(cell body)

(dendrite)

(dendritic spine)

(processes)

(axon)

( layer V of
primary visual cortex)

(pyramidal cell)

(micrometer) 2
(Larkman, 1991)
CAl
1
5 (Harris and

Stevens, 1989:; Amaral et al.,
1990)

(neocortex)
(hippocampus)

(olfactory cortex)

spiny neurons  smooth

neurons

(excitatory neurons)

(pyramidal cell)

interneurons

basket cell

(for review, Christof and



Anthony, 1993)

GABAergic

(spine apparatus )

4-8

(McBain et al., 1999)

Cajal 1888

1911
Spine Purkinje
(Cajal, 1911)
Spine

spine
spine
(Head) (Headless)

(Michele et al., 1995)

spine

(Gordon, 1996)

Spine

0.1-2nmm 0.04-0.2mm
spine 0.004-

2m?3 0.1-0.7nmm?

(Harris and Kater, 1994)

olfactory
granule spine
0.28-3.8mm 0.12-
0.4mMm spine

0.58mm*(Woolf et al.,
1991)
spine
spine

(mitochondria)

(ribosome) microtubules
(smooth endoplasmic
reticulum)

(spine

apparatus)



(Yuste and
Denk, 1995)
(outer lamella)
AMPA
AMPA
(Nusser et al., 1998)

(cytoskeleton)

tubulin actin
MAP2(Alfredo, 1983)
actin
(Fifkova,
1985)

actin

(Postsynaptic density)

tubulin  actin

(Alfredo, 1983)
neuronal

myosin(Drenckhahn and kaiser,

1983) fodrin(Carlin et al.,

1983) calmodulin
(Caceres et al., 1983)

actin (actin
mediated activities)

actin

microfilaments
NMDA AMPA

40% NMDA AMPA

microfilaments
NMDA AMPA
microfilaments
(linker proteins)
(Allison et al.,

1998)

(time-lapse



microscopy)

(confocal microscopy)

(mobility)
Ziv
1996
0.33y m
filopodia-like
protrusion (Ziv and Smith,
1996) protrusions

(Engert and Bonhoeffer, 1999;
Maletic-Savatic, 1999)

Spine

spine

spine

spine

(Harris and Kater, 1994)

spine

spine

(synapse)

(for review, Gordon, 1996)

85%
(Micheva
and Beaulieu, 1996)
(asymmetric, type )
(Gray,

19509)

(neocortex)
(symmetric, type II)
5% 20%
(Dehay et al., 1991)
(synaptogenesis)

(in vitro)



2-3
Muraoka

Takahashi(1989)

10

(hypothalamic cultures)

Legendre (1988)

10

Tixier-Vidal(1992)

synaptophysin

synaptophysin

(hippocampal cultures)
Basarsky(1994)
4 29%

(high-osmolarity)

12
75%  Ziv Smith(1996)
vesicle-labeling
7
Van Den

Pol

synaptophysin

striatal
9

(Rouget et al.,, 1993)

(spinal cord)



29% 11 95%

(O Brien et al., 1997)

Blue Parnavelas

20

20 90

(synapse
elimination)(Blue and

Parnavelas, 1983)

(somatosensory cortex)

10 15
20

60
5 12
(Dendritic shaft)
2
60

4

(Micheva and Beaulieu,

1996)

Kuroda
fura-2 Ca?

v

(Ca** synchronous
oscillation)
(tetrodotoxin
) D(-)-2-amino-

5-phosphonnovaleric(APV,



NMDA
adenosine

Ca®**

(Kuroda et al., 1992)

Sprague Dawley rats

HEPES, glucose, poly-D-
lysine(P2658), Cysteine, Triton
X-100, BSA, papain(P-4762),

DNasel Sigma 18 mm
(No0.1001)
Assistant 12-well plate(No.

9212) TPP  Ca*'-free,

Mg**-free Hanks' balanced salt

saline(HBSS, 14170-112, MEM

powder 11700-010

GIBCO Donor horse serum
04-004-1A , Fetal bovine

serum 04-001-1A

Biological Industries NaHCO3,



EDTA, CaCl2, NaCl, KCI,

Merck Glutaraldehyde

solution Sucrose
Tedia

Oregon Green conjugated-
Phalloidin Molecular
probe Mouse anti-tubulin
antibody Chemicon
Mouse anti-synaptophysin

antibody Boehringer

Mannheim Biochemica

(Cell Culture)

1.1 Medium
Poly-D-lysine

5mg poly-D-lysine
5ml borate buffer (0.15M pH
8.4 boric acid NaOH
pH) 3ml poly-D-lysine

100ml borate buffer (

30nmg/ml) 0.2mn

MEM/High glucose

HEPES 2.38 MEM
Glucose 2.5
NaHCO, 3.7 (
950 ) HCI
NaOH pH 7.4
990 0.2mMm

10

penicillin/streptomycin(100,000

unit)
MEM/HS/FCS

MEM/High
glucose 900

(Horse Serum)

(Fetal Calf Serum) 50

Papain Solution
Ca*, Mg* free  HBSS
5.6 Papain stock 200m(3
papin 100
30 mg/ml) EDTA
100m (9.3 EDTA 500
NaOH pH

8.0 50 mM) Cysteine



Iml (1  cysteine 500
2 mg/ml)

CaCl, 100n (150 mM)

DNasel 3ml (0.21 Dnasel
100 MEM/High
glucose 0.21 %)
1.2 (Rat Breeding)
(8 )
1 )
( )
vaginal plug
vaginal plug
1.3 (Culture Plate
Preparation)
coat  poly-D-
lysine 18mm

8

(overnight) RO Mili Q
12 well plate

1ml poly-

D-lysine well

coating

14

(Dissection of Prenatal Rat

Cortex)

Buchhalter and Dichter(1991)
Basarsky etal. (1994) Maki et
al.(1994) Aranico et al.(1996)
17 18
Sprague-Dawley
70%

amino-

chorionic membrane



MEM/High Glucose

(dorsal)
(hemisphere)
(inner
lateral)

(diencephalon)

(outter lateral)

10 HBSS

15 (Culture

of Rat Cortical Neurons)

HBSS(Ca*
Mg** Free)
HBSS HBSS
(pipette)
1ml

(papin solution)

10

37°C
15

1500 RPM

15

10ml MEM/HS/FCS

Cell Strainer (70nmm)
15m

Trypan blue

1" 10° cells/ml

12 Well (
Coating poly-D-lysine
) 37°C 5% CO,

cytosine [-D-arabinofuranoside

(ArC, 1mM) 5m ArC
5mM Medium

condition Medium(

5 10%/ml)

condition Medium



2

(Immunostaining)

2.1

Phosphate Buffered Saline
(PBS)

2.84 Na,HPO,

1.2 NaH,PO, 100 50

A B 80ml

A 20ml B

0.2M Phosphate Buffer

(PB)( 4°C

1) A B

pH PB  pH 7.4

8.76 NaCl 0.2 KCI

930ml
50ml  0.2M PB pH7.4
1000ml 0.2200m
4°C
2

sucrose 45ml

PBS

paraformaldihyde 50°C

11

1M NaOH
500011 25%
glutaraldehyde
PBS 50ml 4°C
1 4%
sucrose

(Luduena, 1973)

500001 25%  glutaraldehyde

50ml 4°C
1

0.05% Triton X-100

2501 Triton X-100
50ml PBS 4°C

1% FCS (Blocking solution)

5000001 FCS 50ml
PBS 4°C
(Diluted solution)
0.1 BSA 50ml
PBS 4°C
2.2 Lucifer yellow-



Synaptophysin

7 8 14 15

20 22
lucifer yellow
I
30
PBS
methanol/acetone 1:1(v/v)
-20°C 5

lucifer

yellow 0.5cm?

1% FCS 4°C

PBS

(Mouse

Anti-Synaptophysin  1mg/m)

15m 10mm

( wet

12

chamber) 2 PBS
( Texas Red
Conjugated Goat Anti-Mouse

15m wet

Srrg/ml)

chamber 2 PBS

15m Prolong Antifade

(Nikon, Optiphot-2)
(Nikon FX-35DX with CF
PL5X projection lens)
B-2A(EX:450-490nm,
BA: 520nm, DM: 510nm) G-
2A(EX: 510-560nm, BA: 590nm,

DM:580nm) lucifer

yellow(Ex:428 Em:533,

maximum) texas red(EX:587

Em:602, maximum) phase
contrast
100 (CFWN 10X, Plan 10X)
lucifer yellow

phase contrast



150mm (

lucifer yellow
synaptohpysin (1000
CFWN 10X, Plan

Fluro 100X)

2.3 Actin-Tubulin/Actin-
Synaptophysin

Wang
et al(1998) Banker and Goslin

(1991) Bolam (1992)
3 5 8 10
13 15 18 20
PBS (
37°C PBS)
4°C
30
PBS 0.05%
Triton X-100 ( 23°C)
15
PBS 1% FCS
4°C 1

13

PBS

0.5¢cn?

Oregon Green

conjugated- Phalloidin
(50units/ml)  15m

wet
chamber 30 PBS
Phalloidin
(  Mouse Anti-Tubulin
1:500(v/v) Mouse  Anti-
Synaptophysin 1mg/ml)
15m wet chamber 2

PBS

( Texas Red Conjugated Goat

Anti-Mouse 5nmg/ml)  15m

wet chamber 2
PBS
15m Prolong

Antifade



(Nikon,

Optiphot-2) (Nikon
FX-35DX with CF PL5X
projection lens)

B-2A G-2A

oregon green(Ex:493 Em:520,

maximum) texas red(EX:587

Em:602, maximum) phase
contrast

(CFWN 10X, Plan 10X)

(CFWN 10X, Plan Fluro

100X) actin

150mMm )

actin-tubulin

actin-synaptophysin

3. (Data analysis)
Nikon Coolscanll

scanner 2.44cm

3.66cm 1350 pixel/cm

14

Photoshop 5.0(adobe)
(contrast)

(brightness)
(

pseudo-color)
Excel
7.0(microsoft) SAS 6.12(SAS)
Origin 4.1(microcal)
Origin 4.1
Mean =+
SEM
Linear

Students  T-test

regression  Mann-Whitney U
test One-way ANOVA

One-way ANOVA

Duncan's
multiple range test
3.1 Lucifer yellow-
Synaptophysin
3.1a (spine
density)



lucifer yellow

(processes)

Michele 1995

7mm

3.1b
(Percentage of

colocalization)

lucifer

yellow synaptophysin

lucifer  yellow

synaptophysin

3.1c
(S/D Ratio)

lucifer
yellow synaptophysin
lucifer yellow

(find edges)

synaptophysin
(S)

(D)
( 3

3.2 Actin-Tubulin/  Actin-
synaptohpysin

3.2a Actin-Tubulin

actin tubulin

(Dh)
(Dn) 1
(head) 1
(headless)

actin

15



actin

tubulin actin

3.2b synaptophysin

actin

synaptophysin
synaptophysin

synaptophysin

3.1

Synaptophysin
clean small synaptic
vesicle 38kDa

(Navone et al. 1986, Jahn et al.

1985, Fletcher et al. 1991)

synaptophysin
4 14
synaptophysin

400

synaptophysin

(whole cell voltage

clamp)

lucifer yellow

lucifer yellow

5

100 phase contrast

lucifer yellow



100 phase contrast

Arc ( 6 )
(t-test,
P<0.05)
3.2 ( 6B, one-way ANOVA,
P>0.05)
ArC
lucifer yellow
ArC condition medium

100 phase contrast

( 5

(leakage current level)

7 Arc
3.3
(t-test, P<0.05)

2 3

6A, t-test, P>0.05)

actin

17



synaptophysin
lucifer yellow

synaptophysin

150mMm

7 7( A

14( B) 22( O©C) lucifer
yellow

synaptophysin

(dendritic shaft)

14

22

18

0.23
0.12
0.10 (
8) 150mm
(One-way ANOVA,
P<0.05)
(dendritic shatft)
1
2.5% 2 18.3%
3 52.9%( 9, Mann-
Whitney U test, 1 2
2 3
P 0.05)
S/ID
Ratio
1 2 3
S/D Ratio 0.04 0.23

0.46



( 10, One-way ANOVA,

P<0.001)
3.4 Tubulin
F-actin tubulin
11
( A) tubulin
F-actin
tubulin
F-actin( B
) F-actin
tubulin(
)
tubulin
tubulin

tubulin

19

( )

tubulin (
B)
tubulin
tubulin (
C) 18
tubulin
( D)

(3-5, 8-10 days)
tubulin
actin
tubulin
actin (Mann-Whitney U test,

P<0.05) 13 15
tubulin
tubulin
actin (Mann-
Whitney U test, P>0.05)
18 actin
(98.75%)

tubulin(70.69%)(Mann-Whitney
U test, P<0.05)( 12)

tubulin



tubulin

tubulin

lucifer yellow

patch
lucifer yellow
actin

lucifer yellow

lucifer yellow
microinjection ( 7)
actin( 11

14)

actin  tubulin

actin

24.55%

83.78%( 13)

20

(Mann-Whitney U test,
P<0.05)

3.5

synaptophysin actin
14
synaptophysin
actin
3
synaptophysin (

143a) 1 10°

(dendritic shaft)



(  14b, c, d)

1

10.02%

41.78%

59%(

tubulin

4.

15)

1" 10° cells/ml

80% 5.

0.35 )

( 0.3 )
(Papa et al., 1995)

150mM

(distal)
(Shepherd, 1996)

21



synaptophysin

150mM

150mMm
1 2.5%
2 18.3% 3 52.9%
Boyer
5 21
21

22

50%
80%

(Boyer et al.,

1998)
53%
(S/D
ratio)
3 0.46
Micheva Beaulieu 1996
(somatosensory cortex)
(42%) 10
15
20
(85%) Micheva
10 15
Micheva

(glia



cells)
5
42%
tubulin
tubulin
PSD
tubulin
tubulin
tubulin
tubulin
tubulin
tubulin
PSD Van
Rossum 1999
NMDA

23

(subnits)NR1 NR2B
tubulin

tubulin dimmer

soluble form tubulin

microtubules

(Van Rossum et al., 1999a)

microtubules
PSD
tubulin NMDA
tubulin

dimmer soluble form

tubulin
actin
NMDA
tubulin
(dynamic) Halpain
Colleagues NMDA
microtubule
associated protein 2(MAP2)

microtubule (Quinlan and



Halpain, 1996)
microfilaments

(Allison et al., 1998)

actin
NMDA
(cerebellar
granule cells)
microfilament
(Shorte, 1997)
Van Rossum 1999
PSD
dimmer  soluble
tubulin actin
microfilament
NMDA
GTPase
tubulin
microtubule MAP2
tubulin
microtubule

Microfilament

microtubule

24

(Van Rossum et al.,

1999b)
tubulin
actin-
synaptophysin
NMDA
tubulin
CAl
filopodia-like protrusions
protrusions
(Maletic-

Savatic, 1999)

filopodia-like protrusions



(whole
cell voltage clamp)
external solution
(K* 25mM)
eEPSCs
evoked EPSCs
high K* external
solution 1
eEPSCs

2.2 Hz 2

SEPSCs

25

high K* external
solution eEPSCs
1

2.19 Hz

SEPSCs

high K* external
solution eEPSCs
SEPSCs
10.24
Hz
eEPSCs
eEPSCs

5

( ,1999)

eEPSCs lucifer yellow

synaptophysin

(S/D ratio)



(percentage of (

colocalization) )
eEPSCs
eEPSCs
R 0.52 53%
0.67( )
eEPSC
eEPSCs
eEPSC
90%

(Harris and Kater, 1994)

eEPSCs
0.67
eEPSCs
0.52

synaptophysin

26
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eI B 2 NRI I EERT © (Scale bar=10 pm)
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3 [E|EAH E EE R R I 45, lucifer yellow Jz synaptophysin(texas red,
LR RSB P B - AP R e AP E R E CEAN R
K o & lucifer yellow [&f&2)i%(find edges) » {diH ] M2 R
/INFIREmER Rk ) o AR ZeRY Hh Lo st R T FA B AR B (B
56) » PLIEARERAURMR A2 THIRSE « SRR (c SREX) LUK
Rz ) SRR (a b BRER) 2 synaptophysin ot K& - R B
BRI FEREAI(L) » S/D Ratio = (atb+c)/L » FLEL(EFZEM/EAYZE )
& FRIOARTERE o (Scale bar=10 pm)
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G340 AN A B E A (P R BB — P 040 AT B EBEHAER
T EBRINIE o (Scale bar=10um)

36
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SRS EE A B EHSR A AN ) - [ o] B — R A ST AN
e ST A RAE BRI S o AEFR—8EHUiRET & phase contrast
Holle R (2 &) r] DUE EE #F 2 ARG DA S SR S 53 5
FRr S TERI A s RIS A5 e 2 21 SE AN < (Scale
bar=50um)
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5

5 % 8
6
A
9 3
6 Arc
A lucifer yellow B actin
X Y 100
( ) Arc (A B
n Arc (T
test, *: P<0.05, Arc ) ArC condition
medium

(T test for Fig.A; One-way ANOVA for Fig.B P>0.05)
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7 2 lEI e SR AT AR E R R S A TR 22 NRIH 1T (7
ALE) - EI BT R R R A 22/ IR - Aliiss e 7 R(E A
HYHHIZEBIVR > 2P R EE%€(dendritic shaft) [ > f32€/ N
- R[EEHA synaptophysin H0t SOERIRERARI 5 F] 14 K (& B)f%2
fa K EIPR » H R RS R ERIEE G 5 21 1758 22 R (lE
C)HERAE/ INRI_E Rzl Ss b n 58 R B R L e N 22) - 5
Sf/ IR RIRE I BE IR T - F R i SRt i A Sy AU
HE - (Scale bar=2.5um)

39



Spine Density(#/ um)
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S/D Ratio
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11 Kl EisS e zes 5 - ZelE 4R Oregon Green
conjugated- Phalloidin(¥% )1 < F-actin FYEE A5l 5 tubulin 4
AR ERIAG SR (texas red, #L{0) - /R F-HRE R 2 Bt 22/ INRITA
A [EIELE4T actin K7 tubulin 724E > H. tubulin 434 & E#: actin
J#% > Al AGRIREERG =R 3 K) HEaEist T ek » /NIHR ST LA tubulin
ROFW LR - FHEEE 10 X(l& B)/:A7 » /INFIARY tubulin 564553515
Jkaz(/INFIA tubulin 225E8455) » BEE B8R ke S A e E
tubulin [ffiE actin F/NRI] « ‘EEEFE] 749 13 K AKF([E C) » /INRISH
H0HY tubulin B syErzm@ine D (H TR - (EAE/ NEIRY TR tubulin fY,
SRR AR G2+ i/ INRIHR actin Fy I R HA 2R B B
5 o EAHEESE 18 KIFF([E D) » /NFISEER tubulin 53k HEH S
B E AR - PRIRE/ NRISERER R 2T EASHIANE] tubulin BY 5B
JE > {EAE/ NI TR tubulin oI SRR E R B S (H B 5795%)
/IR actin B R s EHA s BN ER 52 - (Scale bar=2.5pm)
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Relative spine number(to total spines)
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Fraction of spines with head
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i 14 25 el St 2e s <2 % - #1JH Oregon Green conjugated-
Phallmdm(%;’f{z@)&“iT F-actin » ifi L1 synaptophysin 2222 ek 5

(texas red, AL{7) - [l H s F A B ARIRIZ N 5 (T
SHES R o 7Eftiuss 4 R (8 A) AL ] LUHIFS: synaptophysin

et (B R EEMD LR AR 2SI A e o2/ )L -

H e PR R 2SI iR AE - E s 10 KIFF([E B) - A
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HABRAEAT SRR /NI | 1028 14 2K (18 C) - /INFI|_E R] 2 ER 28 gy

AN IR MRS S 18 K([El D) » 5 245 BRI/ N
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Percentage of spines with head and spines without
head stained by anty-synaptophysin antibodies
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