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Roles of Heparin-binding EGF-like Growth Factor (HB-EGF) in the Higher
Brain Functions: Analysis of Ventral Forebrain Specific HB-EGF KO Mice

Atsushi OYAGI, Hideaki HARA"

Abstract: Heparin-binding epidermal growth factor-like growth factor (HB-EGF) is a member of the EGF family of growth factors.
Previously, HB-EGF has been reported to be involved in diverse biological processes, including tumor formation, heart function,
wound healing, and eyelid formation. On the other hand, HB-EGF is widely expressed in the central nervous system, including the
hippocampus, cerebral cortex and cerebellum, and is considered to play pivotal roles in the development of the adult nervous system
and higher brain function. We generated mice in which HB-EGF activity is disrupted specifically in the ventral forebrain and
investigated the roles of HB-EGF in higher brain function. These knockout mice showed behavioral abnormalities such as an
increase in locomotor activity, decreased social interaction, a deficit of prepulse inhibition, and memory impairment. HB-EGF KO
mice also showed altered monoamine factors such as dopamine and serotonin, decreased spine density in neurons of the prefrontal
cortex, and impaired long-term potentiation (LTP) in the hippocampus. These results suggest that HB-EGF exerts significant
influence in higher brain functions, such as psychomotor behavior and memory formation and careful regulation of its activity will be
an important goal for treating a number of neurological diseases of the central nervous system.
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Fig. 1. Histological evaluation in HB-EGF KO and WT mice.
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2-1. B %E®h7Bk (Locomotor activity test)? fi\ 7=i%
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Neuroscience, Tokyo, Japan) Z % 7 —IC W L, 5F—F
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EL%, HB-EGF KO =V RiZBp4AB< T R L T 24
RICEIT 5 B REBROE LV EMBRD bhit, i,
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haloperidol (0.1 mg/kg, i.p.)® 9 A lj#¢5-iz & Y HB-EGF KO
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(a) Coronal section through the cortex region; square indicates area shown in the photomicrographs. (b) Histological analysis of
cortex from WT (upper) and HB-EGF KO (lower) adult mice. LacZ staining, scale bar=50 um. In situ hybridization using an
Hb-egf probe, scale bar=100 um. Immunohistochemical staining with anti-HB-EGF antibody, scale bar=20 um. Cresyl violet
staining, scale bar=500 pum. (c) Coronal section through the hippocampus; square indicates area shown in the photomicrographs
(CAL, CA3, and DG). (d) LacZ staining of whole and individual hippocampal region in HB-EGF KO mice, scale bar=500 pm. (e)
Immunohistochemical analysis of individual hippocampal region from WT (upper) and HB-EGF KO (lower) adult mice, scale

bar=20 pum. The results were cited from ref 9.
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Fig. 2. Behavioral analysis of HB-EGF KO mice and WT mice.

Mice were placed into individual cages, and their locomotion was assessed every hour for 1 day. WT (n=8), KO mice with

treatment of vehicle (n=7), haloperidol (n=8), and clozapine (n=8). (a) Locomotor activity throughout the 24-hr period, and (b)
locomotor activity analyzed separately during day and night periods. (c) PPI of the acoustic startle response in WT (n=24), KO mice
with treatment of vehicle (n=24), haloperidol (n=15), risperidone (n=14), and clozapine (n=12) (d) Social interaction test in a
novel environment in WT (n=8) and KO mice with treatment of vehicle (n=7), haloperidol (n=9), and clozapine (n=9). Two
genetically identical mice that had been housed separately were placed in the same cage. Their social interaction was then
monitored for 10 min. Values are means = SEM. (e and f) Novel-object recognition task. (e) In the training trial (5 min), two circles
were placed in symmetrical left and right positions. (f) In the test trial 1 hr later (5 min), one circle (left) and one triangle (right)
were placed in the same positions. The amount of time the WT (n=6) and KO (n=6) mice spent exploring each object during
training trial and test trial was recorded. * p < 0.05 vs. left object. (g and h) Y-maze task. Each mouse was placed at the end of one
fixed arm of the maze and allowed to move freely through the maze for 8 min. The sequence of arm entries was recorded manually.
(g) Total number of arms entered during the session. (h) % of alternation was calculated as (actual alternations/maximum
alternations) x 100. WT (n=6), KO (n=6). Values are means = SEM. * p <0.05 vs. WT mice. # p <0.05, ## p <0.01 vs.
vehicle-treated HB-EGF KO mice. The results were cited from ref 9.
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Fig. 3. Morphological changes in the prefrontal cortex.
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(a) Representative photomicrographs showing morphology of pyramidal neurons in cortical layer 111 of the prefrontal cortex from
WT (left) and KO (right) mice. Scale bar=20 um. (b) Representative photomicrographs of apical dendritic segments from WT (left)
and KO (right) mice. Scale bar=8 um. (c) High-magnification images of apical dendritic segments from adult WT (left) and KO
(right) mice. Scale bar=2 pum. (d) Representative images of immunoblots showing NR1 and PSD-95 protein levels. (e)
Quantification of the number of basal dendritic branch-points. (f) Spine density on primary apical dendrites of layer Il pyramidal
neurons of the prefrontal cortex from WT (white bar) and KO (black bar) mice. (g) Quantification of spine length. WT (n=700
spines) and KO (n=592 spines) mice (n=4 mice, 25 neurons each). (h) Cumulative distribution of spine length. WT (white circle)
and KO (black circle) mice (n=4 mice, 25 neurons each). (i, j, k, and ) Quantitative analysis of NR1, PSD-95, NR2A, and NR2B
by densitometric scanning of immunoreactive bands. The results were cited from ref 9.
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Fig. 4. Morris water maze test for HB-EGF KO mice.
(a) Diagrammatic illustration shows the positions of the
platform and each quadrant. (b) Latency to escape to the
hidden platform in WT (n=13) and HB-EGF KO (n=8) mice
in the training test. (c) Duration in each quadrant of
HB-EGF WT (n=13) and KO (n=8) mice in the probe test.
Values are means + SEM. ** p < 0.01 vs. target quadrant.
#p < 0.05 vs. WT in target quadrant. The results were cited
from ref 10.
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Fig. 5. Passive avoidance test.

(a) Passive avoidance test results for HB-EGF KO mice.
Latency to enter dark compartment was recorded in HB-EGF
WT (n=14) and KO (n=12) mice at training and test sessions.
Values are means + SEM. ** p < 0.01 vs. WT in training
session. # p < 0.05 vs. WT in test session. (b) Effect of an
ADAMs inhibitor on behavior in a passive avoidance test.
KB-R7785 (30 and 100 mg/kg) and vehicle (0.5% CMC) were
subcutaneously administrated to mice once a day for 4 days.
The passive avoidance test was conducted on the third to
fourth days, 30 min after vehicle, KB-R7785, or scopolamine
administration. Latency to enter a dark compartment was
recorded in KB-R7785 and vehicle-treated mice during
training and test sessions. Values are means + SEM. * p <
0.05, ## p < 0.01, vs. vehicle (test trial). Vehicle (n=16 or 8),
KB-R7785 30 mg/kg (n=10), 100 mg/kg (n=16), and
scopolamine (n=6). The results were cited from ref 10.

7= 19 (Fig. 5b).
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S, Ehik 60 ELL EiE L 7= (Fig. 6a, b, ¢, d). — 75,
HB-EGF KO = 7 A 1X, Z L\ LTP DET A HFS ffi#& 1
4rL 60 > TED BN (Fig. 6b, ¢, d). Zh b DRERIL.
HB-EGF 2¥/% @ CAL BFizi51} 5 LTP D RRICEE 28
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Fig. 6.
mice.
(a) Nlustration showing LTP measurement. (b) Representative
field excitatory postsynaptic potentials (fEPSPs) recorded
from the CAl region. (c) Changes in slopes of fEPSPs
following high frequency stimulation (HFS) in the CA1 region
from WT (n=5) and HB-EGF KO (n=5) mice. (d) Level of
LTP potentiation at 1 and 60 min after HFS in the CA1 region
from WT and HB-EGF KO mice. Values are means = SEM.
*p <0.05, ** p <0.01 vs. WT. The results were cited from ref
10.
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TINE I /BRERYT2=y } 1 (GURL) DY B
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< 2L HB-EGF KO = XA CIticHRITHML
TWehd, MBRCEIEIBH bhiedofe (Fig. 7, d).
7. PKCa 38 L TRERKL2 DY VERfLix, BFAER=T R L
HB-EGF KO = 7 A CH L MR E(LITRBD bh2do e
) (Fig. 7a, ),

5. AT/ 73V

NEIX HPLC-ECD ¥ 27 A (Eicom, Kyoto, Japan) % f
VWTIT o 7o, RTEERTEF B2 R IC 381 B PVE 2 7 X ORIE



18 KIAKEDS G &M HB-EGF K~ v A & H Wiz,
HR A B SR D T IR M HE I B 1T D HB-EGF @ #& %l

OFEF, HB-EGF KO v U R ZHAA <~ 7 X Ll RN
a L. — b e v (DA).Ea b= (5-HT)FB L O'5-HT @ D 5-HIAA
e I bup-t-= R~ E— T GERMEEICIET L (Fig. 8a), 7=, $URIZIU T 5-HT
s oy L GROAERIEFARD DAL (Fig ), &b, MRT
e R R = e IX DA G ROFE R T AR bz (Fig. 8c), — 77, #t
P e [ GEICBWTI VT EX 7 Y v (NE)E 2O
c "'”W""D%”“ d o % MHPG # L U8 5-HT D% 73, HB-EGF KO ~ 7 2 Tl

:‘é wr Esz:ﬁ"fsﬂﬁﬂl Ezm_ B ocun (Gean AR~ T R L S EICHIN L TV 7z 9 (Fig. 8d),
El E HB-EGF DHTRIC RIS ML RN 3 1 dic, &
5 = 1B CIIATBRERE HB-EGF KO ~ % X DSR2 TH)
e e e e RHEMBITORR L £ L D, HB-EGF KO =7 Xk,
Fig. 7. Phosphorylation of various protein kinases in the 24 RFRJIZIS1) % B S By EA8H0 L TV 7%, Phencyclidine

hippocampus of HB-EGF KO mice.
(a) Representative images of immunoblots using antibodies

against autophosphorylated CaMKII (pCaMKIl), CaMKIl,
phosphorylated ~ PKCa  (Ser675)  (pPKCo),  PKCa,
phosphorylated ERK (pERK), ERK, and p-tubulin. (b)

Representative images of immunoblots using antibodies against
phosphorylated synapsin (pSyn 1), synapsin 1 (Syn 1),
phosphorylated GIuR1 (Ser831) (pGluR1), and GIuR1. (c)
Quantitative analyses of pCaMKIla, CaMKlIla, pPKCa, PKCa,
pERK, ERK, and B-tubulin. (d) Quantitative analyses of pSyn 1,
Syn 1, pGluR1 (Ser831), and GIuR1. Values are means + SEM.,
WT (n=4 or 5), KO (n=5). * p < 0.05, ** p < 0.01 vs. WT
(Control), ## p < 0.01 vs. HB-EGF KO (Control). The results

were cited from ref 10

a Prefrontal cortex b Thalamus
g 800 21200,
g 700 =
; a0 . E1000
2 500 2 800
g 400 § 600
g 300 g 400
Jg 200 %
& 100 H 200
0 0
CE TS TS E TGS T L
c Cerebellum d Striatum
460 I 12200 Tl
450 = 120001
£ 4 g
2 100 R
= 90
= 80
?: 70
Z 60
g 50
g 40
§ 30
O 20 "
10
o]
« @2(7 Ovoo‘*o A b,\x*’y R g" & 062»“ R ,dx’*wy
Fig. 8. Monoamine contents in HB-EGF KO and WT
mice.
Monoamine contents in (A) prefrontal cortex, (B) striatum, (C)

thalamus, and (D) Cerebellum. Each column and bar represent
mean + S.E.M. (n =10 or 11), *; p < 0.05, **; p<0.01 vs.

W
ph

MHPG:
dopamine,

T.NE: norepinephrine,
enethyleneglycol, DA:

3-methoxy 4-hydroxy
DOPAC: 3,

4-dihydroxyphenilacetic acid, 3-MT: 3-methoxytyramine,

HVA:

homovanilic acid, 5-HT: serotonin, 5-HIAA:

5-hydroxyindol acetic acid. The results were cited from ref 9.

(PCP)Z B e PIRFIMENREIZ L - THRINDIEHSR
EFHEORMIT, A RMEITIS T E0% - -2 OB
HERBOER LEHLTVWAZ L RBESh TS Y,
¥ 7 HB-EGF KO = 7 R ITfi® biv i B BB O,
haloperidol D 5”& o Tk, ¥ clozapine DEE-IZ
Lo TlkFLE, 5 LEBmERIZEITDRERIL,
BRER IZiV TR K USEERGUMRIE R BEER i
HLTLEHIZEHTHH L L—BELTWS, &biT,
HB-EGF KO = 7 Xz b 7= prepulse inhibition (PPI)
DOREEIX. HALMERE BV THRENIZRLNWIBR
Th3 9, PPl OREIXIFBAERS . ERIEH OREFIC
BET 3 LEDhTBY HAERMEORMMBEROIER
ZRLTWS, ¥, PPl ORI DA /EBHZES NMDA
SAMIERTIE (PCP, ketamine 35 & Tt dizocilpine), mifulfy
SR, RRESH S L A% OFRAERRERR iz X
VD B, T biX PPl DR IBIIC LA RME
DFBE T VORI OFMERICHLA S h T
% 191018 LBV T b, HB-EGF KO =% 2 PPI
Bt R IR B URARR XD clozapine 35 & U risperidone %
BETHZLIZLVHBE L. ZORRIX, HARMIER
Eom¥T 4 17 —RETH U CIHEERTMMRREN K
BFEHAERTLVWOIBRKNAMRL—BLE, EHIC,
HB-EGF KO = U X CiXHM/TRINET bR® bh i,
7 > R OHSETRRBRIIFUSHRIEDOLIIR & BRIC
BT 3ZFENH

ELTHWBZ b, BROET, BiFOERERL LT
Fl&Z b 0 2 IRV EN KA RMEORMEER DR
ML LT Sams-Dodd Hiz k-~ THREShx ¥, HB-EGF
KO = U 2 D#H-2AEITRIOMEFIZH LU Tid, EEGUNPIR
3 haloperidol (3B EHRER ST, FEERMIMMHHED
clozapine RWHBMEAEZRLE, ZThbOHMR»P L,
HB-EGF KO = 7 R 2B b LM TROETIIX. #
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A RIRE D BRI RAR OFER L B2 Z L BRARm® ERN
72

EBICHEHTRE (X, HB-EGF KO ~ 7 A CILATHHR E
%3 BOANSL VBEENEAERw T A L TR 40%7
JEIRTF L TW2Z & Th Do BRIRZERE A /31 L TR A
RITIIT D BB MR AR O T ULH R B 2 4 5 S T
Y ARL L DORE SOB LI TAPRIEHRE RS O FHEI
BE RAE T, T IV oNA = 7 E OB R BT X
FEWERE, & 7 REERE, £ OMFREREE 2R3 & 5 22k
PRI DS 13, A8 DTGRERE 2 £ 5 T L AR
ENRTEY O BHRZZE 251 L OREEIZZ b O
FREOIFRE L BHEICBHE L TWE &2 b5, FEE, #
A RRIE R T, 46 % 3 JEOHERMIRIZ I B FR A
RIS DB FERER K OFERBIRZEE Lk 2 281
BEMED LTV 2 ERMESATND 2,

F 72, HB-EGF KO ~ U A(E, A 3A ¥ OHERFE AU
HBRRA N F T ADOREH /7 BT 5 PSD-953 &
U'NMDAZ Y 7= FDNRL ¥ /N7 HDORBUK
T S DITITAPRAARIC R T D Z Ry ERERE A I L.
VT ABRHEOFENE, FE R AL U D & T D RN
FEREIC T 7B & -9 CaMKIl RRZ D Fiiy 7 v
D PAK DU VL L NAREEICETFLTWE Y, Zh
D OFERIL HB-EGF KO v 7 A%, AA VO TFIZL S
T ADOMER Yy MU — 7 OB L L EF DN D >
TFNE NI EOBBRIETRROOND I ENRES
niz,

— 05 IR SRR LY THRGE R OFE R
HB-EGF KO ~ 7 2 TILFEBE I DIK T 2588 bz, miEk
B % < o EERR L B o | AANesRLK T
ERWRNZ EEFHME LTRY (Eio X0 EER R
B RERAOENET S ZENARETHDL PP x5
\Z HB-EGF KO ~ 7 A (%, & U A/KKEEHBRIC X 5 Z=ZRIR
AFREOIKT & =B[RRI L 2 AR E O T AR
D HiIz, Y AKKERBRIL, WRIKENREERR.
ThbbERRBML L ORMEEOMAEZ M T2 LT
Anbns@ 8 chHd 2%, SEoOBaTik, HB-EGF
KO < 7 Z 3 REFRITICB W T2 BRMEE O T AR
B HIT, — 07, IEATIZE VT HB-EGF KO ~ 7 A1,
AR R LR TIHANLSHBIINTTTZ > B
R DA~OFFERF A EIME M 278 L7203 A B 7225
D HNRMNoT, T DORERIEL, HB-EGF DXL
OERREN L0 REORFFICESBEE L TWD Z L &R
LT 5, Rk, =BEhEREERIZ 3V T, HB-EGF KO
~ U AIHEFRIT D 24 R AT o Te R FFRYTIZ B W T
R LB ORFEDNK T LTz,

28 BEOFBBRIZL T T RADOEEDROLE (VT
TAAEENE) 12D EBEZ LN TWD, HEE CAL Bpapfk
MM 7 A OE#EME (LTP)IIRESE oMt s v

LLTHZIENTEY ., LTP OFEICIE NMDA Z 6%
L7z CEDMANKLERARTHD D, EHICZDH
DI NE I RO AMPA SZREDIBIIELLA/NA D
TCHEZEES LTP ORBUCEE TH D L EZ BN TND B
230 HB-EGF KO ~ 7 2 T, ¥iEE CALTFIZH T 5
BRI (HFS)FEZE D LTP MNEpAM <~ 7 2 L I _NTHE
WK F LTV, & 5I2 HB-EGF KO + 7 A DR IZ B
THJEIRIED CaMKllo & GIUR1 D U U ERfb N B A<
A LTI T LTz, CaMKIl OfEMEA LI, LTP v
T AO IR CE AR E A R LTS 3, HFS 12
LV, %77 A LD NMDA ZHEEM B DOKRKED Ca2*h
AT %L CaMKlla 2iEHALT 5 %2, ZoFF—8id,
AMPA ZFLKY 7 2=+ F® GIURL ® 831 FHDOE Y >
BIEY VLU RA MV F T A~DOZRIEOFFEANE 5
X+, HFS #%® CaMKlla & GIURL Y fgfkL
NV EACITBD N o, ERERETO
CaMKlla & GIURL DU UL L~V DR T L TW=Z &
25, HB-EGF KO < 7 A 2RI 5 v F F AT DK T
RAEEDK TS R VT T AR 2 ED Y 7
IBEDOBALBEE L TWD Z EARBEND,

X512 HB-EGF KO ~ 7 2 DS TEICB MBS RE DA
{BITHR R O e TR A (RIC S 2 e REZ B
5o EEE, MRROBREZEILE RET HMNE ) T I VERE
DORFHIRNTHE LWELDFED b iz, 2% Y AligHEAT
TR\ T DA, 5-HT 58 X OV 5-HIAA O3, #5:
RIZBWTIE NE, MHPG 3 X OV 5-HT OBIINAED b
Too EBIZHEIZEB W TIE 5-HT, /MRMIZBWTIE DA ©
KT BTz, HB-EGF X DA {EEhEARRIZHT L TR
MR Z EAMESNTRY ), BigE T TO DA &
BEOME TIXAIMEIRIC HB-EGF Z XA SEZZ Lick
% DA TEEhEMREOBSREIR TIC X o TR Sz etk
MWEZBND, ZOKRRMANO DA B L ON5-HT OZ{LR
HB-EGF KO + 7 X |Z81F 2 —H DO iEm Tl L OFCER
EREOIEREZFIER I LE-—RNEEZDBND,

7. HEER

ZhbDRRE LY, HB-EGFKO = Y A TRH bhit—
HEORBTRIRECHM R OZE. AT DA
~OVDAET 72 & DEERH  BEARWERE ORRRER & 8
ELLTWieZ &2 b, HB-EGF ¥ 7 F A OE(LH A LM
FEORBICBET 5 BERE XL bh 3, /. HB-EGF
KO =V RDOMMBITRHREOERIZIIRNE/ TIVE
ROELPKBRRIZBT B3 A1 vEBEDET RS
LTWAHZ L ATREINE, BT, WRICBITS LTP
BELUCaMKlla 22D Y VBLBER OIEHILOBE T 1R
HohieZ b, HB-EGF RIS RITisiT B FiREIR
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PR O FB R MEAEIC B 1T 5 HB-EGF 0 & &

DR L ORIE R OfmE & MBI E L TnDH 2 &
NEZBND, LLE, HB-EGF ¥ 7 F/biZ, TR RO
M RE OFRENIC BB A A R LTV D 2 AR
WENT-, &5(2 HB-EGF ¥ 7 F /L DHfIEINEME 7o pt
PR FR D T RER AR B | FTBLTRIEIE I DN TR IR D B JE D 5%
A2 Z LR/ TE B,

8. H

ARG AR DITHID | AWFRITER L, KAaiHeE & 1
MEEEA T 0 F U 7ol BB R 7 AR B R AT 7 R K
IRAT AR e S R W FER SR AR ONT RIBh 2 %5
—HEEICEHE L ET, £, OB I ETHE EL
T EENRENT AR IR R D58 RITEHI N - L E T,

AIFFEDBEITIZ DTV FFEE e b SR A B Y F
U 7 B RFP R P L E R W e B AR AL F 8 AR 15 By 22
B LR de X OVEE R | AL R R S
SERHSEE BRI kI R AT AR D R
BROBIZ s I B K R A R B S
HEIFEAN R AbmE S L LR E I IS
YaRFIR e ESR  FTHEEE L 7 Y A RPN
DTEYS IR WERFEL AARNA A Y —F
o=l D ABE LI L D DO B ER L E T,
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