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Abstract

The purpose of this study to investigate the effect of somatic g-burst
stimulation on expression of early phase long-term potentiation ( LTP)
induced by 1 train of tetanus stimulation comprising 100 pulses at 100 Hz,
a CAl synapses in rat hippocampus, and the underlying cellular

mechanisms.

Standard el ectrophysiological technique for field-potential recording
in hippocampal dices was employed. A glass recording electrode ( filled
with 3M NaCl, 35 MW) was positioned in stratum rediatum, and two
bipolar stainless stimulating electrodes were postioned in stratum
radiatum for stimulation of Schaffer collateral branch fibers (S1) and in

aveus for diciting of antidromic spike of pyramidal cells ( S2).

We first confirmed that, while single train of tetanus stimulation
(TS) at 100 Hz ( 100 pulses ) delivering via S1 only induced early phase
LTP that started decaying to baseline level 60 minutes after high
frequency stimulation (E-LTP = 125.2 + 5.40 % ,n=10, p < 0.05, paired
t-test ), 5and 9 trains of TS a 100 Hz induced late phase LTP that could
last for at least 270 minutes ( respectively, 126.3 + 9.44 %, n=8, p <

0.05 1519 + 17.45 %, n=8, p < 0.05, paired ttest ). Early phaseLTP

induced by singletrain of TS via S1 was consolidated to late phase-L TP if
somatic spiking was antidromically elicited 20 mins after TS using
theta-burst stimulation ( TBS ) paradigm delivered through S2. L-LTP

was also induced by single train of TS via S1 when somatic spiking
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elicited using TBS via S2 was given 60 mins after TS. Only ELTP was
induced if interval between TBS-TS was increased to 120 mins. Similar
results were obtained when the tempora order of TS and TBS was

reversed.

Application p, -APV (50 pM ), an NMDA receptor antagonist, has
no effect on the consolidation of early phase-L TP to late phaseL TP by

somatic 6 -burst stimulation, suggesting a NMDA receptors independent

mechanism is involved. The effect of somatic TBS was blocked upon
bath application of Nimodipine, the antagonist of L-type voltage-gated
cacium channels ( VGCC ), and blocker of protein kinase C ( PKC )
pathway, suggesting influx of calcium into cytoplasm via VGCC during
somatic TBS which in turn activate PKC are crucia factors for
consolidation of early phase LTP induced by single strain of TS into late
phase LTP.

Taken together, the results of this study provide information on
tempora profile of signa molecules generated in soma by somatic
spiking which trigger further synthesis of new signa molecules and
consolidate E-LTP at tagged synapses to L-LTP. The above process
require influx of calcium into soma of pyramidal cells via L-type VGCC,
and activation of PKC.,



neuron neuroglial

cell body soma dendrite axon

Daviset d., 1987 Kleiman et a., 1990
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postsynaptic

Synapses

Nicholls et a., 1992

Sherrington 1906
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synaptic cleft
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gap junction
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20-50 nm Shepherd and koch, 1998
synaptic vesicle
neurotransmitter
glutamate

Glycine GABA ?-amino butyric acid

voltage-gated calcium channels
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Hanson et d., 1997 Neher, 1998

active zone

glutamate
glutamate glutamate
AMPA
a-amino-3-hydroxy-5-methyl- 4-isoxazole propionate

glutamate

EPSP excitatory postsynaptic potential

Glycine GABA ?-amino butyric acid Jonas et d., 1998

CI

Glycine  GABAa

-65 mV

Nicoll et d., 1990



tempora summation Spatial

summation

Bear et d., 2001
4. Glutamate
Glutamate
glutamate
agonist
glutamate :AMPA AMPA-gated receptors
NMDA NMDA-gated receptors kainate
AMPA NMDA
Nicoll et a., 1990
kainate
AMPA AMPA  a-amino-3-hydroxy-5-methyl-4-
Isoxazole propionate AMPA GluR1~GluR4

subtype  Hollmann and Heinemann, 1994 AMPA

AMPA AMPA



AMPA 4 5
AMPA
GluR2
Geiger et a., 1995 Hollmann and Heinemann,
1994 AMPA
GluR2 pyramidal cell Angulo et a., 1997
interneuron AMPA GluR2

Jonas et a., 1994 AMPA

NMDA NMDA N-methyl-D-aspartate
NMDA NR1~NR4 Hollmann and Heinemann,
1994 AMPA
NMDA NMDA
NMDA
NMDA

NMDA
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NMDA NMDA

NMDA
voltage-dependent Nicoll et d., 1990
1.
1960
INVitro
C Ammon’ s horn
dentate gyrus DG Ammon’ shorn CA1~-CA4
CAl1 CA3 CA cornu Ammonis
Ammon’ s horn CA3 > CA1l
Bartesaghi et al., 1999 CAl

1. stratum pyramidae SP 2. stratum radiatum SR

3. gratum oriens SO 4. dveus
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CAl pyramida cell  stratum pyramidale
3 6 CAl CAl
basal dendrite
stratum oriens apical dendrite

stratum radiatum

basal dendrite CA3 aveus CAl

DG granule cdl DG

L granule cell layer 4

6 2. acellular molecular
layer 3. polymorphic cell layer DG

CA3 mossy fiber

Johnston and Amaral, 1998

1. Perforant pathway PP
2. Mossy fiber  MF 3. Schaffer collateral SC  pathway
entorhina cortex entorhinal cortex

perforant pathway Perforant pathway



dentate gyrus dentate

gyrus mossy fiber
CA3 CA3
limbic system fornix CAl
apical dendrite CAl Schaffer

collateral pathway Johnston and Amaral, 1998

Milner et d., 1998
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synaptic plasticity
LTP long term potentiation LTP
Bliss and
Lf mo, 1973 Blissand Collingridge, 1993

Hebb, 1949

1973 Bliss Lfmo

long term potentiation LTP  Blissand Lf mo, 1973
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glutamate

Larson et al., 1986

NMDA Bear and
Maenka, 1994 NMDA
NO
Bon and Garthwaite, 2003 CO Alkadhi et d., 2001

Grass and Pettorossi, 2001

camodulinK Il CaMK I Adenylyl Cyclase
ATP cAMP cAMP
Chetaovich and Swestt, 1993 CaM Kinase
Protein Kinase C PKC Protein Kinase A PKA  Pockett et

d., 1993 Huang et d., 2000 Makhinson et d., 1999 PKA PKC
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CaMK 11 Mitogen-Activated protein
kinase MAPK Giovannini et d., 2001 Roberson et a., 1999

CAMP response dement binding protein CREB

Robersoneta., 1999 CREB CRE CRE
AMPA AMPA
AMPA
Liuet d., 1999
3. LTP
(1) post-tetanic potentiation PTP
Stevent et a.,

1994 Zuker, 1999
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(1) early phase LTP

Protein

Kinases calcium/calmodulin-dependent protein kinase Il CaMK
Il tyrosine kinase Fyn Mayford et a., 1995 c-AMP
Otmakhova et d., 2000 c-AMP-dependent protein kinase C

PKC Mdinnow, 1998

AMPA
() intermedial phase LTP
1 3
Protein Kinase CAMP Winder et
al., 1999
(1v) late phase LTP
in vitro
Frey et d., 1993 in

VIVO LTP
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Abrahamet d., 1993 Squire and Alvarez, 1995
3 LTP
cacium cAMP PKC
PKA CAMK Il CaM
Kinase IV CREB CRE
Huang

and Kanddl, 1994 Nguyenetd., 1994 Deisseroth et ., 1996

4. E-LTP L-LTP

= 100 Hz Bliss and

Lomo, 1973 theta Larson et al., 1986
E-LTP L-LTP
ealy-phase LTP
100Hz 1S |ate-phase LTP
trans Huang et d., 1996 Abd et
al., 1997
LTP AMPA -receptors
receptors ERK

gene Huang et d., 1996; Winder et d.,
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1999 trans NMDA receptors
AMPA -receptors

ealy-phase LTP PKA PKC MAPK

MRNA late-phase LTP
Frey et a., 1988; Montarolo et a., 1986; Nguyen et al., 1994; Huang et
al., 1996; Roberson et d., 1999 ealy-phase LTP
late-phase LTP Krug et
d., 1984 Nguyenetal., 1994

late-phase LTP pathway specific

activated PKA  PKC
CREB
activated  pathway pathway
Frey  Morris 1997 “‘tag "
LTP
tag LTP
PKA PKC CREB
tag

Frey and Morriset, 1997
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MRNA Dudek Fields 2002

CAl
LTP LTP
LTP

Dudek stratum radiatum aveus
ealy-phase LTP E-LTP
late-phase LTP L-LTP

time course
1 tran theta
60min ealy-phase LTP

late-phase LTP



ealy-phase LTP NMDA

NMDA p,.-APS 50 pM L
L-type Cacium channels --- Nimodipine 10
UM PKC --- Chelerythrine chloride 3 uM
CAl ealy-phase LTP late-phase

LTP
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100 180

12/12

1. NaCl

2. KCl

3. MgSO,
4. NaHCO,
5. NaH,PO,
6. Glucose

7. CaCl,

Sprague Dawley SD

4 6

MERCK
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2. SIGMA &. Louis, MO
1. Picrotoxcin  GABA,
2. Chelerythrine chloride PKC

3. b,.-APV. NMDA

3. TOCRIS Bristol, UK
1. Nimodipine L
halothane
4 cold artificial
cerebraspina fluid cold ACSF NaCl 119mM KCl

25mM MgSO,1.3mM NaHCO;26.2mM NaH,PO,1mM glucose
U mM CaCl, 2.5 mM B%WO, 5%CO,

ACSF pH 7.4
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cold-ACSF

Agar

Vibrating tissue dicer Campden Instruments, Loughbrough, UK

450pm
hippocampa dlices 27
Interface holding chamber chamber
G, CO,
ACSF
90

interface holding chamber Immersion-type
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recording chamber
0.1 mM picrotoxin 95 %0,
5 % CO, ACSF
pH 7.4 2 ml/min ACSF

0.1 mM picrotoxin

GABA,
CAl
picrotoxin GABA, CA3
epilepticform activity CAl
CA3 CAl

Flaming/Brown micropipette pullar  Sutter instrument Co.
3M NaCl 35
MO CAl  dtratum radiatum

field excitatory postsynaptic potential fEPSP

bipolar
Frederick Haer Company, Bowdoinham, ME 60
0.0167 Hz Schaffer collateral branch

aveus CAl
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antidromic spike
S1
20-30 %

S2 2

LTP

field EPSP fEPSP

100 Hz

HFS 1

trans 9 trans

Sl

fEPSP

stratum radiatum
S1
aveus

1~15mV  spike

Sl

0.0167 Hz

fEPSP 30

100 / 10

1tran 3trans 5

tran tran 90

270

30 241~270 min

30 fEPSP
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paired t test |ate-phase
LTP
B.
Sl 0.0167 Hz fEPSP
30 1 tran
Sl 0.0167 Hz
21 61 121 2
3 theta ?-burst stimulation TBS  theta
theta
trains train 20 s=C train 10
bursts bursts 200ms 5Hz burst 4 100
Hz 10 2
?-burst Sl S2
?-burst 0.0167 Hz S1 fEPSP
theta
20 60 120 20 60
120 LTP paired t test 30

241~270 min

fEPSP basdine
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fEPSP

theta
dice 2 3 theta
theta : 3 theta
60 120 0.0167 Hz
baseline fEPSP 20 S1 1 tran
S1 0.0167 Hz
270
20 251~270 min fEPSP
baseline 20 fEPSP paired t-test
LTP theta

60 120 -60 -120

theta
Sl 100 Hz

2  ?-burst 60 S2  ?-burst
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15 NMDA ---pL-APS

50uM L

--- Nimodipine 10 uM

PKC --- Chelerythrine chloride 3 uM

fEPSP AC
amplifier Warner Instrument
0.1~1k Hz 1000 CED 1401
Cambridge Electronic Design, Cambridge, UK  interface
CED signa
Master-8 AMPI, Isradl

fEPSP fEPSP
fEPSP 20

30 basdine  fEPSPslope

fEPSP sope



20 30
pared t-test
L-LTP LTP
121-150
paired t-test p <0.05

paired t-test
Analysis of Variance test

p < 0.05

I+

270

p < 0.05

31-60

LTP

mean + S.E. n

one-way ANOVA

probability value



trains LTP

HFS
N
LTP

CAl trains 100 Hz

high frequency stimulation HFS
LTP CAl 1 tran

100 Hz single train of HFS CAl
ealy-phase LTP LTP=125.2 + 5.40 %, n = 10,
p < 0.05, paired ttest LTP HFS 31~60

LTP =1025 % 6.59 %, n= 10, p = 0.71, paired

t-test LTP HFS 241~270 )
3trans LTP
LTP=106.6 =
7.15%, n=8, p=0.38, paired t-test LTP HFS 241~270

5 trans
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9 trains 270 late-phase

LTP LTP 126.3 £ 9.44 %, n= 8, p < 0.05 151.9 + 17.45 %,
n=_8, p<0.05 pared t-test LTP HFS 241~270
1tran 3 trans ealy-phase LTP
5trans 9trans 270
late-phase LTP LTP
trans
theta- LTP
LTP -60 60

CAl ealy-phase LTP

somatic stimulation

ealy-phase LTP late-phase LTP Dudek and Fields, 2002
CAl
theta- somatic theta-burst stimulation
1 train early-phase LTP late-phase

LTP theta
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S1 20 basdine

S TBS
TBS Sl fEPSP potentiation
93.8 + 2.97 %, n= 16, p = 0.055, paired t-test fEPSP TBS
51~70 S1 S2 pathway
Sl fEPSP
LTP 20 20 min adveus S2
theta CAl

ealy-phase LTP
late-phase LTP 117.8 £6.13 %, n= 8, p < 0.05, paired t-test LTP

HFS 241~270

60 theta- CAl
theta-
ltran ealy-phase LTP late-phase LTP
121.6 £9.12%, n=9, p< 0.05, paired t-test LTP HFS
241~270 theta-
120

ealy-phase LTP 123.3 +5.67 %, n=7,p < 0.05, paired ttest LTP



HFS 31~60 ealy-phase LTP
late-phase LTP  90.4 £ 13.36 %, n=7,p = 0.5, paired t-test LTP
HFS 241~270

somatic ?-burst

ealy-phase LTP late-phase LTP somatic
theta-
1 tran
C thetar 1 train
120 -120 min
1 train
ealy-phase LTP late-phase LTP 1015 + 13.57%, n= 8§,
p = 0.92, paired ttest LTP HFS 251~270
theta- 1 train 60
-60 min
ltran ealy-phase LTP late-phase LTP  121.6
+7.91 %, n=8, p < 0.05, paired t-test LTP HFS  251~270
) 1 tran
ealy-phase LTP late-phase LTP theta-



late-phase LTP

ealy-phase LTP

1tran
CAl
theta

ealy-phase LTP

theta-

NM DA

LTP

ealy-phase LTP late-phase LTP
-120 early-phase LTP
thetar
1 train
late-phase LTP 1tran
ealy-phase LTP late-phase LTP
60 thetar
120 -120
1 tran
somatic theta-burst -30
1 tran early-phase
late-phase LTP NMDA-receptors

Independent

and Fields, 2002

voltage-gated calcium channels dependent Dudek

1 tran



60 CAl theta- late-phase

LTP
p,L.-APS NMDA
antagonist NMDA
45 50 UM p, -AP5
theta- CAl 20
45
D. o,L.-APS
thetar 1 train
ealy-phase LTP late-phase LTP 1154 + 558 %, n = 6,
p < 0.05, paired ttest LTP HFS 241~270 )
o,L.-AP5 control late-phase LTP LTP
HFS 241~270 oneway ANOVA
p=0.62
early-phase LTP late-phase LTP
NMDA



L-typeVGCCs

theta
NMDA
voltage-gated calcium channels VGCCs
L L-type cacium
channds - Nimodipine 10 uM L
ealy-phase LTP
late-phase LTP Nimodipine
psL-APS Nimodipine
1 train ealy-phase LTP

late-phase LTP  91.1 + 10.24%, n= 8, p = 0.41, paired t-test LTP

HFS 241~270 Nimodipine
control late-phase LTP  one way ANOVA
p < 0.05,
thetar early-phase LTP
late-phase LTP L L

ealy-phase LTP
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theta

PKC

CAMK Il proteinkinaseC PKC
proteinkinase A PKA |ate-phase LTP

Huang and Kandel, 1994 Nguyen et al.,

1994 protein kinase C PKC chelerythrine
theta ealy-phase LTP
late-phase LTP PKC
Chelerythrine 3 puM theta
15 theta 20
Chelerythrine 1tran
ealy-phase LTP late-phase LTP 84.3+10
%, n=7,p=0.17, paired t-test LTP HFS 241~270
Chelerythrine control

late-phase LTP  oneway ANOVA
p < 0.05 PKC

LTP theta
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early-phase LTP
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1 tran 100 Hz

CAl 60 ealy-phase LTP

5 trans 9 trains 270
late-phase LTP LTP

trains

theta- CAl
1tran ealy-phase LTP late-phase
LTP theta
time window
60 -60
theta LTP
NMDA L-
L-type calcium channels protein kinase C PKC



1 tran 100 Hz

CAl ealy-phase LTP  Strans 9trans
270 late-phase LTP
1 3 trans
early-phase LTP LTP AMPA
AMPA

ERK gene Huang et d.,

1996; Winder et al., 1999 trains
100 Hz 5 trains 100 Hz
NMDA

AMPA ealy-phase LTP

PKA PKC MAPK CREB

MRNA late-phase LTP Frey etd.,
1988; Montarolo et al., 1986; Nguyen et a., 1994; Huang et d., 1996;

Roberson et al., 1999
latera amygdala LA

1tran 100Hz 1 40
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LTP 5 trans 100Hz 1 3
3 late-phase LTP
late-phase LTP
Huang et al., 2000
late-phase LTP pathway specific
activated
PKA/PKC CREB CRE

activated  pathway

pathway

Frey  Morris 1997 “‘tag "
LTP
tag LTP
PKA /PKC CREB
tag
Frey and Morrise, 1997

Dudek  Fields CAl dratum radiatum

pathway
ealy-phase LTP

pathway LTP 60
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pathway pathway
late-phase LTP ealy-phase LTP

late-phase LTP Frey et a.,1997; 1988  Frey ¢ 4.

Wistar
tag
pathway
pathway tag pathway
pahway  CAl
late-phase LTP
1 train
tag
ealy-phase LTP
5 trans 9 trains
tag
late-phase LTP
CAl

LTP



MRNA Dudek Fields 2002

CAl
1 train 60
thetar CAl 1 train
ealy-phase LTP late-phase LTP
theta- CAl

VGCCs NMDA receptors

---PKC late-phase
LTP
Dudek Fiedds 512 SD
thetar CAl
VGCCs ERK CREB Dudek and
Field, 2002
S1



S2 pathway
late-phase LTP
Cummming et al., 1996
1 Synapse NMDA receptor 2.
somatic voltage-gated

cacium channds VGCCs

calcium-
dependent signaling cascades Bading et d.,
1993 Diesseroth et al., 1996 Ginty, 1997
NMDA
p.-AP5 50 uM theta-
somatic ealy-phase LTP
late-phase LTP NMDA
Nimodipine L- Avery and
Johnston, 1996 20-50 uM
Nimodipine 10 mMEPSCs
Hirasawa and pittman, 2003
10 uM Nimodipine EPSP
Nimodipine



VGCCs ealy-phase LTP

late-phase LTP L-

Early-phase LTP protein kinase late-phase
LTP Roberson et al., 1996 Roberson
1999 CAl late-phase LTP

PKA PKC MAPK CREB
PKC |ate-phase LTP
ealy-phase LTP late-phase
LTP PKC PKC
thetar
late-phase LTP PKC
CAl theta
VGCCs
---protein kinase C
PKC
1 train
tag tag
1tran ealy-phase LTP late-phase LTP
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