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Memory and Synaptic Platicity

Bong-Kiun Kaang

Molecular Neurobiology Laboratory,
School of Biological Sciences, College of Natural Sciences, Seoul National University

Abstract: The organisms having the nervous system communicate with the environment and utilize profitably information
derived from it, hence creating the appropriate behavior for both adaptation and survival.

Learning and memory can be psychologicaly classfied into declarative and reflexive memory, which can now be approached
with the powerful methods of modern biology. Memory is adso divided into short-term and long-term memory based on the
length of memory retention. In this review, | show how a smple organism like the marine snail Aplysia can contribute to the
caifications of some previoudy intractable questions in the psychology of learning and memory: Where and how is memory
gored? Is there any molecular grammar of memory? Are short-term and long-term memory different processes? Some of the
recent works on this field are reviewed and discussed in the molecular and cellular terms regarding these questions. A body of
evidence shows that long-term facilitation(LTF), a cdlular mechanism of a reflexive memory, has many features common in
long-term potentiation(LTP), another form of synaptic pladticity in the hippocampus that is important in processng in declarative
memory. | suggest a hypothess thet there may be a molecular or cdlular hierarchy that binds together the diverse memory forms,
based on the notion that synaptic pladticity is evolutionarily conserved in the nervous system. The number of synapses that are
recruited may determine the degree of complexity in a learned information defined by the different types of memory.
Furthermore, the synapses may be bound to one ancther by supersynaptic pladticity, thereby encoding complex information.

Key words: Aplysia, synaptic facilitation, cAMP, CRE binding protein(CREB), cell adhesion molecule(apCAM)
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Fig. 1. A sea hare(Aplysia kurodai), Scale bar, 2 cm.

Fig. 2, A dissection picture showing the ganglia and the
nerve connections, Ab, abdominal ganglion; CNS, the ring
of the central nervous system; St, stomach; HP,
hepatopancreas, Scale bar, 2cm,
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Fig. 3, The map(dorsal view) of some identified neurons in
the abdominal ganglion of Aplysia. The abdominal ganglion
contains about two thousand neurons, The six main trunks
of nerve fiber are running out of the ganglion’,
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Fig. 4. The nervous system of Aplysia kurodai, showing
the asymmetrical abdominal ganglion and the paired buccal,
cerebral, pleural, and pedal ganglia, It is detorted and the
connectives uncrossed. The pleuroabdominal connectives
(abbreviated to pa) is drawn as shorted and they are
actually about five times longer than the cerebrobuccal
connectives (cb). Scale bar, 2mm',
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Fig. 5. An experimental set showing the sensory-motor
connection in the pleural-pedal ganglia. The motor neuron
and sensory neurons are impaled with the electrodes 1 and
2, respectively, The excitatory synaptic potential is recorded
from the motor neuron through the electrode 1 as an
indicative of the synaptic strength or efficacy immediately
after an action potential is generated from the sensory
neuron through the electrode 2.
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(a) Cell culture showing synaptic connections between sensory and motor neuron, Scale bar, 100um, (b) A

fluorescent microscopic picture showing the varicosities of a sensory neuron connected to a motor neuron, Arrow heads

indicate synaptic varicosities, Scale bar, 20Um,
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Fig. 7. (a) A dorsal view of Aplysia. (b) A diagram for a simplified neural circuit of gill-withdrawal reflex, 0, cell body; A
synaptic terminal; A, the synaptic terminal that is facilitated by 5-HT®,
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Fig. 8. A schematic representation of presynaptic short-term
and long-term facilitation in Aplysia sensory neurons.1, 5-
HT receptor; 2, GTP binding protein; 3, adenylyl cyclase; 4,
cAMP dependent protein kinase(PKA); 5, K* ion channel; 6,
cAMP-response element binding(CREB); 7, CCAAT
enhancer-binding protein(C/EBP); 8, memory specific
proteins; 9, cell adhesion molecules(apCAM)®,

Hopar 2 Aolrh, 4] AAAAME Sge] As
AlH2ze] o] Walsithe 21e dobliAl =AUt
St Higo] 7192 ) 7]9o] frAlE= A&/ uf
gt Zollx F ARE FAEE @171 (short-term
memory)Z F dol|A] £ I A&EHE F7]7]19
(long-term memory) 2.2 Uiz 4= St} 719 <] Uj-§-]
Aobd 22 A= A7 ddEe] Jloka
Hozj=d], 22 719 Weol ©rlet Ar)7eew v
Holzlchd A2 e AlY2e] ofudt 54o
@719} A71719ls FEete] = A7 ofel| thek s
He 7o) tiBAQl d2A oA Are Riztste)

_l

70ofnt A2 7t 19

ofsf wAst= AlHA 3ol tigh #ARYEEHA A
7b EAR =AM 2 SSitkFg. 8. EX4 JHwY
of AMHA dkolA ) HoR FH|HE S-HTE
A2 ] AEute] EA)5l= 5-HT G5 (receptor)
of Agste] gAo F2E WAL} HeldE 8
A GTP Ag e A (heteromeric GTP-binding
protein)S A=3ke] apye] &3 (complex)E agt By
2 ARt ¥ o 299 (subunit)= adenylyl
cyclase 45 SA3IAA ATPERE cAMPEh= 23}
A# A} (second messenger)S AA3ITE cAMPE= T
2 olxgl g4 A(PKA)Y ZE A9 (regulatory
subunit)ol] Agtsle] Zuf Atk (catalytic subunit)S
BT, A7l S 2uele B4 ol A
X UE Sl 1 o H(target protein)g <l
’&i}/‘]i‘ﬂr. olglgt HEixE T & 7HAE AEH
&= K' o] Adolr}, Qikshe K o] Afde 7|5
< &AM HER 7 7o SEXel 21
et olgfgk FRAEY 7= thAl dFEAAN A
22t EH] o] S7HR o]ofxint,

olgigt <litsl Ao ot AHA FRAS FX

QA;FL FAHA Kottt AE el Eelikslas
b EAFEE ek BF Bjdge] ) =
olustE 4 oY) o] BE gdse] 4shety
HE2 Zojok JRbE ARskA] Fgid, ofefgk &
1A Az 27 wr)7]oe) AEsHE mag 7k
9 % gl

|:|-7|7|o-lo.|| J_|-o;|°|.h Al §

M AAof A+

sHTo| eJ3) 77t
74_‘§ o]—g:];cﬂ 01,]_ 71—

isoformE-0| &A=

FAA cAMP F%7} FTlekE

e 5-HT v%ﬂl% theFst
Ao® HiE Y. =, S-HT
o &J3] cAMPRto] o}ug} IP3(inositol triphosphate),
Ca* 59| 23} AFAL whEolA|a Qrk. whhA 1p3,

2 B Aol ol A E7l0] Aol 754
Oﬂ il dlSo] HaL 9lom ol Mt o) 249

X (¢]
315 PKCo] o8] tHr] AlHA Z7lo] dojdth= B
= o FAL . Hole fHA =YW B

‘47171"*«] A A AAE A7E vh AP, Tl
Al E2% octopamine T84 (octopamine receptor 1,



20 =2

Ap oal)¥ octopamine(OA)E #2]gl& wl adenylyl
cyclaseit-& SAJ3AIT H2 wde ell Ap oals
WS A7) a1 QO R Ap oal® FHAE T
Ho g wsty] Q9o g WIFAZATH ©r] AlWA
2xe 717t el QA S wsksheuAl viE
=y o]dle gEF 3 (membrane depolarization), 2
S (membrane excitability) 57}, &% ¢ (action
potential) 9] A|&AIZE F7F, AlHZE XA o5 F

Ap oalg W= 7472 oA 0Ae AHeldl ¢
3 Eit=3), 3 57 S ASARE 5
AR S AlE2 LI (EPSP)

10] u%-rnl?iﬁ} WJrEW CAMP = D‘r7]

o 5
Aok, WHEAQl FHe Y] 7199 Pl Fag &
olo] ), Aol ik 533} T wIzEl Aol
2 W A7)7]esk . Wzrst A=e] 53] o
g 227kl A EEE 307 relA] SHT 2|

7} Aoz ol k. 77 ol s

141 é}& A=t AA l
Aol AEs e
(Fig. 8). AEH A & Ahel= Ak Td
of3he AL RS 2l 9l °
ke AAL QIS AL 9l D}%h‘ﬂ 719 &4
TS wEAI, 719 FAol AhE [ A}
Foll CREB @i do] 2 A& ot CREB«I 33}
= 9lxks} w= CREB 94 Q1A}Q] CREB-29] B-&43)
oA wFEEG B ZA3lE CREBL FAAke] 50 X
ZRE 2ol ZR)sh= cAMP ¥H-g 2lgiA|(CRE)l| 2
Fale] faiake] AAdS AL, T EE
W Foll FAF 1Akl C/EBP7F LA glom o]
AP QAR= B v V1Y AR %W}ﬂ 5’ LRUE
Aol Agste] A7) 71 Hofehs BHAES A

o :\o n:°"

L—.~

I~

ZoR 4G’ 7o FRtEE f2iA) o
5

1 3

=
HNOE

WL
—
o
>
f
9
rr
=
i)
ry
2
rlr
%>
rﬁi
~
=
O
gi
N
-~
(@)
E
cu
J—‘

i
3
By

™,

o

e,

(o

Y

2

Ho

r)J

)
(T
éZ

_V_,

oX,

o M

é

_{

Q]
=
of Az Age] FEAF A&

ot §AA 2EFo 3ol ubiquitin

hydrolasets PKAS] 2 2:0h912] 7sfol) 2ofat
g G2} AEHel B SxFh=Y 7)o

T % 9In. 7] 7190 <l A ek 71 A
Hesel FEAE AR P 5 sl shy
Aize) £8 el Lol drt,

Y717|t w7 He A

41 go] B1Ho2 slelshE 1) $u] Tz

317}
Merzeni
g ol

=

Uojdrt Apdel @ol wmuEgth
ch BE Aol o sho] 54 viet

AgES e SHEUS B 18 27

=
WEHoE UM & F Agole] AR 2E 245

& 3
u o] FgL wH 7 4}3}47]514
“E ‘Jr_oft— 74 7FA](process)2] 29k Al
202 Mok, wgk AltelAl

==

R e FE D

o 1

R

e ol 40 D] F0E Tl S8 &

A HolF= MR 237} HaE7]% 8heir},

Bailey 52 49| 1173} g5 wtEHo g

A7 AA A AlFAS W 7 wmEHe 7};17} u

2 RSP, WHE s0] 7]

7193bEd shg Aol SAYUG A2 7o) F

ohel 22 A2y} HEoRE A= 7}

o

A& 4=}, Mayford 5& 72 7oo] AXde] &

32} T A (apCAM) S %%ow tﬂ 5-HTe]
Zojol| oJ&f apCAMo| M E FHo 2 RE A2}
AIS ORI, apcae A dehie



G do|ng Al Zuty} A9 Alo]E A
2 BT 715 AYaL glvk 5-HTe| &3] apCAM
o] MZEHOZHE AAHH MF=I AEdto] AR
Holx|7A| EEZE growth cone] target neurong Zro}
7P AEe AEAE T 5 A Enta FAET
At

Bailey & apCAMO] N W& AAEE, & 37]
71998ke] 27] DAl sl A EITH apCAML Al
7}A] isoformo] &A) 3t} b= TME o 2R A EE
< sk @A BoE Ado, e F URe 2
77F ME O GPIZ R Az QA T4
gto g Ad=Y ik Al 714 isoforme] 5-HT 2]3)
ojulst xpEA 2HE W=A] 17| $3] HA epitopes
apCAMel| 3zt 22to g Fojdty. HAE <128t
= FAE o83t A7 o] 2t = apCAMF
QM A 2SR YoJFE apCAMES THAS
T Utk Z24e] isoformE A7t oA WEAIZS
o) 5-HTE 2 23hd TME apCAMYHo] A X ¢to 2 A
Aee A& B3tk GPIEF TME 9 Afol& AlxH}
o Faste R9lsh AT Fojel AT Peue
AASFAE 5-HT| &3t apCAM®] down- regulanonﬁ
ol grech, AT 2ele] oelieal HAS 24}
@ 27t 50] B WU WA PEST A
o] §e-E YohlSih, PEST F97t AAE AT
apCAM ¥A] down-regulation®] dojub#] gt} wh
T PEST o]2]e] R-9& AAG B9+ 5-HTe <zl o
A 3L, PEST F-9lolle= MAP ¢14ksl &ave] o]
Qtshd Ao g Hole ofn|iito] 7 ZHoA A

=4 o]EL 3} down-regulationo] A2 4
oA =

o]d¢] éﬂri-rﬁ o s s = 7 A

o S-HT| B2l A= MAP Kinaseg &J3}r
713l MAP Kinaset TM& 2] apCAME] A|ZA HIE
CIAESIAIZIT}, apCAME] Q18 clathrino] wi7iEl=
WA EZ3} (endocytosis)E LA 7Yk, WA EsE
apCAME lysosomeol| X & o] &S gh=t} PEST
A el 92 ubiquitine]l &gk 3l HFES Fe= A
o] #Ae WAESPE dojuhr] el A AZ
3P dolt F HFH o= A|AHAE o o]&xojd
Aoz Holt} FPH AETLL recycling®e] 2174 7}

70ofnt Al 7y 21

|7} o] 7} A7 (growth cone)2] AlEEel] g5t
o] AYAE PAT ZF oz Wojuri=dd

=
T
>
ﬂ:
ic|
=
l'[:r:
>.
l?L
1o
E

719 (declarative
memory)°ll TQ3 9&Z sl gl=d sfuke] A4 3]
ZoA Ao kA (plasticity)Q] LTPE #2e 4
ATk, #ljutel] EAJ3E AHAES 1F3H(50-100H2)
o] AVA AFE £ 27 ks w) AlHA fEA0
Z3tent, olgst AskE 7] A2 Zsh(long-term
potentiation, LTP)g} F-Et} LTP= 19494 7lujttel
Al2)&ake] Donald Hebb7} A|¢Fsl Hebbian AlWW22]
54& w2 gl

Sbola] Qlojh 471 Az TPl et
AE - #AH AF7h AR obbl/ s FasE
wakel Wgs W Y 2askE wEel
UEd A7) Ads SRCTHH vadd = A =
on T @i Atole] wig- fAfsE ol MAE L glrt,
4] 7842 o} A5 471 ASHLLTP, long
lasting LTP)ol| A= A2 Thild $hd 9 f-2dzte]
o] FAlel Fagto] vz, ojdl= 23k AHAR
Al cAMP7} Aol A HE FE o] &g A
A PKAZ} 371 A3te] F83tthes Abdo] defxlth
TS L-LTPo| Hadk dAZAETA ol LIPS} widrt
A2 CREB HA} QIA7F 8% 93-S sk Zo2

et

_4

Frol EEB4E WA AANZAIAE 42
Glanzman ¢ 93 LTP7} AR AT, LTE7} Lo

U 49 #7285 7zt AlgzMs sju}
LTP % %7, & 153 A7|AZ(tetanus) S 742
el F9 LTP7h BAgt), 48] LTP= v} CAl
-910] LTPe} 5/d0] frAketet. NMDA 84 ¢] A
A2l APVl o)) LTP7]- AEEIL FAES o] &
B2 o5 E0]9= Ca™ol &) LTP7} =),
w3k APV o3 LTP7} ApetEE 1% &4 Z33e o]
Fo]d 4 glt}*, o]i= Hebbian AlW2¢l LTP} 1A
2 21817} ﬂf‘ﬂL 01%‘ 7193ke] ##Edg VR



N
N
0
i
=l

e AN —/——
— f, “u, R,
g ! ! "
M AR, LN AR
- -
- =
- e
= -
LTF LT LTF LTI
.-"'-. .-l.
P | .-.-__.-"’J
L -~ ¥ . "___.i' T
- & — — -
H\_
Gujﬁi\l}k_—'@—% I::JEH'—- wo - =] camr -t%l-:\-
i e sz J_{,l'
i o AN — g,
FHE 1= [ - o FEET
Synapse 1 Synapse N

Fig. 9. Hypothetical model of molecular hierarchy of memory. In this model, I propose an inter-synaptic plasticity which can
be defined as a plastic change in the efficacy of association between one synapse and another ones. This form of
supersynaptic plasticity may explain the molecular mechanism of certain forms of declarative memory, The degree of
complexity in a learned information may be determined by the number of synapses that are recruited and associated to one
another as a result of learning and memory, A.D.I,, Types of information that are stored in declarative forms such as in
semantic and episodic memory, N.I., Types of information that are stored in non-associative forms such as in habituation and
sensitization, A.R.I., Types of information that are stored in reflexive but associative forms such as in classical conditioning.

LTF, Long-term presynaptic facilitation; LTP, Long-term potentiation; M.G., Memory specific genes; PRE, Presynaptic neuron;

POST, Postsynaptic neuron®,
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