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Summary of New Energy and Industrial Technology Development 
Organization Entrusted R&D Report for FY 1996
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Date of preparation 31, March 1997

Field/
Project number

Field/ Medical and welfare equipment Technology E — 0 7 2

Research
organization

Osaka National Research Institute
Agency of Industrial Science and Technology
Ministry of International Trade and Industry

Post of the research
coordinator

Department of Organic Materials
Polymer Surface chemistry Section

Name of the
research coordinator

Takahisa TAGUCHI (signature)^”) '^1 C
La,. A'( ^

Title of the project Basic research for neuroactive materials *

Duration of the 
project November 1, 1995 ~ March 31, 1997

Purpose of the 
project

Development of neuroacitive materials to improve neuronal defects is 
one of the most important subjects in Japan that will soon become a 
aging society. In this project, basic research for neuroactive molecule 
was perfomed to develop technology for neuronal regeneration, regu
lation of synaptic activity and interface between artificial surface and 
living neurons.

Summary of the 
results

A novel neurite promoting factor was discoverd and its cDNA was 
cloned. Mutagenesis in vitro showed that a functional region of this 
factor located in a polypeptide of less than 50 aminoacids. Using neu
ronal culture, synapse formation was found to depend on two modes 
of activities and long-lasting synaptic potentiation was demonstrated 
to depend on a macromolecules released from pre- or postsynaptic 
neurons. To regulate nervous activities, photoactivated caged-peptide 
was developed and confirmed to change in affinity to its receptor. 
Neurons were cultured on substrates paterned by microlithography..

Publication,patents, 
etc.

The results were open as 23 papers and 26 oral presentation
One patent was applied.

Future plans The leading research for neurotechnology that had been planed 
based on the results of this project, started in FY 1997 to develop 
advanced neuronal engineering and neuroactive materials.
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XAlc3ZK£tlTO-5„ CCt, T T X
SSICM4U. C N Q X lcffiSttto$>5#g;$Bili, £t>lc. ES<D@St®ii

»D«#Hct)Ba4UTU3. cro<t5 lcWx5<!:- ±IE©S?&®SI£?®&< 16

BflT'S-5>o CCTO'Otl- v h^i'XXXjg* ( synaptic contact) 

ifctiniUTl'5. Z(D%Z_Ji£EII 3 ICSUfc. T T X ICESSnf, C N 

Q X IcESStlSiSSAA5. ->XXX®.'5©S[<7)ii»nicS4:1"5 .kESIStiSo 

c©J: 5&;£®i©0!li: UT. 6%M->XXxe*»i$5 0$, c<7mft#<!:©«fc
tt<%&©SBT$>-5„ CfflXA-XA^IS 

EShfttf. '>XXx®tt»Jffl©i&Ui'^&*-t©ft»©«iga*flitm©MfE 
IC3" <lc*StXD< C

E.E.Days16 E.E.Days17
control

TTX-treated

CNQX-treated

0 13
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2-2 -tM lv>

a*xi<M%ufc-7 h uE*flHtt^Mflas*micfcurii. nsi46«i»'tt 
©®:*©>±77;!>*iltS£ttTl'6,, mi#(±77U7 2 >K. &Stt©'>77S 
ygSK (GABA) SWigfiStoK <k Ltlr'5, B'Aro1f$$aaiCi5UTtt^
vi/fs >Bge#©M#f6>±7x#m#%m#& u-rua#. c©c©7
-f yriy->±yxict,st*'tt6$$)5= 7ju±s >&g§&ici£. 6 6. 3

7&fc>6. N M D A SSBtt. AMPASSS#, ftMSSS»Xis'to b
nru6= m2$ia. 7^7 s>m%g#76 6g@#manc#&f 6±±>
9^-v$is. ut-o<r>
yty^CCON M DAgggftiA M P A SSS&© #S»SW£?" 6 ±n. 7

(DC->±77) tfi & U . Ctl»s'>±7xHfi6lce 
$/j:Sietit$>66lA5 HTjfls'itiTSit. 8* ©ig*WigifflSaicj5UTtt A M P 
A$fSS(*©>±7xtt«ES4aTi'fc^. c© D c >±7x©W6tt*®E 
T$> o fc,

- 9 h V K (E# 1 0 0) 7 0 Rlig* Ufc% IC
tel\T7h-;i/-b;U/ty ±7 5 >7;S$:ffll'T>±77S3iE$-l5@ • ifibt.
#±«m^mi:2U7±±x 6 o m vT@%#mg#>±7xmsm (seps
C) S;IIE76 6. SilMf-7©rt|5]S«3i[»s'eSShfc„ Cfl$T©*#A' 
ectlliAM P AESSfr^^-UfcttSit-CSS (0 1 4) .

Vh= -60 mV

014 iE14>±7xEttdiE;6$
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;*lc. QSIBgtii^X'bX 6 OmVICUTIEi$€$!5<*:. iSESe©MST
4-J$l*^|S]$mdiE6$BEIiSn.5. t> U A M P A S!SS»fclt6<->^-yx IcWS 
f S%6. @1 4 vlC&SISll'tr-X© s E P S C#BE#$fi

serf-v**#. mmiae-xuiamuc&A'&bSfTB####
(0 1 5±) „ ZftttAMPA|g§tta^®g§#0 

SS^StLtfcU. C©!R14»'b N M D A$gS»©ftS»s'^lSSn5. N 

M D ASU@##ICWT6#mM7>f d-X hT*$>S A P 5 £ ft £ 1t S i:,

^aauii^'&Tiwfixis'iix. taoz-tfimntt (01 st) . cns©
$S$te, S*©tg$%©*S14->d-XXHD C ->t7XT*5ciSiltU 

•5. E©Ei^IItf>fc©lciSeR®1l->±Xx^®3it&sE@U)SWUt 

(01 6) „ #AT^ut@A(N M o Aga@#icj:i,memg#>/f yxm 
eyST$>5»s\ 74" ±x©mm@T©im#6i\? c©ae*©#aA<%#iTi,\ 

S« C©«l|iJtt. A41* >©7 7*^088/1$IC$50-fs.

Vh= +60 mV

___ | 20 pA
Vh= +60 mV + APV 1 s

___ I 10 pA

015 «K^@TT©g%#y^7xmm%mm
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0 1 5 fcft;ISttS<fc b [ZlZlgt'<T<D'>j-y?.tfDC ->:h:/X"e$>S,

UXpU. ic. o±7x@P@lt%m®y±^x@AA'6#R&S

tl&tm.ZHZ', s E R S C^S$e«S14->^-yx^S;l<7)KliT-tt. IAi 

O m-> b © A*i lit" ^<T|b1B# ICS-WU TIE Misti'S/tit). A M

pA@a@#6nmDAge##6#'im-@,'Sic#itfa@&. -en-e'tisy® 

toS^lc^STSro*'. liESiJ*so^*i\0 -g-CT'SS/J'WSttv^^X^S;'® 

(mEPSC) (DMVr&rrotc (01 7) . CO^iSTKISSnSTtiOCOm 

E P S C ttTAiOCDft^lC^fc^ So ;l$l*"f ^TJStttiS ^-l- :tX 6 0 m V 
a$ttcro%#r-id;N m d A§jiSS#;SiaSEz6iilEI$-e 

S/<Kl'»t. A-f*>S^l'TCti$5I*glCUfc= fUBlXHT
IWffii:¥l'E¥Ci±ffffi»<EtobtiSyR8SI®i$S$ICtiU.

t. ¥i'Teti+«i'±sti©^jf>ai'TKti+iii'±ftffl©.*^ii 

tiS. Sti5)©*li, H—e.^AlcS^toSSttSW-rSt)®. 1=1—@AMIC 

N M D AS§Stt©^$St5 t(D IC-E-n-fftttlE-f So

10 ms

EPSC (pA)

-20 0

Vm(mV)

016 D C o±xx®mm^EM#
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C©Rg14v^yx©;$$]|cj:5rtlSl*®9Sttt. %&©i#A,A:m^-CH±l= 

A M P ASSS#:$:j>Ufc,t)©T,$5 6s', |ili$®flllc. :©yt7^BDCy 

*XXT$>V . NMDASStttt)*Sl/Tl'«. 01 9 ©fl?WTI£ N M D A 

SygS&©$S±lcMf •E>1t$l;t»61a&lA©T. t.

sufflfs (c©tisi4E^e B©*E#e#fflfls& s araits#) 6%±©*A,

fcfflsa (E$ 1 0 B©»S$ffll!S£ 7

*#/\© s EPS C£KISUfc (02 0) . glihMaeiCifiU 

ElcBSUfcli^. 5 ic, gl'fflflS©^lciJ5Si;->^7XA

©»'&<. -*. #^©mA,^««aT^. *#<£ftl's#'t!;I£tl7t (020

£) = EhSTIi, C©ttiH^b, C© j:

n&l\£3fX-T£fc#'. SOfcC<hlC@$reseS 6 0mVi:t5i s

EPS CfiiRISSttfc (02 Of. 6) „ C©0©±T©®2®tf-X^J±S-r 

•5<fc. St'^-x©A©B#IC‘t)i>-^^®A©t)WS-5"5= C©C6R. 

ig*$©f ©#Efflfla@$Sffl©;S»ii»mfflUTeCbTteU. ctilc#5 ->± 

XXA©AS|H;»$nrc\SC SI'*©MTU;!

02(J
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2-3 SSSMiSiSSIfc© in vitro ##

->d-yxicteij-5eayi

or.

<kliilSlTS-6X)i. -E-n/circii*< , y±XX##b(0%#{b&4;,6 6 
L fc » *£ ;£ ®j Sit ;£ {b © Ac 46 <D¥ ;£ M f§ 6 * # < mi a $ tt 6 6 © £ *S x & 
n-5o cto->d-^xdPis^E<biciiu<
S 6 #@ ffi CO i# A/ 7 l. x 6 IE S /tP S Xfl !§ 5$ $E IS ( Long-term potentiation, LTP ) 

T*>5.

*HB Cfc'ixrii. :<DLT 6/5:46(0##
<b#6@/rm#;aailS(0#'l4. ig-yXXxicfcltdpTiSlfi&EtbCii* 
*B>SBfSS«:?7-3fc. CCDSfStTli, «« OBB56Ufc-7 h'J IK*ffii»SI 

iga%icfcvxrt)E®;*sfibic^BT^/<i:'>^7xea$))StD5i@flt)#Xfl 

^ibA*g C V * 6 Ax £ 6 U, cronJIStitDtti^fi-XASfgtir
pjib^^oiis^tos'uyc.

H«(i» KSj l 0 BBto-y hUHX)x6$tUttibAc?*E$6flaS±S#
IT6-8 B B(06(0&mix. JtlStfiSSS IC1EIS7B 6 B5614->d-y7.

f$®3iE ( spontaneous excitatory post synaptic current ; sEPSC ) <D t!il li £ IE 

# U/±. sEPSC 12. 2 Od“ a — □ >*xP>|s|ffl b7@;IJ£;h.66<0lC3i 

B Ufco CtUilEIS^:IKoTVxS —a.-n >lcita<D->XXXmi#BSS(D 

%Xlc2: V^I#Sc$#i6 6(07&6(07, KSEPSC Icffl3f66(0 

<b^lx6n6= S-f. Mg2 + £^tJii#<0fEft*1-;£T7 3 »n© sEPSC 

SIESiUfc, f (Om.;Em)Mg% Mg2 + £#£&l.'IEiiW;£l;:«&Lfc. 

Mg!t#SfiTTIi. sEPSC ©1 it#it* L, NMDASX/l/^ 5 >E3 

##UCcb6*^iB((0aummm^A<t#AHU75:. fi l/> K

7 1 jI$<OaE&fl-iBlclSS& 1,7 sEPSC£aE&6fc.

1 5 ^TbI© Mg led; IJ , sEPSC COM 4>I li li ± U. lEliWiBtrjiS

(06dlcRBiSU7i:E6cOE{bli'>/<£< £6 118® 30 5m±<OftXfl
CtofcoTtfit'5^ t ^rtSIS Lfco C(OS@&<O#Iit0£0 2 6 ICiSf.
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C® HINT'S b*l/c sEPSC ® B 35i $ ® Sr 0 2 7 ICtS Lfc= A-f *
>^$a*icc®B3iE6<ii*u (02 7 b) . R#)wasr#mmmtc®m±A(

(127C) tfitETlr*.
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0©aS6$*llit Stl5 = ©)U->9
A^-f*;!/Icyr-SfllSiiaStrro-ES, lffll!&lft^©;ft)l'->9 A5SA£ffiit-f 3 
as t Hi±®SfiTTttT if * -> 0 A -f * >©ElSaST;£14©73: l' N M D A

saas-c&a. ttic. ®#©nmda®^;u

^s>ma#*©a#(b«. <t<sf%stiTt'5 5y msec a i fi«-e*iigi

Sftl-S L T PC9ESiSlc£.5I-e$U. £ftTl'-5$lS©Z><i:e>-ejS5,
misi=c©ae*A(7^?>") A-f ica#fb&fi-ci\6c6id:0 2

7 ©SSSEt:-££i!£*lcJ; U®I$!TS5 (02 8) „ @280-110*®# 

T^^->^A^±miT'*‘J, tSOliisiSOtSJK-CSS. m#©Stf- 
(61M) ©tiS©53EAs"H< &oT<.'-5„ eft#, 1P1|®©S 

i'd©s§ft©wi4^j:<*UTfc‘j. c©@@#©im#m, apss»nx5 

6C©gpeA*m*f 6.
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iS5$rol5fSlCi5lj--g> sEPSC©*£ tX hX^AIill 3

oic^ufc. a^t :t>it£iaa£ufcJS^rojgar.

£ § l # ■?• ft £ b te fr ■? ft *t pg m it © m Sv $> 5.

0 min

29 min
8 

4 

0

AMPLITUDE of SEPSCs 

(PA)

0 min

27 min

AMPLITUDE of SEPSCs 

(PA)

@30 7 X* -> » A -f :* > Bl$ 1C =fc .5 -> 7 XX f5i$ig3$ 1C =fc •§ ^;i(f 5$$© t
X h^7 A
0 min (i itu* 2 7 min (efcR&3HJ£o

W?t, CNQX, ttx & Mg2+ ©/<£ U15 @ 51)-;E 41 lc in x T -> X X X € iS 
$ fflitst, sEPSC ©(SliSft: U/cEl'd <!:*'&. sEPSC©±i^li->
XXxami:{&#u;bt©-r&u. •T*y8tiro${bic=k5 7-x-f x
7^ (03 1)

NMDA SK X fL X 5 XESS^COfSKESmr^-g) D.L-APV lc«fc IJ ,
C ©ftXflfi*] SEPSCtHIlilD ISEiFICjqiX bfl fc, —7f NMDASMXXI/X 
5 >!£§§&£PIS U&(A L-APV [$Z<»V£i&%UU\stiftotZ', C®C 
tfrb. NMDA mXMl/X S >^g##*0@141bf % C SEPSC © ii 
5$ IC & *1T & 5 W S114 iS IS £ tl 7c (03 2) .
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itffjssns. c © c £ ^ e,. u-if-jt
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Retention time (min)
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HI 5 4 # 7 Q — ^

Strain 115

incubation

centrifugation

Supernatant
| t-trifluoroacetic acid (0.5%) 

heat-treatment 
| acetone (75%) 

centrifugation
I I

A (acetone layer) W (water layer)

dialysis in a membrane (molecular weight cut off 1000)

Inner solution

dialysis in a membrane (molecular weight cut off 12,000-14,000)

Outer solution

ammonium sulfate fractionation (90% saturation) 

centrifugation
I------------------------------------------------------------- 1

AP (precipitate) AS (supernatant)

HPLC (stepwise elution)
I I I

AP20 AP30 API 00
T- T“ 1—
HPLC (gradient elution) HPLC (gradient elution) HPLC (gradient elution)

AP20 I AP20II AP30 I AP30II API 00 I

HPLC (gradient elution)

AP30II a AP30 II b
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Materials:
Process:
1. Doping + Imidazole

2.1. Dry Exposure,

2.2. Wet exposure

3. Protein linked 
with EDC

4. Negative tone:

Standard

DNQ/novolak

Image Reversal 

DNQ/novolak/imidazole

End positive process

End positive process

• reversal NH3 bake, 100°
• return to 2.1. or 2.2. 
End negative process

• reversal bake, 100°
• return to 2.1. or 2.2. 

End negative process

158 'J vv'zr 7 -r -}£ (Cck-5 v ‘(51

2,1 Diazo-Naphto-Quinone Ketene Indene Carboxylic Acid

0 5 9 $®SEEBI:7k1lSm<t:fl'?-5gt§C>K(S@
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Effects of transduction activity and transmission 
activity on synaptogenesis of chick cerebral neurones 
in dissociated cell culture were studied electrophysio- 
logically using two blockers for these activities, tetrodo- 
toxin (TTX) and 6-cyano-7-nitroquinoxaline-2,3-dione 
(CNQX), respectively. CNQX inhibited the increase of 
evoked EPSCs more effectively than TTX, whereas both 
blockers similarly reduced the increase of miniature 
EPSCs (Minis). These data indicated that not only 
transduction-dependent transmission activity but also 
transduction-independent spontaneous activity regulate 
the synaptic efficiency. These two activities are suggested 
to change the quantal amplitude and the number of 
synaptic sites, respectively.

Key Words: Synaptogenesis; Neurone; Culture; EPSCs; 
Glutamatergic; Synapse; Transmitter release

NeuroReport 7, 701-704 (1996)
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Introduction

Elucidating the molecular mechanisms of synaptic 
plasticity is an essential prerequisite to understanding 
the higher functions of the brain. The processes of 
developmental synaptogenesis, including formation, 
maturation and elimination, are though to re-emerge 
in synaptic plasticity. Molecular and cellular mechan
isms of synaptogenesis have been mainly studied in 
neuromuscular junctions.1™3 Synaptogenesis in an 
activity-dependent manner has been studied in 
synapses,4™7 but few studies have been performed in 
the central nervous system (CNS) due to its complex-

To analyse synaptogenesis in the CNS at the single 
cell level, various culture systems have been devel
oped.8™10 Using cultures of dissociated chick central 
neurones, we showed electrophysiologically that 
glutamatergic synaptogenesis is a function of em
bryonic equivalent days (E.E. days; the sum of 
embryonic age and days in vitro). The glutamatergic 
spontaneous synaptic currents (SSCs) initially ob
served at E.E. days 13 abruptly increase in amplitude 
between E.E. days 15 and 17.11 '

To determine whether the increase in synaptic 
efficacy seen over this period occurs in an activity-
dependent manner, two types of activity, transduction 
and transmission, were modulated by two blockers, 
TTX and CNQX, respectively, during the period.

Materials and Methods

Culture: Cell cultures were prepared from cerebral

hemispheres of chick embryos (embryonic day 10), as 
previously described.11 Briefly, the dissociated cere
bral neurons (5 x 105 per dish) were plated on poly-L- 
lysine-coated 35 mm tissue culture dishes containing 
50% of modified Earl’s minimum essential medium, 
10% fetal calf serum (ECS) and 40% GIT medium 
(Nihon Seiyaku Co., Ltd, Osaka, Japan). Cells were 
cultured at 37°C in 5% C02/95% air and saturating 
humidity. Half of the culture medium was changed 
every 2 days.

Electrophysiology: Whole-cell recording was em
ployed to stimulate presynaptic neurones and to 
record evoked and miniature synaptic currents from 
postsynaptic neurones cultured for 6 or 7 days (E.E. 
days 16 or 17). All electrophysiological experiments 
were carried out at room temperature (20-25°C). 
Normal external bath solution contained (in mM) 130 
NaCl, 3 KC1, 2 CaCl2, 1 MgCl2, 10 glucose, 0.025 
picrotoxin and 10 HEPES-Na (pH 7.3). The solution 
in the patch pipette contained (in mM) 130 
KCH3SO4, 10 KC1, 0.2 CaCl2, 2 MgSG4, 1 EGTA, 
2 Mg-ATP and 10 HEPES-K (pH 7.3). The pipettes 
had resistance of between 4 and 6 MO. Junction 
potential was corrected after the pipette entered the
bath solution. Evoked synaptic currents were elicited 
by two stimulation methods as follows. Excitatory 
postsynaptic currents (EPSCs) in voltage-clamped 
putative postsynaptic cell were induced by current 
injection (10-30 ms. duration and 300-500 pA inten
sity) large enough to evoke action potentials in 
putative presynaptic cells using a dual whole-cell
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recording system with two patch clamp amplifiers 
(CEZ-2200, Nihon Kohden, Japan). Alternatively, 
voltage pulse stimulation (duration 80s, intensity 1- 
5 V) was provided to putative presynaptic cell to 
evoke action potentials via a pipette (tip diameter: 
10/im). The postsynaptic currents were measured at 
-70 mV by stimulation at 0.1 or 0.05 Hz with a low- 
pass filter at 1 kHz, and the data were digitized at 
20 kHz by an A/D converter and stored in a personal 
computer. The synaptic currents were averaged at 10- 
30 records. Both input resistance and series resistance 
were monitored by applying a voltage pulse (30ms) 
hyperpolarized in 10 mV at the start and end of 
recording. If these resistances were significantly 
changed, or synaptic delay was more than 5 ms, 
the records were discarded. Minis were recorded 
at -70 mV holding potential for 3 min in a MgCl2-free 
bath solution supplemented with 1 TTX.

Results

In our culture system, the amplitude and frequency of 
glutamatergic SSCs increased 4-fold and 20-fold, 
respectively, bewteen E.E. days 15 and 17.11 To 
investigate whether these increases depend on 
neuronal activity, we applied two kinds of blockers, 
TTX and CNQX, to the dissociated neuronal culture.

At E.E. day 15, 1 /jM TTX completely blocked 
spontaneous neuronal firing caused by transduction 
signals, but had no effect on minis. When only 5 fj,M 
CNQX was added to the culture at the same stage, no 
spontaneous firing or minis were observed (data not 
shown). Therefore, TTX blocks transduction-induced 
synaptic transmission and CNQX blocks all trans
mission activities via the non-NMDA receptor.

After culturing the neurones with TTX and CNQX 
between E.E. days 15 and 17, we first confirmed 
neuronal excitability after washing out these blockers. 
Following TTX treatment, voltage-gated Na+ and 
Ca2+ spikes that were not evoked by current injection 
under the voltage clamp mode, appeared fully 
following the same stimulation after replacement of 
culture medium by external bath solution. In the case 
of CNQX treatment, spontaneous firing and excit-

FIG. 1. Effects of TTX and CNQX on the increase in amplitude of SSCs. 
TTX (1 ^M) or CNQX (5/iM) were added to culture medium at E.E. day 
15. SSCs were recorded at E.E. day 17, after washing out the blockers 
from the medium using external bath solution.

atory synaptic currents that were not observed in 
culture medium emerged _ after replacement of the 
medium (data not shown). SSCs were then recorded 
at -70 mV for 3 min from neurones at E.E. day 17. 
Although averaged maximum amplitudes of each 
record (Fig. 1) were apparently different from the 
control, the statistical significance was not large 
(unpaired t-test, p = 0.15 for CNQX-treated neu
rones, p = 0.6 for TTX-treated neurones). This is due 
to the dependency of SSCs on the condition of each 
neurone and neuronal circuit in the culture.

To estimate more precisely the action of the 
blockers, we recorded evoked EPSCs from 21 
neurones at E.E. day 16 and from 83 neurones at 
E.E. day 17. Typical traces of the latter are shown in 
Figure 2A (traces 1-3). The amplitude of the EPSCs 
from neurones at E.E. days 16 and 17 were 
184 ± 42.2 pA (mean ± s.e., n- 5) and 311 ±35.6 pA 
(n = 26) for control, 96.0 ±13.3 pA (n = 5) and 
190.0 ± 38 pA (77 =25) for TTX-treated, and
77.4 ±20.1 (77 = 11) and 49.7 ± 8.13 pA (77 = 32) for 
CNQX-treated neurones, respectively. At E.E. day 
16, TTX and CNQX similarly suppressed the 
increase in amplitude seen in controls (unpaired t- 
test, p < 0.08). At E.E. day 17, the suppressive effects 
of the blockers were more significant (control vs 
TTX: unpaired (-test, p <0.03, control vs CNQX: 
unpaired r-test, p <0.001) and CNQX showed greater 
suppression than TTX (unpaired r-test, p < 0.001) in 
spite of there being no clear difference at E.E. day 16. 
The wave-shape of EPSC could be transformed due 
to a change in the spatial distribution of synaptic sites 
on the neurone. As to the results, however, this was 
not the case since the half-time of rise and decay of 
EPSC traces were not changed after treatments with 
each blocker (Fig. 2C). In fact, the trace of EPSCs 
from CNQX-treated neurones (Fig. 2A3) could be 
superimposed upon controls after fitting the vertical 
scale (Fig. 2A4). These data suggest that two modes of 
activity, that is, transduction-induced transmission 
and transduction-independent spontaneous transmis
sion, both contribute to synapse maturation in 
different ways.

To elucidate the difference between the modes of 
activity in synaptogenesis, we next analysed minis 
from 22 neurones at E.E. day 16 and from 131 
neurones at E.E. day 17 (Fig. 3A). The averaged 
amplitude of minis from neurones at E.E. days 16 and 
17 were 17.1 ± 1.95 pA (mean ± s.e., 77 = 7) and 
19.2 ± 0.871 pA (77 = 68) for controls, 13.8 ± 2.37 pA
(77 = 5) and 14.3 ±0.947 (n = 42) for TTX-treated, and
13.5 ± 1.21 and 13.0 ± 0.707pA (77 = 21) for CNQX- 
treated neurones, respectively (Fig. 3B). TTX and 
CNQX significantly suppressed the amplitude of 
minis (unpaired t-test, p < 0.005) at E.E. day 17, but 
not at E.E. day 16. There was no difference in 
suppression at E.E. day 17. These results indicate that
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FIG. 4. Schematic diagram of the activity-dependent synaptic change. 
Note that the synaptic size and the number of synaptic sites 
correspond to the area of solid circle at terminal and the terminal 
branches, respectively.

transduction-induced transmission mainly regulates 
the development of quantal amplitude.

Discussion

The synaptogenesis of cerebral neurones in vitro

was demonstrated to be dependent on the two modes 
of neuronal activities: transduction-dependent trans
mission and transduction-independent spontaneous 
transmission. In these experiments, the former was 
blocked by both TTX and CNQX, but the latter was 
blocked only by CNQX. The plausible explanation of 
the results (Fig. 4) indicates that the former and the
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latter activities mainly regulate the size and the 
number of a single synaptic site, respectively.

The amplitude of minis corresponds to the size of a 
single synaptic sites that in generally defined by the 
number of non-NMDA receptors in a postsynaptic 
sites and/or the glutamate content in a single synaptic 
vesicle. Since both TTX and CNQX similarly 
suppressed the amplitude (Fig. 3B), the transduc
tion-dependent activity alone is thought to contribute 
to development of the size. Unchanged rise and decay 
times of EPSCs (Fig. 2C) suggest that the increase in 
size is due to the number of receptors but not to the 
transmitter content.

Suppression of evoked EPSCs is generally thought 
to be due to the difference in the size of a single 
synaptic site, the number of release vesicles at one 
synaptic site, probability of release of one synaptic 
vesicle in one presynaptic firing or the number of 
synaptic sites. The suppression of evoked EPSCs by 
both TTX and CNQX (Fig. 2B) include the same 
extent of the reduced size development (Fig. 3B). 
Considering that only one transmitter release site 
exists in one bouton in rat hippocampal neurones12 
and in Mauthner cells of the goldfish,13 the second 
possibility cannot be the case. Thus, the difference in 
suppression caused by TTX or CNQX treatment 
(Fig. 2B) can be explained by the change in the release 
probability and/or the number of synaptic sites. This 
large difference reveals the importance of transduc
tion-independent spontaneous transmitter release in 
synaptogenesis.

Assuming that every synaptic site has the same 
probability of transmitter release, the number of 
synaptic sites at E.E. day 17 in control, TTX-treated 
and CNQX-treated neurones are calculated to be 
17.5, 13.3 and 3.8, respectively, using the data in 
Figures 2B and 3B. The frequency difference in each 
mini (Fig. 3A) can be due to the difference in the 
number of sites. Morphological studies of the

neuromuscular junction of mutant strains of Droso
phila have shown that the number and size of synaptic 
contacts are affected by synaptic activity,3’14’15 These 
data indirectly support the hypothesis that CNQX- 
sensitive synaptogenesis in our culture system 
involved an increase in synaptic sites (Fig. 4). Our 
data also indicate that blocking postsynaptic receptor 
induces presynaptic change, suggesting that a retro
grade messenger such as NGF participates in the 
synaptogenesis of sympathetic neurones16 while 
BDNF is involved in hippocampal neurones.6

Conclusion

Analysis of synaptogenesis in cultured chick 
cerebral neurones revealed that the increase in 
amplitude of EPSCs and minis depends on two 
modes of activities that are distinguished by the 
effects of TTX and CNQX. Transduction-indepen
dent spontaneous transmitter release and transduc
tion-dependent release contribute to synaptic growth 
in the period between E.E. days 15 and 17.

References
1. Hall ZW and Sans JR. Cell 72 / Neuron 10, 99-121 (1993).
2. Colman H and Lichtman JW. Dev Biol 156, 1-10 (1993).
3. Jia X, Groczyca M and Budnik V. J Neurobiol 24, 1025-1044 (1993).
4. Nelson P, Field R, Yu C et al. J Neurobiol 21, 138-156 (1990).
5. Sanes DH and Takacs C. Eur J Neurosci 5, 570-574 (1993).
6. Zafra F, Hengerer B, Leibrock J et al. EMBO J 9, 3545-3550(1990).
7. Dahm LM and Landmesser LT. J Neurosci 11, 238-255 (1991).
8. Basarsky TA, Parapura V and Haydon PG. J Neurosci 14, 6402-6411 (1994).
9. Kraszewski K and Grantyn R. Neuroscience AT, 555-570 (1992).

10. Nelson PG, Yu C, Fields RD et al. Science 244, 585-587 (1989).
11. Tokioka R, Matsuo A, Kiyosue K et al. Dev Brain Res 74, 146-150 (1993).
12. Perkel DJ and Nicoll RA. J Physiol 471, 481-500 (1993).
13. Korn H, Mallet A, Triller A et al. J Neurophysiol 48, 679-707 (1982).
14. Budnik V, Zhong Y and Wu CF. J Neurosci 10, 3754-3768 (1990).
15. Zhong Y, Budnik V and Wu CF. J Neurosci 12, 644-651 (1992).
16. Campenot RB. Dev Brain Res 37, 293-301 (1987).

Received 24 November 1995; 
accepted 10 January 1996

General Summary
Synaptogenesis is known to proceed in activity-dependent manner. We developed a system of culture for chick cerebral neurones in which 
we can analyse synaptogenesis by electrophysiological techniques. Using the system and two blockers of transduction and transmission, 
we investigated whether these two different neuronal activities are responsible for synaptogenesis. Our results clearly showed that not 
only transduction-dependent transmission but also transmission-independent spontaneous transmission play important roles in synaptic 
maturation. The former and latter activity contributed to the increase in the size and the number, respectively, of synaptic sites.
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Okadaic Acid Gives Concentration- 
Dependent Reciprocal Effects on the Fluid 
Phase Endocytosis Activated by Ca2+ and 

Phorbol 12-Myristate 13-Acetate
SATOSHI B. SATO,* KAZUYUKI KIYOSUE, TAKAHISA TAGUCHI, MICHIKI KASAI,

and SAKUJI TOYAMA
Cell and Information, PRESTO, Research Development Corporation of Japan and 

Department of Biophysics, Faculty of Science, (S.B.S.) and Institute for Virus Research 
(S.T.), Kyoto University, Kyoto 606-01, Department of Biophysical Engineering, Faculty 

of Engineering Science, Osaka University, Toyonaka, Osaka 560 (K.K., M.K.), Department 
of Organic Materials, Osaka National Research Institute, Ikeda, Osaka 563 (T. T.)

Incubation of a human fibrosarcoma cell line HT-1080 in increasing concentra
tion of Ca2+ was found to enhance endocytic internalization of a fluid phase 
marker, horseradish peroxidase. At 16.8 mM Ca2+, generation of the effect re
quired incubation for more than 45 min. The effect was reversed by removal of 
the excess ion for 30 min. Monitoring the intracellular concentration showed that 
the incubation induced a transient large Ca2+ influx followed by a recovery to 
230 ± 50 nM instead of the normal level of 83 ± 5 nM. The activation was not 
inhibited by inhibitors of protein kinases nor a cAMP antagonist. In contrast, the 
effect was prevented by okadaic acid (OKA) at 100 nM without detectable effect 
on the basal activity. Fluid phase uptake by HT-1080 cells was also enhanced 
by phorbol 12-myristate 13-acetate (PMA). In contrast to the case with Ca2+,
OKA at 100 nM did not prevent the PMA effect but further enhanced the endocy
tosis. The effect of OKA was concentration-dependent, as the reagent at 1 pM 
inhibited not only both the activation but also the basal activity. In Ca2+- or PMA- 
stimulated cells, FITC-dextran was delivered to endosomes that had been labeled 
with TRITC-transferrin. In contrast, following treatment with a combination of 
PMA and 100 nM OKA, fluid phase was internalized in vesicular compartments 
devoid of transferrin labeling. These results suggest that, through differential modi
fications of protein phosphorylation, endocytosis can be enhanced distinctively 
either by employing conventional receptor-bearing compartments or generating 
a new endosomal population. © 1996 wiley-Liss, inc.

Eukaryotic cells internalize physiologically im
portant molecules along the endosomal pathway as re
viewed by Goldstein et al. (1985) and Courtoy (1991). 
Although in most cases the endocytic activity of cells 
in culture occurs without known extracellular stimuli, 
recent studies have revealed that some endocytic mem
brane processes employ a mechanism similar to signal 
transduction. Typically, Robinson et al. (1993) have 
shown that a large GTPase dynamin involved in early 
internalization is phosphorylated by protein kinase C 
(PKC). Rickard and Kreis (1991) and Pierre et al. (1992) 
have suggested that clip-170, a phosphoprotein which 
links a certain type of endosomes to microtubles, fulfills 
its function when it is dephosphorylated. Ca2+ assists 
interactions of protein elements with endocytic com
partments. Typically, Emans et al. (1993) have shown 
that annexin II, a class of Ca2+-dependent phospho
lipid-binding proteins, is involved in early endosome 
fusion.

The involvement of protein phosphorylation and Ca2+ 
© 1996 WILEY-LISS, INC.

mechanisms argues that the whole endocytic internal
ization would be up- or down-regulated by modification 
of intracellular signaling. Lucocq et al. (1991) have 
shown that cells treated with okadaic acid, an inhibitor 
of protein phosphatase (PP) 1 and 2A, inhibits fluid 
phase endocytosis and some exocytic membrane trans
port. Woodman et al. (1992) have later shown that the 
reagent inhibits cell-free endosomal fusion. In exo- 
cytosis, studies by Davidson et al. (1992) have revealed 
that the effect is reversed by applying PP2A to semiin
tact cells, indicating direct involvement of protein de
phosphorylation. In endocytosis, however, it is not clear 
whether a similar mechanism is involved or if inhibi
tion of protein dephosphorylation is generally inhibi-

Received January 30, 1995; accepted June 8, 1995.

*To whom reprint requests/correspondence should be addressed 
at Department of Biophysics, Faculty of Science, Kyoto Univer
sity, Kyoto 606-01, Japan.
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tory to the activity. Enhancement of internalization of 
receptor molecules by PKC-activator phorbol esters has 
been demonstrated in some cells, as reviewed by Backer 
and King (1991). Cardone et al. (1994) have demon
strated that, in transcytosis of polymeric IgA, specific 
Ser-phosphorylation of receptor cytoplasmic tail is in
volved, and the activity is also enhanced by phorbol 
myristate acetate possibly by recruiting specific PKC. 
However, whether the effect is evoked solely by in
creased protein phosphorylation or other types of reac
tions such as protein dephosphorylation are involved 
is not clear yet. Moreover, it is not clear whether Ca2+ 
gives the identical effect as phorbol esters.

In this report, we present evidence that fluid phase 
endocytosis is stimulated distinctively by Ca2+ or PMA. 
We further show that PMA- or Ca2+-treated cells em
ploy the conventional endocytic route, while in cells 
treated with PMA in conjunction with 100 nM OKA 
endocytosis is enhanced employing early compartments 
devoid of transferrin receptors. In contrast, 1 pM OKA 
generally inhibited the endocytosis regardless of the 
treatment with Ca2+ or PMA. The results point to varia
tion of protein phosphorylation being one of the key 
factors that determine the endocytic route and magni
tude.

MATERIALS AND METHODS 
Reagents

Sodium phosphate-free MEM and DME (low glucose) 
were purchased from Gibco BRL (Gaithersburg, MD). 
Staurosporin, genistein, phorbol 12-myristate 13-ace
tate, okadaic acid (Wako Pure Chemicals, Osaka, Ja
pan) and Rp-cAMPS (Biolog, Bremen, Germany) were 
purchased from the indicated distributors. Chloride 
salts of monovalent cations and CaCl2 2H20 (Wako) 
were all >99.9%. TRITC-dextran, a fixable Lucifer Yel
low CH-labeled dextran (mw. 40,000) and TRITC-la- 
aeled human transferrin were purchased from Molecu
lar Probes (Eugene, OR). FITC-dextran (FD20) ob
tained from Sigma (St. Louis, MO) was purified as 
described by Preston et al. (1987). Other reagents were 
obtained from Wako.

Cells
HT-1080, a human fibrosarcoma cell line, was used 

throughout. The cell line was obtained from ICN Bio- 
nedicals (Costa Mesa, CA) and further cloned by Uni
ting dilution. One clone showing an extended morphol- 
)gy, which is typical in the mother culture but at the 
same time with a larger cell size, was named clone 1. 
fhe cells were cultured in DME supplemented with 
10% fetal bovine serum (FBS) and used after 2 days.
Freatment of cells with Ca2+ and other reagents 

and assay of fluid phase endocytosis
Cells were washed with prewarmed Na phosphate- 

ree MEM which was reconstituted in ultrapure water 
irepared by milli-Q plus (MiUipore, Bedford, MA) and 
iupplemented with 10 mM Hepes or Mes, 1 mM Na 
>yruvate, and 2% FBS dialyzed against 150 mM NaCl. 
rhey were then incubated in 1 ml of the medium con- 
aining various concentrations of CaCl2 with or without 
ither supplemented ions (from 1 M stock) or reagents 
usually from X 1,000 stock) for 10-60 min at 35°C with

gentle shaking in a humidified chamber. For the revers- 
ibiUty, treated cells were washed two times and chased 
in an appropriate medium. For assay of fluid phase 
uptake, cells were added to horseradish peroxidase to 
a final concentration between 0.5 and 2 mg/ml at 35°C. 
At intervals, cells were washed with ice-cold PBS (145 
mM NaCl, 10 mM Na phosphate, pH 7.2) three times 
on an ice-cold aluminum block. They were then scraped 
into eppendorf tubes and washed with PBS three times 
by centrifugation at 3,000g at 4°C for 5 min. In cases 
with reagents such as 1 pM OKA, which induced cellu
lar rounding, cells were directly scraped in HRP-con- 
taining medium and washed seven times by centrifuga
tion. The washed cells were solubilized in 0.45 ml of 
TBS (150 mM NaCl, 50 mM Tris-HCl, pH 8.0) con
taining 0.2% NP-40 and 10 pg/ml pepstatin A and 10 
pM (p-amidinophenyl)-methanesulfonyl fluoride hydro
chloride (APMSF) at 0°C for 1 h. After centrifugation 
at 10,000g for 10 min, the supernatant was triplicately 
analyzed for protein as described by Bradford (1976) 
and for the peroxidase activity using tetramethylbenzi- 
dine as a substrate. Usually, the enzyme reactions were 
continued until those in control cells developed the 
color to OD of 0.3 at 450 nm. The results were normal
ized for the cellular protein and represented as relative 
uptake to the control cells.

Measurement of intracellular calcium
Cells grown on coverslips which had been attached 

to a fitting hole in a culture dish by glue were loaded 
with either fura-2 AM or indo-1 AM at 10 pM for 0.5- 
1 h at 37°C. Using fura-2, intracellular calcium concen
tration ([Ca2+]i) was monitored at room temperature 
(25°C) in an OSP-3 system (Olympus, Japan) controlled 
by a 16-bit personal computer with a system software 
(MICA) which has been developed by the National In
stitute of Physiological Science (Okazaki, Japan). The 
ratio of fluorescence at 510 nm excited at 340 and 380 
nm was stored one after another. For determination 
of the steady level of the ion, indo-1 was used. The 
fluorescence was measured by MPS20 (Zeiss, Germany) 
using EGTA, ionomycin, and MnCl2 as described by 
Thomas and Delaville (1991).

Fluorescence microscopy of endosomes
For early endosome labeling, cells pretreated with 

various reagents in Na phosphate-free MEM-2% FBS 
were incubated in the same medium containing TRITC- 
dextran (5-10 mg/ml) at room temperature (23-25°C) 
for 5 min. For visualization of late compartments, cells 
were first incubated in the medium containing 5 mg/ 
ml TRITC-dextran in the presence or absence of a re
agent of interest at 35°C for 30 min. They were then 
chased in the medium for 30-60 min. In order to com
pare the route of the early transport, cells previously 
incubated in serum-free DME at 37°C for 1 h were 
incubated with 50-100 pg/ml TRITC-Trf in MEM ± 
16.8 mM CaCl2 for 1 h. When the cells were treated 
with PMA or OKA, they were incubated with the re
agent in the TRITC-Trf-containing medium for addi
tional 15 min. After extensive washing with phosphate- 
free MEM over 5 min, cells were pulsed with 10 mg/ml 
FITC-dextran (FD) for 5 min and chased for 3 min. The 
coverslip culture was mounted using phosphate-free
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Fig. 1. Enhancement of fluid phase endocytosis by Ca2+. a: HT-1080 
cells were incubated in Na phosphate-free MEM (1.8 mM Ca2+) sup
plemented with varying concentrations of CaCl2 at pH 7.4 at 35°C for 
1 h. Cells were then added 1 mg/ml HEP for 20 min. After extensive 
washing, cell-associated HEP was quantified and normalized for the 
cellular protein. The figure represents the average of three experi
ments. b: Time course of the fluid uptake at 16.8 mM (filled square) 
and 1.8 mM (filled diamond) Ca2+. Cells were incubated at pH 7.4 at 
35°C for 1 h and then with HEP for the indicated periods. The amount 
of the enzyme in cells in 1.8 mM Ca2+ at 1 h was taken as 1. An open 
triangle indicates the uptake in the presence of 100 pM LaCl3. Inset:

Time (min)

The uptake at earlier time points, c: Enhancement of endocytos: 
requires preincubation of cells. Cells were incubated with 16.8 ml 
CaCl2 at pH 7.4 at 35°C for the indicated periods: then 1.5 mg/n 
HEP was added for 15 min. The uptake was compared to that of cel] 
without supplemented Ca2+. d: The enhanced uptake is reversed b 
removal of the supplemented Ca2+. Cells were first incubated at 16. 
mM Ca2+ for 1 h and transferred at 1.8 mM Ca2+. At the indicate 
time points, endocytosis was assayed by adding HEP (1.5 mg/ml) ft 
15 min. The uptake was compared to that of cells without suppl< 
mented Ca2+. Errors in a-d were within ±15% of the value poinl 
and are not indicated in the figures.

MEM containing 20 mM methylamine hydrochloride in 
order to visualize otherwise quenched FD fluorescence. 
Cells were observed by using a confocal laser scanning 
system (MRC-600; Biorad, Hercules, CA) mounted on 
an Axiophoto fluorescence microscope (Zeiss).

RESULTS
Enhancement of fluid phase uptake by Ca2+
In a series of tests for an up-regulating mechanism, 

incubation of HT-1080 cells in an increasing concen
tration of Ca2+ was found to enhance the fluid phase 
endocytosis (Fig. 1). At 16.8 (=1.8 + 15) mM, the cell- 
associated HRP amounted to about 1.8 ± 0.3 times that 
observed when the medium was without the supple
mented ion (1.8 mM Ca2+). The activity of the control 
cells was estimated to be 0.082 ±_(li)03 fil/106 cells/h, 
which is comparable to those of othercells as reviewed 
by Courtoy (1991). Kinetic analysis at 16.8 mM Ca2+ 
indicated that the increase amounted to 1.6-2.5 times 
at all the time points (Fig. lb). The effect was reduced

by addition of a general calcium antagonist, La3+ (10 
pM) (triangle in Fig. lb). Incubation of the cells in 
phosphate-free medium for avoiding formation of Ca 
phosphate precipitates did not influence the basal at 
tivity (not shown).

Enhancement of endocytosis by Ca2+ required prein 
cubation of the cells for as long as 45 min for saturation 
(Fig. lc). When cells were treated with 16.8 mM Ca2 
for 15 min and then 1.8 mM for 45 min, no or littl 
enhancement was obtained (results not shown). Whei 
the cells incubated in 16.8 mM Ca2+ for 1 h were trams 
ferred into a normal medium, the endocytic activit 
returned in 30 min to the original level (Fig. Id).

The enhancement was not inhibited by incubatioi 
with blockers of voltage-gated Ca2+ channels such a 
verapamil (an L-type channel blocker) (5 pM), to-conc 
toxin GV1A (L and N types) (1 pM), and amiloride (r 
type), (500 pM) in 16.8 mM Ca2+ for 1 h. Incubatioi 
with 100 pM NiS04, which is also known for blocking 
the gated flux of the ion, gave no effect either. Neithe
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?ig. 2. a: Monitoring the influx of Ca2+ in cells loaded with a fluores
cent indicator, fura-2. The curves represent the typical results out of 
it least five different measurements. At the time point indicated by 
he arrowhead, cells were added to a final concentration of 16.8 mM 
)a2+ at pH (a) 7.5, (b) 7.1, and (c) 6.4. The magnitude of initial flux 
lid not change, but the following recovery was accelerated by low pH. 
Vhen 50 mM CsCl was added, the initial influx decreased by more 
ban 70% (d). b: Effect of pH on the fluid phase endocytosis enhanced 
>y Ca2+. Cells were incubated at 16.8 mM Ca2+ at the indicated pH 
or 1 h. Uptake of HRP for 20 min was compared to the activity 
vithout supplemented CaCl2 at pH 7.2.

-etraethylamine at 20 mM (a blocker of some K+ chan- 
lels) nor tetrodotoxin at 1 jllM (a blocker of Na+ chan- 
lel) gave any effect.

Incubation in Ca2+ induced rapid influx and 
elevation of stationary concentration of the ion

To assess the action of Ca2+, we monitored intracellu- 
ar concentration of the ion by using a fluorescent indi- 
:ator, fura-2. At pH 7.6, exposure of cells to 16.8 mM 
2a2+ induced a rapid influx of the ion. The increase 
vas then followed by a slower recovery (Fig. 2a, line 
0. At pH 7.1, the magnitude of the influx did not 
hange, but the recovery was accelerated by a factor of 
0 (Fig. 2a, line b). The recovery was further acceler- 
ited at pH 6.4 (Fig. 2a, line c). The stationary concen- 
ration ([Ca2+]i) at pH 7.2 was 83 ± 5 nM (n = 8) at 
-.8 mM Ca2+, while at 16.8 mM it was raised to 230 ± 
t0 nM (n = 6). When the ionophore, A23187, was added 
it 40 (iM in a normal medium, cellular integrity was 
ost (not illustrated). When pH dependence of the Ca2+ 
fleet was studied, the internalization was more than

Contro1 h
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Gemstein 

Okadaic acid lOOnM 

Okadaic acid IjiM 

Rp cAMPS 
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' ■ ■ ■ i ■ ■ ■

0 0.5 1 1.5

Relative Uptake

Fig. 3. Effect of various reagents on the fluid phase endocytosis en
hanced by Ca2+. Cells were incubated in 1.8 mM (filled bars) or 16.8 
mM (dotted bars) Ca2+ with either staurosporin (20 nM), genistein 
(36 (iM), okadaic acid (OKA) (100 nM or 1 pM), Rp-cAMPS (100 (iM), 
or trifluoperazine (TFP) (15 pM) at pH 7.2 at 35°C for 1 h. Then 1 
mg/ml HRP was added to the cells for 20 min. TFP and 100 nM OKA 
inhibited the enhancement, while 1 pM OKA inhibited endocytosis 
regardless of the concentration of Ca .

1.6-fold at all pH values tested (Fig. 2b). These results 
suggest that [Ca2+]i is increased by the influx of the ion 
but is maintained below the toxic level. This is possibly 
achieved by the pumping-out activity of Ca2+-ATPase, 
which can be accelerated by extracellular low pH as 
revealed by Niggli et al. (1982). When CsCl was supple
mented at 50 mM, Ca2+ influx was reduced by more 
than 70%, but the following recovery rate remained 
unchanged (Fig. 2, line d). The stationary concentration 
was 115 ± 60 nM (n = 4), suggesting that Cs+, which 
has comparable ionic radius as Ca2+, reduced the trans
membrane movement of the divalent ion. Concomi
tantly, the ion reduced the enhancement to the basal 
level of endocytosis (not illustrated). The activation was 
similarly reduced by Rb+, while Na+ and K+ gave minor 
effects. Interestingly, when Li+ was added, it did not 
interfere with the Ca2+ entry but reduced the enhance
ment of endocytosis to the basal level. The action of 
Li+, which likely modified intracellular reactions, is 
currently studied.

Enhancement of endocytosis by Ca2+ is
prevented by okadaic acid but not by protein 

kinase inhibitors
In order to find the mechanism that is activated by 

Ca2+ on endocytosis, we tested a panel of reagents in
fluencing the intracellular signaling (Fig. 3). We found 
that okadaic acid (OKA) at 100 nM canceled the en
hancement. In the presence of 100 nM OKA, the inter
nalization induced by 16.8 mM Ca2+ was similar to the 
basal level. OKA at this concentration gave no signifi
cant effect on the basal activity. In contrast, when cells 
were treated with 1 pM OKA, the activity was reduced 
to 20% of the basal level regardless of the concentration 
of Ca2+. This concentration was the same as in the 
inhibition of the membrane transport in other cell types
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reported by Lucocq et al. (1991). At 1 pM but not at 
100 nM, the cells showed intense rounding and were 
easily detached by shaking. Because OKA inhibits PP1 
and 2A at different concentration, as reviewed by Co
hen et al. (1990), we tested the effect of calyculin A 
which inhibits both the enzymes at a similar concentra
tion as described by Ishihara et al. (1989). At >1.5 
nM, the reagent reduced both the basal and enhanced 
activities with concomitant cellular rounding. At <1 
nM, cells remained extended, but at the same time the 
reagent had no effect on the activities.

In contrast to the effect of an inhibitor of protein 
phosphatase, reagents which influence protein phos
phorylation had no significant effect. Genistein, an in
hibitor of protein tyrosinekinases, reduced uptake in 
the normal medium by 30-40%, but Ca2+ still had an 
enhancing effect. Likewise, no effects were observed 
with staurosporin, which inhibits C and also A and 
myosin light chain (MLC) kinases and with Rp-cAMPS 
(100 pM), an antagonist of cAMP.

We also found that trifluoperazine (TFP) (15 pM) re
duced Ca2+-induced uptake. This reagent also induced 
intense cellular rounding in the presence of 16.8 mM 
CaClg. At lower concentrations without inducing the 
morphological effect, the reagent was ineffective in in
terfering with the enhancement (not shown). W-7 also 
had a similar effect. These reagents are known for in
hibiting Ca2+-calmodulin-regulated reactions. How
ever, because studies by Jarrett and Penniston (1977) 
and Gopinath and Vincenzi (1977) reveal that the Ca2+ 
pump is up-regulated by Ca2+-calmodulin, whether the 
reagent directly interrupted the endosomal function or 
if the results reflected increased sensitivity of cellular 
integrity to the influx of Ca2+ was not clear.

Endocytosis is also enhanced by PMA and 
further by supplementation of OKA at 100 nM
Although the failure of inhibition by staurosporin 

suggests no involvement of protein kinase C in the Ca2+ 
effect, studies by Siegel et al. (1989) have indicated 
that diacylglycerol (DAG), which can be released by the 
ion-induced activation of phospholipase C (PLC), has a 
potency to induce membrane fusion. When cells were 
treated with a stable DAG analog phorbol 12-myristate 
13-acetate (PMA), enhancement of internalization of 
HRP also occurred (Fig. 4a). The effect was slightly 
larger when cells were treated for 15 min than for 60 
min (Fig. 4b). When PMA was added at 16.8 mM Ca2+ 
for 1 h, further activation by 1.3-1.5-fold of PMA-stim- 
ulated uptake was obtained. This result excludes that 
PMA was mimicking the Ca2+-induced enhancement.

In contrast to the case with Ca2+, Cs+ and Rb+ re
duced the PMA effect only slightly (Fig. 5). The result 
could be explained by a minimum requirement of Ca2+ 
influx in PMA-treated cells. When 100 nM OKA was 
added, it enhanced the effect of PMA to fourfold over 
the control (Fig. 5). This result made a very strong 
contrast to the inhibition of the Ca2+ effect. However, 
when OKA was added at 1 pM, the reagent inhibited 
the activity to less than 30% of the control. Similar 
inhibition was obtained by 3 nM calyculin A (not 
shown). Under these conditions, intense cellular 
rounding was observed. These results suggest that mild 
or selective inhibition of PP(s) by OKA, in conjunction

[PMA] (nM)

Time (min)

Fig. 4. PMA enhances fluid phase endocytosis by HT-1080 cells, a 
Cells were incubated in MEM (1.8 mM Ca2+) with PMA at the indi 
cated concentrations at pH 7.2 at 35°C for 1 h. After incubation witi 
HRP (1 mg/ml) for 20 min, cell-associated enzyme was determined 
b: Time course of the enhancement. Cells preincubated with 20 nl 
PMA for the indicated periods were added to 1 mg/ml HRP in th 
presence of PMA for 10 min. The uptake was compared to the activit; 
without PMA. When cells were treated in 16.8 mM Ca2+ for 1 h (fillei 
circle), the enhancement was strengthened. The square represent 
endocytosis in 16.8 mM Ca2+ alone.

with the PMA effect, enhances endocytosis, while OK/ 
at 1 fiM fully blocked not only the basal but also Ca2+ 
and PMA-induced internalizations. In contrast to tin 
case with Ca2+, the PMA effect was not inhibited b] 
15 pM TFP, suggesting no involvement of calmodulin 
dependent processes.
Cells treated with 100 nM OKA in conjunction 

with PMA employ an altered early 
transport pathway

The effects of Ca2+ and PMA/OKA on the endosoma 
pathway were examined by confocal fluorescence mi 
croscopy of living cells. In the control cells, localizatior 
of early endosomes revealed by incubation with 5 mil
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Incubation of a human fibrosarcoma cell line HT-1080 in Li+-containing medium inhibited 
internalization of a fluid marker, horseradish peroxidase (HRP), by more than 80%. The ion 
inhibited the activity enhanced by Ca2+ or phorbol 12-myristate 13-acetate. We also found 
that wortmannin (WT), a potent inhibitor of phosphoinositide (PI) 3-kinase (PI 3-k), 
inhibited the non-stimulated and the two stimulated types of endocytosis to the same extent 
as Li+. In contrast, neither WT nor Li+ influenced the early internalization of transferrin 
(Tfh), EGF or platelet-derived growth factor. Neither targeting to early endosomes nor 
recycling of the once-internalized Tfh was influenced. When the cytoplasmic pH was 
lowered by chasing cells that had been preincubated with 25 mM NR, Cl in an amiloride- 
containing Na -free medium, more than 90% of internalization of Tfh in HT-1080 cells was 
inhibited, while that of HRP was reduced by only 35%. In contrast, WT reduced the uptake 
of HRP by KB cells by 34%, while 60% of the activity was inhibited by the treatment for 
cytoplasmic acidification. Comparison of other cells i.e., A-549 and a human diploid cell 
line Miyajima, indicated that cells showing higher sensitivity to WT were less sensitive to 
low cytoplasmic pH. These results suggest that, in all the cells studied, bulk fluid is 
internalized either via a clathrin-independent/PI 3-k-dependent route or via a clathrin- 
dependent/PI 3-k-independent one, though the ratio varied among them. We also found that 
internalization of a mAh directed toward the 116 (100)-kDa subunit of vacuolar ATPase 
[OSW2; Sato and Toyama (1994) J. Cell Biol. 127, 39-53] in the fluid phase was inhibited 
by WT, but the antibody was still internalized in a surface-bound form. Regardless of the 
treatment with WT, most of the antibody was transported to endosomes that were associat
ed with Tfh receptor. These results suggest that both internalization routes are targeted to 
the same early endosomal compartments.

Key words: endocytosis, growth factor internalization, PI-3k, Pl-tumover, transferrin.

Eukaryotic cells internalize physiologically important 
molecules by endocytosis. The process employing specific 
receptors in clathrin-coated pits and vesicles is essential for 
the internalization of many kinds of protein ligands (1, 2). 
With ligands, the bulk-fluid phase is opportunistically 
internalized by the vesicles. On the other hand, some toxins 
and plasma membrane components are internalized inde
pendently of clathrin (3, 4). The two surface routes appear 
to be targeted to the common early endosomes (5, 6). It has 
been shown that inhibition of clathrin - polymerization 
reduces endocytosis of transferrin by rat fetal fibroblasts 
while the internalization of HRP is much less affected (7). 
Damke et al. have demonstrated that induction of a mutant 
dynamin that lacks GTPase activity in HeLa cells speci
fically reduces most of the receptor - mediated internaliza
tion of protein ligands, but the cells still show a high degree 
of endocytosis of HRP (8). These results imply that the 
clathrin-independent mechanism(s) takes a large part in 
the internalization of the bulk fluid in some cells. However,

1 To whom correspondence should be addressed. Tel: + 81-75-753- 
4216, Fax: +81-75-791-0271

in contrast to clathrin-dependent endocytosis, mechanistic 
details of the bulk-fluid endocytosis are still unclear (for 
review, Ref. 9).

By using wortmannin, which inhibits phosphoinositide 
(PI) 3-kinase, recent studies have suggested that this 
enzyme is involved in endocytic activity (10, 11). Wort
mannin was found to be inhibitory to the internalization of 
a fluid phase marker, but this was interpreted in terms of 
the mechanism of clathrin-dependent endocytosis (10). In 
apparent contradiction, Joly et al. indicated that a WT- 
sensitive mechanism is involved in post-endocytic step(s), 
where the reagent inhibited down-regulation of platelet- 
derived growth factor receptor (11).

We previously found that fluid phase endocytosis in a 
human fibrosarcoma cell line, HT-1080, was enhanced by 
Ca2+ or phorbol 12-myristate 13-acetate (PMA) (12). The 
fluid phase was transported to compartments that were 
localized by fluorescent transferrin. In the presence of 
okadaic acid (OKA) at 100 nM and 20 nM PMA, the fluid 
phase was targeted to compartments devoid of transferrin
labeling, suggesting that the cells potentially had a clathrin- 
independent alternate endocytic mechanism(s) (12). We
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also found that Li+ inhibited fluid-phase endocytosis ac
tivated by Ca2+. In characterizing the effect of the ion, 
prolonged incubation in Li+ also inhibited non-stimulated 
endocytic activity and that activated by PM A. We found 
that WT inhibits both the basal and activated endocytosis 
with identical magnitude. We used these two reagents for 
characterization of receptor-mediated internalization of 
transferrin (Tfn), epidermal growth factor (EGF) and 
platelet-derived growth factor (PDGF) and observed no 
inhibition. Because both reagents interfere with the non- 
canonical PI-turnover, we suggest that the molecule(s) in 
the turnover is an essential element in the clathrin-inde
pendent endocytosis.

MATERIALS AND METHODS

Reagents—DME and Na phosphate-free MEM were 
obtained from Gibco BRL (Gaithersburg, MD). Wortman- 
nin (Sigma Chemical, St. Louis, SO) and phorbol 12- 
myristate 13-acetate (Wako Pure Chemicals, Osaka) were 
purchased from the indicated distributors. A rabbit 
antiserum against the p85 subunit of PI 3-k was obtained 
from UBI (Lake Placid, NY). TRITC-dextran, TRITC- 
labeled human transferrin (Tfn) and FITC-Tfn were 
purchased from Molecular Probes (Eugene, OR). 125I-label- 
ed human Tfn, epidermal growth factor (EGF), and plate
let-derived growth factor (PDGF)-BB were obtained from 
Amersham (UK). Non-labeled human Tfn (Chemicon 
International, Temecula, CA), human recombinant EGF 
(Wako), and human recombinant PDGF (Genzyme, Cam
bridge, MA) were purchased from the indicated distribu
tors. Fluorescently labeled antibodies against mouse IgG: 
and IgG2b were obtained from Southern Biotechnology 
(Birmingham, AL). Other reagents were obtained from 
Wako.

Cells—HT-1080 clone 1 was as described (12). A-549 
was obtained from ICN (Costa Mesa, CA). KB-100 was a 
subclone of KB cells (13). MDCK-II was kindly provided by 
Dr. T. Kobayashi of Tohoku University. A diploid human 
cell line, Miyajima, was established from a monolayer 
culture of donor cells. The cells were maintained in DME 
supplemented with 10% fetal bovine serum (FBS). They 
were used more than 2 days after culturing on small plastic 
dishes or on glass coverslips.

Treatment of Cells with Li+ or Wortmannin—Cells were 
usually treated in DME-10% FBS containing 50 mM LiCl 
(>99.9%, from 1 M stock) or 50 nM wortmannin (WT, 
from x 1,000 stock in DMSO) at 37°C. For treatment with 
Ca2+, cells were washed with prewarmed Na phosphate- 
free MEM containing 10 mM Hepes, 1 mM Na pyruvate, 
and 2% FBS (dialyzed against 150 mM NaCl) at pH 7.2, in 
order to avoid formation of Ca phosphate precipitates. 
They were incubated in the medium supplemented with 15 
mM CaCl2 (> 99.9%, final 16.8 mM, high Ca2+-medium) for 
60 min at 37°C with gentle shaking in a humidified cham
ber. When Li+- or WT-treated cells were further treated 
with Ca2+, they were transferred to the high Ca2+-medium 
containing the reagents 1 h before the assay.

Assay of Fluid-Phase Endocytosis—Duplicate cultures 
of cells in DME- or MEM-2% FBS (6-8 X 105 cells/small 
dish) were supplemented with horseradish peroxidase to a 
final concentration between 0.5-2 mg/ml. They were in
cubated in a humidified chamber placed in a shaking

incubator at 35°C. At intervals, cells were washed with 
ice-cold PBS (145 mM NaCl, 10 mM Na phosphate, pH 
7.2) 3 times, scraped into Eppendorf tubes, and washed 
with PBS 3 times by centrifugation at 3,000 X g at 4°C for 
5 min. KB and Miyajima, to which slight background 
binding of HRP at 0°C was detectable, were treated with 
0.01% pronase and sedimented through 0.5 ml of 15% 
sucrose-PBS. The washed cells were solubilized in 0.45 ml 
of TBS (150 mM NaCl, 50 mM Tris-HCl, pH 8.0) contain
ing 0.2% Triton X-100 and 10 jug/ml pepstatin A and 10 
pM (p-amidinophenyl)methanesulfony 1 fluoride hydroch
loride (APMSF), at 0°C for 1 h. After centrifugation at 
10,000 X g for 10 min, the supernatant was analyzed in 
triplicate for protein (14) and the peroxidase activity using 
tetramethylbenzidine as a substrate. The results were 
normalized for cellular protein and represented as relative 
uptake to the control cells. Cells were also treated with 25 
mM NH4C1 (Fluka, Switzerland) for 20 min, followed by 
incubation in K+-buffer (150 mM KC1, 2 mM CaCl2, 1 mM 
MgCl2,10 mM K Hepes, pH 7.0) containing 500 pM amilor- 
ide in a similar manner to that described (15). Control cells 
were incubated in DME-10 mM Na Hepes (DME-Hepes) 
pH 7.2 without serum. After 5 min, cells were incubated 
with HRP for 10 min and the uptake of the enzyme was 
determined as described above. The treatments did not 
change the mechanical stability against the scraping proce
dure as assessed by membrane permeability to trypan blue.

Assay of Receptor-Mediated Endocytosis—For assay of 
internalization of transferrin (Tfn), cells were first incubat
ed in serum-free DME for 1.5 h at 37°C, then with 50 nM 
WT for 30 min. They were incubated in 1 ml of serum-free 
DME containing 0.5 /zg/ml non-labeled Tfn and 1.85 kBq 
(0.05 /zCi)/ml 125I-Tfn at 37°C. Cells were washed with 
ice-cold DME-Hepes, pH 7.2, 6 times. After removal of 
surface-bound Tfn by treatment with 50 mM glycine, 100 
mM NaCl pH 3.0 for 2 min, 2 times, cell-associated radio
activity was recovered in 2x0.8 ml of 1 N NaOH. When 
recycling of the ligand was measured, cells depleted of the 
intrinsic ligand as described above were first incubated with 
Tfn (1.85 kBq/ml, 0.1 pg/ml) for 1 h at 37°C. WT was 
added at 50 nM during the next 30 min. The cells were 
washed and chased in DME containing 50 pg/vA non-label- 
ed Tfn. At intervals, 100 p\ aliquots of the chase medium 
were collected and the radioactivity was determined. For 
the assay of internalization of EGF or PDGF, cells pretreat
ed with 50 nM WT for 60 min were incubated in DME-5 
mM Na Hepes containing 2% dialyzed FBS, 5-10 ng/ml 
EGF or PDGF and 1.85 kBq/ml 125I-labeled corresponding 
ligands. At intervals, cells were washed, acid-treated and 
solubilized in 1 N NaOH. In order to test the effect of WT on 
the lysosomal degradation, cells were incubated with 2 ng/ 
ml EGF/125I-EGF in DME-2% FBS at 20°C for 1 h. Cells 
were then treated with WT in the presence of the ligand for 
20 min, washed 6 times at 0°C, and chased at 37°C. At 
intervals, 100 p\ of the medium was collected and 100% 
TCA-0.25% Na deoxycholate was added to give a final 
concentration of 20%. After incubation in ice for 1 h, the 
samples were centrifuged at 10,000 X g for 5 min and the 
TCA-soluble count was measured. The radioactivity was 
determined in a Clinigamma counter (Pharmacia LKB, 
Uppsala, Sweden).

Fluorescence Microscopy of Endosomes—For labeling of 
early endosomes with Tfn, cells on coverslips were depleted
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of the ligand by incubation in serum-free DME-Hepes pH 
7.2 at 37°C for 60 min. FITC-Tfn (100 /tg/ml) was then 
added for 1 h. The cells were further incubated with 50 nM 
WT in the presence of the ligand for 30 min. After having 
been washed with the medium containing WT over 5 min, 
the cells were incubated with TRITC-Tfn (50 //g/ml) for 10 
min at room temperature (25°C). The coverslips were 
mounted in DME-5 mM Na Hepes containing 20 mM 
methylamine for visualization of otherwise quenched 
FITC - fluorescence. Cells were also incubated with a mAh 
directed toward the 116(100)-kDa subunit of the vacuolar- 
type proton pump, OSW2 (IgG2b) (16), at 100 or 3 /tg/ml 
for 10 min at 37°C. The cells were washed and fixed with 3% 
paraformaldehyde - PB S for 10 min then permeabilized 
with 0.05% Triton X-100 in PBS for 1.5 min. After incuba
tion with an anti-human Tfn mAh (IgGi: Chemicon), the 
antibodies were visualized by fluorescent subtype-specific 
antibodies. Cells were observed by using a confocal laser 
scanning system (MRC-600, Biorad, Hercules, CA) mount
ed on an Axiophoto fluorescence microscope (Carl Zeiss, 
Germany).

Electron Microscopy—Cells in 8-well Lab-Tek chamber 
slides (Japan InterMed, Tokyo) were treated with 10 mg/ 
ml HRP at 37°C for 30 min. They were washed with 
MEM-Hepes pH 7.2, then chased in the presence or the 
absence of 50 nM WT for 20 min. Cationized ferritin 
(Sigma) was added to a final concentration of 100 /zg/ml for 
20 min. Cells were fixed with 0.5% glutaraldehyde in 7% 
sucrose-PBS at room temperature for 30 min. For visuali
zation of HRP, fixed cells were treated with 0.5 mg/ml 
diaminobenzidine in TBS and 0.03% H202. The samples 
were further fixed in 1% 0s04. Cells were also stained with 
ruthenium red in a similar manner to that described (8). 
The cells preincubated with 50 nM WT at 37°C were 
washed with 150 mM Na cacodylate pH 7.6 and fixed with 
1% glutaraldehyde in 100 mM Na cacodylate containing 0.5 
mg/ml ruthenium red at room temperature for 1 h. They 
were then washed with 150 mM Na cacodylate 5 times and 
further treated with 0.5 mg/ml ruthenium red and 1% 
0s04 in 75 mM Na cacodylate for 3 h. Samples were 
dehydrated with a graded series of ethanol, and finally 
embedded in Epon. Ultrathin sections were examined with 
or without counter- staining by uranyl acetate and lead 
citrate.

RESULTS

Inhibition of Fluid-Phase Endocytosis by Li+—Fluid- 
phase endocytosis by HT-1080 was measured by using a 
non-specific marker, HRP. The activity was 0.081 ±0.005 
/H/h/106 cells, which is comparable to that in hepatocytes 
(17, 18). When cells were incubated with 50 mM Li+ for 
increasing periods, the ion reduced not only the basal 
endocytosis, but also the activation by Ca2+ or phorbol 
12-myristate 13-acetate (PMA) (Fig. la). When cells 
preincubated with Li+ for 3 h were returned to a normal 
medium, the inhibition was reversed nearly to the original 
level within 3 h (Fig. lb). Prolonged incubation in Li+ did 
not induce any evident cytopathic effect. The ion did not 
change the activity of the marker. The cells remained fully 
extended even after 18 h. At that time point, the number of 
cells was 80% of the control, suggesting slight inhibition of 
multiplication. However, the cells grew normally upon
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removal of the ion (data not shown).
Fluid-Phase Endocytosis Is Inhibited by WT—Li+ inhib

its dephosphorylation of inositol di- and monophosphate. 
resulting in reduction of a phosphatidylinositol pool. If 
therefore interferes with both the canonical and non- 
canonical phosphoinositide (PI)-turnovers (19-21). Since 
Li+ reduced enhancement of fluid-phase endocytosis by 
Ca2+ or PMA, which can mimic some parts of the canonical 
turnover, we tested the effect of inhibition of non-canonical 
PI-turnover on the fluid-phase endocytosis by using a 
potent inhibitor of PI 3-k, wortmannin (WT) (22, 23). 
When cells were incubated with the reagent for 1 h, not 
only the basal activity, but also that stimulated by Ca2+ or 
PMA were very similarly reduced (Fig. 2a). The concentra
tions giving 50% inhibition of the original activities were 2 
nM for all three cases, which was similar to that inhibiting 
the partially purified enzyme. In contrast to these effects, 
incubation of cells with 2,3- dihydroxybenzaldehyde at 5 
/zg/ml, which inhibits PI 4-k (24), did not change the 
activity.

88£

Time (h)

Time after Treatment (h)
Fig. 1. Inhibition of fluid phase endocytosis by Li+. a: Cells 
were incubated with 50 mM LiCl for indicated periods. During the 
last 1 h, they were treated with either none (O, 1.8 mM Ca2+), 16.8 
mM Ca2+ (•) or 20 nM PMA (■) in Na phosphate-free MEM-2% FBS 
dialyzed against 150 mM NaCl. For treatment with Li+ for longer 
than 1 h, incubation was initially done in DME-10% FBS. Internaliza
tion of HRP was determined by incubating cells with the enzyme at 1 
mg/ml at 37°C for 20min. The uptake at Oh denotes treatments 
without Li+. b: Reversibility of the inhibition. Cells previously 
incubated with 50 mM LiCl in DME-10% FBS for 3 h were chased in 
the Li+-free medium for indicated periods. During the last 1 h of the 
chase, medium was replaced with Na phosphate-free MEM (O) or 
either in the presence of 16.8mM Ca2+ (•) or 20nM PMA (■). Oh 
indicates incubation in Li+-containing DME for 2 h, then in Li+- 
containing Na phosphate-free MEM for 1 h. Symbols without lines at 
Oh indicate the amounts in cells without the Li+-treatment. The 
results are averages of at least three experiments. Errors, which were 
less than 15% of each value, are not indicated.
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Fig. 2. Inhibition of endocytosis by wortmannin (WT). a: Cells 
were incubated with indicated concentrations of WT for 1 h either in 
Na phosphate-free MEM (1.8 mM Ca2+, O), or in the MEM containing 
16.8 mM Ca2+ (•) 20 nM PMA (■). Endocytosis was then assayed in 
terms of the uptake of HEP for 20 min. b: Cells preincubated in Na 
phosphate-free MEM (1.8 mM Ca2+, O) or in the MEM containing 
16.8 mM Ca2+ (•) or PMA (20 nM, ■) were treated with 50 nM WT 
and incubated for the periods indicated in the upper row. They were 
then assayed for endocytosis by adding HRP (1 mg/ml) for 10 min. 
The lower row depicts the duration of contact with WT. Open squares 
with dotted lines denote the internalization of HRP in cells simultane
ously treated with PMA and WT. c: Cells were treated with 50 nM 
WT in DME-10% FBS at 37“C for 1 h. The medium was then replaced 
with fresh medium lacking WT and incubated for the indicated 
periods. During the final 1 h, cells were incubated in phosphate-free 
MEM (1.8 mM Ca2+, O) or with Ca2+ (16. 8 mM, •) or PMA (20 nM, 
■). Cells at the time point of 0 h were directly treated with Ca2+ or 
PMA in WT-containing phosphate-free MEM for 1 h, without subse
quent chase. Data points without lines at 0 h indicate internalization 
without treatment with WT. Endocytosis was assayed for 15 min. The 
results are averages of at least three experiments. Errors were less 
than 5% of each value.

Inhibition by WT occurred very rapidly, and more than 
60% of the activity was lost when cells made contact with 50 
nM WT during the uptake of HRP for 10 min (Fig. 2b). 
When cells were pretreated with the reagent for 10 min, 
full inhibition was achieved, suggesting that the reagent 
inhibited the earliest step. When cells first treated with 
Ca2+ were incubated with WT, the inhibition similarly 
occurred rapidly. In contrast, when WT was added to cells 
pretreated with 20 nM PMA for 1 h, the reduction of the 
full activation by about 65% was significantly lower than 
the 80% reduction of the activation of WT-treated cells. 
More inhibition occurred when cells were treated simulta
neously with PMA and WT, but the activity then slightly 
increased. These results suggest that a large part of the 
PMA - enhanceable process is dependent on a WT-sensitive 
mechanism, but the cells are able to recruit a certain less 
sensitive mechanism.

When cells incubated with WT for 1 h were returned to 
a normal medium, the basal activity was slowly restored. It 
was 30-40% at 4 h and 80% of the original activity at 18 h

i
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Fig. 3. Wortmannin does not reduce the internalization (a) or 
recycling (b) of transferrin, a: Cells preincubated in a serum-free 
medium for 1.5 h were further incubated for 30 min in the absence 
(0) or presence (•) of 50 nM WT. Internalization was assayed by 
incubating the cells with 0.5 /zg/ml Tfn/125I-Tfn in the absence (O) or 
presence (•) of 50 nM WT at 37°C. At indicated time points, cells 
were washed with DME and further with 50 mM glycine, 100 mM 
NaCl (pH 3.5) at 0°C. The cell-associated radioactivity recovered in 0. 
1 N NaOH was determined, b: Cells preincubated in a serum-free 
medium were incubated with 0.1 /zg/ml Tfn/125I-Tfn for 1 h and for 
additional 30 min in the absence (O) or presence (•) of 50 nM WT. 
After having been washed, they were chased in the presence of 
non-labeled Tfn at 50 /zg/ml. At indicated time points 100 /zl of the 
medium was collected and assayed for radioactivity. The amounts 
represent the sum of the released protein at the time points. The 
errors were all within 5% and are not shown.
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Fig. 10. Effect of treatment with 50 nM WT (open bars) and 
that of chase of cells preloaded with 25 mM NH4C1 in Na -free 
buffer containing 500 /cM amiloride (shaded bars) on the inter
nalization of HRP (0.5 mg/ml) at 37°C for 10 min. The results are 
expressed as percent of activity lost after the treatments. Cells were 
also examined for receptor-mediated endocytosis of Tfh/12sI-Tfn 
(Tfn-RME) for 10 min. The results were normalized for the uptake by 
8 x 105 cells and are expressed using striped bars as relative activities 
compared to that of HT-1080.

(0SW2) (16) reached endosomes associated with Tfn 
receptor in 5 to 10 min (Fig. 6). We have also observed that 
FITC-dextran is similarly transported (12). In the absence 
of WT, some OSW2 was found in small vesicular structures 
lacking Tfn receptor. These results suggest that, as de
scribed in different cells (4), the presence of preendosomal 
intermediate vesicles used for clathrin-independent en
docytosis is also the case in HT-1080 cells. Although the 
vesicles are yet to be characterized in vitro, slow recovery 
from the effect of Li+ and WT would allow isolation and 
characterization of vesicles derived from isolated plasma 
membrane from the treated cells. We are currently addres
sing the in vitro reconstitution of the budding.

In addition to the inhibition of internalization of fluid 
phase, Li+ and WT affected the postendocytic transport of 
EGF. EGF accumulated in cells at 20°C began to be 
degraded at a similar time point during the chase at 37°C 
regardless of the treatment with WT (Fig. 5b). In contrast, 
the degradation thereafter increased in the presence of 
WT. These results indicate that WT did not change the 
delivery of the ligand to lysosomes, while the transport of 
degradation products outside the cell was accelerated. The 
results are in contrast to the effect of WT on the intracel
lular transport of PDGF receptor reported by Joly et al. 
(11). In that report, a large part of the receptors was 
exposed to the cell surface even after incubation with the 
ligand for 90 min in the presence of WT, when the receptors 
were normal in terms of the PI 3-k binding site. In contrast, 
treatment with WT slightly reduced the number of mutant 
receptors that lacked the motif. Although clarification of 
the reason for the difference between the present result on 
EGF and that on PDGF receptors awaits further characteri
zation, it is interesting to note that post endocytic traffic of 
EGF and that of its receptor appear different with respect 
to the modification of the receptor kinase (34, 35).

The present results indicate that WT-sensitive and 
non-specific fluid-phase endocytosis occurs distinctly from 
clathrin-dependent and receptor-mediated endocytosis. 
Although WT has no evident effect on the survival of cells 
in culture (22), the reagent is very toxic to the whole animal 
(36). Because both the clathrin-dependent and -indepen
dent endocytosis can be expected to represent non-specific 
sampling mechanisms, a study on the process involved in 
internalization of bulk fluid should provide a coherent 
understanding of the role of fluid-phase internalization in 
cellular physiology. PI 3-k has been mainly studied in 
relation to oncogenesis and signal transduction (22, 23, 37- 
39). WT has been mainly employed in relation to signal 
transduction or cell activation. In contrast, endocytosis is a 
constitutive process which can be observed in non-stimu
lated cells. Further study should reveal the functional link 
through membrane traffic between the resting and stimu
lated cellular states.
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Abstract

Mast cell degranulating peptide (MCD) induces long-term potentiation (LTP) in the CA1 region of the hippocampus. MCD has 
been shown to bind to a voltage-dependent A-type potassium channel with high-affinity (less than 1 nM). However, the 
concentration necessary to induce LTP is more than 500 nM, suggesting that some other functions of MCD are also fundamental 
to LTP induction. The concentration of MCD required for LTP induction was greatly reduced by preactivating G proteins. This 
fact suggests that G protein activation by MCD also plays an important role in LTP induction. MCD-binding proteins were 
purified from rat brain. G proteins were found to exist in a non-denatured state in this affinity-purified fraction. When 
reconstituted into a planar lipid bilayer membrane, a potassium-selective and voltage-dependent current could be observed. This 
channel was blocked by MCD at a high concentration equal to the effective concentration for G protein activation. Addition of 
GTP-y-S significantly blocked the reconstituted current. Thus, we identified a pathway for LTP induction by MCD in which high 
concentrations of MCD activate G protein which in turns leads to blocking of a potassium channel.

Keywords: LTP; MCD; Planar lipid bilayer; Voltage-dependent potassium channel; G protein

1. Introduction

Repetitive activation of certain types of excitatory 
synapses results in long-lasting enhancement of synap
tic transmission referred to as ‘long-term potentiation 
(LTP)’. Cherubini et al. (1987) have reported that mast

* Corresponding author. Tel.: +81 564 557841; fax +81 564 
557843; e-mail: ikenaka@nips.ac.jp

cell degranulating peptide (MCD), purified from bee 
venom {Apis mellifera), induces LTP indistinguishable 
from NMDA receptor-mediated LTP in the CA1 re
gion of the hippocampus. MCD consists of 22 amino 
acid residues and is reported to bind with high-affinity 
to a single set of sites (Kd = 0.15 nM) in mouse synap
tosomal membranes (Taylor et al., 1984). A snake 
venom, dendrotoxin I (DTxI), is known to bind to the 
same binding sites as MCD. An electric current blocked
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by addition of DTxI in hippocampal pyramidal neu
rons has been identified as one of the fast-activating, 
voltage-dependent, aminopyridine-sensitive potassium 
currents (Halliwell et al., 1986; Anderson and Harvey, 
1988). Thus, the high-affinity binding site for MCD is 
considered to be a potassium channel. MCD was found 
to reduce the peak amplitude of fast-inactivating (A- 
type) currents and to have no effect on non-inactivating 
(K-type) currents in a whole-cell recording study of 
hippocampal neurons (Hiroshi Katsuki, personal com
munication). MCD-sensitive channels, Kvl.l (RCK1), 
Kvl.2 (RCK5) and Kvl.6 (RCK2), have already been 
cloned and identified (Stuhmer et al., 1989; Kirsch et 
al., 1991). However, these channels form a rapidly 
activating and non-inactivating current when expressed 
in Xenopus oocytes, conflicting with the above-men
tioned characteristics of MCD-channels in vivo. Two 
different subunit structures may explain this contradic
tion. The first subunit structure is heteromultimer. In 
the Kvl (RCK) subfamily, MCD-sensitive channels 
would form heteromultimer with other Kvl channels 
which mediate fast-inactivating currents in vitro (Rup- 
persberg et al., 1990). The existence of these heteromul- 
timers in vivo has been confirmed by 
immunoprecipitation, and in the hippocampus they 
were found to be localized in axons and nerve terminals 
(Sheng et al., 1993; Wang et al., 1994). Second, a 
/? -subunit of DTx-sensitive potassium channel was 
purified and cloned from bovine brain, and association 
of /? -subunits with a-subunits was found to confer 
rapid A-type inactivation on non-inactivating Kvl 
channels (delayed rectifiers) in expression systems in 
vitro (Scott et al., 1994; Rettig et al., 1994).

MCD binding to the high-affinity binding sites 
seemed to be its most important function in inducing 
LTP in hippocampal neurons (Kondo et al., 1992). 
Nevertheless, there is a great discrepancy between the 
dissociation constant (150 pM) of MCD binding to its 
receptor and the minimum concentration of MCD (500 
nM) needed to induce LTP. We found that the concen
tration of MCD required for activation of G protein in 
mast cells is quite close to the concentration required 
for LTP induction in hippocampal slices (Fujimoto et 
al., 1991) and that MCD directly stimulates the GTPase 
activity of Go, Gi in a concentration-dependent manner 
(Tomita et al., 1991). It has been reported that LTP 
cannot be induced by tetanic stimulation in the CA1 
and CA3 regions of pertussis-toxin (IAP)-treated 
hippocampal slices (Goh and Pennefather, 1989). These 
reports indicate that activation of an IAP-sensitive G 
protein plays an important role in the pathway involved 
in LTP induction. These findings gave rise to the work
ing hypothesis that activation of G protein as well as 
binding to the high-affinity binding site is necessary for 
MCD to induce LTP in hippocampal neurons. In this 
study, we show that preactivation of G protein reduces

the concentration of MCD necessary to induce LTP 
and that a certain potassium channel may be the target 
of the G protein activated by MCD in rat brain. Since 
it has been shown that an endogenous MCD-like sub
stance is present in rodent brain (Cherubini et al., 
1987), the results obtained should add to our under
standing of the molecular mechanisms underlying 
synaptic plasticity in the brain.

2. Materials and methods

2.1. Materials

All the chemicals used were of the highest purity 
commercially available and were purchased from Wako 
Pure Chemical Industries, unless otherwise noted.

2.2. Electrophysiological assay in the hippocampal slice

Preparation of hippocampal slices from adult guinea 
pig (or Wistar rats) and the electrophysiological proce
dures have been described previously (Kondo et al., 
1990). A bipolar stimulating electrode was inserted into 
the stratum radiatum of area CA1 close to CA2-3. Two 
glass pipettes were used for recording electrical re
sponses, one placed in the pyramidal cell layer of CA1 
to record the extracellular population spike and the 
other in the stratum radiatum, the dendritic region of 
the former, to record the extracellular field EPSP. Vari
ous doses of MCD were applied in a perfusate for 5 
min.

2.3. Purification of dendrotoxin I (DTxI) and coupling 
to Sepharose 4B

Venom from the black mamba, Dendroaspis polylepis 
polylepis, was obtained from Latoxan (France). DTxI 
was purified from the crude venom in three steps: (1) 
gel filtration on Sephadex G-50 fine (25 x 600 mm, 
Pharmacia); (2) ion exchange chromatography on TSK 
SP-5PW (7.5 x 75 mm, TOSOH); and (3) reverse-phase 
chromatography on COSMOSIL C18 (8 x 250 mm, 
Nacalai Tesque). Crude venom powder (100 mg) was 
dissolved in 5 ml of 200 mM NH4C03 and loaded onto 
the gel filtration column. Void volume fractions were 
then loaded onto ion exchange HPLC column, equili
brated with 0.1 M NH4OAc, pH 7.3, and then eluted 
with a linear gradient between 0.1 M and 1.5 M 
NH4OAc. Amino acid composition was determined by 
an amino acid analyzer (L-8500, HITACHI) for pri
mary identification of DTxI. The structure of DTxI was 
further confirmed by sequencing the fragments ob
tained by digesting DTxI with endoproteinase Lys-C 
and purifying them on reverse-phase HPLC. The amino 
acid sequence determined was consistent with the pub-
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lished sequence of DTxI (Strydom, 1973). DTxI (4 mg) 
was coupled to CNBr-activated Sepharose 4B as de
scribed previously (Parcej and Dolly, 1989). The A280 of 
the supernatant was measured to determine the amount 
of DTxI coupled (generally 50-80%).

2.4. Purification and binding assay of 
DTxI/MCD-binding protein

The synaptic plasma membranes (200 mg) were pre
pared from rat brain obtained immediately after 
slaughter (Kondo et al., 1992). It was extracted with 4% 
(w/v) Lubrol PX and loaded onto a DTxI-Sepharose 
column (150 x 550 mm). One of the disulfide bonds of 
DTxI has been shown to be easily reduced by DTT, 
and alter the conformation of DTxI (Hollecker and 
Creighton, 1983). DTxI/MCD-binding proteins were 
eluted by 10 mM DTT as described (Parcej and Dolly, 
1989). The adsorbed fractions collected were directly 
applied to an HPLC ion exchanging column DE-5PW 
TSK-GEL (5.0 x 50 mm, TOSOH) equilibrated with 25 
mM imidazole-HCl (pH 8.2), 100 mM KC1, 1 mM 
EDTA, 0.2 mM benzamidine, 0.2 mM PMSF, and 
0.05% (w/v) Tween 80. After washing to remove DTT, 
the sample was eluted with 300 mM KC1. The mem
brane-bound acceptor was assayed by a filtration 
method using 125I-MCD, 125I-DTxI as described (Bruns 
et al., 1983).

2.5. Preparation of liposomes

The lipids (1 mg, 13:6:1:2, phosphatidylcholine, phos- 
phatidylethanolamine, phosphatidylserine, ergosterol, 
(Avanti Polar Lipid Inc)) were mixed in 0.1 ml chloro
form. After evaporating the solvent under a stream of 
nitrogen, the purified DTxI-binding proteins (0.2 ml) 
were added, and the mixture was bath-sonicated for 
15-20 s (Woodbury and Miller, 1990). To remove 
detergent, the mixture was dialyzed for 48 h at 4°C 
against 20 mM Na-HEPES, pH 7.2, 120 mM KC1 and 
1 mM EDTA, and changed six times every 8 h. The 
resulting liposomes with the reconstituted purified 
protein were stored in liquid nitrogen.

2.6. Planar lipid bilayer measurement

Planar lipid bilayers were formed by the painting 
method. A hole on a Teflon septum was made by the 
shaved method (Wonderlin et al., 1990). The diameter
of a hole ranged from 50 to 100 /zm. The cis and trans 
compartments of 1.2 ml volume were filled with asym
metrical KC1 solution, 100 mM and 300 mM, respec
tively, buffered by Tris-HEPES (10 mM, pH 7.2). A 
small amount of phosphatidylcholine solution (10 mg/ 
ml n -decane, Sigma) was bubbled to the pre-coated 
hole. The capacitance of the membrane was monitored

by application of ramp potential. The trans electrode 
was set to a command voltage relative to the cis elec
trode, which was held at virtual ground. This is the 
electrophysiological sign convention: the trans is the 
‘intracellular’ side with high K concentration.

After thinning of the membrane an L-shaped pipette 
containing the liposome was placed in the trans side of 
the chamber and was approached close to the mem
brane under a visual control. Puffing the contents (5 p\) 
of the pipette rapidly incorporates liposome by fusion 
and active channels appeared soon after application. 
Alternative pulses of — 100 and 100 mV were applied 
continuously until channel activity appeared. The 
decremental step pulses of 500 ms duration from + 100 
to + 20 mV was applied. Current was recorded using a 
voltage clamp amplifier (Dagan 3900A, Minneapolis). 
Voltage command pulses were generated and currents 
were acquired under the control of a 486-based com
puter, passed through a low-pass filter (500 Hz, 4-pole 
Bessel, Werner), and sampled (the sampling rate was 
500 fis) by DigiDatal200 interface. The data were 
analyzed by pClamp software (version 6.0.2, Axon 
Instrument). All the current and voltage data were 
stored on video tape recorder (SANYO) through PCM 
interface (Instruteck).

All the experiments were performed at room temper
ature. The Goldman-Hodgkin-Katz equation was used 
for evaluation of a permeability ratio.

2.7. Western blot analysis

Samples were separated by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to a 
polyvinylidene difluoride membrane at a constant 
voltage of 50 V for 1 h. The membranes, after being 
blocked with 2% bovine serum albumin for 1 h, were 
incubated with polyclonal antibodies, anti-Gia, anti- 
Goa, anti-/?y complex at 30°C overnight and then 
treated with horseradish peroxidase-conjugated anti
rabbit IgG. The detection was carried out with a perox
idase immunostain kit (Wako). Go, Gi and their /?y 
complex were purified from porcine brain according to 
the method of Katada et al. (1986). The anti-Gil and 
2a, anti-Goa and anti -fly complex antibodies were pre
pared as described previously (Katada et al., 1987).

2.8. Assay of IAP-catalyzed ADP-ribosylation

Prior to ADP-ribosylation, IAP (1 mg/ml in 2 M
urea and 100 mM NaPi) was activated by incubation at 
37°C for 10 min with 4 volumes of 50 mM Tris-HCl 
(pH 7.5) containing 100 mM dithiothreitol and 0.1 mM 
ATP. A fraction from the rat brain (50 jug of protein) 
was incubated at 30°C for 30 min with activated IAP 
(0.5 mg) in 25 ml of a reaction mixture containing 100 
mM Tris-HCl (pH 7.5), 2 mM [a-32P]NAD (5000-
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10000 cpm/pmol), 2 mM MgCl2, 1 mM EDTA, 40 mM 
GDP-y-S, 0.1 mM NADP, 10 mM thymidine, 1 mM 
ADP-ribose, and 20 mM nicotinamide. The ADP-ribo- 
sylation was terminated by the addition of an equal 
volume of 2-fold concentrated Laemmli buffer followed 
by boiling at 90°C for 30 min. Samples were separated 
by 12% SDS-PAGE and the gel was exposed to Kodak 
X-Omat AR film for 24-48 h with an intensifying 
screen at — 80°C.

3. Results

3.1. Dose-response curve for MCD-induced LTP in the 
CA1 region of the hippocampus shifted after activating 
G proteins

The amplitude of the population spikes began to 
increase after MCD perfusion, reaching a maximum 
about 10 min after MCD application, remaining at that 
level thereafter (for at least 2 h). The percentage in
crease in averaged amplitude was plotted against the 
concentration of MCD circulated. As shown in Fig. 1, 
MCD enhanced synaptic transmission at a minimum 
dose of 500 nM, reaching a plateau at 3-10 pM. This 
concentration is very different from the dissociation 
constant of high-affinity MCD-binding sites in brain 
membranes. Since the effective concentration of MCD 
for LTP induction is similar to the concentration re
quired for G protein activation, G protein activator 
was used to examine the possible contribution of G 
protein to LTP. Pretreating the hippocampal slices with 
compound 48/80 (10 pg/m\) for 2-9 h resulted in a 
shift in the dose-response curve of MCD toward a 
concentration two orders of magnitude lower. Thus, 
high-dose MCD action on a low-affinity site can be 
replaced by a G protein activator (compound 48/80), 
but simultaneous binding to a high-affinity site was 
necessary for LTP induction.

(+) compound 48/80*5 200

• 150 (-) compound 48/80

-log MCD (M)

Fig. 1. Effects of compound 48/80 on LTP inducibility by MCD in 
rat hippocampal slices. Different concentrations of MCD were ap
plied to the hippocampal slice. The mean percentage increase in 
population spike amplitude is plotted against the concentrations of 
MCD. Compound 48/80: G protein activator, histamine releaser, 
condensation product of A'-methyl-p-methoxy-phenethylamine with 
formaldehyde.

3.2. Purification of MCD and DTxI-binding proteins

Rat synaptic plasma membranes were solubilized 
with 4% (w/v) Lubrol PX, and MCD-binding proteins 
were enriched by DTxI-affinity chromatography (Parcej 
and Dolly, 1989). DTxI was selected as the ligand of 
choice due to its higher affinity for MCD-binding sites 
as well as its ability to induce LTP in hippocampal 
slices (Kondo et al., 1992). On SDS-PAGE elec
trophoresis, some blurring bands were seen in the DTT 
eluate, with Mr values of 70, 60 and 31 K and some 
minor contaminants whose pattern was similar to that 
described in the previous report (Parcej and Dolly, 
1989). There would be several distinct high- and low- 
affinity MCD-binding proteins in this fraction.
3.3. Reconstitution of the purified fractions into planar 
lipid bilayers

Reconstituted liposomes with purified proteins were 
incorporated into the planar lipid bilayer. Current fluc
tuations appeared in response to alternative step pulses 
( + 100 mV) soon after (within 1 min) application of the 
liposomes. Fig. 2A shows the outward (trans to cis) 
currents mediated by reconstituted channels at pulse 
steps to + 100, +80, +60, +40, +20 mV from the 
holding potential of — 100 mV. The channel opened 
upon application of positive potentials, and it remained 
open briefly upon returning to the holding potential. 
The current-voltage relationship of the most frequently 
observed current is shown in Fig. 2B. The permeability 
ratio (PC1/PK) was calculated to be 0.1 from the rever
sal potential of —23 mV and the chord conductance 
was 55 pS at + 100 mV. This cationic channel could 
not be detected in asymmetrical NaCl solution. Thus, 
this channel is a K-selective channel. The open proba
bility (Popen) increased as the membrane potential was 
increased. Popen was 0.5 at +60 mV. The current 
disappeared when the steady-state voltage was applied, 
indicating transient behavior (slow inactivation) of the 
channel. A channel with opposite polarity (open at 
negative potentials) was observed, indicating random 
orientation of the channel in liposomes. Only right-side 
channels (intracellular side of the channel faces to the 
trans side) are shown in this study.
3.4. The concentration dependence of the block of 
reconstituted current by MCD

The current produced by this channel was not sup
pressed in the presence of 50 nM MCD, which was 
again much higher than the binding constant of the 
high-affinity binding site of MCD. The channel was 
blocked, however, by 1 //M MCD (Fig. 3), at which 
concentration G protein activation and LTP were in
duced. Therefore, the presence of G protein in the 
present sample of liposomes was examined.
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to the high-affinity binding site is less than 1 nM, more 
than 500 nM is required for MCD to induce LTP. At 
this concentration, MCD also activates G protein (Fuji
moto et al., 1991). Since both high- and low-affinity 
binding sites have been shown to be present in rat brain 
(Bidard et al., 1989), G protein may be the low-affinity 
binding site for MCD. However, we have not measured 
the binding constant of MCD to G proteins.

In this study pretreating the hippocampal slices with 
compound 48/80, a G protein activator, resulted in 
induction of LTP by MCD at a 100 times lower con
centration (Fig. 1). This indicates that MCD acts bi- 
functionally to induce LTP in the CA1 region of the 
hippocampus: it activates G proteins, and binds to and 
blocks the high-affinity binding site, a voltage-depen- 
dent potassium channel. During characterization of the 
MCD-binding sites, we found that one of the targets 
located down stream of the G protein activated by 
MCD is also a voltage-dependent cation selective chan
nel. This may be a potassium channel, but not the 
A-channel which has been reported to be the high- 
affinity binding site of MCD. We fortuitously found 
this potassium channel in the purified fraction of 
MCD-binding proteins and reconstituted it in the pla
nar lipid bilayer (Fig. 2). The channel which was recon
stituted in lipid bilayer was not suppressed by 50 nM 
MCD, but was blocked by addition of a higher concen
tration of MCD (1 //M) sufficient to activate G protein 
(Fig. 3). When rKv 1.1 channel was expressed in Xeno- 
pus oocyte, MCD suppressed it’s current at 45 nM 
concentration (Stuhmer et al., 1989). Therefore, this 
dose of MCD (1 //M) was much higher than that 
necessary to the block channel activity of MCD-high 
affinity binding site, and suggested participation of G 
protein activation. G protein-associated channels are 
situated very close to each other (Hille, 1992). Thus, 
this channel protein may be co-purified with G proteins 
(Go and Gi) in their non-denatured state (Figs. 4 and 
5). The channel which was reconstituted in the lipid 
bilayer was not suppressed at 50 nM MCD, but was 
blocked by addition of higher concentrations of MCD 
sufficient to activate G protein. This channel was also 
blocked by a G protein activator, GTP-y-S. Therefore, 
this potassium current was suppressed directly by the 
action of the G protein (Fig. 6). Furthermore, GTP-y-S 
action acts in the right direction: it is effective only 
when added to the ‘intracellular’ (trans) side, indicating 
that this reconstituted channel forms an outward cur
rent. Many G protein-coupled potassium channels have 
been found in the brain, but most of them are an 
inwardly rectifying potassium channel that has been 
cloned (Kubo et al., 1993; Lesage et al., 1994). These 
channels are activated via the G protein /?y-subunits 
and form heteromultimer with members of the same 
family (Krapivinsky et al., 1995). The mechanisms by 
which muscarinic acetylcholine receptors modulate

potassium channels, both suppressing and activating 
them, can be divided into two pathways based on G 
protein activity (ffrench-Mullen et al., 1994). The ml 
muscarinic acetylcholine receptor suppress a time- and 
voltage-dependent potassium channel within sympa
thetic and hippocampal neurons termed the M-current: 
suppression of the M-current is responsible for the slow 
excitatory postsynaptic potentiation of these cells 
(Stansfeld et al., 1993). Normally this outward potas
sium current increases as the hippocampal pyramidal 
neuron is depolarized, with a resulting return of mem
brane potential toward resting levels. Thus, blocking of 
this M-current by G protein activation may increase the 
excitability of the cells and induce LTP. Furthermore, 
stimulation of the metabotropic glutamate receptors 
which induce LTP (Bashir et al., 1993) suppresses the 
same M-current in the CA3 pyramidal neurons of the 
rat hippocampus (Guerineau et al., 1995). However, the 
M-current is not suppressed directly by activated G 
protein. Diffusible cytoplasmic second messengers are 
also involved in its suppression. The ml muscarinic 
acetylcholine receptor utilizes a signal transduction 
pathway involving PLC-generated signals and cellular 
tyrosine kinase activity to potently suppress delayed 
rectifier currents (Guerineau et al., 1994). Thus, the 
channel we found is novel, and a future challenge will 
be to characterize and determine the functional signifi
cance of the MCD-sensitive currents. Recently, another 
potassium current suppressed via G protein was discov
ered in cardiac muscle by Grand (1993). This current 
was a time- and voltage-dependent transient outward 
current suppressed by the addition of GTP-y-S. The 
relation between the MCD-sensitive A-current and this 
current should also be investigated.

Suppression of potassium channels is closely corre
lated with the induction of LTP. In previous studies, 
the A-current was shown to be important in controlling 
the pattern of repetitive firing in neurons (Ribera and 
Spitzer, 1990). The A-current may serve to reduce the 
effect of delayed depolarization following impulses that 
can lead to repetitive firing, a finding also observed in 
MCD-induced LTP in rat hippocampal slices (data not 
shown), however, blockade of the A-current by 4-AP 
alone could not induce LTP (Haas and Greene, 1985). 
LTP can be induced by a specific potassium current 
blocker, tetraethylammonium (TEA) (Aniksztejn and 
Ben-Ari, 1991). Blockade of potassium channels by 
TEA produced powerful activation of quisqualate re
ceptors as a result of the large increase in glutamate 
release. This leads to depolarization at the dendritic 
level, which facilitates the activation of voltage-depen- 
dent calcium channels and induces LTP (Tsaur et al., 
1992). Therefore, suppression of MCD-sensitive G 
protein-coupled potassium channels may also result in 
depolarization of resting membrane potentials and, to
gether with blockade of the A-current, induce repetitive 
firing that lead to LTP induction.
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Some of the potassium channel genes expressed in 
the hippocampus are down-regulated, at least at the 
mRNA level, following neuron seizure activity (Huang 
and Malenka, 1993). The fact that regulation of gene 
expression is required for maintenance of LTP, suggests 
that regulation of potassium channel gene expression is 
important for LTP. It is known that some potassium 
channels in Hermissenda are blocked during the process 
of learning and memory and that these potassium 
channels are suppressed by G protein activation (Nel
son et al., 1990). Therefore, suppression of potassium 
channels seems to be greatly involved not only in LTP 
induction, but in the process of learning and memory.

The results of the present study indicate that some 
potassium currents are suppressed by G protein acti
vated by MCD. It is important to characterize these 
MCD-sensitive channels in more detail and to explore 
other signaling pathways following the activation of G 
protein by MCD.
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ABSTRACT

Photochemically induced surface functionality manipulation of Diazo-Naphto-Quinone/novolak polymeric 
films was used for controlling the specificity of the attachment and growth of neuronal cells and biologically 
active molecules (proteins and peptides) patterning. Different microlithographic techniques (standard 
positive tone, negative tone Image Reversal based on catalysed decarboxylation, positive tone of Image 
Reversal resist, and Surface Imaging based on silylation), controlling the surface hydrophobicity and surface 
concentration of carboxylic groups, were assessed in the view of the suitability as microlithographic 
techniques for patterning biologically active molecules and cells. It was found that DNQ-based materials and 
techniques can be easily transferred in bio-microlithography, which is the building of laterally ordered 
architectures with biological structural elements.

Keywords: cell engineering, molecular engineering, combinatorial chemistry, diazo-naphto-quinone, 
photoresist, microlithography

1. INTRODUCTION

Techniques for controlling biomolecular architectures on surfaces have a wide range of potential 
applications in biosensing, cell guidance, and molecular electronics1. Advances in constructing on surfaces 
molecular structures ordered vertically incorporating biologically active molecules and cells in their 
architecture, are followed by a growing interest in ordering these structures laterally2. This new development 
will require techniques for patterning areas with different surface properties that control the selective 
attachment of the vertically ordered architectures on the same basal surface. Vertically structured cell 
engineering found applications in biosensors based on plant and animal tissues3, and vertically structured 
biomolecular engineering found applications in creating electronically modulated biological functions4, 
while laterally structured cell and biomolecular engineering aim towards multiplication of the functionality 
of these architectures through selective interaction of the cells or bioactive molecules patterned, on the same 
substrate

2. NEURONAL CELL ENGINEERING

Due to the importance of their electrical activity, neuronal cells are the most outstanding candidates for 
bioelectronic devices fabrication. However, so far the research regarding the building of an integrated 
neuronal cell-semiconductor device relies only marginally on the possibilities offered by the present 
microlithography. The building of neuronal cell based biodevices would employ two sets of technologies 
aiming at:
• constructing the basal structure of the biodevice using classical semiconductor technology;
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• constructing of architectures using neuronal cells this pre-defined basal structure.
The first task requires the design and fabrication of an appropriate electric, magnetic or electronic device 
which either senses or controls the neuronal cell electrical activity. While in terms of technological 
complexity this task is rather trivial, as resolution is not a critical element, the design of the basal device 
might pose some difficulties. The second task requires the precise and preferably biochemically induced 
positioning of the cells on top of the pre-defined basal device. While in terms of design this task seems 
trivial, requiring just another mask from the set used for fabrication of the basal device, its technological 
complexity is high due to the lack of proper understanding of the cell interaction with artificial surfaces.

2.1. Basal devices used for neuronal cells based integrated devices

The basal device used for sensing or controlling the electrical activity of the neuronal cell may be grouped 
under the category of:
• ohmic, using arrays of microelectrodes as ohmic contacts beneath the neuronal cell5;
• magnetical, using magnetic toroids for both neuronal stimulation and detection6;
• capacitive effect based7.
The ohmic based method, although widely used, is an invasive one. The interference between the cell and 
the sensing/stimulation device may occur via the current flow that can initiate chemical reactions damaging 
the cells, or via the cell metabolism reactions that can corrode the electrical contacts and form toxic by
products. The method using magnetical devices, although noninvasive, cannot use planar devices, limiting 
the applicability to large neuronal cells. Finally, the third method, which uses a FET for 
detection/stimulation of neuronal cell, relies on manipulation of the neuronal cell on the FET, rather than 
chemically induced cell patterning. Addressing the issue of biospecific attachment of the neuronal cells, it 
was proposed8 the integrated use of microlithography for FET fabrication and patterning of the neuronal 
cells, and recently the use of photoresists as basal substrates for controlling the selectivity of cell 
attachement’9. Ideally the axon of the neuronal cell would lay on the gate of a MOS structure, which will 
detect or stimulate the electrical activity of the cell (Figure 1.).

The neuronal cell (left) has a 
diameter of about 25 pm (in this 
study), but other larger cells may 
be used. The axon, is about 2 pm 
thick and 100 pm long.

The top surface of the basal device must not be toxic 
to the neuronal cell, but the gate material should 
promote sustainable growth for the cell, and act as 
a dielectric for the MOS structure. The axon transmits 
electrical impulses of about 1 pA, 100 mV

Figure 1. Integrated MOS-neuronal cell biodevice. Only the gate material is cell compatible.
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2.2. Patterning of the neuronal cells

Different strategies for controlling neuronal cell selective attachment, using either polymeric surfaces or 
Self-Assembled-Monolayers (SAMs), are reviewed elsewhere10. Our approach was to assess the capabilities 
of the DNQ-based photoresists in different lithographic modes, that is, standard positive, Image Reversal 
negative, positive tone processing of Image Reversal resist, and silylation based Surface Imaging.

2.2.1. Experimental details

The base photosensitive material used was a positive tone photoresist, (SI400-17), purchased from Shipley, 
Co. Image Reversal resist, derived from the former adding imidazole to the polymer solution to reach 2% of 
the solid content, was used for positive (PIR) and negative (NIR) tone lithography. The 15 mm glass 
substrates for hydrophobic/hydrophilic contrast (see section 2.2.5.) were made hydrophobic or hydrophilic 
using the method described in the literature11. The photoresist was coated on glass at 0.6 pm thickness, dried 
for 1 hour at 85° C in a convection oven, then exposed broad band with exposure energies denominated as 
low (30 mJ/cm2), medium (60 mJ/cm2), and high (120 mJ/cm2). In the case of NIR the substrates were 
reversal-baked 1 hour in a convection oven at 100° C. Several substrates exposed with the highest energy 
were silylated with hexamethyldisilazane (HMDS) in a closed chamber at 100° C for 15 min. For cell 
patterning studies, the films were pattern exposed through an chromium mask at the optimum exposure to 
obtain the highest contrast, that is 40 mJ/cm. The development used a MF-319 developer, diluted to reach 
0.237N, and after thoroughly washing the developed features, the remaining photoresist surface was blanket 
exposed with the energy found as optimum for neuronal cell attachment. The hydrophobicity of the surfaces 
was quantified measuring the contact angle of 0.5 pi water drops on the unexposed, exposed and silylated 
polymer surfaces and hydrophilic/hydrophobic glass substrates. The neuronal cells used were either from a 
short term (for assessing the optimum parameters for selective neuronal cells attachment) or a long term 
culture of the nervous tissue of chicken embryos. The control surface was poly-hydroxy-styrene from the 
bottom surface of the cluster dish. Full experimental details will be published elsewhere10.

2.2.2. Cell attachment on standard photoresist

In the DNQ-novolak standard resist, the DNQ photolysis produces carboxylic groups and releases the 
hydroxylic groups from the novolak, previously capped in hydrogen bonding with the DNQ acceptor groups. 
The carboxylic groups are prone to ionization in contact with the slightly basic culture media, creating a 
negatively charged surface. As the neuronal cells have also negatively charged membranes, attaching 
preferentially to positively charged surfaces12, it is expected that the creation of carboxylic groups will 
negatively affect cell attachment. Superimposed on this phenomenon, photolysis will induce the 
hydrophilisation of the surface with expected positive effects on cell attachment. Similar studies using 
SAMs13, proved that the number of neuronal cells attached on the surface increases with the increase in 
hydrophilicity. However these studies rely on amino-induced hydrophilicity, and therefore give limited 
insight regarding the carboxylic- and hydroxylic-induced surface hydrophilicity. Finally, excesive exposure 
seems to promote surface novolak crosslinking, either through esterification with an excess of ketene, or by 
further polymerisation induced by 02 and/or photoradicals in the presence increasing surface hydrophobicity 
and therefore affecting negatively the cell attachment. This sequence of events explains the evolution of the 
number of neuronal cells, as well as the evolution of the contact angle vs. exposure energy.
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number of cells ■
contact angle

Exposure energy (mJ/cm2)

Figure 2. The evolution neuronal cells attachment on standard resist vs. exposure and contact angle.

The overall photochemistry of the standard photoresist with the approximate position vs. the exposure 
energy coordinate is presented in Figure 2. A higher hydrophobicity obtained by silylation of the fully 
exposed surface (0 = 82°), depleting the novolak hydroxylic groups as well as photoinduced carboxylic ones, 
allows the attachment of about 25% less cells as compared to the surface of the unexposed resist.

In any case, the number of neuronal cells on the standard photoresist is about three times lower than that on 
the control polymeric surface (poly-hydroxy-styrene, 0 = 39°), with a considerably higher hydrophilicity, 
presumably due to a higher concentration of hydroxylic groups on the surface. Hence, apart from the insight 
on the mechanism of neuronal cell attachment, standard photoresist is not appropriate for cell patterning.

2.2.3. Cell attachment on Negative tone Image Reversal (NIR) photoresist

Image Reversal processing in the negative tone (NIR) produces larger differences in hydrophobicity than 
standard resist processing, as the hydrogen-bonded hydrophobicity is replaced by the more hydrophobic 
indene. Hence, NIR should produce higher cell adhesion differentiation between exposed/reversal baked 
surfaces (hydrophobic) and blanket exposed surfaces (hydrophilic). Indeed, the difference between the 
number of cells on these two types of surfaces is about three times higher in NIR case as compared to the 
standard photoresist, but the overall number of attached cells are in a similar range, that is, two times lower 
than on poly-hydroxy-styrene surface. The NIR resist surface hydrophobicity evolution vs. exposure energy 
is an overlap of three phenomena, (NIR photochemistry with the approximate position vs. the exposure 
energy coordinate is presented in Figure 3.):
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• the addition of imidazole increases the hydrophilicity once the hydrophilic sites of imidazole are released 
by photolysis from possible hydrogen bonding; hence a larger number of cells on the resist surface, 
especially at higher exposure dose;
• the exposure and the subsequent reversal bake produce the decarboxylation of the ICA, catalysed by the 
presence of imidazole14; the indene by-product is hydrophobic, keeping the hydrophobicity variation in the 
same range as compared to the standard photoresist;
• finally these two effects are superimposed on the novolak crosslinking explaining the leveling of the 
hydrophilicity at high exposure energies.

number of cells
contact angle

Exposure energy (mJ/cm2)

Figure 3. The evolution neuronal cells attachment on NIR resist vs. exposure and contact angle.

The surface hydrophobicity variation vs. exposure on the standard and NIR resist are similar, but a major 
difference is that the cell attachment increases with hydrophobicity rather than hydrophilicity. This feature 
can be explained by the decreasing concentration of carboxylic groups with exposure as opposed with their 
increase for standard photoresist surface, keeping the hydrophobicity variation in the same range in both 
cases. The carboxylic groups on the surface may charge negatively when in contact with the basic culture 
media, (pH = 7.5), inducing a cell repellent mechanism of the negatively charged neuronal cell membrane. 
On the other hand, the low pH of the culture media is not able to promote the development. An interesting 
feature, supporting the beneficial influence of imidazole on cell adhesion is the higher number of cells on the 
silylated resist surface.

However, NIR processing brings insight for the cell adhesion mechanism only, being unsuitable for a proper 
cell compatible surface.

14%
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2.2.4. Cell attachment on Positive tone Image Reversal fPTRl photoresist

The PIR resist processing proceeds on a CEL-like route15. A recently proposed mechanism16 explains this 
feature of PIR relying on the creation of positive and negative charged chemical species on the surface of the 
resist in the early stages of exposure. A similar mechanism was proposed17 for the BIM technique.

SOaAr

number of cells
contact angle

Exposure energy (mJ/cm2)
Figure 4. The evolution neuronal cells attachment on PIR resist vs. exposure and contact angle.

In the case of the Image Reversal resist in the positive mode the hydrophobic/hydrophilic balance fails 
totally in explaining the cell adhesion behaviour. The overall photochemistry of the PIR photoresist with the 
approximate position vs. the exposure energy coordinate is presented in Figure 4. In the case of PIR, the 
absence of the post-exposure reversal bake allows the carboxylic groups accumulation with exposure in a 
similar manner with the standard positive tone photochemistry. Except for the unusual case of low exposure 
energy, this mechanism is in good agreement with the same or lower number of neuronal cells attached on 
the exposed surface as compared with NIR photoresist surface. The additional baking steps in the case of 
NIR can explain the lower number of cells on NIR vs. PIR unexposed surfaces, due to a possible thermo- 
induced crosslinking of the resist. However, the most striking feature of PIR case is the high number of 
neuronal cells on the polymer surface when exposed with low energies. This feature can be explained by the 
formation of the indenyl©-imidazolyl© charged species in the first stages of exposures, as proposed 
earlier16, as the charged species would have a beneficial effect on the cell attachment behaviour, due to 
electrostatic double-layer formation.

To this end, an optimum of surface functionality can be found in PIR mode systems for low energy 
exposure, making PIR surfaces good candidates for cell patterning.
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2.2.6. Further experimental studies

Although the chemistry of DNQ/novolak system received an extended treatment in the literature, some 
aspects of its surface chemistry need further clarification, especially in the frame of surface induced cell 
engineering. ATR and ESCA spectroscopy studies of the functionalisation of the resist surface are currently 
pursued.

3. BIOMOLECULAR ENGINEERING

Another front of experiments target the potential of the DNQ/novolak system for patterning biologically 
active molecules. In the context of the neuronal cell engineering, we aimed at patterning neuroactive 
peptides18 which can induce different attachment behaviour of the neuronal and glial cells respectively. 
However, the results have wide applications as the chemistry involved is a rather general one.

Bioactive molecules patterning19,20’21,22’23 found application in biosensor fabrication24,25,26 and neuronal cells 
guidance8. Recently, bioactive molecules patterning received a new incentive from the growing field of 
combinatorial chemistry27, reported techniques using light-directed, spatially addressable step-wise chemical 
synthesis of bioactive peptide28, being already in use. Although it is recognised that towards-submicron 
resolution would be beneficial, none of these techniques and applications are able to reach this target, either 
due to the use of unsuitable imaging layer (e.g. protein layers), or due to the use of unsuitable imaging 
chemistry (e.g. SAM or triazide photochemistry).

3.1. DNQ potential for patterning bioactive molecules

DNQ photochemistry was largely viewed in the microlithographic community as a vehicle for obtaining 
higher resolution and higher aspect ratio of the vertically patterned feature. The DNQ chemical flexibility 
allowed over the years many technological improvements and techniques29, but due to the emphasis on 
microlithographic issues, the research was focused on the impact on optical and polymer properties and their 
distribution throughout the resist layer, rather surface functionality capabilities. However, the DNQ allows 
many chemical avenues, most of them fairly known30,31. In the context of bioactive molecules patterning, 
three possible chemistries are of interest:
O photoinduced creation of carboxylic groups on the polymer surface, (standard processing);
© photoinduced creation of ketene groups, when the polymer surface is in contact with the bioactive 
molecule solution, (in-situ exposure through thin liquid layer); and 
© destruction of the DNQ moieties and their replacement with amino groups.

The first chemistry would assure the technological flexibility, due to the decoupling of the exposure stage 
from the attachment stage. The exposure can be made on high resolution (projection optics) tools, in 
conditions of semiconductor-like quality, and the substrates can be transported or stored for further 
attachment of biologically active molecules to another site. The second chemistry would allow in-situ 
processing, suitable for step-wise chemical synthesis used in combinatorial chemistry. Finally the third 
alternative chemistry would allow the portability of the present combinatorial chemistry techniques. 
However, in terms of their feasibility, the first two chemical and technological routes seem more important, 
as the reduction of DNQ to amino groups may proceed with several competing parasitic reactions. The 
overall chemistry of DNQ in the context of bioactive molecules patterning is presented in figure 7.
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R4—N

SOsAr

Peptide link from ICA

SOaAr 

ICA ester Peptide link from ketene

2,1 Diazo-Naphto-Quinone Ketene Indene Carboxylic Acid

Figure 7. DNQ chemistry associated to bioactive molecule patterning

3.2. Patterning proteins on DNQ-novolak polymeric surfaces

The DNQ-novolak system technological flexibility was used for patterning avidin, a commonly protein used 
for checking the selectivity of the bioactive molecules attachment. The visualisation of the specific 
attachment was possible using a fluorescent derivative of avidin, FITC

Materials: Standard
Process:
1. Doping + Imidazole DNQ/novolak

2.1. Dry Exposure,

2.2. Wet exposure

3. Protein linked 
with EDC

Image Reversal 

DNQ/novolak/imidazole

avidin
End positive process

End positive process

solutioriT’”’~~^
\ End positive process

End positive process

4. Negative tone:
• reversal NH3 bake, 100° * reversal bake, 100°
• return to 2.1. or 2.2. # return to 2.1. or 2.2.
End negative process End negative process

Figure 8. Processing routes for patterning proteins on DNQ photoresist
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3.3. Further experimental studies

Further experimentation is needed for reaching the maximum resolution and for quantifying the amount of 
bioactive molecule attached on the resist surface vs. processing conditions. Other research is directed 
towards patterning of neuronal active peptides for neuronal cell engineering. But the most attractive front of 
research is directed towards implementation of present microlithographic materials and techniques in 
combinatorial chemistry.

4.i. CONCLUSION

A wide range of DNQ-based microlithographic materials and techniques were assessed in terms of their 
potential for patterning of the neuronal cells and bioactive molecules. Neuronal cell engineering can be 
performed conveniently using positive tone Image Reversal, but other DNQ-based microlithographic 
techniques can be used as an insight tool for studies concerning cell attachment on polymeric surfaces. The 
applications of DNQ-based cell engineering span from integrated biodevices fabrication to medical artificial 
prosthesis. Biomolecular cell engineering can benefit from DNQ-based microlithography through high 
resolution patterning of the bioactive peptides/proteins on the polymeric surface, by either the linkage to 
photoinduced inden-carboxylic acid (two-step process), or to addition to photoinduced ketene (single-step 
process). In the case of DNQ-based biomolecular engineering, the applications span from drug-screening 
through combinatorial chemistry to biosensors fabrication.
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ELSEVIER

Abstract: The surface of the photosensitive Diazo-Naphto-quinone/novolak film 
was chemically manipulated through UV exposure and subsequent thermal 
processes to obtain different surface functionalities (DNQ, carboxylic, imidazole, 
indene, silylated and charged groups) and hydrophobicities. The neuronal cell 
attachment is sensitive to chemical functionalization, with favourable influence 
from charged, imidazole and carboxylic groups, while the 
hydrophobic/hydrophilic balance of the photoresist surface plays at best a 
secondary role. The microlithographic techniques assessed (standard positive 
tone, negative and positive tone image reversal, and surface imaging based on 
silylation) can be used to gain insight into the cell attachment mechanisms. 
The positive tone DNQ/novolak/imidazole system was found to be a suitable 
candidate for cell patterning. © 1996 Elsevier Science Limited

Keywords: cell adhesion, neuronal cells, surface functionalization, photolitho
graphy

INTRODUCTION

Techniques for controlling biomolecular architec
tures on surfaces have a wide range of potential 
applications in biosensing, cell guidance, and 
molecular eletronics (Nicolini, 1995). As knowl
edge regarding architectures ordered vertically 
incorporating bioactive molecules and cells 
advanced steadily in the last decade, we witnessed 
a growing interest in ordering them laterally 
(Gopel, 1995). This new development requires 
techniques for patterning areas with different 
properties that control the selective attachment of 
the vertically ordered architectures on the same

basal surface. Vertically structured cell engineer
ing found applications in biosensors based on 
plant and animal tissues (Wijeseriya & Rechnitz, 
1993), and in creating electronically modulated 
biological functions (Aizawa et al., 1994). Lat
erally structured cell engineering aims towards 
multiplication of these functions on the same 
substrate.

The neuronal cell’s electrical activity makes it 
an ideal candidate for integration in a bioelec- 
tronic device. Although progress has been made 
in conceiving and building an integrated neuronal- 
semiconductor device, the technology employed 
relies only marginally on the possibilities offered
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by the present state-of-the-art microlithography 
which is the most dynamic semiconductor tech
nology. In this account we will emphasize the 
potential of using semiconductor microlithography 
materials and techniques for building neuronal 
biodevices, and for cell engineering in general, 
focusing on the manipulation of neuronal cell 
attachment by means of photo- and thermally- 
induced chemical transformations of the surface 
of the diazo-naphtho-quinone/novolak thin films.

MATERIALS AND METHODS 

Materials
The photosensitive material used was a common, 
positive tone, commercial photoresist, (S1400-17), 
purchased from Shipley Co. The photoresist is a 
mixture of a photoactive compound, based on 
diazo-naphtho-quinone (DNQ), and a novolak 
based resin, in an approximate proportion of 3:7, 
dissolved in ethyl cellosolve acetate to reach 30% 
solid content. The material is sensitive to the g- 
line of the Hg lamp spectrum (436 nm). Another 
photosensitive material was derived from the for
mer, adding imidazole to the polymer solution to 
reach 2% of the solid content. This material 
(Image Reversal resist) was used for positive tone 
as well as negative tone lithography. For silyl- 
ation we used hexamethyldisilazane, (HMDS), as 
purchased from Aldrich Co.

Substrate preparation
The 15 mm glass substrates were made hydro- 
phobic or hydrophilic using the method described 
in the literature (Ferreira et al., 1994). The poly
mer solution was spin coated on 15 mm glass 
substrates, using a spin coater (Mikasa Co.) for 
15 s at a rotation speed of 500 r.p.m. for depo
sition, and for 1 min at a rotation of 3000 r.p.m. 
for thinning and drying. This procedure allows 
the deposition of uniform films approximately
0 6 [xm thick. The films were further dried for
1 h at 85°C in a convection oven.

After drying, the polymeric films, both with 
and without imidazole, were irradiated using a 
Hg lamp, at exposure energies denominated as 
low (30 mJ/cm2), medium (60 mJ/cm2), and high 
(120 mJ/cm2). In the case of imidazole doped 
resist processed in the negative tone image rever
sal mode, the substrates were reversal-baked in a 
convection oven at 100°C for 1 h. Several sub-
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strafes exposed to the highest energy, both with
out and with imidazole added, were further 
exposed to HMDS for silylation of the novolak 
hydroxy lie groups in a closed chamber at 100°C 
for 15 min.

For studies concerning cell attachment on 
DNQ/novolak surface, and for increasing the 
polymer adhesion, the resist was deposited only 
on hydrophobic glass. For studies concerning cell 
patterning, the imidazole doped resist was coated 
on hydrophilic glass slides as well. To obtain the 
highest contrast, these films were irradiated 
through an emulsion mask at the optimum 
exposure energy (40 mJ/cm2). For the develop
ment of the exposed patterns we used a metal- 
free Shipley developer (MF-319), diluted to reach 
0.237 N. The appropriate development time in 
these conditions is approximately 60 s. After 
development and thoroughly washing the 
developed features, the remaining photoresist sur
face was exposed again at the optimum energy 
for neuronal cell attachment.

Surface hydrophobicity evaluation

The surface hydrophobicity/hydrophilicity was 
experimentally evaluated by measuring the water 
contact angle on respective surfaces. The polymer 
films were irradiated with the exposure energies 
as described above, and post exposure baked at 
80°C for 30 min to remove the possible polymer 
tensions. The contact angle of 0.5 ju.1 water drops, 
deposited on the unexposed, exposed and silylated 
polymer surfaces, was measured with a Kyowa 
Kagaku Co. Ltd, anglemeter. The same procedure 
was used for hydrophilic and hydrophobic glass 
substrates.

The hydrophobicity of several chemical species 
encountered in the processing of the 
DNQ/novolak system was evaluated by comput
ing their logP parameter. The logP computations 
used a QSAR (quantitative structure-activity 
relationships) method (Viswanadham et al., 1989) 
as implemented in the ChemPlus module of Hyp- 
erChem molecular modelling software 
(HyperCube Inc., 1995).

Neuronal cell culture

For the short-term culture, cerebral hemispheres 
of chick embryos were dissected in Ham’s FI2 
medium. Nervous tissue from one or two embryos 
was treated for 15 min at 37°C with 0.125%

151



Biosensors & Bioelectronics Neuronal cell attachment

trypsin in the same medium. Tissues were rinsed 
in FI2 medium supplemented with bovine serum 
albumin (1 mg/ml), glucose (10 mM), insulin 
(2.5 jjlg/ml) and antibiotics, and dissociated in this 
medium by gentle trituration using a drawn-out 
Pasteur pipette. The cells (4 X 104 per well) were 
plated in 16 mm wells of the Clostar cluster 
dishes, with the previously prepared substrates 
placed on the bottom of the well. Each well 
contained 400 pX F12 medium, supplemented with 
glutamine (2 mM), penicillin (lOIU/ml), strepto
mycin (100 jirg/ml), insulin (2.5 /ig/ml) and glu
cose (10 mM). The cells were cultured at 37°C 
in 5% C02/95% air and saturating humidity. The 
cultures were observed after 1 day.

The cells for the long-term culture were pre
pared from cerebral hemispheres of chick 
embryos (embryonic day 10), as described pre
viously (Tokioka et al., 1993). Briefly, the dis
sociated cerebral neurons (5 X 104 cm-2) were 
plated on each control or modified substrate 
settled in a well of 24 well cluster dish containing 
50% of modified Earl’s minimum essential 
medium, 10% foetal calf serum (FCS) and 40% 
GIT medium (Nihon Seiyaku Co. Ltd.). Cells 
were cultured for 7 days at 35°C in 5% CG2/95% 
air and saturating humidity. Half of the culture 
medium was changed every 2 days.

RESULTS

Neuronal cell attachment

The neuronal cell adhesion behaviour on photor
esist was studied in view of the chemical func
tionalization of the DNQ/novolak polymeric sur
face. This functionalization was induced:

• before exposure, through addition of imidaz
ole to the resist;

• during exposure, through several photochem
istries; and

• after exposure, through post-exposure rever
sal bake and silylation.

The overall procedue for assessment of the neu
ronal cell attachment and pattemability potential 
using DNQ/novolak photoresist surface is pre
sented in Fig. 1.

The control surface was the poly-hydroxy-styr- 
ene bottom surface of the cluster dish, either as 
received or treated with poly-lysine. As the num
ber of neuronal cells on the surfaces with and

without poly-lysine treatment is similar in the 
conditions of our experiments, we will further 
designate as the control only the poly-hydroxy- 
styrene surface without poly-lysine.

The assessment of the capabilities of various 
functionalized photoresist surfaces was based on 
the observation of the attachment behaviour of 
the neuronal cells from the short-term culture. 
Samples of the short-term cell culture on the 
surface of processed resist films are presented 
in Fig. 2. The neuronal cells were counted and 
statistical tests were performed to assure data 
reliability. The substrates were grouped under 
the categories of surface type (control, standard, 
negative and positive tone image reversal resist) 
and process stage (unexposed, exposed at low, 
medium, and high energies, functionalized with 
poly-lysine in the case of the control surface and 
HMDS for standard and image reversal resist). A 
class of its own was considered the surface of 
the positive tone image reversal resist, exposed 
with low energy, which accidentally peeled-off 
from the glass substrate. The results on the short
term culture attachment, together with the contact 
angle values for the respective surfaces, are pre
sented in Table 1. Furthermore, the molecular 
hydrophobicities (log?) of several chemical spec
ies encountered during the processing of the 
DNQ/novolak system (presented in Table 2) are 
useful in establishing the correlation between sur
face chemistry and cell adhesion behaviour. LogP 
(the log of the octanol-water partition coefficient) 
measures proportionally the molecular hydro- 
phobicity, but it should be noted that QSAR 
calculations can not take into consideration hydro
gen bonding effects.

The attachment behaviour of neuronal cells on 
the photoresist surface was further assessed for 
the long-term culture conditions using the same 
parameters which produced the highest prolifer
ation of cells, that is positive tone image reversal 
resist exposed with low energy (second row, third 
column in Fig. 2). A sample of the long-term 
neuronal cell culture under these conditions is 
presented in Fig. 3.

Neuronal cell pattemability 
On the basis of the data from the study on the 
attachment behaviour of the short-term culture 
neuronal cells, we attempted their patterning on 
the photoresist surface from the long-term culture, 
using the hydrophilic or hydrophobic glass substr
ate as the contrast surface. As the best candidate
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---------------- MATERIALS;-----------------------------Standard Image Reversal
PROCESS:
A. Attachment studies
1. Doping with imidazole DNQ/novolak ------------------------------- ► DNQ/novolak/imidazole

2. Coating

3. Exposure,
low, medium & high energy

4. Reversal bake

5. Silylation

6. Cell plating, — 
short term culture optimum conditions

B. Patternability studies
1. Pattern exposure 2. Development 3. Functionalisation exposure 4. Cell plating, long term culture

Fig. 1. Surface functionality manipulation using DNQ/novolak system for the study of the attachment and pat-
ternability of the neuronal cells.

for a selective cell patterning was the image 
reversal resist in the positive mode exposed at 
low energies, here we report only the results 
obtained using this system.

The attachment and growth of the long-term 
culture neuronal cells on patterned positive tone 
image reversal resist exposed with low energy 
may be observed in Figs. 4(a) and (b) (for the 
case of photoresist on hydrophilic glass) and in 
Fig. 5 (for the case of photoresist on hydro- 
phobic glass).

DISCUSSION

Neuronal cell engineering

The building of neuronal cell based biodevices 
would employ two sets of technological tasks 
aiming at:

• design and fabrication of an appropriate elec
tric, magnetic or electronic device, as the 
basal structure of the integrated biodevice, 
either sensing or stimulating the neuronal 
cell electrical activity; and

• constructing the architecture using neuronal 
cells on this pre-defined basal structure, 
requiring the precise and preferably chemi
cally induced positioning of neuronal cells 
on top of the pre-defined basal device.

As the aim of the present contribution is to 
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progress towards the patternability of neuronal 
cells using microlithographic techniques and 
materials employed in semiconductor device fab
rication, we will concentrate on previous cell 
patterning work as well as the technology and 
chemistry of the DNQ/novolak system. Therefore, 
the basal devices for sensing and stimulation 
of the neuronal electrical activity will be only 
briefly described.

Basal devices used for neuronal cell based 
integrated devices

The basal devices used for sensing or stimulation 
of neuronal cell electrical activity may be classi
fied as:

• electrical, using arrays of microelectrodes as 
contacts beneath the neuronal cell (Gross et 
al., 1982, 1985, 1993, 1995; Regehr et al., 
1988; Connolly et al., 1990; Jimbo & 
Kawana, 1992; Meister et al., 1991; Gross & 
Schwalm, 1994; Nisch et al., 1994; Rutten 
et al., 1995);

• magnetic, using magnetic toroids for both 
neuronal stimulation and detection (Babb et 
al., 1995);

• electronic, using the sensing capability of a 
field-effect transistor (Fromherz et al., 
1991, 1993).

An optical technique was also proposed for top 
detection and visualization of neuronal cell elec
trical activity (Fromherz & Muller, 1994).
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TABLE 1 Number of neuronal cells (X 1000/cm2) on polymeric substrates with different contact angles, 0.

Substrate modification:

Substrate type

Unexposed

low

Exposed surface 
Exposure energy: 

medium high

Functionalization

HMDS polylysine

Control surface 11.57 11.71
(poly-hydroxystyrene) (±1.01; 8.73%) (±1.18;

0 = 39° 10.07%)
Standard resist 3.29 3.86 4.07 4.14 2.43

(±0.51; (±0.81; (±0.57; (±0.66; (±0.49;
6.13%) 20.89%) 14.01%) 15.94%) 20.16%)
0 = 78° 0 = 66° 0 = 69° 0 = 77° 0 = 83°

Image reversal resist, 3.64 3.14 3.64 6.57 6.78
negative tone (±0.72; (±0.56; (±0.74; (±0.64; (±0.74;

19.78%) 17.83%) 20.32%) 9.74%) 10.91%)

II 5 0 = 70°

Sii

%

0 = 79° 0 = 82°
Image reversal resist, 5.86 11.78 6.50 5.00 6.81

positive tone (±0.58; (±0.85; (±0.70; (±0.76; (±0.71;
9.90%) 7.22%) 15.56%) 15.2%) 10.43%)

<$
> ii 0 = 63° 0 = 70° % It ul n 00

Image reversal resist, 65.80
positive tone, free ( ±2.52; 3.83%)
surface

The numbers in parentheses are the variance of the number of neuronal cells, in absolute values (X 1000/cm2) and 
percentage, respectively, within 95% confidence interval. The contact angles for hydrophobic and hydrophilic glass are 
90° and 30°, respectively.

TABLE 2 Computed hydrophobicity (log/3) for different chemical species encountered during the processing of the
DNQ/novolak system.

Process: Unexposed Exposed with energy: Post-exposure functionalization
Chemical species Low/medium Medium/high reversal bake silylation

Photoactive compound 3.66 3.04 3.71 3.91*
(DNQ) (ICA) (indene) (silylated ICA)

Base resin, novolak 2.7 — 4.96 — 3.56t
(o-, p-) (dimerization) (silylated novolak)

Ester novolak-indencarboxylic acid — — — f 5.84 —
Imidazole -0.04 — — — —

*Due to the lack of parameters for Si, the log/3 for silylated 
with a C atom. The real values should be higher. 
tFor comparison, the logP value for water is —0.51.

Cell patterning
One strategy for controlling the specific interac
tion between the cells and the basal substrate is 
focused on the physico-chemical manipulation of 
the surface. In this respect, two techniques were 
used for studying the relation between the 
adhesion and growth of the cells and the proper
ties and functionality of the polymeric surfaces, 
that is:
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chemical species were computed replacing the Si atom

• adsorbing growth-controlling factors on the 
surface, either before (Ingber et al., 1987; 
Ingber & Folkman, 1989; Ingber, 1990; 
Mooney et al., 1992; Bekos et al., 1995) or 
during cell plating (Taguchi et al., 1987; 
Ben-Ze’ev et al., 1988; Ingber, 1990); and

• controlling the physical properties of the sur
face, either through wettability (Letoumeau, 
1975; Folkman & Moscona, 1978; Li et
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Photochemistry of DNQ/novolak/imidazole system in the negative tone

88 3

Exposure energy (mJ/cm2)

number of cells 
contact angle

Fig. 7. Neuronal cell attachment (short-term culture), hydrophobicity and photochemistry of the DNQ/novolak 
system, with 2% imidazole added, processed in the negative tone.

Photochemistry of DNQ/novolak/imidazole system in the positive tone

100 fi

Exposure energy (mJ/cm2)

"X number of cells 
contact angle

Fig. 8. Neuronal cell attachment (short-term culture), hydrophobicity and photochemistry of the DNQ/novolak system
with 2% imidazole added, processed in the positive tone.

show that the surface hydrophilicity decreases 
again at higher exposure energies. This evolution 
can be explained by the decrease of hydroxylic 
groups on the surface, either through esterification 
with an excess of ketene (Fig. 6, upper right) or 
due to the crosslinking of the novolak at the

surface in the presence of Oa and photoinduced 
radicals. Both mechanisms are more effective than 
DNQ photolyhsis in controlling the surface hydro
phobicity as inferred from the logP values for 
both by-products, which are considerably higher 
than those of the starting novolak (5.84 for esteri



fication and 4.96 for novolak dimerization versus 
2.7 for novolak monomer, in Table 2). The former 
mechanism may prevail for higher power 
exposure (excess of ketene), while the latter may 
prevail for higher exposure time (excess of UV 
radiation). Supporting this overall mechanism, it 
should be noted that the increase of hydrophilicity 
appears at energies far from those recommended 
for the photoresist high resolution patterning. The 
kinetics of this effect, reported by several groups 
as a parasitic ‘skin effect’ inhibition of the devel
opment at the photoresist surface (mechanisms 
reviewed by Dammel, 1993), is expected to be 
slower than DNQ photolysis, explaining the 
evolution with a minimum of the contact angle 
versus exposure energy.

Finally, the surface silylation of the remaining 
hydroxylic sites, and probably pf the carboxylic 
ones as well, increases the hydrophobicity with 
an expected increase in the contact angle 
(Table 1), as both by-products show high logP 
values (3.56 and 3.91, respectively, Table 2).

Cell attachment behaviour 
Other studies regarding the attachment of neu
ronal cells on SAMs (Stenger et al., 1993; Matsu- 
zawa et al., 1993; Georger et al, 1992) proved 
that the number of neuronal cells attached to the 
surface increases with hydrophilicity. However, 
these studies rely on amino-induced hydrophilic
ity, and therefore their conclusions, give limited 
insight regarding the carboxylic- and hydroxylic- 
induced surface hydrophilicity.

In the conditions of the present study, the 
cell attachment behaviour on standard photoresist 
(plotted in Fig. 6 against exposure energies and 
approximately beneath the proposed responsible 
surface chemistry) may be explained through the 
neuronal cell response to the surface functionaliz
ation with carboxylic and hydroxylic groups. The 
levelling of cell attachment is placed close to the 
same energy range recommended for obtaining 
the highest microlithographic contrast, i.e. close 
to the point where all DNQ was photolized and 
hydroxylic and carboxylic groups on the surface 
reached their highest concentration. In the view 
of possible depletion of the hydroxylic groups 
following novolak crosslinking, it may be inferred 
that carboxylic and not hydroxylic groups are the 
prime factor in cell adhesion.

On the other hand, the number of attached 
cells is also lower than on imidazole doped 
DNQ/novolak films. This may be explained by
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the fact that the carboxylic groups, and to a lesser 
extent hydroxylic ones, may be ionized negatively 
on the surface when put in contact with the 
slightly basic culture media (pH 7.5), inducing a 
cell repellent mechanism of the negatively 
charged neuronal cell membrane (Yavin & Yavin, 
1974). The basicity of the culture media is not 
able to promote the development of the top resist 
(the reported pH threshold for triggering the 
development lies around 12.5, Dammel, 1993).

The hydrophobicity evolution in the conditions 
of our experiments (measured by contact angle 
values in Fig. 6) seems to have at best a second
ary influence on neuronal cell attachment. How
ever, the overall number of neuronal cells on the 
standard photoresist is far lower than on the 
control polymeric surface which has a consider
ably higher hydrophilicity, presumably due to a 
higher concentration of hydroxylic groups on 
the surface.

Finally, the even higher hydrophobicity 
obtained through silylation of the fully exposed 
surface allows the attachment of about 25% fewer 
cells as compared to the surface of the unex
posed resist.

The assessment of the short-term neuronal cell 
culture on the processed surface of standard pho
toresist proved that, apart from the insight into 
the mechanism of cell attachment, this system is 
not appropriate for cell patterning.

Cell attachment on negative tone image 
reversal photoresist

Surface functionality manipulation 
It was reported that image reversal processing in 
the negative tone produces larger differences in 
bulk hydrophobicity that standard resist pro
cessing (Dammel, 1993). The negative tone image 
reversal photoresist surface chemistry (presented 
in Fig. 7, with the approximate position versus 
the exposure energy coordinate is an overlap of 
three phenomena:

# The addition of imidazole to the 
DNQ/novolak system does not increase its 
hydrophilicity due to the same hydrogen 
bonding mechanism present in the standard 
resist. Once the imidazole is released during 
DNQ photolysis, the contact angle decreases 
due to the imidazole’s high hydrophilicity 
(logP = -0.04, Table 2).

• The exposure and the subsequent reversal

Neuronal cell attachment
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bake induce ICA decarboxylation (catalysed 
by imidazole, Reuhman-Huisken et al., 
1989). The indene by-product is slightly 
more hydrophobic than DNQ (log? values 
of 3.71 and 3.66, respectively, in Table 2), 
but does not hydrogen-bind the donor chemi
cal species (imidazole and novolak).

• Finally, these two effects are superimposed 
on the previously detailed novolak-only 
chemistry (Fig. 7 presents the second poss
ible mechanism for novolak crosslinking 
based on methylene bridge formation). Nov
olak crosslinking decreases the surface con
centration of hydroxylic groups and hence 
should make imidazole molecularly more 
accessible due to the decreased likelihood of 
hydrogen bonding.

In image reversal systems, both positive and 
negative, DNQ partially decomposes due to the 
addition of imidazole, forming a non-bleacheable 
azo dye (Nicolau & Dusa, 1989), and therefore 
the overall chemical processes are delayed by the 
parasitic light absorption. One important differ
ence of the negative tone image reversal system 
as compared to the standard and. positive tone 
image reversal ones is the carboxylic-free func
tionalization. Similarly to the standard system, 
the silylation increases the surface hydro- 
phobicity, with the difference that in the negative 
tone image reversal system only the novolak 
hydroxylic groups are available for silylation.

Cell attachment behaviour 
Although the surface hydrophobicity evolution 
versus exposure energy in standard and negative 
tone imaged reversal systems looked similar, the 
neuronal cell attachment behaviour was entirely 
different, as the number of cells increases with 
hydrophobicity rather than hydrophilicity. This 
rather unexpected evolution can be explained in 
the frame of accessibility to imidazole which 
increases with exposure energy, firstly due to 
DNQ photolysis and ICA decarboxylation, and 
later due to novolak crosslinking. In this context, 
it is interesting to observe the slight increase in 
the number of cells of silyated surfaces, probably 
due to a further decrease of hydrogen bonding 
between silylated novolak hydroxylic groups 
and imidazole.

Due to the carboxylic-free surface functionaliz
ation, the relation between neuronal cell attach
ment and the dual influence of the manipulation 
of the surface hydrophobicity and functionaliz-
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ation using the negative tone image reversal sys
tem may be easier to relate with other studies 
regarding amino-induced hydrophilicity. In the 
conditions of this study, imidazole functionaliz
ation proved beneficial for cell adhesion, anal
ogous to other studies dealing with amino-func
tionality-induced hydrophilization (Stenger et al., 
1993; Matsuzawa et al., 1993; Georger et al., 
1992). On the other hand, in the conditions of our 
study, surface hydrophobicity has a contradictory 
influence or at best proved to be a secondary 
factor.

Although the increase in the average number 
of neuronal cells on negative tone image reversal 
is about three times higher than on the standard 
photoresist, this system fails to provide a good 
environment for neuronal cell patterning, as the 
number of attached cells is again far from those 
on the control surface.

Cell attachment on positive tone image reversal 
photoresist
Surface functionality manipulation 
In the case of positive tone image reversal, the 
absence of the post-exposure reversal bake allows 
accumulation of the carboxylic groups with 
exposure in a similar manner to the standard 
positive tone photochemistry, and at the same 
time, the increase in accessibility to imidazole as 
in the negative tone image reversal. The overall 
hydrophobicity evolution versus exposure energy 
is then similar to the previous two systems. How
ever, the most important feature of positive tone 
image reversal is the creation of a coloured com
plex at low exposure energies (Nicolau & Dusa, 
1989). This complex is stable in the dark, but 
decomposes further when exposed. A recently 
proposed mechanism (Nicolau et al., 1995) 
explains this feature through the creation of a pair 
of positively and negatively charged (indenylO- 
imidazolyl®) chemical species, similar to the 
mechanism proposed (Mutsaers et al., 1990) for 
the less stable, ammonia based coloured complex 
encountered in the built-in-mask technique. The 
overall photochemistry of the positive tone image 
reversal photoresist with the approximate position 
versus the exposure energy coordinate is pre
sented in Fig. 8.

Cell attachment behaviour 
The neuronal cell adhesion behaviour on a posi
tive tone image reversal system (with the 
important exception of the low energy exposed
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system) may be explained by the overlap of the 
chemical functionalization valid for the positive 
standard and negative tone image reversal systems 
respectively, i.e. imidazole-, carboxylic-, and to 
a lesser extent hydroxylic-induced cell adhesion 
mechanism. The higher overall number of cells 
on positive tone image reversal resist, as com
pared with the negative one, is explained by the 
possible bake-induced residual crosslinking of the 
negative tone image reversal resist surface. More
over, the cell adhesion behaviour seems to be in 
good agreement with the surface hydrophilicity 
evolution, being opposed to the evolution of the 
number of cells versus hydrophilicity in negative 
tone image reversal.

The most striking feature of the positive tone 
image reversal case is the high number of neu
ronal cells on the polymer surface when exposed 
at low energies (second column on the third row 
in Table 1). This feature can be explained by the 
formation of doubly charged chemical species in 
the first stages of the exposure, with a beneficial 
effect on cell adhesion, presumably due to the 
formation of an electrostatic double-layer between 
the cell membrane and resist surface. To this end, 
an optimum of short-term neuronal cell attach
ment can be found in positive tone image reversal 
mode systems, for low energy exposure.

A class of its own was the case of neuronal 
cells attached to positive tone image reversal 
surfaces which peeled off accidentally from the 
glass substrate (fifth row in Table 1). The 
extremely large number of neuronal cells can be 
explained by the lack of mechanical stress in the 
polymer floating surfaces, as opposed to fixed- 
on-the-substrate ones. A similar behaviour was 
reported and explained by other authors 
(Emerman & Pitelka, 1977) for mammalian cells 
on free-standing polymer surfaces. Proper treat
ment of the glass surface prior to deposition 
and appropriate pre-exposure bake eliminated the 
peeling-off effect.
Factors controlling neuronal cell attachment on 
photoresist surfaces
In the conditions of this study it was found that 
short-term culture neuronal cell attachment is, in 
order of importance controlled by: presence of 
doubly charged chemical species; chemical func
tionalization with imidazole, carboxylic and 
hydroxylic groups (in that order); and for the 
variations found in this study (i.e. ±10° for the 
contact angle), surface hydrophilicity has a con
tradictory contribution or a very limited one.

From a similar state of the cells in the short
term culture and in other common conditions 
(e.g. Tokioka et al., 1993), we conclude that the 
toxicity of the surfaces is insignificant for cell 
survivability. Since in the conditions of the short
term, one-day culture all neuronal cells seem to 
survive irrespective of the surface conditions, we 
conclude that the survivability of the cells may 
be further controlled in the long term by their 
adhesion to the polymeric surface.

Experiments for patterning neuronal cells

The assessment of the capability of the positive 
tone image reversal surface exposed at low energy 
to accommodate long-term neuronal cell culture 
showed (Fig. 3) healthy cells and neurite growth 
promotion over the period of the culture, which 
is similar to other common culture media con
ditions (e.g. Tokioka et al., 1993). One major 
difference between a long-term culture and short
term one is that the former contains neuronal as 
well as glia cells.

Following this assessment, the positive tone 
image reversal photoresist surface exposed at low 
energy was used to confine the long-term culture 
neuronal cells. As contrast surfaces, either hydro- 
phobic or hydrophilic glass substrates were pre
sented to the neuronal cells through development 
of the previously patterned areas.

The neuronal cells seem to be repelled by the 
highly hydrophobe glass substrates presented to 
the culture through the development of the pre
viously exposed areas (30° as compared with 60- 
80° for the processed photoresist surface), but 
can attach directly to the resist surface (in 
Fig. 4(a), upper right comer). Glia cells on the 
other hand, do not distinguish to the same degree 
the different functionalized surfaces, and they 
may migrate from the resist surface to the hydro
philic glass one (Fig. 4(a), middle left). Still, one 
can see the alignment of glia cells along the 
edges of the resist surface (Fig. 4(a), middle right 
and top end comer). Only if glia cells form a 
continuum on the highly hydrophilic glass, the 
neuronal cells may attach to this primary layer 
(as in Fig. 4(b), top left).

When exposed to hydrophobic glass areas 
(Fig. 5), glia cells attach indiscriminately onto the 
surfaces, but neuronal cells still prefer to attach 
either on the resist (middle bottom in Fig. 5) or, 
to a lesser extent, on a continuum of glia cells 
(right top in Fig. 5). The lack of discrimination
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for glia cell attachment can be connected with 
the smaller hydrophobicity difference between the 
resist and hydrophobic glass (average contact 
angle values of 70° and 90°, respectively) as 
compared with higher difference for the resist 
and hydrophilic glass surfaces (average contact 
angle values of 70° and 30°, respectively). This 
suggests a different attachment mechanism for 
glia and neuronal cells, that is, a higher influence 
of hydrophilicity on glia cells attachment and a 
more specific influence of chemical functionaliz
ation on neuronal cell attachment.

Further experimental studies 
Although the chemistry of the DNQ/novolak sys
tem received an extended treatment in the litera
ture, some aspects of its surface chemistry need 
further clarification, especially for the surface 
functionalization-induced cell engineering. ATR 
and ESCA spectroscopy studies of the func
tionalization of the resist surface are currently 
being pursued.

The chemical versatility of DNQ may allow 
many other functionalization pathways not 
explored in the present contribution. The photoin- 
duced reaction ketene, carboxylic group creation 
and the possible reduction of DNQ to an amino 
group, may be used as post-exposure functionaliz
ation of the resist surface. In particular, our 
research (Nicolau et al., 1996) proved that the 
photoinduced production of ketene and carboxylic 
groups can be used successfully as anchoring 
sites for linking the amino acid of the bioactive 
molecules. In this frame, another group of exper
iments target the potential of the DNQ/novolak 
system for patterning neuro-peptides which can 
induce different attachment behaviour of the neu
ronal and glia cells, respectively (Taguchi et al., 
1995).

CONCLUSION

Common microlithographic materials and tech
niques have been assessed in terms of their poten
tial for patterning of the neuronal cells. The 
cell attachment is controlled by surface physico
chemical properties, mostly by the 
charged/uncharged species balance and type of 
chemical functionalization (DNQ, carboxylic, imi
dazole, hydroxylic, indene and silylated groups), 
whereas the hydrophilic/hydrophobic balance of 
the resist surface has a contradictory or at best 
secondary influence.

D. V. Nicolau et al.
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The microlithographic techniques assessed 
(standard positive tone, negative and positive tone 
image reversal, and silylation) can be used to 
gain insight into the cell attachment mechanisms. 
The most suitable surface functionality was 
obtained using low exposed DNQ/novolak imi
dazole-doped polymer films, making positive tone 
image reversal photoresist the best candidate for 
neuronal cell patterning.

Biosensors & Bioelectronics
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A simple method for the synthesis of caged peptides using a novel derivative of tyrosine, AT-Fmoc-0- 
(2-nitrobenzyI)-tyrosine, is described. The derivative of tyrosine can be incorporated at any position in an 
amino acid sequence by solid-phase peptide synthesis under the condition for Fmoc chemistry, and caged 
peptides that contain nitrobenzyl group on the side chain of tyrosine residue can be obtained. The nitrobenzyl 
group can be photocleaved by UV irradiation and the half life of die intermediate during photolysis is 
approximately 7 (is. The method was successfully applied to the synthesis of caged neuropeptide Y (NPY).
The binding affinity of the caged NPY for the Y1 receptor was one or two orders of magnitude lower than 
that of intact NPY, but it increased to the value for intact NPY upon irradiation by UV light. © 1996
Academic Press, Inc.

Caged compounds are defined as molecules whose biological activity is controlled by light
(1). In studies of fast and/or local biological processes, such as those in muscles and neurons, 
caged compounds appear to have great potential because illumination can easily be controlled 
in terms of timing, location and amplitude. Although the term caged implies the total imprison
ment of an active molecule inside a large framework, modification of a molecule with photo
cleavable groups, such as the o-nitrobenzyl group, which masks features that are important 
for biological recognition, is the usual strategy for the synthesis of caged compounds. Most 
caged compounds reported to date are small molecules, such as caged ATP (2), caged glutamic 
acid (3), and caged serine (4). There are many natural and synthetic peptides that regulate 
important biological processes, and the use of caged peptides is expected to yield new informa
tion about the spatial range of their actions. However, no efficient method for the synthesis 
of caged peptides has yet been reported. Preparation of caged peptides and proteins by the 
chemical modification of amino or carboxyl groups with nitrobenzyl reagents has been reported 
(5, 6), but when this method is used, it is not possible to control the position and number of 
modifications. Schultz and coworkers reported a genetic method, using a cell-free translation 
system, for construction of caged proteins. Caged amino acids were incorporated at a desired 
site in the amino acid sequence by an amber suppressor tRNA (7). However, it is very difficult 
to prepare large quantities of caged peptides and proteins in a cell-free translation system.

Here we report a simple approach to the synthesis of caged peptides by Fmoc solid-phase 
peptide synthesis using a photolabile derivative of tyrosine, which can be incorporated at any

1 To whom correspondence may be addressed. Fax: (+81)-727-51-9628. E-mail: tatsu@onri.go.jp or shigeri® 
onri.go.jp.

Abbreviations: NPY, neuropeptide Y; All, angiotensin II; PYY, peptide YY; Tyr(NB), 0-(2-nitrobenzyl)-tyrosine; 
Fmoc-Tyr(NB), N-(fluorenylmethoxycarbonyl)-0-(2-nitrobenzyl)-tyrosine; Fmoc-Tyr(tBu), V-(fluorenylmethoxycar- 
bonyl)-0-(r-butyl>tyrosine.
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Copyright © 1996 by Academic Press, Inc.
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FIG. 1. Fmoc-Tyr(NB).

site in a peptide, and we also demonstrate the effect of caging on the biological activity of 
neuropeptide Y (NPY) in which the derivative had been incorporated at several sites.

MATERIALS AND METHODS
Materials. L-Tyrosine, 2-nitrobenzylbromide, and fluorenylmethy-succinimidyl carbonate (Fmoc-OSu) were ob

tained from Tokyo Kasei (Tokyo, Japan), Aldrich, and Kokusan Kagaku (Tokyo, Japan), respectively. Porcine NPY 
was from the Peptide Institute (Osaka, Japan). Fmoc-amino acids and TentaGel TG-RAM resin were obtained from 
Shimadzu Co. (Kyoto, Japan). [125I]Peptide YY (PYY) was purchased from Dupont-New England Nuclear (Wilming
ton, USA). All the other chemicals used were of reagent grade.

Synthesis ofnitrobenzyl tyrosine. The derivatives of tyrosine were synthesized as follows. 0-(2-Nitrobenzyl)-tyrosine 
[Tyr(NB)] was obtained from the reaction of 2-nitrobenzylbromide with a Cu(H) complex of tyrosine, by reference 
to the synthesis of dichlorobenzyl tyrosine (8). Nitrobenzyl tyrosine was then made to react with Fmoc-OSu to yield 
Fmoc-Tyr(NB) (Fig. 1). Full details of the synthesis will be reported elsewhere.

Synthesis of peptide. Caged peptides were synthesized on an automated solid-phase peptide synthesizer (PSSM-8; 
Shimadzu) and cleaved from the resin by treatment with trifluoroacetic acid (TFA). Crude peptides were purified by 
semi-preparative HPLC (20 mm X 250 mm; Cosmosil 508; Nacalai tesque, Kyoto, Japan) with a gradient phase of
0.1% TFA and acetonitrile. In the case of fractions that contained peptides, the eluate was not passed through the 
UV monitor to avoid photolysis. The collected peptide was examined by analytical HPLC (4.6 mm x 50mm; ; 
Cosmosil 508; Nacalai tesque) and mass spectrometry (MALDITOF mass spectrometer, Kratos, Manchester, UK).

Analysis of products of photolysis. The solution of a caged compound was irradiated with a UV lamp (PU-2; 
Topcon, Japan) and the products were examined by HPLC. Laser flash photolysis was performed as follows. A 
solution of sample in a quartz cell was irradiated with the third harmonic light pulse of a Nd:YAG laser (GCR-230- 
10; Spectra Physics, Mountain View CA; FWHM 5 ns; 6.8 mJ). The transient absorption during the laser irradiation 
was measured with a photomultiplier tube and the monochromatic light from a 500 W xenon lamp.

Study of the binding of NPY to the Y1 receptor. The study of the binding of NPY to the Y1 receptor was performed 
as described previously (9) with minor modifications. [I25I]PYY was used as the radioligand for the receptor instead 
of [125I]NPY because of the reduced nonspecific binding. SK-N-MC cells were cultured in 12-well culture plates. 
After 2 to 4 days, the medium was removed and the cells were washed with 20 mM HEPES buffered Hanks’ solution 
(pH 7.4) that contained 1% BSA (binding buffer) and incubated with 0.1 nM [125I]PYY and the appropriate competing 
peptide or vehicle in 0.5 ml of binding buffer for 60 min at 37°C. The incubation was stopped by removal of the 
assay mixture and then the cells were washed twice with 1 ml of ice-cold binding buffer. Cells were lysed by two 
aliquots of 0.75 ml of 1 N NaOH. The solubilized cells were transferred to test tubes and radioactivity was determined 
with a y counter. Nonspecific binding was determined in the presence of 10~6 M NPY.

RESULTS

Solid-Phase Synthesis of Peptides That Contained Nitrobenzyl Tyrosine
The stability of the o-nitrobenzyl group in the reagents for solid-phase synthesis of peptide 

was examined first. Trifluoroacetic acid (100%) and piperidine (20% in dimethylformamide) 
were added to Fmoc-T^r(NB) and to Tyr(NB), respectively, and analysis by HPLC indicated 
that the nitrobenzyl group was not removed under the experimental conditions used for the 
Fmoc solid-phase synthesis of peptides (data not shown).

Fmoc-Tyr(NB) was then used for the synthesis of nitrobenzyl NPY and nitrobenzyl angioten
sin II (AH), in the same manner as the standard reagent for introduction of Tyr, namely, Fmoc- 
Tyr(tBu). The solid lines in Figure 2 show the elution of crude products of the synthesis of 
nitrobenzyl NPY. A dominant peak, with no significant by-products, can be seen in each
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FIG. 2. Results of HPLC of synthetic nitrobenzyl NPYs and the products of photolysis. The elution of crude 
nitrobenzyl peptides, after cleavage, was monitored after reversed-phase HPLC with a UV detector at 225 ran. Peptides 
were eluted with a linear gradient of 0.1% trifluoroacetic acid to 80% acetonitrile at 5%/min (solid lines). The purified 
nitrobenzyl NPYs were irradiated with UV light for 90 min and analyzed under the same conditions (dashed lines). 
The chromatograms A, B, C, and D were obtained after HPLC of [Tyr(NB)1]NPY, [Tyr(NB)36]NPY, (Tyr(NB)U6]NPY, 
and NPY, respectively, and the products of photolysis (except in D).

chromatogram. The purified peptide was identified by mass spectrometry and the molecular 
weight of the purified peptides agreed with the calculated values within the range of acceptable 
errors of mass spectrometry: [Tyr(NB)1]NPY, observed 4,391, calculated 4,387; [Tyr(NB)36]- 
NPY, observed 4,390, calculated 4,387; [Tyr(NB)U6]NPY, observed 4,520, calculated 4,522; 
and [Tyr(NB)4]AH, observed 1,183 calculated 1,181. A small peak, assigned to the intact 
peptide, was also detected in the spectra of the purified nitrobenzyl peptides since the nitroben
zyl group had been partially removed by photolysis during the laser ionization (data not shown).
Photolysis of Nitrobenzyl Groups in Peptides

The photocleavage of the onitrobenzyl group from Fmoc-Tyr(NB) was first analyzed by 
HPLC. UV-irradiation caused a decrease in the amount of the Fmoc-Tyr(NB) and the generation 
of Fmoc-Tyr, which was identified from a comparison with the authentic sample.

The photocleavage of the nitrobenzyl group from peptides was examined next. The UV 
irradiation caused a decrease in the size of the peak of each nitrobenzyl peptide and the 
appearance of a peak that could be assigned to the intact NPY (dashed lines in Fig. 2). Small 
peaks were ascribable to molecules in which there remained one or two nitrobenzyl groups. 
The evidence for photocleavage of the nitrobenzyl group was also supported by the results of 
mass spectrometry: the intensity of the peak that corresponded to intact NPY increased after 
UV irradiation. The results of HPLC and mass spectrometry suggested that no significant side 
reactions had occurred.

The kinetics of the photocleavage of [Tyr(NB) U6]NPY were studied by measurements of 
the transient absorption (Fig. 3). Pulsed UV light caused a rapid increase and a slow decay in 
the absorption at 420 nm, which could be ascribed to the formation of a acz-nitro compound 
as an intermediate. The half life of the intermediate during photolysis was 6.5 ± 0.9 ps.
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FIG. 3. Changes in absorption of the nitrobenzyl NPY caused by a pulse of UV light [Tyr(NB)U6]NPY (2.7 mM) 
in 5 mM TES buffer (pH 7.5) at 23°C was irradiated with the third-harmonic of a Nd:YAG laser. The average of 
results from 10 experiments is shown. The half life of the absorbing species was calculated to be 6.5 ± 0.9 jus. The 
inset shows the reaction scheme of the photolysis, where X represents the peptide.

Photo-Control of Biological Activity
We next examined the effects of nitrobenzyl groups on biological activity, namely, the 

ability of nitrobenzyl NPY to inhibit binding of [125I]PYY to Y1 receptors in SK-N-MC cells. 
Intact NPY inhibited the specific binding of [125I]PYY very effectively (IC50 value for NPY,
2.0 ± 0.2 nM; open squares in Fig. 4A). Protection of the hydroxyl group of the TV-terminal 
or C-terminal tyrosine of NPY by a nitrobenzyl group resulted in a significant loss of binding 
affinity (IC50 values for [Tyr(NB)1]NPY and [Tyr(NB)36]NPY, 100 ± 10 nM and 55 ± 5 nM,

(A) (B)

-Log M-Log M

FIG. 4. Effects of nitrobenzyl NPYs (A) and UV-irradiated nitrobenzyl NPYs (B) on the binding of [125I] PYY to 
the Y1 receptor. SK-N-MC cells were incubated for 60 min at 37°C with [125I] PYY and nitrobenzyl NPY, after or 
without previous irradiation with UV for 90 min. The panels show the results of one representative experiment, which 
was repeated three times. (□) NPY; (A) [Tyr(NB)']NPY; (O) [Tyr(NB)36]NPY; (0) [Tyr(NB)1’36]NPY.
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respectively; mean ± S.E., n = 3). Bisnitrobenzyl NPY, [Tyr(NB)136]NPY, even when present 
at 1 /xM, reduced the binding of [125I]PYY by 20% (Fig. 4A). UV irradiation of the nitrobenzyl 
derivatives of NPY resulted in the recovery of the ability to inhibit the binding of [125I]PYY 
to the same level as that of intact NPY (Fig. 4B).

We also examined the effect of a nitrobenzyl group on the biological activity of angiotensin 
II by measuring the inhibition of the binding of [125I]AII to AH receptors in human neuro
blastoma SMS-KAN cells (10). However, the protection of the hydroxyl group of tyrosine by 
a nitrobenzyl group had no effect in the inhibition (data not shown).

DISCUSSION
In this study, a photolabile benzyl group, namely, o-nitrobenzyl group, was successfully 

introduced at the hydroxyl group of tyrosine residues in NPY and AH. It was easy to purify 
the nitrobenzyl peptides and the yield of nitrobenzyl peptides was as high as that of unmodified 
peptides. Moreover, the nitrobenzyl peptides eluted later than the unmodified peptides in all 
cases that we have examined. The latter property is probably due to the hydrophobicity of the 
nitrobenzyl group.

The nitrobenzyl groups were photocleaved from peptides by UV irradiation without any 
dependence on position, and the unmodified peptides were generated from the nitrobenzyl 
peptides. The half life of approximately 7 fis was as high as that for the onitrobenzyl-type 
compounds reported to date (1). The rapid release of the intact peptide by photolysis allows 
experiments with higher time-resolution than those that involve perfusion or pipette injection.

NPY is a 36-amino acid peptide containing five tyrosine residues, which are at the N- and 
C-termini and at positions 20, 21 and 27. Studies on the relationship between structure and 
activity have indicated the possibility that both the W-terminal and the C-terminal segments 
of NPY are essential for the activation of Y1 receptors (11). Therefore, we introduced o- 
nitrobenzyl tyrosine into iV-terminal and/or C-terminal tyrosine residues of NPY in order to 
control its biological activity. The introduction of a nitrobenzyl group at N- or C-terminal 
tyrosine residues reduced the activity by about one order of magnitude. The extent of the 
reduction was almost same for both termini, and an additive effect was observed upon the 
introduction of nitrobenzyl groups at both termini, supporting the hypothetical model. The 
restoration of inhibitioiy activity in binding assay by UV irradiation showed clearly that the 
nitrobenzyl group acted as a cage for the biological activity of NPY. Thus, nitrobenzyl NPY 
can be used as a photolabile precursor of NPY, namely, caged NPY. By contrast, the nitrobenzyl 
group did not act as a cage for AH, in spite of the larger volume fraction of the nitrobenzyl 
group in this small, eight-residue, peptide. This result indicates that the tyrosine residue is not 
involved in binding to the receptor. Thus, nitrobenzyl groups must be introduced at appropriate 
sites in a peptide that are essential for biological activity if a caged peptide is to be synthesized.

In conclusion, we developed a simple method for the solid-phase synthesis of caged peptides. 
The biological activity, as well as the chemical structure, of the caged peptides can be controlled 
by UV irradiation. The temporally and spatially controlled release of intact peptides by UV 
irradiation provides a versatile tool for studies of biological phenomena (12). We are currently 
preparing photolabile derivatives of other amino acids to extend this method to other types of 
side chain.
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5/0-MICROLITHOGRAPHY:
UV- AND E-BEAM PATTERNING 

OF BIOACTIVE MOLECULES
DAN V NICOLAU, TAKAfflSA TAGUCHI, HIROSHI TANIGUCHI, SUSUMU YOSHIKAWA

Osaka National Research Institute, Osaka 563, Japan

UV- and e-beam lithography employing Diazo-Naphtho-Quinone/novolak and 
poly(tert-Buthyl-Methacrylate)-co-(MethylMethacrylate) respectively as 
radiation sensitive systems were used to pattern bioactive molecules. Positive and 
negative tone DNQ based lithography succeed in printing fluorescent avidin up to 
2jj.ni resolution, through the linkage of the amino-end of the protein to the 
photoinduced inden carboxylic acid, either via in-situ addition to ketene, or via 
NEU-to-COOH crosslinking mediated by carbodiimide. The carboxylic group 
produced during e-beam patterning was used as an anchoring site for the same 
protein. Both UV and e-beam lithography were used for bottom-to-top molecular 
architecture construction, rather than top-to-bottom classical expose-develop 
technological sequence. It was found that UV and e-beam lithography materials 
and techniques can be easily transferred in bio-microlithography, with impact on 
biodevices fabrication and combinatorial chemistry.

1. Introduction
Advances in constructing on surfaces molecular structures ordered vertically incorporating 

biologically active molecules in their architecture1, are followed by a growing interest in ordering 
these structures laterally2 This new development will require techniques for patterning areas with 
different surface chemistries that control the selective attachment of the vertically ordered 
molecular architectures on the same basal surface. Vertically structured biomolecular engineering 
found applications in creating electronically modulated biological functions3, while laterally 
structured cell and biomolecular engineering aim towards multiplication of the functionality of these 
architectures through selective interaction of the cells or bioactive molecules patterned, on the same 
substrate.

Bioactive molecules patterning4,5,6,7,8 found application in biosensor fabrication9,10 and 
neuronal cells guidance11. Recently, bioactive molecules patterning received a new incentive from 
the growing field of combinatorial chemistry12, reported techniques using light-directed, spatially
addresssable step-wise chemical synthesis of bioactive peptide13, being already in use. Although it is 
recognised that towards-submicron resolution would be beneficial, none of these techniques and 
applications are able to reach this target, either due to the use of unsuitable imaging layer (e g. 
protein layers), or due to the use of unsuitable imaging chemistry (e g. SAM or triazide 
photochemistry).

1 < (



2. Biodevice fabrication requires up-side down lithography
The building of bioactive molecular assemblies ordered vertically and laterally will comprise 

several technological steps:
• patterning the photosensitive basal substrate with the first mask, creating an appropriate surface 
functionality;
• “anchoring” the first bioactive molecule type on the exposed areas, through appropriate 
crosslinking chemistry. Alternatively the first and second step may be merged, if the exposure 
generates reactive species and if the anchoring sites of the bioactive molecule are present in situ.
• cleaning the surface from unreacted, not chemically anchored bioactive molecules;
• return to first step, patterning the second and subsequent masks;
• when the first layer of patterning is complete, sink the uneven topography in a neutral layer of 
bioactive molecule. This neutral molecule should have the capability of anchoring other molecules 
with photosensitive end terminal. The top surface should be planar.
• attach biofunctional molecules, specifically to patterned first layer bioactive molecules. This step 
is optional, as the first layer molecules may be biofimctional too.
• repeat step 5.
• anchor molecules with photosensitive end terminal (e g. photobiotin), to recreate a photosenstive 
layer.
• return to step 1, for the second and subsequent layers.

Step 2 repeated: anchoring protein B Step 6: attach
biofunctional molecules

receptor for 
protein B

functional terminus 
protein B

Step 8: rebuild radiation senstive layer 
Figure 1. The overall lithographic process for biodevice fabrication.
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3. DNQ potential for patterning bioactive molecules
DNQ photochemistry was largely viewed in the microlithographic community as a vehicle 

for obtaining higher resolution and higher aspect ratio of the vertically patterned feature. The DNQ 
chemical flexibility allowed over the years many technological improvements and techniques14, but 
due to the emphasis on microlithographic issues, the research was focused on the impact on optical 
and polymer properties and their distribution throughout the resist layer, rather surface functionality 
capabilities. However, the DNQ allows many chemical avenues, most of them fairly known15,16. In 
the context of bioactive molecules patterning, three possible chemistries are of interest: 
•photoinduced creation of carboxylic groups on the polymer surface, (standard processing);
• photoinduced creation of ketene groups, when the polymer surface is in contact with the bioactive 
molecule solution, (in-situ exposure through thin liquid layer); and
• destruction of the DNQ moieties and their replacement with amino groups.
The first chemistry would assure the technological flexibility, due to the decoupling of the 
exposure stage from the attachment stage. The exposure can be made on high resolution 
(projection optics) tools, in conditions of semiconductor-like quality, and the substrates can be 
transported or stored for further attachment of biologically active molecules to another site. The 
second chemistry would allow in-situ processing, suitable for step-wise chemical synthesis used in 
combinatorial chemistry. Finally the third alternative chemistry would allow the portability of the 
present combinatorial chemistry techniques. The first two chemical and technological routes seem 
more important, as the reduction of DNQ to amino groups may proceed with several competing 
parasitic reactions. The overall chemistry of DNQ in the context of bioactive molecules patterning 
is presented in Figure 2.

SOaAr

2,1 Diazo- 
Naphhto-Quinone

SOgAr
Ketene

SCbAr

Indene Carboxylic Acid

SOaAr

Figure 2. Bioactive molecules chemical anchoring to the by-products of the DNQ photolyis



4. Patterning proteins in positive and negative tone lithography
The DNQ-novolak system technological flexibility was used for patterning avidin, a 

commonly protein used for checking the selectivity of the bioactive molecules attachment. The 
visualisation of the specific attachment was possible using a fluorescent probe, FITG.

MATERIALS
PROCESS
1. Doping + Imidazole

2.1. Dry Exposure,

2.2. Wet exposure

3. Protein linked 
with EDC

Standard

DNQ/novolak

Image Reversal

* DNQ/novolak/imidazole 
\

avidin
END POSITIVE PROCESS

END POSITIVE PROCESS

solutio:
END PO PROCESS

END POSITIVE PROCESS

4. Negative tone:
• reversal NH3 bake, 100°
• return to 2.1. or 2.2.
END NEGATIVE PROCESS

• reversal bake, 100°
• return to 2.1. or 2.2.

END NEGATIVE PROCESS
Figure 8. Processing routes for patterning proteins on DNQ photoresist

The glass substrates covered with either standard or Image Reversal photoresist, were 
pattern exposed, either in proximity or projection printing mode, or in contact printing mode 
through a thin layer of a solution of FITC avidin compressed between the resist surface and the 
mask. The substrates exposed through proximity or projection positive printing mode were 
incubated in a EDC solution, then incubated in a FITC avidin one, producing positive FITC avidin 
images. For the substrates intended to be printed in the negative tone, the latent images were 
reversed by ammonia- (for standard resist) or reversal-bake (for imidazole doped resist) at 100° C 
for 1 hr in a convection oven. Finally, these substrates were blanket exposed, either in 
proximity/projection printing mode followed by EDC/FITC avidin incubation, or in contact printing 
mode directly through FITC avidin solution, producing fluorescent negative images of the protein.

The best printing results were obtained using the chemical linkage with the ICA’s carboxylic 
group, probably due to higher yield of COOH-toNHj linkage. So far, 2 pm FITC avidin patterns 
were printed, but one can notice the spikes at the comer of the rectangle, (Figure 9), proving that 
the resolution of the surface-only patterning of the proteins can reach the diffraction limit of the 
exposure tool. Moreover, this technological route has also the advantage of portability, that is, the 
patterning step can be handled on a high resolution exposure tool, and the protein attachment step 
in a different, more bio-oriented facility. Due to its higher definition patterning, EDC mediated, 
negative tone lithography proved the most promising technological option for single protein 
patterning.
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5. Bio-pateming using e-beam lithography
Although resolution seems not to a critical issue in bio-patterning, the above presented 

possibilities of mix-and-match lithography can be further expanded through the use of e-beam 
lithography. On the other hand, as the field of combinatorial chemistry is expanding at a rate similar 
to the one which was the feature of the semiconductor field at its beginnings, soon the resolution 
may become a central issue.

As the photogenerated acids proved to be a promising avenue for bio-patterning via 
carbodiimide crosslinking, we focused our research on the e-beam systems which can produce 
COOH when exposed to e-beam radiation. A system which fulfilled this requirement was the 
copolymer between PMMA and Poly(tert-Buthyl-Methyl-Methacrylate). The addition of PtBuMA 
brings some certain advantages to the classical PMMA, as follows:
• increased sensitivity, from 50 pC/cm2 to about .5 pC/cm2.
• change in the chemical properties rather than the decrease of the molecular weight of the 
polymer. As again development was not intended to be used for protein patterning, this feature 
allowed a more robust polymer film, on which to “grow” the biomolecular architectures.
• the expected generation of the COOH groups upon exposure, long before the destruction of the 
polymer network, due to the chemical reactivity of the t-Bu ester group.
PMMA electron beam lithography

9Ha | 50X1 O'6 C/cm2
-c---- c-1:h

c=o

CH3

c—c— 
r | Jm 

c=o
>■

CH3
+!—cl-

l I J n«m
c=o

0-CH3

P(tBuMA-MMAl electron beam lithography

0-CH3 0—CH3

£0BjiMA-MMA) ys, PMMA;
Lower exposure energies 
Lower decrease in molecular weight 
Chemical functionalisation

Figure 11. e-beam induced chemistry for the system P(tertButhyl-Methaciylate)-co-(Methyl- 
Methaciylate). The linkage to COOH terminus of a bioactive molecule is mediated by EDC.
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6. Conclusion
UV- and e-beam lithography were used to pattern bioactive molecules. Positive and 

negative tone, DNQ- and P(tBuMA)co(MMA)-based lithography respectively, succeed in printing 
proteins through carbodiimide induced linkage of the protein amino-end to the radiation-induced 
carboxylic group. In addition the DNQ/UV patterning may proceed in a single step through the 
addition to the reactive ketene. Our study proved that UV and e-beam lithography materials and 
techniques can be easily transferred in bio-microlithography, with impact on biodevices fabrication 
and combinatorial chemistry.
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The mechanism of synaptogenesis and synaptic plasticity 
analyzed in cultured cerebral neurons

OfflPI&X. IBS
Osaka National Research Institute, AIST, Dept, of Organic Materials 

O Takahisa Taguchi, Kazuyuki Kiyosue and Suguru N. Kudoh

Abstract: To understand the mechanism in synaptogenesis and synaptic plasticity at single 
cell level, the dissociated neuronal culture is an usuful system because of the high 
accesibility to a synaptic site. We have developed one of the system using cerebral neurons 
of chick embryos, in which synaptogenesis proceeds in the same time course as in vivo. In 
the culture, the synaptogenesis completed without any support of glial cells. The maturation 
of the synapses estimated by amplitudes of postsynaptic currents depended on synaptic 
activities. The gultamatergic synapse first developed as a site containing only NMDA 
receptors, even though functional non-NMDA receptors existed in overall membrane of 
neurons. The mechnism of LTP in the culture included the activation of NMDA receptor 
and the synthesis of RNA and protein.
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Glutamatergic synapses usually contain two types of ionotropic glutamate receptor, JV-methyl-D-aspartate 
receptors (NMDARs) and non-NMDA receptors (non-NMDARs), and the ratio of these receptors is 
thought to be critical for synaptic plasticity. To determine whether or not the ratio of these receptors at 
synaptic sites is controlled by the developmental stage of postsynaptic neurons, we applied a dual whole
cell recording technique to a culture of dissociated chick cerebral neurons of different ages. We found that 
formation of synapses that contained both types of receptor required maturation of postsynaptic neurons. 
Moreover, during the early development of postsynaptic neurons, NMDARs were selectively present at 
synaptic sites prior to the presence of non-NMDARs, even though both types of receptor were expressed 
in functional form in the neuronal membranes.

Keywords: Synaptogenesis; Silent synapse; Glutamatergic synapse; NMDA receptor; Non-NMDA receptor; Culture; 
Development 1

1. Introduction

Major excitatory synapses in the central nervous system (CNS) use glutamate as a transmitter. Glutamate simulta
neously activates two types of ionotropic receptor, JV-methl-D-aspartate receptors (NMDARs) and non-NMDARs to 
cause dual-component synaptic currents [1,4,10,14], We use the term dual-component synapse to refer to the correspon
ding synapses. The amplitude of synaptic currents at the synapse is determined mainly by the activity of non-NMDARs, 
which are modified by activation of NMDARs during long-term potentiation (LTP) [3] and in the refinement of neural 
connections [8,9]. A recent study during critical periods of the thalamocortical synapses indicated that neurons with 
higher ratio of NMDAR to non-NMDAR components in the evoked excitatory postsynaptic current (EPSC) tend to 
be associated with greater LTP [5]. Thus, elucidation of the mechanism of incorporation of glutamate receptors into 
synaptic sites should provide information indispensable for studies of LTP. Since the thalamocortical synapse can alter 
the ratio of NMDAR to non-NMDAR components in the EPSC with development, analysis of synaptogenesis should 
help us for characteristic details of synaptic plasticity.

To identify changes in the ratio of the two types of receptor at a developing synaptic site, we studied the functional 
properties of synapses formed between chick cerebral neurons of different ages. To characterize a synapse between two 
particular neurons, we developed a method for culture of dissociated neurons in which neurons after 13 days in ovo plus 
in vitro (embryonic equivalent days 13, or E.E.days 13) start to receive spontaneous synaptic currents (SSCs) and in 
which, between E.E.days 15 and 17, the amplitude and frequency of SSCs increase rapidly [17].

* Corresponding author. Fax: +81 (727) 51-9628. E-mail: taguchi@onri.go.jp 
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2. Materials and methods

2.1. Cultures

Neuronal cultures were established as described previously [17]. Whole telencephalic hemispheres of chick embryos 
were dissected out and incubated in phosphate-buffered saline that contained 0.175% (w/v) trypsin (GIBCO, U.S.A.), 
0.007% (w/v) EGTA, 10 mM glucose at 37°C for 30 min, and then they were triturated with a fire-polished Pasteur pipette 
in culture medium. The culture medium consisted of 50% (v/v) of 2-fold diluted Earl’s minimum essential medium, 10% 
(v/v) fetal calf serum and 40% (v/v) GIT medium (Nihon Seiyaku, Japan), supplemented with 10 mM glucose, 2 mM l- 
glutamine, 1 mM CaCh, 25 mM HEPES-Na (pH7.4), 30 mM NaCl, 0.5 mM sodium pyruvate, 25 nM Na2SeO], 50 /jM 
choline-Cl, 50 /iM inositol, 100 U/ml penicillin, 100 jL/g/ml streptomycin and 5 jL/g/ml insulin. The dissociated neurons 
were plated on poly-L-lysine-coated (25 ffg/ml) 35-mm culture dishes (Coming, U.S.A.) at a density of 520 cells/mm2. 
Cocultures containing older (90%) and younger (10%) neurons from embryos of different ages were prepared as follows. 
After culture of neurons from E10 embryos for 0, 2 or 4 days, we added 10% younger neurons from E6 embryos to the 
culture dish and continued the culture for 7, 5 or 3 days, respectively. The older neurons corresponded to neurons on 
E.E.days 17, whereas the three sets of younger neurons corresponded to E.E.days 13,11 or 9, respectively.

Younger neurons, labeled with the lipophilic fluorescent dye PKH-26, were identified under a fluorescence microscope. 
They were incubated with 5 /jM PKH-26 (Zyaxis Cell Science, U.S.A.) for 2 min at 37°C after dissociation [11], 
The suspension of cells was centrifuged to remove unbound dye. The labeled neurons had the same capacity for 
synaptogenesis as unlabeled ones since we obtained the same results using labeled older neurons and unlabeled younger 
one as vice versa (data not shown).

2.2. Electrophysiological recording

vy

The conventional whole-cell recording technique was used to record synaptic currents from neurons whose membrane 
potentials were clamped at -60 or +60 mV, except in experiments for which results are shown in Figs. 2 and 4. All 
experiments were carried out at room temperature (22-25°C). The standard external bathing solution contained: 130 
mM NaCl, 3 mM KC1, 2 mM CaCli, 1 mM MgCh, 10 mM glucose, 10 mM HEPES-Na (pH 7.3) and 0.025 /liM 
picrotoxin (Sigma, U.S.A.). For recording of inhibitory synaptic currents (Fig. 2), picrotoxin was omitted. The patch 
pipette contained: 130 mM KCH3SO4, 10 mM KC1, 0.2 mM CaCb, 2 mM MgCl], 1 mM EGTA, 2 mM Mg-ATP and 
10 mM HEPES-K (pH 7.3). The pipettes had a D C. resistance of 5-7 MX2. The junction potential was corrected after 
the pipette had touched the bathing solution. Currents were amplified with an amplifier (CEZ-2400; Nihon Kohden,
Japan) filtered at 1 kHz and digitized at 20 kHz with the pClamp or Axotape program (Axon, USA). ^ "fyotW

Evoked EPSCs in a single post-synaptic cell were recorded after depolarization or external stimulation^dfa pre- 
synaptic cell^For the former stimulation, holding potentials of the pre-synaptic cell were increased<fbrm£-60 mV to 
0 mV for Hnns to evoke an action potential in axonal processes at 10-s intervals. In the latter case, a glass pipette was 
pulled teryield a tip of 2-3 pm in diameter for focal stimulation. After the stimulatory pipette, filled with the external 
ba£brfig solution, had been placed slightly above the soma, bipolar pulses of current of 500 ps in duration were applied 
"ttfo.l Hz through the pipette. The minimal intensity of external stimulation that evoked EPSCs was 1-2 pA [13]. At 
the start and end of one recording, the input and series resistance were monitored by application of a step pulse to 
hyperpolarize the holding potential by 10 mV. If the resistance changed significantly, the recording was discarded.

For recordings at a positive holding potential (Figs. 1 and 3 and 4), the pipette for recording contained cesium ions 
instead of potassium ions and an increased level of EGTA (5 mM). Glutamate was applied as follows. Glutamate (1 mM) 
in a glass pipette was applied by pressure ejection (Picopump; World Precision Inc., USA) onto an outside-out patch 
membrane of the soma via rapid perfusion to prevent desensitization of glutamate receptors. All data relating to synaptic 
currents were stored on a hard disk and analyzed off-line by personal computer. To analyze formation of synapse, we 
introduced two parameters, maximum SSCs and input SSCs, which were defined as the largest amplitude in a record 
of 3-min duration and the product of the averaged amplitude and the number of SSCs observed over a 3-min period, 
respectively. For analysis of miniature EPSCs (referred to below as minis), events of more than 5 pA were counted.

3. Results

Glutamatergic synapses of E.E.days 17 neurons were confirmed to be dual-component synapses with both NMDARs 
and non-NMDARs colocalized at the single synaptic site (Fig. 1). EPSCs elicited by one presynaptic cell were, recorded 
as rapidly rising and rapidly decaying currents at a holding potential of -60 mV and rapidly rising and slowly decaying

BRESD: 52319 Copyright © 1997 Elsevier Science B.V.. All rights reserved.
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Fig. 1. Dual-component synapses in E.E.days 17 neurons. Al: voltage dependency of dual-component EPSCs. EPSCs 
were recorded from a cell under whole-cell voltage clamp at -60 mV to +60 mV, stepped by 20 mV. Each trace is the 
average of five successive records. A2: current-voltage relationship of the fast (4.8 ms after stimulation; open circles) and 
slow (14 ms; solid circles) components of EPSCs. B: two components of SSCs. The top trace shows typical SSCs at a 
holding potential (Vh) of -60 mV, the middle trace shows that at +60 mV and the bottom trace shows that at +60 mV 
with 100 ijM APV. C: dual-component currents in minis. Typical traces of minis at a Vh of -60 mV were recorded in 
control bathing solution (left), in a solution with no Mg2+ (middle) and in a solution with 100 fjM APV and no Mg2+ 
(right). D: relationship between rise and decay times for minis. The recording conditions correspond to those for the 
minis (Fig. 1C) above each panel. The rise and decay times were defined as the time between 10% and 90% amplitude of

each mini.

BRESD: 52319 Copyright © 1997 Elsevier Science B.V.. All rights reserved.
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glutamatergic synapses in neurons at E.E.days 17 were dual-component synapses.
To determine whether both types of glutamate receptor are localized at the same synaptic site, we analyzed minis under 

conditions for activation and blocking of NMDARs (Fig. 1C). The waveforms of minis had significantly slower decay 
times in bathing solution without Mg2+ than those in the control solution and in the presence of 100 ^/M APV (Fig. ID). 
Analysis of a series of records revealed that the mean rise and decay times were 0.829±0.042 ms (mean±S.E., the number 
of minis («m) = 56) and 3.05±0.125 ms (nm = 56) for controls at -60 mV (Fig. ID, left), 1.12±0.054 ms (nm = 67) 
and 3.90±0.173 ms (nm = 67) in Mg2+-free bathing solution (Fig. ID, middle), and 0.861 ±0.051 ms (nm = 44) and 
4.50±0.162 ms (nm = 44) with APV (Fig. ID, right). The differences in rise and decay times under NMDAR-activating 
and NMDAR-blocking conditions were significant (unpaired f-test, P< 0.05). Since similar results had been obtained 
in five neurons, it was thought that minis were composed of dual synaptic components and that transmitters released 
in single synaptic vesicles were able to activate both types of glutamate receptor. This colocalization of NMDAR and 
non-NMDAR at the same single synaptic site resembles observations made in rat hippocampal culture [1].

Using cocultures of differently aged neurons, we examined whether the formation of the dual-component synapse 
depended, on the degree of maturation of post-synaptic neurons (Fig. 2). The cultures consisted of 90% E.E.days 17 
neurons and 10% younger neurons which had been labeled with a fluorescent dye (Fig. 2A). SSCs were recorded 
simultaneously from E.E.days 13 and 17 neurons by dual whole-cell recordings at -40 mV to distinguish between 
glutamatergic and GABAergic synaptic currents. Frequent synchronous synaptic inputs revealed that glutamatergic 
inward currents in E.E.days 17 neurons were significantly larger than in younger neurons, whereas GABAergic outward 
currents showed no marked difference between the two types of neuron (Fig. 2B). These observations were confirmed 
quantitatively by cumulative histograms (Fig. 2C). For precise evaluation of synapse formation, we analyzed the SSCs 
from 77 E.E.days 17 neurons and 75 E.E.days 13 neurons using, as parameters, the maximum SSC and the input SSC over 
a period of 3 min. The results revealed significant differences between both respective parameters (Fig. 2D). Although 
E.E.days 13 neurons had acquired the ability to form GABAergic synapses as post-synaptic cells, there was a statistically 
significant difference between E.E.days 13 and 17 neurons in the ability to make glutamatergic synapses. Since it has 
been suggested that development of post-synaptic neurons is essential for glutamatergic synaptogenesis (Fig. 2C, D), we 
examined neurons prior to E.E.days 13 in isolation. The results for E.E.days 11 (n= 19) and 9 («= 6) neurons confirmed 
that glutamatergic synaptic currents were hardly ever present in younger neurons (Fig. 2E).

To measure non-NMDAR- and NMDAR-mediated synaptic currents, we recorded SSCs simultaneously from 
E.E.days 11 and 17 neurons at negative and positive holding potentials (Fig. 3A). At a holding potential of -60 mV, 
we detected few small SSCs in E.E.days 11 neurons. However, when the potential was raised to +60 mV, synchronous 
SSCs from neurons of different ages were observed in 18 of 30 paired cells examined (Fig. 3A,). As shown in the right 
trace in Fig. 3A, SSCs of E.E.days 11 neurons were characteristic in terms of rising phase of waveform. Analysis of 
rise and decay times for SSCs at +60 mV (Fig. 3B) clearly revealed the large difference in rise times (1.92±0.124 ms, 
ns = 65, for E.E.days 17; 25.6±5.17 ms, ns = 62, for E.E.days 11), suggesting that the SSCs in younger neurons mainly 
included a slow component. These SSCs were completely blocked by 100 /uM APV (Fig. 3C), whereas the fast component 
remained in E.E.17 neurons (Fig. IB). These results indicate that NMDARs were exclusively present in synapses formed 
on E.E.days 11 neurons.

The synchronous SSCs (Fig. 3A, middle) in E.E.days 11 and 17 neurons suggested that NMDARs in the younger 
neurons might have been located at synapses that functioned in neuronal circuits. To confirm this possibility, we analyzed 
evoked EPSCs from E.E.days 11 neurons (Fig. 3D). The results obtained from 10 paired cells showed currents typical of 
NMDAR-mediated synapses at +60 mV but no responses at -60 mV. The absence of non-NMDAR in the synapses 
of E.E.days 11 neurons can possibly be explained by the absence of expression of these receptors at this stage of 
development. To examined the possibility, we applied glutamate to excised outside-out patch membranes from soma 
of E.E.days 11 neurons that had been confirmed to have silent synapses. Responses caused by both NMDAR and non- 
NMDAR were observed in the traces (Fig. 4A) and the current-voltage relationship (Fig. 4B) was similar to the typical 
relationship reported previously [16].

4. Discussion

In this study, we showed that the formation of synapse depends on the development of post-synaptic neurons, and 
this conclusion is consistent with results obtained by immunohistochemical studies of the expression of synapsin-1 in 
heterochronically cultured neurons [7]. Our data indicate that a synaptic site which is silent at resting membrane potential 
and composed of functional NMDARs forms first on immature neurons and then non-NMDARs are incorporated or 
uncovered at this site during development. This scheme has the potential to play an important role in the formation 
and refinement of neuronal circuits because the silent synapse formed initially can be converted into a dual-component

BRESD: 52319 Copyright © 1997 Elsevier Science B.V. . All rights reserved.
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Fig. 2. Post-synaptic maturation-dependent synaptogenesis of glutamatergic and GABAergic synapses in cocultured 
cerebral neurons. A: Hoffmann modulation (left) and fluorescence (right) images of cocultured E.E.days 13 (fluorescent) 
and E.E.days 17 (non-fluorescent) neurons. Bar: 25 pm. B: typical traces of SSCs obtained from E.E.days 13 (upper 
trace) and E.E.days 17 (lower trace) neurons. Synchronous SSCs are indicated by arrowheads. C: cumulative frequency 
distribution of amplitudes of glutamatergic (left) and GABAergic (right) SSCs. Currents greater than 10 pA were 
collected for 3 min. D: formation of glutamatergic (open columns) and GABAergic (solid columns) synapses between 
neurons of different ages. Averaged maximum SSCs (left panel) and input SSCs (right panel) were calculated over periods 
of 3 min at -40 mV. The input SSC indicates the product of the averaged amplitude and the number of SSCs. The 
difference between the two open columns in the left is significant (Mann-Whitney (/-test; P< 0.001; max. SSCs) for 
in E.E.days 17 (n= 77) vs. 13 (n= 75) neurons, and also in the right panel (P< 0.05; input SSCs) for E.E.days 17 
(n= 84) vs. 13 (n= 75). E: effects of postsynaptic maturation on the mean conductance of glutamatergic synapses. The 
mean conductance was calculated by dividing the maximum SSC amplitude by the holding potential of -40 or -60 mV. 
E.E.days indicates the age of postsynaptic neurons used for whole-cell clamping. The short vertical lines in the columns

in D and E show standard errors (S.E.).

BRESD: 52319 Copyright (c) 1997 Elsevier Science B.V.. All rights reserved.
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Fig. 3. Prior existence of NMDAR-mediated synapses in E.E.days 11 neurons. A: paired traces of SSCs obtained by dual 
whole-cell clamp for E.E.days 17 (upper three traces) and 11 (lower ones) postsynaptic neurons. The right and center 
traces are records at different magnification. B: relationship between rise and decay times of SSCs observed at a holding 
potential of +60 mV for different aged neurons. The rise and decay times were defined as the time between 10% and 90% 
maximum SSC for each event. C: effect of APV on SSCs observed at +60 mV in E.E.days 11 neurons. APV was added 
to the external bathing solution at a final concentration of 100 pM. D: evoked postsynaptic currents from one E.E.days 
11 neuron. The superimposed successive traces of postsynaptic currents at a holding potential of -60 mV (lower) and of 

+60 mV (middle) are shown below the traces of presynaptic currents (upper).
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Fig. 4. Functional non-NMDARs in the soma of an E.E.days 11 neuron. A: averaged traces of five successive responses 
after application of glutamate to an outside-out patch membrane prepared from the soma of E.E.days 11 neuron are 
shown for holding potentials of +80 (upper) and -80 (lower) mV. B: current-voltage relationships of the glutamate 
response. The first (solid circles) and the slow (open circles) components of the response were defined as the amplitude 4 

ms and 80 ms after the onset of response, respectively. A bar indicates the duration of application of glutamate.
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responsible for the localization of receptors during synaptogenesis and for synaptic plasticity.

5. Uncited reference 

Bekkers [2].
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Molecular Recognition Using Short Peptides and Its 
Detection by Surface Plasmon Resonance Spectroscopy

Hiroshi Taniguchi3, Koji Inaib, Yao-can Zhuc, Takahisa Taguchi3, and
Susumu Yoshikawa3

a
Depart. Organic Materials, Osaka National Research Institute, AIST, Ikeda 563,

Japan
b
Medical Development Group, Kuraray Co., Ltd., Kurashiki 710,Japan 

c
Ion Engineering Research Institute, Hirakata 573-01, Japan

Although peptides are the potent molecules for specific molecular recognition of some 
small compounds, there are much difficulties in detecting these molecular 
complexation directly, since the cffinity interactions are too small to detect without 
using specific markers such as fluorescent probes. For this purpose, we developed a 
new methodology using surface plasmon resonance spectroscopy for sensitive 
detection of small molecules by peptides without using any label.

Introduction
Molecular recognition is widely used for assaying biological activities such as 

immune reaction. In these system, usually the protein interactions are involved for 
specific binding, which is large enough to detect using ordinal detection methods.

Although peptides are the potent molecules for specific molecular recognition of 
some small compounds, there are much difficulties in detecting these molecular 
complexation directly, since the affinity interactions are too small to detect without 
using specific markers such as fluorescent probes. For this purpose, we developed a 
new methodology using surface plasmon resonance spectroscopy for sensitive 
detection of small molecules without using any label.

For finding the pair of molecules with specific binding affinity, we selected to 
use pentapeptide libraiy method [1] for porphyrin derivatives of rigid structure. The 
selected peptides were synthesized after GGC sequence attached on these sequence 
for SPR measurement. Their peptides had a good binding affinity for tetracarboxylic 
phenyl porphyrin, TCPP. The synthesized peptide was immobilized on the silver 
coated BK-7. This monolayer of peptide was reacted with TCPP and monitored by 
SPR.
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Result and Discussion
The 5 residue peptide library consisted of 19 natural amino acids except for 

cysteine, attached on polymer matrix via spacer, with the diameter of about 300pm, 
being prepared by the split and pool method, giving one petide on one bead. The 
TCPP molecules (1 pg/ml) was added to this library (50 mg). After reaction for 1 hour at 
room tempreture, these beads washed with PBS. The reacted beads colored by TCPP. 
To determined the peptide sequence, the colored bead took out one by one among 
unreacted beads under microscopic observation. The reacted bead was washed with 
6M guanidine hydrochloride and DM SO to remove the receptor complex, and then 
was determined the peptide sequence on the bead by protein sequencer (model 473A, 
Perkin Elmer). The selected peptides were synthesized after GGC sequence attached 
on these sequence for SPR measurement. All peptides were synthesized by the solid- 
phase method using the Fmoc-strategy on the Shimazu PSSM-8. The peptides were 
cleaved from the TG-RAM resin and the protection group were simultaneously 
removed with trifluoroacetic acid / water / thioanisole / ethaneditiol / 
ethylmethylsulfide / thiophenol (82.5 / 5/5 / 2.5 /3 12), and then the free peptides 
were purified by reversed phase HPLC. The purity of peptide was assessed by HPLC 
and identified by a time-of-light mass spectrometry(TOF-MS) with matrix assisted 
laser desorption ionization. The mass peak of all purified peptides on the TOF-MS 
agree with the corresponding calculated value. For finding reaction with TCPP, the 
dissociation constant of these peptide was measured by capillary electrophoresis 
method. Table 1 shows the sequences of peptides binding TCPP, synthesized peptide, 
and their binding affinity.

Table 1. Amino acid sequences of peptides binding TCPP, synthesized peptides
and their binding affintiy

Peptide Sequence of 
peptide

Sequence of synthesized 
peptide

Binding affinity

BMP-1 HRFHR HRFHRGGC -

BMP-2 MRWNF MRWNFGGC +

BMP-3 MIDFR MEDFRGGC ++

BMP-4 VLIRF VLIRFGGC +

BMP-5 LFFAN LFFANGGC n.o.

BMP-6 QRRSG QRRSGGGC +

BMP-7 WRSTR WRSTRGGC +

BMP-8 WRINP WRINPGGC n.o.

BMP-9 FRRAQ FRRAQGGC -

n.d.mot observed -:weak +:medium ++:strong
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Out of these porphyrin binding peptides, we selected one of the best 
associable peptide, BMP-3, for further experiments. The linking of BMP-3 on the 
silver surface was determined by SPR measurement. Fig. 1 shows the time-course of 
BMP-3 peptide binding to Ag surface. BMP-3 was linked on Ag surface via SH group 
of C terminal cysteine forming the covalent bond of Ag-S. This monolayer of peptide 
was reacted further with TCPP, successfully monitored by SPR.The dose-dependence 
of TCPP was observed over the concentration ranged form 1 to lOOpM. One micro 
molar of TCPP was detectable within Sminutes.

In conclusion, we found that peptide library is quite a feasible method for 
finding the affinity pair of molecule and Surface Plasmon Resonace Spectroscopy is a 
versatile method for detecting the molecular recognition reaction of small molecules.
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Abstract

The contractile vacuole is an intracellular organelle found in fresh-water protozoa and 

amoebae, whose function is thought to expel water under hypotonic environments. To 

elucidate the mechanism of this water transport, it is necessary to investigate the ion 

transport across the organelle membrane. We obtained membrane fraction enriched in 

contractile vacuole by aqueous-polymer two-phase partitioning, and examined for 

channel analysis by incorporating it into artificial planar lipid bilayers. We observed 

single-channel currents of a highly K+-selective channel with slope conductance of 100 

pS and reversal potential of -20.4 mV which corresponded to Pk+/Pci-=7, in asymmetri

cal KC1 solutions(ds, 300 mM/100 mM, trans). They showed bursts separated by 

infrequent quiescent periods. At 0 mV the mean open time was 2.6 ms and the mean 

closed time was 4.6 ms. Na+ and Li+ were impermeant. The permeability ratio PRb+/PK+ 

of almost 1 was obtained from the reversal potential, although the unitary conductance 

was apparently reduced when the current flowed from the Rb+ containing side to the 

other, indicating that Rb+ is a permeant blocking ion. The open probability within bursts 

was constantly near 0.5 at the holding potential of the cis side positive to the trans side, 

but it decreased to 0 at negative potential. This channel was blocked by 0.2 mM quinine 

and 30 mM TEA+. The open probability-voltage relationship showed a striking dependen

cy on the KC1 concentration of either side solution. Such voltage- and K+-dependent 

gating may play an important role in the water export by this organelle.
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Key words: contractile vacuole, planar lipid bilayer, inward rectifier potassium channel, 

aqueous-polymer two-phase partitioning, Dictyostelium discoideum, quinine

Abbreviations: TEA, tetraethylammonium; EDTA, ethylenediamine-N,N,N',N'- 

tetraaccetic acid; PMSF, phenylmethylsulfonyl fluoride; NBD-C1,7-chloro-4-nitrobenzo- 

2-oxa-l,3-diazole; Tris, tris(hydroxymethyl)aminomethane; FITC, fluorescein 

isothiocyanate; HEPES, N-2-hydroxyethylpiperazine-N’2-ethanesulfonic acid
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1. Introduction

The contractile vacuole is a prominent structure which can be easily recognized in 

fresh-water protozoa and amoebae. It is believed to accumulate water from the cytosol 

and excrete it into the extracellular space and this process allows fresh-water organisms to 

survive under hypotonic environments without losing intracellular essential ions. The 

great mystery lies in the mechanism that this organelle pumps water in the apparently 

reverse direction of the osmotic gradient: contractile vacuole takes up water from more 

hypertonic cytoplasm and excretes it into more hypotonic extraplasmic space. The large 

amount of water estimated to flow from the cytoplasm into the vacuole suggests the 

involvement of active transport of salts [1].

Recently, the structure of Dictyostelium discoideum contractile vacuole complex 

was investigated in detail by electron microscopy using a quick-freeze, deep-etch 

technique and it turned out to be composed of interconnected array of tubules and 

cistemae highly condensed with 'pegs' which looked like proton pumps [2]. This 

organelle was isolated by sucrose density gradient centrifugation and turned out to consist 

of two kinds of vacuoles, the central large vacuole bladder and satellite tubules 

spongiomes, as seen in other protozoa [3]. Spongiome is highly enriched in V-H+- 

ATPases, which seems likely to play an important role in the energetic process of water 

accumulation. Buoyant membrane fraction highly enriched in V-H+-ATPases was 

formerly isolated as acidosome [4,5,6], and it seems likely that the fraction at least partly

contains spongiome although its exact relation to the contractile vacuole complex is under

controversy [3, 7]. Bladders, more buoyant vacuoles which are enriched in alkaline 

phosphatase activity [8] and membrane-bound calmodulin [9], and are believed to be the

4
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locus where the contractile vacuole complex fuses with the plasma membrane [10]. 

Interestingly, clathrin heavy chain-deficient mutant cells lack contractile vacuoles, which 

implies that a certain mechanism common to clathrin-mediated endocytosis plays an 

important role in generation or retention of this organelle [11].

How can this organelle pump up water from hypertonic cytoplasm into hypotonic 

extraplasmic space? It has been suggested that the formation of the hypotonic fluid in the 

vacuole takes place in two steps: osmolytes are transported into the vacuole with water 

following passively, and the osmolytes are reabsorbed into the cytoplasm leaving 

hypotonic fluid behind [1,12]. On the other hand, according to his observations, Heuser 

proposed 'bicarbonate model', which predicts that inexhaustible weak anion HCOg" is

transported into contractile vacuole driven by proton motive force and plays a role as an 

osmolyte to drive water in [2]. To understand the mechanism of water-pumping by the 

contractile vacuole, it is necessary to characterize the ion transport across the organelle 

membrane. We isolated membrane fraction enriched in contractile vacuole by aqueous- 

polymer two-phase partitioning [13], and fused it into artificial planar lipid bilayers. We 

observed many kinds of conductive activities, and among all, investigated the single 

channel properties of a certain type of K+ channel which frequently appeared.

The observed channel was highly K+-selective and voltage-dependent, and showed 

unusual unique features such that the open probability saturated below 1 whenever a 

high voltage was applied, and that the open probability-voltage relationship was 

dependent on the KC1 concentration, especially of one side. Such voltage- and K+- 

dependency is discussed in view of both biophysical and physiological functions.
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2. Materials and methods

2.1. Cells and fractionation by two-phase system

D. discoideum strain AX-2 was cultured in HL-5 axenic medium on a gyrorotary 

shaker at 175 rpm, 23 °C, to 5x106—lxlO7 cells/ml [14]. To obtain developmental cells, 

vegetative cells were deprived of nutrition medium, resuspended and shaken in 10 mM 

Na/K phosphate buffer (pH 6.5) for 5—9 hours at a cell density of 2.0xl07 cells/ml. We

observed this 'contractile-vacuole' channel both in vegetative and developed cells, and we 

combined the data from different stages because no obvious distinction in kinetic 

characteristics of the channels from different developmental stages, was observed. Cells

were pelleted at 800 Xg for 1 min, washed by homogenate buffer(5 mM glycine-NaOH 

pH 8.5, 0.1 M sucrose) [4,5] and resuspended in homogenate buffer additionally 

containing 1 mM EDTAand protease inhibitors (1 mM PMSF, 1 fig/ml leupeptin). Cells

were lysed by passing through a polycarbonate filter with 5 /zm pores. Homogenate was

then centrifuged at 1 000 Xg for one minute to remove unlysed cells and at 122 800 Xg 

for one hour, and the resulting pellet was resuspended in 5 mM potassium phosphate 

buffer (pH 8.0), containing 0.3 M sucrose. About 5—10 mg protein of the membrane 

pellet was loaded on aqueous-polymer two-phase system to yield 12-g system in a 15-ml 

plastic tube with final concentrations of 6.0 —6.4%(w/w) dextran T500, 6.0 —6.4%(w

/w) polyethyleneglycol (PEG 4000), 3 mM KC1, 0.3 M sucrose, and 5 mM potassium 

phosphate buffer, pH 8.0. Each tube was prepared by weighing contents separately. 

Membranes were partitioned three times and re-extraction was performed as noted in
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[13]. The upper poly ethyleneglycol phases and, for marker assays, the first partitioned 

lower phase also, were collected and diluted 5-10 fold with 10 mM Tris, 20 mM HEPES

buffer, pH 7.4. After centrifuged at 122 800 Xg for an hour, the resulting pellet was 

resuspended in 10 mMTris, 20 mM HEPES, 0.3 M sucrose, pH 7.4. The final protein 

concentration was 2^5 mg/ml. The samples were stored in 30^50 fi\ aliquots at -70 °C 

until use in bilayer experiments.

2.2. Marker enzyme assays

Protein concentration was determined with BioRad Protein Assay using bovine 

serum albumin as a standard [15]. Alkaline phosphatase and NADH oxidoreductase were 

assayed as described in [16], Acid phosphatase as described in [5], and ATPase activities 

as described in [4]. NBD-Cl-sensitive ATPase activity as determined as the difference in

the activity in the presence and absence of 25 fiM NBD-C1. Vanadate-sensitive ATPase

activity was determined as the difference in the presence and absence of 100 /zM 

vanadate. Mitochondrial ATPase activity was measured at pH 9.5.

2.3. FITC-label of cell surface

Outer cell surface was labelled by FITC to assay the partitioning of plasma

membrane. Cell suspension was washed in 5 mM NaHCC^/NaOH pH 9.5, 0.1 M

sucrose, and resuspended in the same solution containing 400 /zg/ml FITC at a cell
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density of approximately 5xl08 cells/ml [17]. After shaken at 23 °C for 5 minutes, cell 

suspension was diluted at least 30-fold by ice-cold 5 mM glycine-NaOH pH 9.5, 0.1 M 

sucrose. Then cells were centrifuged and the pelleted cells were resuspended and washed 

three times in 5 mM glycine-NaOH pH 8.5, 0.1 M sucrose. Most cells did not lyse under 

these conditions. The specificity of cell surface labeling was evaluated by quenching 

fluorescence upon acidification to pH 4 by addition of HCl. FITC had an tendency to be 

taken up into the cell if we allowed pH below 9.5 in the presence of dye. Aliquots of 

membrane fractionated by two-phase method were suspended in 1 mM Tris, 2 mM 

HEPES, pH 7.4, 0.1 M sucrose, 0.1 % Triton X-100, and fluorescence was monitored 

at 520 nm, excited at 495 nm using spectrophotometer. Basal fluorescence of cell lysate 

without FITC was subtracted from all measurements.

2.4. Electrophysiology

Planar lipid bilayers were formed from asolectin dissolved at 20 mg/ml in n-decane 

[18]. Prepared samples were mixed with half volume of 3 M KC1 (to yield final 

concentration of 1 M KC1) and fused into the bilayer by pressure application. The 

recording solutions were composed of designated concentration of salts and 10 mM Tris,

20 mM HEPES, pH 7.4. 50 G £2-resistative-feedback current-to-voltage converter was 

built according to [19]. Signals were recorded on videotapes after processing with a 

digital audio processor (PCM-501ES; SONY Corp.).
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2.5. Data analysis

Electrical signals were regenerated from the stored videotapes, filtered at 1 kHz, 

digitized at 5 kHz, and analyzed by pCLAMP software(Axon Instrument). In this paper, 

voltages of the cis (sample-applying) side relative to the trans side are shown, and the 

sign of the current is positive when it flows from trans to cis.

For the statsical curve-fitting, the lines and curves were generated by the least- 

square fitting method using computer softwares (KaleidaGraph 3.0 for Macintosh or 

Ngraph v.5.31 for NEC PC-9801).

2.6. Materials

Dextran T500 was purchased from Pharmacia, PEG 4000 from Kishida Kagaku 

(Osaka, Japan), FITC from Dojindo Laboratories(Kumamoto, Japan), and Quinine from 

Sigma.
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3. Results

3.1. Characterization of the sample preparation

Cells were homogenized and separated into two phases by polyethyleneglycol- 

dextran system as described (See Material and methods). The enzyme activities of the 

upper polyethyleneglycol phases (first and second extraction combined), and the lower 

dextran phase of the phase system were assayed and shown as percentages of the initial 

crude membrane fraction (Table. 1). Most of the enzyme activities and protein were 

predominantly found into the lower phase. However, partitioning of alkaline phosphatase 

into the upper phase was almost to the same degree of that into the lower phase. Specific 

activity of alkaline phosphatase was concentrated 6-fold of the initial homogenate. 

Alkaline phosphatase is a well-established marker for contractile vacuole marker in 

Dictyostelium. So small amount as 6.0 % of vanadate-sensitive ATPase (Table 1), which 

is a marker enzyme for plasma membrane, and only 3% of the cell-surface label were 

partitioned into the upper phases (Table. 2). As the SDS-PAGE profile of FITC-labelled 

cells did not show distinct pattern from that of non-labelled cells (not shown), we thought 

that the lack of partitioning of FTTC-label into upper phases was not brought about by 

FITC-label itself. From these results, we concluded that our phase system extract 

contractile vacuole most preferentially from cell homogenate.

Fig. 1 shows the electron micrograph of the negatively stained vesicles from the

upper phases. The picture of vesicles resembled those of the previously purified 

contractile vacuoles, which were featured by large angular holes frequently observed, and 

smooth and crispy membrane surface.
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3.2. Frequency of observing channel activities

When the upper-partitioned membrane vesicles were incorporated into the bilayer, 

we observed many sorts of conductive activities. For most of them, we could neither 

discriminate from artifacts, nor apply conventional single-channel analysis to because of 

too fast gating kinetics to be followed by our recording system. In this paper, we 

concentrated on a certain kind of channel which appeared in 59 bilayers in total of 2290 

trials. This channel showed a strong voltage-dependency such that it opened at a high 

probability when the cis side was positive and closed when negative as described in Fig. 

2A. Additionally, in other 9 bilayers, channels which showed similar gating properties 

with the inverted voltage-dependency (that is, the channel opened when the cis side was 

negative and closed when positive) were observed. We interpreted that they are of the 

same type channel. For convenience, we shall hereafter call the channel which shows the 

former voltage-dependency regular configuration and the latter inverted configuration. 

The polarity of the voltage and current of the inverted channel was made re-inverted to 

show the corresponding voltage in the regular configuration. Inverted 'cis1 side is 

therefore referred to regular1 trans1 side, and vice versa.

3.3. Conductance size and ion selectivity

Representative traces of single channel current in the regular configuration recorded
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in asymmetrical (cis:trans) 300:100 mM KC1 solutions were shown in Fig. 2. The current 

to voltage relationship revealed the slope conductance of 102.3 ± 2.8 pS and the reversal

potential of -20.4 ± 0.8 mV which corresponds to Pk+/Pci- = 7 (Fig.3A, n=5). In

asymmetrical (cis: trans) 100 mM KClrlOO mM NaCl solutions, the slope conductance 

shows 57.1 pS at positive holding potentials but the relationship shows non-linearity at 

negative potentials and the I-V curve never intersects V-axis at less negative potentials 

than -50 mV (Fig. 3B, open circles). In asymmetrical solution which contains 100 mM 

KC1 in the cis side and 80 mM NaCl plus 20 mM KC1 in the trans side, the relationship

was almost linear between -45 and 30 mV, the slope conductance was 57.9 ±1.2 pS, and

the reversal potential was -31.5 ±1.7 mV (Fig. 3B, closed symbols, n=2). Fitting into 

the Goldman-Hodgkin-Katz equation gives the permeability ratio Pn3+/Pk+ almost equal 

to 0, that is, Na+ was impermeant ion. In asymmetrical solution (cis:trans) 100 mM 

KC1:80 mM UC1 + 20 mM KC1 (Fig. 3C), the slope conductance was 53.3 ±1.2 pS,

and the reversal potential was -27.9 ±2.3 mV, and therefore Li+ should also be 

impermeant.

When the proportion of RbCl concentration to the total solution combined with 

KCl,was valiantly raised on the trans side with a fixed 100 mM KC1 on the cis side, the 

I-V relationship was linear and did not change significantly at positive potentials, whereas 

the current amplitude was proportionally reduced at negative potentials (Fig. 4A). As 

seen from the graph, the reversal potential was always around 0 mV. At 80 mM RbCl + 

20 mM KC1, actually no current could be observed. The reversal potential, obtained by 

extrapolation, was 0.75 mV, indicating that the permeability ratio P Rb+/PK+ equals 

approximately 1. The fitted line for positive potentials shows that the slope conductance
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was 61.1 pS, a slightly higher value than those of impermeant Na+ and Li+ ions. On the 

contrary, when Rb+ ion was included in the cis side solution, the current amplitude did 

not decrease to so much extent, neither at positive nor negative potentials (Fig. 4B). The 

corresponding traces are shown in Fig. 4C. These results pointed out that Rb+ ion is 

permeant but it blocks this channel effectively at the same time.

3.4. Gating properties

The kinetic properties of this channel shown in Fig. 2 was investigated. The open 

probability of this channel was nearly 0.5 throughout positive potentials, but it went 

down to near 0 at negative potentials (Fig. 5A). As seen in Fig. 2B, long silent periods 

were frequently observed especially at positive potentials. We considered them to be 

interburst periods and we analyzed open probabilities only within bursts, ignoring closed 

events longer than 100 msec at positive potentials. It is not clear whether corresponding 

interburst events exist at negative potentials, but we assumed the absence of events at 

negative potentials (see Discussion). Open probability did not seem to approach 1 at as 

highly positive voltages as 60 mV.

As in Fig. 5B, the open time histogram fitted well to a single-exponential curve at 

each voltage. The reciprocal of the obtained time constant was plotted against voltage in 

Fig SC. Inverse of the mean open time approached 0.22 ms-1, corresponding to an open 

time of 4.5 ms, at positive voltages and increased exponentially towards large negative 

voltages. The closed time histogram could not be fitted by a single-exponential curve in 

most cases, although precise number of exponential components necessary for fitting was
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not determined.

The trans side of a bilayer was perfused successively with solutions of varied KC1 

concentrations. The open probability curve shifted dramatically to the positive direction 

when the KC1 concentration was raised (Fig. 6). The maximal open probability was also 

lowered when the trans KC1 concentration was raised from 30 to 300 mM and from 300 

to 1000 mM. This decrease in the open probability was reversibly recovered after 

lowering the KC1 concentration to 100 mM.

In Figure 7 A, open probability of channels appeared in cis 300 mM; trans 30 mM, 

cis 300 mM; trans 300 mM, and cis 30 mM; trans 300 mM KC1 solution were shown in 

relation to the applied voltage. The midpoints, estimated by curve-fitting {See Discus

sion), were -23.3 mV, 24.1 mV, and 38.3 mV, respectively, whereas the values of the 

reversal potential were -44.2 mV, 1.8 mV, and 48.1 mV, respectively (Fig7B). It is 

obvious that change of trans K+ concentration greatly affects the open-probability-voltage 

relationship, whereas cis K+ concentration affects only slightly. The maximal open 

probabilities, estimated by curve-fitting, were 0.63, 0.53, and 0.58, respectively, 

implying that they were inversely correlated to the total K> ion concentration.

3.5. Blockers

Quinine blocked this channel effectively. The critical concentration was near 0.2 

mM (Fig. 8A). The ability of TEA+ to block this channel was also examined. Apparent

conductance size was reduced when the concentration of TEA+ was raised (Fig. 8B, C). 

The Kd value of TEA+ block was estimated to be about 30 mM. In both cases, the block
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was reversible (not shown). TEA+ seemed to increase the open duration. Chary bdotoxin, 

up to 300 nM, did not block this channel.

3.6. Regulation by ligands

We tested effects of 1 mM cyclic AMP, 10 /zM cyclic GMP, 2 mM ATP, and 1 fi

M folic acid on this channel, applied to cis ortrans side. We did not observe any obvious 

effects of these agents on this channel.

We investigated Ca2+-dependency with changing free Ca2+ concentration by 

addition of calcium or EGTA, but Ca2+ did not have any drastic effect on this channel 

gating (although we could not conclude exactly whether it has any significant effects on 

gating such as blockade or not). Charybdotoxin, up to 300 nM, also had no effects, 

applied tods o Ttrans side.
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4. Discussion

Aqueous-polymer two-phase partitioning is known to enable isolation of 

right-side-out vesicles of plasma membrane from organelle membrane and inside-out 

plasma membrane vesicles [13]. We found unexpectedly that samples prepared by this 

method were poor in the plasma membrane markers, vanadate-sensitive ATPase and cell- 

surface labels, but instead, highly enriched in alkaline phosphatase activity. In 

Dictyostelium, unlike in other organisms, it was clearly shown by electron microscopy 

cytochemistry that this enzyme is localized in contractile vacuoles [3,8]. Additionally, the 

electron micrograph showed that the negatively stained images of our prepared sample 

was morphologically similar to those of the purified contractile vacuoles, as featured by 

large holes, and smooth and crispy surface membranes. Therefore, we tentatively 

concluded that contractile vacuole is preferentially partitioned in upper phase when we 

apply the two-phase method to Dictyostelium discoideum cell homogenate.

The reason why contractile vacuole instead of plasma membrane is partitioned into 

the upper phase is uncertain. Our preliminary results indicate that prior deprivation of 

Mg2+ ion seems to be essential for preferential partitioning of contractile vacuole into the 

upper phase, and the partitioning is ascribed to the negative charge of the membrane. On 

the other hand, Dictyostelium plasma membrane is known to be relatively enriched in 

sterol rather than negatively-charged phospholipid in comparison with other species [6]. 

These facts may explain the unique way in which the partitioning works with 

Dictyostelium homogenate. Anyway, two-phase partitioning is very complex phenome

non and the method is empirical in essence.

By incorporating these contractile vacuole-enriched upper phases into planar lipid 

bilayer, we observed single K+ channel current described as above. We thought that this
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channel may derive from contractile vacuole membrane. We did not investigate whether 

other subcellular fractions contain the same K+ channel activitiy because the lower- 

partitioned fraction often contains unidentified conductive activities which destabilize the 

planar bilayer and make the measurements almost impossible. In another preliminary 

experiment, however, we have fairly often observed the same channel activities in 

buoyant subcellular fractions isolated by the successive centrifugation in 38% and 12% 

sucrose solution. Muller previously reported three types of channel activities in the 

plasma membrane of the aggregative cells with cell-attached patch-clamp [30]. Two of 

them (DI and DII) were attributed to K+ channel activities. They were different from ours 

in the aspects of conductance size and channel kinetics. As for DI, it showed mean open

time within a burst of 21 ms, which was voltage-independent, and discernible from our 

channel, which showed voltage-dependent mean-open time around 2.6 ms. As for DII, 

the available information is limited, but judging from the traces, it seems different from 

ours. As noted in Section 3.1, we observed this channel only 3.0% of the total trials, 

which was comparable to the percentage of the contaminated membranes recovered in the 

sample. So far, anyway, we can exclude neither the possibility that this channel also 

exists in other membranes nor even the possibiliy that it only exists in other membranes. 

To demonstrate that this channel is indeed localized in the contractile vacuole, it is 

necessary to identify the channel molecule and raise antibodies against it for 

immunostaining.

This channel was almost completely impermeable to Na+ and Li+ ions, but 

permeant to Rb+ ion as judged by the permeability ratio of near 1. However, the 

conductance size was apparently reduced when the current flowed from Rb+ containing 

side to the other. Such a behavior of Rb+ ion as a permeable blocker was also reported
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for other K+ channels [20]. Conductance size of this channel is approximately 100 pS, 

similar to large-conductance Ca2+-activated K+ (BK) channel. However Ca2+ did not 

have any drastic effect on this channel gating (although we could not conclude whether it 

has any significant effects on gating such as blockade or not), and charybdotoxin, which 

is known as a blocker of BK channel, did not block this channel.

The open probability of this channel never approached 1 and saturated at near 0.5. 

This fact implies that the channel has more than one closed states with one open state. 

Indeed the open time histogram was well fitted by a single-exponential function, and the 

closed time histogram needed multiple-exponential function. Assuming that the channel 

has one open state and two closed states, the channel kinetics would be described by the 

following model:

(1)

The reciprocal of mean open time, that is, the sum of open-to-close rate constants,

did not approximate to zero when applied voltage was increased. This means that there 

are voltage-independent gates and voltage-dependent gates. We assume that one of the 

gates (gate 1) is voltage-independent and the other (gate 2) is voltage-dependent.

O K-igatel: = K, = -j—
V"l A1

(2)
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gate2: = exp (3)
-ze(V0-V)

kT

where O, Ci, and C2 designate the probabilities of staying in the corresponding states. 

Ki and K2 are equilibrium constants, ki, k-i, k2, and k-2 rate constants, z an equivalent 

valence, V voltage, Vo the transition voltage, e the elementary charge, k the Boltzmann's 

constant, and T temperature. In Fig. 5A, the fitted line was drawn according to the 

equation:

P open
o

,max
open

c,+o+c2
1 e*p

ze (v -V 

kT

(4)

where Popen”13* indicates maximal open probability, which equals Ki/(Ki+l). For this 

case, PoPcnmax=0.57 was obtained by curve-fitting, and Ki was calculated to be 1.33. 

Concerning the voltage-dependent gate, the equivalent valence z was 1.6, and the 

midpoint Vo was 4.34 mV. In Fig. 5C, the reciprocal of the mean open lifetime (1/ r 

open) inside bursts was fitted according to the equation,

—------- k1+k2
Topen

k^+KgGXp
z'eV

, kT
(5)

assuming that the rate constant of this channel to shut is composed of the sum of two rate
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constants, voltage-independent part ki and voltage-dependent part ks= /C2exp(z'eV/kT)

according to Eyring's rate theory. From this, values of ki=0.22 ms-1, #2= 0.25 ms-1, 

and z'=-0.56 were obtained.

When the KC1 concentration in the each side solution was varied, the voltage- 

dependence of the open probability of this channel was shifted to the same direction as 

the changes in the equilibrium potential of potassium ion (Ek). Such voltage-dependent

gating with regard to Ek, is well-known for inward rectifier K+ channels. In our channel, 

KC1 concentration on the trans side greatly affected transition voltage (V0), whereas KC1 

concentration on the cis side showed much weaker effects. It was reported that 

rectification of inward rectifier K+ channel in starfish egg depends only on the membrane 

potential, irrelative to the K+ equilibrium potential (Ek) when changing the internal K+ 

concentration at fixed external K+ concentration, while it depends on E-Ek when Ek is 

altered by changing the external K+ at a fixed internal K+ concentration [21]. And it has 

been suggested that K+ ion may exert a direct influence on the inward rectifier K+ channel 

[20,22]. It is quite uncertain whether the voltage- and K+-dependent gating of our 

channel is related to the rectification of the inward rectifiers. As for inward rectifiers, 

voltage-dependent block by intracellular cation such as Mg2+ ion or polyamines is 

considered to be the cause for the rectification. But as we chelated divalent cations during 

sample preparations and did not add any extra cation (except Tris+), blocking by these 

cations is unlikely to play a role in the establishment of the gating property of our 

channel. Then how can we explain the mechanism of K+-dependency of our channel? We

ignorantly think that a hypothesis which involves the voltage-dependent blockade of the 

permeation pathway by K+ ion itself (Fig. 9), may explain the following two observa
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tions. 1) The maximal open probability (P0penmax) is suppressed by the increase in KC1 

concentration of the either side. 2) The transition voltage of open probability apparently 

depends on the KC1 concentration gradient across the bilayer. Furthermore, we showed 

that Rb+ ion worked as a permeant blocker more effectively from thctrans side than from 

the cis side. As Rb+ ion is known to behave in relatively a similar way as K+ ion in 

regard to permeating many types of K+ channels [31], we suggest that there is a Rb+ 

binding site in the pore, which may also provide a binding site for K+ ion itself. (See the 

Fig. 9. legend). Our channel clearly shows discrete gatings and may provide a good 

model system for studying K+-dependent mechanism of K+ channel. Further analysis is 

necessary to understand the mechanism of K+-dependent gating.

The physiological roles of this channel in the function of the contractile vacuole are 

quite unclear. We recently found that inclusion of quinine in hypotonic medium caused 

the contractile vacuole abnormally swollen and the cell shape round-up (Yoshida et al., 

manuscript in preparation). It suggests that some quinine-related activities are involved in 

the normal function of the contractile vacuole. The same concentration of quinine which 

blocked our channel, was previously shown to exert various effect on physiology of the 

cell, i.e. cyclic AMP-induced K+ increase in developmental cell suspension [26,27], 

cyclic AMP-induced hyperpolarization [28], and formation of long-stalk fruiting body 

[29]. These phenomena were previously discussed in relation to a presumptive plasma 

membrane K+ channel, but can also be attributed to the blockade of the contractile vacuole 

channel in this study. (Quinine is a membrane-permeable channel blocker.) Our channel 

was not affected by any signal molecules tested, such as cyclic AMP, but can be 

somehow indirectly regulated by cyclic AMP in intact cell. Otherwise, change in the 

partition of K+ ions between the cytoplasm and the vacuolar lumen, caused by the
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blockade of the K+ ion transport by quinine, can affect the activity mediated by the 

plasma membrane channels. In the fresh water amoebae Chaos chaos, it was reported that 

K+ ion concentration in the lumen of the contractile vacuole was lower than cytoplasm, 

whereas Na+ was higher [23]. The luminal side of the vacuole was found to be mildly 

acidic [2,9], less acidic than endosomes and lysosomes, and therefore considered to be 

positively charged relative to the cytoplasmic side [24]. The membrane potential of 

contractile vacuole was formerly reported in Amoebae proteus to be 10 to 20 mV positive 

luminal side to cytoplasmic side. The presence of inside-positive membrane potential in 

the contractile vacuole suggests that voltage-dependent channels exist in the membrane. 

The K+ channel may work as a pathway for K+ ion leaking out from inside the vacuole to 

the cytosol driven by membrane potential set up by H+-ATPase. The rectifying property 

of this channel would help not to reverse the direction of the K+ transport. Identification 

of the corresponding gene would clarify both the biophysical and physiological functions 

discussed above.

From both the biophysical and physiological view, this channel seems to be 

analogous to the inward rectifier K+ channel found in plasma membrane of other 

organisms. During the evolution, there seems to be a tendency that the livings in severe 

environment invaginate their important in-out exchanger system from body surface into 

inner hidden space to protect it from outer hazards. Possibly, it may not be occasional 

that a channel related to inward rectifier was observed in upper-partitioned, alkaline 

phosphatase-enriched membrane fraction in this organism.
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Table 1.

Characteristics of the crude membrane pellet and the partitioned fraction. Membrane was 

pelleted from the homogenate of 5 ~ 7-hour developed cells and subsequently parti

tioned by a two-phase system composed of 6.0% dextran - 6.0 % polyethyleneglycol. 

Averages of three samples (one of which is FITC-labelled) are shown.

marker crude (% of upper / lower specific activit

homogenate)" (% of pellet) b (upper,

nmol/mg/mir

protein 21.9 7.5/44.7

alkaline phosphatase c 26.6 37.7/34.4 31(6.0)

NBD-Cl-sensitive

ATPase^

44.9 3.2/102.2 120(0.87

vanadate-sensitive

ATPasee

27.9 6.0/67.7 140(1.1]
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acid phosphatase/ 66.4 1.4/45.3 65(0.63)

NADH oxidoreductase# 48.7 1.0/72.7 130(0.3)

mitochondrial ATPaseA 33.4 2.9 / 50.4 290(0.6)

Yields are shown as percentages of a the initial homogenate or b the crude membrane 

pellet. In parentheses of the third column, enrichments were calculated as the specific 

activity of each marker per unit concentration of protein in the upper phases divided by 

the specific activity of marker per unit concentration of protein in the homogenate. c a 

marker for contractile vacuole, d a marker for acidosome, e a marker for plasma mem

brane,/ a marker for endosome/lysosome, s a marker for endoplasmic reticulum.
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Table 2.

Yield of FITC-surface label in each fraction.

experi

ment No.

"acid-sensitive

portion (%)

& crude (% of

homogenate)

cupper phase

(% of pellet)

clower phase

(% of pellet)

dl 95.5 77.8 3.1 63.7

e2 83.8 57.1 2.7 43.1

° Ratio of acid-sensitive FITC to the total FTTC-label was shown in percentage to indicate 

the degree of the specificity of cell-surface label. Yields are shown as percentages of b the 

homogenate or c the crude membrane pellet. Membrane was pelleted from the homoge

nate and subsequently partitioned by two-phase system which contains, d 6.4 %, e 6.0 

%, each polymer concentration.
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Figure Legends

Fig. 1

Negatively-stained electron micrograph of the prepared sample. Bar= (A) 500 nm, (B) 

200 nm.

Fig. 2.

(A) Single channel recordings of the Dictyostelium K+ channel. Applied voltages are 

indicated at the left of each trace. Rightside lines show the baseline current. (cis:trans) 

300:100 mM KC1, 10 mM Tris-20 mM HEPES, pH 7.4. (B) Same as (A) but in more 

compressed scale to show the long silent period.

Fig. 3.

Current-voltage relationships of the Dictyostelium K+ channel obtained in different salt 

solutions. Cis:trans= (A) 300 mM KClilOO mM KC1, (B) 100 mM KC1:100 mM NaCl 

(open circles), 100 mM KC1:80 mM NaCl + 20 mM KC1 (closed symbols), (C) 100 mM 

KC1:80 mM LiCl + 20 mM KC1, each buffered with 10 mM Tris-20 mM HEPES, pH

7.4. Data from independent (A) 5, (B) 2 (closed circles), (C) 2 bilayers are represented
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by different symbols. The lines shown here were generated by regression with combina

tion of all the data from different bilayers with the same solution. For (B) (open circles), 

the curve was generated according to the GHK equation assuming that Cl- is impermeant.

Fig. 4.

Current-voltage relationships of the Dictyostelium K+ channel obtained in Rb+ containing 

solutions.(A) Cis side = 100 mM KC1 for each, trans side =100 mM KC1 (circles), 10 

mM RbCI + 90 mM KC1 (squares), 20 mM RbCl + 80 mM KC1 (triangles), 80 mM RbCl 

+ 20 mM KC1 (diamonds). Data from independent 2 bilayers for each solution are 

represented by different colored symbols. (B) Cis side =100 mM KC1 (circles), 10 mM 

RbCl + 90 mM KC1 (triangles), 20 mM RbCl + 80 mM KC1 (squares), with trans side 

=100 mM KC1. All the solutions were buffered with 10 mM Tris-20 mM HEPES, pH

7.4. The lines shown here were generated by regression with combination of all the data 

from different bilayers with the same solution. (C) The corresponding channel traces. 

From top to bottom: (cis 100 mM KC1 / trans 100 mM KC1) 30 mV, -30 mV, (cis 20 

mM RbCl + 80 mM KC1 / trans 100 mM KC1) 30 mV, -30 mV, (cis 100 mM KC1 / trans 

20 mM RbCl + 80 mM KC1) 30 mV, -30 mV.

Fig. 5.

(A) Open probability of the K+ channel. For voltages more positive than Ek, closed
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events lasting more than 100 ms were excluded. Data are fitted according to eqn. 4 (See 

Discussion).

(B) An exponential distribution of the duration of the channel open times in the burst 

period. The histogram shows the number of openings per bin of 0.2 msec width. The 

continuous line shows an exponential probability density function that has been fitted to 

the observations (above 0.4 msec) by the maximum likelihood method. It has a time

constant of r = 2 msec at V = 0 mV.

(C) Reciprocal plot of the mean open time obtained by single-exponential curve-fitting as 

in (B). Data are fitted according to eqn. 5 (See Material and Methods, and Discussion).

Fig. 6.

Voltage-dependence of open probabilities shifted by changes in the trans concentration of 

K+ ion. In one experiment, the trans side solution was sequentially exchanged by 

perfusion from 30 mM (closed circles), to 300 mM (open circles), to 1000 mM (closed 

triangles), and finally to 100 mM (open triangles) KC1. Cis side solution was 300 mM 

KC1 for all records. The values of half-activation voltage were approximately -30 mV in 

30 mM trans KC1, 10 mV in 300 mM KC1, and 60 mV in 1000 mM KC1, respectively, 

whereas the values of reversal potential were -50.6 mV, 1.2 mV, and 26.6 mV, 

respectively (not shown).

Fig. 7.
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(A) Voltage-dependence of open probabilities in various concentrations of K+ ion. (B) 

The corresponding current-voltage relationship. The means ±S.E.M. are shown.

Cis’Irans solution was 300:30 mM (closed circles, n=8), 300:300 mM (open circles, 

n=5), and 30:300mM (closed triangles, n=3) KC1. In (A), the data are fitted according to 

eqn. 4 (See Discussion). The values of PoPenmax are 0.63, 0.53, and 0.58, respectively. 

The values of z are 1.5, 1.7, and 1.5, respectively. The values of Vo are -23.3,24.1, and 

38.3 mV, respectively. In (B), the values of the reversal potential were, -44.2, 1.8, and

48.1 mV, respectively.

Fig. 8.

The Dictyostelium K channel blockade (A) by quinine and (B) TEA+.

(A) The containing quinine concentration are shown in the left of the trace. Cisitrans 

solution was 300:100 mM KC1. Holding potential = 30 mV.

(B) The containing TEA+ concentration are shown in the left of the trace. Cisitrans 

solution was 300:100 mM KC1. Holding potential = 30 mV.

(C) Dose-effect relationship of TEA+ blockade. Data from 2 independent bilayers are 

represented by different symbols. The curve was drawn such that the conductance ratio 

relative to the conductance in the absence of TEA+ related to the TEA+ concentration. 7/ 

70 = l/(l+[TEA+]/Kd); Kd=30mM.
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Fig. 9.

A hypothetical model proposed to explain the Independence. Voltage-dependent binding 

of a Rb+ or K+ ion to a blocking site inside the pore prevents permeation of ions. This 

binding site is vacant during the ordinary permeation process. The energy barrier to 

access the blocking site is lower for Rb+ ion than K+ ion, and therefore blockade by Rb+ 

is observed so as to reduce the apparent conductance size (fast block) whereas blockade 

by K+ ion is observed as a discrete event. The geometry of the binding site makes it more 

easily accessible from thetrans side than from theds side, diffemtiating the apparent 

effective concentration from the either side.
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Abstract

The long-lasting enhancement of periodic clusters of spontaneous excitatory postsynaptic 

currents (SEPSCs) was examined in dissociated chick cerebral neurons that had been 

transiently exposed to Mg2+-free solution for 15 min. Since the enhancement was 

diminished by blockade of synaptic transmission, it clearly depended on synaptic activities. 

A specific antagonist of N-methyl-D-aspartate receptors (NMDARs) also inhibited the 

potentiations. Furthermore, the presence of inhibitors of protein and RNA synthesis in the 

Mg2+-free solution blocked the potentiation. In the potentiated neurons, the frequency of 

miniature excitatory postsynaptic currents (mEPSPs) increased. In addition, a diffusible 

molecule(s) that promoted the potentiation appeared to be involved in this phenomenon, 

since conditioned medium of Mg2+-free treated neurons enhanced synaptic activity in 

other dish.
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1. Introduction

Higher functions of the brain, including learning and memory, are thought to be 

established by plastic changes in the efficiency of synaptic transmission. Among these 

changes, long-term potentiation (LTP) is the most thoroughly analyzed phenomenon. It 

can be induced by high-frequency stimuli (Bliss and Lomo, 1973) by application of 

transmitter (Cormier et al., 1993) or bee venom (Cherubini et.al.,1987; Kauer et al., 1988) 

and by removal of Mg2+ from the extracellular medium (Neuman et al., 1987). In the case 

of LTP in the CA1 region of the rat hippocampus, high-frequency or paired stimuli that are 

sufficient to induce depolarization in a postsynaptic neuron allow an exclusion of Mg2+ 

from NMDAR-channels and the entry of Ca2+ into the neuron through the receptors (Colino 

and Malenka, 1993; Lin et al., 1993; Wigstrom and Gustafsson 1986). The molecular 

mechanism linking entry of Ca2+ to potentiation in synapses, remains unknown even 

though several hypotheses have been proposed, involving, for example, an increase in 

transmitter release (Arancio et al., 1995; Kamiya et al., 1993), increase in synaptic sites 

due to the conversion of silent synapses to unsilent ones (Liao et al. 1995; Isaac et 

al.,1995), a functional change in postsynaptic receptors (Maren et al., 1993), participation 

of metabotropic glutamate receptors (mGluRs) (Musgrave et al., 1993; Riedel et al., 1995; 

Zheng, Gallagher, 1992), or calmodulin-dependent protein kinase II (CaMKII) as a target

of intracellular Ca2+(Lledo et al., 1995; Wang and Kelly, 1995).
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For complete elucidation of the mechanism of LTP, we must analyze not only

neuronal activity by electrophysiological methods but also morphological changes at 

single synaptic sites and the distribution of molecules on synaptic membranes. For such 

analyses, cultures of dissociated cerebral neurons are useful. We have developed a 

system for the culture of chick cerebral neurons in which glutamatergic and GABAergic 

synaptogenesis proceeds with the passage of embryonic equivalent days (E.E. days; the 

sum of the embryonic age and the number of days in vitro) in a manner that is dependent 

on synaptic activities (Kiyosue et al., 1996; Tokioka et al., 1993). Since recent studies 

suggest some similarities in the mechanism of synaptogenesis and LTP (Liao et al., 1995; 

Isaac et al., 1995; Durand et al., 1996; Kiyosue et al., 1997), we think that analysis of 

developmental synaptogenesis in the culture system will contribute to understand the 

synaptic plasticity.

In this study, we showed that the enhancement of SEPSCs was induced in the 

culture system after brief exposure to Mg2+-free medium and we characterized the 

enhancement of SEPSCs from an electrophysiological, pharmacological and biochemical 

perspective.

2. Materials and Methods



2.1 Cell culture

Cell cultures were prepared as described previously (Kiyosue et al., 1996; Tokioka et 

al., 1993). In brief, cerebral hemispheres were dissected from chick embryos on 

embryonic day 10 (E10) and treated with 0.05% trypsin (Gibco, U S.A.) in Ca2+", Mg2+-free 

phosphate-buffered saline (PBS) supplemented with 10 mM glucose. Dissociated neurons 

(5-6 x 105/dish) were cultured for 7 days on 35-mm tissue culture dishes (Corning, U.S.A.) 

that had been coated with poly-L-lysine (Sigma, U.S.A.) at 37°C in 5% C02 / 95% air at 

saturating humidity. Half of the culture medium was replaced by fresh medium on the third 

and fifth days of culture. The culture medium contained 50%Earles’ minimum essential 

medium (Gibco, U.S.A), 40% GIT medium (Nihon seiyaku, Japan) and 10% Fetal calf 

serum, supplemented with 10mM glucose, 2mM L-glutamine,1mM CaCI2, 30mM NaCI, 

0.5mM sodium pyruvate, 25/iiM Na2Se03 50nM choline-CI, 50nM inositol, 100u/ml 

penicilin,100yag/ml streptomycin, 5/Ug/ml insulin and 25mM Na-HEPES (pH 7.4).

2.2 Electrophysiological measurements

Electrical recordings from neurons that had been cultured for 7 days were performed 

in the whole-cell clamp mode. The standard external bathing solution contained (in mM) 

130 NaCI, 3 KCI, 2 CaCI2, 1 MgCI2,10 glucose and 10 Na-Hepes (pH 7.3). The Mg2+-free 

external bathing solution contained the same compounds with the exception of CaCI2 at 3 

mM and no MgCI2. The 2ml of standard external bathing solution was perfused at 3m I/m in
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with 5ml of Mg2+-free solution by a peristaltic pump, keeping the volume of bathing solution. 

The solution in the patch pipette contained (in mM) 130 KCH3S04, 10 KCI, 0.2 CaCI2, 2 

MgCI2, 1 EGTA, 2 Mg-ATP and 10 Hepes-K (pH 7.2). To reduce inhibitory synaptic 

currents, picrotoxin (25^M) was added into the external solution just before 

measurements. The resistance of the borosilicate glass electrodes (GD1.5; Narishige, 

Japan) ranged between about 3 and 6 M Q. Postsynaptic currents, amplified and filtered 

at 1 kHz, were digitized in a Digidata 1200 A/D system (Axon, U.S.A.). The stored 

individual current traces were analyzed by Axotape (Axon, U.S.A.). A double whole-cell 

clamp of distinct two neurons was established within 3 min. All experiments were carried 

out at 20-25°C at a holding potential of -60 mV. Periodic clusters of SEPSCs recorded 

from double whole-cell clamped neurons were analyzed if the first EPSC had been above 

20pA and the delay of the first SEPSCs in the two clusters recorded simultaneously from 

these two neurons had been within 10 msec. Series resistance and input resistance of 

postsynaptic neurons were continuously monitored. The mean series resistance was 37.8 

±12.8 M0 (n=72), and the mean input resistance was 1.28 ±0.98 G 0 (n=72). If these 

parameters deviated more than 20%, data were deleted from records. Each EPSC was 

observed as a packet composed of multiple sharp SEPSCs. As the first approximation, 

the amplitude of SEPSC was defined as that of the first EPSC in a packet. All mEPSCs 

were recorded in the presence of 500 nM tetrodotoxin (TTX, Sigma, U.S.A.).
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2.3 preparation of conditioned medium.

After treating cultured neurons with Mg2+-free medium for 15 min, we collected this 

conditioned medium (CM) and adjusted the concentration of MgCI2 to 1 mM. To examine 

an effect of the CM on synaptic activity, we applied the CM and concentrated CM in the 

neuronal culture. Concentration and fractionation of the CM was performed by repetitive 

centrifugations (1,500 xg, 30min) at 4°C using Centriprep (cut off of molecular mass, 30K; 

Am icon, USA).

3. Results

3.1 Effects of Mg2+-free conditions on grouped firing of neurons

Cerebral cultured neurons prepared from E10 chick embryos start forming 

glutamatergic synapses on E.E. days 13 (Tokioka et al., 1993). On E.E.days 17, periodic 

clusters of SEPSCs were frequently observed in paired neurons to which we had applied 

glass patch-pipette for whole-cell clamping at -60mV in an external solution that contained 

25pM picrotoxin (Fig.1). In the culture, it is difficult to record evoked synaptic currents for 

more than 30min because of rundown in the response of patch-clamped presynaptic 

neurons, whereas no rundown was observed when presynaptic neurons were stimulated 

extracellularly. Therefore, to characterize long-lasting enhancement of synaptic activities 

in cultures of dissociated cells, we analyzed the periodic clusters of SEPSCs before and 

after activation of neurons under Mg2+-free conditions.
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When the standard external solution was replaced by a Mg2+-free solution, the

averaged frequency of SEPSCs increased from 0.3 up to 1 Hz and the slow components 

in each SEPSC became obvious (Fig. 1D). These slow components are due to NMDAR, 

since they were completely abolished by 25//M APV, antagonist of NMDAR (Kiyosue et 

al., 1997). Neurons were incubated in the Mg2+-free medium for 15 min in the current- 

clamp mode. Under these conditions, the membrane potential of the recorded neuron was 

repeatedly depolarized by synaptic inputs (Fig. 1E). The periodic clusters of SEPSCs 

were continuously recorded for more than 40 min after the external solution had been 

replaced once again by the standard solution that contained 1 mM MgCI2.

The mean amplitude of SEPSCs for 3 min, beginning 6 min after the end of the 

Mg2+-free treatment increased significantly to 192.5% of the averaged amplitude before 

the treatment and remained at this elevated level for more than 40 min (Figs. 2A and 2C). 

The enhancement of SEPSCs was observed in eight pairs of cells in nine tests. By 

contrast, perfusion of cells with the standard external solution caused no significant 

change in periodic clusters of SEPSCs (n=8, Figs. 2B and 2D). Mg2+-free treatment for 15 

min was sufficient to induce the enhancement of SEPSCs and such treatment for up to 40 

min made no difference in the results (data not shown). Treatment of 10 min was 

insufficient for reproducible potentiation.

3.2 Dependence on activity of the potentiation
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To confirm that the potentiation was induced by the increase in synaptic activity, we 

examined the effects of TTX and 6-cyano-7~nitroquinoxaline-2, 3-dione (CNQX) on the 

potentiation. In the presence of 500 nM TTX, no periodic clusters of SEPSCs evoked by 

presynaptic activity were observed, whereas smaller SEPSCs of 10 to 50 pA, which were 

thought to be miniature EPSPs (mEPSPs), were recorded (data not shown). When 5 jiM 

CNQX, an antagonist of non-NMDAR, was added to in the external solution, no 

spontaneous firing or mEPSC was observed in neurons. The treatment with Mg2+-free 

solution that included TTX or CNQX resulted in no significant change in the mean 

amplitude of SEPSCs for 3 min (n=5,Figs. 3A and 3B). These results suggest that the 

enhancement of the synaptic currents in the cultured cerebral neurons depended on 

glutamatergic synaptic transmission. Since the treatment of neurons with TTX or CNQX 

for 15 min had no effect on the amplitude or the frequency of SEPSCs after a change of 

solution (data not shown), a blocking effects by residual TTX or CNQX on activated 

neurons can be excluded from consideration.

Removal of Mg2+ from the external solution is assumed to facilitate the activation of 

NMDAR. To examine this issue, we added 25 fiM D, L-2-amino-5-phosphonopentanoic 

acid (D, L-APV), a specific antagonist of NMDAR, to the Mg2+-free solution (n=4, Fig. 3C). 

D, L-APV abolished the slow component in each SEPSC and blocked the induction of the 

potentiation under Mg2+-free conditions, (mean amplitude after treatment: 88.9%).
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3.3 Involvement of protein synthesis in the potentiation

To determine whether newly synthesized proteins are essential for the induction of 

enhancement of SEPSCs, we added inhibitors of protein and RNA synthesis to the Mg2+- 

free solution. After treatment with 1 p,M cycloheximide, an inhibitor of protein synthesis, no 

significant changes were observed in the amplitude and the frequency of SEPSCs (n=4, 

Fig. 4A), even though the Mg2+-free treatment by itself induced an increase in frequency 

and in the size of slow component of SEPSCs, as in control experiments. Furthermore, 8 

p,M actinomycin D, an inhibitor of RNA synthesis, also blocked the enhancement of 

SEPSCs (n=3, Fig. 4B). Since both inhibitors blocked the enhancement of SEPSCs 

without disturbing normal synaptic transmission in our system, synthesis of proteins 

appeared to be required for induction of the potentiation, even at the early stage within 15 

min after induction.

As confirmation of the reproducibility of our observations, all data obtained from 

multiple neurons are summarized in Figure 5.

3.4 Analysis of mEPSCs

Miniature EPSPs after Mg2+-free treatment were analyzed in a TTX-containing 

bathing solution. The amplitude and frequency of mEPSCs, which were averaged in each 

neuron, were distributed over the ranges of 10 to 50 pA and 0.025 to 0.1 Hz, respectively 

(Fig. 6). In the neurons in which the enhancement of SEPSCs had been induced, the
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frequency of mEPSPs increased significantly (Mann-Whitney test, P<0.05, Fig. 7). The 

mean relative values of mEPSCs in seven neurons, 6 min after the induction of the 

enhancement of SEPSCs, were 277.4% in terms of frequency, while they were 86.7% in 

four neurons in control experiments. The decrease of frequency in the control experiments 

was not significant (Kruskal-Wallis test, P>0.05). The increase in frequency was also 

maintained for more than 30 min (Fig. 7). In control experiments, neurons exposed to a 

solution that contained Mg2+ for 15 min showed no changes in amplitude or in frequency of 

mEPSCs (data not shown). The mean amplitude of mEPSCs indicated no significant 

change. However, we did not performed further analysis of their amplitudes and 

waveshapes, because of few events of mEPSCs under the condition with 1mM Mg2+. The 

results for mEPSCs suggest that an increase in at least the number of synaptic sites 

and/or in the probability of transmitter release were involved for the enhancement of 

SEPSCs in our cultures.

3.5 An enhancement-promoting factor

Our results could be interpreted that induction of the enhancement of SEPSCs in our 

culture required a secreted factor which increased synaptic activity. To examine this 

hypothesis, we prepared conditioned medium (CM) as follows. After treating cultured

neurons with Mg2+-free medium for 15 min and confirming the potentiation
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electrophysiologically, we collected the Mg2+-free medium and adjusted in the 

concentration of MgCI2 to 1 mM. We replaced the medium in another dish of neurons that 

had been cultured for 7 days by this Mg2+-supplemented CM. The mean amplitude of 

SEPSCs for 3 min increased significantly within 2 to 5 min (Fig. 8A and 8B) and was 

maintained at a high level for more than 30 min (Fig. 8B). In six neurons tested with the 

CM, four neurons showed evidence of the enhancement of SEPSCs and one showed 

evidence of short-term potentiation that disappeared within 20 min. The amplitudes of 

SEPSCs were distributed in the range of 120% to 170% of the averaged amplitude before 

the application of CM, depending on the batch of CM. The conditioned medium prepared 

from cultures in standard Mg2+-containing bathing solution had no effect on synaptic 

activity (Fig. 8C). Since concentrated CM by Centriprep (cut off of molecular mass, 30K; 

Am icon, USA) also enhanced synaptic activity in the same manner (data not shown), the 

factor may be a relatively large molecule, comparing to ions such as K+ and amino acids 

such as glutamate.

4. Discussion

Periodic clusters of SEPSCs from paired neurons were analyzed to characterize the



enhancement of synaptic activity in vitro. The fact that the enhancement of SEPSCs 

induced under Mg2Mree conditions was inhibited by TTX (Fig. 5) revealed that the 

potentiation required presynaptic activity in addition to activation of NMDAR in the post- 

synaptic membrane. Under the Mg2+-free conditions, SEPSCs increased slightly in 

frequency up to 3Hz, as a results of activation of NMDA receptors and Ca2+ channels. The 

enhancement certainly occurred at the frequency lower than 1 Hz (Fig. 2A). Thus, the 

increased frequency may not cause the enhancement by itself. Our results suggest that 

the enhancement of SEPSCs in our cultures required only activation of NMDA receptors 

and release of transmitter by action potentials. Voltage clamping of neurons during 

induction in Mg2+-free condition did not block the enhancement of SEPSCs (data not 

shown). It suggests that voltage-dependent Ca2+ channels in postsynaptic neurons were 

not required for the enhancement, though it still remains the possibility of the involvement 

of the channels in synaptic enhancements on other upstream neurons.

Each neuron in a cultured neuronal network receives a packet of multi-presynaptic 

inputs from different neurons (Fig. 1). Thus, it is possible that the increase in amplitude of 

SEPSCs after Mg2+-free treatment was due to an increase in the probability of 

superposition of two EPSCs, each of which had the same amplitude as before the 

treatment. Comparing the details of wave-forms of SEPSCs at a time-resolution of 1 msec, 

we found no evidence for such superposition of first SEPSC in a packet, even though a 

possibility of superposition was not completely excluded (Fig.1 D).
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The long-lasting enhancement of SEPSCs analyzed in this study was completely

blocked by application of inhibitors of protein and RNA synthesis for 15 min. We have 

confirmed that these inhibitors had no effects on synaptic transmission in our culture 

system (Fig. 4). Thus, gene expression was required even at the early stage for 

expression of this enhancement of SEPSCs. Recently, two kinds of neurotrophins, brain- 

derived neurotrophic factor (BDNF) and neurotrophin 3 (NTS) were reported to induce 

LTP in a protein-synthesis dependent manner (Kang and Schuman, 1996). Since the time 

course of the potentiation was much slower than that of the enhancement of SEPSCs in 

the present study, the molecular mechanisms for the enhancement might be different in 

each case. Involvement of NMDA receptors in the mechanism of induction of the 

enhancement of SEPSCs suggests the important role of Ca2+ in the potentiation. Analysis 

of Ca2+-dependent protein kinases in intraneuronal signaling is now in progress.

Analysis of the effect of TTX on mEPSCs, in an effort to elucidate the mechanism of 

the enhancement of SEPSCs (Fig. 7), revealed an increase in frequency of mEPSCs, 

suggesting an increase in the number of synaptic sites and/or in the probability of 

transmitter release at a synaptic site. It is possible that the increase in the number of 

synaptic sites was due to the conversion of silent synapses to unsilent ones (Liao et al. 

1995; Isaac et al., 1995). In fact, we have reported that silent synapses exist in the early 

stage of synaptogenesis in our cultured neurons (Kiyosue et al., 1997). The silent 

synapses may also play an important role both in synaptogenesis and in synaptic

14 278



plasticity.

We confirmed that the long-lasting enhancement of synaptic activity that depended 

on activation of NMDAR and synthesis of proteins occurred in the process of 

developmental synaptic maturation. It was recently suggested that long-lasting 

enhancement synaptic transmission was involved in the activity-dependent formation of 

functional glutamatergic synapses in the developing brain (Durand et al., 1996). The 

phenomena similar to LTP in the mechanism seem to be important for the study on 

synaptic functions.

Finally, our demonstration of some factor(s) in the conditioned medium that 

promoted enhancement indicates that interneuronal signaling by a diffusible molecule, 

such as a retrograde factor, is a key event in the induction of the long-lasting 

enhancement of SEPSCs. Since the diffusible molecule(s) can control the efficiency of 

transmission not only of a single synaptic site, but also of adjoining synaptic sites, we 

propose that the molecule(s) might also be involved in associative enhancement of 

synaptic activity.
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Legends for Figures

Fig. 1. Potentiation in terms of the amplitude of SEPSCs by treatment with Mg2+-free 

medium. Oscillating clusters of SEPSCs were recorded from two distinct neurons that had 

been cultured for 7 days under whole-cell clamp condition at -60 mV. Traces I and 11, 

corresponding to the two neurons, are the records before (A), during (B) and after (C) 

Mg2+-free treatment which was carried out by replacement of the external bathing solution. 

Although the treatment was ordinarily performed for 15 min under current-clamp mode, 

the trace (B) was recorded for the 3 min in the voltage-clamp mode to check the shape of 

the synaptic currents. Note that slow component of each EPSC, due to activation of 

NMDAR, became obvious during the incubation under Mg2+-free condition. (D) Waveforms 

of periodic clusters of SEPSCs. Upper and middle traces represent SEPSCs in solutions 

with and without 1 mM MgCI2. Lower trace represents SEPSCs after induction of the 

enhancement. The synaptic currents were recorded at a holding potential of -60 mV. Note 

that the slow components of the currents increased in Mg2+-free solution. (E) Spontaneous 

excitatory post-synaptic potentials (SEPSPs) under Mg2Mree conditions. The membrane 

potential was recorded in the current-clamp mode.

Fig. 2. The enhancement of periodic clusters of SEPSCs induced by Mg2+-free treatment. 

(A) The enhancement of SEPSCs was induced by perfusion with Mg2+-free external
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bathing solution for 15 min. Solid bars indicate the mean amplitude of SEPSCs (pA with

S.E.) recorded for 3 min from the time indicated on the horizontal axis. Since each SEPSC 

was a packet composed of several synaptic inputs, as shown in Fig. 1D, the amplitude of 

each SEPSC was represented by the first input as the first approximation of SEPSCs. A 

solid line shows the number of SEPSC events in the 3-min records. Asterisks (*) indicate 

the statistical significance of the increase, as confirmed by the Mann-Whitney test 

(P<0.05). (B) A control experiment was carried out by perfusion with the standard external 

solution. No change was detected (Kruskal-Wallis test, P>0.05) after perfusion. The data 

shown in (A) and (B) are one of the two records obtained simultaneously from two neurons. 

Right-angled arrows in the figure direct to right ordinates. (C, D) Distributions of the 

amplitudes in 3-min records of SEPSCs. The records are identical to those used to 

generate Fig. 2. (C) The enhancement of SEPSCs induced by Mg2+-free treatment. (E) 

Control experiment.

Fig. 3. Effects of TTX, CNQX and D, L-APV on the enhancement of SEPSCs induced by 

Mg2Mree treatment. Analysis of SEPSCs was performed as described in the legend to Fig.

2. The neurons were treated with Mg2+-free solution that contained 500 nM TTX (A), 5fxM 

CNQX (B) and 25\M D, L-APV (C). Normal synaptic transmission was restored in all 

three cases after washing out of the reagent but no potentiation was observed (Kruskal- 

Wallis, P>0.05). Right-angled arrows in the figure direct to right ordinates.
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Fig. 4. Effects of inhibitors of protein and RNA synthesis on the enhancement of SEPSCs. 

Analysis of SEPSCs was performed as described in the legend to Fig. 2. The neurons 

were treated for 15 min with Mg2+-free solution that contained 1^M cycloheximide (A) or 

8|o.M actinomycin D (B). In both cases, no potentiation was detected (Kruskal-Wallis, 

P>0.05). Right-angled arrows in the figure direct to right ordinates.

Fig. 5. Summary of the enhancement of SEPSCs induced in Mg2+-free solution. Each bar 

shows the average relative value (in % with S.E.) in normalized mean amplitudes of 

SEPSCs in n (the number of tested neurons shown in the Figure) neurons after induction. 

The mean amplitude in the initial 3-min was defined as 100%. An asterisk (*) indicates a 

significant increase (Mann-Whitney test, P<0.05).

Fig. 6. The traces of mEPSCs after induction of the enhancement of SEPSCs. The 

mEPSCs in voltage-clamped neurons at -60 mV were recorded for 3 min in the standard 

external bathing solution that contained 500 nM TTX 10 min before (A) and 20 min after 

(B) the induction of the enhancement of SEPSCs under Mg2+-free conditions. A dot in 

traces indicates a single mEPSC.

Fig. 7. Frequency of mEPSCs after the enhancement of SEPSCs. The mEPSCs were
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recorded for 3 min from the time indicated on the horizontal axis. The changes in

frequency after the Mg2+-free treatment are shown by solid bars. Note that a significant 

increase was confirmed. The increase in frequency was blocked by applying an inhibitor of 

protein synthesis, cycloheximide (CHX) at 1pM, as shown in the lower panel in.

Fig. 8. The enhancement of SEPSCs induced by application of conditioned medium. (A) 

Increase in amplitude of SEPSCs upon a change from standard external solution to 

conditioned medium. The Mg2+-free external bathing solution in which neurons had been 

incubated to induce the enhancement of SEPSCs was collected from the culture dish and 

the concentration of MgCI2 was adjusted to 1 mM. This conditioned medium was 

substituted by perfusion for the medium in another culture dish, in which neuronal activity 

had been measured in standard external bathing solution. The lower trace was recorded 

at 15 min after the substitution of medium. (B) The enhancement of SEPSCs induced by 

conditioned medium. Analysis of SEPSCs was performed as described in the legend to 

Fig. 2. The bar marked CM shows the duration of application of the conditioned medium. 

An asterisk (*) indicates the statistical significance of an increase, as confirmed by the 

Mann-Whitney test (P<0.05). Note that the enhancement of SEPSCs was rapidly induced 

within 5 min. (C) Control experiment. Conditioned medium prepared from standard 

external bathing solution that contained 1 mM MgCI2 did not induce the enhancement of 

SEPSCs. Right-angled arrows in the figure direct to right ordinates.
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Summary

Four strains of marine, aerobic, agar-decomposing bacteria with one

polar flagellum, and with G + C-ratterof the DNAal%38.9 to 40.2 mol% were 

isolated from the Far Eastern mussels Crenomyti/us grayanus and 

Pat/nopecten jessoensis. . According to carbon utilization tests and the BIOLOG 

identification system, these bacteria were phenotypically different from other 

Pseudoa/teromonas speciesTjHigh agar-decomposing activity was found in 

two strains, in one of which agarase, a-galactosidase, pustullanase, and 

laminarinase had been detected. The level of DNA homology of three of the 

strains was 70-100%. The fourth isolate was genetically less related to the 

others (67% of DNA relatednesshgnd phenotypically was more distant from

other members of this group. DNA of the strains isolated from mussels 

showed 40-45% of genetic relatedness with the DNA of A. atlantica, 8-36% 

with DNA of P. haloplanktis subsp. haloplanktis, P. ha/oplanktis subsp. 

tetraodonis, P. undina, P. nigrifaciens, P. carrageenovora, and 14-1 6% with 

DNA of Alteromonas macleodii as determined by DNA-DNA hybridization 

experiments. These results were confirmed by serological data employing

polyclonal antibodies to cell surface antigens. The name Pseudoa/teromonas 

mytili is proposed for the new species, and its differentiative characters are 

given. The type strain KMM 188 (=VKPM B3907) is deposited in the Russian 

Collection of Industrial Microorganisms (VKPM, Moscow) and in the 

Collection of Marine Microorganisms of the Pacific Institute of Bioorganic 

Chemistry (KMM, Vladivostok).
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Introduction

Intensive investigations of the genus Alteromonas during last few years 

have resulted in revision and specification of its taxonomic structure on the 

one hand (1, 2, 11, 12, 28), and broadening of the list of species on the 

other (8, 10, 17, 24). The resulting data ofySSU DNA sequences (12) 

revealed that the genus Alteromonas should be restricted to a single species, 

A. macleodii, while new genus Pseudoalteromonas was created for thirteen 

other species. The latter are common inhabitants of the aquatic environment, 

and were isolated mainly from seawater (5, 11). Pseudoalteromonas strains,

" typically associated with marine animals/ might be of particular interest as a 

promising source for new species with distinct features. One such feature is a 

high hydrolytic activity, particularly, in the degradation of array 

polysaccharides’ The agar-decomposing strains were found among Vibrio 

spp.j, Cytophaga sppJ, Pseudomonas sppy. and some actinomyces. Several 

years ago Akagawa-Matsushita et al. (1) clarified a taxonomic assignment of 

a species "Pseudomonas atlantica" and described these agar-decomposing 

bacteria as Alteromonas fnow Pseudoalteromonas) atlantica.

The goal of the present report is to describe the new strains of 

j Pseudoalteromonas genus isolated from the Far Eastern mussels Crenomyti/us

I grayanus and Patinopecten jessoensis.(Several members of this group proved
i . . . . . . . . . . .  . . . . . . .
u to hydrolyze agar-agar and other algal polysaccharides^

Materials and Methods

Bacterial strains and isolation procedure. The strains that we used are listed 

in Table 1. Mussels (C. grayanus and P. jessoensis) were collected in 1 985, 

1989, and 1990 at the Pacific Institute Bioorganic Chemistry Marine 

Experimental Station, Troitza Bay, Gulf of Peter the Great, Sea of Japan. 

Mussels were collected at a depth of 8 m (salinity, 33^W temperature, 1 2°C ) 

and were prepared aseptically. The strains were isolated from tissue

3



homogenates by plating on agar plates of marine agar 221 6 (Difco) and on 

plates with medium B, which contained 0.2% (wt/vol) Bacto Peptone (Difco),

0.2% (wt/vol) casein hydrolysate (Merck), 0.2% (wt/voll yeast extract 0
A S. pi

(Difco), 0.1 % (wt/vol) glucose, 0.002% (wt/vol) KH2PO4, 0.005% (wt/vol) 

MgS04^7H20 and 1.5 % (wt/vol) Bacto Agar(Difco), 50% (vol/vol) of natural 

seawater, and 50% (vol/vol) distilled water at pH 7.5-7.8 as described 

elsewhere (14). Strains were maintained on the same semisolid B medium in 

tubes under mineral oil at 4°C. The strains are streaked on agar plates from 

tubes every six months to control purity and viability.

Phenotypic analysis. The phenotypic properties used for characterization of 

Pseudoalteromonas and related species were djeteiThfRechas previously 

described (3, 4, 14, 25). Electron micrographs of negatively stained cells 

were prepared with an JAM-7 electron microscope.

Nutritional tests. The tests for utilization of various organic substrates (listed 

in Table 2) as sole carbon sources at a concentration of 0.1 % (wt/vol) were 

performed in 10 ml per tube of liquid BM medium (3). The bacteria were 

grown with shaking on a rotary shaker at 160 rpm for 72 h at 26 to 28°.C. To 

test the bacterial oxidation of 95 carbon sources simultaneously we used the 

BIOLOG technique. Strains were grown on marine agar plates at 28°C for 24 

h. Cell density was adjusted to A590 = 0.3+0.05 in ja^sterile solution of 23.5 g 

NaCI in 1000 ml of MiliQ waterj Three BIOLOG GN microplates (Biolog,

Hayward, CA) for each strain were inoculated with 150 pi of the cell 

suspension per well by means of a repeating pipetter. The inoculated plates 

were incubated at 28°C. The results were read visually as recommended by 

Ruger&Krambeck (23) after 1, 2, 3 and 5 days of incubation.

A cluster analysis was performed by STATISTICA for Windows > x I 

'SoftwarexRel. 4.3 B, StatSoft. Inc. 1993v An unweighted pair-group average 

method was used to.calculate cluster distances, and a dendrogram was 

drawn by using a per cent disagreement method.
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Genetic analysis. The DNA was isolated following the method of Marmur 

(20). The G + C content of the DNA was determined by the thermal 

denaturation method of Marmur and Doty (21). DNA-DNA hybridization was 

^studied spectrophotometrically and initial renaturation rates were recorded as 

described by De Ley et al. (7) and Levanova et al. (19).

Serology. The strains were grown in liquid B medium with shaking for 24 h at 

25° C. Cells were harvested by centrifugation for 20 min at 1OOOOxg, 

washed twice and suspended in 0.85% PBS buffer (pH 7.4) to a final density 

1x10^ cells/ml. Rabbit antiserum for the strains studied was prepared by 

immunization of rabbits by means of the cells killed with 1 % formaldehyde as 

described by Conway de Macario et al. (6). The Enzyme-Linked 

Immunosorbent Assay (ELISA) was performed by the methods of Voller et al. 

(30) and Karaulin et al. (15). The level of antigen relatedness was estimated 

as described by Conway de Macario et al. (6).

Characterization of pigments. The features of brown melanin-like pigment 

were tested as described earlier (14). For production of pigment we used B 

medium (as described above) and BT medium which had the same 

composition plus L-tyrosine at 1 g/lj^The synthetic (S) medium contained (g/l): 

KH2P04, 0.05; K2HP04/ 0.05; MgS04, 0.05; CuS04, 0.06; CaCI2, 0.05; L- 

methionine, 20 mg; DL-tKryptophan, 20 mg; a-asparagine, 10 mg; DL-
5C= 5C-

phenylalanine, 10 mg; yeast extract, 2; (NH4)2S04, 1 at pH 7,6. ST medium 

had the same composition plus L-tyrosine at 1 g/l. Inhibitors of
S'C- — J

S(. melanogenesis, such as L-cysteine, EDTA and ascorbic acid, were added at

1-10 rnMj. i i

Preparation of cell-free extracts. For preparation of crude enzymes, cells were 

grown in T+-Ef4enmeyer-fte'sks~with-0T5H--of liquid B medium with shaking at 

160 rpm for 24 h at 25°C. Cells were harvested by centrifugation for 20 min 

at 10000 xg at 0-4°C. Cells (25 mg of dry weight per ml) were^uspended in 

0.05 M phosphate buffer (pH 6.8) t-h-at-contained 0.1 M NaC|.[Tbe-
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suspension was immersed- in- a-fnixt ur^rof tc^rand-^4t7-af^d^ellsuA/,ac.e- 

disrupted by sonifiaationT]The sonicate was stored at 4° C for 1 8 h, ^ 

centrifuged at 10000 xg for 40 min and the supernatant was used as the 

crude preparation of enzymes.

Assays of enzymatic activity. Glycanase activities were assayed by the
n

method of Nelson (22) at 25°C with various pmitrophenyl glycosides 

io^btained-from-C'hefnac^ol) dissolved in 0.05 M sodium phosphate buffer, pH

7.0, as substrates. One unit of activity was defined as the amount of enzyme
/•'

that generated 1 mmol of p-nitrophenol in 1 min per 1 ml of crude enzyme 

preparation. Carbohydrate-degrading activities were determined using the 

following substrates: laminarin from Laminaria cicharoides (9) and pustulan 

from UmbiHicaria rossica, CM-cellulose and starch (Fluka), dextran (Koch- 

Light Laboratories) and chitosan from the crab Paralitodes camtschatica, 

which was kindly provied by P. Lukyanov (PIBOC FEB RAS). All 

polysaccharides were dissolved in 0.05 M sodiumphosphate buffer pH 6,8. 

One unit of enzyme activity was defined as the amount of enzyme that 

liberated 1 pmol of reducing sugars in 1 min per 1 ml of the preparation of 

crude enzyme under the given conditions. The concentrations of the reducing 

sugar were determined by the method of Nelson (22).

Results and Discussion
y^ Identification to^tkecgenus level. The four strainsjstudled-(KMM 157, 

KMM 1 88t , KMM 280, and KMM 327) were gram-negative, strictly aerobic, 

rod-shaped bacteria with one polar flagellum (Fig. 1). None of the bacteria 

accumulated poly-(3-hydroxybutyrate as an intracellular reserve product and 

had an arginine dihydrolase system. All were oxidase-positive, and all 

required Na + ions or seawater for growth. The G + C contents of the DNAs 

were 39.2-40.2 mol%. Cellular fatty acids were essentially the same as those 

of Pseudoa/teromonas species as described by Svetashev et al.(26) and
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comprised 1 6:1 (n-7), 1 6:0, 17:1, 18:1(n-7) fatty acids which were the most 

abundant. All these properties allowed us to assign the isolates from mussels 

to the genus Pseudoalteromonas.

/ The notable feature of the studied organisms is their phenotypic

variability (Table 2). The strain KMM 188 produced a dark brown pigment 

in all tested media (in particular at low temperatures), strain KMM 1 57
_____ Au d

produced light-orange pigment in some media,(strains KMM 280 and 327 

were colourless in ordinary conditions of cultivation. This fact lead us to 

examine the formation of pigment on tyrosine-containing media that are 

optimal for melanogenesis and in media containing its inhibitors (cysteine, 

EDTA, and ascorbic acid). We found that all of four strains produced brown 

pigments on tyrosine-containing media and were colorless in presence of

inhibitors. The pigments were not extractable with water, alcohols or various'
,» M

polar solvents but were extracted from cells with a 0.5 .-N sotutfdrrcrf-NaOH in

water-and-formed^a JD-ro wn-solution. The alkSfine pigment ^solution behaved

qualitatively as melanin: it became colorless upon addition of ^2^2, whereas

the addition of KMnO^ gave a green "solution. The absorption maxima of the
\ nfWy. rtU 6

pigment at 225 and 273 nm were[e!es#-tothdse"Tor synthetic melanin

(Sigma), namely 223 and 269 nm. The IR spectrum of the pigment had peaks

at 1,714, 1,702, 1,672, 1,624, 1,510, 1,486, 1,402 and 1,024 cm"1. All the
<? • ..

data confirmed the-metamn4ike-natufe-©-f the pigments^

Strains KMM 188 and 157 hydrolyzed agar, wheseas strains KMM 280
r

and 327 did not show aga^lytic activity. Only one agar-decomposing member 

of Pseudoalteromonas genus, P. at/antica, has been described at present, but
f"

strains isolated from mussels were distant from this species in their/ properties
A

and level of DNA homology (see below).

The nutritional spectra of strains studied, particularly of KMM 157, are 

rather diversed. The strain KMM 1 57 differs from other three members of the 

group by its ability to utilize 15 different C-sources. At the same time BIOLOG
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technique based on bacterial oxidation of 95 carbon sources has shown a 

close similarity between strains KMM 188 and 1 57 (Fig.2). According to 

metabolic profiles obtained, strains KMM 188 and 157 were clearly 

distinguished from other species oTmlate4-m£i#e-baGteria: The type strains 

of Marinomonas vaga and Marinomonas communis; proved to be distant from
..- ___ _ r

the typepseudoalteromonas .^tram^L On the contrary, type strain of ^ ^

Alteromonas madeodii was phenotypically^lSdeTo Pseudoalteromonas spff',
z"' Wp.

especially P. haloplanktis,;tetraodonis.

DMA relatedness. The levels of DNA relatedness of strains isolated from 

mussels and some type species of Pseudoalteromonas are presented in Table

3. Four strains studied have shown 67-100% of DNA homology and hence 

belong to one species (30). Their genetic similarity with the type strain of P. 

atJantica was 40-45%, with other Pseudoalteromonas type strains, and 

Alteromonas madeodii was lower, ranging from 8 to 36%.

Serology. The results of the DNA-DNA hybridization experiments were ' L

seppbrted-by serological data employing polyclonal antibodies to cell surface 

determinants. Antiserum to strain KMM 188 did not discernibly react with 

surface antigens of P. atlantica, P. madeodiiP. piscicida, and P. halop/anktis 

subsp. ha/oplanktis and showed 34%, 45%, 46%, and 62% of surface 

antigen similarity, respectively.

Enzyme activities. The enzyme activities of the strain KMM 188 was studied 

using a set of carbohydrates including some algal polysaccharides (Table 4).

Agarase (4-glycan hydrolase) which catalyzes agar-agar hydrolysis to 

relatively large fragments and a-galactosidase (a-D-galactoside 

galactohydrolase) which releases a-galactose from the non-reducing side of 

oligosaccharides that constitute one of the component of agar-agar, were 

found as well as pustulanase and laminarinase, enzymes that hydrolyze the 

brown algae ((3-1,6- and (3-1,3-glucans). It is of interest to note that the 

activity of a-galactosidase was twenty times jnore than agarase. We assume

8 304



the effective hydrolysis of agar-agar by strain KMM 188 was due to the 

additive effect of agarase and a-galactosidase probably produced at different 

growth phases.

Description of Pseudoalteromonas mussel/sWaffts. Our present data give

evidence that the strains studied bdlong to a new species, although we can

not yet find an explaination for the essential phenotypic differences of strain 

KMM 1 57 from other members of the group^j According to the results 

obtained, we propose a new species Pseudoalteromonas mytili, a description 

of which is given below fits differential characteristics (Table 5) are based on ~~i <- 

properties of three genetically and phenotypically more similar strains of the ^ 

groupj

Pseudoalteromonas mytili sp. nov. (my. ti.'li. L. gen. n. mytili, of 

mussels the genus [Mytiius^j. Cells are Gram-negative, strictly aerobic, motile ’ 

with one polar flagellum, rod-shaped, 0.5-0.8x1.0-1.5 pm in logarithmic 

growth phase. Produces cellular melanin-like pigment depending on medium 

composition and culture conditions. Sodium ions are essential for growth.

Amino acids are not required for growth. Temperature range for growth is 4- 

35°C. Most rapid growth occurs at 28°C. The optimum pH range is 7.0-8.5. 

Chemoorganotrophs; metabolism is strictly respiratory. Positive for hydrolysis 

of starch, and gelatin, some strains hydrolyze agar-agar, pustulan, and 

laminarin. Chitin and Tween-80 are not hydrolyzed. Positive for oxidase and 

catalase, and levansaccharase. Negative for nitrate reduction, denitrification, 

luminescence. Glucose, ribose, rhamnose, mannose, fructose, cellobiose, 

lactose, gluconate, acetate, propionate, butyrate, caproate, succinate, 

aconitate, glycogen, mannitol, adonitol, ethanol, p-hydroxybenzoate, 

phenylacetic acid, aspartic acid, glutamic acid, L-arginine, L-ornitine, L-
D v-

tyrosine, and L-prolinejutilized as sole sources of carbon and energy. The 

following compounds are not utilized: arabinose, maltose, valeriate, glutarate, 

inositol, threonine and lysine. The strains are sensitive to rifampicin,
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ampicillin, gentamicin, oxacillin, polymyxin, erythromycin, ofloxacin. The main 

fatty acids of the cells are palmitoleic, palmitic and c/s-vaccenic acids."

L The G + C content of the DNA is 38.9-40.2 mol% y 

? isolated from Far Eastern mussels:

- The type strainns strain KMM 188 (= VKPM B 3907).
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Table 1. List of strains studied

Name Strain Other designations Source

Marinomanas vaga ATCC 27119 T ATCC

Marinomonas ATCC 27118 T ATCC '^ ~

communis

Pseudoalteromonas KMM 157 2GM20 Mussel, Patinopecten ~~ ~~~

mytili (2) jessoensis, Sea of Japan,

Troitza Bay

Pseudoalteromonas /
KMM 188 T 32MA Mussel, Crenomytilus graynus\

mytili (1) Sea of Japan, Troitza Bay

Pseudoalteromonas KMM 280 4GM5 " Mussel, Patinopecten

mytili jessoensis, Sea of Japan,

Troitza Bay

Pseudoalteromonas KMM 327 4GM7

mytili

Pseudoalteromonas ATCC 33046t .......... ATCC
/ aurantia

Pseudoalteromonas ATCC 33492^ ATCC
z luteoviolacea

Pseudoalteromonas ATCC 29570T ATCC

/ rubra

Pseudoalteromonas ATCC 29719 T ATCC

/ citrea

Pseudoalteromonas KMM655Tb I AM 12376t, IAM 12927t, M. Akagawa-Matsushita
z

atlantica NCIMB 301t, ATCC

19262t

Pseudoalteromonas KMM 160 2MC41 Mussel (C. grayanus), Sea of

nigrifaciens (3) Japan, Troitza Bay,

Pseudoalteromonas KMM 156 2ML26

nigrifaciens (2)

;ni
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pseudoal teromonas KMM 298 4ML18

nigrifaciens (1)

Pseudoalteromonas KMM661Tb LMG 2227T, NCTC LMG

nigrifaciens (A) 10691t, ATCC 23327/ilmm
' fefev

Pseudoalteromonas ATCC 29659 T ATCC
/ espejiana

Pseudoalteromonas KMM662Tb IAM 13010T, ATCC U. Simidu

nigrifaciens (I) 19375T, NCIMB 8614%*
fct 1

Pseudoalteromonas IAM 12922 T ATCC 29660t M. Akagawa-Matsushita

./ undina

z
Pseudoalteromonas KMM 460 T IAM 12915t, ATCC U. Simidu

haloplanktis subsp. 14393t, NCIMB 2084T,

haloplanktis Zobell &Upham 545

Pseudoalteromonas KMM 656 T IAM I2662t, ATCC M. Akagawa-Matsushita

z carrageenovora 43555t, NCIMB 302T

Pseudoalteromonas KMM 458t IAM 14160 T U. Simidu

z haloplanktis subsp.

tetraodonis

Alter omonas KMM 568^ ATCC 27126T, IAM ATCC

macleodii 12920t, NCIMB 1963T *

Pseudoalteromonas LMG 2251T ATCC 15057t LMG

piscicida

a ATCC, American Type Culture Collection, Rockville, MD, USA; IAM, 

^Institute of Molecular and Cellular Biosciences (formerly Institute of Applied 

Microbiology), University of Tokyo, Bunkyo-ku, Tokyo, Japan; KMM, Collection of 

Marine Microorganisms, Pacific Institute of Bio-Organic Chemistry, Vladivostok, 

Russia; LMG, Collection of bacteria of the Laboratory of Microbiology, University of 

Gent, Gent, Belgium; NCIMB, National Collection of Industrial and Marine Bacteria, 

NCIMB Ltd., Torry Research Station, Aberdeen, Scotland; NCTC, National 

Collection of Type Culture, London, England. 

b T = type strain
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Table 2. Phenotypic features of Pseudoalteromonas myti/i strains isolated 

from mollusks

Characteristic
KMM 188 KMM 327 KMM 280 KMM157

Polar flagellum + + + +
Oxidase activity + 4* + +
Pigmentation black - - light orange
Na+ required for 
growth

+ + + +

Requirement for 
organic growth
factors
Arginine
dihydrolase activity

- - - -

Denitrification - - - -

Production of:
Agarase + - - +
Gelatinase + + + +
Amylase + + + +
Lipase - - - 4-
Chitinase - - - -

Alginase nd nd nd nd
Levan + + + +

Growth at:
4°C + - - -

10°C + + + +
28°C + + + +
35°C - . + + -

41 °C - - - -

Utilization of:
D-Glucose + + + -

D-Ribose + + + +
D-Xylose + - - -

D-Arabinose - - - -
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D-Rhamnose + + + -

D-Mannose + + + -

D-Galactose + - - -

D-Fructose + + + +

Sucrose + - - +

Trehalose + - - +

Maltose - - +

Cellobiose + + + -

Lactose + + + +

Gluconate + + + -

Salicin - + - -

Acetate + + + -

Propionate + + + +

Butyrate + + + +

Valerate - - - +

Caproate + + + -

Succinate + + + -

Fumarate - + + -

a-Glutarate - - - -

DL-Lactate - + - 4-

Citrate - - + -

a-Ketoglutarate - - - -

Pyruvate - + + +

Aconitate + + + +

Glycerol + - + -

Caprylic acid - - - -

Pelargonic acid - - - -

Glycogen + + +

Mannitol + + + ' +

D-Sorbitol + + - +

Inositol - - - +

Adonitol + + + -

Ethanol + + + +

P~
Hydroxybenzoate

+ + + +

Phenylacetic acid + + + +

L-a-Alanine + - - +
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L-Threonine + - - +

Aspartic acid 4- + + -

Glutamic acid + + + +

l-Lysine - - - +

L-Arginine + + + +

L-Ornithine + - + +

L-Histidine - - - -

L-Proline + + + -

L-Tyrosine - + + +

L-Phenylalanine - - +

Susceptability to:

Rifampicin (1 5pg) + + + +

Rhistomycin - - - -

(1 5'OjLig)

Kanamycin (10pg) - - - -

Ampicillin (10pg) - - - -

Benzyl-penicillin - - - -

(1 Opg)

Streptomycin

(1 5pg)

- - - -

Neomycin (1 5pg) - - - -

Erythromycin + + + +

(15pg)

Gentamicin (1 Opg) + + + +

Oxacillin (20pg) + + + +

Cephalexin (10pg) - - - -

Polymyxin (50pg) + + +
Lincomycin (10pg) - - -

Ofloxacin (10pg) + + + -

a 4-, positive, negative, ND, no data;

315
19



Table 3. DNA relatedness among tested strains

1 | % hybridization with [ x
1 DNA from:

^ r§tram
G+C
con
tent

(mol%)

KMM
188

KMM
157

KMM
280

A mytili KMM 188 r 39.2 - 67

P. mytili KMM 157 40.0 67

P. mytili KMM 280 40.0 70
...

P. mytili KMM 327 39.8 100 "

P. haloplanktis subsp. 
haloplanktis IAM 12915 T

40.2 42 10

P. haloplanktis subsp. 
tetraodonis IAM 14160 T

36.1 10 8 ^

P. atlantica ATCC 192621 39.2 40 45 "

P. undina IAM 12922 T 42.2 24 16

P. carrageenovora IAM 12662 T 39.2 36

P. nigrifaciens IAM 13010T 39.2 24 8

A. macleodii AJCC 27126 t 44.4 16 14 "

P. nigrifaciens KMM 156 39.2 48 42 7

P. nigrifaciens KMM 298 39.5 33

P. nigrifaciens KMM 160 39.3 32"%
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Table 4.

Enzyme activities of strain KMM 1 88

Enzyme PH Enzyme activity, 
u/ml

a-Galactosidase

7. 0

10

a-N-

Acetylgalactosaminidase

7. 0 no

P-N-Acetylhexosaminidase 1. 0 1. 5

(3-Galactosidase 7. 0 0. 75

Laminarinase 5. 15 2. 00

Pustulanase 5. 15

od

Cellulase 5. 15 1.0

Dextranase 5. 15 0. 40

Amylase 5. 15 0. 40

Agarase 7. 0 0. 5

Chitinase 7. 0 no
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Table 5. Differentia

) y/in.

characteristics of Pseudoalteromonas Species

P.

mytili

KMM

188

P.

haloplan

Ms

subsp.

haloplan

Ms I AM

12915r

P.

haloplan

Ms

subsp

tetraodon

is I AM

14160T'

P.

atlantica

IAM

12975?"

P.

carragee

novora

IAM

12662?*

P.

espejiana

IAM

12640?'

P. undina

IAM

12922?'

P. rubra

ATCC

29580 ?b

P.

luteoviola

cea

ATCC

33492 ?b

P. citrea

ATCC

29719?b

P.

aurantia

ATCC

33046 ?b

P.

piscicida

ATCC

15251r

p.

denitrifica

ns ATTC

43337 ?'

P.

nigrifacien

s

ATCC

19375 T'

Melanin-like dark

pigment

d + - - + - - - - - - - - df

Denitrification with

gas formation

- - - - - - - - - - - - + -

Production of: i

Amylase + _ + + + + + + + + + +

Chitinase - _ + d _ +

Agarase d _ J + . . . .

Growth at:

4°C d + , . + . d . + + d

35°C d + + T + + + + + d + d

CO



Utilization of:

D-Mannose + + + + + + +

D-Fructose + + + + + + + + +

Sucrose d + + + + + + +

Maltose v -y i + + + + + d + +

Cellobiose + + + d „ d

Lactose + + + + + „ . . _ . „ d

D-Gluconate + + . . „ _ . d

Pyruvate d + + + . + . . + +

Fumarate d + + + + + . • . .

Glycerol d . + + + . . . d

Rhamnose d „ . „ d

Citrate d + _ + +
!

+ +

a Data from reference 1. 
b Data from reference 5. 
c Data from reference 12. 

d Data from reference 10. 
eData from reference 13.
fd, 11-89% of strains are positive; +, positive; negative.
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Subscription for figures

Figure 1. Electron micrograph of Pseudoalteromonas mytili KMM 188. xl2000.

Figure 2. Dendrogram showing the clustering of Pseudoalteromonas spp. and some 

related bacteria based on unweighted pair-group averagefpercent^di^agreement from 

the BIOLOG assay. All strains are in the same sequences as in Table 1.
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ABSTRACT

The ability of free-living and animal-associated marine bacteria to produce 

antimicrobial peptides was studied in 491 strains isolated from north and south parts of 

the Pacific Ocean. A total of 26% of strains examined produced antimicrobial 

compounds, which included peptides. The number and the complexity of the 

antimicrobial compounds might be a reflection of their diverse functions. Strains of 

Bacillus spp., Vibrio spp. and species in the Pseudoalteromonas-Pseudomonas group 

had the highest proportions of active strains (37.5%, 40%, and 22%, respectively). 

Species associated with marine invertebrates were more active (from 20% to 40% of 

all strains) then free-living bacteria.

Twelve strains producing antimicrobial peptides were selected for future 

analysis. Among them, only one strain, strain of Bacillus sp., was isolated from 

seawater. The others, strains of Pseudoalteromonas spp. and Bacillus spp., were 

associated with crabs, mussels (Crenomytilus grayanus and Patinopecten jessoensis), 

and sponges (Haliclona sp., Chonelasma sp, Phylospongidae, and several unidentified 

species). The antimicrobial spectra of these peptides were similar to those of 

dermaseptins and plant peptides. Peptides from marine bacteria inhibited the growth of 

Candida albicans, Staphylococcus epidermidis, and Enterococcus faecalis.

INTRODUCTION

Numerous microorganisms that live in seawater, on benthic substrates and in 

association with an array of marine animals and algae have been isolated from aquatic 

environments. In the complex marine communities, the interactions between predator 

and prey and between different organisms are of a great importance. Recent studies 

suggest that many of such organisms that have few or no morphological means of 

defenses defend themselfs by producing chemicals that are toxic to others (Sammarco 

and Coll 1988; Davis at al. 1989, McClintock and Janssen, 1990, Paul, 1994). One 

group of such defensive secondary metabolites consists of antimicrobial peptides.



Moreover much evidences exists to support the hypothesis that certain antibacterial 

peptides play a dual role, being active both in defense and in the development of the 

organisms (Natori, 1990). Although antimicrobial peptides were usually been isolated 

by of antibiotic assays, it should be pointed out that many of them have also been 

reported to exhibit other biological activities, such as the promotion of wound healing 

(Jacob and Berkowitz, 1991), inhibition of adrenocorticotropic hormone (Zue et al., 

1988), inhibition of protein kinase C (Nabayubashi et al., 1990), and stimulation of 

monocyte chemotaxis (Territo et al., 1989). Antimicrobial peptides isolated mainly 

from animals, have been separated on a chemical and biochemical basis into five 

families (Boman, 1994). Particular attention has been paid to study of bioactive 

peptides from sponges. Most of them have a unique cyclic lipolytic structure and 

include unusual amino acids, such as a-keto aminoacids, vinylogous amino acids that 

might be associated with symbiotic microorganisms, in particular with cyanobacteria 

(Fusetani, and Matsunaga, 1993).

Unlike peptides from animals, several antimicrobial peptides that are produced 

by soil bacteria have been reported to have complicated ring systems (for example, 

nisin and subtilin; Sahl, 1994). The only peptide-related compounds from marine 

bacteria reported to date are halobacillin, a cytotoxic acylpeptide similar to surfactin 

but without antifungal or antibiotic activity (Trischman et al, 1994), antiviral 

macrolactins (Gustafson et al, 1989), and bisucaberin (Takahashi et al., 1987). 

Surprisingly little is known about linear antimicrobial peptides from marine bacteria 

(Jensen, and Fenical, 1994).

Since antimicrobial peptides are known as defensive secondary metabolites that 

have been found in different organisms, we initiated a research program to examine 

free-living bacteria and bacteria associated with marine sponges, ascidians, algae, and 

mollusks for the production of antimicrobial peptides. The bacteria were isolated from 

different areas of the Pacific Ocean. Their production of antimicrobial peptides was 

analyzed and we determined the spectrum of activity of some of them, as well as the 

conditions required for their biosynthesis during bacterial growth.



MATERIALS AND METHODS

The strains studied and screening for production of antibiotics

The microorganisms studied were taken from the Collection of Marine 

Microorganisms (KMM) of the Pacific Institute of Bioorganic Chemistry of the Far 

Eastern Branch of the Russian Academy of Sciences (PEBOC RAS), Vladivostok, 

Russia.

Antibacterial activities were tested against Staphylococcus aureus IFO 14462, 

Staphylococcus epidermidis IFO 12993, Escherichia coli IFO 15034, Proteus vulgaris 

IFO 3851, Proteus mirahilis IFO 13300, Enterohacter cloacae IFO 13535, 

Enterococcus faecalis IFO 3989, Candida albicans, Bacillus subtilis, Aeromonas 

hydrophila subsp. anaerogenes IFO 13282, and Vibrio anguillarum IFO 13266. Test 

strains were obtained from the Culture Collection of the Institute for Fermentation, 

Osaka, Japan.

Bacteria were inoculated in the center of plates and were grown on medium I 

which contained (w/v): 0.2% Bacto-peptone (Difco), 0.2% casein hydrolysate 

(Merck), 0.2% yeast extract (Difco), 0.1% glucose, 0.02% KH2PO4, 0.005% MgSO^ 

7H2O, 1.5% Bacto-agar (Difco), 0.1% CaCl%, 0.01% Kbr. The medium was prepared 

in a mixture of 75% (v/v) natural seawater and 25% distilled water. The pH was 

adjusted to 7.8 with 10 M NaOH. All plates were incubated for 7 days at 28°C. The 

test strains were swabbed perpendicularly to the producer strains. Antibacterial effects 

were apparent as the absence of growth in the region where the test strain coincided 

with the producer strain by an inhibition zone in the confluence area.

Bioassay of antibacterial activity after treatment with trypsin

The strains that showed apparent antibacterial activity on plates were selected 

and cultured in tubes that contained 10 ml of liquid medium I of the same composition 

as describe above for 7 days on a rotary shaker operated at 120 rpm. After incubation, 

cells were removed by centrifugation at 8000 rpm for 25 min.

The effect of trypsin was evaluated by adding 10 mg trypsin gel (Sigma, St. 

Louis, MD, USA) to 1 ml of each culture supernatant. After a 1-h incubation at 30°C
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on a rotary shaker, the enzyme was removed by centrifugation at 15000 rpm for 5 min. 

Antibacterial activity was assayed by the agar diffusion methods (Gauthier, and Flatau, 

1976). Cultures (0.1 ml) of test strains were spread on tryptic soy agar (TSA; Difco) 

plates in which circular wells (diameter, 10 mm) had been cut. Samples (0.1 ml) were 

added to the wells and zones of inhibition were measured after incubation for 48 h at 

28°C. Supernatants without trypsin treatment were used as appropriate controls.

Preliminary estimations of molecular masses

The bacteria were grown in 500-ml flasks with 100 ml of liquid medium for 2 

days on rotary shaker (170 rpm) at 28°C. The first medium was medium I, mentioned 

above and the second one was medium II, which contained (w/v): 0.2% Bacto- 

peptone, 0.2% casaminoacids (Merck), 0.1% yeast extract, 0.1% soluble starch, 0.1% 

CaCl2, and 0.1% NH4CI. The medium was prepared in a mixture of 75% (v/v) of 

natural seawater and 25% (v/v) distilled water. The pH was adjusted to 7.8 with 10 M 

NaOH. After the incubation the cells were pelleted by centrifugation at 8000 rpm for 

25 min.

Preliminary estimations of molecular masses were made by ultrafiltration 

through low-adsorption, hydrophilic, YM membranes, Centricon-3 and Centricon-10 

(Amicon, USA) in accordance with instructions. The antibacterial activity of 

compounds of less than 3 kDa and 10 kDa substances that had passed through 

membranes was examined again with an appropriate controls.

The effect of variations in growth conditions on the production of antibacterial 

compounds

The influence of the duration of cultivation on antibacterial activity was 

determined in liquid medium after 2,3,5, and 6 days of culture in liquid medium by the 

agar diffusion method. All experiments were repeated twice to ensure reproducibility.

RESULTS

The spectrum of antimicrobial activity



The ability of the various bacteria to produce antimicrobial substances was 

tested against Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli, 

Proteus vulgaris, Proteus mirabilis, Enterobacter cloacae, Enterococcus faecalis, 

Candida albicans, Bacillus subtilis, Aeromonas hydrophila subsp. anaerogenes and 

Vibrio anguillarum. The spectra of the antibacterial activities of the studied strains are 

presented in Figure 1. In all, 126 strains (about 26%) of 491 tested strains inhibited the 

growth of test strains. No strain inhibited the growth of Enterobacter cloacae, and 

Escherichia coli grew weakly in the presence of antibiotics from several strains. 

Antimicrobial substances produced by marine bacteria were especially active against 

Staphylococcus epidermidis, Proteus vulgaris, Enterococcus faecalis and Candida 

albicans. We note also that 135 strains showed weak antifungal activity (data not 

shown in Fig. 1).

Prevalence of producers of antimicrobial substances among the strains studied

The bacteria under investigation had different abilities to produce antimicrobial 

substances (Fig. 2). Strains of Bacillus spp. and Vibrio spp. yielded the highest 

proportions of active strains (37.5-40%) and about 22% of the species in the 

Pseudoalteromonas-Pseudomonas group produced antimicrobial substances. It is of 

interest, that the majority of strains studied were associated with marine invertebrates 

(Fig. 3), and these species are appeared to be more active (from 20% to 40% of all 

strains) then free-living bacteria. The representatives of the genus Bacillus seem to 

provide an exception since about half of the bacilli from seawater produced 

antibacterial substances. Figure 4 shows the significant difference between bacteria 

from the northern (Japan and Okhotsk seas) and southern (Coral sea, Cook Islands) 

parts of the Pacific Ocean in terms of production of antimicrobial compounds. 

Unfortunately, the small number of representatives of Vibrio, Deleya and 

Flavobacterium from southern part of the Pacific prevents us from drawing any 

conclusions at the level of the genera. Nevertheless, among bacilli and the 

Pseudoalteromonas-Pseudomonas group from the southern Pacific, the number of 

active strains was found to be greater than that from the Japan and Okhotsk seas.
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Search for bacteria that produce antimicrobial peptides

After a preliminary screenings we selected 70 strains that had the highest 

antimicrobial activities. These bacteria were grown in liquid nutrient medium, the 

culture supernatant was treated with trypsin to confirm the proteinaceous nature of the 

active materials, and supernatants were subjected to ultrafiltration through Centricon-3 

and Centricon-10 membranes. Antimicrobial activity was examined after each step. 

Twelve strains, isolated from different sources (see Table 1), whose activity 

disappeared after treatment with trypsin, were then subjected to more detailed analysis 

to determine the conditions for the expression of antimicrobial activity. Tables 2 and 3 

summarize the antimicrobial activity after cultivation on plates or in flasks, after trypsin 

treatment and after ultrafiltration. Inhibition of the growth of E. coli and P. vulgaris 

was noted to be more effective after cultivation in flasks whereas inhibition of the 

growth of Enterococcus faecalis was less effective. The results give evidence that 

marine bacteria produce a wide range of antibiotics of different chemical composition; 

the same strain may simultaneously synthesize few antibacterial substances of 

proteinaceous and non protein nature. For example, the antibiotics produced by strains 

114 and 115 (Table 3), and inhibiting the growth of P. vulgaris were not inactivated by 

trypsin and hence didn't belong to peptides. On the other hand these strains produced 

the trypsin-sensitive compounds, evidently low molecular peptides, inhibiting growth 

of C. albicans and S. epidermidis.

The level of antimicrobial activity in liquid culture was time-dependent and the 

activity varied among different strains. For example, some strains in Table 2 inhibited 

the growth of test cultures after a 24-h incubation, other strains were active after 48- 

74 h.

To evaluate the effect of composition of the culture medium on production of 

antimicrobial peptides, we cultivated selected strains on the medium II (Table 4). The 

results showed that medium I was more favourable then medium I for the antibiotics 

synthesis. These facts suggest also that the strains studied produced different 

antimicrobial substances dependending on the composition of the medium.
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DISCUSSION

The production of antimicrobial compounds by marine bacteria has been 

investigated for several decades, although most of the structures of such compounds 

remain unknown (Austin, 1989), and the ecological and physiological significance of 

bacterial antibiotics is a subject of some discussion (Lemos et al, 1991). It is likely that 

antibiotic compounds provide producers with a competitive advantage as compared to 

non-producers. Such compounds can prevent the growth of susceptible bacteria and, 

consequently, serve as a chemical defense system both for antibiotic-producing strains 

and associated marine organisms. One group of antimicrobial compounds consists of 

peptides. To evaluate the production of antimicrobial peptides by marine bacteria, we 

grew various strains on a seawater based medium, which contained KBr. Our 

experiments showed that common medium II used for isolation and maintaince of 

strains failed to induce the production by bacteria of antimicrobial substances. We 

found that 26% of all studied strains grown on media I had extremely high levels of 

activity, and about 27% of them had antifungal activity. The anti-yeast activity of 

marine species of heterotrophic bacteria has previously been reported, but the nature of 

the active substances has not been elucidated (Bucket et al., 1963), with the exception 

of that of an intracellular antifungal antibiotic from purple photosynthetic bacteria 

(Burgess et al., 1991). Among the bacteria studied here, producers of antimicrobial 

substances were dominant in the Pseudoalteromonas-Pseudomonas group and bacilli, 

which were mainly associated with marine animals and were isolated from the southern 

Pacific. Twelve strains producing antimicrobial peptides were selected for future study. 

Among them, only one strain of Bacillus sp. had been isolated from seawater. The 

other strains of Pseudoalteromonas spp. and Bacillus spp. had been associated with 

crabs, mussels (Crenomytilus grayanus and Patinopecten jessoensis), and sponges 

(Hallclona sp., Chonelasma sp., Phylospongidae, and several unidentified species).

The data presented here show that the marine bacteria have wide spectra of 

antimicrobial activities. Moreover, their activities also varied with the duration of
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cultivation and media composition. These observations suggest that bacteria produce 

several active substances at different times. We assume that the diversity of 

antimicrobial compounds might be a reflection of their diverse functions in, for 

example, defense, symbiosis, and control of marine bacterial populations.

The antibiotics passed through a Centricon-3 membrane are assumed to belong 

to antimicrobial peptides. These bacterial peptides inhibited the growth of Candida 

albicans, S. epidermidis, and Enterococcus faecalis. Similar spectra of antimicrobial 

activities have been reported for peptides from plants seeds (Cammue et al., 1994) and 

for dermaseptins (Mor et al, 1994). These peptides have antifungal activity and are 

also active against Enterococcus faecalis, Cryptococcus neoformans, and Aeromonas 

cavie, the causative agent of red-leg disease in amphibians. Dermaseptin peptides, such 

as the bombinins, magainins, and dermaseptins, isolated from the skin and 

gastrointestinal system of amphibians; and the cecropins from insects were reported to 

have a linear, cationic (lysine-rich), helical amphipathic structure. The mode of action 

of these peptides suggests their direct interactions with the lipid groups of the 

membranes that lead to changes in membrane functions. Future studies of 

antimicrobial peptides produced by marine bacteria will determine their chemical 

structure and biological activity, as well as estimate their relatedness to such peptides 

from plants and animals.

This study was supported by a Fellowship grant from the Foreign Researcher 

Invitation Program of the Agency of Industrial Science and Technology, Japan.
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Table 1. Sources of marine strains with highest antimicrobial acivities

Designation Taxon Strain
number

Origin Source Date of 
isolation

114 Pseudoalteromonas 4ML13 Japan Sea, Troitza Bay Mussel (Crenomytilus grayanus) Jul, 1990
sp •

115 Marinomonas sp. 4GM8 Japan Sea, Troitza Bay Mussel (Patinopecten jessoensis) Jul, 1990

165 Pseudoalteromonas 7-77-7/1 Pacific Ocean, Okhotsk Sea Crab (Paralithodes camtschatica) Jun, 1988
sp,.

166 Pseudoalteromonas 7-77-2 Pacific Ocean, Okhotsk Sea Crab (Paralithodes camtschatica) Jun, 1988

J 132 Pseudoalteromonas 7-145-19 Pacific Ocean, Coral Sea Sponge (unident, sp.) Jul-Nov, 1988
* sp.

149 Bacillus sp. 7-193-11 Pacific Ocean, Coral Sea Phylospongidae Jul-Nov, 1988

174 Pseudoalteromonas 
sp..

7-s23-
22/1

Pacific Ocean, Okhotsk Sea Sponge (Chonelasma sp.) Jun, 1988

179 Pseudoalteromonas 7-S16-4 Pacific Ocean, Okhotsk Sea Sponge (Haliclona p.) Jun, 1988
sp..

301 Bacillus sp. 7-144-4/1 Pacific Ocean, Coral Sea Sponge (unident, sp.) Jul-Nov, 1988

307 Bacillus sp. 7-165-15 Pacific Ocean, Coral Sea Sponge (unident, sp.) Jul-Nov, 1988

361 Bacillus sp. 7MB129 Pacific Ocean, Coral Sea Sea water Jul-Nov, 1988

458 Bacillus sp. 7-248-3 Pacific Ocean, New
Zealand

Sponge (unident, sp.) Jul-Nov, 1988



Table 2. Production of antimicrobial compounds by various marine bacteria.

Antibiotic- Duration Producer strain

producing

strain\Test strains

of

incubation

114 115 149 301 307 458

Staphylococcus 24 h1 2 15 183 15 11 -

aureus

48 h 18 20 17 15 13 13

72 h 25 20 11 11 11 11

Plates4 +5 + 20 10 20 +

Staphylococcus 24 h 15 25 15 15 15 11

epidermidis

48 h 25 30 17 15 13 13

72 h 25 20 11 15-20 11 15-20

Plates + + 10 25 + +

Aeromonas

hydrophila 24 h - 25 15 18 11 11

48 h 20 15 17 20 15 -

72 h 15 11 20 20 18 18

Plates + + - + - -

Vibrio

anquillarum 24 h 17 30 13 25 14 w

48 h 30 18 11 11 20 11

72 h - - - - - -

Plates + + - - - -

Proteus vulgaris 24 h 15 20 11 18 11 11

48 h 20 30 - 13 13 13

72 h - 11 - - - -

Plates + + - - - -

Proteus mirabilis 24 h
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48 h - - - - - -

72 h - - - - - -

Plates + - - - - -

Escherichia coli 24 h - 11 15 - - -

48 h 17 18 17 - w w

72 h 17 15 - - - -

Plates 15 - - - - -

Enterococcus

faecalis 24 h - - - - - -

48 h - - - - - -

72 h - - - - - -

Plates 15 10 10 - - -

Candida albicans 24 h 21 36 - - - -

48 h 18 28 11 13 13 13

72 h 25 20 - - - -

Plates + + 15 10 10 15

Bacillus subtilis 24 h 11 11 11 18 15 11

48 h 20 18 - - - -

72 h - - - - - -

Plates - - 25 - - 30

\ Antimicrobial activity of the culture fluid tested by agar diffusion assay; 2, no 

inhibition; 3, diameter of inhibition zone; 4, cultivation on plates of 7 days; 5, total 

inhibition of growth of the test strain.
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Table 3. Differences in antimicrobial activity1 of marine bacteria culture fluid before and after treatment with trypsin

Diameter of inhibition zone caused by:

non-filtrated culture fluid culture fluid filtrated through Centricon-3

Test strains 114/T2 115/T 149/T 301/T 307/T 458/T 114/T 115/T 149/T 301/T 307/T 458/T

C. albicans 18/- 28/11 -/- 13/- 13/11 13/- 35/- 40/11 20/- 15/- 13/- 15/-

P. vulgaris 20/20 30/30 -/- 13/11 13/11 13/11 18/20 30/30 -/- -/- -/- 18/-

S. epidermidis 25/13 30/15 17/11 15/11 11/- 11/- 25/15 30/15 15/11 13/11 -/- 15/-
CO
CO
■xl

\ 48-h incubation, agar diffusion assay;2, antimicrobial activity after trypsin treatment



Table 4. Antimicrobial activitiesof marine bacteria cultural gluids obtained after cultivation in medium II

Diameter of inhibition zone

Test strains 114/T2 115/T 149/T 301/T 307/T

C. albicans 11/- -/- -/- -/- 11/-

P. vulgaris -/- -/- -/- -/- -/-

S. epidermidis 18/- 20/- 13/11 11/- 11/-

V. anguillarum 15/- 20/- 15/- 15/- 15/-

458/T 166/T 167/T 179/T 361/T 174/T 458/T

11/- 18/- 20/11 20/- 15/- 20/- 15/-

-/- 15/- 22/- 20/- -/- 25/- 18/-

11/- 25/- 18/ 15/- 15/- 15/- 15/-

13/11 15/15 13/- 13/- 13/- 15/-

\ 48-h incubation, agar diffusion assay;2, antimicrobial activity after trypsin treatment



Figures legends

Fig. 1. Antibacterial activities of studied strains.

Fig. 2. Microorganisms capable of production of the antibacterial compounds.

Fig. 3. Producers of antimicrobial compounds isolated from seawater and marine 

animals. Left columns, free-living bacteria; right columns, bacteria associated with 

marine invertebrates. Dark portions of columns represent numbers of active strains.

Fig. 4. Producers of antimicrobial compounds from the north and south parts of the 

Pacific Ocean. Light columns, total number of strains studied, dark columns, number 

of active strains.
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ABSTRACT. The ability of free-living and animal-associated marine bacteria to produce 

antimicrobial substances has been studied among 491 strains isolated from northern and 

southern parts of the Pacific Ocean. A total of 26% (126 out of 491) of the strains 

examined produced antimicrobial compounds against 11 Test Bacterial Strains (TBS) 

including fish pathogens, Aeromonas hydrophila and Vibrio anquillarum. Production of 

antimicrobial compounds against certain TBS varied within 24-72 hours assuming the 

presence of several antimicrobial substances both proteinaceous and non-protein nature. 

The level of antimicrobial activities was increased on culture medium based on natural 

sea water with Br-ions, and after attachment on diazonaphto-quinone/novolak (DNQ/N) 

polymeric surfaces. Surfaces with different hydrophobicities estimated by water contact 

angle measurements were prepared by means of photo- and thermoinduced chemical 

functionalisation. The production of antimicrobial substances was highly dependent upon 

type of the polymeric surfaces. The highest antimicrobial activity occurred on standard 

exposed photo resists (hydrophilic polymeric films) and hydrophilic developed glass 

surfaces, whereas the number of attached cells was greater on unexposed resist 

characterized as hydrophobic ones. The results suggest, that the chemical 

functionalization of the polymeric surfaces rather than hydrophobicity is a major factor 

affecting the release of antimicrobial compounds of proteinaceous nature.

INTRODUCTION

Numerous microorganisms that are inhabitants of seawater, benthic substrates, 

and marine macrohydrocoles have been isolated for screening of novel biologically active 

compounds, many of those become the basis for industrial biotechnological processes. 

Recent investigations proved that only ‘the tip of the iceberg’ have been explored
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(Vandamme 1994). Diverse antimicrobial compounds encompassing a wide range of 

chemical structures have been described (Austin 1989, Faulkner 1993, Fenical 1993). In 

some cases, attempts to isolate and characterize these substances were never made 

(Jensen and Fenical 1994).

The production of antimicrobial metabolites is a complicated process which 

depends on various factors. For marine communities, the interactions between different 

organisms that have a few or no morphological means of defending themselves could 

cause the production of chemicals that are toxic to others (Sammarco and Coll 1988, 

Davis et al. 1989, McClintock and Janssen 1990, Paul 1994, Jensen et al. 1996). 

Moreover, much evidence exists to support the hypothesis that certain antibacterial 

compounds play a dual role, being active both in defense and in the development of the 

organisms (Natori 1980). Another significant aspect is a symbiothrophic relationship 

between macrohydrocoles and microorganisms, when bacteria might produce metabolites 

ascribed their host-organisms. There are several convincing examples reviewed recently 

(Jensen and Fenical 1994), although some of the investigations have not yet met with 

success mostly because of methodological difficulties.

Often marine bacteria are capable for attachment to any sort of objects, 

sometimes by means of extracellular polymers or specialized structures (Costerton et al 

1978) and acquire some advantages as compared to their free-living counterparts (ZoBell 

1943, Harvey and Young 1980). Bacterial attachment has received a significant 

attention, nevertheless due to both bacteria and substratum surfaces heterogeneity, the 

physicochemistry of bacterial attachment is so far not fully evaluated (Fletcher 1993). On 

the other hand to best of our knowledge there are no data in literature regarding 

antimicrobial activity of adsorbed bacterial cells. In this context the aim of the present 

study was to search the antimicrobial substances producers among free-living bacteria



and bacteria associated with marine sponges, ascidians, algae, and mollusks collected 

from different areas of the Pacific Ocean with attempt to clarify what are some of the 

main factors affecting the biothynsesis of antimicrobial metabolites. We have determined 

the spectrum of antibacterial activity, the favorable conditions required for biosynthesis 

of antimicrobial compounds during bacterial growth, and changes in production of 

antimicrobial compounds after attachment on photoresist polymeric surfaces. 

MATERIALS AND METHODS

The strains studied and screening assay for production of antibiotics

The microorganisms studied were taken from the Collection of Marine 

Microorganisms (KMM) of the Pacific Institute of Bioorganic Chemistry of the Far 

Eastern Branch of the Russian Academy of Sciences (PEBOC RAS), Vladivostok, 

Russia. Several selected producers that showed the highest antimicrobial activity are 

listed in Table 1.

Antibacterial activities were tested against TBS, namely Staphylococcus aureus 

(IFO 14462), Staphylococcus epidermidis (IFO 12993), Escherichia coli (IFO 15034), 

Proteus vulgaris (IFO 3851), Proteus mirabilis (IFO 13300), Enterobacter cloacae 

(IFO 13535), Enterococcus faecalis (IFO 3989), Candida albicans (, Bacillus subtilis(, 

Aeromonas hydrophila subsp. anaerogenes (IFO 13282), and Vibrio anguillarum (IFO 

13266). TBS were obtained from the Culture Collection of the Institute for 

Fermentation, Osaka, Japan.

For primary screening bacteria were inoculated in the center of plates and were 

grown on medium which contained (w/v): 0.2% Bacto-peptone, 0.2% casein

hydrolysate, 0.2% yeast extract, 0.1% glucose, 0.02% KH2PO4, 0.005% MgSOzt TEfyO, 

1.5% Bacto-agar, 0.1% CaCl2, 0.01% KBr. The medium was prepared in a mixture of 

75% (v/v) natural seawater and 25% distilled water. The pH was adjusted to 7.8 with 10
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M NaOH All plates were incubated for 5-7 days at 28°C. The test strains were swabbed 

perpendicularly to the producer strains. Antibacterial effects were proved by the absence 

of growth in the region where the test strains were inoculated.

Bioassay of antibacterial activity after treatment with trypsin

The strains that showed apparent antibacterial activity on plates, were selected 

and cultured in tubes that contained 10 ml of liquid medium as described above for 3 

days on a rotary shaker operated at 120 rpm. After incubation, cells were removed by 

centrifugation at 8000xg for 25 min.

The effect of trypsin was evaluated by adding 10 mg trypsin gel (Sigma, St. 

Louis, MD, USA) to 1 ml of each culture supernatant. After a 1-h incubation at 30°C on 

a rotary shaker, the enzyme was removed by centrifugation at 15000xg for 5 min. 

Antibacterial activity was assayed by the agar diffusion assay based on method described 

Barry (1980) slightly modified. Cultures (0.1 ml) of test strains were spread on tryptic 

soy agar (TSA) plates in which circular wells (diameter, 10 mm) had been cut. Samples 

(0.1 ml) were added to the wells and areas of inhibited bacterial growth were measured 

after incubation for 48 h at 28°C. The zones of inhibited growth of the indicator strains 

surrounding the wells were observed. Mean diameters were measured, and 10 mm 

subtracted (representing the diameter of the well). Supernatants without trypsin 

treatment were used as appropriate controls.

The effect of duration of cultivation on the production of antibacterial compounds

The influence of cultivation time on antibacterial activity was determined in a 

liquid medium after 24, 48, and 72 h of cultivation using agar diffusion method. All 

experiments were repeated twice to ensure reproducibility.

Polymeric substratum preparation



The photosensitive material used was derived from a common, positive tone, 

commercial photoresist (SI400-17, purchased from Shipley, Co) adding imidazole to the 

polymer solution to reach 2% of the solid content. The photoresist was a mixture of a 

photoactive compound (PAC) based on diazo-naphto-quinone (DNQ) and a novolak 

resin, in approximate proportion 3:7, respectively, dissolved in ethyl cellosolve acetate, 

to reach 30% solid content. The material so formulated was sensitive to UV light (436 

nm). For silylation we used hexamethyldisilazane (HMDS) as purchased from Aldrich 

Co.

The 15 mm glass substrata were made hydrophobic or hydrophilic using the 

method described in the literature (Ferreira 1994). The polymer solution was spin coated 

on 15 mm glass substrates, using a spin coater, (Mikasa Co ), for 15 seconds at a 

rotation speed of 500 rpm for deposition, and for 1 min at a rotation of 3000 rpm for 

thinning and drying. This procedure allows the deposition of uniform films approximately 

0.6 pm thick. The films were further dried for 1 hour at 85° C in a convection oven. 

After drying, the polymeric films were irradiated using a Hg lamp, with band pass filter 

for bellow 365 nm, at exposure energies denominated as low (30 mJ/cm^), medium (60 

mJ/cm^) and high (120 mJ/cm^). In some cases, the photosensitive material was baked in 

a convection oven at 100° C for 1 hour, in order to decarboxylate the photoinduced 

created indene carboxylic acid. Several substrates exposed with the highest energy were 

further exposed to HMDS for silylation of the novolak hydroxylic groups in a closed 

chamber at 100° C for 15 min. For studies concerning cell patterning, the imidazole 

doped resist was coated on hydrophilic glass slides. To obtain the highest contrast, these

films were irradiated through an emulsion mask at the optimum exposure energy (40 

mJ/cm2 ) For the development of the exposed patterns we used a metal-free Shipley



developer (MF-319), diluted to reach 0.237N. The appropriate development time in 

these conditions was approximately 60 sec.

The polymer films were irradiated with the exposure energies as above, and post 

exposure baked at 80° C for 30 min to remove the possible polymer tensions.

Contact angle measurements

The contact angles of 0.5 pi water drop deposited on the polymer surfaces were 

measured with a Kyowa Kagaku Co. Ltd. anglemeter. The same procedure was used for 

hydrophilic and hydrophobic glass substrates.

Testing procedure

100 pi of the bacterial suspension of each strain in exponential phase (1.0- 

2.0xl08 cells/ml"1, optical density, at OD660=0.13-0.2) and 400 pi of liquid medium 

mentioned above composition was applied on each well of the Clostar cluster dishes. 

Different polymer surfaces prepared previously were plated on bottom of the well. 

After 4-24 h of incubation the nutrient medium was removed, and antimicrobial 

activities were tested. The cells attached to polymers were washed by 200 pi 

physiological saline and then these solutions were used for detection of antimicrobial 

activities. Antimicrobial activity was assayed by agar diffusion method as mentioned 

above against indicator TBS Staphylococcus epidermidis (IFO 12993). All experiments 

were repeated at least twice with appropriate controls.

The number of the cells on the surfaces was calculated visually, using 

micrographs. The latter were taken at 450X and 900X magnification (400 ASA film, 

Kodak) in light microscope (Olympus). The results were means of eighty independent

calculations ± SD.



RESULTS AND DISCUSSION

The spectrum of antimicrobial activity

The ability of various bacteria to produce antimicrobial substances was tested 

against Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli, Proteus 

vulgaris, Proteus mirabilis, Enterobacter cloacae, Enterococcus faecalis, Candida 

albicans, Bacillus subtilis, Aeromonas hydrophila subsp. anaerogenes and Vibrio 

anguillarum. The spectra of the antibacterial activities for the studied strains are 

presented in Figure 1. In all, 126 strains (about 26%) out of 491 tested strains inhibited 

the growth of pathogenic, conventionally pathogenic strains, or fish pathogens such as A. 

hydrophyla and V anquillarum. No strain inhibited the growth of Enterobacter cloacae. 

The growth of Escherichia coli has been inhibited only by several strains, namely 

Pseudoalteromonas spp. 114, 115, and Bacillus spp. 149, 307. The growth of Proteus 

mirabilis has been weakly inhibited by the same strains. Antimicrobial substances 

produced by marine bacteria were especially active against Staphylococcus epidermidis, 

Proteus vulgaris, Enterococcus faecalis and Candida albicans. Besides strains indicated 

in Fig. 1, a total of 135 other strains showed weak antifungal activity (data not shown).

Although the production of antimicrobial compounds by bacteria from marine 

environment has been effectively investigated for several decades (Buck et al 1963, 

Austin 1989, Lemos et al. 1991) to our knowledge there are few reports regarding the 

proportion of antibiotic producing strains inside selective bacterial communities. For 

example, among epiphytic bacteria isolated from 5 species of intertidal seaweeds, 16.9% 

(38 out of 224) bacterial strains displayed anibiotic activity (Lemos 1985). In according 

to our observations, among bacteria associated with marine invertebrates the number of 

active strains varied from 20 to 30% for bacterial populations of sponge Dendrilla sp. 

and % for those of mussels (Ivanova, and present study). Among the bacteria studied



here, producers of antimicrobial substances were dominant in two bacterial groups such 

as Pseudoalieromonas-related genera, and bacilli, which were mainly associated with 

marine animals and were isolated from the southern Pacific. Among twelve selected 

strains only one strain of Bacillus sp. had been isolated from seawater. The other strains 

of Pseudoalteromonas spp. and Bacillus spp. had been associated with crabs 

(Paralithodes camtschatica), mussels (Crenomytilus gray anus, Patinopecten jessoensis), 

and sponges (Haliclona sp., Chonelasma sp., Phylospongidae, and several unidentified 

species).

Our results indicated that a production of antimicrobial substances (AS) by 

bacteria studied was more effective on a seawater based medium, which contained KBr. 

A common medium used for isolation and maintenance of the same strains failed to 

induce the production of antimicrobial substances or the antimicrobial activities were 

weak. The valuable impact of KBr for production of specific marine substances is 

known, and brompyrrolic antibiotic compounds were described for Chromobacterium 

(Andersen et al 1974), and Pseudoalteromonas -related bacteria (Burkholder et al. 1966, 

Gauthier and Flatau 1976), however the function of halogenated compounds in antibiotic 

biosynthesis remains unclear yet. The clarification of the structure of active substances 

produced by strains from the present study is a goal for our further investigations.

After a preliminary screening we selected 70 strains with the highest antimicrobial 

activities. These bacteria were grown in liquid nutrient medium, the culture supernatants 

were treated with trypsin to confirm the proteinaceous nature of the active materials. 

Antimicrobial activity was examined after each step because of differences depending on 

condition of cultivation. For example, the inhibition of the growth of E. coli and P. 

vulgaris was noted to be more effective after cultivation in flasks, whereas inhibition of 

the growth of E. faecalis and P. mirabilis was less effective. Twelve strains, isolated
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from different sources (see Table 1), have been choosen as promissing candidats 

producing a number of antimicrobial substances. Differences in inhibition of BTS growth 

after treatment with trypsin are shown in Table 2. The results give evidence that the same 

strain may simultaneously synthesize a few antibacterial substances of proteinaceous and 

non-protein nature. For instance, the antibiotics producing by strains 114 and 115, and 

inhibiting the growth of A. hydrophila, V anguillarum, and in less degree B. subtilis 

were not inactivated by trypsin and might be non protein nature. This suggestion has 

some support by charts on Fig. 2. which represents the dynamics of antimicrobial 

activities during 72 hours of incubation of 114 and 115 strains. It is likely that 

antimicrobial compounds sensitive to treatment with trypsin and inhibiting the growth of

S. epidermides, P. vulgaris, and C. albicans were synthesized by 24 hours, whereas 

those that inhibited of the growth of A. hydrophila, V anguillarum, and in less degree B. 

subtilis reached their highest values by 48 hours. It seems that antimicrobial activity of 

these strains might be caused of joint effect of both proteinaceous and non protein 

antibiotics that could produced at different time of bacterial growth.

The evaluation of the factors that control the biosynthesis of AS remains an 

important problem. We consider the evaluation of the effect of different adsorbtion 

condition on the antimicrobial activity as of a particular interest. We have studied the 

adhesion behaviour of two mentioned above strains with the highest level of 

antimicrobial activities after attachment on the surfaces with different level of 

hydrophobicity. Photo- and thermally-induced chemical transformations of the 

DNQ/N thin polymeric films were the basis for different absorption conditions. 

Initially, to check the selectivity in AC biosynthesis we tested unexposed, exposed, 

patterned, and developed polymeric films. The results showed (Fig. 3) that the



antimicrobial activities against S. epidermides were detected on both unexposed and 

exposed films. It should be pointed out that the surface of unexposed DNQ/N resist is 

hydrophobic due to the strong hydrogen bonding between the DNQ acceptor and the 

hydroxy lie donor groups present in the novolak resin (Koshiba et al. 1988), whereas 

the surface of exposed films is hydrophilic because after exposure the hydrophilicity is 

increased due to release of the novolak hydroxylic sites and the creation of carboxylic 

groups.

Therefore for further experiments we have studied how the surface 

hydrophobicity evolution affect the biosynthesis of AS. It appeared that AS production 

varied significally within hydrophilicity variations under exposure energies on 

exposed polymeric films. The level of antimicrobial activities was greater on the 

surfaces upon low exposure energies, and less on the same films after highest 

exposure energies. Contact angle measurements showed that the surface hydrophilicity 

decreased at highest exposure energies (Fig. 3). This effect might be due to the 

decrease of hydroxylic groups on the surface, either through esterification with an 

excess of ketene (fig ? or^ref?), or by crosslinking of the novolak in the presence of 

02 and photoinduced radicals. The decrease of antimicrobial activities was also 

detected on exposed surfaces after baking and silylation. In these cases the 

hydrophilicily decreased due to surface silyation of the remaining hydroxylic and 

probably carboxylic sites. Similar results were obtained on DNQ/N standard resist 

with imidazole film. ^ vV ' -- - ^

To compare the differences in antimicrobial activities on polymeric and glass 

surfaces we tested hydrophobic, hydrophilic, and charged glasses, and glass as 

received . In general, the level of antimicrobial activities on glass surfaces was lower



as compared to polymeric films. Antimicrobial activities were higher on hydrophilic 

glass surfaces as compared to hydrophobic and charged surfaces, and absent on glass 

as received surfaces. As it is shown in Fig. 3, regardless the hydrophilicity for 

charged glass was about the same as for hydrophilic developed glass, however the 

antimicrobial activity decreased substantially. This situation is similar to mentioned 

above on polymeric surfaces, when even after chemical functionalizations the 

hydrophilicity of the exposed surfaces was close to that for unexposed polymeric 

films, the antimicrobial activities were lost.

An important point of our experiments was to estimate the correlation between 

the number of the attached cells, and their antimicrobial activities upon 

hydrophobicity evolution. The number of the attached bacterial cells (Fig. 4, a, b) 

was greater on the unexposed polymeric films that were hydrophobic and fewer on 

exposed surfaces. So even the number of the attached cells on the exposed at low 

exposure energies films was fewer than on unexposed resist, the antimicrobial 

activities of the former were a bit higher. This fact allow to suggest that those of the 

bacterial cells which were attached on exposed resists enriched by carboxylic residues, 

synthesized AS more activily. According to our considerations, the AS inhibited the 

growth of S. epidermides should be a proteinaceous nature. It is well known that the 

most common protein-secretion pathway in prokaryotes involves the sec secretion 

system. This system recognizes a characteristic N-terminal secretion signal, consisting 

of a stretch of hydrophobic residues flanked by basic residues, that is removed during 

secretion (Bassford et al. 1991, Hendrik and Wickner 1991, Hansen 1993). However

what is the substrate requirements for secretion pathway is unclear yet. Probably the 

presence of carboxylic groups could positively force the AS secretion. In general
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results obtained suggest that the DNQ/N polymeric films could be a convinient model 

for study of chemotactic responses of attached bacteria. - - " f-
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Table 1. Sources of marine strains with the highest antimicrobial acivities

Designation Taxon Strain

number

Origin Source Date of

isolation
114 Pseudoalteromonas sp. 4ML13 Japan Sea, Troitza Bay Mussel (Crenomytilus grayanus) Jul, 1990

115 Pseudoalteromonas sp. 4GM8 Japan Sea, Troitza Bay Mussel (.Patinopecten jessoensis) Jul, 1990

165 Pseudoalteromonas sp.. 7-77-7/1 Pacific Ocean, Okhotsk Sea Crab (.Paralithodes camtschatica) Jun, 1988

166 Pseudoalteromonas sp. 7-77-2 Pacific Ocean, Okhotsk Sea Crab (,Paralithodes camtschatica) Jun, 1988

132 Pseudoalteromonas sp. 7-145-19 Pacific Ocean, Coral Sea Sponge (unident, sp.) Jul-Nov, 1988

149 Bacillus sp. 7-193-11 Pacific Ocean, Coral Sea Phylospongidae Jul-Nov, 1988

174 Pseudoalteromonas sp.. 7-23-22/1 Pacific Ocean, Okhotsk Sea Sponge (Chonelasma sp.) Jun, 1988

179 Pseudoalteromonas sp.. 7-16-4 Pacific Ocean, Okhotsk Sea Sponge (Haliclona p.) Jun, 1988

301 Bacillus sp. 7-144-4/1 Pacific Ocean, Coral Sea Sponge (unident, sp.) Jul-Nov, 1988

307 Bacillus sp. 7-165-15 Pacific Ocean, Coral Sea Sponge (unident, sp.) Jul-Nov, 1988

361 Bacillus sp. 7MB129 Pacific Ocean, Coral Sea Sea water Jul-Nov, 1988

458 Bacillus sp. 7-248-3 Pacific Ocean, New Zealand Sponge (unident, sp.) Jul-Nov, 1988

P*-
LO
cc



Table 2. Antimicrobial activity (mean diam, mm) of marine bacteria against Bacterial Test Strains before (left) and after (right) LCcc
treatment with trypsin.

Designation Taxon S.
epidermid

es

S. aureus P.
vulgaris

P.
mirabilis

B. subtilis E.
feacalis

E. coli C.
albicans

V
anquillar

u

A.
hydrophil

a
114 Psendoalteromonas

sp.
20/- 15/- 20/- 12 20/15 15/- 13/- 16/- 25/22 15/15

115 Pseudoalteromonas

SP

25/- 18/- 25/- 10 18/15 20/- 10/- 23/- 25/23 20/19

166 Pseudoalteromonas
sp..

15 8 10 - - 6 - 10 5 7

167 Pseudoalteromonas
sp.

15 5 10 - - - - 6 10 5

132 Pseudoalteromonas
sp.

18 13 14 - 13 - - 15 8 8

149 Bacillus sp. 20 15 18 5 25 - 6 25 6 9

174 Pseudoalteromonas
sp..

15 6 - - - - - 4 4 12

179 Pseudoalteromonas
sp..

20 6 15 - - - - 6 6 10

301 Bacillus sp. 15 12 8 - - - - - - 12

307 Bacillus sp. 25 20 18 5 7 6 5 8 - -

361 Bacillus sp. 25 18 - - 8 8 - 8 - -

458 Bacillus sp. 15 10 - - - 4 - 15 - -
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Figure legends

Fig. 1. The spectra of antimicrobial activities of marine bacteria against Bacterial Test 

Strains.

Fig. 2. The dinamics of antimicrobial activities against Bacterial Tast starins during 72 

hours of incubation for Pseudoalteromonas spp. 114 (a) and 115 (b).

Fig. 3. The differences in antimicrobial activities on polymeric and glass surfaces 

denending on photo- and thermofunctionalisation.

Fig. 4. The correlation between the number of the attached cells and antimicrobial 

activities vs level of hydrophobicity of the DNQ/N polymeric films for 

Pseudoalteromonas spp. 114 (a) and 115(b).
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(Abstract)

We reported previously that an extract of denervated skeletal muscle contained an activity that 

promoted neurite-outgrowth of telencephalic neurons, as well as that of neurons in the spinal 

cord. In this report, factors with this activity were characterized using primary cultures of 

dissociated telencephalic neurons from chick embryos. It was only when the factors were 

attached to the surface of culture dishes that the factors were able to act on neurons. Since 

proteolytic treatment and binding of lectin reduced the outgrowth-promoting activity, it 

appeared that the activity was due to a glycoprotein(s). An extract that had been heat-treated at 

80°C for 20 min still contained most of the activity, even after large amounts of denatured 

proteins had been removed by centrifugation. Among monoclonal antibodies raised against the 

heat-treated extract, we found five that inhibited the outgrowth of neurite that was promoted 

promoted by the proteins in the extract. The most potent antibody among the five mainly 

recognized a protein of 64 kD.

(Main Text)

The neurite-outgrowth is not only the first step in the formation of a neuronal 

network but it is also indispensable for synaptogenesis and the fine tuning of synaptic function. 

Terminal sprouting of presynaptic axons (1,2) and competition for target-derived factors (3) 

are important, respectively, for synaptic plasticity and synaptic maturation (elimination). To
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elucidate the molecular and cellular mechanisms of synaptic functions, we have established a 

system of neuronal culture suitable for the analysis of synaptogenesis (4). In this culture 

system, we have demonstrated activity-dependent synaptogenesis (5), and existence of silent 

synapse prior to dual component synapse (6). On the basis of the identification of a muscle- 

derived neurite-promoting activity (7), we have started to characterize factors that promote the 

outgrowth of neurites in our culture system. An activity that stimulates neurite-outgrowth of 

chick telencephalic neurons in an extract of denervated skeletal muscle has already been 

reported (8).

In this study, we characterized the neurite-outgrowth promoting factors in such an 

extract using biochemical, cell biological and immunochemical approaches and primary 

cultures of dissociated telencephalic neurons from chick embryos.

MATERIALS AND METHODS

Culture of neuronal cells: Telencephalic regions from chick embryos (White leghorn) at 

stage 25 (9) were dissected out in Ca2+-, Mg2+-free phosphate-buffered saline (PBS) 

supplemented with 10 mM glucose. The tissues from two or three embryos were treated with

0.0125%(w/v) trypsin (Gibco, USA) in the same solution for 20 min at 37°C. The tissues were 

then rinsed in Ham’s F12 medium supplemented with glucose (10 mM), glutamine (2 mM), 

insulin (2.5 %/ml) and antibiotics, and they were dissociated in this medium by gentle 

trituration with a disposable plastic pipette. Dissociated telencephalic neurons (50,000 cells 

per well) were plated in 16-mm wells that contained 0.4 ml of the same F12 medium. Neurons 

were cultured at 37°C in 5% C02 at saturating humidity.

Assay of neurite-outgrowth: To estimate the activity that promoted the neurite-outgrowth, 

we tested extracts (2 Mg/ml, final concentration of protein) in duplicate. The extract plus 

culture medium was placed in the wells of 24-well culture dishes (Coaster, USA) to allow the 

proteins to adsorb for 2 hours, unless otherwise specified. After 24 hours of culture, the total 

numbers of surviving cells and the numbers of cells with one or more neurites with length of 

more than twice the cell diameter were counted for quantification of neurite-outgrowth. 

Preparation of an extract of denervated chick skeletal muscle: The extract was prepared 

from postnatal chicks as described in our previous report (8).
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Biochemical assays: Protein concentrations were determined by the method of Bradford (10) 
with bovine serum albumin as a standard. Sodium dodecylsulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) was performed on 12.5% polyacrylamide gel, as described by 
Laemmli (11). Immunoblot analysis was performed as described in a previous report (12). 
Preparation of monoclonal antibodies (mAbs): The extract was diluted 10-fold and then 
heated at 80°C for 20 min. The supernatant after centrifugation of the heated extract (10,000 x 
g, 30 min) was used as the antigen, after concentration by the Centricon system (Amicon, 
USA). Cloned hybridoma cells derived from dissociated spleen cells and myeloma cells (PAI) 
were prepared by the conventional method using Balb/c mice. The antibodies produced by 
these hybridoma cells were screened in an assay for inhibition of neurite-outgrowth from 
telencephlic neurons, as described below. Proteins (2.5 Aig) in the extract of denervated 
muscle were allowed to adsorb during a 2-hour incubation at 23 °C to the surface of culture 
dishes coated with 2.5% (w/v) poly-ornithine (Sigma, USA). After an additional 2-hour 
incubation for reaction of proteins with mAbs in the culture medium of hybridoma cells, the 
wells were washed and used for the neurite-outgrowth assay, as described above.

RESULTS

Two types of neurite-outgrowth promoting factor have been reported, namely, 
diffusible factors, such as nerve growth factor (NGF), and components of the extracellular 
matrix, such as laminin. The former act on neurons as mobile molecules in solution, whereas 
the latter act as molecules that are attached extracellularly to substrates to which neurons are 
exposed. To classify the factors in denervated muscle, we varied the timing of the addition of 
the extract to the primary cultures of neurons (Fig.lA). When the extract was added 2 hours 
before seeding of telencephalic neurons, full promotion of neurite-outgrowth was observed. If 
both the extract and neurons were added to wells at the same time, the activity was slightly 
reduced. By contrast, only a little activity was observed when the extract was added more than 
30 min after neurons. Since about 20 min were required for the added neurons to attach to the 
culture dish (data not shown), these results show that only the factors that had attached to the 
surface of the culture dish and were located under the cells were active, while factors in the 
culture medium were much less active.
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To confirm the active form of the factor(s), we examined the effect of the duration 
of the preincubation of the factors on the promotion of neurite-outgrowth (Fig. 1B,C). The 
activity was tested in dishes in which the medium had been replaced by new medium without 
the extract after the indicated preincubation time (Fig. IB). The activity was tested in dishes to 
which the medium had been transferred from dishes used for preincubations (Fig. 1C). The 
results confirmed that 2 hours were required for the factors in the extract to adhere to the 
bottom surface of dishes. Note that Figures IB and 1C are mirror images.

The adsorption of the active factors to the surface was strong enough to resist 
repeated washing with PBS, culture medium, 1 M NaCl, or 0.1% (w/v) Triton X-100, since all 
treated dishes retained the activity (data not shown). This property was useful for 
characterization of the factors. Exploiting this property, we confirmed that the factors were 
proteins (Fig. 2A). The neurite-outgrowth activity adsorbed on the surface of dishes decreased 
with increases in the concentration of trypsin, which degraded surface proteins. Similar results 
were obtained in experiments with two other proteases, namely o^chymotrypsin (Sigma) and a 
protease from Streptomyces griseus (Sigma; data not shown).

The tightly adsorbed factors on dishes retained full activity, suggesting that the 
factors acted from outside the neurons. Since such protein factors would have to be secreted 
extracellularly, we postulated that these factors might be glycoproteins. To confirm our 
hypothesis, we carried out inhibition experiments using concanavalin A (ConA; Sigma). The 
activity was dose-dependently blocked by ConA (Fig. 2B) and such inhibition was 
antagonized in the presence of a-methyl-D -mannoside (Fig. 2C). A similar result was obtained 
in an experiment with an other lectin, an agglutinin form Sophora japonica (Sigma; data not 
shown).

The heat stability of the proteins was tested by incubation of diluted extract (0.5 mg 
protein/ml) in a water bath at 50, 60, 70 or 80t for up to 20 min and centrifugation (10,000 x 
g, 30 min) to eliminate denatured proteins. In the subsequent neurite-outgrowth assay, all 
supernatants retained the same activity as the non-heated control extract (data not shown).

To identify the factors, we prepared monoclonal antibodies (mAbs) against the heat- 
treated extract and we identified five mAbs that significantly inhibited the outgrowth- 
promoting activity (Fig. 3A). Further analysis of the most potent mAb (4D2a) revealed that 
inhibition was dose-dependent (Fig. 3B). Immunoblot analysis indicated that 4D2a mainly 
recognized a 64 kD protein and also bound weakly to proteins of 108, 96, 59, 53, 48, 45, 41
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and 35 kD in the extract of denervated muscle (Fig. 4).

DISCUSSION

The neurite-outgrowth promoting factors in an extract of denervated chick skeletal 
muscle were revealed to act on neurons, attaching to the substratum to which neurons also 
adhered (Fig. 1). The fact that preincubation of the neurons with the extract in suspension for 
up to 50 min did not promote neurite-outgrowth in subsequent culture on non-coated dish for 
24 hours (data not shown) supports this interpretation. The adhesiveness of factors from 
denervated muscle to telencephalic neurons resembled that of a factor in chick muscle extract 
that promoted neurite-outgrowth from motoneurons (13). The results in Figure 1 indicate that 
the factors could be classified as components of the extracellular matrix, but the proteins 
recognized by mAb 4D2a differed from laminin in terms of molecular mass (Fig. 4).

The factors described in this report appeared to be soluble glycoproteins. Since 
proteins with conjugated sugar residues are secreted or are exposed to the topological exterior 
of the cell, it is suggested that the factors were secreted extracellularly from muscle cells. 
Although the factors were recognized by ConA, purification by affinity chromatography on a 
column of ConA-conj ugated Sepharose 4B was unsuccessful, because too many proteins in 
the extract bound to the lectin. The heat treatment described in Results was rather effective for 
the partial elimination of proteins other than the factors themselves.

To determine the functional sites on the factors, we examined the activity of 
attached factors in our bioassay system after modification of sugar residues with 
neuraminidase (Sigma), j8 -glucosidase (Sigma), sodium iodoacetic acid (Sigma), /3 - 
galactosidase (Sigma), endoglycosidase F (Sigma) and endo- cl -N-acetyl galactosaminidase 
(Sigma). These treatments had no effect on promotion of neurite-outgrowth (data not shown), 
suggesting that active sites were located in the amino acid core.

The adhesiveness of the muscle-derived factors allowed us to prepare monoclonal 
antibodies by in vitro immunization (14). In four series of preparations, dissociated mouse 
spleen cells were incubated in culture dishes with adsorbed partially purified proteins from the 
extract, and then they were fused with myeloma cells. Although quite a few positive clones 
were obtained, all clones secreted IgM antibodies which have disadvantages in terms of

5



handling and affinity as compared with IgG.
The neurite-outgrowth promoting factors were identified as proteins. Further 

analysis of the molecular properties of these factors is in progress (15). In the near future, we 
shall test the ability of these factors to stimulate the regeneration of injured axons.
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FIGURE LEGENDS

Fig. 1 Activation of the neurite-outgrowth from cultured telencephalic neurons by an extract 
of denervated chick muscles. The promotion of neurite-outgrowth was determined by 
calculating the percentage of cells with neurites (mean ± range; n=2 dishes). (A) Timing of the 
extract-addition to the culture medium. The dissociated neurons were plated at time zero in 
wells with (open circles) and without (solid circles) the extract, which was added at the time 
indicated on the horizontal axis. (B) The neurite outgrowth in wells preincubated with (open 
circles) and without (solid circles) the extract. After adsorption of proteins for the indicated 
time, the medium was transferred to the wells of another dish for use in the experiment for 
which results are shown in Fig. 1C. The neurons were cultured with the newly added medium 
without the extract. (C) The neurite-outgrowth in wells with the medium transferred from 
dishes and used for the preincubation described in the legend to Fig. IB.

Fig. 2 Characterization of molecules that stimulated neurite-outgrowth. (A) Degradation of 
proteins adsorbed to wells of culture dish. The proteins adsorbed to the wells were treated 
with trypsin at the concentrations indicated on the horizontal axis at 37°C for 30 min. After 
the wells had been rinsed three times with culture medium, telencephalic neurons were 
cultured for measurement of the activity, as described in the legend to Fig. 1. The result 
without the extract is indicated by an open circle. These treatments with trypsin had no effect 
on neuronal survival. (B) Binding of ConA to molecules adsorbed to the wells of culture 
dishes. The wells with adsorbed extract were treated with ConA at the indicated
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concentrations for 3 hours at 37°C and used for the assay (solid circles). Since residual ConA 
was found to be slightly toxic to neurons, the number of surviving cells was counted for 
calculation of the ratio (open triangles) relative to results in the experiment without ConA. 
Note that the inhibitory effect of ConA on neurite-outgrowth was significantly greater than 
that on survival. (C) The effect of a-methy-D -mannoside on the blocking activity of ConA. 
Wells treated with ConA (250 gg/ml), as described above, were further incubated with a 
ligand for ConA, a-methyl-D -mannoside (met-mann), at the indicated concentrations at 37°C 
for 3 hours and used for the assay (solid circles). As in Fig. 2B, the relative number of 
surviving neurons (open triangles) was calculated. The open circle and square refer to the 
neurite-outgrowth in wells with and without the extract in the absence of other treatment, 
respectively.

Fig. 3 Inhibition of the outgrowth-promoting activity by mAbs. (A) Inhibition of the activity 
by five mAbs. Among 95 lines of hybridoma cells that secreted IgG, five hybridoma lines 
were identified that inhibited the activity. Each bar indicates the neurite-outgrowth observed 
after treatment with a mAb. P.C. and N.C. are the values obtained in wells with and without 
the extract in the absence of any other treatment, respectively. (B) Dose-dependent inhibition 
of the activity by the mAb 4D2a. After wells had been treated with (solid circles) or without 
(open circles) the extract, serial dilutions of complete medium from the hybridoma culture 
were placed on cells. The complete medium from the hybridoma cells themselves promoted 
neurite-outgrowth, acting in an additive manner with the extract. When the medium containing 
4D2a mAb was substituted for the complete medium in extract-adsorbed wells, a significant 
inhibition of neurite-outgrowth was observed at high doses (solid squares).

Fig. 4 Immunoblot analysis of proteins in the extract with the mAb 4D2a. Proteins (27 £tg) in 
the extract were denatured under reducing condition with 1% SDS, subjected to SDS-PAGE, 
blotted on a nitrocellulose filter and analyzed with the mAb 4D2a. The values on the left and 
right sides indicate molecular masses in kD of standard proteins and of proteins recognized by

mAb 4D2a, respectively.
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Neurons extend neurites to form synapses with target cells during the development 

of nervous systems. Furthermore, sprouting of axons represents one type of

synaptic plasticity in mature neuronal circuits!. Some cue molecules that 

participate in these phenomena have recently been identified^. At neuromuscular

junctions, denervation elicits axonal sprouting!®, and extracellularly secreted 

factors by muscle cells seem to induce sprouting of spinal neurons or elongation of

the neurites!!? !2. We report here the cloning from chick denervated skeletal 

muscle of a novel factor that promotes the outgrowth of neurites. The factor, 

designated neurocrescin, promoted the neurite-outgrowth from chick spinal cord 

and brain neurons. It was expressed predominantly in neural tissue and was 

secreted extracellularly after intramolecular cleavage. The truncated form was 

detected in denervated muscle but not in innervated muscle, and also in limb buds 

and the telencephalon of chicks at early stages of embryonic development but not 

at later stages. Highly homologous counterparts of chick neurocrescin were also 

cloned from mouse and rat. Thus, neurocrescin appears to be a novel neurite- 

outgrowth factor that is secreted in an activity-dependent fashion.

Synaptic connections seem likely to be selectively stabilized in an activity-

dependent mannerOne form of neuronal plasticity, sprouting of axons, occurs at 

denervated neuromuscular junctions. This phenomenon can be inhibited by direct

stimulation of denervated muscle. Thus the sprouting is promoted by muscle cells in an 

activity-dependent manner 10. Moreover, culture medium that has been conditioned by
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muscle cells promotes the neurite-outgrowth from spinal neurons^. The neurite- 

promoting activity found in a soluble protein fraction of crus muscle was increased after

sciatic nerve denervation^. These observations suggest the existence of extracellular 

factors that promote the neurite-outgrowth from spinal neurons. Brain neurons also 

respond to factors in denervated muscle, indicating that some similar factor(s) is

expressed and functional in the brain^.

To identify factors that promote the neurite-outgrowth, we immunoscreened a 

cDNA library of denervated muscle with an antibody that inhibited the neurite-promoting

activity in an extract of denervated muscle(DM extract) in culture^. A recombinant 

protein encoded by a cloned cDNA exhibited the neurite-promoting activity in a bioassay 

with cultured spinal or telencephalic neurons, therefore the product of this gene was

designated neurocrescinl^, 14 (pjg i) The survival of these neurons was similar in 

culture dishes that contained 1 pg/ml neurocrescin, 1 pg/ml DM extract or no added 

protein. The number of surviving cells, 24 hr after seeding, normalized to results obtained 

with neurocrescin, was 90% with the DM extract and 91% in the absence of added 

protein. A dye-exclusion test for viability using trypan blue revealed that more than 85% 

of cells were viable under all tested conditions. Thus, neurocrescin promoted the neurite- 

outgrowth rather than survival.

Since the initially cloned cDNA lacked the 5’ end sequence of the mRNA, we

isolated a full-length cDNA by rescreening of library and applying the 5’RACE method^. 

The entire cDNA of neurocrescin was 3,336 nt in length and contained a single open 

reading frame (ORF) that encoded a protein of 782 amino acids (aa) (Fig. 2). The mRNA 

of neurocrescin revealed by northern blotting analysis corresponded in size to that of the
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cloned cDNA sequence, indicating that the entire length of the mRNA sequence was 

cloned (Fig. 4b).

We examined the expression pattern of neurocrescin mRNA in the chick embryo 

by in situ hybridization. The expression of neurocrescin was relatively strong in the brain, 

spinal cord, dorsal root ganglion, and sympathetic ganglion (Fig. 3a,d). Variations in 

levels of expression in internal organs of the chick on postnatal day 0 (PO) were examined 

by northern blotting analysis (Fig. 3g). The levels of expression decreased in the 

following order: denervated muscle > lung > gaster, gizzard > liver. The bias in levels of 

expression towards neural tissues suggests the neurite-promoting activity of neurocrescin 

in vivo.

Polyclonal antibody, raised against the recombinant neurocrescin, recognized 

proteins of 48, 112, 116 and 121 kD in the DM extract (Fig. 4a). Neurocrescin seemed to 

be modified post-translationally since the molecular mass calculated based on the 

deduced amino acid sequence of the ORF was 90 kD. Four putative sites for N- 

glycosylation and two leucine zipper motifs were found in the deduced amino acid 

sequence of neurocrescin (Fig. 2a). Peptide motifs typical of extracellular matrix proteins, 

LRE and LDV, were also found in neurocrescin (Fig. 2). These sequences were reported

as the neural cell attachment site in laminin-8217 and as integrin-binding site in 

fibronectinlS, respectively.

The 48-kD protein was only detected in denervated muscle and not in intact or 

sham-operated innervated muscle (Fig. 4a). Since the size and the level of the mRNA 

transcript was the same in denervated and innervated muscle (Fig. 4b), it appeared that 

cleavage of neurocrescin might be controlled posttranscriptionally by muscle activity.
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The molecular mass of truncated neurocrescin coincided with the value obtained

previously for the partially purified factor^.

During the embryonic development of the chick, the expression of the truncated 

form of neurocrescin was also regulated. A 44 kD immunoreactive protein was detected 

in the limb bud and telencephalon on embryonic day five (E5) but not in the crus muscle 

and telencephalon on PO (Fig. 4c). The expression of the immunoreactive 44-kD protein 

was strictly regulated, whereas the 112-, 116- and 121-kD proteins were expressed at 

similar respective levels throughout embryonic development.

Neurocrescin lacked a typical signal peptide sequence for secretion. To confirm the 

extracellular secretion of the protein, we expressed the entire ORF of neurocrescin in 

COS7 cells. The 48-kD immunoreactive protein was detected only in the conditioned 

medium (CM) of neurocrescin-expressing COS7 cells (Fig. 4d). The amino-terminal 12 

amino acids of the secreted protein were identical to the amino acid sequence (residues 

359 to 370) deduced from the ORF for neurocrescin (Fig. 2a). The secreted neurocrescin 

exhibited significant neurite-promoting activity for neurons from spinal cord and 

telencephalon (Fig. le). The truncated neurocrescin that had been secreted from 

COS7cells and the 48-kD protein detected in denervated muscle coincided in terms of 

both molecular mass and structure of the epitope, indicating that neurocrescin was 

cleaved and secreted after denervation of muscle.

The ability of neurocrescin to promote the neurite-outgrowth of telencephalic 

neurons suggested the likely expression of homologues in the brain, therefore, we 

attempted to clone a homologue of neurocrescin from chick brain mRNA by RT-PCR. 

Two cDNA clones were obtained, one for neurocrescin and one for neurocrescin with a
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different 5’ end region (neurocrescin-p; Fig. 2). The expression of two neurocrescins in 

crus muscle of the chick (PO) was confirmed by RT-PCR (data not shown). cDNA clones 

for highly homologous genes that were expressed in the brain of the mouse and the rat 

were also obtained (Fig. 2). A search of the Genbank database was made for a human 

homologue of neurocrescin and a gene product designated rabaptin-5 20 was found that 

exhibited the strongest homology (Fig. 2b). Since the expression of rabaptin-5 in nervous 

tissue had not been examined, to our knowledge, we confirmed the expression of 

rabaptin-5 in the human brain by PCR using a whole brain cDNA library of fetal human 

and sequencing of the amplified product (rabaptin-5 cDNA nucleotides 263-605 and 

709-1044; data not shown). The amino acid sequences encoded by all six cDNAs were 

highly homologous. Furthermore, the sequence at the site of cleavage found in chick 

neurocrescin was completely conserved among all four species (Fig. 2b). The strong 

homology between the homologues of neurocrescin in the chick, rat, mouse and human 

indicates the conserved biological function of this gene product.

The neurally biased pattern of expression of neurocrescin mRNA suggests an 

important role for this factor in the nervous system. We revealed the extracellular 

secretion of neurocrescin, despite the lack of signal peptide sequence for secretion, and 

the neurite-promoting activity of secreted protein. The mechanism of this secretion may 

involve the interaction of neurocrescin with Rab proteins, since neurocrescin had strong 

homology with rabaptin-S^O. The observation that the truncated form of neurocrescin is 

only detected on the early embryonic stages suggests the contribution of neurocrescin in 

neuronal network formation. Furthermore, the truncated form of neurocrescin was 

detected only after denervation in skeletal muscle. Therefore, this factor is be a target-
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derived neurite-outgrowth factor, whose extracellular presentation is regulated in a 

neuronal activity-dependent manner.

Neurocrescin seems to function in innervation during embryonic development, as 

well as in regeneration during neuromuscular re-innervation. We are now examining roles 

of neurocrescin in the formation of the neural network in development and in synaptic

function, using our culture system designed for analysis of synaptogenesis21> 22 

Neurocrescin can be expected to contribute to efforts at neural regeneration in attempts 

to treat neurodegenerative diseases.

Methods

Denervation. Sciatic nerve denervation of chicks on P5 was performed as described 

previously^. Three days after operation, denervated crus muscle was excised for 

preparation of a tissue extract and of mRNA^^.

cDNA Cloning. A cDNA library of denervated muscle was constructed with a Zap- 

cDNA synthesis kit (Stratagene), and it was immunoscreened with monoclonal antibody

4D2a^. The 5’ end sequences of cDNAs were obtained with the 5’-Amplifinder RACE 

kit (Clontech). cDNA for homologues of neurocrescin were obtained by RT-PCR from 

mRNA isolated from the chick (E8) telencephalon and from the brains of adult ICR mice 

and adult SD rats. cDNA for human rabaptin-5 was amplified by PCR from a cDNA 

library of human fetal normal, whole brain (Caucasian, 19-23 weeks gestation; Clontech). 

Neurite-outgrowth assay. The promotion of neurite-outgrowth was analyzed in vitro

in the previously described assay system^, 14 jn brief, telencephalon and spinal cord 

were excised from chick embryos (E5), treated with trypsin and dissociated. The cells



were plated in 24-well dishes (Coaster) at a density of 40,000 cells per well. For 

bioassays of neurocrescin, a clone that encoded the carboxyl-terminal 30 kD portion of 

the protein was used. Recombinant neurocrescin was expressed in E. coli, cleaved from 

the fusion protein and purified to homogeneity using the GST expression system 

(Pharmacia). The culture medium of transfected COS7 cells was added to the neuronal 

culture at 5pg/ml protein concentration without purification. Neurons with neurites of 

more than two cell diameters in length were counted 24 hr after plating. Neurite- 

promoting activity was expressed as the percentage of cells with neurites relative to the 

total number of surviving cells.

Expression in COS7 cells. Expression of neurocrescin in COS7 cells was achieved

by transfection with cDNA in the pEF-BOS vector^ using LipofectAMINE reagent 

(GIBCO BRL). The culture medium was collected and concentrated 14-fold with 

Centriprep-10 (Amicon). Equal volumes of concentrated medium were used for western 

blotting analysis. The amino-terminal sequence of the secreted protein was analyzed by 

Edman degradation with an automated protein-sequencing system (HP G1005A; Hewlett 

Packard), after purification by SDS-polyacrylamide gel electrophoresis.

Western and northern blotting analysis. Polyclonal antibodies against 

neurocrescin were raised by immunization of rabbits with the purified recombinant 

carboxy-terminal 30 kD region of neurocrescin and purified by passage through an 

antigen-linked affinity column. Soluble fractions of tissue extracts were prepared for

western blotting analysis as described previously^. For northern blotting analysis, 2 pg

of poly(A)+RNA from each sample was subjected to electrophoresis and then transferred 

to an Immobilon N membrane (Millipore). Blots were probed with RNA probes labeled
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with [32P]UTP for neurocrescin (nucleotides 1580-2238) and chick glyceraldehyde-3-

phosphate dehydrogenase (GAPDH; nucleotides 138-950)24.

in situ hybridization. Chicks (E8) were fixed in 4% paraformaldehyde and sectioned

at 20-30 pm. Sections were processed for in situ hybridization as described previously 25.

An antisense RNA probe and a sense RNA probe corresponding to nucleotides 1996 to

2238 and nucleotides 752 to 926, respectively, of the cDNA for chick neurocrescin were

labeled with [35S] UTP.
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Legends to figures

Figure 1 Neurite-promoting activity of neurocrescin. a,b, The activity of the 

recombinant neurocrescin in culture. Neurocrescin promoted the neurite- 

outgrowth from neurons isolated from the spinal cord (a) and telencephalon (b) 

of the embryonic chick (E5; solid circles). The DM extract, used as a control 

(solid squares), promoted the neurite-outgrowth from both neurons, as reported

previously! 2, 14 |\|0 promotion was obserbed in the absence of added protein 

(open circles). The data are the means ± standard errors of four determinations.

c,d, The morphology of cultured neurons from the spinal cord (c) and 

telencephalon (d) was photographed 24 hr after plating in wells that contained 5 

pg/ml recombinant neurocrescin. Scale bar, 50 pm. e, The activity of the
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secreted neurocrescin from COS7 cells. Culture medium of neurocrescin

expressing COS? cells promoted the neurite outgrowth from neurons isolated 

from the spinal cord and telencephalon of the embryonic chick (E5; solid bar). 

Only little promotion was observed by the culture medium of vector transfected 

COS? cells(open bar).

Figure 2 Primary structure of chick neurocrescin aligned with homologues. a, 

Amino acid sequences of neurocrescins. The boxed region in chick 

neurocrescin matched the amino-terminal sequence of the protein secreted 

from transfected COS? cells. Four putative sites for N-glycosylation are marked 

by asterisks. Leucine zipper motifs are underlined. Peptide sequences found in 

extracellular matrix proteins are doubly underlined. Six neurocrescins were 

aligned and the matching regions are shaded. Note that only the sequence of 

chick neurocrescin is given after residue number 23. b, Schematic 

representation of the various ORFs and untranslated regions. Four features of 

chick neurocrescin are conserved in all six sequences. Identity scores indicated 

on the right were obtained from comparisons with the region that overlap chick 

neurocrescin. cNeurocrescin, chick neurocrescin; cNeurocrescinp, chick 

neurocrescin-p; mNeurocrescin, mouse neurocrescin; mNeurocrescinp, mouse 

neurocrescin-p; rNeurocrescinp, rat neurocrescin-p.

Figure 3 Intense expression of neurocrescin in the nervous system, a-f, 

Expression of neurocrescin mRNA in chick embryos at E8 as revealed by in situ
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hybridization. Sagittal section of the chick head (a,b,c) and transverse section 

of the body (d,e,f) were allowed to hybridize with antisense (a,d) and sense (c,f) 

RNA probes for neurocrescin. Cresyl violet-stained sections corresponding to a 

and d are shown in b and e. Scale bar, 2 mm. g, Distribution of neurocrescin in 

the internal organs of the chick (PO) as revealed by northern blotting analysis. 

The signal of GAPDH was used to monitor the amounts of mRNA loaded in each 

lane.

Figure 4 Regulated expression of truncated neurocrescin in muscle and its 

secretion from COS7 cells, a, Western blotting analysis of neurocrescin from 

denervated, intact, and sham-operated (innervated) crus muscle of the chick 

(P8). b, Northern blotting analysis of neurocrescin in denervated and intact crus 

muscle of the chick (P8). Note that no truncated mRNA was detected, c, 

Developmental ly regulated expression of truncated neurocrescin. 

Immunoreactive 44-kD protein was detected in the limb bud and telencephalon 

of the embryonic chick (E5). d, Secretion of neurocrescin from transfected 

COS7 cells. Immunoreactive 48-kD protein was detected in the conditioned 

medium (CM) of neurocrescin-expressing cells. The protein of 92 kD 

corresponds to the product of the entire ORF for transfected neurocrescin.
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