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Enhancement action of sulfated hyaluronan on the ALPase activity of

rat calvarial osteoblasts

Misao Nagahata*! 3, Byusuke Nakaoka*?, Toshie Tsuchiya*?, Akira Teramoto*! and Koji Abe™

*! Department of Functional Polymer Science, Faculty of Textile Science and Technology, Shinshu
University, Ueda 386-8567, Japan

"2 Division of Medical Devices, National Institute of Health Sciences, Tokyo 158-8501, Japan

Abstract : The purpose of this study was to clarify the effect of hyaluronan (Hya) and sulfated hyaluronan (SHya) on
rat calvarial osteoblast (rOB) cells proliferation and differentiation in vitro, . 1OB cells were cultured in the presence of
Hya with different molecular weights (0.2, 2, 30, 90, 120 x 10%) for 10days. Hya did not affect the proliferation of
rOB cells. However, SHya suppressed the proliferation of rOB cells. The alkaline phosphatase (ALPase) activity of
1OB cells cultured with SHya for 10 days was. significantly enhanced in comparison with control (in the absence of

polysaccharides) and with Hya.

Hya suppressed the ALPase activity of 10B cells.

As a result, SHya can control rOB

SHya suppressed the OB cells proliferation in a few culture days and promoted

\T'(/ccli%oliferation and differentiation.
the dHferentiation. It was suggested that these effects ate—based on the sulfate groups of SHya.

Therefore, it is

considered that SHya is useful for the biomedical matefial, which promotes the differentiation of OB cells.

e \
e \
—_—
1. #8

FEALZBRE TH DA > (Hep) A5 Bl (Hep)
id heparin-binding growth factors (HBGFs) E#&k%
BEL . RSS2 1BE, EPMNIC HBCEs &
LT AoBBEGR{ET LN LTS
(1-3]. HBGFs it. BOBEICLEELFREEZREL T
ST &SN, FFEMEROBMPMEOBETA—
P34y, NIV B EOEREPLRBEHRETS
[4-6]. EMKEIREBALLESE, B|EEINM, MMET
SDORENEDONS D, KROBEMBELLS.
UL EESRENTWTOHROENR DLW ETaki

BoOEAREDIYL, TI0, 2EMEEERETOR
HEDBILIMBBEOFEN, AEL<HEEINT
Ww3a(7, 8. Lal, ZThooMBRTREAMMIKET
B0, EERTOHEMNELS, FEETHSD, ¥
RF72F5 728NN ETHS. GAC ODRERESTH
ZeFAOCE (Hyd) B, BATETHRKME, HEER
BH, MikoE, BEF, B SRegEhr okt
HBERETDIIENHSNTNS [0-11]. EWRTI,
BHERAMEIOMBEENELT, £EHEAHOBWS
HEEAWTREROBEEZH M. EWMETI, &7
MOYEEFBRESHEOBEEHERS, B2TEOR
BiEEHEENL, v FHEFRE AR FFME (ral
calvarial osteoblast (r0B cells) lo@Miia{t~v—H—
T# % Alkaline phosphatase (ALPase) M3 SREIC
oW THRHETTo .
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2.1 $

SHya WACABTICEE LEFRICTERLEN2). #A
L7-HEHE S B OmmELE (D.S. ; 2 BRI DR
HEOR) # Table 1 IZHRLE. Hyal({ ROFERERD)
O4FEE: 0.2, 2, 30, 90,120 x 10 DB DERL =,
Hya, SHya, 212/ RO-f F KB typeC (Chs-C) , Heplid
0.5 ng/] DPFEIZARBEDIHMIZHEREL, 0.22 yn OFL
BEETDiler THEZB IR, HyaB XU SHya
DO E Fig. L IRLUE.

Table 1 Characteristics of polyasaccharides

Number of sulfate
Polysaccharides  groups per two MW (x10%)
’ saccharide rings

Hya 0 0.2-120
1.25Hya 1.2 55
2,18Hya 2.1 20
3.45Hya 34 5
Chs-C 1 0.5
Hep 25 -1

O0Na* O

"
H NHCOCH, | _
Hyaturonan (Hya)

NHCOCH, |

Sulfated hyaluronan (SHya)

R=50,Na*or H*

Fig.1 Structure of hyaluronan and sulfated hyaluronan
2.2 WiRalEs

£E BRREAOY + RF—FK T w b (Charles River)
DEFRENS, BERWEEITED 10B cells 248U 7=
[13}. o1&, 10% feial bovine serum (FBS, GIBCO)
%ZE&¥ Dulbecco’ s modified Eagle' s medium (DMEM,
Nissui-seivakn) ZRAWT, AREEZ2T->7. IHE
IR LN S EE ORGERET Y, B
4~6 @ r0B cells ZERITHERL =,

2.3 BB ‘

LE5H L 10X FBS £ DMEM 2HWTHEL X r0B
cells {1x10* cells/well, 24 multiwell plate) ZiGHE
L, 5% CO, F, 3TCTHIEL L, FREmiig omg
&, FTROYNIABMEIZL>THAULE. LES
ZfkEL, well % phosphate-buffered salines (PBS ;
pH7.6) € 3 EE¥ L 7. 0.04% nonidet P-40 {NP-40,

— 506 —

Nacalai tesque) Z&¥s Iml PBS %4 well IZ8HEMIL, 37C
T 10 oA rFax—FLE BBEEBTEERS
ERWTHEYFA XL, 1000rm, 4C, § SRR
Effok, ZOLBHEMIE®EL T, Bio-Rad
protein assay (protein assa‘f. Bio-Rad Lab.) BITkD,
595nm DULEHS %= EIA READER ’«%fﬁo'f%ﬁ’ YR BERE,
WELk. ﬁ[ﬂﬂ@&c‘:ﬁ‘/ﬂ&;ﬁﬁ@&ﬁﬁ&f’ﬁﬁﬁb, i}
BRIZX OBy ONRIERD SHIEERETHLE. BEE
BOEREEUTFIRT. 0,1, 5, 10, 30x10° cells/n]
T S AIEE MRS SIREITAN, 1000rR, 4T,
S OHBOETo, ERAEREL, 0.04%5 NP-40 25
1 Inl PBS £ SRBEICAN, By VI BRBERD, #
BB EBY N RROBRBEERERLE.
2.4 Alkaline phosphatase (ALPase) J&4k

MPase FEHEQTAERB FO& S LTk, Mk
RO BEEFRHZE S N HIRRAMIE 0. 1In] EABEARBHR
0.4ml (16mM p-nitrophenylphosphate disodium salt
hexahydrate) ZEALT, 3040, 3ICTA >Fa~—
bl F0OE, EFET\’E‘ﬁ‘.II:‘ B8, BEHEIZ0.IN
NaOH 7kE53% % 0. 5m] B0 L, 410nm OIENEE % E1A READER
ERAWTHELE. 85>/ 81Bio—Rad profein
assay kz & THIE L, Albumin (Bovine Albumin Fraction
V) OBRERMREHUE.

3. R

SFRORMLD Hya ZEIIL r0B cells DR
%, Filg. 2oL, BETHBETE, Hva DOTRIC
BEERA < 0B cells AL, (27T MICEL -,
Linl, BB 10BRIZRSE, S49TRO lva 2HNL
72 0B cells IZHBWT, bidhiMRKkoMmitRzsh
.
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Fig.2 Effect of 0.5 mg/ml hyaluronan on the proliferation
of rOB cells.
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Fig. 31z, WiRLEORZD SHya 2IRINL A r0B cells
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SHya ZZRITL7- 0B cells {3, 53 3 HEM S EFRME
TG SN, Sly: OFEZOBARM
B </aBEL, 10B cells OMFERMHEI L. Thic
MU, AUFBRELZATIEMETH->TD Chs-C T
FEALEBRASIT, Hep THMHFPRIZINEho
=,

— e [
(] n [=1 t.t\h)

Cell numbers {x10¢ cells / well}

th
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Fig.3 Effect of 0.5 mg/ml sulfated polysaccharides on
the proliferation of rOB cells.

M pone Q 1.2SHya A 2.15Hya < 3.48Hya ¥V Chs-C 00 Hep

ALPase activity (U / protein)

culture days

Fig.4 Effect of 0.5 mg/ml hyaluronar on the ALPase
~activity of rOB cells
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Fig.4 2, Hya WAL 108 cells D7 WA Y 7
AT 7 & —t (ALPase) G ORRELERLE. Hya 13X
SFROBNIZBETET, gFHROTDMME~Y—4
—T®H5 AlPase OFEHRIEBMRICHLRTENMEEZRL
7=.  Fig.5 IT. WEMLEORLS SHya 2FEML 7 r0B
cells o AlPase IE#E%RU . SHya £¥mL /- roB
cells @ AlPase IEMEIIERMARICHRTLERMED SN
Te. FRIC. BEREBEEICEBITY, AlPase EHOLAER

B#hok. Fig.61, roB cells OHEFAL AlPase 3t
x93 2 ISHys OFMBECREYERLE. HiRED
SHya iX r0B cells OBIFAZIGIL, AlPase EHZ @S
#, EREO SHya i3MAEE L, AlPase IRHE 2 IDHIx
Hi=. '

10

&~ o ]

Al Pase activity (U / protein)
)

culture days

Fig.5 Effect of 0.5 mg/ on the ALPase
actn-uty of rOB cells. < “é‘ﬁ & A f 0 // cac CAﬂ " 0/ o<

Maore O 1.25Hya A 2.1SHya < 3.4SHya V Chs-C O Hep

25 <7
. & -
2 165
5§ 2} - 2
4 & 15 &
3 g 14 §
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§ 0r | 13 €
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Fig.6 Dose-dependence of 2.1SHya on the proliferation and
ALPase activity of rOB cells after 10 days.

4. ER

RAPTARETHEL-FHERZEBHTILDIT,
ATBRPAIRBREODATIMERANSNTHES. L
WU, ThoDATHEIRL 2FEERS D, HEEE
ITH#NFEZAVWCEFEMIFEIRTHWS. TOFK
EZRWTEHKOBEICHRAIN MR, BEER
R DBHMRTHD. FIFHIIIFIEREEOMIT,
FAOHEARMEROMR, S B REEHERERE TREBITRM
Ul BEMEAEAET S, BIZEITHEE ERD0 &34
£ (RER) ZERICTY, EROHIN U LAREREG%
TAEELBETHS. BEBRER, FFMRINLL
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FEEBS OAZBIV BN D LIE L TEE
ThAEBMNTESE3T. —F, BRREE. BEd
RO F7-EREBE22 L TRERZHETIERS
THd. #->T, BEHROMEOMBIBERICB N
TEELEHERES.

Hya i3, ERER. &2 UHET 22 DESARICE
EL, ECN O & LT, BROMEBECHERE
KEELRBEZELTWAZLMBEINTVS. EF,
Bya@ Lt F¥—2 LT M BRRIN TR, Hya 24
L= EYERNBEOHEMNBAITDR T 3 [14-16).
Pilloni &1, FHMBROMBHE TS 2MERMEE
AWT, 3TRORLZS Hya DEEERNLTEY17],
Hya BEFMAOERELEETZL/ELTVS. L
ML, NROBMYE, MHE—H—izDoWToRg Lk
HRET->TWzWw, - TRL21E, H2TEORENS Hya
ERITMEICEmML, BHMIEOMMAS ALPase FEiEICD
WTHRMLE, 2FE 2000 5 120 5O Hya % roB
cells i:ﬁ‘éﬂﬁbt:}::%. FEFEMAREEFEALETDD
<HFAAL, ATFROBEVWRREShAEM-E (Fig2). L
ML, AlPase OFEHIIASTFRICEEL EREMRICHR
TETE D Fig.4) , Hya i 108 OMEEWMT
ST AR AN, Hep, HS 1IN S 20 ITHIEEE

Tp————iie T T
HIZESKFEL, Z<OHEOY AR EGRNIZA

HeEAEZRToEMAShTWA[18]. 41z, ~A352
BRSO FA U H L (HSPC) i, KIEI& BCH OMEER
PHIRELTOREERAENLT, B3, 88, /1)
GEERECEELTWS, ZokSiz, slicbis
HSPG DO T, MMATEOMEERIZOWTIRS
O|ENSD, EFHIhTW3B[1-3). FGF
transforming  growth  factor-g(TGF-B),  bone
norphogenetic protein (BMP) 7z ¥ DRASMFAR FIZ, Hep
CHS L EOWEEEBEMEERAL, MECHMERE
THEMBEENTWS[18-21]. Hep, HS, Chs D%
FRIT, Hya ICEERTEBITAEN. FITEPR T,
WA TETHS SHya OBELERME~OEAZEMNEL
T, SHya BAEUTO roB cells T 288 2L,
SHya OWEEENE<AL3II0h, MO X
3, Hep LHIBEOWFIPHRER L Fig.3). AlPase
BT LT, BRBEEXB<LII 2N TEEMNE
HLZFig.5., Chky, HEgtEHIAROMMSE
MEL, MeERESBDZEMNREINE. KT, B8
MELXESEN: 2. 1SHya 2ENT, BERK&EHIZD
WTRNZ{Tok. Fig.6Xb, 2. 1SHy2 iXERETIIW
ROMMZEREL, HREIZSIONMMENFIL-.
THITH LT ALPase BEMEREBE CRIEEMNES, Bl
EIZhA3k2hEtRLE. hdb, 2.18Hya 3%
ZLEBDZET, B OBREHET I ENTETH
BEMNFEINA, Hep, HS EHEBRT-& OHESIIE
ROMEOBMIINTIEED, BEIZX->TAE<E
iz ML anTWB. Blanquaert 5i, Hep Bk

ik (S5O RCTA (Heparin-1 ‘ke polymers derived from
dextran) EWFRTF L OBRIERIZE S, IUAEER
BB AR NC3TI-El ~OEBFHEL TV ).
RﬂAﬁﬁﬁE?&#nmw%F&T,@Mtﬁb?ﬁﬂ
FIR9Iz{Eh &, AlPase @Eﬁﬂ*#ﬁﬂ‘é:&:%%%#lcb
7=. COERI RTA OATLHREENHNEM, MK
FHEETBIELED, TSREFHIHENRNL.
SE, Rt SHya BBOBEERNLEN, BOOKE
E—EETBREMISNE. DLEOBESS, Hya
BMEZEATDI &L, SHya IEEMEORMIESS

{CRIERHITT 5 2 EATIETH B ERa N,
5. #&&

r0B cells I7 Hya 2EMT 5 &, 108 cells DMAILE
HExh, SLRIMEERE, UL, Siya 2T 5L,
108 cells ORAIMAE 1, HEOREITE NI,
SHya DFIRIE SHya OBELALEL, BEECAS <HFFLI,
o, Siya HASEROBEEHETS 2 EMHhe
ke, BGRIGEERERHS TS BIP, FOF2, TR
B EDRETERESEICHVNBES, Th50mM
HFCHELBEOMRBRLETSS. Siya HATHR
MEL, BN B, MHETERRT BRI
Hep, HS 12 EDMOBRAL SR LA TH NI LHER S
N3, 418, Siya SMMET & OREERIZOWTRN
EFSTEICED, SHya OBEEAMEAOKAIEE
Ena. ‘
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Abstract

Polyelectrolyte complexes (PEC) were prepared from chitosan as the polycation and-several synthesized functional anion
polysaccharides, and their effects on cell attachment, morphology, proliferation and differedtiation were estimated using normal
human osteoblasts (NHOst), After a 1-week incubation, PEC made from polysacchandes having carboxyl groups as polyanions
showed low viability of NHOst on it although the NHOst on it showed an enhancemeut in their differcutlatmn level. On the other
hand, NHOst on PEC made from sulfated or phosphated polysaccharides showed similar attachment and morphology to those on
the collagen-coated dish. When the number of NHOst was estimated after 1 week, ‘the number on the PEC was ranged from 70% to
130% of those on the collagen-coated dish, indicating few effects of these PEC on cell proliferation. In addition, NHOst on PEC
films made from sulfated polysaccharides differentiated to a level very similar to that observed on Lthe collagen-coated dish,
indicating that these PEC films maintain the normal potential of NHOst to both proliferate and differentiate. Measurement of gap
junctional intercellular communication of NHOst on PEC revealed that PEC did not inhibit commumcauon suggesting that PEC
films have few effects on cell homeostasis. Thus, PEC made from the sulfated polyszecharide may be 4 useful material as a new
scaffold for bone regencration. .
© 2005 Published by Elsevier Ltd., :

s

Keywords: Polyelectrolyte complex; Normal human oétcolﬁfa.sr.s; Cell proliferation; Cell differentiation; Gap junctionl intercellular communication
. . I

|
1. Introduction techniques, therefore, it is mdlspensable to develop a

synthetic ECM scaffold that functlons similarly to the

The extracellular matrix (ECM) provides an essential
three-dimensional (3D) environment for cells to con-
struct several kinds of tissues. The ECM, consisting of
numerous kinds of molecules such as proteins, poly-
saccharides and proteoglycans regulates the behavior of
surrounding cells to form tissues and organs precisely
[1,2]. For tissue regeneration trials using in vitro

*Corresponding author. Division of Medical Devices, National
Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo
158-850t, Yapan. Tel: +81337009264; fax: + 81 33707 6950.

E-mail addresses: nagahata@nihs. go Jjp (M. Nagahata), nzkao-
ka@nibs.go.jp (R. Nakaoka).

"These authors contributed equally to this work.

0142-9612/%- see front matter © 2005 Published by Elsevier Ltd.
doi:10.1016/j.biomaterials.2005.01.041

rative ECM. For more than a'decade, engineering of
new tissues by using selective cell transplantation on
polymer scaffolds as an art:ﬁma] ECM instead of tissue
transplantation te other living bodles has been studied
[3.4]. Recently, many studies on developing a scaffold
for tissue regeneration have been done using ECM
proteins such as collagen and gelatin [5-7}, biodegrad-
able synthetic polymers [8- 10; and polysaccharides
[1E,12]. Because proteins denved from human tissues
have many problems such as antlgemc:ty or potential
for infection, a biocompatible synthetic polymer or
polysaccharide may be preferable for tissue regenera-
tion. ‘
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A polyelectrolyte complex (PEC) is a compound made
from an electrically neutralized molecular complex of
polyanions and polycations [13]. PEC can be prepared
in various forms such as a film (2D) and a hydrogel, a
microcapsule or a sponge (3D), which can be used as a
scaffold in tissue regeneration studies. The effects of
PEC films composed of polysaccharides on cell behavior
have been studied, and we have already reported that
PEC can stimulate differentiation of osteoblasts and
pertodontal ligament fibroblasts [14-16]. These studies
suggest that PEC can be used as a biomaterial for
repairing or regenerating tissues. In addition, because
the PEC are composed of polysaccharides, PEC is
expected not to elicit immune responses against it and to
have better biocompatibility with the human body,
although this is yet to be proved. Therefore, it is
necessary to study the interactions between PEC and
cells, especially human-derived, to clarify the usefulness
of PEC as a biomaterial.

In this study, normal human osteoblasts (NHOst)
were cultured on various PEC prepared on a tissue
culture plate from chitosan as the polycation and
modified chitins or hyaluronan as the polyanion. It
should be generally agreed that estimating not only
functional advantages but also safety and biocompat-
ibility of biomaterials is important to develop them for
clinical use, but the latter is not always studied.
Therefore, we measured changes in gap junctional

For polycation

For polyanion

intercellular communication {(GIIC) as well as the cell
number and differentiation. GIIC is very important
function for almost all cells to maintain their home-
ostasis [17]. During this decade, we have studied the
effects of model biomaterials on the GJIIC of cells
cultured on them and suggested a possibility that
changes in the GIJIC can be used as an index of
biocompatibility of biomaterials [18-21]. Therefore, we
measured changes in GJIC of NHOst on PEC in order
to estimate the biocompatibility of PEC from their
effects on these cell functions.

2. Materials and methods
2.1. Chemicals

Fig. I shows the chemical structures of the polyanions
and the polycation. Chitosan as the cationic polysac-
charide and carboxymethylated chitin [CM-Chitin:
degree of substitution (DS)=1.0 (1.0 anionic site/
saccharide ring)] were’ purchased from Katokichi Co.,
Ltd. (Kagawa, Japan). Sulfated chitin (S-Chitin:
DS=1. 5), ‘phosphated chitin (P-Chitin: DS = 1.6),
hyaluronan® (HA), and sulfated hyaluronan (SHA:
DS:= 1.05)'were prepared as previously reported

A16.2),

CH,0H
o o]
0.\\ OH 0
'{COCHL . ICOCH, |,
Sulfatcd (S-) Chitin: R=8O3NaorH (Chitin)
Carboxymt,t.hylutcd (CM-) Chitin: R =CH;COOHorH
R=POyNaor H

' P’hosphatcd (P-) Chitin:

o bOONa

CH,0R

OR NHCOCH,| |

Sulfated hyaluronic acid (SHA): R= SO;Naor H

Hyaluronic acid (HA)

Fig. |. Polymers for polyelectrolyte complex (PEC) in this study.
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2.2. Preparation of PEC and PEC-coated dishes

Polyanions were dissolved individually in distilled
water (final concentration = 5 x 10™* mol of ionic sites/
I), and the pH of the solutions was adjusted to 7.4 by
adding aqueous HCl or NaOH. Chitosan was dissolved
in aqueous 0.5% acetic acid solution and the pH
adjusted to 6.0. The ratio of the solutions of polyanions
and polycation was adjusted in each combination to
neutralize the charge balance of PEC. This mixed
solution {1 ml/35mm tissue culture dish) was allowed
to stand overnight at room temperature. After removing
the supernatant solution; the dish was dried and
annealed at 65°C in an oven. Then, the dishes were
washed with distilled water and oven-dried again to
form the PBEC-coated dish. This dish was sterilized for
3min in a microwave oven. Water contact angles of
PEC films were measured with the sessile drop method
[23], and their zeta potentials were measured by Otsuka
Electronics Co., Ltd. (Osaka, Japan).

2.3, Cell culture

NHOst were purchased from BioWhittaker Inc.
(Walkersville, MD)}. The standard culture of NHOQOst
was performed using alpha minimum essential medium
(Gibco, Grand Island, NY) containing 20% fetal calf
serum (FCS) (Kokusai Shiyaku Co., Ltd., Tokyo
Japan). The cells were maintained in incubators under

standard conditions (37°C, 5%-C0y-95%-air, satu-"..

rated humidity). All assays were performed using alpha
minimum essential medium containing 20% FCS,
supplemented with
NHOst cells (1 x 10° cells/dish/2.5ml medmm) were
cultured on PEC-coated dishes to evaluate the effects
of their interaction with PEC. In each experiment, the
medium was changed three times before GJIC of the
cells was measured and their differentiation level was
evaluated after a 1-week incubationf

2.4. Estimation of di fferentrarmn Ievel of NHOst cultured
on PEC films

The proliferation. '6f NHOst cells cultured on PEC
films was estimated by Tetracolor One assay (Seikagakn
Co., Tokyo, Japan), which incorporates an oxidation-
reductlon indicator based on detection of metabolic
activity. After a 1-week incubation, 50 ul of Tetracolor
One solution was added to each test dish, followed by a
further 2h incubation. The absorbance of the super-
natant at 450nm was estimated by pQuant spectro-
photometer (Bio-tek Instruments, Inc., Winooski, VT).
Estimation of alkaline phosphatase (ALP) activity was
performed according to an original procedure by
Ohyama et al. [24]. After estimating the proliferation
of the NHOst cells cultured on PEC films, the cells were

10mM beta-glycerophosphate

M. Nagahata et al. / Biomaterials 1 (TN} WTO-TH \ 3

washed by phosphate-buffered saline (PBS{-)), fol-
lowed by addition of 1 ml of p.l M glycine buffer (pH
10.5) containing 10mM MgCl;, 0.1 mM ZnCl; and
8mM p-nitrophenylphosphate sodium salt. After in-
cubating the cells at room temperature for 7min, the
absorbance of the glycine buffer was detected at 405 nm
using pQuant to evaluate the ‘ALP activity of the test
cells, The amounts of calcium deposited by the cell
during a 1-week incubation were evaluated as follows:
after fixing the cells in PBS(—) containing 3% for-
maldehyde and washing the cells with PBS(=), 0.5 m! of
0.1M HCIl was added to each well. The amounts of
calcium dissolved in HCl were estimated using a calcium
detecting kit (Calcium-C test Wako, Wako, Osaka,
Japan) according to manufacturer’s instruction.

2.5. Measurements of GIIC actﬁ;'ity

NHOst cultured on PEC ﬁlms were subjected to
fluorescence recovery after photobleach.mg (FRAP)
analysis to estimate the’ mh:bxtory activity of these films
on the GJIC. FRAP  analysis was carried out according
to the procedum of ‘Wade et al. [25] with some
modifications [21] Briefly, NHOst were plated on

_ PEC-coated ‘dishes and lncubaled for 1 or 7 days. The

cells were incubated for Smin 'at room temperature in
PBS(-) containing Ca** and Mg?* (PBS(+)) and a
fluorescent dye, 5 6—carboxyﬂuorescem diacetate. After

washmg off excess extracellular dye with PBS(+), the
~.."ells in PBS{+) contacting at least two other cells were

- ‘subjected to FRAP analysis under a Ultima-Z confocal
‘microscope (Meridian Instruments, Okemos, MI) with a

10 x objective lens at room temperature. The cells were
photobleached with a 488 nm |beam, and recovery of
fluorescence intensity was subsequently monitored at 1-
min intervals for a total of 4min. The data obtained
from more than seven independent cells were expressed
as the average ratio of the fluorescence recovery rate to
the rate obtained from NHOst cultured on a collagen-
coated dish.

2.6. Statistic analysis

All data were expressed as jmean values-+standard
deviation of the obtained data. The Fisher-Tukey
criterion was used to control for multiple comparisons
and to compute the least significant difference between
means. ‘

3. Results and discussion

When NHOst were cultured on five kinds of PEC
films, their morphology and attachment to the film
differed with the composition of the PEC. Fig. 2 shows
the morphologies of the NHOst adhering to PEC films,
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Cul!agcu coated djsh
(Control)

Collagen-coated dish
{Control}

Ly SHA-PEC

HA-PEC

-H‘n

Chitasan

Fig. 2. Light mscrographs of normal human ostecblasts (NHOst) on various PEC ﬁlms aﬂer a 2-day incubation: {a) and l-week incubation, (b).

{Original magnification: x 100).

After 2-day incubation, the NHOst on PEC compqs'ed:f
of chitosan and either sulfated chitin (S-PEC) or ..

sulfated hyaluronan (SHA-PEC) showed morphologies
similar to those on a normal culture plate. When cells
were cultured on PEC of chitosan and phosphated chitin
{P-PEC), some of them formed small aggregates “while
the rest showed morphologies similar to those on S-PEC
and SHA-PEC. On the other hand, NHOst cultured on
PEC from chitosan and either carboxymethyl chitin
(CM-PEC) or hyaluronan (HA-PEC) did not adhere
well and showed aggregation. Similar morphologies of
the cells on the PEC. were observed after 1 day of
incubation (data not shown). Even after 1 week of
incubation, the morphologles and attachment of the
cells on the PEC ﬁ]ms did not change (Fig. 2). Only cells
grown on cationic polysacchande chitosan-coated cul-
ture dishes preserved morphology of very similar to
NHOst grown on collagen-coated cultured dishes,
indicating that these morphological differences are
ascribable to differences in the anionic polysaccharides
of which the PEC is composed.

It has been reported that cell attachment, morphol-
ogy, and response are influenced by physico-chemical
properties of the material surface {23,26]. To clarify
what properties of PEC control the attachment and
morphology of the cell, the contact angle and zeta

S 70

‘-\

M

© {c)
80 f T T

T (a) L

40

Contact angle

20

1071

S-PEC CM-PEC P-PEC SHA-PEC HA-PEC Chitosan
Samples

Fig. 3. Contact angles of PEC films studied: (a) p<0.05 against S-
PEC, (b) p<0.01 against S-PEC, (¢} p<0.01 against both CM-PEC
and P-PEC.

potential of PEC films were estimated. Although their
compositions are different, large differences in their
contact angles were not observed (Fig. 3). On the other
hand, a measurement of zeta potentials of the PEC
showed interesting results (Table 1). The measurement
revealed that S-PEC and SHA-PEC have negative zeta
potentials, whereas PEC films made of polysaccharides
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Table 1
Zeta potentials of various PEC prepared on a culture dish
Culture 5-PEC CM-PEC P-PEC SHA-PEC HA-PEC
Zeta potential (mV) ~587 -28.0 345 249 -5 29.5
Table 2
The cell number and differentiation of NHOst cultured on various PEC films after 1 week
Samples The cell number {percent against control) ALPactivity . Cz amount ,
The cell number {ratic} The cell cumber {ug/ratio)
Collagen-coated dish 100.0£17.0 1.00+0.15 'o34+05
S-PEC 822461 0.98+0.11 :10.7+£3.6
CM-PEC 6.0+26" 0.05 10.08: 27.4+3.0"
P-PEC 130.4+6.3 0.02+40.01 25408
SHA-PEC 7144221 1.35+0.48 ri 2.1+1.0
HA-PEC 8.1+3.0° 0.52+0.31 el 383t 123°
Chitosan 79.5+25.0 0.9340.13 C27£20

‘p<0.01 against collagen-coated disk.

with a carboxyl group, such as HA-PEC and CM-PEC,
showed positive zeta potentials, In addition, P-PEC
showed a positive potential less than that of HA-PEC.
These data indicate that attachment of NHOst on
surfaces with positive zeta potentials is reduced,
suggesting the zeta potential of a PEC film partially
controls cell attachment and morphology. Although all

PEC were prepared by mixing anionic and cationic ..°

polysaccharides to neutralize their charge, zeta potential '
of each PEC film was ranged from —30 to 35mV as
shown in the table. This might indicate that not all -
anionic and cationic chemical groups were interacted to

" make PEC and their main chain composition and type

of chemical groups may influence their’ ‘side” chain
mobility, resulting in different surface zeta potentlal of
each PEC. Details of surface properties of PEC films
and their relationship to cell attachment wﬂl be reported
in the near future.

After 1-week of incubation on varmus PEC films, the
differentiation level of NHOst was estimated by
measuring proliferation,- alkaline phosphatase (ALP)
activity and the amounts of calcium deposited. Table 2
shows the proliferation -and ALP activity of NHOst
cultured on various PEC films as well as the amounts of
calcium deposited on the PEC. The profiferation of
NHOst on the PEC is expressed as a percentage of
proliferation of NHOst on a normal culture dish. The
ALP activity was also calculated as a percentage of the
control and normalized using the results of prolifera-
tion. In addition, the amount of calcium detected was
normalized using the proliferation results as well. After
a l-week incubation, many dark spots, presumably
calcium deposits, were observed on the collagen-coated
dish and other PEC films (Fig. 2). When NHOst were
cultured on CM-PEC or HA-PEC, it was observed that

the NHOst aggregates were covered by the calcium
deposits. It was teportéd that a surface with carboxyl
group could fndiice ‘calcium deposition after its incuba-
tion in SBF However, when the:PEC were incubated in
the medlum_rwnhout NHOst, no calcium depaosition was
detected. In addition, zeta poten'tlal estimation suggests
less carboxyl groups are appeared on a surface of the
PEC These indicate that calcium deposition occurred

only on aggregated NHOst but ‘hot on surfaces lacking
" NHOst. Therefore, normalization is necessary to esti-

mate the capacity of PEC films to induce NHOst
differentiation, although the raw values of deposited
calcium or ALP activity are low. In fact, CM-PEC or
HA-PEC films show a capachty to induce NHOst
differentiation comparable to the collagen-coated dish
and other PEC films, judging from the normalized
values of deposited calcium shown in the table, even
though the ratio of NHOst number on them was only
6-8% of that on a collagen-coated dish. Their ALP
activities were, however, much lower than those on the
collagen-coated dish. Incubation of the PEC films
without NHOst for 1 week resulted in no calcium
deposition, irrespective of their t‘lomposition, suggesting
that the PEC films themselves had no effect on calcium
deposition. Thus, enhancement of calcium deposition on
the PEC films may be ascribed to enhancement of
NHOst functions related to their differentiation even
though their ALP activity was éuppressed. The reason
for this inconsistency observed between calcium deposi-
tion and ALP activity must be investigated further.
When sulfated polysacchandes were used to prepare
PEC films, proliferation of NHOst on the PEC films was
70-80% of that on a collagcn-coated dish, and ALP
activity was very similar to that on the collagen-coated
dish. This suggests that sulfated polysaccharide PEC
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does not affect NHOst functions. Actually, there were
no statistical differences in the amounts of calcium
deposited between NHOst on the PEC and the collagen-
coated dish although NHOst on S-PEC showed higher
average calcium deposition. Thus, it is suggested that
the PEC films made from sulfated polysaccharides are
comparable substrates to a collagen-coated dish for cell
culture. When compared to a normal culture dish, it has
been reported that S-PEC can induce aggregation of
cultured human fibroblasts and enhance their DNA
synthesis in an earlier stage of cell culture by activation
of the ERK pathway [27]. Since we used a collagen-
coated dish as a control in this study, it is expected that
the pathway of NHOst on the dish may be already
activated through integrin molecules on the NHOst
membrane. Therefore, the results in this study suggest
the PEC from sulfated polysaccharides have a potential
to proliferate and differentiate NHOst very similar to
that of collagen.

To assess the effects of PEC films on cell function, gap
junctional intercellular communication {GJIC), which is
an important function of cells for maintenance of
homeostasis [17], of NHOst on the films were measured.
As shown in Fig. 4, GIIC of NHOst on PEC films did
not show statistically significant differences compared to
those grown on a collagen-coated dish. Although the
GJIC of NHOst on CM-PEC showed a decrease after 1
day of incubation, it had recovered after 1 week. This
result suggests that most PEC films have the potential to

maintain homeostasis of attached cells although they *"

showed different influences on the number and the

differentiation of NHOst. On the other hand, NHOst on.
chitosan, which was used as the polycation for all PEC

showed suppression of GJIC after 1 week. ThJS suggests

25

20F
2
g
= 3 Control
g LIr o $-PEC
& ®m CM-PEC
§ P-FEC
B M SHA-PEC
g 101 2 HA-PEC
E W Chitosan
&
05}

0.0

Incubation period {days)

Fig. 4. Gap junctional intercellular communication activity of NHOst
on various PEC films estimated by FRAP analysis technique.
{*p<0.01 against control}.

that chitosan disturbs homeostasis maintenance of
NHOst, but improve its biocompatibility by forming
PEC films with other anionic polysaccharides. There-
fore, PEC might be used as a biocompatible material for
medical devices and tissue engineering scaffolds,

4, Conclusion

PEC films composed of various polysaccharides were
prepared, and their effects on NHQOst functions were
evaluated. Attachment, morphology, growth and differ-
entiation of NHOst were influenced by the composition
of the PEC on which they were grown. NHOst
attachment decreased and their aggregates were ob-
served on PEC prepared from. polysaccharldes contain-
ing a carboxyl group (CM< and HA- -PEC). ALP activity
of NHOst was suppressed.on these PEC films although
calcium deposition was obsérved more frequently than
on other PEC ﬁlms In addition, these PEC films
strongly suppresscd proliferation of NHOst. PEC
prepared from.  phosphated chitin and chitosan (P-
PEC) showed. low.ALP activity and calcium deposition,
although the number of NHOst was highest after 1-week
incubation. These indicate unsuitability of these three
PEC for usage in tissue engineering. On the other hand,

" NHOst adhered to and proliferated well on PEC films
~'when sulfated polysaccharides were used as the poly-
" anion (S- and SHA-PEC). Moreover, these PEC films

showed almost the same suitability as the collagen-
coated dish in all cell functions studied, indicating that
these PEC films, especially S-PEC can be used as a
scaffold for bone regeneration. Further studies, espe-
cially in vivo studies, are needed to clarify the usefulness
of PEC films for tissue engineering.
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Abstract

Increased exyradical preduction and membrane lipid peroxidation (MLP) occur undet physiclogical and degenerative conditions in neurons,
We investigated whether 4-hydroxynonenal (4HN), one of the membrane lipid peroxidation products, affects long-term potentiation (LTP) in
the rat dentate gyrus in vitro. Treatment of hippacampal slices with 4HN (10 p.M) enhanced LTP without affecting basal evoked potentials, The
enhancement was completely inhibited by 2 pM nifedipine, a blocker of L-type Ca?* channels, In cuttured dentate gyrus neurons, treatment
of the cells with 4HN for 24 h resulted in a significant amount of cell death that was detoxified by glutathione, whereas short-term treatment
with 4HN (£6 h} had no effect, Nifedipine partially but significantly suppressed the 4HN-induced cell death. These results suggest that 4HN
modulates LTP and induces delayed cell death through L-type Ca** channel activation in the dentate gyrus. 4HN thereby plays an important

role in both physiological and pathophysiological events in the hippocampus.

© 2004 Elsevier Ireland Ltd, All rights reserved.
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Oxidative stress is implicated in a variety of physiolog-
ical and pathophysiological processes such as immune
defense, ischemia, and neurodegenerative diseases (e.g.,
Alzheimer’s disease, AD) [7,8,17,23]. It has been shown
that levels of membrane lipid peroxidation (MLP) and
thiobarbituric-acid-reactive substances are elevated in AD
brains [16,18]. Several reports have shown that one of the
MLP products, 4-hydroxynonenal (4HN), is generated in
response to oxidative insults and is found in association
with many different neurodegenerative diseases, such as AD
[14,17), Parkinson’s disease [24), and sporadic amyotrophic
lateral sclerosis [22]. We have recently reported that ox-
idative stress affects the activity of voltage-gated Ca®*
channels (VGCCs), and that the currents through VGCCs are
significantly increased by treatment with 4HN in cultured
dentate granule cells [1,2]. These results suggest that 4HN
activates VGCCs in the dentate granule cells, and that this
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E-mail address: yoshiito@pha.nihon-u.zcjp (Y. Ito).
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action is linked to both physiological and pathophysiological
events, :

Long-term potentiation (LTP) in the hippocampus is a
form of synaptic plasticity and is thought to be one of the
cellular mechanisms underlying learning and memory. LTP
is induced by high-frequency stimulation (HFS), and it re-
quires activation of N-methyl-d-aspartate (NMDA) receptors
and consequent Cat entry into the postsynaptic neurons at
least in area CA1 of the hippocampus and the dentate gyrus
[5]. Recent studies have demonstrated that not only Ca®* in-
flux through NMDA receptors, but also that through VGCCs
or store-operated Ca2t channels play important roles in the
induction or regulation of LTP [4,6]. Recently, a link be-
tween oxidative stress and modulation of synaptic plasticity
has been proposed. It has been demonstrated that physiologi-
cally relevant concentrations of hydrogen peroxide (FH203),a
membrane-permeable form of reactive oxygen species, mod-
ify synaptic plasticity in the hippoecampal CA1 region in rats
[13]. However, the involvement of 4HN in synaptic plasticity
in the hippocampus has yet to be elucidated, To address this
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