\ T, 2
NETITEE LA E OB L, Xy Y —
IIEENF DS Z UL T DI ED T, 1)
7'V —ha—7 47" 0.1% PEL, 2) HifafEE
BERE A %% 50,000 MR, =L 3)
AraC 4 LU G- H: Day5-7 (2 0.5 pM,
4) BEHAZHA: 3-4 H T L2 mAcH, b)) (b5
W'E O 5. Day 16~1Z 200 ul OB IR LR
BB, £7°, £T /LD MFR 3
FOY AE DORRIFRIZEAGIZ OUWNT, BlEEA1T -
oo TORER . NWTNONRTA—HF—{, T )L
BEONTYFP/NEL MFR 14 Day 14 28—
7L LC, Day 16 T3 LB/MEACTH-7=
(¥ 1A), —7J5. Day 9 OHFETIFLEAL T
TOBEMIDEMHALIRIEE/2Y, Day 16 £TE

FUTHEEFS 7= (K 1B), 2T, Day 17 (28
W, R IRE CHDLT BT LT L
iz (ASA) & & e EE DL 7 E (H AL
BV THRIEBE 2 EITHWON TSR
FNAX: TBT, AU SRR Al a7k
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Z: CPF, i CAMNAIEEL THNLATWND
VT alE VPA) Ak T ARE T OB G L,
MFR ~DREE G Tz, £ DRGSR, fEMExt
ML CH5 ASA 1Z 300 uM ETHELThH
MFR (ZZEAE28 27275, 3 uM TBT, 30 uM
CPF. 3mM VPAIZTH EIZMFR 2N 95
ZEERPBNILIZ (X 2A), Z DM, GABAA
SRRT AT =ARNTHLHE 7Y (BIC) 5
LV Ca¥* Fr A NHEMFETHL TRV
(VER) IZDWTHEML =D T, kKA ik
L7z (X 2B), &%, FiErRmIERm R L
TR MRS PEFIZIRB W T, il £ AR
FHETIT o 7oL O RERR Ll T 252 & TR
BiEE L COH A T HIMEEZRRGET 5,
2. HESI NeuTox MEA Y7 F—AIZ13 58
V7 —var Rk

oz 13, AR TN LSO AT
ZALNIEESW T A 1T HESI NeuTox
MEA H 7' F—AIZHEEE LB TD,
ZITIE, EEsmB LU ST
T —arilBRICBE T D@ AT TVRD D,
S A 7 ML RTAI A OO B 6 8 OV EI B 1
EHEREL T, NUT —ra R BRICB N
D% 3 L OME 3 2ffiflaz & 1 IZEED T,

T4 1%, NeuTox DR F — g3 ERICS
MFBIZHT0 TR E Ehi o2& 2 LTz,
TAHRBROFMIZHT7-0, NV T — a5k
(WD SR BB A Ml i L2 T HIE
KO EHELEI TS T2, N T —vails
N3 2 D fi a0 S Bk S 56 & Eb ik - BT L
Teo ZORER LT ORI TRHEEITIZE
Lipote, 1) 7V —ha—7 47 0.1%PEI,
2) AHAOFEFEES L KeAEAEEL 120,000 AHAE,
vx/b, 3) AraC: #5-L720, 4) BEHIZZ #i:
3-4 HI LI, 5) {LFWEDE G-

F51% Day 20 17 200 pl DEFRIE LB AT
LAY ISR 2 3 ) IS S P RASIEE S
Pz T E SR o b 2 Bl AR L 7224
. BE7aho A4 512K MFR 38 KOV Burst
frequency BB R 2 O FEERIFIITIR
PULTZ, ZORIGNEE 7o OERBF
IOIEE ZAZKWE D THh 7728 3FHSE (7§
FHAER M, MG PR ARG, 35T Brainphys
neuronal medium) OEF IS IC CE /by
Y DIEPEZ DWW TR EZITHZ L& LT,
3A IZIE, 3 FFADESHIIZIITH MFR D#RIRF
(2 k%, X 3B 1ZiX, AE ORI (LA R
L7z, MFR 1% 3 FEEEOE G AU E K&
EWEZe o 7oy IEME(LEERMIT Brainphys
ZHWTZERIZIZ, Day 8 [ZRBW T EL ERN
TEHEALL . ZOBIELCITHIIIL ToTe, F
7o BERE AR A V=502 Day 11 O
IRFC 3/4 OEMANEM LUz, —J5 T, i
TE R A AW 235612, TR PR A
DL Day 19 FTHONTH AL Thvo Tz,
W2 Burst frequency (X IMLiEFRZEE A U
HLfd 2 FRAOEEM IS REREZRLTE
(14 3C) ., Day 20 |23\ T, GABAA A (KT
AT AN THHE /LB L Y
vEAMBE ELZEE O, MFR | Burst
frequency 5 X ONFEIHIE (Synchrony index) (2
DNWTENEIULAA-CITEED T, B/abF
T BIOE IV DOVERIBEF L, ARRETEE)
L CTHIBIAIC A 5L T D GABAA 24
REREL, fEEZ ERIEHEELITAR
A7 DRI S5, ZHUTEBILIZK
JEE R LT DN MR EE I Th o7z, 4%,
FHHMEAHER T 2LEHIINI T —a R
OF =T TERH 12 {bkEHDT —
SHAFZAT Do
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D. £8

ARHFFETIE, T M 3 JORNN BB A
AR 2 VT, MEA IZBTDEEMD&A
PEP BRI 23T R DR EEAAT o 7=, il
Bz BN T, D i kS == O 8 D
fl:AtF@%%%ﬂ%Lf:o Z NS AR L2
BT VAR SE BE C FE i 75 D oD
FFAM % O R & D I ZATH ZE TRBRIED
A MR T W2 RFET D, —F TR L
BRIV TIE, GABAA ZBIET v
BT =ANTHIHE7abF B2

G L IR SN ORER PO ZENG,

ALt 12 {LAITH L CREMZT TV, B
RTFRIMEDIRREZ FEM S E T 5, BfFL7-
T =AW TIE, HESI NeuTox /35—
AT — 2 LU TR T ETHD,

E. ik

2 TR DT MR AIIA FVT MEA (2
L2 —7 o MR L OHEAEO @O FEf
ROWGEAT T, Sk RBRIELL TOR
YUPEDRFEZTT,

F. BFFERR
1. RSCFERF
[1] Yamazaki D., Kanda Y., Sekino Y. “Field

potential

recording method  using

multi-electrode  array  system-Cellular

responses in  human  iPSC-derived
cardiomyocytes and rodent brain-derived
neurons.” BUNSEKI (2017) 7:290-295

2. FRRER

[1] s, iR RS, SRHZRAL : B b

iPS M@ DR BICHTT % 7 m L

YR ABRFEORE, 136 [ B A
FHEP RIS, 2017 HUR

[2] LR RASS, 2 BRAN S | /INEERfd 7 A
R, BRE A, PR 461, SR 2
B = 2 — 1 v D TR
Ry NU— 271X DRHIEDB%,
55 44 [ A AR EEMESE S | 2017 A

[3] HiHSE. LR AR, SREZRA : Bk
iPS Hifid DRI D R U T
FIVA X D55 5 44 1B H AR EEES:
2. 2017 Rk

[4] Yamazaki D., Goto K., Koganezawa N.,
Hanamura K., Shirao T., Sekino Y.,
Kanda Y. : Development the assay of
spontaneous activity in rat hippocampal
neural networks, 10" world congress,
Alternative and animal use in the life
science, 2017, Seattle

[5] IS, LR AR, SREZRA : B b
iPS Mg DRt/ LRE Z FREEIC L7
FEEMRE IR R OBHFE . 5 3 [
RMREHE I EHEFOTLDODOLF 2T
MY —H A= AT 3 —TF L, 2017
B

[6] Yamada S., Yamazaki D., Kanda Y. :
Development of human iPS cell-based
platform for developmental neurotoxicity
testing, SPS, 2017, Berlin
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% 1 HESI NeuTox 2NU T —var BREBR~DOS MR D s M

Jiti %

P

e

Cyprotex

Axion Maestro

Glutaneurons

Janssen (JNJ)

Axion Maestro

Rat cortical neurons,
hiPSC neurons (CNS4U)

Ncardia Axion Maestro iPS neurons + astro,
GlaxoSmithKline Axion Maestro Rat cortical neurons
NIHS Axion Maestro Rat cortical neurons
BMS Axion Maestro CDI GTN + Astrocyte
Axion Axion Maestro Rat cortical neurons

Tohoku Inst. of Tech

AlphaMed Presto

Rat Hippocampal Neurons,
hiPSC Neurons

Eisai Axion Maestro, AlphaMed Presto Rat Hippocampal Neurons
NeuCyte Axion Maestro APEX SynFire Neural Cells

EPA Axion Maestro

BMS Axion Maestro CDI iPSC GlutaNeurons
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g

MFR (/min)

v y)
—
[=7]
1

-
N
L

Active electrodes
(4]

K1 Sy FMEEHEMRICE T 3 HRIEE ORENElR

1) 7L —ha—7 17 0.1% PEL, 2) MifafkfRz 2 A HifQ44 50,000 ML, &=L 3) AraC ik
JEB IO G- Day5-7 12 0.5 UM, 4) E5HIAZHL: 3-4 H 2 LT EASHRD SR TH NS AF
PAMaZ 52 L 7=B2 0. MFR (A) 33X Active electrodes (B) D25k A7~ L 7=, MFR 7% Day
16 IZTHEDIAALTELZEND, ZOXAI T TleEEE 2 G- Lic, WIhd 48 o7 v o
B L O RS (SEM) 2R LT,

- 17 -



A 144

12 . I
1.0-

5 4
g 0.8-.
@ 0.6
0.4-
0.2-

0.0
& 00303 1 3 3 10 30 100 0103 1 3 10 30 100 300

S TBT (uM) CPF (uM) VPA (mM) ASA (M)

1.0

00303 3 30 0.1 1 10 100

bMSO BIC (uM) VER (M)

K2 Jv MESHERMRIICET 2EEDEOSEER G IR T 5 RKin
(A) K1dDay 16 DX A 72T, hYTZFNLAX (TBT), Z7u/LE VKA (CPF),

S afg (VPA), 7 F A4 U FAlE (ASA) % 4EEF AL L, & {b3mEo
B 5RO MFR OfE (5 /0B ONEME) %2 1.0 & L THBME L. &5 60 5% MFR OfE (5
SYROEEE) 2R L7z, (B) K1 dDay 16 DX A 72T, ©27 27U (BIC), X
Z/33V (VER) Z 4RETHOGMERE Lc, SMbFWE O GHTDO MFR OfE (5 43 OF
YIE) % 1.0 & UCTHILL, &5 60 3% D MFR OfE (5 53 OFEEIfE) 2R M L7, #ilEk
T _XTI3LUETH D,
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g

{ —*—FBS(+)(24)
—e—FBS(-) (32)
—e— Brainphys (29)

:

g 8

MFR (/min)
2

8 8

o
L

5 8 11 13 15 18 19
DIV

w
a

Active electrodes

5 8 1 13 15 18 19
DIV

)
g X

—
i

Burst frequency
©

E <N
M 1 N

0 ] ) ) L) L) )
8 11 13 15 18 19

DIV

-4

K3 T v bRIMEEARRAEOHRRIEEN X D EE D iRET

7 v bR BE ARSI O RIS BN 6 2 BRI RS (FBS+) | I{EFRZEE L (FBS-. Day
5 F CIIFFFEAEHTLEE L, Day 5 75 FBS-ICE#L) 35 KO8 Brainphys @ 3 fi DR HLD 2
A MEL7-, MFR (A). Active electrodes (B) 35 J OFBurst frequency (C) oZiZid /8
T A —4%—7% Day 5 75 Day 19 ¥ CRRFIZL 2R LT, fHINNIEBIE A =T,
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B ;ARG Brainphys

1 1 + 1.2 12
™ T
k=) 0.8 T 0.84 =) 08 T
e e 2
[+ 14 14
w ™ w
= 0.4 = 04- = 04
0.0 0.0- 0.04
DMSO01 1 10 DMSO0.3 3 30 DMSO 01 1 10 DMSO0.3 3 30 DMsSC 01 1 10 DMSO0.3 3 30
Picrotoxin (uM) Bicuculline {(uM) Picrotoxin (uM) Bicuculline (uM) Picrotoxin (uM) Bicuculline (uM)
B 2.0, 1.2-
T2 r =) 16 T .
e £ g | 1
E. 0.8
Zos gu g
-g E 081 E 04
0.4+
0.0 0.0 0.0
DMSO 0.1 1 10 DMSO 0.3 3 30 DMSO 01 1 10 DMSO 0.3 3 30 DMSO 0.1 1 10 DMSO 0.3 3 30
Picrotoxin (uM) Bicuculline (uM) Picrotoxin (uM) Bicuculline (uM) Picrotoxin (uM) Bicuculline (uM)
C 12, 12
) g4 )
. — 1 L,
e B & 20 g | he
* 0.8 x J
g 0.8 .§ 16 .EU,S
-é .é 1‘2- .é
£ 0.4 E 0.8- '§ 0.44
0.44
& @ @
0.0 0.0 00—
DMSO 01 1 10 DMsSO 0.3 3 30 DMSO 01 1 10 DMSO 0.3 3 30 DMSO 0.1 1 10 DMSO 0.3 3 30
Picrotoxin (uM) Bicuculline (uM) Picrotoxin (uM) Bicuculline (uM) Picrotoxin (uM) Bicuculline (uM)

B4 F v+ REEREMHREMRD GABAAZR AT o F I =R M KD RISHEIC RT3 S50
BREy

GABAN ZBKT v 2 A=A N ThHLHE 70 b XU BROEY 7 ) ORMRGIIT 5,
MFR (A). Burst frequency (B) 35T Synchrony index (C) OIS EMET LTz, AL — 2
R, BEA TN MIERER#, 45 L — 22 Brainphys 5t T %, Day 20 ([2BW\T,
Wb a2tk G L, SMEFWEORGRIOR /T A —5% —{i (5 oM OF¥HE) % 1.0 &
LTHIE L L, &5 60 DR DK/NRT A —2—fl (5 ROV ZH L, wWIind 3
BILL DT — 2 & md,
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JEA GBI E R A e (L EWE Y 2 7 BFES2E)
SRR

A% /NI D AR R] I O FERERISZ B X 5 RTAfhIE D BE %6

WHgE ST FERT: BRET - A LF5%
HHEOFET

Wt /1A FORRT SRR
B% v

g5

AAEPE T, AL E TR LT O @ T v MINKEE A VT, ke
FVENETR T X DA SEERE, MRREIE IR~ DO EZRET L, &b
WY ERAL HIEEZRET D22 2 HME LCER L7, & N HEER
BNEINLTWA LT el BIOZ are VERCA, FED
FEIEVEMEE N E 2 b D SAHA, MS—-275. BREZEMME DA A X2
DT, FRHIIE L~ LB L OVMNIMERR L~ L TOE(LEBIE L, &
b=, BV TaERIZONWT, BER & R 5EE 22 S
HZORAE T Uiz, REEIL, ALFWEER G L DR EZE D
Eefb, /N ERE S —HomEl e ih o E ', TBEEOERL 21T
ST, TORER, ERMEMREENES Z ONDILFEWETHDH VT 1
fig, 7 o)L E U R AN, EH% ORI E DAY Z Nk L o 22
FCH R &/t D2 L, B OITEVEL 25 X 23 2 L 2 EEMNIC
R UTo, THUC RO BRI, BGRFKAAED BRI e . &6
IZEE T Lo, T2 A B UL ORI EE O BRI o7

T EnHESN D,

A B EHEY

v M APEFRLIHRE SN TWDE LT
2 fi#(VPA), VPA E[EERICE X N7 &
F AR (HDACBLEAITH D A1 A
T =Y Fe Ka x4 A#SAHA) .
MS-275, t bk HPEFREIE®E ST
% 7 1)L E ) IR A (CPF), 8 X OBREEF MW
B R T7F N AX(TBT) 512 K B /MK
FESDEEL | AL PR TFEIC X
LR DO Z L, BL O~ FXT Y
VT AV YA HE YT L D NI HES
PIROWEZ b ZBIEE LTz, S BIZfEED
ITENZ RIT T2 MR T D 72012, T
BEIE X D2 E M O EAb DB %2,
X O EH & A o R o 178 #8122
AT o7,

B. fFZE Ak

I H PAEDOE BN T D Z & 3k
HEINTWD/IMEMZEREE L THW
Tro FALFWE HIEREMW)IC G L, HAE
WO/ ERH L TE O R A2 L

72o fEik 16 HDOZ > MZ, 600 mg/kg?D
VPAGRE 1) . 50mg/kg @ SAHA (JEIER) .
4mg/kg D MS—-275 (F& H) . 10mg/kg D CPF (%
1) . 20mg/kg @ TBT(RH) #FNEnk
5. L7z, VPA IZOW Tk, #HIE 14 H., 18
HIZZNZH 600 mg/keDPFEH-T5HZ & &
AR L7, F72, 4R 16 BHIZ 200 meg/ke,
300 mg/ke. 400 mg/keD VPA $&5-% 7B L
776

B G5B A % 2 000 3 I CREVEE E
%, INEREORKEA T A X2 FHEL
ANy Uikl > T ¥
vfifaoiREEEAZNE L, LEmE
BHIZE MR ELE O ERIEZIT-
oo SHIZATA A2K%E HE Yea L, /)
AT A4 2D V/VI /PNERIZH D
primary fissure (85—%) 1z>\WT, 7
NFLVTEORES LHEOESDOLZHEA
L. B&58EW & xR %tk L b9
BRGORBOERENEIToT-, FIoKK
HEWoxsiES (4% 4 BH 10 H) B
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H1.3MEDOMEZEZR LTz, 2 UXCPF# 58l
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AL L7727 o o ffilaEnilisg I n
7o BRIRZEE ITHEMER MR OBR AR L
T mEEE NN TERVIREZ R
L7,

VPAR 5B Cl, /MM HRERE —2 (ViE
-VIZERM) ([CHFEI2EtNElEs N, 2
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BENEEII0E < | B e < b iz @ L
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SCIENTIFIC REPLIRTS

Chlorpyrifos inhibits neural
induction via Mfnl-mediated
“mitochondrial dysfunction in
Jeenee: human induced pluripotent
e stem cells

ShigeruYamadal?, Yusuke Kubo?, Daiju Yamazaki', Yuko Sekino! & Yasunari Kanda?

Organophosphates, such as chlorpyrifos (CPF), are widely used as insecticides in agriculture. CPF
is known to induce cytotoxicity, including neurodevelopmental toxicity. However, the molecular
mechanisms of CPF toxicity at early fetal stage have not been fully elucidated. In this study, we
examined the mechanisms of CPF-induced cytotoxicity using human induced pluripotent stem cells
(iPSCs). We found that exposure to CPF at micromolar levels decreased intracellular ATP levels. As

. CPF suppressed energy production that is a critical function of the mitochondria, we focused on the

. effects of CPF on mitochondrial dynamics. CPF induced mitochondrial fragmentation via reduction

. of mitochondrial fusion protein mitofusin 1 (Mfn1) in iPSCs. In addition, CPF reduced the expression
of several neural differentiation marker genes in iPSCs. Moreover, knockdown of Mfn1 gene in iPSCs
downregulated the expression of PAX6, a key transcription factor that regulates neurogenesis,

. suggesting that Mfn1 mediates neural induction in iPSCs. Taken together, these results suggest

. that CPF induces neurotoxicity via Mfn1l-mediated mitochondrial fragmentation in iPSCs. Thus,

. mitochondrial dysfunction in iPSCs could be used as a possible marker for cytotoxic effects by
chemicals.

Growing evidence suggests the involvement of environmental chemicals in neurodevelopmental toxicity, lead-
ing to neurobehavioral outcomes such as learning disabilities, attention deficit hyperactivity disorder, cognitive
. impairment, and autism'2. As the fetal brain is inherently more susceptible to chemical-induced toxicity com-
. pared to the adult brain, exposure to neurotoxic chemicals during early prenatal period can cause delayed neural
: disorders at lower doses than in adults**.
Organophosphates, such as chlorpyrifos (CPF), are well known to affect brain structure and neurodevel-
opmental outcome, resulting in delayed neural disorders>. In regard to this, previous studies using magnetic
© resonance imaging have shown that prenatal exposure to CPF caused abnormalities in the structure, size, and
. thickness of cerebral cortex, where was responsible for several higher-order brain functions such as attention,
: cognition, and emotion’. Several reports indicate that CPF causes neurotoxicity in the developing brain of ani-
. mals. In the developing brain of neonatal rats, CPF exposure impairs neurite outgrowth by inhibiting choline
. acetyltransferase activity®. Maternal exposure to CPF suppresses neurogenesis in the hippocampal dentate gyrus
. of rat offspring’. In addition to in vivo effects, there has been reported the cytotoxic effects of micromolar CPF
. levels in vitro. For example, CPF inhibited mitochondrial oxidative phosphorylation'® and induced apoptosis
. in human neuroblastoma SH-SY5Y cells!! or human neural precursor cells!2. As micromolar CPF levels were
© detected in the blood of human newborns living in an agricultural community'?, the observations made using
* micromolar levels of CPF in vitro could potentially reflect the biological reactions in a living body. However, the
. effect of CPF on neurodevelopment has not been precisely elucidated.

Division of Pharmacology, National Institute of Health Sciences, Tokyo, Japan. 2Pharmacological Evaluation
Institute of Japan (PEI)), Kanagawa, Japan. Correspondence and requests for materials should be addressed toY.K.
(email: kanda@nihs.go.jp)
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Morphological changes of mitochondria are known to contribute to homeostasis!*!*. Under normal cir-
cumstances, mitochondria fuses together and forms excessive tubular networks (mitochondrial fusion). These
fusion is regulated by fusion factors mitofusin 1 and 2 (Mfn1, Mfn2) and optic atrophy 1 (Opal)'®"’. In contrast,
under stress conditions, mitochondrial networks convert into large numbers of small fragments with spherical
and punctate morphology (mitochondrial fission), and are regulated by fission factors, such as fission protein 1
(Fis1) and dynamin-related protein 1 (Drp1)'®!°. This morphological dynamics contributes to the maintenance
of mitochondrial functions, including energy generation'*. Moreover, several studies have shown the relationship
between mitochondrial fragmentation and cellular and neurodevelopmental defects. For example, Mfn1 or Mfn2
knockout mice die in midgestation embryo, accompanying with developmental delay. In addition, embryonic
fibroblasts from these knockout mice display distinct types of fragmented mitochondria, a phenotype due to a
severe reduction in mitochondrial fusion®. Thus, Mfn1 is considered to be functionally different from Mfn2.
In support to this, Mfn1, not Mfn2, is reported to contribute to Opal-mediated fusion of mitochondrial inner
membrane'®.

In the present study, we investigated the effect of CPF on neural differentiation using human induced pluripo-
tent stem cells (iPSCs) as a model of human organ development. We focused on the effects of micromolar levels
of CPF on mitochondrial dynamics, examining the molecular mechanisms of the process. Our results show that
micromolar CPF levels inhibited ATP production through Mfn1 reduction, followed by mitochondrial fragmen-
tation. Moreover, Mfn1-mediated mitochondrial dysfunction suppressed early neural induction by decreasing
levels of PAX6, a key transcription factor that regulates neurogenesis. These data suggest that CPF-induced neu-
rodevelopmental toxicity is based on impairment of mitochondrial functions in human iPSCs.

Results

Effect of CPF on neural differentiation of iPSCs.  To investigate whether CPF affects early neurodevel-
opment, we examined neural differentiation capability of iPSCs, which was induced by dual SMAD inhibition
protocol®! (Fig. 1A). First, we determined the critical CPF concentration, affecting neural differentiation. At day
4 after neural induction with different concentrations of CPF, the expression of PAX6, an early neuroectodermal
marker that regulates neurogenesis?, was analyzed using real-time PCR. We found that exposure to 30 uM CPF
significantly decreased PAX6 gene expression (Fig. 1B). Next, we performed time course experiments for expres-
sion of several neural differentiation markers at days 2, 4, 6, and 8 after exposure to 30 uM CPEF. At day 9, almost
all cells exposed by CPF (30 uM) were detached from the culture dish. Real-time PCR analysis revealed upreg-
ulated expression of PAX6 by day 4, and FOXG1, a neuroectodermal marker that also regulates neurogenesis?,
thereafter (Fig. 1C and D). Representative neural maturation marker NCAM1?* continuously increased, confirm-
ing that further neural differentiation occurred (Fig. 1E). In addition, CPF exposure reduced the expression of
these neural induction markers by day 6 (Fig. IC-E). These data suggest that CPF has an inhibitory effect on early
neural differentiation of iPSCs.

Mitochondrial function of iPSCs exposed to CPF.  As neural differentiation process requires ATP
as a source of energy®’, we examined intracellular ATP content in iPSCs. Treatment with 30 uM CPF signifi-
cantly reduced the ATP content of the cells (Fig. 2A). We have previously shown that 0.1 pM carbonyl cyanide
m-chlorophenyl hydrazone (CCCP), which functions as a mitochondrial uncoupler?, decreased ATP levels in
iPSCs. Because CPF inhibited ATP production, we focused on several mitochondrial functions. Mitochondrial
membrane potential (MMP) was decreased by exposure to 30 uM CPF for 24 h (Fig. 2B and C). As a positive
control, exposure to 0.1 phM CCCP reduced MMP (Figure S1). In addition, CPF exposure increased the number
of cells with fragmented mitochondria displaying punctate morphology (Fig. 2D) and decreased the number
of cells exhibiting mitochondrial fusion (Fig. 2E). We have already confirmed that 0.1 xM CCCP also increased
the occurrence of fragmented mitochondria. These results suggest that CPF induces mitochondrial dysfunction,
including MMP depolarization and mitochondrial fragmentation, in iPSCs.

Expression of mitochondrial fission and fusion factors in iPSCs exposed to CPF.  To examine the
molecular mechanisms by which CPF induces mitochondrial fragmentation in iPSCs, we assessed the expression
levels of mitochondrial fission (FisI and Drp1) and fusion genes (Mfn1, Mfn2, and OPA1I). Real-time PCR analy-
sis showed that the gene expression of the factors was not altered after CPF exposure (Fig. 3A). Interestingly, west-
ern blot analysis revealed that CPF significantly decreased Mfn1 protein levels. In contrast, protein expression
levels of other factors, including Mfn2, were not changed (Fig. 3B and C). These data suggest that CPF-induced
mitochondrial fragmentation is caused by reduction of Mfn1 protein levels.

Effects of CPF in iPSC-derived neural progenitor cells.  To investigate whether the effects of CPF selec-
tively occur in the early stage of neural differentiation in iPSCs, we used iPSC-derived neural progenitor cells
(NPCs), which were induced by dual SMAD inhibition protocol? (Figure S1A). Treatment with 30 pM CPF had
little effect on ATP content (Figure S1B). Similarly, exposure to 30 pM CPF had little effect on mitochondrial
morphology (Figure S1C and D), which was confirmed by the fact that CPF did not alter the protein levels of
mitochondrial fission and fusion factors containing Mfn1 (Figure S1E). These data suggest that iPSCs, not NPCs,
are sensitive to CPF exposure.

Effect of Mfn1 knockdown on neural induction of iPSCs.  To further investigate the involvement of
Mfnl in the effects of CPF on neural induction, we performed knockdown (KD) of Mfn1, using lentivirus-delivered
shRNAs. Real-time PCR analysis showed that KD was selective for Mfn1, not Mfn2, and that the efficiency
was approximately 70% (Fig. 4A). The KD effects were also confirmed by protein levels (Fig. 4B and C).
The Mfn1 KD cells were used to perform neural induction. Real-time PCR analysis revealed that Mfn1 KD
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Figure 1. Time course studies of neural induction in iPSCs exposed to CPF. (A) Schematic time course of
induction from iPSCs to NPCs by dual SMAD inhibition. Neural induction was initiated after exposure to CPF
for 24 h. The cells were continuously exposed to CPF throughout neural differentiation. (B) At day 4 after neural
induction with CPF (0-30 uM), expression of the neural differentiation marker PAX6 was examined using real-
time PCR analysis. (C-E) At days 2, 4, 6, and 8 after neural induction with CPF (30 uM), expression of neural
differentiation markers, PAX6, FOXGI, and NCAMI was examined using real-time PCR analysis. Data are
represented as means £+ SD (n=3). *P < 0.05.

decreased the expression of PAX6 (day 4), FOXG1 (day 6) and NCAMI (day 6) (Fig. 4D). These data suggest that
Mfn1 is involved in CPF-mediated negative effects on neural induction of iPSCs.

Negative regulation of neural induction by CPF exposure. A previous report indicates that ERK
signaling inhibits neural induction via PAX6 silencing in human embryonic stem cells”’. ERK has been reported
to be activated after depletion of Mfn1%. We focused on ERK signaling in the effect of CPF on neural induction.
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Figure 2. Mitochondrial function of iPSCs exposed to CPFE. (A) Cells were exposed to CPF (30 pM) for
24h. Intracellular ATP content was determined in the lysed cells (n = 3). (B) Cells were exposed to CPF

for 24 h and stained with JC-10 for 20 min. MMP of JC-10 labeled cells was analyzed by flow cytometry.

The histogram represents the ratio of JC-aggregate (F-590) to JC-monomer (F-535) fluorescence (n=3).

(C) Cells were exposed to CPF for 72 h and stained with MitoTracker Red CMXRos and Hoechst33342.
Mitochondrial morphology was observed by confocal laser microscopy. Bar =5 pm. (D) The number of cells
with mitochondrial fusion (<10% punctiform) was determined in each image (n=>5). Data are represented as
means £ SD. *P < 0.05.
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We found that CPF exposure significantly increased basal ERK phosphorylation levels, which were abolished
by treatment with the ERK inhibitor U0126 (Fig. 5A and B). To further study whether PAX6 downregulation
in CPF-exposed cells occurred through ERK signaling, we examined the effect of U0126 on PAX6 expression.
Incubation with U0126 recovered the expression levels of PAX6 (Fig. 5C). These data suggest that CPF activates
ERK and prevents neural induction via PAX6 downregulation.

Effect of Mfn1 knockdown on neural induction.  To confirm the involvement of Mfn1 in the inhibition
of neural induction by CPF, we used Mfn1 KD cells. Mfn1 KD significantly increased basal ERK phosphoryl-
ation levels that were abolished by treatment with the ERK inhibitor U0126 (Fig. 6A and B). To further study
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Figure 3. Expression of mitochondrial fission and fusion factors of iPSCs exposed to CPF. (A) After
exposure to CPF (30 uM) for 24 h, expression of mitochondrial genes was analyzed by real-time PCR. (B) After
exposure to CPF for 24 h, expression of mitochondrial proteins was analyzed by western blotting using anti-
Drpl, anti-Fis1, anti-Mfn1, anti-Mfn2, anti-Opal, or anti-3-actin antibodies. (C) Relative densities of bands
were quantified with Image] software. Relative changes in expression were determined by normalization to
B-actin. Data are represented as means + SD (n=3). *P < 0.05.

whether PAX6 downregulation in Mfn1 KD cells occurred through ERK signaling, we examined the effect of
U0126 on PAX6 expression. Mfn1 KD decreased PAX6 by 64% by in the vehicle-treated cells. In contrast, Mfn1
KD decreased PAX6 by 30% in the U0126-treated cells. Thus, incubation with U0126 partially recovered the
PAXG6 expression in the Mfn1 KD cells (Fig. 6C). Taken together, these data suggest that Mfn1 reduction by CPF
exposure activates ERK and prevents neural induction via PAX6 downregulation.

Discussion

In the present study, we demonstrated that exposure to micromolar CPF targeted mitochondrial quality control
in human iPSCs. We showed that CPF induced Mfn1 reduction, thereby promoting mitochondrial fragmenta-
tion. These negative effects of CPF on mitochondrial quality control could suppress ATP production and neural
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Figure 4. Effect of Mfn1 knockdown on neural induction of iPSCs. Cells were infected with lentiviruses
containing a vector encoding a shRNA directed against Mfn1 or a scrambled sequence shRNA (control) for 24 h.
The infected cells were subjected to selection with puromycin (1 pug/ml) for 24h and cultured for an additional
72h prior to functional analyses. (A) The expression of Mfn1 and Mfn2 genes was analyzed by real-time PCR.
(B) The expression of Mfn1 and Mfn2 proteins was analyzed by western blotting using anti-Mfn1, anti-Mfn2, or
anti-3-actin antibodies. (C) Relative densities of bands were quantified with ImageJ software. Relative changes
in expression were determined by normalization to 3-actin. (D) Expression of neural differentiation markers

PAXG6 (day 4), FOXGI (day 6), and NCAM1 (day 6) was examined with real-time PCR. Data are represented as
means +SD (n=23). *P<0.05.

differentiation. Based on the data observed in our study, Fig. 7 shows a proposed mechanism of CPF cytotoxicity
via mitochondrial dysfunction.

Our studies showed that treatment with micromolar CPF levels caused mitochondrial dysfunction of human
iPSCs (Fig. 2). We observed that iPSCs were sensitive to CPF exposure, unlike iPSC-derived NPCs (Figure S1).
Previous reports support this difference in CPF sensitivity. The inhibitory effect of CPF on DNA synthesis in
undifferentiated C6 glioma cells is found to be much higher than in differentiated cells®. In vivo studies indicate
that immature organisms are more susceptible to CPF-induced toxicity compared to adults due to lower levels of
CPF metabolizing enzymes®. Thus, the difference in CPF sensitivity between iPSCs and NPCs may be dependent
on the maturation of CPF detoxification pathways. We are currently conducting experiments to determine the
mechanism causing the differences in sensitivity to CPE

We showed that CPF induced mitochondrial fragmentation via Mfn1 reduction (Figs 2 and 3). Consistent
with this, our previous knockdown studies indicated that Mfn1 reduction was sufficient to promote mitochon-
drial dysfunction®. CPF-induced Mfn1 reduction might mediate mitochondrial fragmentation, decrease ATP
levels, and inhibit iPSC growth. Although Mfn?2 is also involved in mitochondrial fission and energy supply
processes®*®, our results indicated that CPF specifically targeted Mfn1, not Mfn2. Regarding this apparent CPF
specificity, E3 ubiquitin ligase membrane-associated RING-CH 5 (MARCHS5) has been reported to selectively
bind to Mfn1 dependent on its acetylation, and degrade among all mitochondrial proteins, including Mfn234,
In addition, we have reported that organotin compounds induced Mfn1l degradation through MARCHS5,
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Figure 5. Negative regulation of neural induction by CPF exposure. (A) Cells were exposed to CPF (30 pM)
or CPF + U0126 (5uM) for 24 h. ERK phosphorylation was analyzed by western blotting using anti-phospho-
ERK antibodies. (B) Relative densities of bands were quantified with Image] software. Relative changes in
expression were determined by normalization to total ERK protein level. (C) At day 4 after neural induction
with CPF or CPF + U0126, the expression of PAX6 gene was analyzed by real-time PCR. Data are represented
as means = SD (n=3). *P < 0.05.

thereby promoting mitochondrial fragmentation in iPSCs?!. Thus, CPF may specifically target Mfn1 protein via
MARCHS in iPSCs without affecting mRNA levels. Furthermore, the difference in CPF sensitivity between iPSCs
and NPCs may be dependent on Mfnl and MARCHS5 expression levels or MARCHS5 activity. Further studies
should determine whether CPF reduces Mfn1 via MARCHS5-mediated degradation in iPSCs.

We demonstrated that ERK phosphorylation mediated the negative effects of CPF on early neural differentia-
tion (Figs 1, 4 and 5). A previous report indicates that Mfn1 directly binds Ras and Raf, resulting in the inhibition
of Ras-Raf-ERK signaling by the biochemical analysis***. Mfn1 reduction by CPF or shRNA may reverse this
ERK signaling inhibition. Mobilization of Ca** from intracellular stores, including mitochondria was reported to
result in phosphorylation of MAPKs, as the process was suppressed by chelation of intracellular Ca*" in human T
lymphoblastoid cells*’. As mitochondria are known to uptake into the matrix of any Ca?* that has accumulated in
the cytosol, dependent on MMP?%, mitochondrial dysfunction by CPF exposure may cause an overload of Ca?*,
resulting in ERK activation. Moreover, ERK signaling was reported to inhibit neural induction by PAX6 silenc-
ing via upregulation of stemness factors NANOG/OCT4 and downregulation of homeobox transcription factor
OTX2¥. NANOG and OCT4 act as repressors of PAX6 induction, whereas OTX2 is a positive inducer of PAX6".
Therefore, ERK signaling evoked by CPF could affect the expression of these transcriptional network, including
NANOG, OCT4 and OTX2, by regulating PAX6. In future studies, we should further investigate the mechanisms
of CPF-induced negative regulation of neural induction via ERK.
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Figure 6. Negative regulation of neural induction by Mfn1 knockdown. The cells were infected with
lentiviruses containing a vector encoding a shRNA directed against Mfn1 or a scrambled sequence shRNA
(control) for 24 h. The infected cells were subjected to selection with 1 pg/ml puromycin for 24h and

cultured for an additional 72 h prior to functional analyses. (A) After incubation with U0126 for 24h, ERK
phosphorylation was analyzed by western blotting using anti-phospho-ERK antibodies. (B) Relative densities of
bands were quantified with Image] software. Relative changes in expression were determined by normalization
to total ERK protein level. (C) At day 4 after neural induction with U0126, the expression of PAX6 gene was
analyzed by real-time PCR. Data are represented as means & SD (n=3). *P < 0.05.

We further demonstrated that Mfn1 reduction mediated cytotoxic effects of CPF on iPSCs via PAX6 down-
regulation (Figs 5 and 6). FOXG1 was downregulated, along with PAX6, during neural differentiation of iPSCs
exposed to CPE. PAX6 and FOXGI act as transcriptional regulators during forebrain development in verte-
brates*. Targeted disruption of PAX6 and FOXGI in rodents led to the loss of anterior neural tissues, suggesting
the central role of these genes in forebrain development**2. CPF causes various defects in the development of
hippocampus and cortex of rodents*. Thus, CPF-induced defects of forebrain architecture may be caused by
transcriptional silencing of anterior neural markers during early neurogenesis. As NCAM1 was downregulated
during neural differentiation of iPSCs exposed to CPE, further studies using NPCs are required to reveal how CPF
affects neural maturation processes.

In summary, our results demonstrate a novel mechanism underlying cytotoxicity, including neurodevelop-
mental toxicity of CPF in iPSCs. Recently, significant progress has been made in the induction of differentiation of
pluripotent stem cells into a variety of cell types*. Further studies are needed to evaluate the developmental effects
of CPF on various types of iPSC-derived cells. Moreover, we show that CPF toxicity is caused by Mfn1-mediated
mitochondrial dysfunction, which is involved in the cytotoxicity of organotin compounds®!. Thus, mitochondrial
functions influenced by Mfn1 might be a good starting point for investigating toxic mechanisms induced by
exposure to other chemicals.

SCIENTIFIC REPORTS | 7:40925 | DOI: 10.1038/srep40925 8

- 54 -



www.nature.com/scientificreports/

|
|
Mfn1 ﬂ

Dysfunctional
mitochondria

> LT

Erk

L—»PAXé‘ﬂ

VWIS
Nucleus

4

Inhibition of neural induction

Figure 7. Proposed mechanism of CPF cytotoxicity in human iPSCs. CPF exposure causes Mfn1 reduction,
which induces mitochondrial dysfunction, including mitochondrial fragmentation and decreased ATP levels.
Mitochondrial dysfunction in turn evokes ERK phosphorylation, leading to the suppression of PAX6, which is
an early marker of neurogenesis.

Methods

Chemicals. Chlorpyrifos (CPF), Y-27632, SB431542, and LDN193189 were obtained from Wako (Tokyo,
Japan). Penicillin-streptomycin mixture (PS) was obtained from Thermo Fisher Scientific (Waltham, MA, USA).
U0126 was obtained from Enzo Life Sciences (Farmingdale, NY, USA). Poly-L-ornithine, 2-mercaptoethanol
(2-ME), and carbonylcyanide m-chlorophenylhydrazone (CCCP) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). All other reagents were of analytical grade and obtained from commercial sources.

Cell culture. Human iPSC line 253G1 (Riken BRC Cell Bank, Tsukuba, Ibaraki, Japan) was established
through retroviral transduction of OCT4, SOX2, and KLF4 into adult human dermal fibroblasts**. The cells
were cultured under feeder-free conditions using human embryonic stem cell (ESC)-qualified Matrigel (BD
Biosciences, San Jose, CA, USA) and TeSR-E8 medium (Stemcell Technologies, Vancouver, BC, Canada) at
37°C in an atmosphere containing 5% CO,. For passage, iPSC colonies were dissociated into single cells using
Accumax (Innovative Cell Technologies, San Diego, CA, USA) and cultured in TeSR-E8 medium supplemented
with Y-27632 (ROCK inhibitor, 10 uM). The NPCs derived from iPSCs were cultured on poly-L-ornithine and
Laminin (Thermo Fisher Scientific) coated dishes at 37 °C in an atmosphere containing 5% CO,. The culture
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medium was Neural maintenance medium [NMM; a 1: 1 mixture of DMEM/F12 (Thermo Fisher Scientific) and
Neurobasal (Thermo Fisher Scientific) containing N2 (Thermo Fisher Scientific), B27 (Thermo Fisher Scientific),
GlutaMAX (Thermo Fisher Scientific), non-essential amino acids (NEAA; Thermo Fisher Scientific), 2-ME, PS].
For passage, NPCs were dissociated into single cells using Accumax and cultured in NMM supplemented with
EGF (20ng/ml), FGF2 (20 ng/ml) and Y-27632.

Neural differentiation procedure. For the induction of neuronal lineages, dual SMAD inhibition protocol
was used as previously described?! with modifications. Briefly, iPSC colonies were dissociated into single cells
with Accumax. The cells were seeded at a density of 7 x 10*cells/cm? in TeSR-E8 medium on Matrigel-coated
plates in order to reach nearly confluent within two days after seeding. The initial differentiation medium
was knockout serum replacement (KSR) medium [Knockout DMEM (Thermo Fisher Scientific) containing
KSR (Thermo Fisher Scientific), L-glutamine, NEAA, 2-ME, PS] with SB431542 (TGF@ inhibitor, 10 uM) and
LDN193189 (BMP inhibitor, 1 pg/ml). After 4 days, N2 medium [Neurobasal containing N2, B27, GlutaMAX,
PS] was added to the KSR medium with LDN193189 every two days.

Measurement of intracellular ATP levels. Intracellular ATP content was measured using an ATP
Determination Kit (Thermo Fisher Scientific), according to the manufacturer’s protocol. Briefly, the cells were
washed and lysed with 0.1% Triton X-100/PBS. The resulting cell lysates were added to a reaction mixture con-
taining 0.5 mM D-luciferin, I mM DTT, and 1.25 pg/mL luciferase and incubated for 30 min at room temperature.
Luminescence was measured using a Fluoroskan Ascent FL microplate reader (Thermo Fisher Scientific). The
luminescence intensities were normalized to the total protein content.

Measurement of MMP. A Cell Meter JC-10 Mitochondrial Membrane Potential Assay Kit (AAT Bioquest,
Sunnyvale, CA, USA) was used to detect MMP. Briefly, the cells were suspended in staining buffer containing
JC-10 and incubated for 20 min at room temperature. After the cells were treated with CPE, a FACS Aria II cell
sorter (BD Biosciences) was used to measure the fluorescence intensity ratio, JC-aggregate (F-590)/JC-monomer
(F-535).

Assessment of mitochondrial fusion. After treatment with CPF (30 uM, 72h), the cells were fixed with
4% paraformaldehyde and stained with 50 nM MitoTracker Red CMXRos (Cell Signaling Technology, Danvers,
MA, USA) and 5ug/mL Hoechst 33342 (Sigma-Aldrich). Changes in mitochondrial morphology were observed
using a confocal laser microscope (Nikon Al). Images (n=5) of random fields were taken, and the number of
cells displaying mitochondrial fusion (<10% punctiform) was determined in each image, as previously reported*.

Real-time polymerase chain reaction (PCR). Total RNA was isolated from iPSCs using TRIzol reagent
(Thermo Fisher Scientific), and quantitative real-time reverse transcription (RT)-PCR was performed using a
QuantiTect SYBR Green RT-PCR Kit (Qiagen, Valencia, CA, USA) on an ABI PRISM 7900HT sequence detec-
tion system (Applied Biosystems, Foster City, CA, USA) as previously reported*’. Relative changes in transcript
levels were normalized to the mRNA levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The fol-
lowing primer sequences were used for real-time PCR analysis: FisI, forward, 5-TACGTCCGCGGGTTGCT-3'
and reverse, 5'-CCAGTTCCTTGGCCTGGTT-3'; Drp1, forward, 5'-TGGGCGCCGACATCA-3' and reverse,
5/-GCTCTGCGTTCCCACTACGA-3'; Mfnl, forward, 5'-GGCATCTGTGGCCGAGTT-3' and reverse,
5/-ATTATGCTAAGTCTCCGCTCCAA-3'; Mfn2, forward, 5-GCTCGGAGGCACATGAAAGT-3’ and reverse,
5/-ATCACGGTGCTCTTCCCATT-3’; Opal, forward, 5-GTGCTGCCCGCCTAGAAA-3’ and reverse,
5-TGACAGGCACCCGTACTCAGT-3’; PAX6, forward, 5'-ATGTGTGAGTAAAATTCTGGGCA-3’ and reverse,
5'-GCTTACAACTTCTGGAGTCGCTA-3'; FOXG1, forward, 5'-GCCACAATCTGTCCCTCAACA-3’ and
reverse, 5’-GACGGGTCCAGCATCCAGTA-3’; NCAM1, forward, 5'-GGCATTTACAAGTGTGTGGTTAC-3' and
reverse, 5'-TTGGCGCATTCTTGAACATGA-3'; GAPDH, forward, 5'-GTCTCCTCTGACTTCAACAGCG-3' and
reverse, 5'-ACCACCCTGTTGCTGTAGCCAA-3'.

Western blot analysis. Western blot analysis was performed as previously reported*®. Briefly, the cells were
lysed with Cell Lysis Buffer (Cell Signaling Technology). The proteins were then separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred to Immobilon-P
membranes (Millipore, Billerica, MA, USA). The membranes were probed with anti-Drp1 monoclonal antibodies
(1:1000; Cell Signaling Technology), anti-Fis1 polyclonal antibodies (1:200; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-Mfn1 polyclonal antibodies (1:1000; Cell Signaling Technology), anti-Mfn2 monoclonal
antibodies (1:1000; Cell Signaling Technology), anti-Opal monoclonal antibodies (1:1000; BD Biosciences),
anti-ERK1/2 polyclonal antibodies (1:1000; Cell Signaling Technology), anti-phospho ERK1/2 (Thr202/
Tyr204) monoclonal antibodies (1:2000; BD Biosciences), and anti-3-actin monoclonal antibodies (1:5000;
Sigma-Aldrich). The membranes were then incubated with secondary antibodies against rabbit or mouse IgG
conjugated to horseradish peroxidase (Cell Signaling Technology). The bands were visualized using an ECL
Western Blotting Analysis System (GE Healthcare, Buckinghamshire, UK). Images were acquired using an LAS-
3000 Imager (FUJIFILM, Tokyo, Japan).

Gene knockdown by shRNA. Knockdown experiments were performed using Mfn1 shRNA lentiviruses
from Sigma-Aldrich (MISSION shRNA), as previously reported®. A scrambled hairpin sequence was used as a
negative control. Briefly, the cells were infected with the viruses at a multiplicity of infection of 1 in the presence

SCIENTIFIC REPORTS | 7:40925 | DOI: 10.1038/srep40925 10

- 56 -



www.nature.com/scientificreports/

of 8ug/mL hexadimethrine bromide (Sigma-Aldrich) for 24 h. After medium exchange, the cells were subjected
to selection with 1 pg/mL puromycin for 24 h and cultured for an additional 72 h prior to functional analyses.

Statistical analysis. All data are presented as means =+ standard deviation (SD). Analysis of variance
(ANOVA) followed by post-hoc Bonferroni test was used to analyze data in Figs 1, 3C, 4, 5, and 6. Student’s t test
was used to analyze data in Figs 2, 3A, S1, and S2. P-values < 0.05 were considered statistically significant.
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In this paper, we propose a new simple device for visualizing bioactive molecules with a fine spatial resolution by using a
membrane in which a specific enzyme is immobilized. The layer produces fluorescence after association with a specific substance.
The layer, on which a biological tissue is to be mounted, is deposited on a quartz substrate that is used as a light guide to
introduce UV light to the layer. Substance release is observed by a CCD camera from the opposite side of the substrate. In order
to shorten the experiment time, we had automated the optical device. The paper also describes the reduction of background
fluorescence by means of image processing technique. Images were acquired by employing two UV-LEDs with slightly different
angle. Image processing was performed to separate background and target fluorescence by means of independent component
analysis. Finally the release of GABA (y-aminobutyric acid) and glutamate from specific layers in rat cerebellum was successfully
observed. It is expected that, using this method, both real-time transmitter release and its response to medicine can be observed.

Keywords : bioactive molecules, enzyme-linked photo assay, independent component analysis

1. Introduction

Light guide is composed of a dielectric material that can enclose
the light propagation. In addition to being applied to communication,
it is useful for sensing as well. In chemical sensing the surface of
the light guide has to be coated with some specific chemical that
may change its optical property depending on chemical reactions.
Such a function can be applied to chemical imaging, if the light
guide has a flat surface. This study proposes an application of
two-dimensional light guide, of which surface is chemically
modified, to biochemical imaging.

Neurotransmitter molecules released from neurons are not only
regulators of neuronal transduction but also indicators of neuronal
conditions. Glutamate and y-aminobutyric acid (GABA) are
known as typical transmitters in brain cortex that play important
roles as stimulator and suppresser, respectively. Lack of balance in
the release of glutamate and GABA may lead to autism, epilepsy
or Parkinson’s disease!"?.

In order to observe the spatio-temporal release in cerebellar
cortex, we have newly proposed the enzyme-linked photo assay
system, which is realized even using normal CCD camera, and
observed GABA release in developing cerebellar slice using either
new or authorized methods®®.

In this paper, we propose a new simple device for this purpose
by using a reactive layer in which a specific enzyme is
immobilized, and produces fluorescence after association with a
specific substance released from mounted slice. This layer is
bound a quartz substrate that is used as a light guide for UV light
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excitation. Fluorescence derived from a substance is observed by a
CCD camera from the opposite side of the substrate.

The paper describes the reduction of background fluorescence
by means of image processing technique. Finally it will be shown
that the release of transmitters from specific layers in rat cerebellum
was successfully observed.

2. Specimen Preparation and Photo Excitation
System

Imaging of neurotransmitter release was monitored the reaction
of oxidoreductases generating reduced nicotinamide adenine
dinucleotide (NAD"') or diphosphonucleotidle (NADP"). For
glutamate and GABA, we used glutamate dehydrogenase and
GABA disassembly enzyme (GABase), respectively.

Enzymes were covalently immobilized on the quartz glass
substrate using a silane coupling agent and a crosslink agent. The
substrate was as thick as 1 mm. Stoichiometrically generated
NADH or NADPH emits 480 nm fluorescence after excitation at
340-365 nm.

Existence of glutamate and GABA lead to fluorescence when
co-existing with specific enzyme and co-enzyme. A glass substrate
on which specific enzyme is coated is in contact with the biological
specimen. A chamber space is created around the specimen. The
space is filled with buffer liquid and co-enzyme. On the glass
substrate therefore, the specimen is in contact with both enzyme
and co-enzyme.

Consequently glutamate or GABA, that is released from the
tissue spontaneously by stimulation, makes an oxidation-reduction
reaction on the substrate. Although both glutamate and GABA do
not produce fluorescence by themselves, NAD(P)H that is created
as the result of the above chemical reaction makes fluorescence.
As the ratio of glutamate or GABA and NAD(P)H is 1:1, the
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fluorescence can be correlated to the amount of released glutamate
or GABA.

In the experiment, rat cerebellum was sliced sagittally at 400 um
thick and incubated in oxygen-aerated HEPES-Na" buffer for 40
min. The slice was placed on the quartz glass substrate with both
NADP" and a-ketoglutarate. Figure 1 shows the schematic diagram
of the observation system including the device. The enzyme was
immobilized covalently on the glass as shown in Fig. 2. Figure 3
shows chemical reactions taking place on the substrate. NADP"
(nicotinamide adenine dinucleotide phosphate) changes into
NADPH (reduced nicotinamide adenine dinucleotide phosphate)
just as glutamate and GABA degeneration. Synthesized NADPH
was illuminated by 360 nm surface UV-LED, and emitted the
480 nm fluorescent light observed by cooled CCD (ORCA ER,
Hamamatsu Photonics). The quartz substrate can be recognized as
a light guide to illuminate the surface of the substrate.

Enzyme immobalized

Tissue

Fluoresence (480 nm)

1

™ o
é ' @ nTrig I
J’ i Control | | ¢ [Image

g‘é" 4

«— Thpyy ——

Fig. 1. Schematic diagram of the observation system including
the device and its outlook

siliconization
glass —o 3y

I
O'Si'C3H6N=C5H8=N'
|

shiff base enzyme
>

Tultrasonic treatment

Fig. 2. Immobilized enzyme

succinic acid

GABA

_o_i\';J GABase / a-ketoglutaricacid ") ¢ ¢ TF'J

NADP* _I? ? ? ? ? ?I D"D"NADPH °;:2’°

Substrate

Fig. 3. Chemical reaction on the substrate

3. Image Processing

The fluorescent light detected by the CCD camera is divided
into target light and background light. As significant intensity of
background light is detected, it is assumed that fluorescence is
excited by the light that is refracted on the interface between the
substrate and tissue system including the layer. The light, being
generated by LEDs and propagates though the substrate, can be
decomposed into plane waves with different angles of propagation.
Each plane wave transfers across the enzyme layer and comes into
the tissue. We assume that both target and background light were
predominantly excited by normal light. As the background light
significantly damage the quality of the image, it should be reduced
as much as possible. Making use of the evanescent light may be a
solution, however, it may make the system complicated, and the
target light may be not as significant as this case. Therefore we tried
to reduce the background by means of a simple image processing.

Assuming that the light is a plane wave and scatter can be
neglected, wave propagation and detected fluorescence can be
illustrated as Fig. 4. In the figure, fluorescence, attributed to the
layer where the enzyme is fixed, is represented as [, This is

Plane wave

I'o(6)
(background)

_—T'® _—1(0)

Obéérvéd

Fig. 4. Fluorescence detected by CCD camera
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defined as to be the target. The fluorescence attributed to the tissue
is represented as /'y . This is defined as to be the background. Both
Iy and I'y depends on the incident angle 8. The thickness of the
quartz plate, which is used as a light guide, is as thick as 1 mm. As
it is much thicker than the diameter of normal optical fiber it is
relatively easy to introduce two kinds of lights of which angles of
center axes are significantly different. In addition, in practice, they
depend differently on the incident angle. As the result, the
proportion (Iy/1'y) is not the same along 6. This is true even if the
incident angle has distributed.

As the result, the captured fluorescence with different angle of
optical axis is composed of target and background fluorescence
with different mixture ratios. This can be represented as:

F, [ Gn ap Ji
N (I P .

where F'|(x,y) and F,(x,y) are captured fluorescence image, f;(x,y)
and f(x,y) are spatial distributions of fluorescence as the target
and background, ay;, ay,, ay1, ay, are constants. Although the image
acquisition is sequential, ICA is performed by assuming that two

images, F(x,y) and F,(x,y) are acquired with a negligible time lag.

Reproduced images f*;(x,y) and f",(x,y) are calculated from F; and
F,. As the result of periodical acquisitions of F; and F,, time
dependent images of f”; and f”, are calculated. Eq. (1) can also be
described using a matrix expression as:

The target and background fluorescence distribution can be
calculated by applying A" to F. In practice, only contrast of the
image would be enough to recognize the distribution. In such a
case A”! can be represented as:

1 «a
e — o

After capturing two images F, and F, by changing the angle of

Parameter for independency
p(yli’y2j)

KL= zp(yli’ij)lo

g
I, p(yli)p(ij)

optical axis, the target and background images can be separated by
finding appropriate numbers for a and £. o and f can be tuned
manually by monitoring the quality of reproduced image, however,
the theory of independent component analysis (ICA) may be
powerful for solving such a problem™®.

Stochastic distribution of pixel intensity in images /" and /", are
represented as p(yi;) and p(y»;), where y;; and y,; represent the
intensity.

pO) =Py P PO}
() ={p(¥y),- 'ap(yzf)a = p(¥y,)}

p(¥1i,y2j) represents the probability that the intensity of a pixel in
image f"| is yy; and that of the corresponding point in image f* is
¥2j. In other words p(y,) and p(y,) are probabilities that cases y;
and y, take place, respectively, and p(yy,,) is the probability that
cases y; and y, takes place simultaneously. Variables y, and y, are
considered to be independent when

p(yl’yz):p(yl)p(yz) .................................................. %)

is established. Kullback-Leibler (K-L) parameter is often employed
to indicate the independency of variables:

KL= Vo P> Ya;)
;p(y“’yz’) S P

The K-L parameter is zero when two sets of variables y; and y,
are completely independent together. In practice, « and f in Eq. (3),
which determine the probabilities p(y;), p()2) and p(y1,y,), can be
tuned so that the K-L parameter indicates the minimum.

The process of ICA is illustrated in Fig. 5. The equation described
in the form of matrix indicates that two images, F; and F,, derive
from linear combination of unknown original images f; and f. If
an appropriate inverse matrix can be found then the original
images can be reproduced. However as the matrix to describe the
linear combination is unknown as well, ICA algorithm is applied
to find the most appropriate matrix (as the inverse matrix). In the

Tune o,p

Probability distribution ~ Reconstructed Observed
of intensit ,
Y /i & ol A1 G2 K _ 1 alF F _[ 4 4 S
S K, ay; Gy F, B L\F F, ay  ay \ J,

Fig. 5. TIllustration for image processing based on independent component analysis
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ICA process K-L parameter is calculated in order to evaluate the
probabilistic independency of images /" and f*,. It can be considered
that in the reproduction algorithm the core process is the calculation
of the K-L parameter. In this preliminary study K-L parameter is
successively calculated by manually changing the inverse matrix,
and images are assumed to be reproduced when the K-L parameter
indicates the minimum.

4. Results and Discussion

4.1 TImage Processing using the ICA Figure 6 (a) shows
visible light image of the cerebellum with postnatal 21 days. In
developing cerebellum, granule cells, small input neurons,
proliferate and migrate down from the external granular layer
(EGL) to the internal granular layer (IGL). As the development
proceeds, EGL turns into molecular layer (ML) whereas IGL
remains. Purkinje cells, big output neurons, develop their dendrites
and associate neuronal connections between granule cells and
other interneurons. Neuronal circuit layer forms the ML. As the
cerebellum shown in Fig. 6 (a) is mature, ML, PL, IGL are clearly
visible. Note that ML is on the outer side of the cerebellum, and a
wrinkle surrounded by the ML is seen in Fig. 6 (a).

As for fluorescence observation, three different images were
acquired. Two were with different inclination of the excitation

(a) Visible light image

Smal angle (ima A). Large angle (image B).

(b) Fluorecence images before image processing

Background Target

(c) Fluorecence images after image processing

Fig. 6. Cross sectional mages of cerebellar cortex: (a) Visible
light image, (b) original fluorescent images with different angle
of optical axes, and (c) fluorescent images after the image
processing. Scales are indicated in arbitrary unit. Specimen: rat
cerebellum (postnatal 21 days), target: GABA
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light source, and one was with no excitation light. Each of the two
images with excitation light was subtracted with the image with no
excitation light, in order to reduce the background light from the
outside. These two images after the subtraction were defined as
images A and B.

Figure 6 (b) shows these images for a rat cerebellum. Both
images are very unclear, because of the background fluorescence.
Figure 6 (c) shows the result of image processing. It is clearly
shown in the image entitled as “target” that the fluorescence
intensity is high in two layers, whereas that entitled as “background”
is not clear. By morphological inspection these layers are recognized
as ML and IGL. These layers are known that GABAergic
neurons distribute in mature cerebellum. Studies using HPLC and
electrophysiological method have shown that GABA is released
from the postnatal cerebellar cortex even before synaptogenesis,
and that GABA receptors act on the developing cerebellar Purkinje
cells’®. However, dynamic GABA release could not be observed
unless the enzyme-linked photo assay is used. In addition, because
cytoplasmic autofluorescence becomes noisy background light, it
is useful that the image processing system extracted the image of
GABA release from the autofluorescence-contained image. Using
this method, both real-time transmitter release and its response to
medicine can be observed.

4.2  Transition after Chemical Stimulation In relatively
developed cerebellum, cells distributed in the ML and IGL are
only the neurons of glutamate release, so that both layers showed
fluorescent activities. Figure 7 indicates release distribution of
glutamate in comparison with normal optical image illuminated
with visible light. The fluorescent image, indicating glutamate
release, is after the ICA processing. Figure 7 (c) indicates the
regions of interest for analysis. Regions highlighted as ML and
IGL have relatively strong intensity in fluorescence. They have a
contrast to the region highlighted as PL. Release from white matter
(WM), which is mostly composed of fatty materials, is much less
significant.

W)* s -

(c) Regions of interest for analysis

Fig. 7. Cerebellum with postnatal 7 days observed with visible
light and fluorescent light indicating glutamate release. 0.9 mm
x 0.9 mm. Gray scale is arbitrary. ML: molecular layer, PL:
Purkinje layer, IGL: internal granular layer, WM: white matter.
Specimen: rat cerebellum (postnatal 7 days)
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Fig. 9. Change in fluorescence intensity before and after
AMPA stimulation (normalized by the intensity of ML 30 s
after stimulation that is indicated as 1000). Specimen: rat
cerebellum (postnatal 7 days), target: glutaminate

Our system can visualize both spontaneous and responsive
transmitter release with about 0.2 s time resolution. Figure 8 shows
the transition of glutamate release in response to 100 umol/C
(S)-alpha-Amino-3-hydroxy- 5 methylisoxazole-4-propionic acid
(AMPA) application in cerebellar slices. All values are normalized
by the intensity of ML 30 s after stimulation that is indicated as
1000. Fluorescence, as indication glutamate release, was intense in
both the IGL and ML, whereas the PL was indicated with lower
intensity. As shown in Fig. 8, a clear increase in fluorescence was
observed after stimulation. Transition in fluorescence was similar
for ML and IGL, suggesting that these layers are activated.
However PL, which was not expected to release glutamate,
showed fluorescence as well although it was less intense than ML
and IGL. As this specimen was taken from relatively young rat
(postnatal 7 days), the cerebellar development was not totally
completed, and the layers were not separated enough. It is hence
considered that diffusion from ML and IGL to PL would take
place, leading to an increase in fluorescence in this layer. The
increase in fluorescence in WM suggests that glutamate might
have been diffused into WM as well, although the absolute value
was much lower than ML and IGL.

Figure 9 compares the fluorescence in each layer before and
after stimulation. Four different specimens were used for the
observation, in order to confirm reproducibility. It is clear that the
AMPA stimulation brought a significant glutamate release from

103

ML and IGL, although the increase is also seen with PL.
5. Conclusions

A new method for visualization of spatially distributed bioactive
molecules using enzyme-linked photo assay has been proposed.
It is based on fluorescent reaction assisted by an enzyme
immobilized on the substrate, however, background fluorescence
disturbs the observation. In order to reduce the background
fluorescence, two images were acquired by changing the optical
axis of UV illumination. Image processing based on independent
component analysis made the target image clear. Observation of
rat cerebellum was successfully performed and GABA and
glutamate release from two specific layers was clearly indicated.
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Cell differentiation was evaluated by ultrasonic microscopy. However, there were some regions that showed a lower acoustic impedance than the
culture liquid. It was considered that, in such regions, the cells were not perfectly in contact with the film substrate. Hence, a waveform analysis
was performed, and compensated acoustic impedances in such regions were in a reasonable range of values. By the same analysis, the
displacements of partially floated cells were also successfully calculated. The elapsed day transitions of the compensated acoustic impedances
and displacements were successfully evaluated. In the process of differentiation, actin fibers comprising the cytoskeleton are supposed to loosen
in order to induce cellular fusion. In addition, the progress in cell differentiation accompanied by a change into a three-dimensional structure can
partially be assessed by the displacement between a cell and a cultured film. Hence, we believe that cell differentiation can be evaluated using an

ultrasonic microscope. © 2017 The Japan Society of Applied Physics

1. Introduction

An optical microscope is often used for the measurement of
biological tissues and an antibody staining technique is often
employed to observe the biological structure. However, such
a measurement process may take a long time because the
staining process takes several hours or days. In addition, the
biological function of matter may be lost completely after
staining.

On the other hand, an ultrasonic microscope makes it
possible to indicate an acoustic characteristic (e.g., elastic
parameter or sound speed) of cells as a two-dimensional
profile.''¥ An acoustic characteristic is an important
parameter for the quantitative characterization of living
tissues. As chemical staining is not necessary, the measure-
ment can be performed without losing the biological
functions of cells.'*'” This reduces cost and time for
staining as well. In addition, ultrasound can be directly
digitized as a waveform three-dimensional structure that may
be estimated by various waveform analyses. In this study,
we will propose the nondestructive measurement of living
cells using an ultrasonic microscope that we developed.
C2C12 myoblast cells will be targeted.

As a requirement for cell measurement, regenerative
medicine using stem cells is being developed markedly.'8!?
When cells are being transplanted, nondifferentiated cells
or tissues should be never included, which may produce
teratomas in vivo.?>?" For such reasons, monitoring cell
differentiation is highly advantageous. This series of studies
is conducted to determine whether a quantitative ultrasonic
microscope can be used to monitor cell differentiation. The
transition of the acoustic impedance of the cells during
differentiation was monitored. In addition, displacement from
the culture film substrate after cell differentiation was
evaluated in order to assess cell growth.

2. Experimental methods

2.1 C2C12 myoblasts

The C2C12 myoblasts used in this study are clones of mouse
myoblasts. These cells remain undifferentiated at the initial
expression of heart and skeletal muscles. The C2CI12
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Fig. 1. (Color online) Schematic diagram of the measurement system.

myoblasts (DS Pharma Biomedical) were cultured in
Minimum Essential Medium Eagle with Hanks’ salt
(HMEM; Sigma-Aldrich M4780 Hank’s MEM) supple-
mented with l-glutamine, 10% fetal bovine serum (FBS),
some vitamins, amino acids, and 0.1 g/L. kanamycin (pro-
liferation medium, PM), and the medium was replaced every
other day. To induce the differentiation of myoblasts into
myotubes, C2C12 cells at an 80-90% confluency were
transferred to HMEM without FBS (differentiated medium,
DM). All cells were cultured and observed in OptiCell™
(Thermo Scientific Nunc), which is composed of two
polystyrene films of 50cm? in culture area and 75um in
film thickness. C2C12 myoblasts were injected and cultured
in the space between the two films.??

2.2 Measurement system

The details of the measurement system that we developed can
be found in Refs. 23-25. As shown in Fig. 1, the scanning
ultrasonic microscope is composed of an ultrasonic trans-
ducer, a mechanical scanning unit, a pulsar/receiver, an A/D
converter (Agilent UI065A Acqiris DC222 8 GS/s), and a
stage controller.

The pulsed ultrasound was focused at the interface
between a cell and the film substrate. The reflection was
received and interpreted into a characteristic acoustic
impedance. The two-dimensional acoustic impedance profile
was obtained by mechanical scanning.

© 2017 The Japan Society of Applied Physics
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Fig. 2. (Color online) Illustration for calibration of the acoustic
impedance.

An acoustic wave was transmitted and received by the
same transducer. The ultrasonic transducer was composed of
a ZnO thin film attached to a sapphire lens (aperture half-
angle: 60°), and its frequency after being driven by an electric
pulse ranged briefly from 100 to 500 MHz. The central
frequency was 300 MHz. The transducer had a focal length of
about 0.288 mm. The measurement was performed with eight
times of averaging (sampling frequency was 4 GSamplings/s)
in order to reduce random noise before being introduced
into the computer. Distilled water was used as the coupling
medium between the film substrate and the transducer.
Two-dimensional profiles of the acoustic impedance can be
obtained by mechanically scanning the transducer.

Figure 2 illustrates the basic concept of determining the
acoustic impedance. The reference waveform is the reflection
from the interface between the film substrate and the culture
liquid, which appears in the field of view, the acoustic
impedance of which is known to be 1.52MN-s/m’. The
target waveform is the reflection from the interface between a
cell and the culture liquid.

The acoustic impedance of the target substance, Zirget, 1S
determined by comparing these two reflections as

Starget Zsub - Zref

1
Stef  Zsub + Zref
Ztargel = = = = subs (1)
1+ Sta.rget . Zsub - Zref
Sref Zsub + Zref

where Sper and Sieer are the reference and target signals, and
Zqup and Z ¢ are the acoustic impedances of the film substrate
(2.46 MN-s/m?) and cultured liquid (1.52 MN-s/m?), respec-
tively. By considering the oblique incident component of the
ultrasonic wave, the longitudinal wave acoustic impedance is
obtained by using the result of sound field analysis in order to
obtain a more accurate value.

2.3 Investigation of low-acoustic-impedance area of
the measurement result

Figure 3 shows the acoustic impedance profiles of undiffer-
entiated and differentiated C2C12 myoblasts and their
corresponding histograms. In the profiles, the regions
measured at around 1.52 MN-s/m? correspond to the culture
liquid. Cells are normally higher in acoustic impedance than
the culture liquid.”>>=Y However, some regions after differ-
entiation induction are measured at a significantly low
acoustic impedance. Hence, some comparisons of waveforms
from different points of the measurement result were
performed as shown in Fig. 4(a). Firstly, the waveform of
the culture liquid, which is defined as the reference wave-
form, was extracted from point 1. Then, target waveforms
from a cell (point 2) and a significantly low acoustic
impedance area (point 3) were extracted. Consequently,
subtractions between both target waveforms with the
reference waveform were performed as shown in Figs. 4(b)
and 4(c). From Fig. 4(c), it is clear that the residual waveform
obtained from the subtraction of the target waveform from
the cell and the reference waveform was relatively larger
than that in Fig. 4(b). Here, we can conclude that some
interference must have happened in the target waveforms of
an area with a significantly low acoustic impedance. Hence,
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(Color online) Acoustic impedance profiles of undifferentiated and differentiated C2C12 myoblasts, and their corresponding histograms.

07JF11-2

© 2017 The Japan Society of Applied Physics

- 73-



Jpn. J. Appl. Phys. 56, 07JF11 (2017)

K. Takanashi et al.

—
—®

Intensity [arb.unit]

E
§ o 10 20 30
- Time [ns]
8
£ ®)
13
s £ —
e Z[TO®
-
2
< =
sl—o-0
10 day S
(@
0 10 20 30
Time [ns]
(©

Fig. 4. (Color online) Some comparisons of waveforms from different
points. (a) Acoustic impedance profile measured at the 10th day after
differentiation induction. (b) Comparison of target waveforms from point 1
and high-acoustic-impedance area (point 2). (¢) Comparison of target
waveforms from point 1 and significantly low acoustic impedance area
(point 3).

in order to eliminate interference, the waveform was sub-
jected to the waveform analysis described in the next chapter.

3. Compensation of acoustic impedance

3.1 Interference due to nonperfect contact of cells to
the film

C2C12 myoblasts have such a characteristic that F-actin
coagulates through differentiation and grows into a tissue
with a contractile ability through the expression of various
proteins.?6=3D Cell contraction will create a gap between the
cell and the film substrate during differentiation. Figure 3
illustrates that, at such a stage, the cells are not perfectly
in contact with the film substrate. For this reason, the
interference of reflected waves may occur, leading to an error
in acoustic impedance estimation. At such a point, it can be
assumed that the reflection wave S is composed of two
different reflection components (S; and S5).

Figure 5 illustrates the compensation of the acoustic
impedance. S; is very similar in both shape and intensity to
the reference wave S, which is the reflection from the
interface between the film substrate and the culture liquid. S,
which can be considered the reflection from the interface
between the culture liquid and the cell, is relatively small
in intensity, as there is only a small difference in acoustic

S0 = 58— g A5

afSs) afsE) aftsE) aftsiE) aftsiE) afsi) |

Target
Reference / Zyy 2 mm
‘ I Substrate
75 umI Zoup
Water
So §=95,+8,
Transducer
300 MHz

Fig. 5. (Color online) Illustration for compensation of the acoustic
impedance.

impedance at the boundary between materials. In addition,
these two wave components are opposite in polarity, because
the acoustic impedance is high in the culture film, low in the
culture liquid, and relatively high again in the cell.

The acquired waves can be separated into these two
components by an appropriate waveform analysis. The
acoustic impedance of the cell would be evaluated using
the separated reflection intensities.

It is assumed that the acquired waveform can be described
as a linear combination of the components as

S(r) =51+9,, 2)
Sy = PrexplAi(t—t1) — Bi(t — 11)*]

X cos[2xzfo(t — 11)], 3)
Sowy = PaexplAi(t —t1) — Bt — 11)*]

X cos[2xzfo(t — )], “4)

where P; and P, are the intensities, A; and A, are the
attenuation constants, f; is the central frequency of the pulse
(fo = 300MHz), ; and S, (cm?/kg) are the coefficients of
compressibility for the media, and #; and 7, are the delay
times. These parameters (Py, P, Ay, Aa, p1, fo, t1, and t,) can
be determined by the gradient descent method. f; and f, are
set as constants with a value of 0.1cm?/kg to improve the
analysis speed. In performing the gradient descent method, a
partial derivative is applied to a function, and it searches
the local minimum (or maximum) of the function. The
reproduced waveform S, is modified as

— 50 _ gy (&)
@ 3) ) k k k o |
oP\"  oPY oAl 0AP o o
where k is the repetitive number and « is the learning rate. Zoot — Zeub
The parameters are determined so that the difference between 1= Zoot + Zewn So (6)
the waveform reproduced by Eq. (2) and the practically Zre _S;
acquired waveform is minimized. 5, = Jareet — Frel g 7

3.2 Compensation of acoustic impedance
The compensation of acoustic impedance was performed by
solving

07JF11-3

Ztargel + Zref

where S is the transmitted signal, and Zy,;, and Z . are the
acoustic impedances of the film substrate (2.46 MN~s/m3)
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Fig. 6.

and cultured liquid (1.52MN-s/m?), respectively. T is the
echo transmittance represented as
— 4ZsubZret'
Zoub + Zeer)?
By simultaneously solving Egs. (6)—(8) and considering

that S; and S, are in opposite phases, the cell acoustic
impedance Z,g at the gap is shown as

(8)

1+ % ' %Ezb —ZZ?cr

1 subZref
Ziarget = Zref- 9
target S2 Zg[]b — Z?ef ref ( )

! Sl 4ZsubZref
3.3 Displacement of cells from the culture film
As illustrated in Fig. 5, it is considered that, in the low-
acoustic-impedance region in Fig. 3, cells are not perfectly in
contact with the film substrate. Therefore, the time lag At of
the two reflection components was calculated by using #; and
t,. The displacement distance d (um) is shown as

1
d=—--c-At,
2

(10)
where ¢ is the sound speed (¢ = 1500m/s) through the
culture liquid and Ar is the time lag of the two reflection
components (At =1t, — t)).

4. Results and discussion

Figure 6 shows the profiles measured before and after
compensation in the low-acoustic-impedance region, and
the distance of displacement calculated by using the above-
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(Color online) Profiles measured before and after compensation of acoustic impedance and the displacement distance.

mentioned method. After compensation, the region where the
acoustic impedance was originally low showed an acoustic
impedance of around 1.65-1.75 MN-s/m>. This would be a
reasonable acoustic impedance of cells.”?—3? A significantly
high acoustic impedance area appeared around the nucleus.
This high-acoustic-impedance area was assumed to be due to
F-actin, which protects and supports the nucleus. In addition,
the distance of displacement was around 0.8-2.0pm.
Although the spatial resolution in the lateral direction
determined by the diffraction limit is expected to be as high
as Sum at 300 MHz, note that the gap distance of 0.8—-2 um
between the cell and the film substrate was successfully
assessed, as the spatial resolution in the depth direction is
generally much higher than that in the lateral direction at a
sufficient sampling speed.

Changes in acoustic impedance accompanied by differ-
entiation were evaluated by the compensated profiling
method. Intracellular changes with differentiation in a single
cell have been reported; however, the change in differ-
entiating cell population is unknown. Our evaluation first
provides the tools to clarify this. Figure 7 shows the
transition of the acoustic impedance of cells for 10 days
after shifting to DM. This graph represents the ratio of the
relatively high acoustic impedance area to the total cellular
area in the measurement area. The threshold was changed
from 1.55 to 1.70 MN-s/m? at an interval of 0.01. When the
acoustic impedance was set at 1.68 MN-s/m?, the transition
rate of the area was measured and is as shown in Fig. 7;
hence, this value was determined by the threshold value. As
shown in this graph, the ratio of the high-acoustic-impedance

© 2017 The Japan Society of Applied Physics
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Fig. 7. Area ratio of the high-acoustic-impedance (>1.68 MN-s/m?) area
to the total cellular area. Each point shows the average area ratio and standard
deviation of eight samples (*P = 0.07).
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Fig. 8. Elapsed day transition of the average displacement. Each point
shows the average displacement of eight samples.

area tended to decrease. The asterisk in the graph shows a
tendency to decrease as determined by Student’s r-test
(P =0.07).

This change would be consistent with the change in the
intracellular condition of F-actin, which is one of the
important factors in cell development. In undifferentiated
cells, F-actin exists abundantly in the periphery of the
nucleus. During differentiation, myoblast cells simultane-
ously fuse together to form a myotube. F-actin would defuse
within the cytoplasm temporarily. The areal ratio would be
reduced after the loosening of F-actin. After cell fusion,
F-actin would reassemble in the vicinity of the nucleus and
the parenchyma in order to support the cell membranes.
Therefore, the ratio of high acoustic impedance would
increase as the cells differentiate after the 10th day.

Moreover, Fig. 8 shows the transition of displacement
between the cells and the basal film for 10 days after shifting
to DM. It tended to increase with a constant rate during
differentiation, suggesting the formation of a three-dimen-
sional structure.

However, these measurements were disturbed by the
existence of non-negligible noise. For this reason, it is
necessary to suppress vibration and reduce noise in order
to increase the calculation accuracy of the displacement
distance.

07JF11-5

5. Conclusions

The differentiation of C2C12 cells was assessed by means of
an acoustic microscope. An ultrasonic beam was transmitted
across a plastic film substrate on which cells were cultured,
and the reflection was interpreted as the acoustic impedance
and displacement of cells from the culture film. This
quantitative measurement was considered perfectly non-
invasive to cells, as well as it made it possible to continuously
monitor the change in acoustic response through the differ-
entiation process.

The acoustic impedance was often determined to be
extremely low when the reflection intensities from the cell
and reference material were simply compared. A waveform
analysis made it possible to assess the displacement between
a cell and the film substrate, which is also a factor for
monitoring the degree of differentiation. In such a case, the
acquired waveform was composed of two different reflec-
tions. During cell differentiation, the change in the section
of impedance was measured, suggesting the loosening of
F-actin in the cells. The waveform analysis made it possible
to assess the displacement between a cell and the film
substrate. The displacement was successfully assessed to be
0.8-2um, as the spatial resolution in the depth direction is
generally much higher than that in the lateral direction at a
sufficient sampling speed. This method would be a good tool
for monitoring the degree of differentiation.

The results suggest that monitoring the transition of the
acoustic impedance is useful for evaluating the differentiation
of muscle fibers. Furthermore, the displacement was found to
be reflected by the three-dimensional conformation of the
organ.
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An ultrasonic microscope is a useful tool for observing living tissue without chemical fixation or histochemical processing. Two-dimensional (2D)
acoustic impedance microscopy developed in our previous study for living cell observation was employed to visualize intracellular changes. We
proposed a brain tumor model by cocultivating rat glial cells and C6 gliomas to quantitatively analyze the effects of two types of anticancer drugs,
cytochalasin B (CyB) and temozolomide (TMZ), when they were applied. We reported that CyB treatment (25 ug/ml, T = 90 min) significantly
reduced the acoustic impedance of gliomas and has little effect on glial cells. Meanwhile, TMZ treatment (2 mg/ml, T = 90 min) impacted both cells
equally, in which both cells’ acoustic impedances were decreased. As CyB targets the actin filament polymerization of the cells, we have concluded
that the decrease in acoustic impedance was in fact due to actin filament depolymerization and the data can be quantitatively assessed for future
studies in novel drug development. © 2017 The Japan Society of Applied Physics

1. Introduction

Gliomas are the most common and serious type of brain
cancer and arise from glial cells, which are the supportive
cells for neurons, and their incidence is increasing over
time.” It is an umbrella term for various glial tumors:
astrocytoma, oligodendroglioma, ependymoma, and glioblas-
toma.?” They are characterized by highly proliferative growth
and malignancy, which make up approximately 30% of all
brain and central nervous system tumors and 80% of all
malignant brain tumors.?’ Therefore, combined therapy is
vital, for instance, treating patients with a combination of
surgery, chemotherapy, radiotherapy, and immunotherapy, as
this may prolong patients’ survival while reducing morbidity.
Despite intensive research, the prognosis for glioma patients
remains poor."*> Although many novel anticancer drugs are
constantly sought, most of them have proven to be toxic to
even normal cells or organs. Thus, it is essential to determine
the effect of each drug on cell viability.

Two common anticancer drugs, cytochalasin B (CyB) and
temozolomide (TMZ), were used in this study to quantita-
tively investigate their effects on the constructed brain tumor
model. CyB is a type of cell-permeable alkaloid mycotoxin,
which can be extracted from the fungus Helminthosporium
dematioideum.® Tt targets actin filaments, a major component
of the cytoskeleton that controls cell mobility and morphol-
ogy, by inhibiting network formation in actin polymerization.
This causes the cytoskeleton to depolymerize, and hence
reduce the cell membrane integrity.”® Meanwhile, TMZ is
an imidazotetrazine derivative that is also a novel oral
alkylation agent commonly used in brain cancer treatment for
glioblastoma multiforme and astrocytoma.” It damages the
DNA of cancer cells by alkylating guanine bases of cancer
cell DNA because cancer cells proliferate faster than normal
cells, which make them more sensitive to DNA damage. It
is a modestly effective anticancer drug that also displays
significant toxicity.!®!" Moreover, zinc (Zn) was used in
this study to help us distinguish between normal cells and
cancer cells. It is critical for cell growth, development, and
differentiation.'® Moreover, it is required for DNA synthesis,
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RNA transcription, cell division, and tissue repair and
growth.!” Many reports have suggested that Zn is involved
in cancer development, and it has been widely recognized
that the leucine zipper is upregulated in most cancers.'¥
Increased concentration of Zn in most tumors indicates that
7Zn accumulation occurs in cancer cells.!>"!'? Hence, we
employed Zn as a cancer-cell-accumulating metal in this
study to identify cancer cells.

Nonclinical studies that investigate the effects of anticancer
drugs using cultured cells play an important role in new
drug development. Optical microscopy is often used to
determine the effects of drugs in these types of experiment
by evaluating morphological changes of the cells. For that
reason, it can only distinguish between living cells and dead
or damaged cells. Therefore, we propose an ultrasonic
microscope for cell observation that targets cell morphology
based on their elasticity, as it is reported that the elasticity
is different between healthy cells and cancer cells.'® It is
a powerful tool for the live observation of intracellular
conditions.!” We have observed nuclear and cytoskeletal
distributions of rat cerebellar tissue, glia cells, glioma cells,
and C2C12 cells, and their dynamical changes in cultured
living cells. It has been employed in the observation of living
tissue, which works quickly and nondestructively without
chemical staining.”?’=% In this study, two-dimensional (2D)
acoustic impedance microscopy that was developed in our
previous study was employed to aid us in the quantitative
observation of the brain tumor model, before and after the
anticancer drug injection. The acoustic impedance images
obtained through this observation visualize the intracellular
conditions of the brain tumor model under treatment with
anticancer drugs. Therefore, the observation can be made
quickly without damaging cells as it does not require
staining. These features enable the development of a novel
evaluation system for drug screening.

2. Experimental methods

2.1 Cell culture
Glial cells were extracted from a model animal VGAT-Venus
rat cerebellum PO-P2 (P = postnatal), whereas C6 glioma

© 2017 The Japan Society of Applied Physics
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Fig. 1. Schematic diagram of measurement system. Typical acoustic

waveform reflected from target (a).

cells*) were obtained commercially (DS Pharma Biomed-
ical). The extracted glial cells were genetically labeled with
the endogenous fluorescent protein Venus®? to visualize their
position in a culture vessel. Cell cultivation was carried out in
a commercial culture vessel, OptiCell™ (Thermo Scientific
Nunc). It was composed of two polystyrene films in which
each film has a thickness of 75 um and the gap between the
two films was 2 mm. All cells were proliferated in Minimum
Essential Medium Eagle with Hanks’ salt (HMEM) supple-
mented with 4 g/L p-glucose, 10% calf serum, and 0.1 g/L
kanamycin, and the medium was replaced every other day.
2.2 Brain tumor model

A glia—glioma brain tumor model was constructed by
cocultivating both glial cells and gliomas in the same culture
vessel to quantitatively analyze the effects of anticancer drugs
when they were applied to the brain tumor model.>®

2.3 Anticancer drugs

Two types of anticancer drugs commonly used in cancer
treatment, CyB (25 ug/ml) and TMZ (2 mg/ml), were used in
this research to investigate their effects on the constructed
glia—glioma brain tumor model. Additionally, zinc sulphate
(ZnSOy, 400 uM) was applied as a cancer-cell-accumulating
metal that helps us to distinguish between normal cells and
cancer cells.

2.4 Acoustic impedance microscopy

Figure 1 illustrates the schematic diagram of the observation
system employed in this research, which was established in
our previous study. The transducer consists of a flat ZnO
as piezoelectric material attached with a sapphire lens of
(assumed uniform) half curvature of 60°. Its aperture
diameter and focal length (from the bottom of the lens) were
0.43 and 0.29 mm, respectively.?>>¥ The central frequency
of the transducer was designed as 320 MHz. Acoustic pulse
wave spreading (200-400 MHz) was focused on the interface
between the cell and the substrate, and sent through the
substrate. The acoustic wave transmitted and received by the
same transducer was focused on the interface between the
substrate and the specimen. OptiCell™ containing cultured
cells was placed above the transducer, which mechanically
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Fig. 2. Basic concept for calibration of acoustic impedance assuming
perpendicular incidence.

scanned the specimen by attaching it to a stage driver while
maintaining the focal point on the rear surface of the film.
The reflection from the surface was subsequently interpreted
into a 2D profile of reflection intensity. All the measurements
were performed at room temperature. Figure 2 shows the
basic concept of calibration, in which the signal reflected
from the target is compared with that reflected from the
reference material. If the incident angle was approximated to
be perpendicular to the substrate, the target signal compared
with the reference signal can be interpreted into acoustic
impedance as

1+ % 1— :;tgl . ?sub - ?ref
sul + ¢
T = Zap = — % Zap, (1)
£ tgt St t Zsub - Zref
1 =28 ) e
SO Sref Zsub + Zref

where Sy is the transmitted signal, Sy and S are reflections
from the target and reference, and Zy, Zys, and Zy, are the
acoustic impedances of the target, reference, and substrate,
respectively. As for the substrate, polystyrene film (Zy,, =
2.46Nsm™) was chosen, and for the reference material,
culture medium (Zer=1.52Nsm™) was employed. This
equation was practically corrected by considering the focused
sound field.?”

In this research, we measured a coculture system with glial
cells and C6 glioma cells. ZnSO,4 and the anticancer drugs
CyB and TMZ were injected into the OptiCell™ after the
setup for experiment. The treatment time for glial cells and
gliomas was 120 min each and 90 min for cocultured cells.
2.5 Statistical analysis
Each experiment was repeated 3 times for each drug. More
than 10 pieces of both glial cells and glioma cells in each
OptiCell™ treated with each drug were subjected to
observation and analysis using the acoustic impedance
profile. Data are reported as means + standard deviation.
All experimental procedures were approved by the commit-
tees for the use of animals in Toyohashi University of
Technology and the Prime Minister’s Office in Japan.

3. Results and discussion

Acoustic observation using high-frequency ultrasound is
almost noninvasive because it does not change the cellular
impedance even in continuous irradiation for 90 min. The
mean values for the acoustic impedance of both cells were
approximately 1.61 Nsm™. Treatment with 25ug/ml CyB
decreased the intracellular acoustic impedance of both glial
cells and glioma cells for 120 min (Fig. 3). This suggests that
long-lasting CyB treatment would cause damage to both
types of cells. In contrast, 90 min of CyB treatment to glia—
glioma coculture showed that the impedance of glioma
cells was more decreased than that of glial cells (Fig. 4).
Moreover, the impedance change of both cells was

© 2017 The Japan Society of Applied Physics
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Fig. 3. (Color) Acoustic impedance changes with CyB treatment

(25 mg/ml). (a) and (b), glial cells, and (c) and (d), glioma cells. (a) and (c)
show untreated cells, and (b) and (d) show cells treated with CyB for

120 min.
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Fig. 4. (Color) Acoustic impedance changes with CyB treatment in glia—
glioma coculture. The red square shows a typical glial cell, and the green
square shows glioma cells. (a) Untreated coculture, and (b) coculture treated
with CyB for 90 min. (c) Venus fluorescent image, and (d) phase contrast
light microscopy image.

normalized and shown in Fig. 5. The impedance of glioma
cells was decreased by about 1.5%, while normal glial cells
showed little change. We also used confocal microscopy to
confirm the position of glial cells inside the culture vessel
as they were labeled by endogenous fluorescence. Green
fluorescence proteins were observed when the specimen is
excited by laser light. In addition, the glioma cells with
decreased impedance did not disappear or die. Almost all the
cells were present even after 90min of CyB treatment.
However, the cytoskeletal structures of the glioma cells were
damaged. On the other hand, 2mg/ml TMZ treatment for
90min slightly decreased the acoustic impedance of both
cells (Fig. 6). The impedance of glioma was decreased by
about 1.0%, whereas that of normal glia was decreased by
about 0.5%. TMZ is reported as the most sufficient antitumor
drug and administrated clinically, while it is not harmless to
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Fig. 6. (Color) Acoustic impedance changes with Zn treatment and TMZ
treatment (2 mg/ml) in glia—glioma coculture. The red square shows a typical
glial cell, and the yellow square shows glioma cells. (a) and (c), untreated
coculture, and (b) and (d), coculture treated with TMZ for 90 min.

normal cells. Summarized data of the impedance changes
following anticancer treatments are shown in Fig. 7.

Acoustic impedance microscopy (AIM) developed from
our previous studies was employed in this study by
interpreting the reflection intensity into 2D acoustic impe-
dance. This system is suitable for the observation of
biological soft tissue (rat cerebellar tissue) and cells (rat-
derived glial cells, glioma cells, C2C12 cells) as the internal
structure of cells, mainly the cytoskeleton, can be clearly
observed and indicated considerably by high acoustic
impedance. This enables us to elucidate the drug mechanism
within the cells, which provides us with new insights for drug
screening.'®? Thus, the effects of Zn and the anticancer
drugs CyB and TMZ on the aforementioned brain tumor
model were quantitatively analyzed to help us develop a new
observation system for drug screening.

Long-lasting CyB treatment (7 = 120 min) causes cytotox-
icity to even normal cells. Glioma cells proliferate faster than
glial cells, and hence are more affected by CyB treatment that
promotes actin filament depolymerization by binding to F-
actin. Recent studies showed that the cytoskeleton partic-
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Fig. 7. Acoustic impedance changes with Zn treatment and anticancer
drug treatment. No T, no treatment; Zn, Zn treatment; CyB, 90 min CyB
treatment; TMZ, 90 min TMZ treatment. All data were normalized with the
impedance of untreated samples.

ipates in various vital cellular activities, such as gene
expression, cell movement, division and proliferation, and
the transition to cancer. Therefore, rapidly dividing glioma
cells undergo rapid F-actin polymerization. Once CyB binds
to F-actin, it inhibits the superposition of G-actin, and hence
depolymerization occurs, which decreases the integrity of
the cytoskeleton.”***? However, when we treated glial cells
with CyB long enough, the cytotoxicity of CyB towards glial
cells was observed as the impedance of the glial cells
decreased. This is because when normal cells treated with
CyB proliferate, they are also affected by its inhibitory effect.
The damaged cells can be observed in the 2D acoustic
impedance image with lower impedance. When we shortened
the treatment time to 90 min in the glia—glioma coculture,
CyB showed little to no effect toward normal glial cells as
the impedance did not change much after treatment. This
suggests that AIM can be used as a monitoring system that
can observe intracellular changes in living cells in real time.

In the glia—glioma coculture, both CyB and TMZ showed
inhibitory effects on glioma cells because they decreased
intracellular impedance. However, TMZ also affected normal
glial cells, as it interferes with DNA replication by alkylation.
It mainly targets cells with a high proliferation rate, such as
cancer cells and normal cells that proliferate frequently, such
as bone marrow and gastrointestinal tract cells.””!!41=) In
this case, glial cells were extracted from a model animal on
PO-P2, which have a high proliferation rate, and hence were
sensitive to TMZ treatment. We chose TMZ because we
wanted to observe changes around nuclei, which house
chromosomes, by AIM. Nevertheless, the acoustic impe-
dance image only showed shrunken cells, suggesting that
both cells were damaged. No significant changes around the
nucleus were observed, as we anticipated.

On the other hand, Zn treatment showed a prominent
result. Zn is an essential trace element, which is critical for
nucleic acid replication and cell proliferation and is involved
in cancer development.'>'**) Many research studies have
shown that the concentration of Zn in tumors increased,
indicating Zn accumulation in cancer cells.'’>"'? We
confirmed the accumulation of Zn in both cells as the
impedance increased, especially around the cell nucleus. This
suggests that the accumulation of Zn enhanced the reflection
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signal, which increased the acoustic impedance. Moreover,
this suggests that AIM can be used for intracellular dynamics
observation by carefully choosing the right indicator, such as
Zn in this case instead of TMZ.

4. Conclusions

This study shows that acoustic impedance microscopy helps
us to reveal the intracellular changes in living cells upon drug
application without invasion. This is unprecedented in any
other observation tools that are commonly used in potential
anticancer drug development and cancer treatment, which
require biopsy, cell staining, immunochemistry, and many
other procedures. We are very optimistic that this study will
provide us a simpler approach in potential anticancer drug
screening before clinical trial. Potential anticancer drug
candidates are usually tested on a huge number of animals
before they are used in clinical trials. However, our result
suggests that acoustic impedance microscopy would be
more useful to decrease the necessity of conducting animal
experiments. Furthermore, the visualization of the intra-
cellular changes may aid us in elucidating both the mechanism
of anticancer drugs and the physiological behavior of cancer
cells. Consequently, acoustic impedance microscopy would
help us to improve the current anticancer drug development.
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ABSTRACT

Prenatal valproic acid (VPA) exposure is a well-known animal model of autism spectrum disorder (ASD)
that produces alterations in embryonic and adult neurogenesis as well as adolescent/adulthood
neurobehavioral phenotypes. However, the effects of prenatal VPA exposure on neural network
excitability, especially during the synaptogenic period around eye opening, are not fully understood. In
this study, we orally administered VPA (300 mg/kg) to pregnant Wistar rats on gestation day 15 and
subsequently performed field potential recording in the CA1 area of hippocampal slices obtained from
control (saline-exposed) and VPA-exposed rat pups between postnatal day (PND) 13 and PND18. In
control slices, we observed an abrupt enhancement of stimulation-dependent responses including
population spike (PS) amplitudes and field excitatory postsynaptic potential (fEPSP) slopes at PND16,
which coincided with the average day of eye opening. In contrast, VPA-exposed pups exhibited delayed
eye opening (PND17) and gradual rather than abrupt increases in PS amplitudes and fEPSP slopes over the
duration of the synaptogenic period. We next investigated the involvement of ambient GABA
(y-aminobutyric acid) in PS generation using bicuculline methiodide (BMI), a GABA type A (GABA,)
receptor antagonist. In control slices, BMI enhanced PS amplitudes during PND14-15 (before eye
opening) and had little effect thereafter during PND16-17; a subsequent regression model analysis of BMI
ratios (the ratio of PS amplitudes in the presence and absence of BMI) indicated a possible developmental
change between these periods. In contrast, almost identical regression models were obtained for BMI
ratios during PND14-15 and PND16-17 in the VPA-exposed group, indicating the absence of a
developmental change. Our results suggest that prenatal VPA exposure accelerates the development of
hippocampal excitability before eye opening. Moreover, our experimental model can be used as a novel
approach for the evaluation of developmental neurotoxicity.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

mood stabilizer that has been reported to increase the risk of
autism spectrum disorders (ASD) in children when women take

The impact of exogenous chemical substances on childhood
neural development, also known as developmental neurotoxicity,
is an important social issue (Andersen et al., 2000; Grandjean and
Landrigan, 2006). Valproic acid (VPA) is an antiepileptic drug and

* Corresponding author.
E-mail addresses: yukiko@med.uoeh-u.ac.jp (Y. Fueta), yukos@tkg.att.ne.jp
(Y. Sekino), syoshida@ens.tut.ac.jp (S. Yoshida), kanda@nihs.go.jp (Y. Kanda),
susumu@med.uoeh-u.ac.jp (S. Ueno).

https://doi.org/10.1016/j.neuro.2018.01.001
0161-813X/© 2018 Elsevier B.V. All rights reserved.

VPA during early pregnancy (Chomiak et al., 2013). Similarly,
rodent models of ASD have been established using prenatal
exposure to VPA; in VPA exposure-based models, offspring exhibit
autism-like behaviors including impaired social interactions and
repetitive behaviors (Markram et al., 2008; Rodier et al., 1997;
Roullet et al., 2013; Schneider and Przewlocki, 2005). In addition to
neurobehavioral phenotypes, ASD model animals exhibit alter-
ations in embryonic and adult neurogenesis (Juliandi et al., 2015).
It has been reported that prenatal exposure to VPA suppresses
early neurogenesis in fetal rat brain due to a prolongation of neural
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progenitor cell proliferation (Go et al., 2012), and that early
postnatal one-week (7-14 postnatal days) exposure to VPA also
perturbs neuroblast production and postnatal neurogenesis (Foti
et al., 2013). However, it is not well known whether prenatal
exposure to VPA also affects neural network formation especially
during the synaptogenic period.

Neural activity is a critical regulator of neural network
development. It was recently demonstrated that spine density is
remarkably increased in the hippocampal CA1 area of mice
between postnatal day (PND) 11 and PND21, i.e. during the
synaptogenic period (Johnson-Venkatesh et al., 2015). Interesting-
ly, when intrinsic neural activity was suppressed by overexpres-
sion of Kir2.1, an inwardly rectifying K* channel, increases in spine
density during the synaptogenic period were abolished. Thus,
neural network activity in the hippocampal CA1 area is necessary
for healthy neural development during the synaptogenic period
including around eye opening.

Chloride conductance due to ambient concentrations of GABA
(y-aminobutyric acid) also plays a role in regulating neural
network excitability during postnatal neural development (Cellot
and Cherubini, 2013; Kilb et al., 2013). Ambient GABA originates
from the spillover of neurotransmitter escaping the synaptic cleft
and from astrocytes via a non-vesicular Ca®*-independent process
and mediates tonic inhibition via extrasynaptic GABA type A
(GABA,) receptors. However, there is little evidence demonstrating
effects of prenatal exposure to toxicants including VPA on ambient
GABA-mediated inhibition of neural network excitability.

In the present study, we used a model of prenatal VPA exposure
and evaluated effects on neural network activity in the hippocam-
pal CA1 area during the synaptogenic period using hippocampal
slices from PND13-18 rat pups. We not only observed the ability of
prenatal VPA exposure to abolish development-associated
enhancements in stimulation-dependent neural responses, but
also confirmed the ability of prenatal exposure to influence
ambient GABA-mediated inhibition even prior to eye opening.

2. Material and methods
2.1. Animals

Adult Wistar/ST rats were purchased from Japan SLC Inc.
(Japan). Rats were housed in plastic cages on paper chip bedding
(ALPHA-dri, Shepherd Specialty Papers, USA) and maintained on a
12 h light/dark cycle (light period: 07:00-19:00) in a room with
controlled temperature (23+1°C) and relative humidity
(50 +£15%). Animals were given free access to food (CE2, CLEA

Pregnant dams

A b
GD o0 15 21

vaginal VPA
plugs/smears administration

PND 0

Hippocampal
slice
preparation

Evaluation

Stimulus-response |
relationship

Effectof BMI |
on PS amplitudes

JapanInc., Japan) and filtered water (TCW-PPS filter, Advantech Co.,
LTD., Japan) dispensed in glass water supply bottles.

The proestrus stage was verified with an impedance checker
(MK-10B, Muromachi Kikai Co., Ltd., Japan). When the observed
impedance was >3 k() female rats were provided with a male rat
for mating. The presence of a vaginal plug or sperm in the vaginal
smear the following morning confirmed coition, and it was
regarded as gestation day (GD) “zero” (Fig. 1). Pregnant rats were
randomly divided into two groups: a control group and a VPA
exposure group.

VPA was purchased from Wako Pure Chemical Industries, Ltd.
(Japan), dissolved in physiological saline (Otsuka Pharmaceutical
Co., Ltd, Japan), and orally administered to dams (300 mg/kg) on
GD15 under 5% isoflurane gas anesthesia (Pfizer Japan Inc., Japan).

All dams gave birth on GD21, and the date of birth was defined
as PNDO. If there were more than 10 pups in a litter, the litter size
was adjusted to 10 pups on PND1. Litters of less than 10 pups were
not adjusted. All pups were housed with their dams during the
lactation period. Rat pup body weights were measured on PND1,
PND7, PND14, and PND21. The day of eye opening was determined
by checking the eyes of pups at 14:00 on each day from PND15-18.

For the electrophysiological study, the control group included
pups from 16 control dams and the VPA-exposed group included
pups from 17 VPA-exposed dams. All studies were approved by the
Ethics Committee on Animal Care and Experimentation and
performed in accordance with the guidelines of the University
of Occupational and Environmental Health, Japan.

2.2. Slice preparation and recordings

Hippocampal slices (600 pm thickness) were prepared from
male pups on each postnatal day between PND13-18 as previously
described (Fueta et al., 2004; Fueta et al.,, 2002). Slices were
perfused with artificial cerebrospinal fluid (ACSF) containing
124mM NaCl, 2mM KCl, 2mM MgS0O,4, 2 mM CaCl,, 1.25 mM
KH,PO4, 26 mM NaHCOs3, and 10 mM glucose; saturated with an O,
95%|/CO, 5% gas mixture; and stored in a thermostatic bath
(27.6°C). The perfusion rate of ACSF was 1ml/min for all
experiments.

Population spikes (PSs) and field excitatory synaptic potentials
(fEPSPs) were simultaneously recorded from the CA1 area of
hippocampal slices using glass microelectrodes (Fig. 2A). For slices
obtained during the period from PND13-15, PSs were recorded
from the area between the pyramidal cell layer and the alveus. The
recording positions for PSs and fEPSPs were similar between the
control and VPA-exposed groups. Bipolar stimulation electrodes

Pups (in lactation period)

PND 14 15 16 17

Fig. 1. Scheme of the experimental design.
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Fig. 2. Stimulation/response (S/R) relationships for population spike (PS) amplitudes and field excitatory postsynaptic potential (fEPSP) slopes recorded from the
hippocampal CA1 area of rats that were prenatally exposed to valproic acid (VPA). (A) lllustration depicting the procedure of fEPSP and PS recordings from CA1. Responses
were evoked with a stimulating electrode placed in the stratum radiatum. Thick lines on the left traces indicate how measurements of fEPSP slopes and PS amplitudes were
taken. (B, C) In control rats (left graphs), the S/R relationships for both fEPSP slopes and PS amplitudes were enhanced between PND15-16. Data were collected from 14 to 22
slices obtained from pups of 4-5 different litters. In VPA-exposed rats (right graphs), these relationships were gradually enhanced between PND13-18. Data were gathered
from 10 to 17 slices obtained from pups of 5-6 different litters. The x-axis is stimulation intensity and the y-axis is size of the fEPSP slope or PS amplitude. Data represent the
mean =+ standard error of the mean. The numbers in parentheses shown with data plot legends are the ones of slices tested for the control and VPA-exposed groups,

respectively.

made of stainless wires (50 wum in diameter) were placed on Shaffer
collateral/commissural fibers ata distance of about 250 pwm from the
fEPSP recording electrodes. Stimulation-response relationships
were observed with stimulation intensities from 10 to 600 pA.
The stimulation interval was 2 min in order to avoid the measure-
ment of overlapping stimulation effects. Between PND14-17,
experiments evaluated the effects of bicuculline methiodide (BMI,
Tocris Bioscience, UK.), a GABA, receptor antagonist, on the
generation of PSs. Average PS amplitudes in response to 600 LA
stimulation were recorded in triplicate (with 2 min intervals) in the
absence and presence of BMI; after PS measurements in the absence
of BM], slices were perfused with ACSF containing BMI (1 wM) for
10 min and subsequently tested. Pups were obtained from at least
two different dams, and a total of 3-4 slices per rat pup were tested.
Accordingly, we examined 14-22 slices obtained from pups of 4-5
different litters for the control group, and 10-17 slices obtained from
pups of 5-6 different litters for the VPA-exposed groups.

2.3. Distribution analysis

Histogram distribution and nonlinear regression analyses of
BMI ratios (PS amplitude in the presence of BMI divided by that in
the absence of BMI) were conducted using GraphPad Prism
software (GraphPad Software, Inc., USA).

2.4. Statistical analysis

Litter sizes and sex ratios as well as pup body weights and the
day of eye opening are expressed as the mean =+ standard deviation
(SD). Electrophysiological results are expressed as the
mean =+ standard error of mean (SEM), where n refers to the
number of hippocampal slices tested. Statistical differences
between the control and VPA-exposed groups were determined
using two-sided Student’s t-tests or Mann-Whitney U tests at a
significance level of P < 0.05.

3. Results

For the purpose of our study, the time of eye opening in our rat
models was needed to confirm. In consequence, the average day of
eye opening was significantly delayed in the VPA-exposed group
compared to the control group (P<0.01, Table 1). We also
examined general toxicity induced by one-time prenatal VPA
exposure at GD15, and found that there were no significant
differences between the control and VPA-exposed groups in terms
of litter size, litter sex ratio, or changes in pup body weight.
Moreover, the number of pups that died before experimentation or
weaning was not significantly different between groups (control
group, 2 of 206 pups; VPA-exposed group, 4 of 195 pups).
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Table 1
Litter sizes and sex ratios as well as pup weight gain and the day of eye opening for
the control and VPA-exposed groups.

Control VPA-exposed

Litter size of dams 120+2.0 (21) 13.0+3.0 (20)
Sex ratio of pups (percent of males) 485+0.1 (21) 49.5+0.1 (20)
Male pup weight (g)

PND1 6.0+ 0.6 (55) 5.7+04 (53)

PND7 149+16 (54) 141+13 (47)

PND14 301+19 (47) 286+22 (45)

PND21 5024+43 (20) 46937  (23)
Day of eye opening 165+06 (67) 173+0.7  (77)

Data represent the mean + standard deviation. Numbers in parentheses are total
numbers of dams/pups examined.

" P<0.01, compared to the control. Abbreviations: PND, postnatal day; VPA,
valproic acid.

Next, to investigate neural network excitability during the
synaptogenic period, we studied stimulation-response (S/R)
relationships for fEPSP slopes and PS amplitudes using hippocam-
pal slice preparations, in which the cytoarchitecture and synaptic
circuits of the hippocampus are largely retained. S/R relationships
exhibited two different stages; similar degrees of stimulation-
dependent responses were observed in control pups between
PND13-15. However, responses (fEPSP slopes and PS amplitudes)
were suddenly augmented on PND16, which seemed to correspond
with eye opening. Responses were maintained at an enhanced
level for fEPSP slopes and slightly enhanced for PS amplitudes
between PND17-18 (Fig. 2B, C).

In contrast, a gradual enhancement of S/R relationships was
observed between PND13-18 in the VPA-exposed group, and did
appear to correspond with eye opening. Therefore, we reanalyzed
fEPSP slopes and PS amplitudes in response to a stimulation
intensity of 600 wA, which evoked the maximal responses. PS
amplitudes obtained from the control group showed an abrupt
increase between PND15-16, whereas those from the VPA-exposed
group again demonstrated a gradual increase over the period
examined, with significant differences at PND14 and PND15
compared to the control group. A similar but smaller developmen-
tal change was observed in the fEPSP slope, with a significant
difference between the control and VPA-exposed groups on PND15
(Fig. 3).

Next we investigated the effect of BMI on PS generation in order
to elucidate the role of ambient GABA in postnatal PS generation.
Fig. 4 shows the effect of BMI on PS amplitudes in the control group
before eye opening (PND14-15) and after eye opening (PND16-17).
PS amplitudes were enhanced in the presence of BMI during

fEPSP slope
10 1~
g ++
S 8 -
E
g 6 -
o
o 4
n
ﬂ_ﬂ 2 === control
—@=— VPA-exposed
0 T

13 14 15 16 17 18

postnatal day

PS amplitude (mV)

PND14-15 (Fig. 4A, left), but this enhancement was attenuated
during PND16-17 (Fig. 4B, left). The mean BMI ratios (ratio of the
PS amplitude in the presence of BMI to that in the absence of BMI)
were 1.80 &+ 0.17 (n = 13) for PND14-15 and 1.14 & 0.04 (n = 10) for
PND16-17. Histograms of BMI ratios (Fig. 4A and B, right) and
nonlinear regression analyses revealed a clear developmental
change in the probability distribution of BMI ratios for PS
amplitudes (Fig. 6, left).

In contrast, for the VPA-exposed group, PS amplitudes
generated in the presence of BMI showed small or little increases
during both the PND14-15 and PND16-17 periods (Fig. 5A and B,
left). The mean BMI ratios were 1.34 +0.14 (n=17) for PND14-15
and 1.14 + 0.05 (n = 17) for PND16-17. Moreover, histograms of BMI
ratios and nonlinear regression analyses (Fig. 5A and B, right) were
almost identical between the PND14-15 and PND16-17 periods,
suggesting attenuation of the developmental change observed in
the control group (Fig. 6, right). We also investigated the responses
to BMI for fEPSP slopes, but minimal (non-significant) BMI
responses and alterations in developmental change were observed.

4. Discussion

In this study, we investigated the effect of prenatal VPA
exposure on the development of neural network activity in the
hippocampal CA1 area during the synaptogenic period, including
during the period of eye opening. A single dose of VPA (300 mg/kg)
was orally administered to dams on GD15 and was not noted to
affect dam maternal behavior or fetal/neonatal mortality. In animal
models of ASD, VPA is often administered repeatedly or earlier than
GD11.5 prior to closure of the neural tube (Rodier et al., 1997).
Therefore, the most effective period for observing the effects of
prenatal VPA exposure as it relates to ASD may be earlier than
GD15.

Brain slice preparation is a well-known laboratory technique for
electrophysiology and pharmacology research. Since local neuro-
nal circuits remain intact in brain slices, this neurophysiological
preparation is useful for studying neurotoxicity (Fountain et al.,
1992) as well as the specific effects of neurotoxic agents on
synaptic transmission and plasticity (Varela et al., 2012; Wiegand
and Altmann, 1994). The electrophysiological strategy used in the
present work has been previously implemented to study the
effects of prenatal/perinatal ethanol exposure (Puglia and Valen-
zuela, 2010), lead (Carpenter et al., 2002; Sui et al., 2000),
polychlorinated biphenyl exposure (Altmann et al., 1998; Carpen-
teretal., 2002; Kim and Pessah, 2011), and toluene exposure (Chen
et al.,, 2011). Thus, we deemed the present model to be useful for

PS amplitude
12 4
10
8 4
6 ++
41 %

=O== control

2 1 —8— VPA-exposed
0 .

13 14 15 16 17 18

postnatal day

Fig. 3. Developmental changes in field excitatory postsynaptic potentials (fEPSPs) slopes and population spike (PS) amplitudes in the control and valproic acid (VPA)-exposed
groups. One-time prenatal exposure to VPA (300 mg/kg) led to postnatal increases in fEPSP slope and PS amplitude at PND15 and during PND14-15, respectively. There were
no between-group differences in excitability between PND16-18. The stimulation intensity was 600 pA. * indicates P < 0.05 using a Student’s t-test. ++ indicates P < 0.01

using a Mann-Whitney U test.
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Fig. 4. Development-associated changes in population spike (PS) amplitude responses to BMI in the control group. (A) At PND14-15, application of the GABA, receptor
antagonist BMI to hippocampal slices during recording remarkably increased PS amplitudes; the mean BMI ratio was 1.80 (n =13, 95% confidence interval = 1.44-2.16). (B)
Increased PS amplitudes in response to BMI application were not observed at PND16-17; the mean ratio was 1.14 (n =13, 95% confidence interval = 1.04-1.24).

evaluating excitatory/inhibitory function and developmental
neurotoxicity after VPA exposure.

Our first main finding was that stimulation-dependent
responses for fEPSPs and PSs in the hippocampal CA1 area showed
two different periods of development in normal pups; one from
PND13-15 before eye opening on PND16, and another after eye
opening from PND16-18. S/R relationships for neural excitability in
the CA1 area exhibited drastic enhancements after eye opening.
Alternatively, we did not observe clear discrimination between
stimulation-dependent responses before and after eye opening in
the VPA-exposed group; enhancements in stimulation-dependent
CA1 excitability were observed on PND14 and/or PND15 in the
VPA-exposed group compared to the control group, and gradual
changes were observed in the subsequent postnatal days. In other
words, prenatal VPA exposure appeared to accelerate develop-
mental changes in neural excitability that otherwise appeared in
association with eye opening in healthy pups.

Ambient GABA is a critical factor that regulates neural network
excitability. Therefore, we also investigated the involvement of
ambient GABA in PS generation using BMI, a GABA, receptor
antagonist. On PND14 and PND15 before eye opening, PS
amplitudes evoked in the presence of BMI were greater than
those in the control condition, suggesting a possible role for PS
inhibition by ambient GABA. On PND16 and PND17 on or after eye
opening, BMI had little effect on PS amplitudes. These results
indicated that ambient GABA was involved in suppressing neural
excitability in the CA1 area during neural development prior to eye

opening. The centering of this developmental change around the
event of eye opening is consistent with a previous report that
demonstrated notable increases in spine density on PND15
(Johnson-Venkatesh et al., 2015).

In contrast, BMI had little effect on PS generation before or
after eye opening in the VPA-exposed group. Indeed, nonlinear
regression models of distribution histograms obtained during
PND14-15 and PND16-17 were virtually identical. These
results suggest that prenatal exposure to VPA may eliminate
ambient GABA suppression of neural excitability prior to eye
opening, and are consistent with the observation of enhanced
stimulation-dependent responses at PND14 and PND15 in the VPA-
exposed group. Accordingly, prenatal exposure to VPA may
accelerate neural development in CA1 area during the synapto-
genic period.

Ambient GABA-mediated tonic inhibition in hippocampal
neurons is synergistically modulated by two GABA transporters
(GATs): GAT-1 located on presynaptic membranes and GAT-3 on
astrocytes (Egawa and Fukuda, 2013; Kersante et al., 2013). GAT-1
is predominantly responsible for GABA reuptake under resting
conditions; alternatively, GAT-3 plays an important role in
controlling hippocampal cell excitability during neural activation
(Kersante et al., 2013). Therefore, our findings raise the question of
whether developmental changes in evoked PS responses to BMI
were related to alterations in the expression and/or function of
GATs in the CA1 area during development. Further investigations
are in progress to address this issue.
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Fig. 5. Development-associated changes in population spike (PS) amplitude responses to BMI in the valproic acid (VPA)-exposed group. Hippocampal slices from the VPA-
exposed group were virtually insensitive to BMI during both the PND14-15 (A) and PND16-17 (B) periods; the mean BMI ratios were 1.34 (n=17, 95% confidence
interval = 1.04-1.64) and 1.14 (n =17, 95% confidence interval = 1.04-1.25), respectively.

Among several hypothetical mechanisms underlying ASD, the
disruption of excitation/inhibition (E/I) balance in neuronal
circuits has been proposed as a unifying explanation for the
complexity and diversity of ASD presentations arising from genetic
(Gkogkas et al., 2013; Gogolla et al., 2009; Rubenstein, 2010;
Rubenstein and Merzenich, 2003) and environmental factors

Control
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2 0.41
=
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BMI ratio

(Rubenstein and Merzenich, 2003). Although the precise mecha-
nisms of altered E/I balance after prenatal exposure to VPA have not
been fully elucidated, this effect has been replicated in several
rodent studies. Rinaldi et al. showed that prenatal injection of VPA
(500 mg/kg, intraperitoneally) increased N-methyl-p-aspartate
(NMDA) receptor subunit protein expression in the whole brains
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Fig. 6. Developmental alterations in nonlinear regression models of BMI ratios for population spike (PS) responses. Data from right figure panels of 4 and 5 were re-plotted

and summarized for the control (left panel) and VPA-exposed groups (right panel).
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of pups and enhanced NMDA receptor-mediated synaptic currents
in neocortical slices obtained from pups during PND12-16 (Rinaldi
et al.,, 2007). These authors further reported that prenatal VPA
exposure induced local circuits hyperconnectivity and enhance-
ments in both excitatory and inhibitory systems in the sensory
cortex (Rinaldi et al., 2008). Banerjee et al. reported that a single
intraperitoneal injection of VPA (600 mg/kg) at GD11.5 impaired
postnatal GABAergic synaptic transmission using slice prepara-
tions of the auditory cortex from PND23-45 offspring (Banerjee
et al., 2013).

To the best of our knowledge, this is the first report to describe a
possible role for GABA-mediated inhibition in the development of
evoked PSs during the synaptogenic period around eye opening.
Moreover, our data suggest that prenatal exposure to VPA and
potentially other developmental neurotoxicants at specific points
of the gestation period can accelerate this developmental change.
Changes in PS amplitudes evoked from hippocampal slices during
prenatal development, especially in the presence of BMI, may be
useful as an index for the normal development of neural circuits; to
this end, our assay may have utility for testing other candidate
drugs/chemicals affecting neural network formation during
synaptogenic period. Studies with other known toxicants including
organometallic compounds and pesticides are in progress to
determine whether similar developmental alterations can be
observed using the current experimental approach.

5. Conclusions

In summary, we report that one-time prenatal exposure to VPA
at GD15 produced enhancements in stimulation-dependent
responses for fEPSP slopes and PS amplitudes in the CA1 area of
offspring, and moreover altered offspring PS amplitude responses
to BMI. Taken together, prenatal VPA exposure may transiently
alter E/I balance, resulting in the acceleration of neural develop-
ment before eye opening. This effect corresponds with the
hypothetical mechanisms underlying ASD; that is, the disruption
of E/I balance in developing brain circuits. Although further
investigations are required, our results provide an approach for
studying effects of chemicals on neural network formation, which
is one of important endpoints for the evaluation of developmental
neurotoxicity.
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Abstract

Prenatal maternal stress increases the risk for negative developmental outcomes in
offspring, however the underlying biological mechanisms remain largely unexplored. In this
study, alterations in placental gene expression associated with maternal stress were
examined to elucidate potential underlying epi/genetic mechanisms. Expression levels of 40
selected genes involved in regulating fetal HPA-axis and neurodevelopment were profiled in
placental tissues collected from a birth cohort established around the time of Superstorm
Sandy. Objective prenatal traumatic stress was defined as whether mothers were exposed
to Superstorm Sandy during pregnancy. Among the 275 mother-infant dyads, 181 dyads
were delivered before Superstorm Sandy (i.e., Control), 66 dyads were exposed to
Superstorm Sandy during the first trimester (i.e., Early Exposure) and 28 were exposed to
Superstorm Sandy during the second or third trimester (i.e., Mid-Late Exposure). Across all
trimesters, expression of HSD11B2, MAOA, ZNF507, and DYRK1A was downregulated
among those exposed to Superstorm Sandy during pregnancy. Furthermore, trimester
specific differences were also observed: exposure during early gestation was associated
with downregulation of HSD11B1 and MAOB, and upregulation of CRHBP; exposure during
mid-late gestation was associated with upregulation of SRD5A3. Our findings suggest that
placental gene expression may be altered in response to traumatic stress exposure during
pregnancy, and the susceptibility of these genes is dependent on the time of the exposure
during pregnancy. Further studies can elucidate the biological mechanisms that underlie
trimester-specific exposure by evaluating the differential impact on offspring

neurodevelopment later in childhood.
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Introduction

During critical periods in pregnancy, the fetus has a heightened susceptibility to
prenatal maternal stress (PNMS) 2. Animal research shows that PNMS is associated with
altered development of fetal neurobiological systems, particularly the central nervous system
(CNS) and the hypothalamic-pituitary-adrenal (HPA) axis, which subsequently leads to
impairment of health, cognition, affect, and behavior 3. Human population studies also have
demonstrated associations between PNMS, fetal CNS, HPA-axis development *° and
offspring’s long-term neurobehavioral and neurodevelopmental aberrations °. However,
these human studies are not yet able to causally link PNMS and CNS/HPA development due
to possible confounds in recalling stress during pregnancy. While random assignment to
reduce the impact of confounds is possible in animal research, a controlled experiment with
random assignment of stress is not ethically feasible using a human population.
Alternatively, a stressor with substantial negative valence, such as war or natural disaster,
where individuals in the same region are independently and randomly exposed regardless of
their demographic, genetic and psychosocial characteristics can be leveraged to study its
effects on subsequent changes and health consequences. Indeed, studies have already
shown that PNMS as a result of acute trauma, natural and man-made disasters increased
risks for emotional, cognitive, behavioral, and physical problems in offspring "°.

In an attempt to understand the underlying biological mechanisms that influence
sub/optimal development of the fetus due to PNMS, changes in placental gene expression

19713 The human placenta

have attracted interest in the research community in recent years
is the major interface between the mother and fetus, and is the critical organ that regulates
fetal homeostasis, growth, and development. The disruption of the maternal milieu by stress
can program vital aspects of placental functioning in response, including the expression of
placental genes. In addition, since the placenta is derived from the extraembryonic layer of
the blastocyst, the placenta shares genetic and epigenetic characteristics of the developing

embryo/fetus **. PNMS has been linked to fetal growth and development, which may be

partially explained by changes in placental functioning and its underlying genomics. These
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programming processes have been studied in greater detail for the genes encoding 11-beta

11,12,15

hydroxysteroid dehydrogenase enzymes (HSD11B2) , glucocorticoid and
mineralocorticoid receptors (NR3C1 and NR3C2) *"**° and monoamine oxidase A
(MAOA)™. However, the types of PNMS investigated also vary, from prenatal depression
and prenatal anxiety, to prenatal perceived stress. For example, prenatal depression was
associated with upregulation of NR3C1 and/or NR3C2 ***°. Prenatal depression was also
associated with downregulation of MAOA *°. In addition, decreased HSD11B2 expression
was found to be associated with prenatal anxiety but not with prenatal depression **; while
increased HSD11B2 expression was associated with perceived prenatal stress and negative
health related stress ™. The types and degree of PNMS may affect distinct molecular
pathways/placental processes, and the role of placental gene expression in relaying the
effects of PNMS from disaster or trauma exposure remains elusive.

Furthermore, examinations aimed at elucidating the role of PNMS exposure timing on
placental functioning are underexplored. Animal studies (e.g., mice, rats, guinea pigs)
suggest that the programming effects of PNMS on offspring outcomes are subject to the time
of exposure . For example, one study has found that only rats exposed to PNMS during
the first trimester suffered behavioral and physiological deficits ?°. Male mice exposed to
stress in early or mid-gestation showed increased stress reactivity (e.g., elevated levels of
corticotrophin releasing factors, reduced hippocampal glucocorticoid receptor expression),
cognitive deficits in learning and memory and anxiety-related behaviors 8. Stress early in
pregnancy was also associated with upregulation of placental peroxisome proliferator-
activated receptor alpha (PPARa), insulin-like growth factor binding protein 1 (IGFBP-1),
hypoxia-inducible factor 3a (HIF3a), and glucose transporter 4 (GLUT4) gene expression in
male mice 8. These studies broadly suggest that early pregnancy is a sensitive period for
development. Stress exposure, especially during the first trimester, may disrupt
developmental programming and potentially increase the risk of long-term
neurodevelopmental disorders in offspring. Similarly, human studies provide evidence

suggesting that PNMS exposure during early pregnancy may bring about the most
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devastating consequences *’. One study reported that women exposed to an earthquake in
their first trimester experienced the highest level of stress and had infants with lower
gestational ages at birth than women exposed during later trimesters ?*. King and Laplante
(2005) found that exposure to a natural disaster in early and mid-pregnancy was associated
with lower mental development scores 2. In addition, many prior studies show that increased
risk for schizophrenia is associated with extreme stress in early pregnancy "%, For
example, Khashan et al. (2008) found that pregnant women who experienced a familial
death during the first trimester of pregnancy had children who were at a higher risk for
schizophrenia and related disorders later in life ?2. Another study also linked higher risk for
schizophrenia to first trimester exposure to the Dutch famine of 1944-1945 ?*, However,
there is also evidence that the risks for other outcomes, such as autism, are associated with
stress experienced in mid- or late- pregnancy. For instance, Beversdorf et al. (2005)
reported the PNMS during the second and third trimesters, but not the first trimester, was
associated with greater risk for autism ?°. Similarly, a study that investigated the effect of
PNMS from a tropical storm or hurricane found that storm exposure during mid (5-6 months)
and late (9-10 months) pregnancy predicted an increased risk for autism 2’. Taken together,
it is of importance to examine whether early trimester has specific noxious influences on
developing organisms and if so through what molecular mechanisms.

Studies specifically investigating stress exposure on placental changes also observe
differences based on the timing of exposure. For example, Reynolds et al. (2015) found that
higher prenatal depression throughout pregnancy was associated with upregulated placental
NR3C1 and NR3C2 expression, and these effects were particularly significant for symptoms
experienced in the third trimester for NR3C1 and in the second trimester for NR3C2 *°.
However, this study focused on a small subset of genes.

To date, differences in the timing of the exposure to PNMS on gene expression in the
placenta have not yet been systematically investigated. Uncovering the biological

mechanisms that are associated with earlier or later stress exposure and its subsequent

This article is protected by copyright. All rights reserved.
- 06 -



influence on developmental and mental health outcomes could further explain the somewhat
inconsistent findings and move our understanding forward.

In this study, we aimed to evaluate acute PNMS experienced earlier and later in
pregnancy by virtue of a devastating natural disaster, Superstorm Sandy. Superstorm Sandy
was one of the worst natural disasters on record in the United States and was the second
costliest cyclone to hit the U.S. since 1900. The New York metropolitan area was severely
affected by the storm in October 2012 ?®. Superstorm Sandy drove extensive storm surge,
waves, rainfall and flooding into the New York coastlines, where residences, businesses,
cars and other property was heavily damaged. In New York, over 300,000 homes were
severely destroyed primarily due to the storm. Significant damage also occurred to public
transportation, particularly the subway system, resulting in suspensions of services, which
ranged from a few hours to as long as several weeks. Other significant effects included
widespread and prolonged power outages and a gasoline shortage. There were 117 deaths
total (53 deaths in New York) attributed to Superstorm Sandy ?°. Because of its magnitude in
size and impact, Superstorm Sandy brought to the population residing in the affected area
both economical and psychological damages as a result of the destruction, providing us with
a unique opportunity to conduct a quasi-experimental study. The quasi-experiment allows us
to understand whether PNMS as a result of a natural disaster and its gestational timing may
lead to dysregulation of the placental genome, particularly for 40 candidate genes known to

be associated with HPA-axis functioning and neurodevelopment (Supplementary Table 1).

Materials and Methods
Study Population
The Stress in Pregnancy (SIP) Study is an on-going longitudinal study that enrolls
and follows mothers throughout pregnancy and their offspring after their birth. All women
were recruited as part of the SIP Study from the prenatal obstetrics and gynecological clinics
at Mount Sinai Medical Center and New York Presbyterian Queens in New York City. The

unexposed participants are comprised mainly of women who reside in Manhattan and
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received obstetric care at Mount Sinai Hospital, while the Sandy exposed participants are
comprised of women who reside in regions of Queens and Long Island devastated by the
storm. Participants were excluded if positive for HIV infection, maternal psychosis, maternal
age < 15 years, life-threatening medical complications related to the mother, and congenital
or chromosomal abnormalities in the fetus. A detailed description of the study population can
be found elsewhere 40, Demographic information, such as mother’s race, marital status,
education, age, smoking behavior during pregnancy and prenatal normative psychosocial
stress measures were collected during the second trimester. Data on mode of delivery,
gestational age (in weeks) at birth, infant sex, and birth weight (grams) were recorded at
birth.

A total of 328 placental tissues collected from mothers who were pregnant before or
during Superstorm Sandy were included in the current study. Preterm infants born before 34
weeks (n = 10) were not included due to higher risks of developing severe health and
developmental problems **2. An additional 43 cases were excluded due to missing
normative psychosocial stress measures, resulting in a final sample of 275 in this current
study. Table 1 shows the demographic characteristics of the sample used in the current
study. Included (N = 275) and excluded participants (N = 43) did not differ on major
demographic characteristics, such as infant sex, gestational age at birth, birthweight,
maternal age, race, or education. Missing education (n = 1), marital status (n = 1) and mode
of delivery data (n = 7) have been imputed.

All participants gave written informed consent before any assessment or data
collection. All procedures involving human subjects in this study were approved by the
Institutional Review Boards at the City University of New York, New York
Presbyterian/Queens, and the Icahn School of Medicine at Mount Sinai.

Timing of Trauma Exposure during Pregnancy

Among the 275 mother-infant dyads, 181 mothers included in this study gave birth

before Superstorm Sandy (Control) and 94 mothers were pregnant during Superstorm

Sandy. Among these 94, 66 were exposed to Superstorm Sandy during the first trimester
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(Early Exposure), and 28 were exposed to Superstorm Sandy during the second or the third
trimester (Mid-Late Exposure).
Selected genes known to modulate HPA-axis and neurodevelopment

The 40 candidate genes were identified a priori for their involvement in HPA-axis
functioning and neurodevelopment, as based on extensive literature search and the
Ingenuity ® Knowledge Data. Among the 20 HPA-axis functioning genes, 14 genes were
expressed in the placenta and 6 genes were not sufficiently expressed. Among the
remaining 20 genes associated with neurodevelopment, 13 genes were sufficiently
expressed in the placenta and 7 genes were not sufficiently expressed. Details regarding
candidate genes can be found in Supplementary Table 1.

Placenta Collection and Gene Expression Profiling

Biopsies, free of maternal decidua, were collected from each placenta quadrant
midway between the cord insertion and the placenta rim, within one hour of delivery to
prevent RNA degradation. The collected tissues were first snap-frozen in liquid nitrogen and
then stored at -80°C. RNA was extracted with the Maxwell 16 automated DNA/RNA
extraction equipment (Promega — Madison, WI, USA) using the proprietary extraction kits
following the manufacturer’s protocol. RNA was quantified with Nanodrop spectrophotometer
(Thermo Electron North America — Madison, WI, USA).

Placental RNA expression was profiled using the nCounter platform (nanoString
Technologies, Seattle, WA) as previously described **. The nanoString Norm package **
was used to normalize data. Differences in sample content were accounted for by
normalizing the data against the geometric mean of the housekeeping genes
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), Ribosomal Protein L19 (RPL19),
and Ribosomal Protein Lateral Stalk Subunit PO (RPLPO). Genes where more than 50% of
the samples fell below the limit of detection were considered unexpressed. After filtering out
unexpressed genes, a total of 27 genes remained in the final analysis.

Covariates
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Demographic variables. Various maternal and child demographic and health
characteristics were included as covariates. Maternal characteristics included: maternal age,
race (white, non-white), education, marital status (married/common law, single,
divorced/separated/widowed), and smoking behavior during pregnancy (smoking, non-
smoking). Infant characteristics included infant sex (male, female), gestational age, and
mode of delivery (C-section, vaginal).

Normative psychosocial stress measures. Normative psychosocial stress during
pregnancy was defined as a composite of prenatal depression, pregnancy related anxiety,
perceived stress, state and trait anxiety, and negative stressful events. The co-experience of
multiple types of normative psychosocial stress during pregnancy is relatively commonplace,
capturing various domains of stress that mothers experience during preghancy and using an
aggregate measure of stress would increase the validity and reliability of the normative
prenatal stress measure, as opposed to relying on only a single stressor *7*'. These
variables were measured using maternal self-report scales completed during the second
trimester of the pregnancy and were used as a covariate when investigating the relationship
between effects of prenatal trauma exposure and gene expression in the placenta. Prenatal
depression was measured by the Edinburgh Postnatal Depression Scale (EPDS) *®. Mothers
were asked to report how they felt during the past seven days on a 4-point Likert scale
based on severity. This inventory is well-validated in several languages and has acceptable
reliability ranging from 0.79 to 0.86 32, Pregnancy related anxiety was measured by the
Pregnancy Related Anxieties Questionnaire-revised (PRAQ-R) **, which measures
pregnancy related fears and worries. Perceived stress during pregnancy was measured by
the Perceived Stress Scale (PSS-14) *, which assessed the degree to which the rater
appraises situations as stressful. The PSS-14 has good reliability and validity **. State and
trait anxiety during pregnancy was measured by the State-Trait Anxiety Inventory (STAI) *°,
which assessed temporary “state anxiety” and long-standing, characterological “trait
anxiety.” Each of the two subscales consists of 20 items rated on a 4-point Likert scale. A

meta-analysis of 45 articles reporting Cronbach’s alpha for internal consistency for this
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inventory determined the mean to be 0.92 “°. Negative stressful events during pregnancy was
measured by the Psychiatric Epidemiology Research Interview Life Events Scale (LES) *,
assessed the occurrence of stressful events in five major areas of life: relationships, health,
legal matters, work and financials, and friendships. This measure is widely used, has been
shown to have good validity with narrative reports of life events, and has low intra-category

variability *.

The measures of normative psychosaocial stress above were categorized to create a
composite latent measure created by latent profile analysis (LPA). Model fits were assessed
by Bayesian Information Criteria (BIC) *°, adjusted BIC (ABIC) *°, Lo-Mendell-Rubin (L-M-R)
test > p values, and the entropy values for the two to four class models. LPA was performed
using the full maximum likelihood estimation using Mplus version 6 *2. Methodological details
on the extraction of the latent confounding variable are provided in the Supplementary
Methods. Overall, all stress variables were significantly correlated (Supplementary Table 2).
LPA indicated that the three-class solution provided the best solution (Supplementary Table
3). The composite latent measure was categorized into three values from (0) low normative
stress, (1) medium normative stress, to (2) high normative stress. 104 individuals were
labeled as “low normative stress”, 127 individuals as “medium normative stress”, and 44 as

“high normative stress” (Supplementary Table 4).

Main Statistical Analysis

Analyses of variance (ANOVAS) for continuous variables and Chi-square/Fisher’'s
exact tests for categorical variables were conducted to examine the differences among
groups (Control, Early Exposure, and Mid-Late Exposure) across demographic and
psychosocial factors. Generalized linear model (GLM) was used to evaluate the effects of
acute PNMS on gene expression by comparing group differences on the placental
expression of each gene, adjusting for covariates determined a priori. Significance of main

effects (significance p < 0.05) was further examined using the sequential Bonferroni (Holm)
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multiple comparison tests. All main statistics were conducted using SPSS version 19; while
LPA was done using Mplus version 6.
Results

Characteristics of Study Population

The distribution of the demographic characteristics of the 275 dyads included in the
present study is shown in Table 1. The population consisted of infants (mean age at
gestation = 39.31 weeks), with roughly equivalent numbers of males and females (females =
45.5%). The SIP study consists of an urban, ethnically diverse cohort, with over half of the
population reported to be of Hispanic/Latino descent (52.7%). Enrolled mothers were largely
single (57.8%) and of mixed educational background ranging from no high school degree
(19.3%) to post/college degree (18.5%).

Except for significant differences in maternal education (p = 0.003) and marital status
(p < 0.001), with relatively more educated and married women in the exposed groups as
opposed to the control; no significant group differences were observed for other

demographic or psychosocial factors (Table 1).

Timing of Superstorm Sandy Exposure and Gene Expression in Placental HPA-axis
Genes

Table 2 and Figure 1 show results for the overall group differences and follow-up
pairwise comparisons with Holm correction for multiple testing. There are significant overall
group differences in CRHBP, DYRK1A, HSD11B1, and HSD11B2. When adjusted for
multiple comparisons, CRHBP gene expression level was upregulated in those exposed in
early gestation as compared to the unexposed controls (p = 0.030). DYRK1A gene
expression level was downregulated in those exposed in mid-late gestation as compared to
the unexposed controls (p = 0.005). HSD11B1 gene expression level was downregulated in
those exposed in early gestation when compared with the unexposed controls (p = 0.038)

and those exposed in mid-late gestation (p = 0.038). HSD11B2 gene expression level was
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downregulated in those exposed in early gestation (p = 0.043) and mid-late gestation (p <

0.001) as compared to the unexposed controls.

Timing of Superstorm Sandy Exposure and Gene Expression in Placental
Neurodevelopment Genes

The bottom half of Table 2 shows significant group differences in neurodevelopment
genes, including MAOA, MAOB, MECP2, SRD5A3, and ZNF507. As indicated in Figure 1,
when adjusted for multiple comparisons, MAOA gene expression level was downregulated in
those exposed in early (p = 0.039) and mid-late gestation (p = 0.011) compared to the
unexposed controls. MAOB gene expression level was downregulated in those exposed in
early gestation compared to the unexposed controls (p < 0.001). SRD5A3 gene expression
level was upregulated in those exposed in mid-late gestation when compared with the
unexposed controls (p = 0.019) and those exposed in early gestation (p = 0.019). ZNF507
gene expression level was downregulated in those exposed in early (p = 0.005) and mid-late

gestations (p = 0.001) when compared to the unexposed controls.

Discussion

Accumulating evidence from animal and human research suggests that PNMS
exposure exerts long-term impacts on fetal programming by altering placental function,
which may be reflected in the gene expression profile in placenta. Given the predominant
fetal origin of the placenta, our findings offer interesting insights into the impacts of acute
PNMS on offspring.

Our results showed that PNMS, as a result of exposure to a natural disaster, at
different stages of pregnancy was associated with downregulation of HSD11B2, MAOA and
ZNF507 genes. The trend of downregulation of DYRK1A across pregnancy was also
observed, while the effect was significant for mid-late gestation, it was marginally significant
for early gestation (p = 0.084). Overall, many of these downregulated genes across

trimesters are vital for placental function and fetal development.
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The placental 118-hydroxysteroid dehydrogenase type 2 (118-HSD2) enzyme
(encoded by the HSD11B2 gene), which converts active cortisol into inactive cortisone, acts
as a barrier regulating the transfer of the maternal cortisol to the fetus 3. Cortisol is essential
to fetal growth but, may be harmful to the fetus when in high concentrations >*. Under normal
circumstances, 118-HSD2 largely converts cortisol into cortisone, thereby protecting the
fetus from excessive glucocorticoid exposure *. This is supported by the finding that fetal
blood has 13-fold lower cortisol concentrations than maternal blood *°. Studies demonstrate
that stressed mothers commonly secrete greater amounts of glucocorticoids *®*’, despite
contradictory evidence *®°°. As a consequence, elevated levels of glucocorticoids may enter
the fetal circulation and influence fetal HPA-axis development. Our results suggest that when
exposed to acute PNMS, the protective effect of placental HSD11B2 can be overwhelmed.
Indeed, lower placental HSD11B2 has been associated with poor infant outcomes, including
decreased infant movement quality and lower muscle tone *®*. Our findings are inconsistent
with some of the previous literature regarding stress-related effects on HSD11B2 gene
expression. For example, prenatal anxiety, but not depression, has been associated with
lower HSD11B2 expression *°. The distinction may be explained by a lack of evolutionary
benefit for prenatal depression as compared to prenatal anxiety, such that a depressed
mother may not perceive danger, and therefore it may not play a role in affecting fetal and
child development in future dangerous and stressful situations °2. Furthermore, prenatal
perceived stress and health related stress were reported to be positively associated with
HSD11B2 . It has also been suggested that mild to moderate levels of PNMS may not
decrease, but in fact may enhance development. For example, mid-level PNMS, such as
nonspecific stress and prenatal depressive symptoms, were found to be positively
associated with mental and motor development in younger children 3. Our study is the first
to have associated acute PNMS due to a natural disaster and decreased HSD11B2
expression and therefore requires further replication. Nevertheless, this finding advocates
that different types of stressors may exert differential impacts on gene expression that in turn

program distinct fetal and child outcomes .
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In addition to maternal glucocorticoids, serotonin is an important stress related
neurotransmitter ® which is synthesized in the placental and fetal compartments and is vital
for fetal brain development. MAOA metabolizes serotonin, dopamine and norepinephrine.
Maternal blood serotonin can cross the placenta and enter the fetal circulation; overexposure
to serotonin disrupts fetal brain development . Recent research suggests that PNMS is
associated with elevated levels of serotonin ¢’ and a reduction in MAOA gene expression
1067 ‘Mutations in MAOA have been linked to disordered neurodevelopment and behaviors,
including autism-like disorders and antisocial behaviors ®®°.

Little is known about how the expression levels of placental genes, such as DYRK1A
and ZNF507, influence the development of brain function and behavior in typically
developing children. DYRK1A is involved in cell proliferation and has been implicated in
Down syndrome "°. ZNF507 modulates transcriptional regulation; reduced expression of
ZNF507 has been related to schizophrenia ™. Stress induced downregulation of these genes
may also have an impact on placental function, intrauterine homeostasis and fetal growth.

Furthermore, these downregulated genes are more markedly altered among women
exposed during mid-late gestation, which suggests that the impact of PNMS may be
exaggerated as women advance throughout pregnancy, yet this warrants further
investigation. Our group comparison results reflect no significant statistical differences
between early and mid-late gestation (HSD11B2, p = 0.053; MAOA, p = 0. 270, ZNF507, p =
0.168 and DYRKI1A, p = 0.124), which may be attributed to the relatively small sample of
exposed participants during mid-late gestation.

Prior animal and human research suggests the timing of exposure appears to be
crucial when considering the effect of PNMS on offspring outcomes ®’. PNMS is believed to
be associated with adverse outcomes, particularly in cases of early gestation exposure. Our
findings are partially consistent with this line of research. Specifically, our results show that
upregulation of CRHBP and downregulation of HSD11B1 and MAOB were observed among

those exposed to Superstorm Sandy in early pregnancy. Due to a relatively small group of
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mid-late gestation, we did not observe significant differences between early and mid-late
gestation exposure for CRHBP (p = 0.697) and MAOB (p = 0.055) expression.

CRHBP encodes the corticotrophin-releasing hormone (CRH)-binding protein, which
inactivates CRH that stimulates the production of adrenocorticotropic hormone (ACTH) and
cortisol throughout pregnancy in the maternal and the fetal compartments >3, Increased
circulating maternal CRH concentrations have been associated with lower concentrations of
CRHBP . In a normal human pregnancy, maternal CRH, derived from the placenta,
provides information on the length of gestation “*">. Circulating maternal CRH
concentrations rise over the course of gestation, correlating with increased placental CRH
mRNA expression . While an elevation in circulating maternal CRH concentrations
increases risks for fetal growth restriction during early gestation ’®; an increase in these
concentrations during the last few weeks of pregnancy accompanied by a fall in the
concentrations of CRH-binding proteins allows for the preparation of events leading to
parturition ”’. It has been suggested that exposure to stress, especially during early
gestation, is associated with an increase in placental CRH concentrations in plasma 8. Our
results suggest that for individuals exposed to Superstorm Sandy in early pregnancy, a rise
in CRH may lead to upregulation of CRHBP, which can produce prolong excessive CRH-
binding proteins that prevent inappropriate pituitary-adrenal stimulation but disrupts the
developmental increase of maternal CRH concentrations. In adults, CRHBP dysfunctionality
is associated with posttraumatic stress and depression symptoms 9%,

Comparably, the expression and activity of HSD11B1, which is primarily involved in
reactivation of cortisol from cortisone, increases during normal pregnancy. Decreased
HSD11B1 has been associated with reduced cortisol regeneration and increased risks for
newborns with intrauterine growth restriction, i.e., small-for-gestational-age . Offspring
exposed to the traumatic event in early gestation may be more vulnerable to these
disruptions as the consequences of deficient HSD11B1 expression.

Similar to MAOA, MAOB plays a critical role in regulating dopamine metabolism and

dietary amines including phenylethylamine . The placental tissue contains a small amount
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of MAOB %84 MAOB activity increases with aging in humans and is associated with
neurodegenerative diseases such as Parkinson’s and Alzheimer’s diseases ®%. The role of
MAOB gene expression in the placenta has not been well described. Lower MAOB platelet
activity has been linked to mood disorders, alcoholism, sensation seeking and impulsivity &’
Downregulation of placental MAOB may increase risks for neuropsychiatric and behavior
disorders in offspring exposed to PNMS in early gestation.

Finally, upregulation of SRD5A3 was observed among those exposed to Superstorm
Sandy in mid-late pregnancy. SRD5A3 plays an important role in protein glycosylation , is
widely expressed in the human brain tissues and body organs (e.g., retina, skin, kidney), and
plays a crucial role in brain development ®. Mutations in SRD5A3 have been linked to a
congenital defect in dolichol metabolism 8. Animal research has found that placental
SRD5A3 is altered by Triclosan (an antimicrobial agent often used in personal care
products) exposure **. The three human 5a-reductases are encoded by the SRD5AL1,
SRD5A2, and SRD5A3 genes. During pregnancy, the 5a-reductases in the placenta provide
precursors for the synthesis of allopregnanolone, a neurosteroid that may exert
neuroprotective effects on fetal brain development °*%. Therefore, it is essential to further
investigate the prenatal risk factors such as maternal stress that may influence the
allopregnanolone synthesis pathway. One recent investigation found that maternal plasma
allopregnanolone concentrations were not related to the genotypes of SRD5A1 and SRD5A2
and maternal depressive symptoms during pregnancy **. However, little is known about the
role of SRD5A3 gene in the human placenta and its relation to the prenatal stress influences.

Our findings suggest that trauma exposure may uniquely impact developmental
processes through changes in expression of genes which foster distinct developmental
processes. Furthermore, it is likely that some of the genes we identified are fully developed
and begin functioning during early pregnancy, whereas others only begin functioning during
mid-late pregnancy. Although we were able to identify changes in gene expression as a
result of placental development, the underlying molecular mechanisms by which this occurs

requires further exploration, thus replication is needed. Expression of placental genes likely
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varies across gestation to accommodate the dynamically changing needs of the developing
fetus, although the molecular basis of placental development has yet to be fully uncovered
%, Our findings suggest that several genes may be more vulnerable to maternal trauma
exposure depending on the timing of exposure during gestation.

We acknowledge several limitations of this study. Although we observed associations
between PNMS and differences in gene expression, implications of these findings on
neurodevelopmental outcomes in childhood and adulthood remain unknown. As we see
significant observations between CRH binding proteins and maternal stress in the current
study, follow up studies will include further characterizing the response of the corticotrophin
signaling pathway, HPA-axis functioning, and maternal stress, by evaluating additional
components of the pathway, including placental levels of CRH, ACTH and CORT.
Furthermore, the RNA integrity and quality were not assessed in the present study, while
they should have been evaluated for each extraction especially since placental tissues
contain high levels of RNase. Our opportunistic sample was relatively small especially once
divided it into groups by windows of exposure, requiring that our conclusions be
corroborated by future studies with larger sample sizes. The small size of our groups also
supported the combining of mid and late trimester groups into one. This grouping is
justifiable given that results of prior animal studies show that the first trimester is when the
fetus might be most vulnerable to PNMS; however, it may have been more informative to
have kept each trimester as a separate group. Furthermore, while prior research has shown
that sex is likely a significant moderator of the effect of PNMS, our small sample size did not
provide us with sufficient power to evaluate potential sex-specific effects %. Readers should
also be reminded that the control and exposed groups were different with regards to marital
status and education. Prior research has associated socio-economic status (i.e., education
level) and altered placental gene expression levels . While these differences could have
happened by chance alone, the control group was composed of mainly women residing in
Manhattan who received obstetric care at Mount Sinai Hospital, while the exposed group

was mainly composed of women residing in storm devastated regions, Queens and Long
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Island due to the study design. As such, while our findings were independent of a range of
covariates; statistical control may not have been fully adequate in addressing group
differences. Additionally, investigating the associations between gene expression and the
covariates was outside the scope of the current study, and exploring such relationships may
be worth pursuing in future studies. Finally, stress is a subjective experience and we did not
include measures of how subjectively stressful each mother’s experience of Superstorm
Sandy was.

Despite these shortcomings, this is the first study, to our knowledge, to present an
analysis of a list of candidate genes in HPA-axis regulation and neurodevelopment in a
functional organ (placenta) by exposure to a traumatic event during pregnancy. In
comparison with previous research, we were able to study how the timing of trauma
exposure impacts placental gene expression. Our observations suggest that PNMS from
trauma across trimesters downregulates placental expression of DYRK1A, HSD11B2,
MAOA, and ZNF507. However, traumatic stress exposure in early gestation is associated
with upregulation of CRHBP and downregulation of HSD11B1 and MAOB, while exposure in
mid-late gestation is associated with upregulation of SRD5A3. Our findings also
demonstrated the importance of corroborating and extending the results of animal research
in human populations. Longitudinal follow-up studies are needed to investigate how the
alterations in the expression of these genes affect the neurobehavioral and

neurodevelopmental outcomes in the offspring.
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Prenatal exposure to 1-bromopropane causes delayed
adverse effects on hippocampal neuronal excitability

in the CA1 subfield of rat offspring
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Abstract: Objectives: Neurotoxicity of 1-bromopropane
(1-BP) has been reported in occupational exposure, but
whether the chemical exerts developmental neurotoxicity
is unknown. We studied the effects of prenatal 1-BP ex-
posure on neuronal excitability in rat offspring. Methods:
We exposed dams to 1-BP (700 ppm, 6 h a day for 20
days) and examined hippocampal slices obtained from
the male offspring at 2, 5, 8, and 13 weeks of age. We
measured the stimulation/response (S/R) relationship
and paired-pulse ratios (PPRs) of the population spike
(PS) at the interpulse intervals (IPls) of 5 and 10 ms in
the CA1 subfield. Results: Prenatal 1-BP exposure en-
hanced S/R relationships of PS at 2 weeks of age; how-
ever, the enhancement diminished at 5 weeks of age un-
til it reached control levels. Prenatal 1-BP exposure de-
creased PPRs of PS at 2 weeks of age. After sexual
maturation, however, the PPRs of PS increased at 5-ms
IPlin rats aged 8 and 13 weeks. Conclusions: Our find-
ings indicate that prenatal 1-BP exposure in dams can
cause delayed adverse effects on excitability of pyrami-
dal cells in the hippocampal CA1 subfield of offspring.
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Introduction

Social concerns have been raised regarding the devel-
opmental neurotoxicity of prenatally absorbed environ-
mental chemicals, which may exert delayed adverse ef-
fects on brain function after birth. It is now recognized
that some industrial chemicals (e.g., lead, methylmercury,
polychlorinated biphenyls, arsenic, and toluene) can exert
developmental neurotoxicity, which results in clinical or
subclinical brain dysfunction in humans and in laboratory
animals"”. Many neurotoxic chemicals are present in in-
dustrial work settings, and it is not known whether prena-
tal exposure to industrial chemicals leads to developmen-
tal neurotoxicity.

1-Bromopropane (CH;-CH,-CH.Br; 1-BP), one substi-
tute for specific chlorofluorocarbons, is currently used as
a solvent in a variety of industrial and commercial appli-
cations. Products containing 1-BP include degreasers and
cleaners, spray adhesives, spot removers, coin cleaners,
paintable mold release agents, automotive refrigerant
flushes, and lubricants. Adverse effects on the central and
peripheral nervous system have been found in industrial
workers who used 1-BP**. Adult rats exposed to 1-BP
have also exhibited central neurotoxicity, alteration of
mRNA levels of brain neurotransmitter receptors”, and
hippocampal disinhibition caused by a decrease in Y-
aminobutyric acid (GABA)-mediated function®. In in vi-
tro studies using rat hippocampal slices, 1-BP directly
suppressed the synaptic plasticity, referred to as a long-
term potentiation, in the granule cells of the dentate
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gyrus”.
Developmental toxicity is one reason for the threshold

limit value set by the American Conference of Govern-
mental Industrial Hygienists for 1-BP*. We recently re-
ported that prenatal exposure to 1-BP suppressed the oc-
currence of kainate (KA)-induced “wet dog shake” be-
havior in 2-week-old rat pups”. However, whether or not
prenatal 1-BP exposure changes neuronal function at the
cellular level in the brain of the offspring remains un-
known. Therefore, we studied the effects of prenatal 1-BP
exposure on neuronal excitability after birth. In studying
neuronal excitability, population spikes (PSs) were re-
corded in the CA1 subfield of hippocampal slices. We
analyzed stimulation-dependent responses, stimulation/re-
sponse (S/R) relationships, and the ratio of responses to
double-pulse stimulations (paired-pulse ratios or PPRs).
PPRs have been used as a simple method for assessing
excitability in neuronal networks®'” In the present study,
we evaluated rats at 2, 5, 8, and 13 weeks of age, to deter-
mine whether prenatal 1-BP exposure exerts delayed ef-
fects after birth.

Materials and Methods

Animals and exposure protocol

Preparation of rats and 1-BP inhalation were made ac-
cording to our previous study”. Briefly, adult male and fe-
male Wistar rats were purchased from Kyudo Co., Ltd.
(Tosu, Japan). The rats were housed in plastic cages with
paper-made chips (ALPHA-dri, Shepherd Specialty Pa-
pers, Richland, MI, USA) on a 12-h light/dark cycle (light
period: 7 AM-7 PM). The temperature was controlled at
22°C-23°C. The relative humidity was approximately
50%-70%. The animals were allowed to consume food
and water ad libitum. Female rats at the proestrus stage
were mated with male rats. On the morning of the follow-
ing day, the existence of sperm in the vaginal plug or
vaginal smear was verified as gestation day (GD) 0. 1-BP
was purchased from Kanto Chemical Co., Ltd. (Tokyo,
Japan). Dams were exposed to 1-BP vapor at a concentra-
tion of 700 ppm (6 h/day) for 20 days from GD 1 to GD
20 in an exposure chamber, whereas the other dams were
provided fresh air in the same type of chamber. The expo-
sure concentration was designed to be 700 ppm, which
was higher than the LOAEL (400 ppm) for decrease in in-
hibition, so-called disinhibition'”. Rats were not allowed
access to food and water during the inhalation period. At
postnatal day (PND) 2, the litter size was counted. Until
the experimental days, male and female rat pups were
housed separately after weaning. Some pups in the con-
trol and prenatally 1-BP-exposed groups were sourced
from pups that were not injected with KA in our previous
study”. The prenatally 1-BP-exposed groups are abbrevi-
ated as the 1-BP group. The number of dams in the con-
trol group and 1-BP group was 15 and 12, respectively.

75

The total number of pups in the control group and 1-BP
group was 29 and 20, respectively.

The experiments were conducted under the guidance of
the Ethics Committee of Animal Care and Experimenta-
tion in accordance with the Guiding Principle for Animal
Care Experimentation, University of Occupational and
Environmental Health, Japan, which conforms to the Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals and the Japanese Law for Animal
Welfare and Care.

Hippocampal slice preparation

Electrophysiological tests were conducted in male rats
at 2 (PND 14), 5, 8, and 13 weeks of age. The total num-
ber of tested slices in the control group and 1-BP group
was 119 and 86, respectively. The slices were prepared
following previously reported methods®. Briefly, the rats
were deeply anesthetized using a diethyl ether vapor. Af-
ter decapitation, the brain was removed and dipped in an
ice-cooled artificial cerebrospinal fluid (ACSF) (3°C-
4°C) saturated with an O,/CO, mixture (95%:5%).
The ACSF was composed of 124 mM NaCl, 2 mM KClI,
1.25 mM KH.PO., 2 mM CaCl,, 2 mM MgSO., 26 mM
NaHCOs, and 10 mM glucose. The bilateral hippocampi
were separated from the other brain regions. Further,
transverse slices were obtained from the middle third re-
gion of the hippocampus using a Mcllwain tissue chopper
(Mickle Laboratory Engineering, Co., Ltd., Guildford,
UK). The thickness of the slice was 600 pm for 2-week-
old rats and 450 um for 5-, 8-, and 13-week-old rats. The
slices were transferred to an interface-type recording
chamber, which was controlled at 32 + 0.2°C, and per-
fused with ACSF saturated with a mixture of O,/CO,
(95%:5%) at a flow rate of 1 m//min.

All the chemicals used in this study were of reagent
grade and purchased from commercial sources.

Stimulation and recordings

After a stabilizing period of 1-2 h, bipolar stimulation
electrodes made with stainless steel wires (50 um in di-
ameter) were placed on the stratum radiatum, where the
Schaffer collateral and commissural fibers run up in the
CA1 subfield (Fig. 1A). PS was recorded from the py-
ramidal cell layer in the CA1 subfield using glass micro-
electrodes (1-2 M(Q). Stimulations consisted of square-
wave pulses (200 ps) from a stimulator (SEN7203, Nihon
Koden Co., Tokyo, Japan) via an isolator (SS202J, Nihon
Koden Co.). Stimulation intensities were 10 uA and 50
MA and increased by 100 pA every 2 min from 100 pA to
a current of 600 pA in the slices from the 2-week-old rats.
In the slices from the 5-, 8-, and 13-week-old rats, the
stimulation was delivered every 30 sec with intensities of
20, 40, 60, 80, 100, 140, 200, and 300 pA. The S/R rela-
tionship in the extracellular recording configuration repre-
sents basic excitability of the local area responding to
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Fig. 1.

Recording of population spikes (PSs) from the hippocampal CA1 field and PS stimu-
lus/response (S/R) relationships

(A) Stimulation electrode and recording electrode set on the CA1 subfield of the hip-
pocampal slice. The stimulation electrode was set in the stratum radiatum, supplying
stimulation to Schaffer collateral and commissural fibers. The PS recording electrode
was set in the pyramidal cell layer. (B) Typical PS recorded in the CA1 field of the
hippocampal slice obtained from a 2-week-old control rat. The thick line represents
the PS amplitude measurement; stimulation intensity was 600 LA. (C) At 2 weeks of
age, S/R relationships of the PS amplitude obtained from the 1-BP-exposed rats were
significantly enhanced compared to S/R relationships in control rats (p <0.001 by re-
peated-measure ANOVA). (D) At 5 weeks, the enhancement observed in the 1-BP-
exposed rats disappeared, and the S/R relationship decreased to control levels (PS
amplitude: p=0.5 by repeated-measure ANOVA). The horizontal axis represents
stimulation intensity; the vertical axis represents PS amplitude. Data of 16-19 slices

were averaged.

electrical stimulation, and the responses are prefigured to
increase as the stimulation strengthens. For the paired-
pulse configuration, after the S/R relationship experiment,
the current amplitude was adjusted to result in an almost-
maximum PS, 600 pA for slices from the 2-week-old rats,
and 300 pA for slices from the 5-, 8-, and 13-week-old
rats. Interpulse intervals (IPIs) of the paired-pulse stimu-
lation were 5 and 10 ms and delivered every 2 min for
slices from the 2-week-old rats and every 1 min for slices
from older rats. Electrophysiological signals were ampli-
fied using a high-impedance amplifier (Axoclamp 2B,
Molecular Devices, Sunnyvale, CA, USA). The signals
were then digitized with an AD converter (Digidata 1200,
Molecular Devices) and stored on a computer using
pCLAMP software (Molecular Devices).

Electrophysiological analysis

PS amplitude was measured as described in our previ-
ous study” (Fig. 1B). PPRs were calculated as follows:

PPR of PS = second PS amplitude/first PS amplitude

In our previous inhalation studies using adult rats®'",
PPRs of PS evoked with paired-pulse stimulation at IPIs
of 5 and 10 ms in the CA1 subfield were <1 in the hip-
pocampal CA1 of control adult rats, representing the pres-
ence of feedback inhibition. Compared to those of adult
rats, PPRs of PS in immature rats can be 1 or higher'.
Thus, in either case of inhibition or facilitation, paired-
pulse configuration in extracellular recordings in the
slices is useful to examine the excitability of the local
area responding to double-pulse stimulations.
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Statistical analysis

Statistical significance was evaluated by repeated-
measure analysis of variance (ANOVA) for the S/R rela-
tionship. For PPRs, unpaired Welch’s #-test was used to
determine a difference between the 1-BP and control
groups, when the data were normally distributed. Other-
wise, the Mann-Whitney U test was applied, and p values
<0.05 (two-tailed) were considered statistically signifi-
cant. Electrophysiological data are expressed as means =+
standard errors of the mean (SEMs). Litter size represents
mean + standard deviation. Statistical tests were per-
formed in Ekuseru-Toukei 2010 for Windows (Social
Survey Research Information Co., Ltd., Tokyo, Japan).

Results

There was no difference between the litter sizes of the
control group and 1-BP group (control: 14 + 2 pups, 15
dams; 1-BP: 14 + 3 pups, 12 dams).

As shown in Fig. 1C, the PS amplitude was 4 times
greater in the 1-BP group than in the control group at 600
MA of stimulation intensity in 2-week-old rats. In 5-week-
old rats, the enhancement disappeared, and the levels de-
creased to the control level of the S/R relationship of the
PS amplitude (Fig. 1D). No difference was observed be-
tween the 1-BP and control groups at 8 and 13 weeks of
age (data not shown). Increased excitability of pyramidal
neurons was a transient change.

The left column of Fig. 2 shows examples of paired-
pulse responses recorded from the hippocampal CA1 sub-
field of the control and 1-BP groups. As shown in Fig.
2A, at 2 weeks of age, the averaged PPR was approxi-
mately 2 in the control group, suggesting a facilitatory ef-
fect. In contrast, inhibition rather than facilitation was ob-
served at the 5-ms IPI in the 1-BP group. At the 10-ms
IPI, PPRs showed a slight facilitation but were signifi-
cantly decreased compared to PPRs in the control group.
At 5 weeks of age, PPRs were lower than 0.2, displaying
an apparent feedback inhibition in both groups (data not
shown), and the effects of prenatal 1-BP exposure on PS
PPRs disappeared. At 8 and 13 weeks of age, PPRs were
still lower than 1 but increased significantly at 5 ms of IPI
in the 1-BP group compared with that of the control
group (Fig. 2B and 2C). There was no significant differ-
ence in the disinhibitory effects between 8- and 13-week-
old rats.

Discussion

In general, the effects of prenatal chemicals on the
brains of offspring with more littermates may be different
from those with fewer littermates. In addition, litter size
may be affected by inhalation of 1-BP by the dams. How-
ever, because there was no difference between the litter
sizes of the control and 1-BP groups in this study, the de-

7

layed developmental toxicity observed was not likely to
be associated with changes in litter size.

The present study revealed that prenatal exposure to 1-
BP enhanced the excitability of CA1 pyramidal neurons
and caused a decrease in PPRs of PS amplitude in hip-
pocampal slices from 2-week-old rats. The lactation pe-
riod after birth is considered to be the period of synapto-
genesis in rat brains'”; thus, neuronal development during
the lactation period may be sensitive to prenatal chemical
exposures. In a previous study”, we reported that prenatal
exposure to 1-BP suppressed KA-induced “wet dog
shake” behaviors in 2-week-old rats. In this study, prena-
tal 1-BP exposure rendered the hippocampal CA1 sub-
field highly responsive to a single stimulation but sup-
pressive to double stimulations. The decrease in PPRs in
the 1-BP group shown in Fig. 2A may have been caused
by the higher sensitivity of PS1. In the control group, PS1
may have been developmentally suppressed for some un-
known reason (as shown in Fig. 1C), and the suppression
may have been lifted following the second stimulation, as
shown in PS2. Prenatal 1-BP exposure may weaken or lift
the suppression in the PS1. The PS2 amplitude in the con-
trol group was similar to that seen in the 1-BP group. This
indicates that prenatal 1-BP exposure may make CA1
neurons hyperexcitable at the developmental stage, which
is quite different from normal brain development. Be-
cause 1-BP is metabolized in the womb of pregnant rats
and biotransformed into metabolites, it is unclear whether
those effects were caused by 1-BP itself.

Although a decrease in PPRs of PS amplitude was ob-
served in the 1-BP group at 2 weeks of age, the difference
diminished at 5 weeks of age, as did the S/R relationship.
In contrast to that of the 2-week-old pups, the 8- and 13-
week-old groups displayed an increase in PPRs of the PS,
also known as disinhibition. In the 13-week-old rats, we
observed that the disinhibitory effect induced by the pre-
natal 1-BP exposure was greater in female than in male
rats (data not shown). It is unclear, however, whether sex-
specific effects would be observed at other ages, and this
should be investigated in the future. Thus, prenatal expo-
sure to 1-BP can exert developmental effects linked to the
excitatory function of neurons and network excitability.
Disinhibition has been reported in relation to subclinical
and clinical changes in brain excitability in epileptic pa-
tients and animals'’, as well as in anxiety disorders'. We
did not observe any spontaneous abnormal behaviors in
the 1-BP group during breeding. To date, developmental
neurotoxic effects caused by 1-BP exposure have not
been reported in children whose mothers were exposed
occupationally during pregnancy. However, because dis-
inhibition can be associated with the hyperexcitable brain
and epilepsy, it should not be concluded that disinhibition
is merely a phenomenon restricted to rats. Because disin-
hibition is interpreted as a disturbance of the excitation/
inhibition balance in the hippocampal CA1 area, disin-
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Fig. 2. Paired-pulse ratios (PPRs) of the population spikes (PSs) evoked with a double

stimulation of 5 and 10 ms interpulse intervals (IPIs) in the CA1 subfield of hip-
pocampal slices obtained from 2-, 8-, and 13-week-old male rats and 13-week-old
female rats

Left column: Representative examples of paired-pulse responses recorded from the
hippocampal CA1 subfield of the control and 1-BP groups. Right column: (A) At
2 weeks of age, PPRs decreased substantially in the 1-BP group (++p <0.01 vs. the
control group at the 5-ms IPI, +p<0.05 vs. the control group at the 10-ms IPI by
Welch’s t-test). (B) At 8 weeks of age, PPRs were lower than 1 in both groups,
indicating an apparent inhibition. At the 5-ms IPI, the PPR of the 1-BP group in-
creased compared with that of the control group (#p <0.05 by Mann-Whitney U
test). (C) Similar to the 5-ms IPI at 8 weeks of age, PPR of male rats in the 1-BP
group increased compared with that of the control male rats at 13 weeks of age (+p
<0.05 by Welch’s t-test). The horizontal axis represents the IPIs; the vertical axis
represents the PPRs of PS amplitude. Data of 16-25 slices were averaged.

hibitory effects can be classified as adverse effects.

The enhancement of excitability induced by prenatal 1-
BP exposure was observed only in the 2-week-old group,
and may therefore have been only a transient effect. Al-
ternately, one could argue that the excess basal excitabil-
ity during synaptogenesis is not coincidental with disinhi-

bition after maturation. If so, the PS S/R relationship can
be useful as a new index marker for developmental neuro-
toxicity of chemicals before the appearance of neuro-
physiological changes in the brain after maturation. To
validate this method for assessing the developmental neu-
rotoxicity of industrial chemicals, we should test chemi-
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cals that are already known to exert developmental neuro-
toxicity. To this end, we are currently investigating val-
proic acid, an antiepileptic drug used in an established
animal model of the developmental disorder, autism. Syn-
aptic transmission generates action potentials; we are also
studying field excitatory postsynaptic potentials.

In conclusion, we demonstrated that prenatal 1-BP ex-
posure can cause delayed neurotoxicity, although the un-
derlying mechanism is not known yet, and requires fur-
ther investigation.
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Chorioamnionitis (CAM), an inflammation of the foetal membranes due to infection, is associated with
preterm birth and poor perinatal prognosis. The present study aimed to determine whether CAM can
. be diagnosed prior to delivery based on the bacterial composition of the amniotic fluid (AF). AF samples
. from 79 patients were classified according to placental inflammation: Stage Ill (n=32), CAM; Stage I
. (n=27), chorionitis; Stage 0-1 (n =20), sub-chorionitis or no neutrophil infiltration; and normal AF in
early pregnancy (n =18). Absolute quantification and sequencing of 16S rDNA showed that in Stage
11, the 16S rDNA copy number was significantly higher and the a-diversity index lower than those
in the other groups. In principal coordinate analysis, Stage Ill formed a separate cluster from Stage
0-1, normal AF, and blank. Forty samples were classified as positive for microbiomic CAM (miCAM)
defined by the presence of 11 bacterial species that were found to be significantly associated with CAM
. and some parameters of perinatal prognosis. The diagnostic accuracy for CAM according to miCAM
. was: sensitivity, approximately 94%, and specificity, 79-87%. Our findings indicate the possibility of
. predicting CAM prior to delivery based on the AF microbiome profile.

. Preterm birth, which occurs in 5-18% of all pregnancies, is caused by multiple pathological conditions!? and is
. the leading factor in perinatal mortality and morbidity, and childhood neurological problems®. Intrauterine
infection is linked to spontaneous preterm labour, which accounts for about two-thirds of all preterm births!57,
and a minimum of 25-40% of premature infants are born to mothers with intrauterine infection’. In 30% of
intrauterine infections, bacteria are identified in the foetal circulation®'’, and it is known that foetal infections
induce a systemic inflammatory response'!, which is suggested to cause abnormalities in the central nervous
system, especially the white matter, by epidemiologic studies and animal experiments'?~'4,
: Chorioamnionitis is an inflammation of the foetal membranes (amnion and chorion) histologically diagnosed
. by the presence of acute inflammatory cells, such as neutrophils. In addition to being a gold standard for corrob-
. orating intrauterine infection, chorioamnionitis is associated with preterm birth and poor infant prognosis and is
© recognized as a risk factor for cerebral palsy and chronic lung disease!>-°. The proposed diagnostic criteria prior
. to delivery'* have low prediction accuracy for chorioamnionitis and intrauterine infection, and do not help
: prevent prematurity and neonatal sepsis'*?..
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Figure 1. Microbial abundance in amniotic fluid samples. Microbial load was assessed based on 16S rDNA
copy numbers per 1 mL AF using dPCR with universal primers 27Fmod and 338R and EvaGreen dye. The
copy numbers in Stage IIT and Stage II were significantly higher than those in Stage 0-I/Normal AF/Blank; no
differences were detected, only between Stage 0-I and Normal AF. Two-tailed probabilities were calculated by
the Mann-Whitney test; *P < 0.05, **P < 0.01, ***P < 0.001.

The amniotic fluid (AF) is considered to be sterile; however, this is frequently not the case in preterm birth,
and a low gestational age at delivery is shown to be associated with bacterial infection in the AF®. Various bacte-
rial species are detected in the AF in cases of preterm birth??-2°. However, Ureaplasma spp. are also observed at
16-20 weeks in cases of normal delivery?, and the detection rates of aerobic and anaerobic bacteria in the AF in
full-term births are similar to those in preterm ones?®?; in addition, bacteria have been detected in umbilical cord
blood and meconium®*!. These findings indicate that the AF is not necessarily sterile, even in normal pregnan-
cies, and that the association between preterm deliveries and infection should be further clarified.

Molecular biology techniques have been proved effective for detecting Ureaplasma spp. and other bacteria
difficult to identify using conventional culture methods*’. However, to the best of our knowledge, metagenomic
analysis with next-generation sequencing of the AF to verify the relationship between bacterial diversity and
chorioamnionitis has not been conducted. Here, we performed absolute quantification of 16S ribosomal DNA
(rDNA) copy numbers and sequencing of 16S rDNA amplified from the AF obtained by aseptic methods for com-
prehensive, quantitative analysis of AF microbiome. By examining the association between inflammation in the
placenta and the bacterial composition of the AF, we demonstrated, for the first time, that microbial profiling of
the AF can be used to diagnose chorioamnionitis with a high degree of accuracy prior to delivery, and to predict
perinatal complications.

Results

Assessment of study subjects. Seventy-nine patients selected for the study were divided based on the
stage of placental inflammation (Blanc’s classification)®: Stage III (n=32), chorioamnionitis; Stage II (n =27),
chorionitis; and Stage 0-I (n = 20), sub-chorionitis or no neutrophil infiltration. AF samples collected in the early
second trimester (mean 3= SD: 16.1 £ 0.6 weeks of pregnancy) during the same period were used as the AF control
(Normal AF; n=18), while laboratory-grade water was used as blank control (Blank; n =24) for DNA extraction
and library preparation (Table S1). Demographic and clinical characteristics for Stage III, Stage II, and Stage 0-I
patients were extracted from medical records (Table S2).

Stage III was significantly different from Stage 0-I regarding multigravida, preterm premature rupture of
membranes, antibiotic use before amniocentesis, number of caesarean sections, gestational age at amniocentesis,
maternal inflammation (white blood cell [WBC] count, C-reactive protein [CRP] value), WBC count in the AF,
funisitis of umbilical cord, extended days of hospital stay from admission to birth, neonatal inflammation (WBC
count, CRP value, IgM level, funisitis of the umbilical cord), and antibiotic use for newborns (Table S2). Between
Stage II and Stage 0-1, significant differences were observed only in caesarean sections, maternal CRP value,
extended days of hospital stay, and neonatal IgM value (Table S2).

Quantification of microbial colonization. To assess bacterial load, we determined 16S rDNA copy num-
bers per 1 mL of AF using digital (d)PCR with a universal primer set**** and EvaGreen dye. The median 16S
rDNA copy number in Stage III was 328 and 656 times higher than that in Stage II and Stage 0-I, respectively
(2.70 x 106 vs. 8.25 x 10° and 4.12 x 103, respectively; P < 0.001), and that in Stage I was 2.0 times higher than
that in Stage 0-I (P=0.019) (Figs 1, S1).

While Stage 0-I and Normal AF demonstrated significantly higher copy numbers than Blank (P=0.035, 0.003,
respectively), no difference was observed between Stage 0-I and Normal AF (P=0.696), indicating that the AF in
the early second trimester of a normal pregnancy is not necessarily as sterile as laboratory-grade water.

Comparison of bacterial diversity. Using the same universal primer set, we amplified and performed par-
allel sequencing of 16S rDNA in 97 AF samples and 24 blank controls. Only one sample (N11) did not yield suffi-
cient reads for metagenomic analysis. Operational taxonomic units (OTUs) were created and within-community
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Figure 2. Numbers of OTUs (Chaol index) and 3D-PCoA based on un-weighted UniFrac distances.
Amplicons of 16S rDNA were sequenced using 27Fmod and 338R primers. (a) Sequences were clustered into
OTUs with a 97% identity threshold and the a-diversity index (Chaol) was calculated for each sample. In Stage
III, Chaol was significantly lower than in the other groups. (b) Multidimensional composition of each group
was determined based on matrix data for un-weighted UniFrac distance. Clustering of Stage III (red) samples
differed from that of Stage 0-I (blue)/Normal AF (green)/Blank (grey); Stage II (yellow) was scattered between

the two clusters. Three-D PCoA was performed with R; *P < 0.05, **P < 0.01, ***P < 0.001 by Mann-Whitney
test.

(alpha) diversity was assessed by comparing the a-diversity index (Chaol) between the groups (Fig. 2a).
Interestingly, Stage III demonstrated a significantly lower Chaol than Stage II, Stage 0-I, Normal AF, and Blank
(P=0.001, P<0.001, P<0.001, and P < 0.001, respectively) and Stage 0-I demonstrated a significantly higher
Chaol than Normal AF and Blank (P =0.038, 0.008, respectively), while no other between-group differences
were detected.

To compare phylogenetic relatedness of the microbial communities, we determined UniFrac distances
between samples according to OTU data**~%. In principal coordinate analysis (PCoA) based on un-weighted
UniFrac distances, Stage 0-I, Normal AF, and Blank clustered together, while Stage III formed a separate cluster,
and Stage II was scattered between these two clusters (Fig. 2b). Analysis of un-weighted UniFrac distances with
PERMANOVA revealed that Stage III and Stage II were significantly different from the other groups (Stage 0-1/
Normal AF/Blank), and Stage 0-I was significantly different from Blank, but there were no differences among the
other groups (Table S3). In analysis of weighted UniFrac distances with PCoA and PERMANOVA, similar to the
results of un-weighted UniFrac distances, Stage III was significantly different from the other groups (Stage 0-1/
Normal AF/Blank), and Stage II was scattered (Fig. S2, Table S3).

Analysis of bacterial composition in individual samples.  Phylum-, genus-, and species-level OTUs
were created with identity thresholds of 70%, 94%, and 97%, respectively, and taxonomic structure in each
OTU was assessed by similarity searching against the standard database. Sample rearrangement by hierarchical
cluster analysis using Ward’s method based on un-weighted UniFrac distances (Figs 3a, S3a) mostly showed
phylum-level distribution (Fig. 3). Consistent with the PCoA results, Stage III and Stage 0-I/Normal AF/Blank
formed roughly separate clusters, while Stage II was scattered between the two clusters (Figs 3, S3). Consistent
with the results shown in Fig. la, genus-level analysis indicated that multiple samples of Stage 0-I/Normal AF/
Blank demonstrated a relatively high species richness, indicating complex compositions (Fig. S3). In contrast, the
numbers of species in Stage III and in some samples of Stage II were extremely low (Fig. S3). Particularly note-
worthy is the relative abundance of Ureaplasma spp. (minimum 35.5%) in fifteen samples (A2, 3, 6-8, 11, 13-15,
18, 20, 22, 24, 25, 31) of Stage III (64.3%) and six samples (B3, 4, 12, 16, 18, 19) of Stage II (22.2%) compared to
all other samples (maximum 8.8%).

Selection of bacterial species as candidate diagnostic markers.  To assess the association of particu-
lar bacterial species with chorioamnionitis, the data on relative abundance of the 28 most representative species
were re-clustered according to the 79 samples in Stage III, Stage II, and Stage 0-I (Fig. 4).
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Figure 3. Relative abundances of different bacterial phyla in each sample. Sequences were clustered into OTUs
with a 70% identity threshold and taxonomic assignments were performed by similarity searching against the
standard database. The samples were rearranged by hierarchical cluster analysis using Ward’s method based on
un-weighted UniFrac distances. Stage III and Stage 0-I/Normal AF/Blank formed separate clusters, while Stage
IT was scattered between the two clusters.
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Figure 4. Relative abundances of the 28 most dominant species. Data on the relative abundances of the 28 most
representative species were re-clustered according to the 79 samples in Stage III, Stage II and Stage 0-I. Stage

I1I and Stage 0-1 roughly formed separate clusters, while Stage I was scattered between the two clusters. The

11 most dominant species in Stage III (1) were almost non-existent in Stage0-I, while the seven most dominant
species in Blank (§) were not dominant in Stage III and 40 miCAM samples (indicated by a pink bar). H.
influenza (%), which was dominant in one sample in Blank (N16), was dominant in some samples in Stage III
and Stage II.

Stage IIT and Stage 0-I roughly formed separate clusters, while Stage IT was scattered between the two clusters.
In Stage III samples, the 12 most dominant species were Ureaplasma parvum, Streptococcus agalactiae, Gardnerella
vaginalis, Streptococcus anginosus, Sneathia sanguinegens, Eikenella corrodens, Prevotella bivia, Lactobacillus jense-
nii, Bacteroides fragilis, Porphyromonas endodontalis, Mycoplasma hominis, and Haemophilus influenzae; however,
except for H. influenzae, these species were nearly absent in Normal AF and Blank (maximum: 3.46%). In Blank
samples, the most dominant species were Lysinibacillus sphaericus, Delftia sp. Cs1-4, Pseudomonas sp. TJI-51,
Escherichia coli, Acinetobacter sp. WC-743, Pelomonas saccharophila, and Propionibacterium acnes, which can
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be attributed to inevitable very low amounts of contamination during sample preparation. H. influenzae, which
was dominant in some samples of Stage IIT and Stage II (A21; B9, 10, 27), was also dominant in one Blank sample
(N16); indicating that contamination is nearly unavoidable.

The 11 species (U. parvum, S. agalactiae, G. vaginalis, S. anginosus, S. sanguinegens, E. corrodens, P. bivia, L.
jensenii, B. fragilis, P. endodontalis, and M. hominis) that were remarkably dominant in Stage III but not in Blank
were considered as candidate markers for prenatal diagnosis of chorioamnionitis; therefore, the samples in which
any of these species demonstrated the highest abundance were considered positive for microbiomic chrioamnio-
nitis (miCAM). According to this criterion, 30 out of 32 samples in Stage III (94%), 8 out of 27 samples in Stage II
(30%), and 2 out of 20 samples in Stage 0-I (10%) were miCAM-positive (Table S4). The accuracy of chorioamni-
onitis diagnosis (Blanc’s stage IIT) based on miCAM was as follows: sensitivity, 93.8%; specificity, 78.7%; positive
predictive value, 75.0%; negative predictive value, 94.9%.

Comparison of clinical characteristics between miCAM and non-miCAM samples. We compared
continuous variables related to maternal and infant perinatal outcomes between miCAM and non-miCAM sam-
ples (Fig. 5, Table S5). Although no significant difference was observed in gestational age and neonatal body
weight at birth, Apgar score, or umbilical arterial pH; the miCAM subgroup demonstrated significantly shorter
duration of maternal hospital stay from admission to birth, and higher WBC count, CRP value, and IgM levels
in neonatal peripheral blood immediately after birth (Fig. 5). These results indicated a significant correlation
between miCAM and adverse prognostic parameters in both mother and infant.

Diagnostic accuracy for miCAM and chorioamnionitis assessed by clinical and metagenomic
sequence data. Next, we used clinical and laboratory data, DNA concentrations, and 16S rDNA copy num-
bers to calculate the area under the curve (AUC), the Youden index for the receiver operating characteristic
(ROC) curve, cut-off value, and diagnostic sensitivity and specificity (Table S6, Fig. S4). Compared to body tem-
perature, heart rate, WBC count, and CRP level in maternal peripheral blood, DNA amount and especially, 16S
rDNA copy number demonstrated higher diagnostic accuracy for both miCAM and chorioamnionitis. Regarding
miCAM, the diagnostic accuracy according to 16S rDNA copy number with an AUC of 0.909 (asymptotic 95%
confidence interval [CI]: 0.838-0.980) and a cut-off value of 1.19 x 10* was: sensitivity, 94.9%, and specificity,
78.9%. For chorioamnionitis (Blanc’s stage III), the diagnostic accuracy with an AUC of 0.926 (asymptotic 95%
CI: 0.868-0.985) and a cut-off value of 1.73 x 10* was: sensitivity, 93.5%, and specificity, 87.0% (Table S6, Fig. S1).

Discussion

A close relationship between intrauterine infection and preterm labour have been confirmed?>**23¢, and recent
studies have shown the association of placental microbiome composition with preterm birth and chorioamnion-
itis*”*%. However, to the best of our knowledge, there was no report on metagenomic analysis of the AF to verify
the relationship between bacterial community structure and placental inflammation. We conducted a metagen-
omic analysis of the AF obtained by aseptic methods from patients with or without chorioamnionitis and defined
miCAM, which showed predictive utility in the identification of patients with poor prognosis regarding preterm
delivery and neonatal status.

Of the 28 most dominant species identified (Fig. 4), the 12 most dominant species in Stage III (U. parvum, S.
agalactiae, G. vaginalis, S. anginosus, S. sanguinegens, E. corrodens, P. bivia, L. jensenii, B. fragilis, P. endodontalis,
M. hominis, and H. influenzae) primarily colonize the urogenital system (except B. fragilis and P. endodontalis,
which are indigenous to the intestinal tract and oral environment, respectively); many of these may cause foetal
infections such as meningitis and/or pulmonary disease, which can lead to brain dysfunction, epilepsy, hearing
loss, and developmental disorders!®**-%°.

Eleven of the 12 bacterial species dominant in Stage III (except P. endodontalis) have been previously iden-
tified qualitatively in AF collected under sterile conditions**-*#?%3%; among these, Ureaplasma spp. is frequently
detected in spontaneous preterm birth***. Moreover, lipoprotein multiple-banded antigen from U. parvum has
been shown to cause preterm birth in experimental animals*, supporting the correlation between Ureaplasma
presence and pregnancy outcome.

In the present study, we used samples from two distant hospitals, which were sequenced twice, to avoid
regional and experimental bias. For the five most dominant species (U. parvum, S. agalactiae, G. vaginalis, S.
anginosus and S. sanguinegens) in Stage II1, the data for the two institutions corresponded well. In our previous
study, we had confirmed a relationship between placental inflammation (Blanc’s classification) and the 11 spe-
cies defining miCAM?¢. In seven out of 10 cases (70%) with chorioamnionitis (Stage III), at least one of these
species were dominantly detected; in two cases, different species, but from the same genera as those of the 11
dominant species, were detected; and in one case, no bacteria were detected’. These results were remarkably
consistent with our current results. Moreover, in five major reports on the AF in cases of preterm birth?2-24263,
in at least 70% of all cases, at least one of the 10 most dominant genera in Stage III (Ureaplasma, Streptococcus,
Gardnerella, Sneathia, Eikenella, Prevotella, Lactobacillus, Bacteroides, Porphyromonas, Mycoplasma) was qualita-
tively detected. Thus, our results can be regarded reliable.

The seven most dominant species in Blank (L. sphaericus, Delftia sp. Cs1-4, Pseudomonas sp. TJI-51, E. coli,
Acinetobacter sp. WC-743, P. saccharophila, and P. acnes) were estimated to originate mainly from contamina-
tion during library preparation. Of the seven most dominant species in Blank, six genera (Delftia, Pseudomonas,
Escherichia, Acinetobacter, Pelomonas, and Propionibacterium) have been previously reported as common con-
taminants®. L. sphaericus is primarily observed in mosquito larvae; it is a spore-forming bacterium resistant to
heat and ultraviolet radiation, and common in aquatic environments*-*}; therefore, trace amounts of DNA may
have contaminated reagents, tubes, or instrumentation. The low abundance and high o-diversity (more complex

SCIENTIFICREPORTS|7: 12171 | DOI:10.1038/s41598-017-11699-8 5

- 136 -


http://S4
http://S5
http://S6
http://S4
http://S6
http://S1

www.nature.com/scientificreports/

ok

2
S @ - ° e o | — G _
g s _§8q el T -+
z | 0 I T £« ! |
» 8 - o : 2 & : | g : '
© o | £ " ! - 3 | :
2 9 | S 87 5 R : '
£ ' s o 2
u— o o — o
5 _ D ™ > o _|
e 8 g 8
g o - g & 1 2
3 , 2 £ 8

| [ T | -

. c o

.E e 7] l g 8 : : 8 - | T
2 S o = 2 | '
w o 1 N T PR 8 —] —_— ——

| | 1 | o | |

(n=38) (n=34) (n=38) (n=24) (n=38) (n=24)
B — —T o —T
1 I — I
o | |
wn
£ e ®7 i T X — :
£ o | g : |
o © - o ™~ - ! | % . I
I
8 : 8 : T 8
8 < [ | & © o ! S N
g : : g ! -g — ] !
< \ X << 1 ) : |
| | 0 — o | I
- ! R 1 |
N | N I 1
I ™~ I
JE E— < - o) R E—
I I I I I I
(n=38) (n=24) (n=38) (n=24) (n=37) (n=24)
*ok * *
o _
— o o) ~ o
- o -
3 3 - _ 8-
- S ) o o =
= 0 o < o) 8 ]
3 - E E
o o
O o C o — %, g n
g8 S s
S | s g B
© _ | S g8 o \
c ] ) 2 & !
8 =) | z - o o}
! g — - ==
S 7 -
S
< - S | S— S R

I T I T T T
(n=32) (n=21) (n=32) (n=21) (n=22) (n=17)
miCAM  non-miCAM miCAM  non-miCAM miCAM  non-miCAM
Figure 5. Comparison of perinatal outcomes between miCAM and non-miCAM subgroups. Comparison of
continuous variables related to maternal and perinatal outcomes between miCAM and non-miCAM samples
revealed that miCAM was significantly associated with many prognostic parameters of perinatal outcome.
*P<0.05, **P <0.01, ***P < 0.001 by Mann-Whitney test.
composition) of the seven species were consistently demonstrated in all samples dominated by these species,
which is in agreement with previous reports.

For a long time, attempts have been made to diagnose chorioamnionitis and intrauterine infection prior to
delivery'*2%52-¢, Although high-accuracy diagnostic biomarkers have been reported, no diagnostic standards
have been established!*>* because of significantly overlapping confidence intervals and inconsistent associations
between preterm birth and placental microbiome!*7*%% In the present study, we demonstrated that it is possi-
ble to diagnose chorioamnionitis with a high level of accuracy according to miCAM defined by metagenomic
sequence profiles and 16S rDNA copy numbers in the AF. Therefore, miCAM can be used to assess the state of
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intrauterine infection during pregnancy, which would help in the management of cases with high risk of preterm
birth.

The quantification of 16S rDNA by dPCR has been recently reported useful for evaluating the prevalence of
low-abundance bacteria®”*%. We discovered, with high reproducibility, that when placental inflammation was
mild (Stage <I), microbial abundance in the AF was as low as in the early second trimester, even in preterm birth
(Fig. 1).

Contamination of laboratory-grade water, PCR reagents, and DNA extraction kits can potentially significantly
affect structural analysis of microbiome with low abundance*”. Therefore, in this study, we made every effort to
operate under strictly sterile conditions. However, complete prevention of contamination is considered impos-
sible?”. Therefore, we used a blank control (laboratory-grade water) in DNA extraction and library preparation,
which, consistent with previous data®, showed an extremely low presence of 16S rDNA (1-10 copies/pL). The
blank samples were used to document bacterial sequences introduced during sample processing, which were
excluded from the miCAM-defining species.

This study had some limitations. First, sample selection had a bias. The analysed AF specimens were obtained
at caesarean section or were left-overs from clinical testing by amniocentesis*?, which is an invasive procedure
resulting in miscarriage or preterm birth in approximately 0.1-2% of cases®*-%, and is not performed for all
pregnancies. Therefore, the retrospective case-control study design made it difficult to achieve ideal control of
patient characteristics, as evidenced by significant differences between groups in multigravida, preterm prema-
ture rupture of membranes, antibiotic administration before amniocentesis, caesarean section, and gestational
age at amniocentesis. While there is a possibility that maternal use of antibiotics before amniocentesis influenced
the results of metagenomic analysis, we considered it to be negligible; data of all of the 21 samples (A2, 10, 15,
18,27; B6, 7, 14, 21-26; C6, 10, 12, 16-19) from patients that had not used antibiotics before amniocentesis, were
in line with the findings based on the other samples. Second, 16S rDNA sequencing is inferior to whole-genome
shotgun sequencing in terms of bacterial quantification potential, because 16S rDNA sequencing has a PCR bias.
However, samples with low microbial abundance are contaminated with human DNA in typical DNA extraction
methods, leading to enormous whole-genome shotgun sequencing costs; therefore, a method not susceptible to
the effects of human DNA should be developed. Third, metagenomic analysis cannot distinguish between live and
dead bacteria, and microbial profiles in antibiotic-treated patients may not be objective.

In the present study, we comprehensively and quantitatively analysed the microbiome of the AF and, by exam-
ining its association with the degree of placental inflammation, identified bacteria significantly associated with
chorioamnionitis. Further studies should focus on achieving higher diagnostic sensitivity and specificity and on
developing non-invasive testing methods, which would contribute to timely diagnosis and improve perinatal
outcome.

Materials and Methods

Study design. In total, 8,172 births occurred at the Center for Maternal, Fetal, and Neonatal Medicine,
Fukuoka University Hospital and at the National Hospital Organization Saga Hospital, between August 2009
and April 2017. Placental pathology examination was conducted in 4,373 cases; among them, amniocentesis was
performed for 183 patients who provided informed consent for study participation, and left-over AF samples
were cryopreserved. Moreover, 10 samples were added which were obtained at caesarean section within the same
period under absolutely sterile condition. To minimize bias, we established the following exclusion criteria: multi-
ple pregnancies and amniocentesis in the early second trimester. As a result, 79 patients who passed the exclusion
criteria and for whom > 3 mL AF was available by amniocentesis or caesarean section were included in the study.

Patients were divided into three groups based on Blanc’s classification of placental inflammation severity**:
Stage III (n = 32), Stage II (n =27), and Stage 0-I (n=20). We also established two control groups to ensure accu-
racy of data assessment considering the extremely low amounts of microbial DNA that can contaminate samples
at any point from sample collection to sequencing. In the early second trimester (16.1 £ 0.6 weeks; mean £+ S.D.),
amniocentesis was performed for foetal genetic testing, and AF samples from normal pregnancies were consid-
ered as a control group (Normal AF; n = 18). Additionally, we used blank controls consisting of laboratory-grade
water (Blank; n =24) during DNA extraction and sequencing library preparation.

All methods were performed in accordance with the STARD guidelines and regulations for reporting diagnos-
tic accuracy studies. The study was approved by the review boards of the Fukuoka University Hospital, National
Hospital Organization Saga Hospital and the National Research Institute for Child Health and Development
(protocol numbers 15-2-08, 23-4, and 699, respectively). Informed consent was obtained from all participants,
who were explained the potential risks, including accidental leaks of personal information and project data, prior
to the study. For patients who wished to withdraw content, we were able to dispose of the remaining samples,
extracted DNA, and all project data at any time; however, we could not delete metagenomic sequence data which
had been made publicly available through an open-access database.

Diagnostic criteria. Histological chorioamnionitis was defined as the presence of acute inflammatory
lesions of the chorion or amnion according to Blanc’s criteria®: stage I (sub-chorionitis): patchy or diffused accu-
mulation of neutrophils within the sub-chorionic plate or decidua; stage II (chorionitis): more than a few scat-
tered neutrophilic infiltrations in the chorionic plate or membranous chorionic connective tissue; and stage III
(chorioamnionitis): neutrophilic infiltrates reaching sub-amniotic connective tissue and the amniotic epithelium.
Funisitis was defined as neutrophilic infiltration in the umbilical vein wall or Wharton’s jelly.

Sample collection and DNA extraction. AF samples were obtained by transabdominal
ultrasound-guided amniocentesis performed percutaneously or at caesarean section under sterile conditions.
The AF samples were collected in sterile tubes and preserved at 4 °C; leftover samples not needed for testing were
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transported on ice within 24 h to a neighbouring laboratory. To minimize changes in bacterial composition, all
laboratory procedures were performed rapidly on ice. Samples were centrifuged at low speed (1,450 x g at 4°C
for 10 min) as previously described*?%; the supernatant was rapidly frozen in liquid nitrogen and preserved at
—80°C until DNA extraction.

Samples were thawed and lysed using Pathogen Lysis Tubes L (Qiagen, Hilden, Germany), and DNA was
extracted using the QITAamp UCP Pathogen Mini Kit (Qiagen) according to the manufacturer’s protocol, at the
National Research Institute for Child Health and Development and Fukuoka University.

Absolute quantification of 165 rDNA.  dPCR was conducted with EvaGreen dye, using universal primers
(27Fmod and 338R) for 16S rDNA sequencing, as previously described®**>*. DNA (1 pL) was diluted in 19 uL
of Bio-Rad QX200 reagents (Bio-Rad, Hercules, CA, USA), and each sample was then partitioned into approx-
imately 20,000 droplets using the QX200 Droplet Generator (Bio-Rad). PCR was performed in a 96-well plate
using the following cycling conditions according to the manufacturer’s protocol: 5 min at 95 °C, 40 cycles of 30 s
at95°C and 1 min at 60 °C, then 5 min at 4°C and 5 min at 90 °C; the temperature was then decreased to 4°C ata
ramp rate of 2 °C/s. Fluorescence was detected using the QX200 Droplet Reader (Bio-Rad) and analysed using the
Bio-Rad QuantaSoft software. Copy number of 16S rDNA per 1 mL of the sample was then calculated.

Sequencing of 165 rDNA amplicons.  The same universal primers (27Fmod and 338R) were used for PCR
amplification of the variable region (V1-2) of the 16S rRNA gene. A 16S Metagenomic Sequencing Library was
prepared according to the Illumina protocol (16S Metagenomic Sequencing Library Preparation, Part # 15044223
Rev. A; Illumina, San Diego, CA, USA). PCR was performed using the KAPA HiFi HotStart Ready Mix (Kapa
Biosystems, Boston, MA, USA) for 25 amplification cycles at 60 °C as an annealing temperature according to
the manufacturer’s reccommendation. The amplified products were purified using the Agencourt AMPure XP
Kit (Beckman Coulter, Tokyo, Japan) and tagged with indexes in eight cycles using the Nextera XT Index Kit
(Illumina). Amplicons were quantified using the Agilent 2200 TapeStation (Agilent Technologies, Santa Clara,
CA, USA) or the Agilent 2100 Bioanalyzer (Agilent Technologies) and thoroughly mixed to achieve homogeneity.
Then, size selection for next-generation sequencing was performed using Pippin Prep (Sage Science, Beverly, MA,
USA), with approximately 300-600 bp of the mixed library as a target. MiSeq sequencing (paired-end, 300 bp)
was conducted using MiSeq Reagent Kit v3 (600-cycle format; Illumina) mixed with 20% of PhiX Control Kit v3
(Illumina) according to the manufacturer’s protocol.

Analysis of sequencing data. Sequencing data was analysed as previously described>-*. Two paired-end
reads were merged using the fastq-join program based on overlapping sequences. Low-quality sequence reads
(quality value < 25) and suspected chimeric reads (BLAST match length of <90% with reference sequences in the
databases [Ribosomal Database Project v. 10.27 and/or in-house 16S sequenced database in Tokyo University])
were filtered out (Table S7). Following adapter sequence trimming, 1,300 reads were randomly selected. Using a
97% pairwise-identity cut-off in the UCLUST program® version 5.2.32 (http://www.drive5.com/), the selected
reads were clustered into OTUs.

Taxonomic assignment for each OTU was done by similarity searching against the above-mentioned data-
bases using the GLSEARCH program (data provided in Supplementary Dataset 1). For the assignment at the phy-
lum, genus, and species levels, sequence similarity thresholds of 70%, 94% and 97%, respectively, were applied.

UniFrac distance was used to assess dissimilarity (distance) between each sample pair®, and a 3D PCoA
model was plotted according to UniFrac distances using the R package.

Statistical analysis. Because of the relatively low sample number, we calculated exact significance proba-
bilities (two-tailed) as P-values using the Mann-Whitney test for continuous variables and Fisher’s exact test for
categorical variables. To assess diagnostic accuracy, we constructed ROC curves and calculated the AUC. These
analyses were performed using SPSS version 16.0] for Windows Base System SC (SPSS Japan, Tokyo, Japan). For
comparison of bacterial composition between groups, we used vegan package in R to calculate R* and P-values in
PERMANOVA. Differences at P < 0.05 were considered statistically significant.

Data and material availability. The 16S sequencing data generated in the present study have been depos-
ited in DDBJ Sequence Read Archive (DRA) (accession number DRA005144).
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Reproductive/Developmental Abnormalities Induced by Epigenetic
Aberrations and Possible Environmental Causes

Tomoko KAWALI and Kenichiro HATA

Department of Maternal-Fetal Biology, National Research Institute for Child Health and Development

Abstract Foetal environmental factors, including maternal nutrition, hormonal disturbance, and
chemical exposure, affect foetal growth and can cause birth defects. Recent studies have shown the link of
poor foetal growth with increased risks of coronary heart disease, type II diabetes, kidney disease, and brain
disorders in adulthood. Epigenetic modifications, such as DNA methylation and histone modifications, are in-
volved in tissue- and developmental stage-specific gene expression and silencing, and they can be transmitted
stably through mitotic cell division, thereby inducing long-term changes in gene regulation. Developmental
programming during the foetal period, therefore, could affect adult health through epigenetic mecha-
nisms. In fact, many studies using animal models have demonstrated that nutrient manipulation during
pregnancy induces epigenetic alterations at specific loci or globally in the offspring. In this review, we sum-

marize our findings that elucidate the effects of in utero environments on the human placental epigenome.

Key words: epigenetics (= ¥ = %7 1 7 A), Developmental Origin of Health and Disease (DOHaD),
infertility (/N « ANEE), Small for Gestational Age (SGA ')
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Abstract

Aim: This study aimed to clarify the genetic and epigenetic
features of recurrent hydatidiform mole (RHM) in Japanese
patients. Methods: Four Japanese isolated RHM cases were
analyzed using whole-exome sequencing. Villi from RHMs
were collected by laser microdissection for genotyping and
DNA methylation assay of differentially methylated regions
(DMRs). Single nucleotide polymorphisms of PEG3 and H19
DMRs were used to confirm the parental origin of the vari-
ants. Results: A novel homozygous nonsense mutation in
NLRP7 (c.584G>A; p.W195X) was identified in 1 patient. Ge-

notyping of one of her molar tissue revealed that it was bi-
parental but not androgeneticin origin. Despite the fact that
the RHM is biparental, maternally methylated DMRs of PEG3,
SNRPN and PEG10 showed complete loss of DNA methyla-
tion. A paternally methylated DMR of H19 retained normal
methylation. Conclusions: This is the first Japanese case of
RHM with a novel homozygous nonsense NLRP7 mutation
and a specific loss of maternal DNA methylation of DMRs.
Notably, the mutation was identified in an isolated case of
an ethnic background that has not previously been studied
in this context. Our data underscore the involvement of
NLRP7 in RHM pathophysiology and confirm that DNA meth-

ylation of specific regions is critical. ©2015 S. Karger AG, Basel
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Introduction

Complete hydatidiform mole (CHM) is an abnormal
pregnancy that typically arises from an androgenote (dip-
loid conception without maternal chromosomes) and pre-
dominantly gives rise to the development of only tropho-
blastic tissues [1, 2]. Recent studies of rare familial cases
with recurrent molar pregnancies have shown that muta-
tions of NLRP7 and KHDC3L (Cé6orf221) are associated
with recurrent hydatidiform moles (RHMs) [3, 4]. Howev-
er, more than 20% of RHM cases have no mutations in these
genes [5], and the mechanism underlying the occurrence
of molar pregnancy associated with NLRP7 and KHDC3L
(C6orf221) mutation remains unknown. To clarify the ge-
netic etiology of RHMs, further comprehensive genetic
screening in various ethnic backgrounds is important.

In Japan, the incidence of CHM has become as low as
that in western countries. The incidence of CHM per
1,000 live births was 0.49 in 2,000, with a recurrence rate
0f1.3% [6, 7]. Nonetheless, a genetic and epigenetic anal-
ysis of RHM in Japan has not been performed previously.

CHM conceptions exhibit abnormal genomic im-
printing. Although some villi of RHM possess normal bi-
parental alleles, they exhibit loss of maternal DNA meth-
ylation of differentially methylated regions (DMRs) with-
in imprinted loci, and thus have aberrant genomic
imprinting [8, 9]. Because the histopathological findings
of diploid biparental RHM are identical to those of dip-
loid androgenetic CHM, diploid biparental RHM cannot
be distinguished from typical CHM without a genetic and
epigenetic diagnosis. To clarify the molecular mecha-
nisms of RHM, we performed comprehensive genetic and
epigenetic analyses of isolated Japanese RHM cases and
in doing so, we identified a novel nonsense NLRP7 muta-
tion. The RHM tissue contained biparental alleles and
showed aloss of maternal DNA methylation of imprinted
genes. This evidence strongly supports the role for NLRP7
in maternal DNA methylation of imprinted genes and the
involvement of NLRP7 in RHM.

Materials and Methods

Study Participants and Samples

Patients with RHM (n = 5) and CHM (n = 9) were included in
this study. The profiles of the 5 RHM patients are shown in table 1.
Each sample was histopathologically diagnosed as CHM or partial
hydatidiform mole and previously genetically diagnosed as an an-
drogenote or a triploid, with the exception of Patients 1, 2, 4 and 5
[10]. All the villi of the 9 CHM conceptions were androgenote.
None of the CHM patients had a family history of the condition.
Genomic DNA was extracted from peripheral blood cells and mo-
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Table 1. Profiles of 5 patients with RHM

Patient ID  Pathological diagnosis ~ Genetic diagnosis Familial history
1 5 CHM This study No
2 2 CHM No samples No
3 PHM, NP, SA, CHM Triploid! No
4 CHM, PHM No samples No
5 SA, PHM, NP, PHM No samples No

PHM = Partial hydatidiform mole; NP = normal pregnancy; SA = spon-
taneous abortion.
! Genetic diagnosis of the first molar pregnancy (PHM).

lar tissues. This study was approved by the Institutional Review
Board Committee at the National Center for Child Health and De-
velopment, Tokyo, Japan (approval number 234), and written in-
formed consent was obtained from all patients.

Whole-Exome Sequencing

The whole-exome library was prepared from the peripheral
blood cells of 4 RHM patients (Patients 1-4 in table 1) by using
Agilent SureSelect Human All Exon V3 capture reagent (Agilent
Technologies, Inc., Santa Clara, Calif., USA), and sequenced us-
ing the Illumina HiSeq1000 platform. Data analysis procedures
are described in the online supplementary materials and meth-
ods (for all online suppl. material, see www.karger.com/
doi/10.1159/000441780).

NLRP7 Mutation Analysis

The mutations were confirmed by direct sequencing [11]. Ten
coding exons and 1 non-coding exon of NLRP7 were amplified using
primers and PCR conditions that were previously described [12].

Genotyping of Molar Tissue

The molar tissue of Patient 1 was genotyped. The villi were se-
lectively laser microdissected using an LMD7000 (Leica Microsys-
tems GmbH, Wetzlar, Germany), and genomic DNA was extract-
ed using the QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden,
Germany). The refSNP(rs) numbers of the 8 genotyped loci are
shown in online supplementary table S1.

DNA Methylation Assay

The villi of a CHM from a patient with RHM (Patient 1), an
androgenetic CHM and normal placenta were examined for PEG3,
SNRPN, PEG10 and H19 gene methylation by bisulfite sequencing
[13]. Bisulfite conversion was performed using the EpiTect Bisul-
fite kit (Qiagen, Hilden, Germany) with primers listed in online
supplementary table S2.

Results

RHM is most likely caused by genetic factors, and 2
candidate genes have been previously reported [3, 4]. To
search for additional mutations in genes that have not

Ito et al.

- 148 -

b4

47:13 AM




Table 2. SNVs detected by whole-exome sequencing

Chromosome! Position Gene Location SNV Protein  RefSNP Allele Patient Patient Patient Patient
alteration frequency 1 2 3 4
in HGVB

1 52828383 CC2DIB' Exon3 c¢.Gl05A p-M351  rs183845075 0.02 G/G G/G G/G A/A

3 10452493 ATP2B2' Exon3 c.C206T p-P69L N/A N/A T/T C/C C/C C/C

3 16254129 GALNTI5! Exon6 c.C1251A p-H417Q rs185944497 0.008 A/A C/C C/C C/C

9 140007466 DPP7! Exon7 c.C809T p.A270V rs181036640 0.013 T/T C/C C/C C/C
11 69063476 MYEOV! Exon3 c.C559T p-R187W 15116926312 0.044 C/C C/C C/C T/T
13 41835028 MTRFI' Exon2 c.T16C p-C6R N/A 0.009 T/T C/C T/T T/T
16 30735148 SRCAP! Exon 25 ¢.C4403T p.S1468L rs75035256 0.019 T/T C/T C/C C/C
17 27030713 PROCAI' Exon4 c.G874A p-E292K  rs3744637 0.043 C/C C/C C/C A/A
19 55451603 NLRP7 Exon4 c.G584A p.W195X N/A N/A A/A G/G G/G G/G
21 38439597 PIGP! Exon4 c¢.G239A p.S8ON  rs114319840 0.004 A/A G/G G/G G/G

HGVB = Human Genetic Variation Browser; N/A = not available.
! Except for NLRP7, the 10 SNVs detected have no particular reported/predicted pathogenic features in the reproduction system.

Table 3. Summary of the SNVs found in ZFP57, NLRP7 and NLRP2 in 4 patients with RHM by whole-exome sequencing

Chromosome Position Gene Location SNV Protein RefSNP Patient 1 Patient 2 Patient3 Patient 4
6 29644668  ZFP57 Exon14 c.Gl13>A p.R38Q rs142917604 G/G G/G G/A A/A
19 55441902  NLRP7 Exon 9 c.A2775>G p.A925A  rs269950 G/G G/G G/G A/G
19 55441995  NLRP7 Exon 9 c.T2682>C p.Y894Y  rs269951 G/G G/G G/G A/G
19 55451050  NLRP7 Exon 4 c.G1137>A p.K379K 1510418277 A/A G/G G/G G/G
19 55451232  NLRP7 Exon 4 c.G955>A p.V319I  rs775882 A/A G/G G/G G/G
19 55451603  NLRP7 Exon 4 c.G584>A p.W195X N/A A/A G/G G/G G/G
19 55451797  NLRP7 Exon 4 c.G390>A p.Q130Q rs775883 A/A G/G G/G G/G
19 55485899  NLRP2 Exon4  c¢.G312>A p.K104K 152217659 G/G A/A G/G A/A
19 55494881 NLRP2 Exon 7 c.C1815>G p.L605L  rs11672113 G/G C/C G/G C/C
19 55512137  NLRP2 Exon 14 ¢c.C3060>A p.I1020I rs12768 A/A C/A A/A A/A
19 55512232  NLRP2 Exon 14 c.C3155>A p.A1052E 151043673 C/C C/C A/A C/C

N/A = Not available.

' A novel homozygous nonsense mutation of NLRP7 (c.584G>A; p.W195X) was found in Patient 1. Other SNVs are all commonly

known SNPs with RefSNP(rs) numbers.

been previously associated with RHM, we performed
whole-exome sequencing using peripheral blood cells
from 4 RHM patients (Patients 1-4 in table 1). Quality
filtering in the patients resulted in a set of 176,663 single
nucleotide variations (SNVs) in coding regions. We ex-
cluded all non-coding SNVs and SNVs with more than
5% frequency in the 1000 Genomes database (http://
www.1000genomes.org/, May 5, 2013) or the Human
Genetic Variation Browser (http://www.genome.med.
kyoto-u.ac.jp/SnpDB/). The remaining 10 SNV (table 2)
contained no particular potential pathogenic genes in-
volved in the reproduction process except for an NLRP7
mutation, as described later.

NLRP7 Mutations in Molar Pregnancy

Next, we focused on NLRP7, NLRP2, ZFP57 and
KHDC3L (Cé6orf221), which were previously reported as
candidate genes for RHM or were associated with DNA
methylation defects [3, 4, 14, 15]. Based on the minor al-
lele frequency information of the 1000 Genomes database
and other reports [3, 5, 9, 12, 16], the homozygous non-
sense mutation of NLRP7 (c.584G>A; p.W195X) identi-
fied in Patient 1 is considered a mutation, which was not
previously reported (table 3). Other SNVs found in
ZFP57, NLRP7 and NLRP2 are common variants. Sanger
sequencing of genomic DNA from 5 RHM patients (Pa-
tients 1-5 in table 1), 9 patients with typical androgenetic
CHM and 86 controls confirmed that the NLRP7 muta-
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Fig. 1. DNA methylation assay of DMRs. Bisulfite sequencing
was performed for 3 maternal DMRs (PEG3, SNRPN and PEG10)
and 1 paternal DMR (H19). Each line indicates a single clone, and
each circle denotes a CpG; filled and open circles represent meth-
ylated and unmethylated cytosine residues, respectively. Allele-
specific methylation was definitively diagnosed by SNPs in PEG3

tion (c.584G>A; p.W195X) was observed only in 1 RHM
(Patient 1; online suppl. table S3, fig. S1).

Previous reports have shown that the origin of a subset
of RHM is not androgenic but biparental [12-14]. To pre-
cisely confirm the genotype of the villi of RHM Patient 1,
the villi were selectively collected by laser microdissection,
and a small amount of genomic DNA was obtained. Since
the extracted DNA was fragmented and of low quality,
analysis of polymorphic DNA markers was inconclusive.
We then performed a comprehensive SNP analysis of the
biological parents to confirm the origin of the villi of RHM
Patient 1. Eightloci in which each parent (Patient 1 and her
husband) possesses the opposite major or minor homozy-
gous allele were genotyped, and all showed heterozygous
genotypes in the villi (online suppl. table S1). These results
clearly show that the villi of RHM Patient 1 contain both
parental alleles and thusitis notandrogenic, but biparental.

To clarify epigenetic abnormalities in the villi of Pa-
tient 1 RHM, DNA methylation analysis of DMRs of im-
printed genes was performed using bisulfite sequencing

4 Gynecol Obstet Invest
DOI: 10.1159/000441780

and H19 DMRs. All maternally methylated DMRs (PEGS3,
SNRPN and PEG10) showed loss of DNA methylation in the vil-
li of RHM (Patient 1). In contrast, paternal methylation of the
HI9 DMR was maintained normally, even in the villi of RHM.
Methylation defects were observed only in maternally methylat-
ed DMRs.

(fig. 1). Three maternally methylated DMRs in PEG3,
SNRPN and PEG10 and a paternally methylated DMR in
H19 were analyzed. SNPs of PEG3 and HI9 were used to
distinguish between paternal and maternal alleles, en-
abling specific estimations of allele-specific DNA meth-
ylation defects of DMRs. The villi of RHM Patient 1
showed a loss of methylation in all the analyzed maternal
DMRs and retained completely normal methylation in
the paternal DMR.

Discussion

It is currently not possible to distinguish diploid bipa-
rental RHM from typical diploid androgenetic CHM with
conventional pathological criteria. In fact, the RHM of Pa-
tient 1 and control CHM are histopathologically identical
and were both p57KIP2-negative upon immunohisto-
chemical analysis (online suppl. fig. S2). Though striking
features of RHM are being revealed with genetic and epi-
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genetic analyses [3, 8, 17-19], there is no clear mechanistic
understanding as to why certain candidate genes are as-
sociated with the condition. Furthermore, no candidate
genes have been identified in approximately 20% of all
cases [5]. Thus, there is a clear need to explore genetic mu-
tations and epigenetic aberrations in different genetic
backgrounds. Additionally, whole-exome sequencing is a
potentially promising approach to identifying unknown
genetic factors [20]; however, to our knowledge, this is the
first report of whole-exome sequencing in RHM patients.

To clarify the features of these Japanese isolated RHM
cases, we performed comprehensive genetic and epigen-
etic analyses. We successfully detected a novel pathogen-
ic homozygous nonsense NLRP7 mutation (c.584G>A;
p-W195X). Since we could not obtain genomic DNA to
confirm the mutation in the parents of Patient 1, the pa-
rental origin of the mutation is unknown. The approxi-
mate 1-Mb region around the NLRP7 mutation
(c.584G>A) shows copy neutral loss of heterozygosity
(data not shown). Although the parents of the Patient 1
do notappear to be consanguineous, we speculate that the
NLRP7 region of Patient 1 most likely has alleles identical
by descent.

The examination of DNA methylation abnormalities is
indispensable for a definitive diagnosis of epigenetic muta-
tions specifically observed in diploid biparental RHMs. In
this study, the parental origin of the PEG3 and HI19 DMRs
were definitively confirmed by SNP analysis. The villi of
RHM Patient 1 clearly showed complete loss of DNA meth-
ylation of maternally methylated DMRs (PEG3, SNRPN
and PEGI0) but retained methylation of a paternally meth-
ylated DMR (H19). Although the villi of the RHM were ge-
netically normal, they showed abnormal DNA methylation
and their DNA methylation profile was quite similar to that
in a typical androgenetic CHM. This is in contrast to previ-
ous studies, in which patterns including hypermethylation
of H19 DMR [21] and retention of methylation at PEG10
DMR were observed [12]. These differences are likely due
to the multifactorial nature in which the DNA methylation
machinery is regulated; this would account for the variable
methylation changes within DMRs, as we previously re-
ported in our study of Dnmt3L knockout mice [22].

RHM patients with NLRP7 mutations are most likely
to have failed in the establishment of methylation of ma-
ternal DMRs during oogenesis. The p. W195X mutation
in Patient 1 is located upstream of the known nonsense
mutations in RHM patients [5]. It is, therefore, expected
that RHM from Patient 1 would exhibit the typical phe-
notype, and indeed this patient had 5 molar pregnancies.
Some reported missense mutations could be hypomorph-

NLRP7 Mutations in Molar Pregnancy

icand show stochastic effects on the methylation of DMRs
[9, 12]. If DMR methylation defects are partial, they may
cause ordinary abortion or may be sufficiently mild so as
to allow normal pregnancy rather than cause molar preg-
nancy [21]. In fact, patients with NLRP7 missense muta-
tions have a mixed reproductive history of molar preg-
nancy and abortion or normal pregnancy [23]. Thus,
some unexplained cases of infertility might be attributed
to such stochastic epigenetic aberrations.

The NLR family proteins have roles in inflammation
and apoptosis [24]. NLRP7 is involved in the secretion of
IL-1P [25-27], but there is no direct evidence that pertur-
bations to the NLRP7-IL-1p axis cause loss of DNA meth-
ylation and molar pregnancy. Since NLRP7 is present in
oocytes [16] and preimplantation embryos [28], it could
be involved in the hypomethylation of DMRs observed in
the villi of RHMs. However, because NLRP7 has no or-
tholog in mice [24], evaluation of its function in oogen-
esis and early embryogenesis is challenging. Therefore,
identification of genetic and/or epigenetic mutations in
isolated cases and in different genetic backgrounds re-
mains an important aspect of studies designed to unravel
the mechanisms underlying RHM pathogenesis.

In conclusion, we have, for the first time, identified a
novel nonsense homozygous mutation of NLRP7 in a
Japanese RHM patient. Our study is the first to report an
isolated RHM case in a previously unreported ethnic
background. This comprehensive genetic and epigenetic
analysis approach can facilitate the definitive molecular
diagnosis of diploid biparental RHM in isolated cases and
can be performed using fragmented DNA extracted from
formaldehyde-fixed and paraffin-embedded tissue sam-
ples. NLRP7 mutations cause abnormal DNA methyla-
tionin DMRs [21]. However, the mechanisms underlying
region-specific DNA methylation remain unknown. Fur-
ther analysis of RHM will shed light on the unknown eti-
ology of infertility and the mechanisms that control re-
gion-specific DNA methylation.
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Augmenting effects of gestational arsenite
exposure of C3H mice on the hepatic tumors of
the F, male offspring via the F; male offspring

Keiko Nohara®*, Kazuyuki Okamura® Takehiro Suzuki®, Hikari Murai®,
Takaaki Ito®, Keiko Shinjo®, Shota Takumi®, Takehiro Michikawa?,
Yutaka Kondo and Kenichiro Hata®

ABSTRACT: Gestational exposure can affect the F, generation through exposure of F, germline cells. Previous studies reported
that arsenite exposure of only F, females during their pregnancy increases hepatic tumors in the F, males in C3H mice, whose
males are predisposed spontaneously to develop hepatic tumors later in life. The present study addressed the effects of gesta-
tional arsenite exposure on tumorigenesis of the F, males in C3H mice. Expression analysis of several genes in the normal livers
at 53 and 80 weeks of age clearly showed significant changes in the F, males obtained by crossing gestational arsenite-exposed
F, (arsenite-F;) males and females compared to the control F, males. Some of the changes were shown to occur in a late-onset
manner. Then the tumor incidence was assessed at 75-82 weeks of age in the F, males obtained by reciprocal crossing between
the control and arsenite-F; males and females. The results demonstrated that the F, males born to arsenite-F; males developed
tumors at a significantly higher rate than the F, males born to the control F; males, irrespective of exposure of F, females. Gene
expressions of hepatocellular carcinoma markers p-catenin (CTNNB1) and interleukin-1 receptor antagonist in the tumors were
significantly upregulated in the F, males born to arsenite-F; males compared to those born to the control F; males. These results
show that arsenite exposure of only F, pregnant mice causes late-onset changes and augments tumors in the livers of the F,

males by affecting the F; male offspring. Copyright © 2015 John Wiley & Sons, Ltd.

Keywords: arsenic; gestational exposure; hepatic tumor; transgenerational; gene expression
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Introduction

Gestation is known to be vulnerable to a variety of environmental
conditions, including chemical exposure and nutritional imbal-
ances, and the adverse effects of environmental conditions in this
period can lead to a number of adult-onset diseases in the F; off-
spring and in subsequent multiple generations (Aiken and Ozanne,
2014; Guerrero-Bosagna and Skinner, 2012; Perera and Herbstman,
2011). A possible causative route of the effects on the F, and sub-
sequent generations by gestational chemical exposure is through
direct exposure of germline cells in the F, fetuses and the respon-
sible germ cells can be those of male, female, or both (Aiken and
Ozanne, 2014; Guerrero-Bosagna and Skinner, 2012; Perera and
Herbstman, 2011).

Naturally occurring inorganic arsenic, which is known as a hu-
man carcinogen, is causing serious health problems, including can-
cer, in many areas in the world (Hughes et al, 2011). Although
animal models are pivotal to elucidate the mechanism of arsenic
toxicity, it has been difficult to verify the carcinogenicity of arsenic
in rodents (Rossman et al., 2002). Pioneering studies by Waalkes
and colleagues showed that exposure of pregnant C3H mice (Fo)
from gestational day (GD) 8-18 to inorganic arsenite results in an
increase in tumors in the liver and adrenal gland of their F; male
offspring at 74 weeks of age (Waalkes et al., 2003). As male C3H
mice are predisposed to spontaneously develop hepatic tumors
in adulthood (Kohle et al., 2008; Maronpot et al., 1995), the finding
by Waalkes and colleagues supports the notion that arsenic acts in
combination with other tumor promoting factors or dispositions

(Klein et al.,, 2007). The results obtained by Waalkes et al. (2003) also
indicate that gestation is a vulnerable period for arsenic carcinoge-
nicity. Epidemiological studies have reported that gestational
exposure to arsenite is associated with increased cancers in adult-
hood (Smith et al., 2006; Yuan et al,, 2010). These findings on the
sensitivity of gestational period against arsenic imply the possibil-
ity that gestational arsenic exposure may also affect F; germline
cells and have an impact on late-onset tumorigenesis in the F,
and subsequent generations, while those issues have not been
addressed.
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We previously investigated the causal factors of hepatic tumor
augmentation in the F; male offspring by gestational arsenite
exposure in the experimental model reported by Waalkes et al.
(2003) Nohara et al., 2012). The results showed several characteris-
tic changes, such as late-onset gene expression changes in the
normal livers and an increase in hepatic tumors, particularly those
having a C to A somatic mutation at codon 61 in oncogene Ha-ras,
in the F; offspring by gestational arsenite exposure (Nohara et al.,
2012). In the present study, we addressed the effects of gestational
arsenite exposure on the F, males of C3H mice by investigating
gene expression changes in the normal livers, the hepatic tumor
incidence, and the incidence of Ha-ras mutation at codon 61 in
the tumors. In the assessment of tumor incidence, we performed
a reciprocal crossing experiment between the control and
arsenite-F; males and females to clarify the F; sex responsible for
the tumor augmentation in the F, males. We also measured gene
expression of several human hepatocellular carcinoma markers in
the tumors of the F, males for confirmation of the tumor augment-
ing effects of gestational arsenite exposure.

The results of the present study made the novel findings on the
tumor augmenting effects of gestational arsenite exposure on the
F, generation.

Materials and methods

Design of Animal Experiments

Pregnant C3H/HeN mice (Fy) were purchased from CLEA Japan
(Tokyo, Japan) and given free access to a standard diet (CA-1; CLEA
Japan) and tap water (control mice) or tap water containing
85 ppm sodium arsenite (Sigma, St. Louis, MO, USA) from day 8
to 18 of gestation as described previously (Nohara et al, 2012).
Throughout the experiments, arsenite was only given to Fy preg-
nant mice and not to F; or F, mice. To assess the tumor incidence
and the F; sex responsible for the F, tumor augmentation, we did a
reciprocal crossing experiment among the control F; males and fe-
males and arsenite-F; males and females, which originated from
22 control Fy females and 29 arsenite-F, females. Male and female
mice were mated at 10 weeks of age. The resulting F, males were
reared until 75-82 weeks (17.5-19 months) of age and used for the
assessment. Hepatic tumors were examined macroscopically
(Nohara et al.,, 2012) and some were subjected to histological anal-
ysis as described below.

The animals were handled in accordance with the National Insti-
tute for Environmental Studies guidelines for animal experiments.

Histological Analysis

Sections prepared from paraffin-embedded liver tissues were
stained with hematoxylin and eosin as previously described
(Nohara et al,, 2012). The histology of the liver neoplasms was
classified as hepatocellular adenoma or hepatocellular carcinoma.
Briefly, hepatocellular adenoma is characterized by a well-
circumscribed lesion composed of well-differentiated hepatocytes,
and hepatocellular carcinoma is characterized by an abnormal
growth pattern and both cytological and nuclear atypia (Harada
et al, 1999).

cDNA Preparation and Real-Time Polymerase Chain Reaction

Total RNA of individual livers was prepared with an RNeasy Mini Kit
(Qiagen, Valencia, CA, USA). After checking the quality of the RNA
by electrophoresis, reverse transcription reactions were performed
with an AMV Reverse Transcriptase XL (TaKaRa Bio, Shiga, Japan)
using 100 ng of total RNA. Quantitative real-time polymerase chain
reaction (PCR) analysis was performed on a LightCycler 480 instru-
ment, version 1.5 (Roche Diagnostics, Basel, Switzerland) as
described previously (Nohara et al,, 2006). The primer sequences
and annealing temperatures used for real-time PCR are shown in
Table 1.

Ha-ras Mutation

Ha-ras mutations at codon 61 were analyzed by the pyrosequenc-
ing method (Ogino et al., 2005). The DNA region containing the se-
quence coding codon 61 in the Ha-ras gene was amplified by PCR
using the biotinylated primers (5-cggaaacaggtggtcattgat-3' and
biotin-5"-tgatggcaaatacacagaggaag-3) and a PyroMark PCR kit
(Qiagen). Amplification was achieved by heating at 95°C for
5min, cycling at 95°C for 30s, 55°C for 30s and 72°C for 455,
and was followed by extension at 72 °C for 10 min after the final cy-
cle. The biotinylated PCR product was captured on streptavidin-
coated beads (GE Healthcare Bio-Science, Little Chalfont, UK),
denatured and washed. The sequence primer for codon 61
(5'-ggacatcttagacacagca-3') was annealed to the biotinylated PCR
product and pyrosequencing analysis was performed by using a

Table 1. Primers for real-time polymerase chain reaction analysis
Gene Forward primer Reverse primer Annealing temp. (°C)
51_3! 5!_3!

Creld2 gcagacagcagaaggcaaa tgcccgtcacaaatectc 60
Slc25a30 gaacgcccagaagatgaaac ctgttctgtgcttgcattcg 60
ElI3 ccagaaacgcctggacaa cttgaggctagaggcagagc 64
Fabp4 cagcctttctcacctggaag ttgtggcaaagcccactc 60
Gpat-1 agcaagtcctgcgctatcat ctcgtgtgggtgattgtgac 64
Afp cccaaccttectgtctcagt tggctctcctcgatgtgttt 64
I-1rn tgcacaacactagaggctga agtgatcaggcagttggtga 64
Ctnnb1 ccctgagacgctagatgagg tgtcagctcaggaattgcac 64
Cpb agactgttccaaaaacagtgga gatgctctttcctectgtge 64
rRNA tgcgaatggctcattaaatcagtt ccgtcggcatgtattagctctag 64
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PyroMark Q96 ID system (Qiagen) and PyroMark Q96 ID Software
2.5 (Qiagen) according to the manufacturer’s instructions.

Western Blotting

Tissues were homogenized in ice-cold lysis buffer (1% Triton
X-100, 0.1% sodium dodecyl sulfate [SDS], 0.5% deoxycholic
acid, Tmm EDTA, 1mm EGTA, 2.5mm sodium pyrophosphate,
1mm B-glycerophosphate, 1 mm sodium orthovanadate, 1T mm
phenylmethylsulfonyl fluoride, 50 mm Tris-HCI [pH7.5] and
150 mm NaCl) with a pellet mixer and then with a Bioruptor
UCD-200TM (Cosmo Bio, Tokyo, Japan). The supernatant was
boiled with the same volume of x 2 SDS sample buffer (100 mm
Tris-HCl [pH6.8], 4% SDS, 20% glycerol, 200mm DTT, 0.002%
bromophenol blue), and subjected to SDS-polyacrylamide gel
electrophoresis. The first antibodies used were anti-p44/42
MAPK (Cell Signaling Technology, Danvers, MA, USA; 9102), anti-
phospho-p44/42 MAPK (Cell Signaling Technology; 9101) and
anti-p-actin (Sigma; A5441). The second antibodies were horserad-
ish peroxidase-conjugated anti-rabbit IgG (Sigma) and antimouse
I9G (Sigma). The membranes were developed using the ECL Prime
Western Blotting Detection System (GE Healthcare) and the im-
ages were captured using a VersaDoc imaging system (Bio Rad,
Hercules, CA, USA).

Statistical Analysis

The difference in the tumor incidence between the two groups
was analyzed by a chi-squared test. The difference in gene expres-
sion between the two groups was analyzed by Student’s t-test.

Those analyses were conducted with Statal1 (Stata Corporation,
College Station, TX, USA).

Results

Late-Onset Gene Expression Changes Detected in the Normal
Liver of the F, Generation

Analyses of mouse livers with Affymetrix GeneChips in our previ-
ous study showed that expression of two genes, Creld2 and
Slc25a30, was upregulated more than twofold and expression of
another two genes, Fabp4 and ElI3, was downregulated more than
twofold in the normal livers of arsenite-F; males in comparison
with those of the control males at 74 weeks of age (Nohara et al.,
2012). The expression changes of these genes were found to occur
in an adult-onset manner (Nohara et al, 2012). To examine
whether arsenite exposure of Fy pregnant mice has any effect on
the F, offspring, we measured the expression of these four genes
in the normal livers of the control F, males and the F, males
obtained by crossing arsenite-F; males and females (arsenite-F,)
at 53 weeks and 80 weeks of age.

The results of the measurements showed significant downregu-
lation of Creld2 from 53 weeks of age and late-onset downregula-
tion of Slc25a30 at 80weeks of age in arsenite-F, males in
comparison with the control F, males. On the other hand, those
genes were upregulated in arsenite-F; males in comparison with
the control F; males at 49 and/or 74 weeks of age. Thus, direction
of the changes by gestational arsenite exposure in the arsenite-F,
and arsenite-F, males was the opposite (Fig. 1). Expression of Ell3
was significantly upregulated in arsenite-F, males in comparison
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Figure 1. The changes in hepatic gene expression in the arsenite-F; males and arsenite-F, males in comparison with their control males. The expressions of
five genes in the livers of the control F, males and arsenite-F, males were measured by real-time polymerase chain reaction at 53 weeks of age (n =4 in each
group) and 80 weeks of age (n = 6 in each group) and normalized to expression of Cpb. For the gene expressions in the F; generation, data obtained at
49 weeks of age (n = 4 in each group) and 74 weeks of age (n = 8 in each group) in our previous study (Nohara et al., 2012) were used. The graphs show
the ratios of the expression in the arsenite-exposed group normalized to the expression in the control group. The error bar shows the standard error. *Sig-
nificant difference (P < 0.05) between the offspring of the control females and the offspring of the arsenite-exposed females.
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with the control F, males also in a late-onset manner. The effect of
gestational arsenite exposure on Ell3 expression in the F, males
was again the opposite of its effect in the F; males. Downregula-
tion of Fabp4, which was detected in the arsenite-F; males, was
not detected in the F, generation (Fig. 1).

In our previous study, we also observed downregulation of a
lipid metabolism-related gene Gpat-1 at 74 weeks of age in the
normal livers of arsenite-F; males in comparison with the control
males (Nohara et al, 2012). This gene was downregulated in
arsenite-F, males in comparison with the control F, males at
53 weeks of age (Fig. 1).

These changes in gene expression clearly showed significant
effects of gestational arsenite exposure on the F, males, and the
effects on the F; and the F, were varied.

Increased Hepatic Tumors in the F, Males Born to the
Arsenite-F, Males

We performed the reciprocal crossing experiment with the control
and arsenite-F; males and females as shown in Fig. 2 to assess the
effects of gestational arsenite exposure on tumorigenesis in the F,
males and determine the F; sex responsible for the F, tumor
augmentation.

A)
Fo Control (C)

Gestational arsenite -E!

exposure 5

The tumor incidences in each F, group were 33.8% in CC, 34.3%
in CA, 49.2% in AC and 43.6% in AA (Fig. 2A). Comparison of the tu-
mor incidence between the F, male offspring of arsenite-F; males
(AC and AA) and the control F; males (CC and CA) showed a signif-
icantly higher tumor incidence in the F, offspring of arsenite-F,
males (45.9% in AC and AA vs 34.1% in CC and CA) (Fig. 2B). On
the other hand, the tumor incidence of the F, male offspring of
arsenite-F, females (39.9% in CA and AA) and the control F,
females (41.1% in CC and AC) were not different (Fig. 2B). These
results showed that the tumor-augmenting effect of gestational
arsenite exposure is transmitted to the F, males via the F; male
offspring, but not via the F; female offspring.

Pathological examination of tumor tissues from the control F,
and arsenite-F, males (10 samples from each group) showed that
hepatocellular adenoma was the predominant histological tumor
type (Fig. 3). This finding was consistent with the observation of
the hepatic tumors of the control mice and arsenite-F; mice in
our previous study (Nohara et al., 2012).

Ha-ras Mutation in the Tumors of the F, Generation

Our previous study showed that gestational arsenite exposure par-
ticularly increased the percentage of hepatic tumors containing
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49.2% 43.6%
(34/69) (44/101)

Comparison to assess the F4 sex responsible for the F» tumor augmentation
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o
34.1% (49/144) 45.9% (78/170) 0.033
F, group Offspring of control F4 Offspring of arsenite-F4
female (CC, AC) female (CA, AA)
41.1% (60/146) 39.9% (67/168) 0.827

Figure 2. Increase in the tumor incidence in the F, male offspring born to arsenite-F; males but not to arsenite-F, females. (A) The F, males were obtained
by reciprocally crossing the control and arsenite-F; males and females as shown in the figure. The F, mice were macroscopically examined for hepatic tumors
at 75-82 weeks of age | n an age-matched manner. Small lesions (<1 mm in diameter) were omitted. The number in parenthesis is that of mice bearing he-
patic tumors/the number of mice investigated. (B) The difference between the tumor incidences in the two groups was analyzed by chi-squared test. GD,

gestational day.
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B) Occurrence of hepatocellular adenoma and
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Arsenite-F» (n=10) 7 3

Figure 3. Histological analysis of the hepatic tumors of the control and arsenite-F, males. (A) Representative sections of hepatocellular adenoma and he-
patocellular carcinoma of the control F, males and arsenite-F, males. (B) Occurrence of hepatocellular adenoma and hepatocellular carcinoma.

the Ha-ras C61A somatic mutation in the F; males (Nohara et al.,
2012). Ha-ras mutation is thought to be involved in carcinogene-
sis by activating several signaling pathways, including the
RAF/MEK/ERK cascade (Pylayeva-Gupta et al., 2011). The investi-
gation in the present study confirmed that the Ha-ras mutations
increase the activating phosphorylated forms of ERKs, ERK1
(p44 MAPK) and ERK2 (p42 MAPK) in the tumor tissues harboring
codon 61 Ha-ras mutations in both the control F, males and
arsenite-F, males (Fig. 4A). p44/p42 MAPK was shown to be
hypophosphorylated in the non-tumor tissues of tumor-bearing
livers, which do not contain mutated Ha-ras (Fig. 4B).

On the other hand, Ha-ras C61A mutation or the total Ha-ras mu-
tations in codon 61 in the tumor tissues was shown not to be in-
creased in the F, males born to arsenite-F; males (AC and AA) in
comparison with the F, males born to the control males (CC and
CA) (Table 2). Thus, the existence of Ha-ras mutations seems not
to be the major causation of the increased hepatic tumor inci-
dence in the F, males born to arsenite-F; males.

Upregulation of Cancer Related Genes in the Tumor Tissues of
F, Males Born to the Arsenite-F, Males

In an effort to establish early diagnostic markers for detecting hu-
man hepatocellular carcinoma, increases in several serum proteins,
including a-fetoprotein, p-catenin (CTNNB1) and interleukin-1 re-
ceptor antagonist (IL1-RN), were shown to be closely associated
with hepatocellular carcinoma (Sun et al, 2008). The expression
of those genes was shown to be higher in the tumor tissues com-
pared to the normal tissues or the non-tumor tissues of tumor-
bearing livers, while the expression of Afp is varied widely among
samples (Fig. 5). The expressions of Ctnnb1 and Il1m genes were
significantly higher in the F, males born to arsenite-F; males (AC
and AA) than those born to the control males (CC and CA) (Fig. 5).

A) Tumor tissues
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Figure 4. p44/42 MAP kinases activation as a result of Ha-ras mutation in
the hepatic tumors of C3H males. Western blots of hepatic tumor tissues (A)
and non-tumor tissues in the tumor-bearing livers (B) of the control F, and
arsenite-F, males were prepared as described in the Materials and methods
section. Labels in (B) are R1, normal tissue and R2, tumor tissue with a Ha-ras
mutation.

Interestingly, when the gene expression was assessed separately
in tumor tissues with and without Ha-ras mutation, the expression
of II-1rn seemed to be upregulated by Ha-ras mutation (Fig. 5).

J. Appl. Toxicol. 2016; 36: 105-112

Copyright © 2015 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jat

- 157 -




—_
o

Journal of

AppliedToxicology

K. Nohara et al.

Table 2. Spectra of Ha-ras codon 61 mutations in the hepatic
tumors of the F, males

Ha-ras codon 61 type (%)

F, group (n) CAA wild-type AAA CTA CGA
CcC (29) 31 41 7 7
CA (33) 61 18 3 3
AC (34) 38 35 3 3
AA (49) 39 45 6 6

The hepatic tumor tissues were obtained in the reciprocal
crossing experiment (Fig. 2) and analyzed for mutations in
Ha-ras codon 61 by a pyrosequencing method.

Discussion

The earliest studies carried out primarily in the middle 1900s
reported that maternal exposure or germ cell exposure to
radiation and some carcinogenic chemicals transgenerationally
affect the susceptibility of the progeny to cancer (Tomatis,
1994). The transgenerational effects of radiation, chemicals and
nutritional imbalances on cancers and other disorders have been
reported to be transmitted paternally, maternally, or both pater-
nally and maternally (Aiken and Ozanne, 2014; Anway et al,
2005; Barber et al., 2002; Mohamed et al., 2010; Tomatis, 1994).
The individual molecular mechanisms of the transmission are
yet to be clarified.

Afp
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The present study showed that gestational arsenite exposure of
pregnant C3H mice from GD8 to GD18 increases the incidence of
hepatic tumors in the F, males born to arsenite-F; males (AC and
AA in Fig. 2) compared to the F, males born to the control males
(CC and CA in Fig. 2), irrespective of exposure of the F; females.
These results showed that tumor augmenting effects by gesta-
tional arsenite exposure is transmitted to the F, males through
the F; males. We also detected significant late-onset changes in
gene expression in the normal livers of arsenite-F, (AA F,) males
compared to those of the control F, males (Fig. 1), indicating that
transient gestational arsenite exposure of pregnant females causes
a significant impact on the F, generation. Furthermore, the cancer-
related genes Ctnnb1 and IllTrn were shown to be upregulated
in the hepatic tumors of the F, males born to arsenite-F; males
(AC and AA) compared to those born to the control males
(CC and CA) (Fig. 5). These results show the augmenting effects
of gestational arsenite exposure on the hepatic tumors of the F,
male offspring.

The F; male fetuses in the present study were exposed from
GD8 to GD18, when the primordial germ cells appear and differen-
tiate into the sperm precursor cells (Sasaki and Matsui, 2008). The
epigenetic profile of the primordial germ cells undergoes dynamic
alterations, including imprint erasure, during the development
stage, and disruption of the epigenetic profile during this stage
has been implicated in transgenerational effects of F, gestational
exposure (Aiken and Ozanne, 2014; Guerrero-Bosagna and
Skinner, 2012; Perera and Herbstman, 2011). A previous study
(Devesa et al., 2006) reported the concentrations of inorganic arse-
nic and methylated arsenic at GD18 in the fetus organs, including
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Figure 5. Expression of cancer-related genes in the hepatic tissues in the F, mice. The expressions of Afp, Ctnnb and II-1r were measured by real-time PCR
for the normal livers (n = 6), non-tumor tissues from tumor-bearing livers (n = 6) and tumor tissues (n = 9-11) from the F, males and normalized to the
expression of rRNA. The difference in the gene expressions in the tumor tissues between the F, males born to the control F; males (CC and CA) and those
born to arsenite-F; males (CA and AA) was analyzed by Student’s t-test. **P < 0.01.
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the liver and blood in the same gestational arsenite exposure
model of C3H mice we used. The study showed that fetus organs
are directly exposed upon gestational arsenite exposure. As arse-
nic has been reported to induce epigenetic changes, particularly
DNA methylation changes (Reichard and Puga, 2010; Ren et al,
2011; Suzuki et al., 2013), the gestational arsenite exposure may al-
ter the phenotype of the F, generation by affecting the epigenetic
profile of genes, possibly including imprinted genes, in the F; male
germ cells.

Arsenic has been thought to be a weak mutagen or not a muta-
gen based on the results of assays using bacteria and mammalian
cells in vitro (reviewed by Rossman, 2003). Our recent study using
gpt delta transgenic mice clarified that arsenite exposure greatly
increases the incidence of G:C to T:A transversion in vivo (Takumi
et al,, 2014). Thus, mutation in the proliferating and differentiating
primordial germ cells might be another possible causation of the
F, effect by arsenite exposure of Fy pregnant mice.

In the present study, we found that gestational arsenite expo-
sure significantly affects hepatic expression of Creld2, Slc25a30
and Eli3 even in the F, generation, but the effect of the exposure
was the opposite of its effect on the F; generation (Fig. 1). The dif-
ference seems to be attributable to the fact that exposure of the F,
and F, mice occurred in a different manner, e.g., the fetal liver is di-
rectly exposed in the F; and F; is exposed at the germ cell stage.
On the other hand, Gpat-1 was significantly downregulated in
the liver of the F, generation, as was also observed in the F; gen-
eration (Nohara et al, 2012) (Fig. 1). Gpat-1 is one of the target
genes of sterol regulatory element-binding protein 1, a member
of the central transcription factors that control intracellular choles-
terol and fatty acid levels (Raghow et al,, 2008; Wendel et al., 2010).
Lipid accumulation in the liver has been implicated in hepatic
carcinogenesis through an increase in oxidative stress (Ziech
et al, 2011). The change in Gpat-1 expression in the liver of the
F,; and F, mice may indicate involvement of lipid metabolism
changes in the increase in hepatic tumors.

We previously found a higher proportion of C61A Ha-ras muta-
tion in the hepatic tumors of arsenite-F; males (Nohara et al,, 2012).
In the present study, we confirmed that Ha-ras mutation increases
activated forms of ERKs in the hepatic tumors of C3H mice (Fig. 4).
However, the percentage of Ha-ras mutation in the tumors was not
increased in the F, males born to arsenite-F; males (Table 2), which
indicated that the tumor increase in the exposed F, males could
not be attributed to the increase in Ha-ras codon 61 mutation 1.

In summary, we demonstrated the novel finding that gesta-
tional arsenite exposure of Fy pregnant mice increases hepatic tu-
mor incidence in the F, male offspring through the impact on the
F; males. Further studies will be required to identify the factors
that cause tumor augmentation in the liver of the F, generation
by arsenite exposure of F, pregnant mice and to explore changes
in the F; male germ cells that induce such tumor-augmenting
factors in the liver of the F, generation.
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Epigenetic modifications are thought to serve as a memory of exposure to in utero environments.
However, few human studies have investigated the associations between maternal nutritional
conditions during pregnancy and epigenetic alterations in offspring. In this study, we report genome-
wide methylation profiles for 33 postpartum placentas from pregnancies of normal and foetal
growth restriction with various extents of maternal gestational weight gain. Epigenetic alterations
accumulate in the placenta under adverse in utero environments, as shown by application of
Smirnov-Grubbs’ outlier test. Moreover, hypermethylation occurs frequently at the promoter regions
of transcriptional regulator genes, including polycomb targets and zinc-finger genes, as shown by
annotations of the genomic and functional features of loci with altered DNA methylation. Aberrant
epigenetic modifications at such developmental regulator loci, if occurring in foetuses as well, will
elevate the risk of developing various diseases, including metabolic and mental disorders, later in life.

Foetal environmental factors, including maternal nutrition, hormonal disturbance, and chemical expo-
sure, affect foetal growth and can cause birth defects. Recent studies have linked poor foetal growth to
increased risks of coronary heart disease!, type II diabetes®®, kidney disease'*, and brain disorders® in
adulthood. Barker first proposed that nutritional conditions in utero may be responsible, at least in part,
for the developmental programming of the foetus and placenta, potentially predisposing the individual
to adult metabolic disease®. The concept that the foetal environment affects health later in life has been
defined as the developmental origins of health and disease (DOHaD)’, in which epigenetic modifications
are thought to serve as a memory of exposure to in utero environments®®. Epigenetic modifications, such
as DNA methylation and histone modifications, are involved in tissue- and developmental stage-specific
gene expression and silencing, and they can be transmitted in a stable manner through mitotic cell divi-
sion, thereby inducing long-term changes in gene regulation. Developmental programming during the
foetal period, therefore, could affect adult health through epigenetic mechanisms. In fact, many studies
using animal models have demonstrated that nutrient manipulation during pregnancy induces epigenetic
alterations at specific loci or globally in the offspring'. On the other hand, human studies showing asso-
ciations of in utero conditions and epigenetic alterations have been relatively limited!.

The predominant form of DNA methylation is methylation of cytosine in the context of CpG. The dip-
loid human genome contains more than 10® cytosines, of which more than 107 are present in the context

*Department of Maternal-Fetal Biology, National Research Institute for Child Health and Development, Tokyo 157-
8535, Japan. 2Department of Systems BioMedicine, National Research Institute for Child Health and Development,
Tokyo 157-8535, Japan. 3Division of Developmental Genomics, National Research Institute for Child Health and
Development, Tokyo 157-8535, Japan. “Department of Obstetrics and Gynecology, Hokkaido University Graduate
School of Medicine, Sapporo 060-8638, Japan. "These authors contributed equally to this work. Correspondence
and requests for materials should be addressed to T.K. (email: kawai-tm@ncchd.go.jp) or K.N. (email: nakabaya-k@
ncchd.go.jp) or K.H. (email: hata-k@ncchd.go.jp)

SCIENTIFIC REPORTS | 5:14224 | DOI: 10.1038/srep14224 1

- 161 -


mailto:kawai-tm@ncchd.go.jp
mailto:nakabaya-k@ncchd.go.jp
mailto:nakabaya-k@ncchd.go.jp
mailto:hata-k@ncchd.go.jp

www.nature.com/scientificreports/

of CpGs'% The genome-wide DNA methylation pattern in various types of cells in the body is bimodal,
with the majority of CpG sites being highly methylated (>85%), while CpG islands (CGlIs) are largely
unmethylated (<10%). After fertilisation of the oocyte by sperm, the paternal genome becomes actively
demethylated in the zygote, and the maternal genome undergoes passive demethylation until the early
blastocyst stage'>. DNA methylation patterns are re-established in a lineage-specific manner'*". The
genome in cells of the placenta remains relatively hypomethylated compared to that in somatic tissues. A
genome-wide DNA methylation analysis of promoter regions in human placental tissues collected during
the first, second, and third trimesters revealed that there is a significant increase in the average methyl-
ation level in autosomes from the second-trimester placenta to the full-term placenta!®. Interindividual
variations in DNA methylation levels have also been shown to increase during gestation'®. Foetal envi-
ronmental factors, such as maternal weight, maternal alcohol intake, maternal smoking, and maternal
psychological stress, have recently been shown to affect DNA methylation in the human placenta!™!”18,
However, compared to the number of studies that have examined the DNA methylation levels at repet-
itive sequences, such as long interspersed nuclear elements (LINEs) and short interspersed nuclear ele-
ments (SINEs), and at certain imprinted loci'®?!, studies evaluating the alterations in DNA methylation
on the genome-wide scale in relation to the foetal environment have been limited!®2!-24,

Maternal gestational weight gain (GWG) influences the foetal nutritional environment during gesta-
tion. The Japan Ministry of Health, Labour, and Welfare recommends that women with a prepregnancy
body mass index (BMI) between 18.5 and 25 should gain about 7-12kg body weight during the gesta-
tional period. Excessive GWG has been reported to be associated with increased neonatal obesity during
infancy and adulthood®-%. On the other hand, insufficient GWG is related to increased risk of low
birth weight®®?, which is known to be associated with metabolic syndrome, including impaired glucose
tolerance, insulin resistance, and coronary heart disease, during adulthood'™. Foetal growth restriction
(FGR), which may be caused by foetal, placental, and/or maternal factors®, is defined as a foetus that
has not reached its growth potential (below the 10th percentile for gestational age).

In this study, we elucidate the effects of in utero environments on the human placental epigenome.
To this end, we examine a collection of postpartum placentas using array-based genome-wide DNA
methylation analysis and evaluate DNA methylation levels in placental tissues in relation to GWG and
birth weight. We demonstrate that inadequate GWG perturbs the placental epigenome variably among
subjects, and that such epigenetic alterations occur preferentially at the CGI promoters of genes encoding
transcriptional factors. Therefore, our results demonstrate that epigenetic alterations accumulate in the
placenta under adverse in utero environments, supporting the importance of appropriate in utero condi-
tions and maternal health in foetal development.

Results

Alterations in placental DNA methylation were associated with FGR and GWG. We subjected
placentas from 14 births exhibiting FGR and 19 births within the normal range of birth weight (Table 1)
to genome-wide DNA methylation analysis, and assessed whether the FGR placentas contained CpG
sites that were differentially methylated compared with the placentas with a birth weight within nor-
mal range. Wilcoxon rank-sum tests®! did not detect any CpG sites as significantly differentially meth-
ylated between two groups (significance level = Benjamini-Hochberg [BH] adjusted p-value of 0.05).
Comparisons of FGR and normal placentas within subgroups depending on maternal GWG (insufficient,
adequate, and excessive) also did not detect any differentially methylated CpG sites in the FGR placentas
(Supplementary Fig. 1). Next, we assessed whether placentas from subjects with excessive or insufficient
maternal GWG contained CpG sites that were differentially methylated compared with those in placen-
tas from subjects with adequate GWG. Four comparisons (i.e., insufficient versus adequate and exces-
sive versus adequate within FGR and normal categories) did not detect any significantly differentially
methylated CpG sites between two subgroups (Supplementary Fig. 1). These results suggested that no
specific CpG sites showed consistent changes in DNA methylation associated with the FGR phenotype
or inadequate maternal GWG in this study.

Next, we considered the possibility that the FGR phenotype and/or inadequate GWG may affect the
placental epigenome in different ways among individual subjects rather than showing similar effects for
all individuals within a group. To evaluate this possibility, we searched for CpG sites whose methylation
level differed significantly in one placenta (as compared with all of the other placenta samples) by per-
forming Smirnov-Grubbs’ outlier test with Bonferroni multiple test corrections (significant level = 0.1) for
each placenta. We detected 2,983 and 1,416 CpG sites as hyper- and hypomethylated outliers, respectively,
among the 33 subjects. To reduce the numbers of outliers that could have been detected spuriously due to
SNPs at/near the target CpG sites, we excluded the CpG sites whose corresponding probes are annotated
to contain known SNPs as described in the Methods. When 89,678 probes were regarded as potentially
SNP-containing based on the Illumina probe annotation, 2,521 (85%) and 977 (69%) CpG sites remained
as hyper- and hypomethylated outliers, respectively (Fig. 1 and Supplementary Tables 1 and 2).

We subjected these remaining outliers to further data analyses. Hypomethylated outliers coincided
with SNP-containing probes more often than hypermethylated outliers (439/1,416 (31%) versus 462/2,983
(15%)). The mean (standard deviation [SD]) 3 values of the 2,521 hyper- and the 977 hypomethylated
outliers were 0.24 (0.13) and 0.56 (0.19), respectively. The mean (SD) A( values (Af = the 3 value of the
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ﬁi‘g/ﬁ;’f)}"e'l’reg“ancy 20.3+2.0 187+1.1 19.6+ 1.0 201+1.9 197422 19.8+1.1
BMI at delivery (kg/m?) 237425 204+ 1.4° 252416 235417 223419 255+ 1.24
B.W. of pre-pregnancy (kg) 49.0£53 49.4+59 46.5+1.7 51.0+54 48.0+£7.0 50.6+3.6
B.W. at delivery (kg) 572457 53.9++65 60.0+2.2 50.7+4.38 543465 65.3+3.9¢
(ergs)tatm“al weight gain 82412 45418 13.54£0.9 87+1.1 63£0.7 147+ 1.0¢
B.W. of newborn (g) 1984+ 296¢ 1702+ 2821 1860 & 535¢ 29374297 3010+ 483 34524200
&n‘:’}; ?‘H' of newborn 454450 409455 4384778 613+4.0 625+7.9 683+ 3.6
Placental weight (PW) (g) | 417.0+47.9° | 351.04+832° | 4875+£24.0°%% | 631741892 | 639.0+1329 | 652.0497.8
B.W. of newborn/PW, 48+05 50+1.1 384118 49+12 48+10 54407
Gestational weeks 37.0+ 14 358+ 1.3 36.3+3.0 380+17 39.6+ 1.7 39.6+ 1.1
Ratio of C. section to 3t02 2103 2t02 2t07 lto4 lto4
vaginal delivery

Ratio of male to female 3t02 2103 0to4 6103 lto4 3t02
newborns

Age at delivery 314436 286424 268+ 4.0 320+7.1 314476 32.6+59

Table 1. Characteritics of mothers, newborns, and placentas enrolled in this study. BMI, body mass
index; B. W,, body weight; B. H., body height. *p < 0.05 in the t-test between FGR_insufficient and FGR_
adequate. ®p < 0.05 in the t-test between FGR_excess and FGR_adequate. p < 0.05 in the t-test between
Normal_insufficient and Normal_adequate. 4p < 0.05 in the t-test between Normal_excess and Normal_
adequate. °p < 0.05 in the t-test between FGR_adequate and Normal_adequate. p < 0.05 in the t-test between
FGR _insufficient and Normal_insufficient. & < 0.05 in the t-test between FGR_excess and Normal_excess.

outlier-the mean 3 value of the other samples) of hyper- and hypomethylated outliers were 0.18 (0.11)
and -0.27 (0.12), respectively.

While the numbers of outliers in the “normal_adequate” category were low and relatively consistent
among subjects (ranging from 46 to 74), those in the other five categories were higher, exhibiting sta-
tistical significance (Tukey’s multiple comparison test p-value < 0.001; Fig. 1B) and diverse among the
subjects (ranging from 44 to 421). In normal subjects, the greater the insufficiency or excessiveness of
maternal GWG, the higher the number of methylation outliers, as represented by the U-shaped appear-
ance of the bar plots for the number of outliers in normal subjects sorted according to weight gained
during pregnancy (Fig. 1C). In FGR subjects, all three subcategories (FGR_insuflicient, FGR_adequate,
and FGR_excessive) contained significantly higher numbers of outliers than the “normal_adequate” cat-
egory (Fig. 1B). The numbers of outliers in FGR_insufficient and FGR_excessive categories were also sig-
nificantly higher than those in FGR_adequate (Fig. 1B). The numbers of outliers were neither associated
with C-section nor correlated with gestational weeks (Supplementary Table 4). These results suggested
that both FGR and inadequate GWG conditions affected the placental epigenome independently and
additively.

Next, we examined the numbers of hyper- and hypomethylated outliers in each subject (Fig. 1E,G).
While the numbers of hypomethylated outliers were not much different among subjects (Fig. 1F), the
numbers of hypermethylated outliers were significantly higher in subjects in the other five categories
compared to subjects in the “normal_adequate” category (P < 0.001; Fig. 1D). Therefore, only hyper-
methylated outliers occurred with FGR pregnancies and normal pregnancies with inadequate GWG.
Because of the nature of the Smirnov-Grubbs’ outlier test, the identified methylation outliers were all
specific to individuals (deviated only in one sample among the cohort). Our results demonstrate that
the adverse pregnancy conditions, FGR and inadequate GWG, affected the placental epigenome variably
among individuals.

Contrasting genomic features of hyper- and hypomethylated outliers. We subsequently anno-
tated the genomic features of 2,521 hyper- and 977 hypomethylated outliers (Fig. 2). Among these out-
liers, 2,107 (84%) and 758 (78%) CpG sites were located in genic regions (in 1,001 and 606 genes,
respectively). Hypermethylated outliers were found to be predominantly located in CGIs or their shores/
shelves (94% in total) and proximal to the transcriptional start sites (defined as “pTSS” hereafter; i.e.,
TSS1500, TSS200, the 5" untranslated region [UTR], and the first exon categories; 77%). In contrast,
hypomethylated outliers were most frequently located outside of CGIs, shores, and shelves (open sea,
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Figure 1. (A) Heatmap visualisation of the 3 value of methylation outliers detected by Smirnov-Grubbs’
outlier tests. The numbers of outliers detected in each placenta are indicated above the heatmap. The

colour scale represents the 3 value from 0 to 1. The left and right panels represent hypermethylated and
hypomethylated outliers, respectively (B,D,F). Box plots showing the distribution of the numbers of outliers
in each of six placental categories (***, Tukey’s multiple comparison test P-value < 0.001). ins, insufficient;
ad, adequate; ex, excessive (C,E,F). Bar plots for the numbers of outliers in FGR and normal subjects sorted
according to weight gained during pregnancy. Plots for all outliers (B,C), hypermethylated outliers only
(D,E), and hypomethylated outliers only (F,G) are shown. Red and green bars represent the numbers of
hyper- and hypomethylated outliers, respectively (C,E,F).
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Figure 2. Genomic features of 2,521 hyper- and 977 hypomethylated outliers. Distribution of outliers in
relation to CGISs and their shores and shelves (A) and to gene feature groups (B). Six gene feature categories,
i.e., TSS1500, TSS200, the 5'UTR, the first exon, the gene body, and the 3'UTR, are regarded as genic
regions, in which 2,107 (84%) and 758 (78%) CpG sites were located. The ratio of clustered and isolated
outliers is shown (C).

46%) and in gene bodies (66%) (Fig. 2A,B). Hypermethylated outliers tended to be detected consecutively
at two or more adjacent probes (“clustered”; 56%), while hypomethylated outliers did not (11%; Fig. 2C).
These results implied that hypermethylated outliers tended to be clustered within CGI promoters.

We therefore scrutinised the extent of hypermethylation and the positional distribution relative to
the TSS of hypermethylated outliers by visualising 3 and A( values on the Integrative Genomics Viewer
(IGV, www.broadinstitute.org/igv/home). Indeed, we found that hypermethylated outliers were often
distributed in a promoter-wide manner (i.e., located consecutively and clustered around the TSS) with
relatively large methylation differences, as exemplified by FOXC1, FOXL2, and HOXB7 loci (Fig. 3). The
methylation statuses in the outlier sample and a control (Normal_adequate_7) at these promoter regions
were validated to be hypermethylated and unmethylated, respectively, by targeted bisulfite sequencing
analyses (Fig. 3). The appearance of both of heavily methylated and unmethylated clones in individual
outlier samples may indicate the mosaic composition of normal and epimutated cells in these placentas.

The observation that hypermethylated outliers were often clustered at CGI promoters suggested that
placental hypermethylation events do not occur in a purely random manner in terms of genomic loca-
tion, but instead occur due to dysfunction of certain intrinsic mechanisms regulating the epigenetic
status of CGI promoters under adverse in utero environments.

Hypermethylated outliers were frequently associated with genes encoding transcriptional
regulators. In order to search for functional characteristics of genes containing hypermethylated out-
liers, we performed gene ontology (GO) analysis; 1,001 genes hosting hypermethylated outliers (as well
as 606 genes hosting hypomethylated outliers for comparison) were analysed using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) v6.7. The 606 genes hosting hypomethylated
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Figure 3. Examples of promoter-wide hypermethylation at FOXCI (A), FOXL2 (B), and HOXB7 (C) loci.
The (3 value of the outlier, the mean of the 3 values of samples other than the outlier, and the AJ are
shown together with Refseq gene and UCSC-defined CGIs using IGV at the left side in each panel. The
data range of 0 to 0.5 (or 0 to 1.0) is shown for 3 and AP values. The outlier samples for the three loci are
Normal_insufficient_3 (A), Normal_insufficient_1 (B), and FGR_adequate_3 (C). DNA methylation status
of these promoter regions were validated by targeted bisulfite sequencing (BS). The black horizontal bar at
the bottom in each panel shows the interval of the bisulfite-PCR amplicon. The BS results for the outlier
sample and a control (Normal_adequate_7) are shown at the right side in each panel. Open and closed
circles represent unmethylated and methylated CpG sites, respectively. Each row of circles corresponds to
an individual clone sequenced. The overall methylation rate (%) is shown underneath each panel of the BS
results.

ggﬁ_()é):;esrfdzﬁulation of transcription, 157 170 6.73E-12 1.96E-08
GO:0030182 neuron differentiation 60 2.63 1.29E-11 1.88E-08
ggfgfﬁfspzr;;g;laﬁ"“ of RNA 157 1.66 3.85E-11 3.74E-08
GO:0045449 regulation of transcription 199 1.47 2.39E-09 1.74E-06
GO0:0007409 axonogenesis 31 3.08 6.61E-08 3.85E-05

Table 2. Top 5 gene ontology (GO) Biological Process terms significantly enriched among the 1,001
genes hosting 2,521 hypermethylated outliers.

outliers were found to be weakly enriched with only one term, “cytoskeletal protein binding”, in the
Molecular Function (MF) category (Benjamini’s corrected Pc=0.0025). However, the 1,001 genes host-
ing hypermethylated outliers were highly enriched with terms related to transcriptional regulators and
neuronal differentiation in the Biological Process (BP) and MF categories (e.g., BP terms “regulation
of transcription, DNA-dependent” [Pc=1.96 x 107?] and “neuronal differentiation” [Pc=3.16 x 1078];
Table 2 and Supplementary Table 3). We subsequently performed GO analysis for subgroups of genes:
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409 genes hosting highly deviated (AB > 0.2) hypermethylated outliers, 709 genes hosting hypermeth-
ylated outliers in the pTSS, and 317 genes hosting two or more clustered hypermethylated outliers.
These subgroups of genes were also found to be significantly enriched with terms related to transcrip-
tional regulators (Supplementary Table 3). These results supported our observation that hypermethylated
outliers are often distributed in a promoter-wide manner and that the genes hosting such outliers are
significantly enriched with genes encoding transcriptional regulators. We further performed GO analy-
sis for the 163 genes hosting highly deviated (Af > 0.2) and clustered hypermethylated outliers in the
pTSS. Among those, 36 genes were assigned to the category “GO:0006355~regulation of transcription,
DNA-dependent” with a statistical significance [Pc=0.0038] and showed a higher fold enrichment value
to the term than that of the entire (1,001) genes (2.25 versus 1.70, Supplementary Table 3). Importantly,
in 35 out of the 36 genes encoding transcriptional regulators (97%), promoter hypermethylation was
detected in the placentas from cases of inadequate GWG or FGR (Table 3).

Discussion

In this study, we demonstrated the possibility that inadequate maternal GWG enhances aberrant DNA
methylation in the placenta. We initially failed to identify specific loci whose methylation was commonly
altered across all subjects in each of the GWG categories. We subsequently used Smirnov-Grubbs’ outlier
tests, which detect the most significantly deviated outlier among subjects, for each of the CpG probes
and found that hypermethylated loci accumulated in normal pregnancies with inadequate GWG and
in FGR pregnancies. The results suggested that the epigenetically affected loci due to adverse in utero
environments were variable among the subjects examined in this study. It should be noted that the
relatively small number of the enrolled subjects (partly due to exclusion of the subjects with certain
types of pregnancy complications) with various layers of heterogeneities (e.g., genetic, phenotypic, and
environmental) may account for a primary cause of the absence of commonly epigenetically affected loci
and the variation of affected loci among the individuals studied. While many animal studies have clearly
demonstrated direct associations between in utero nutritional conditions during foetal development and
epigenetic alterations (at certain loci or globally)'®, evidence from studies in human populations has
been limited. Unlike the homogeneous genetic backgrounds of animal models and the well-controlled
environmental and experimental conditions that can be easily achieved in animal studies, individuals
in human studies are genetically heterogeneous and have not been exposed to identical environments
throughout their lives. These unavoidable genetic and environmental heterogeneities in human subjects
very likely give rise to individual variations in epigenetically affected loci, even when the subjects were
exposed to similar nutritional environments for a certain period. Provided that epimutations could occur
not only at common loci but at variable loci among subjects, Smirnov-Grubbs’ outlier test is effective
in evaluating the extent of the accumulation of the latter type of epimutations under certain disease
and/or malnutrition conditions and may be applicable to a wide range of epigenetic studies in human
populations.

FGR is idiopathic in most cases and is generally thought to be caused by foetal, placental, mater-
nal, and/or environmental factors®. Therefore, the hypermethylation events observed with significantly
high frequencies in placentas from FGR births in this study may also be explained by various factors.
Unidentified genetic factors, such as foetal and/or placental chromosomal abnormalities and mutations
at certain genes, if they exist, could affect the epigenomes of both the foetus and placenta, regardless of
in utero conditions. Maternal and environmental factors deteriorating in utero conditions and contrib-
uting to the FGR phenotype may not have been identified in some subjects enrolled in this study. On
the other hand, in normal pregnancy cases with inadequate GWG, since the body weights of the babies
were within the normal range, the foetuses (and the placentas) were considered to be genetically nor-
mal. Under this assumption, promoter hypermethylation observed with higher frequencies in placentas
with inadequate GWG than in those with adequate GWG can be regarded as environmentally induced
epigenetic alterations.

Multiple independent studies have shown that genetic variants can cause variations in DNA methylation
levels, defined as sequence-dependent allele-specific DNA methylation (ASM)*2. A recent methylC-Seq
study of the mouse genome revealed that sequence-dependent ASMs typically exist as isolated CpG sites
in intergenic and intronic regions, but are relatively depleted from proximal promoters®. Moreover,
sequence-dependent ASMs are influenced by defined sequences nearby and they appear to have little
effect on gene expression. The genomic features of hypomethylated outliers in our study were similar to
those of sequence-dependent ASMs. On the other hand, the characteristics of the hypermethylated out-
liers, being clustered (56%) in the pTSS (77%), were distinct from those of sequence-dependent ASMs.
It is generally challenging to distinguish whether differentially methylated regions among genetically
heterogeneous human populations are epimutations or sequence-dependent ASMs. However, consider-
ing the above-mentioned genomic features of the hypermethylated outliers as well as their enrichment
in the promoter regions of transcriptional regulator genes (which will be discussed in detail in the next
paragraph), at least a portion of these outliers likely represent genuine epigenetic alterations rather than
sequence-dependent changes in DNA methylation.

We initially considered that placental epimutations may have occurred randomly under aberrant
in utero environments; our data subsequently revealed that hypermethylated outliers were not found
completely randomly in terms of genomic location, but tend to be frequent at the promoters of genes
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N_adequate_5 ZNF649" zinc finger protein 649 6 0.19
N_excessive_1 GBX2' gastrulation brain homeobox 2 3 0.25
N_excessive_1 ZNF350" zinc finger protein 350 8 0.30
N_excessive_2 ZFP37" zinc finger protein 37 homolog 4 0.44
N_excessive_5 ZHX2' zinc fingers and homeoboxes 2 8 0.15
N_excessive_5 CDKNIC cyclin-dependent kinase inhibitor 1C 4* 0.28
N_excessive_5 PAX6' paired box 6 2 0.23
N_insufficient_1 KCNHS' potassium vpltage-gated channel, 4 0.24
subfamily H, member 8
N_insufficient_1 FOXL2" forkhead box L2 10 0.21
N_insufficient_1 PR coagulation factor II (thrombin) 3 0.20
receptor
N_insufficient_1 SOX7 SRY (sex determir;ing region Y)-box 3 0.18
N_insufficient_1 NFIB nuclear factor I/B 2 0.37
N_insufficient_1 HMX2' H6 family homeobox 2 2 0.23
N_insufficient_2 TFCP2' transcription factor CP2 5 0.19
N_insufficient_3 PROXI prospero homeobox 1 3 0.15
N_insufficient_3 FOXCI forkhead box C1 8 0.19
N_insufficient_3 FOXBI forkhead box B1 2 0.17
N_insufficient_5 ETV1 ets variant 1 6 0.11
N_insufficient_5 ZNF426™ zinc finger protein 426 2 0.17
FGR_adequate_1 PERI period homolog 1 6 0.16
FGR_adequate_3 ZNF619" zinc finger protein 619 4 0.27
FGR_adequate_3 | ZKSCAN4" | 7incfinger with KRAB and SCAN 3 0.25
domains 4
FGR_adequate_3 PGBDI piggyBac tran§posable element 7 021
derived 1
FGR_adequate_3 HOXB7 homeobox B7 4 0.23
FGR_adequate_4 ESRI estrogen receptor 1 3* 0.17
FGR_adequate_4 MGA MAX gene associated 3 0.17
FGR_excessive_1 RFX8' hypothetical protein LOC731220 3 0.33
FGR_excessive_1 ZNF483" zinc finger protein 483 2 0.20
FGR_excessive_1 ZNF254" zinc finger protein 254 3* 0.21
FGR_excessive_2 ZNF577" zinc finger protein 577 6 0.43
FGR_excessive_3 ZNF655™ zinc finger protein 655 2 0.35
FGR_insufficient_1 ZNF562" zinc finger protein 562 8 0.36
FGR_insufficient_1 ZNF805" zinc finger protein 805 2 0.30
FGR_insufficient_2 ZNF583" zinc finger protein 583 6 0.27
FGR_insufficient_3 | ZNF354C” zinc finger protein 354C 7 0.27
FGR_insufficient_3 ETV1 ets variant 1 6 0.16
FGR_insufficient_4 ZIKI™ zinc finger protein interacting with 2 042
K protein 1

Table 3. The list of 36 genes assigned with transcription factor-related gene ontology terms among the
163 genes hosting highly-deviated and clustered hypermethylated outliers in pTSS. "Polycomb repressive
complex 2 (PRC2) target genes in mouse or human embryonic stem cell lines (16/36, 44%). The 653 mouse
PRC2-targets identified in Ref.36 and the ChIP-seq dataset of the PRC2 components (EZH2 and SUZ12) for
a human ES cell line (H1-hESC) produced by the Encyclopedia of DNA Elements (ENCODE) Consortium
were refered to search for PRC2-targets among the 36 genes. “Zinc-finger genes (15/36, 42%). *indicates
gene body probes nearby (< 1kb) the pTSS region.
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encoding transcription factors. Considering that the promoter regions of genes encoding developmental
regulators, such as homeobox proteins and other developmental transcription factors, have been reported
to be mostly devoid of sequence-dependent ASMs*, the hypermethylated outliers located at the pro-
moter regions of such genes identified in this study (Table 3) most likely represent epigenetic alterations
due to aberrant in utero environments. In a recent genome-wide DNA methylation study using reduced
representation bisulphite sequencing (RRBS) in a murine model of FGR, genes hosting differentially
methylated regions in the placenta upon maternal calorie restriction are significantly enriched (P < 0.05)
with GO terms such as homeobox and transcription factor activity, among others*. Notably, our own
annotations for the 131 genes hosting hypermethylated regions in the placenta upon maternal gesta-
tional calorie restriction®* using DAVID revealed that these genes were moderately enriched with genes
assigned with the GO Molecular Function term “DNA binding” (17 out of the 131 genes were assigned
this term). Therefore, although the statistical method used for detecting differentially methylated regions
is different from that in our study, some aspects of this murine study were consistent with our findings
demonstrating the enrichment of placental epimutations in transcriptional regulator genes.

Our findings also suggested the possibility that certain epigenetic regulatory systems are suscep-
tible to the disruptive effects of aberrant in utero environments. In fact, a careful analysis of the 36
genes assigned with GO terms related to transcriptional regulation (Table 3) revealed that polycomb
group repressive complexes (PRCs)* represent a primary candidate of such regulatory mechanisms.
We found that seven out of the 36 genes (i.e., HOXB7, GBX2, HMX2, SOX7, F2R, FOXL2, and FOXCI)
were included in the 653 PRC2 targets in mouse embryonic stem cells, as identified by a ChIP-on-chip
analysis®®. Further annotations of the 36 genes using the ChIP-seq data for EZH2 and SUZ12, which are
components of PRC2%, from a human ES cell line (H1-hESC) produced by the Encyclopedia of DNA
Elements (ENCODE) Consortium (http://genome.ucsc.edu/ENCODE/) identified additional eight PRC2
targets (Table 3). Consistent with our observations, epigenetic variation between twin-twin transfusion
syndrome children, wherein twin foetuses occasionally exhibit striking growth differences, is most prom-
inent at the CpG sites within the target regions of PRCs*. Furthermore, Wilhelm-Benartzi et al. reported
significant associations of placental LINE-1 and AluYb8 methylation levels with birth weight percentile
and significant differences in the methylation levels of these repetitive elements upon maternal alcohol
or tobacco use during pregnancy®!. Interestingly, the authors also revealed the positive association of
increased placental AluYb8 methylation with the average methylation levels of CpG sites in polycomb
group target genes. Therefore, evidence from these previous reports and our current findings suggest the
possibility that PRCs occasionally fail to recognise their targets with a stochastic nature in the placenta
under improper in utero environments, leading to epigenetic switching from PRC marks (H3K27me3) to
DNA methylation. Another striking feature of these 36 genes was that 15 (42%) were zinc-finger genes
(Table 3). Zinc-finger genes are often silenced through H3K9me3-mediated gene silencing coupled with
promoter DNA methylation in toxicant-induced carcinogenesis, suggesting the existence of an unknown
epigenetic mechanism through which many zinc-finger genes are coregulated®®. This hypothetical regu-
latory mechanism may also be susceptible to the effects of adverse in utero environments.

In addition to the enrichment of GO terms related to transcriptional regulation, the genes hosting
hypermethylated outliers were also found to be enriched with the GO term “neuron differentiation”
(Supplementary Table 3).This seemingly unexpected observation is consistent with those of previous
studies. In an array-based expression study that identified 7,519 genes exhibiting differential expression
between human placentas sampled during the first and third trimesters, both up- and downregulated
genes in the third trimester were found to be enriched with genes involved in human neurogenesis®.
The authors of the study have suggested that the brain and placenta possibly share common develop-
mental routes. In the above-mentioned RRBS study of the murine model of intrauterine malnutrition®,
GO terms found to be enriched in genes hosting altered placental DNA methylation upon maternal
caloric restriction were shown to contain neuron-related terms*. Additionally, several neural factors,
such as BDNF*, NGF*, and serotonin*’, have been shown to be secreted from the placenta. Among
these factors, BDNF has also been shown to potentiate placental development and play an important
role in cytotrophoblast differentiation*>**. Furthermore, placental BDNF expression has been reported to
be significantly correlated with neonatal birth weight*® and to be decreased upon maternal malnutrition
in rats®. Because of the functional significance of a subset of genes in both the placenta and brain, it
is tempting to speculate that the foetuses may have gained epigenetic alteration patterns that are sim-
ilar to those observed in the placenta in pregnancies with inadequate GWG. Hypermethylation at the
promoter regions of genes encoding developmental regulators (PRC2 targets) and neuronal regulators
at early embryonic stages would reduce their expression levels when these genes are expressed in a
spatio-temporal manner, and such aberrant expression of critical developmental regulators may elevate
the risk of developing various diseases, including metabolic and mental disorders, later in life.

In this study, we demonstrated that loci with alterations in the placental DNA methylation under inad-
equate GWG were not common among subjects but were instead distributed in an individual-specific
manner. Furthermore, such epigenetic alterations under the adverse pregnancy condition were found to
occur preferentially at the CGI promoters of genes encoding transcriptional factors. Our novel findings
support the necessity of large-scale epigenomic studies of placental tissues and samples (e.g., cord blood)
from newborns for pregnancies under normal and malnutrition conditions, together with follow-up
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studies when the newborns reach adulthood in order to elucidate the epigenetic mechanisms underlying
developmental programming in humans and their roles in health and disease in later life.

Materials and Methods

Study design. The present study was approved by the Ethics Committee of the National Center of
Child Health and Development (NCCHD), Japan and by the Human Study Committee of the Hokkaido
University Hospital, Japan. Informed consent was obtained from all subjects. Pregnant Japanese women
who did not have pregnancy complications of gestational diabetes, pre-eclampsia, or pregnancy-induced
hypertension were enrolled. All enrolled subjects did not smoke or drink alcohol, and did not exhibit
hypertension or proteinuria during pregnancy. Subjects (n=33) were categorised into six categories
according to GWG and newborn birth weight: FGR_adequate, FGR_insufficient, FGR_excessive, nor-
mal_adequate, normal_insufficient, and normal_excessive, consisting of 5, 5, 4, 9, 5, and 5 placentas,
respectively. Prepregnancy BMIs were similar among all groups. The characteristics of each group are
shown in Table 1. BMI, body weight, GWG, and additional clinical information (maternal complica-
tion, gestational week, delivery method, and newborn’s gender) for each of the subjects are provided
as Supplementary Table 4. Although the Institute of Medicine of the United States recommends that
pregnant women whose prepregnancy BMI is in the normal range (18.5-24.9) should gain 11.3-15.9kg
during pregnancy, we defined adequate GWG as gaining 7-12kg in this study in accordance with the
recommendations of the Japan Ministry of Health, Labour, and Welfare*. This difference is also con-
sistent with the different average BMIs of Japanese and US women (21.14 & 3.28* versus 27.05+ 0.35%,
respectively).

Genomic DNA extraction and DNA methylation profiling. Full-term placental samples were
obtained from normal caesarean sections or vaginal deliveries. Chorionic villous tissue was obtained
from the foetal side of the placenta. Genomic DNA was purified from the tissue using a QlAamp DNA
Mini kit (Qiagen, Valencia, CA, USA). Genomic DNA (1.5 j1g) was bisulphite converted using an EpiTect
Plus DNA Bisulfite Kit (Qiagen). After determining the concentration of bisulphited DNA, 300ng of
bisulphite DNA from each sample was subjected to Illumina Infinium HumanMethylation450 BeadChip
analysis using the manufacturer’s standard protocol.

Data processing. To calculate the DNA methylation levels of more than 480,000 CpG sites assayed
on the HumanMethylation450 BeadChip (Illumina), the signal intensity data (.idat files), produced
by the Illumina iSCAN system, were processed using Illumina GenomeStudio Methylation Analysis
Module v1.9.0 with background subtraction and control normalisation options. The methylation levels
were calculated as 3 values ranging from 0 (completely unmethylated) to 1 (completely methylated; 3
value = intensity of the methylated allele/[intensity of the unmethylated allele + intensity of the methyl-
ated allele + 100]). The obtained data have been deposited in NCBI's Gene Expression Omnibus and are
accessible through GEO accession number GSE62733. From 485,577 probes on the BeadChip array, the
following probes were excluded: the probes on sex chromosomes, the probes for 65 random SNPs (which
assay highly-polymorphic SNPs rather than DNA methylation), and the probes whose detection p-value
was higher than 0.01 or whose 3 value was missing in one or more samples. The (3 values (methylation
levels) of the remaining 449,848 probes were corrected by an Empirical Bayes method, ComBat¥, to
remove the array-batch effect, and subjected to statistical tests.

To detect differentially methylated CpG sites between groups, the Illumina Methylation Analyzer
(IMA)*" was run using the Wilcoxon rank-sum test for inference of differences between categorical
groups. The BH procedure was used for multiple testing corrections, and the cut-off for the adjusted
p-values was set to 0.05. Smirnov-Grubbs’ outlier test with Bonferroni multiple test corrections was per-
formed using the R Package ‘outliers’ (http://cran.r-project.org/web/packages/outliers/outliers.pdf) and
custom R scripts to detect outlying CpG sites, and the cut-off for the corrected p-values was set to 0.1.

The Ilumina-provided probe annotation, HumanMethylation450_15017482_v.1.1.csv, was used to
sort out the outlying CpG sites whose 3 value could possibly have been affected by sequence varia-
tion within the corresponding probe sequence. This table lists 89,678 probes as SNP-containing in its
“probe_SNPs” and “probe_SNPs_10” columns based on the information of NCBI dbSNP Build 131. The
refSNP information registered in dbSNP Build 142 was also tested for the same purpose of SNP filtering
(Supplementary Fig. 2).

When a single CpG site was assigned to multiple gene symbols or gene features in the Illumina probe
annotation, only the lead-off gene symbol or feature was used for gene ontology and genome feature
annotations.

Targeted bisulfite sequencing. Bisulfite sequencing analysis was performed as described previously*
using bisulfite-PCR primers designed by the MethPrimer website®!. The forward and reverse primer
sequences, and the genomic interval (hg19) of the amplicon are: 5'-GAGAGGTTGGGGTAATTTTAG-3’,
5'-AAAAACTTCTAAACTTTTAAACATCC-3' and chr6:1609671-1610171 (501bp) for the FOXCI
locus; 5-GGGGTAGTTGGTTATTATGATAAAGT-3’, 5-ACTCCCCATAACCAAAAACTAAACT-3,
and chr3:138665547-138665794 (248 bp) for the FOXL2 locus; 5'-AGTTTTGTGGATTGGGGTTG-3/,
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5/-ACACCTAAAAAAACTTACTCCATCTC-3', and chr17:46688533-46688920 (388 bp) for the HOXB7
locus. The obtained sequence data were analysed using the QUMA website®2.
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