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In the central nervous system (CNS), the synapse is a specialized junctional complex by which axons and dendrites
emerging from different neuron intercommunicates. Changes in the efficiency of synaptic transmission are important for
a number of aspects of neural function. Much has been learned about the activity-dependent synaptic modifications that
are thought to underlie memory storage, but the mechanism by which these modifications are stored remains unclear.
Thus, it is important to find and characterize ‘‘memory molecules,”” and ‘‘memory apparatus or memory forming ap-
paratus.”” A good candidate for the storage mechanism is Ca2*/calmodulin-dependent protein kinase II (CaM kinase
IT) . CaM kinase II is one of the most prominent protein kinases, present in essentially every tissue but most concentrated
in the brain. Neuronal CaM kinase II regulates important neuronal functions, including neurotransmitter synthesis, neu-
rotransmitter release, modulation of ion channel activity, cellular transport, cell morphology and neurite extension, syn-
aptic plasticity, learning and memory, and gene expression. Studies concerning this kinase open a door of the molecular
basis of nerve function, especially learning and memory, and indicate one direction for the studies in the field of neu-
roscience. This review presents molecular structure, properties and functions of CaM kinase II, as a major component of
neuron, which are mainly developed in our laboratory.

Key words——learning+memory; protein phosphorylation; synapse; Ca2?*/calmodulin-dependent protein kinase II
(CaM kinase II); Ca2™" signaling; postsynaptic density
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Fig. 1. Schematic Presentation of Neural Transmission of Neural Network and Research Objective of Learning and Memory

Nerve impulse transmits in axon of the neuron shown in the left, through the neuron shown in center, and then reaches to the neuron shown in the right. Each
neuron is connected with synapse, and nerve impulse is transmitted to one-way by neurotransmitter. When the neuron shown in the right receives inhibitory signal,
nerve impulse is not transmitted. In the brain, one neuron has about 1000 synapses, and forms complex neural network. There are common molecular mechanisms
in transmission of nerve impulse and in synaptic transmission of various neurons. Synaptic transmission, signal transduction from synapse to nuclei, gene expression
of signaling molecules, and the formation of new synapse are the major objective for studying on the molecular basis of learning and memory.
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Fig. 2. Increase in Dendrite Spine by Learning and Forma-
tion of Neural Network during Brain Development

A: Increase in dendrite spine by learning (1). Spatial training in Morris
water maze task of adult rats is associated with an increasing spine density on
CA1 pyramidal cells. Increasing in spine number means increase in the syn-
apse with presynaptic terminals (not shown in the photograph). The trained
animals also show increasing learning ability. Data shows a photograph on
laser-scanning confocal microscopy of cells injected with Lucifer yellow. B:
formation of neural network during human brain development (2). Golgi
staining of the brain at newborn (left) and 2 year old (right) is shown. In-
creasing in the staining indicates the increase in neural network, because the
number of neuron does not change after birth in general, I to VI, layer in
forebrain.
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Fig. 3. Biosynthesis of Catecholamine and Serotonin
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Catecholamine (dopamine, noradrenalin, and adrenalin) is synthesized from amino acid tyrosine, and serotonin (SHT) is synthesized from amino acid trypto-
phan. Tyrosine hydroxylase (TH) and tryptophan hydroxylase (TPH) are rate limiting enzymes of biosynthesis of these monoamines and are regulated by complex
regulatory mechanisms. TH and TPH are a family of monooxygenase required pteridine coenzyme, and have similar enzymatic properties.
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Fig. 4. Protein Phosphorylation Cycle and Cumulative Total of Mammalian of Protein Kinases

A: Protein phosphorylation cycle. y-Phosphate group of ATP is transferred and produced phosphoester bond to proteins at their serine, threonine and/or tyro-
sine residues by protein kinases. Phosphoester bonds of phosphoprotein are hydrolyzed by protein phosphatase resulted in the dephosphorylation of phos-
phoprotein. B: The cumulative total of mammalian protein kinases reported since 1959.'9 The line labeled ‘“Total protein kinases’’ represents the sum of protein
serine/threonine and protein tyrosine kinases. Phosphorylase kinase is identified as protein kinase for the first time in the 1950’s, and Src kinase is found as tyrosine
kinase for the first time in the letter 1970’s. CaM kinase II is reported in 1980.

Table 1.
phan Hydroxylase in the Presence of ATP

Effect of cAMP and Ca2* on the Activation of Tyrosine Hydroxylase and Trypto-

Tissue Enzyme cCAMP? Ca+ @
Brainstem Tyrosine hydroxylase Activation Activation
Tryptophan hydroxylase No activation Activation

Adrenal medulla activation

Tyrosine hydroxylase

Activation No activation

@) Activation of enzyme by cAMP is required with ATP and Mg?* as well as cCAMP, and activation of enzyme
by Ca?* is required with calmodulin, ATP and Mg?* as well as Ca2*.

Mk TH 20, KEMREDTY RLFYU R /ILT R
LU MEBMHEMROKKRDET IR EL TELHE
I Tnwad, EFEFFOL 2 kBLLEEED
CAMP (2 X BI1E ML cAMP K EE T 051 > F
F—YickB) CUBLIcIBZEEYDTIFHL
7268 —7, Ca’t IZ X BIEMALIZIZ ATP & )L
TTFaYCHABRETHD, Ca2t EHIEFT 2 >
KEO T 0T > FF—Y 05T 5 ulgEM 2 A
HLUZ 9 X512, MTIRNEEDSY > IN28 Y
CEALIEM M ORI R TELLEWI &,

Ca2* (KT MY O BALIEME O K50 A8 Ca2t #t &

SINIEDOHNVET Y VIKkET A EERHBL
72 91D MR, Ca2t/HIVET 2 REET O
A oFF—E LU TEREREEDRERR AR
T—YFF—tEeIFT BTt 2/EL
LN TWaEho=ZENG, HLWCa2t &5
WET Y UMKEEDO T OT A > FF—ENEET
LHTENEBEZLNT.

22. Hoax¥FF-—FUDOREE MWMONITHT
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Ho7arA > FF—EELTHLFF—FUMN
FRINE D Ty B RKOHMBENS HIVET 2
J>D7 74 =ZF4—270OX NI 574 —THhILE
FaU I HEEY N EESEEL, TIVABIZEKD
Rz E L, fxORESY N7 E %N TENE
HETDE, DTRORRD 3FEED Ca2t/HILE
Fal I MKERETOTA F S —EnnEEI N
(Fig. 5(Left)). WHIEICES 21, H2HHOD
E—27 &L THTFER S500kDa D Ca2t/HILVET
AU MKESETOTA FF—EN NI T T 7
IKEEALBE R 2R LT 2H L Wk —EThHD, Z
NN LFF—FUTHS. =V 1IEEHFAKRY
7—t¥FF—¥THTEN1000kDa THD, E—
7 NNE A2 DR NEA 22 VEBET 516
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Fig. 5. Identification of CaM Kinase II and New Activator Protein
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Left: Identification of CaM kinase II by gel filtration on Sepharose CL-6B column.!® Calmodulin binding proteins from rat forebrain are fractionated by gel
filtration, and protein kinase activity is assayed using various proteins as a substrate. A: phosphorylase kinase activity, B: CaM kinase II activity, C: casein kinase
activity, D: myosin light chain kinase activity, E: protein, vt, column volume. Right: Resolution of activating activity of tryptophan hydroxylase into two compo-
nents on Sepharose CL-6B.1¢ o: each fraction is assayed in the presence of fraction II, @: each fraction is assayed in the presence of fraction I, x: A280. Fraction I:

CaM kinase II: Fraction II: activator protein, vt: column volume.

MZ2FEDOHTER 100kDa ® Ca2t /)L ET 2V
EENET O O FF—ETHD, EkmenT
WEHIERREOMEBERI AT VBET - LI
BB LWHBETHD. E—7 IVIZHEEDHES
KEHIN S FF—EORAMTH 5.

A LFF—Y NIEREIC Ca2t EHIVETF 2 >
EHWEETHZRENREY > - AL AT 051
CFF—ETHD, MIIERNWILBICHEET
2.9 ) A7OY 7 NOREICKD, BETHE
F 5 BIE T 520 O 7O 7oA > FF—ER
GIETDHZENHSMERS DN, hAFF—F
NEF7o051>FFr—YE L TR FER
INEEBETHS (Fig. 4B). 19

Ca2t |I MR HEREFEICEETH D, MmN D
IR < FRFEE R, fRRIERIC K D BT LRI 2
ZEICKDITFINMBEI NS, Cat IZHILE
T2l THES Ukka e T aIEHAET 208, 7L
T2 COFEERBENSY NV EI AN LFF—F
I ThHs.

3. LU OBREGFMKEE

3-1. HILWEMEY > N7E hioaFsr—t
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CHEHEFRTRNY T N7y Dk LBER 25 MEd %
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HLWiEHILY >N B TH > 7= (Fig.5

(Right)). 718 ZDFH L WEMELY >NV EZE T
MEMNSHINET 2D T T4 =T 14— 0% b,
FIABrOR N, 7))ty yOo—270% b
RO —ITHEEL, ZogE2Hs MLz &
Mk >N E 3 FEK3SkDaOY 712y b
MH572% 2 BIKT, BETY I/ BEL<HFOBES
DINZETHD. FEAETXTOMBIC LI
BECHFEUVL TS, 202 Ens, EHL
&N EIEF O O KEBIEEES N T R Ty >
IKERAL IR DIETEL LISV DEEIZ R 2 ENE R
517z,

32. ALFF—FUICLDY CBEICH < FHE
7> N7BICLDEHRIE HLFF—FII
K5F 02 2IKEALEEE S b YU T b T 7 KR (LEE
FOEMALZEFAND &, RUIC, 5 OKELE
ENALFF—FYHIEDY CBlEIND I EMN
METH D0, U B3Nz TidEE eI h
BV, DT, UBILINEEENDD 1 DOH
LWEHILSY X7 BITHEEGT 2 2 LK DG
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Wams 14-3-3 7 >N ERKHEN, 2073/
B AL RE STE AL 5 > N7 B E T B 2 &N in
D, MUT KTy KEALEESE OIS & FEEE IR
Ni-fEE, EHAey >N EE 14339 >N 8
ERFECYNIETHBHIENHSNETR D
2.8 14-3-3 7 N BRI ATIRY INVBEDY >
FEAVERALICHE S U CHRERRIET T 2 B2 T Ch 2.
4. ho¥xr—rHOME
ALFF—F HILRO XS 7P - 72K 2
5, MR T S T AGESCT IR D S IF L
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DRI2% B ED D, 2) MICERMICEEL, £%D
FEEEFE TREREIAY - BRI SIS N, >
7 AR e © T FE TR IR T B A SR B VT FE B Y3
fignTns, 3) MREEOHLEMTHD T
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F T AMRER MM ICEE R RE S TS,
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Hibxns &, BrEHEY CEBAEED) B
U, Ca* Wi THIEMZEFFDBEHE (Ca2t JEIKTF
PERESE, IEMERIRES) ICAMII NS LD Catt T
X HMFFOIEEFEIEMEZ RS, Cat >V FILo
Pt & L CoREI 2D, HAaFF—FE I D
% Table 2 ITX & 7=,
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Fig. 6. Two Mechanisms of Activation of the Enzyme
through Phosphorylation

Upper: one-step mechanism. Tyrosine hydroxylase (TH) is phos-
phorylated and simultaneously activated by PKA. Lower: two-step mechan-
ism. First, TH and Tryptophan hydroxylase (TPH) are phosphorylated by
CaM kinase II, and second, phosphorylated TH and TPH are activated by
interaction with the activator protein. TH-P and TPH-P, phosphorylated
forms of TH and TPH, respectively. A: activator/14-3-3 protein.
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Fig. 7. Schematic Representation of Activation and Role of CaM Kinase II in Neuronal Cells®
Intracellular Ca2* is increased by extracellular stimuli, binds to calmodulin, and then activates CaM kinase II. CaM kinase II phosphorylates various kinds of
proteins and regulates physiological processes. CaM kinase II protein is induced by the stimuli of differentiation.
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Table 2. Characteristics of CaM Kinase II Molecule

e CaM kinase II is the protein kinase that is activated with Ca?* and calmodulin.

e CaM kinase II is one of the most abundant protein kinases in the mammalian brain.

e CaM kinase II constitutes up to 2% of total protein in hippocampus, a memory center.

¢ CaM kinase II has been widely recognized as a memory molecule and plays the most important role in synaptic plasticity.

¢ CaM kinase II increases most rapidly during the most active phase in the formation of synapses in the postnatal brain, and remains

at a high level after synaptic maturation.

e CaM kinase II has broad substrate specificity and phosphorylates broad array of brain proteins.

¢ CaM kinase II is the major protein of the postsynaptic density (PSD), where it plays a key role in synaptic signaling.

e CaM kinase II is activated in the presence of Ca?" and calmodulin, and then it has the ability to autophosphorylate, a process that

confers Ca?*-independent activity upon the kinase and greatly increases its affinity for calmodulin.

e The Ca?*-independent activity of CaM kinase II polonging the Ca2* action transiently increased in response to nerve stimuli, in-

volved in LTP, a basic process of learning and memory.

e CaM kinase II has a shape resembling that of a flower with 8 or 10 petals.
* CaM kinase II has our isoforms (o, 8, 7, and 6), and « and f the two major isoforms expressed almost exclusively in the nervous

system.

e CaM kinase II holoenzyme exists as a multimeric structure consisting of 8-10 subunits, with molecular mass 500—-600 kDa.

¢ CaM kinase II phosphorylates Ser or Thr of the major consensus sequence RXXS/T, and also phosphorylates Ser or Thr of the se-

quence S/TXD, a completely different sequence from the major consensus site: S: serine, T: threonine, D: aspartic acid, X: any

amino acid.

7w PRI SHEZE, FILAmrax b, A
WEF 27742514 —7010x N, P-t)
O—2A 4> nx ML oo hn,
HEMNEHS NI N
EFOSNHALLENLF S —E I LHEPOREE
m, >FTTr, WUNES NVE, ) a—=r
HBREREF S —EHEOY CEBEBEREE LT, KON
DS DR S 2R E I Nz, T ORI
TEPLAERREDO S THRINA TS50 &,
LI 6 IBHRARAMTIEEIN TV, Znsid
TRTAHALFFT—CEHNEFRUBEDT Y T 4+ —
LTHBHZENMHSNEIRS T2, 2029

42. WAFF—FIHUDNAZO—= 4L
£ HLAFF—FYUDDNAWET Y MU S «
EBTAV T — LRI O—22 T SN
ald5.1kb mRNA i[CJ—Rahn, 4787 2 /EH»
SRR IND TEIL S4kDa TH 5.2 13 4.8kb
mRNA ICO—R&N, 5427 3 J@hoHRS
N, FEIFZ60KkDa THD.2OMWHY A T +—L5Ih
1%, filiE (catalytic domain), FEEN (regulatory do-
main), 2% (association domain) @ 3 D D #EfE
RAAL oINS (Fig. 8(A)). 2D T v Mp
S5, y&6 7MYV T r—Lr0—220T73N
AT DO RIS D BETFEDNHFIET 5. i B AA
2ITiZ ATP fEEHMALAEIEL, FE R AL T3

AIVET 2 REGEHMEBEE Y S BALEAL N FE
95, HoU CEALEBALIE R N A1 > SAHEAER
THILICKOEEZMHT 2 HCHERMLTD
L RERALEY Ty FORBIEDD £
BEREKRT 2. ZNSDERALETAY T +—
LM TEEIRESINEVWHAEZED. a7
AV 74— L3RR RNICETET S, hAaFF—
YUHDOTAY T+ —L3IZTNTNEROZT T4
DI EKVRIBRDRT T AENNEIET D, E
B, a & BTV 7 +—L D cDNA %5 #EM
ICHATDZEICRDBREENRET LI L&)
DTRHUZ.2® £z, RBEIZBWTHRE R X1
SDOANSIRDIEVRIEEROBBITKIIL,? 35
12, BEFEDWN L DD RKZEBARZE I W@ n 5
ANET 2 U AEEGHAZH SN Uiz, 0 BT
MBEIZ KD S, B FIEHRIT T DDOKRE/RH
ORI 255, BB/ S 72 B0 R 2 8-10 f#l 5
DIED KD IR FIRRETH S T ENHHS M
Elso Ttz 4 ORBDERII A 8 A > SFET R
AL 2ERE, RARAMCENLTEET S, «
135> 7&K 50kDa, 134 60kDa O 7 1= k
MENZN 10 I8 EES LA ) IV —HiEix
% (Fig. 8(B)).3V
2auYauNITR1IEOBLRTNS AT T
ST DRIRDBTAN T A —LNERT B, 2
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Fig. 8. Structure of CaM Kinase II

A: domain structure of o and # CaM kinase II. CaM kinase II is composed of three distinct functional domains, catalytic, regulatory, and association domains.
o and B isoforms are highly conserved. B: a high magnification electron micrograph of o« CaM kinase II having 10 peripheral particles.3) An arrow indicates a thin
projection linking peripheral and central particles. C: binding of o CaM kinase II with calmodulin.? Calmodulin molecules (CaM) associated with the peripheral
particles (P) from the outside. (inset) Two molecules of calmodulin are observed covering a peripheral particle (P’).

NZNDOTAV T+ —LEERE RAAL > THEELA
VO —EEZERS. HAFF—YIIZ, BHEH
WILAMC S, WRREY), Ml U=, T AT I,
BRUTFE, 48, avlauNI, AHINFF
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Fig. 9. Differential Localization of o (A) and 8 (B) Isoforms
of CaM Kinase II in Rat Hippocampus and Cerebellum

Upper panel: distribution in hippocampus.5 A and C: immunoreactivi-
ty of o CaM kinase II. B and D: immunoreactivity of # CaM kinase II. C and
D: high-power photograph, enlarged from the area as enclosed by the dotted
rectangles in A and B, respectively. Insets in C and D, high-power photo-
graph in pyramidal cells. o and # CaM kinase II are strongly stained in CA1-
CA3 and dentate gyrus with the anti-a and anti-f antibodies, respectively.
The nuclei of a-immunoreactive pyramidal cells are faint stained with the «
antibody (inset in C), but those of f-immunoreactive pyramidal cells are
completely devoid of the # immunoreactivity (insef in D). Abbreviations; A:
alveus hippocampi, cc: corpus callosum, DG: dentate gyrus, dhc: dorsal hip-
pocampal commissure, fi: fimbria hippocampi, LV: lateral ventricle, SLM:
stratum lacunosum-molecular, SO: stratum pyramidale, SR: stratum radia-
tum. Bar: 500 um (A, B), 100 um (C, D). Lower panel, distribution in
cerebellum.’® A: o immunoreactivity is present in the molecular layer (m)
and Purkinje cell layers (p), and fibers between the medial (M) and inter-
posed (I) cerebellar nuclei and beneath the medial cerebellar nucleus. Note
the absence of immunoreactivity in the granular cell layer (g). B: 8 im-
munoreactivity is present in the molecular, Purkinje cell and granule cell lay-
ers and all cerebellar nuclei. IV: 4th ventricle, L: lateral cerebellar nucleus. o
and B CaM kinase II are differently distributed in the cerebellum. Bar: 500
um (A, B), 100 um (C, D).

oy NI =T RO L TEL <Y 5.
al BTV T F—LITRRWNIRE ) 7 O0—F )L
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5L, UIFEBEaTIEIFY 13 TR TIEIF
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. ‘ 542 a.a (Rat B)
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ATP binding

site  Catalytic domain

Fig. 10.

Auto-Pi Cam Link

490 a.a. (Dro)

2 Association domain
binding

Regulatory domain

Organization of Gene, cDNA, and Protein of o and # CaM Kinase II from Rat Brain and Drosophila CaM Kinase 1167

Top: gene structure. Exons are indicated by black bars, and their numbers are shown in the middle panel. Gene of o CaM kinase II has 18 exons spanning more
than 50 kbp, and that of # CaM kinase II has 21 exons spanning more than 80 kbp. The Drosofhila CaM kinase II gene is consisted of at least 16 exons spanning 20
kbp. Middle: cDNA. The numbers below the boxes of cDNA show the position of the first nucleotide of each exon, with the first ATG of cDNA assigned as +1. The
structure of the exon/intron junction is completely conserved between three genes, although gene structure and size of introns are very different between the three
genes. Bottom: protein. Three functional domains and functional units are shown.
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Fig. 11. Promoter-luciferase Reporter and Deletion Analysis of CaM Kinase II Promoter Activity®

A: A schematic representation of the 5" flanking region of the « CaM kinase II gene (Upper) and one of the o CaM kinase II promoter-luciferase reporters
(Lower) . The sequence is numbered with respect to the transcription initiation site (indicated as +1) shown by an arrow. The box represents exon 1 and the transla-
tion initiation site is shown by ATG and +150. A black box shows the neuronal cell type-specific promoter region. Restriction enzyme sites and their positions are
shown, B: BamHI, Bg: Bg/ll, H: Hindlll, N: Ncol, P: Pstl. B and C: Deletion analysis of o CaM kinase II promoter activity in transiently transfected neuronal and
non-neuronal cells. Neuronal cells, NG108-15 (B), non-neuronal cells, BALB/c3T3 (C). D: A schematic representation of the 5" flanking region of the # CaM
kinase II gene (Upper) and one of the # CaM kinase II promoter-luciferase reporters (Lower) . The sequence is numbered as in A. A black box shows the neuronal
cell type-specific promoter region. Restriction enzyme sites and their positions are shown, B: BamHI, Eh: Ehel, Nc: Ncol, Nh: Nhel, S: Sacl sites. E and F: Deletion
analysis of # CaM kinase II promoter activity in transiently transfected cells. Neuronal cells NG108-15 (E), and non-neuronal cells BALB/c3T3 (F).

BHNCHER T 25 NI EET IV T MEICKDY
vEAL, Ty MNENS T ORE—F -GS 2N
DEEEHEL, YAAXRTZ bOA MY —ITXDfENT
L, rLRP157 AR H &+ /=. rLRP157 ¢cDNA #% i
B, BENT Y —ITHEELBEHRITEATS L
BHLFF—Y U TOE—Y—2EMLTEHE
DI 5 M & 72 D rLRP15S6 28 7 O & — & —{E LK T
D1DTH2ZEMAMETN. ™ rLRPI5T X
157kDa O % > )N\ZET, bhonAfT > wFy
>XZ7'8E (hLRP130) ®F v hAREOV TH D,
M, R, OVigiC % < B9 5. hLRP130 I3,
French-Canadian Leigh Syndrome (FCLS) ®DJRI[A
BT ThdIENHSNZIN. ™ FCLS 1370
BTHL WAL ZESRBETHZ I ENS,
rLRP157 OFBUX TIZMED p hoFF—EDRE
BHE DN FCLS ITBfR T 5 & T HUTEE S O
BEAERZ G X2 5. Zic2 2 rLRP157 D T2 &
DONLFF—EHOERTORENHRE NS Z
EMHSNER DD, HAFF—F 1 Ok R

(A FE I R OFE 12 33 1) 2 IRE TR 22 T ) A SRR R S B
Z< ORFICKDEHMLRHEZZITTNEEEZS
N, %5, REHAGICEGTHITXTORT
ZREL, TN5600 TOMAERICKZFED X
NZALZEHOENZTEHZENNETH 5.

48. HLox+—+F HNORBEFEL RN
WTEALFF—F N BNOFEZRETHESIN
% Z EIRITBRRTED, BEMERIIBNTH A A
FF—tF UNHEMETENEEFEIND Z &
MBS N ET8 > 7. MDY AR RL R P19 M Ag I
ZbREE AT HMIETHh BN, LF /A BITK
O R AN MEAET 2 2 Eh S HRRMEDET
WELTELSHEHIN M THS. PIoOMgzE L
F A B THREAIIC LA ET 5L 2-8 HTH
LAFF—VYUEREBHSHEEALEZ ZoEHKE
FAIZHBNWT mRNA NEIML, BENFEEINSZ
EMHHSENER ST e, FRATO—IVT 2
CHRY T AL CAD V3, WERESMNT
FALWBEEZ L TS, BRSO IMEERET S



No. 8

1185

&, HDVITREEIRIC CAMP Z2iRINT 5 2 &1T
X0, FIEIMEAE S RS R L, MRt
MR OBREICE(LT 5. HMEFBE 1 HThAF—
YU FEIN, EEREL<ZD, DBIZEFEL
EWEMEZ RS 2. I3 1 B S HEZH
AL, SHETHEEEDICHET S, ZOZEEH
JBIZH LFF—FHER KN62 1L VHEINS Z
EMS, BEMBICHALAFF—YUNEET D
ENHSNERD T

4-9. HoF+—+ 0 OHRMIEEMZ /74
S AFF— 1 OF SR TR
BROBRAT I TEDOERDRE SN
72,747 CAD e Cldh aF F—FY NIZ s 71V
T+ —LMEELTHERHL TS, CAD i
RBEIHENSTA T —LDAT T4 T
MET D, AT 742 2 TDOEZ, W< DhD
3 & R M A D 43 AL 3 E D IR S AL P19 O
MR EiRRE, RUOT v b ORI /NMED L EiERE
THHRINZ. Ty METIE, DoKX
MR E PR Ty D OO TR/RS., 20X
DML R EBETONLFF—F U DRSS
A 27 OELITHREMILICHET D Z EAHTS
Elsolz. Fiz, RTI4TN —2DENIZ
K0 AR AT, RRAVERHMEIREEDENTHHET
EBHTE, Tabb, RRAHRERE KR
S N (e i 3 ORI S R (b -t e e
MR, O3 DORIZEHINDG T ENHS NI
7o 7= (Fig. 12).% ZOXHBAT S22 7

CaM *F+—+ 0N

(MRRORME ) (CaM 7 —t MiEne) | TV MiEE HRaR

YU INORRR
. ROLIBSRAE -
(:) VTR PR semimpan
RIS VID l l
M l 58 l Zie
N o RMPIEMEE -
v SMuEkm S

++++ NI T I e ARAPREHER

Fig. 12. Schematic Representation of Phenotypic and Splic-
ing Changes of § CaM Kinase II during Differentiation?

Changes in cell morphology, d CaM kinase II activity, splicing pattern,
and neuronal cell types are shown. Undifferentiated cells are round and have
low CaM kinase II activity and the smallest splice variant. During differentia-
tion, cells form processes, and have increased CaM kinase II activity and
large splice variants. + to + + +, increased CaM kinase II activity. The
longest splice variant is the major splice variant in mature brain.
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Fig. 13. Schematic Diagram of Regulation of Biosynthesis of
Catecholamines and Serotonin by Protein Phosphorylation
in the Nerve Terminal of Brain?”

The depolarization of dopaminergic, noradrenergic or serotonergic neu-
ronal terminal results in an influx of Ca2* into the nerve terminal, which in-
duces the release of dopamine, noradrenalin or serotonin from the storage
sites into the synaptic space. The released transmitter molecules bind to a
specific receptor on the postsynaptic membrane, triggering a series of reac-
tions on the receiving neuron. The Ca2* which has enter the nerve terminals
binds to calmodulin (CaM) and subsequently results in the activation of
CaM kinase II (KII-Ca2*-CaM) . Tyrosine hydroxylase (TH) or tryptophan
hydroxylase (TPH) are phosphorylated by the activated CaM kinase II, and
phosphorylated enzymes are then activated by the activator protein (A).
Thus, the biosynthesis of catecholamine and serotonin is enhanced within a
short time in the terminals of stimulated neurons. On the other hand, ATP is
released together with transmitters, since synaptic vesicles contain ATP in
addition to transmitters. Released ATP is hydrolyzed to AMP and AMP ac-
tivates presynaptic adenosine receptor to stimulate the synthesis of cAMP.
Increased cAMP activates cAMP dependent protein kinase (PKA, R,C,),
and activated kinase (2C) then phosphorylates TH, converting to activated
form. The inactive or less active form of the enzyme is expressed as box, and
the active form of the enzyme is expressed as circle.
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GHETFTTHOMNCERT S, L, haFr—t
HiIZkDY @bl MAP2 IZF a2 —7 > 2
BIFBHIENTERN.™® £/=, MAP2 TEHAL
EWNEEALFF—FEUNERBEIED &,
MAP2 O U VEAENEZ 0, M/NENPEST
D, ZOFHETFa—TU 26 D BILINDD,
Fa—71 >0 EAI/NE O E S ITE
Lz, L7A>T, MAP2 DU V(L DIk EE
KROBNEDES - EADHEIS N5,

O T4TAYNE, TUF ML D ERS
NTWaM, WMNEESHEERTAZEICKD IS
TR LT 5 EEZ 5N T WS, MAP2 1
a7 4 A NEMAEERL, I 7071 F A
S hERZEERT S, MAP2 W AFF—F 11 TY
CEBIEEINSEI/OT 4 T AL N EDOHEERAMN
HEINIZOT 17 A2 NROBREEN DN
ZEMAHENE

OW/NERI /O 7 1 T A2 MIMENOYE
ik, MOBRER K, BEOMAEMER, MO
RS MEICHE R RE Z2H> TS, A+
F—FHIEMNERI /O T 1 7 A2 hOHAE
I 2 2 IR DRI DY 1 2 v IniEkE
EHRETDHEEZENS.

5-4. HREEMEONWORAM  HLFSF—
I, v F T ANERRNS NIV ETH D
FT 2D CEEEN LU THbBEORENIC B
59%. vF T3 FTANEET I F A
HiZEIORY > LTheiflds,. > 7
CMALFF—EFIICEDY DBk &, ¥
FTANEEI IO T 4 T A2 N EOHEERNK
U, /NNEOEFHENEE D, #EREL THIMIE
EIND. 80 hAFF—FUNICKBIFTID
UBALII LTP BB IC L DEmMT a2 &Ens, #
RIEENIKTF L TT L 2 F T A0S DIRZEYE D4y
WNENEL D EZEZLNS. 0

—J5, B, WAFF—YUN, MEKICEE
TR NNIVETHDL o FF 2 EMEERT S
ZEICKD MM IND ZENHENERD
8 yF RO OF—-EBH5TFT
Ho, Ct ODERICKOFTZ/NEDY >IN
BEMEERTSZEICLOBEORMARZS. &~
DA FI UL, Cat & ATP kEWICH AFF —
I EHEERL, HoaFF—FI->25F>
CHEERERKRT D, oA FL O LFF—E
NS RAA ORI DOXRTF R &2 HREERICE
AT B EICED, WHFOHAMERNHES NsE
WE OB MH SN2 ENS, hAFF—1
- 225 F 2 EEROERRA B DR O Hil#IC
HETHAHIENHS MRS T2

ZOEDIZ, WaFF—EUNEFTLIFTRIC
BOWTHREENEOAEGKR, > F 7 Z/NEOEH
2%, BOBHICBNWT Ca2t 05T %% < Ok
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OFEICEEREEZRZLTWEF—ERD0T
ThHHENAD.

6. WoFxF+T—FUDORIXIMLFTRICKITS
e
HLFF—E I, MM AN TR mED
FLALTH 2 F 7 R EZIEE (PSD) O EEHE
AT ELTERET S E, fMlNTIE L 204 LAl
JARIE N 0 Tl < BHRZERICH SREFET &
HENS, WAFF—FURBTLIFTZAENDT
BRARNSF T ARCBWTEERBREZFEDOLEE
AL,

6-1. MBREEOARLEAML : >F 7T XEREE
(PSD) AR EHEE D > F 7 A W3R I A3 A A

TERT 27D RIL L7tz fED. > 7 2%
MR T, RA ST T ZEOMBE I U 7= 5B AL
MEL 2> T, BFHEMENITREEEARELT
BEINDWUENEET D, OIS F T 2%
JEJE (PSD, postsynaptic density) & IEiXi %, 82
PSD Z 3 F 7 ABMMBEKOE TIZH D, EL, &
EFREOMHBROEEZL TR, EZIIH 50nm
T, BERIZH100nm TH 3. HEHIEE PSD
X, EENS ST ACHLND TR F T X EWT
NDEALITHEET D (Fig. 14). 8 18IS F 7 20345
EWEELTEEL T I VEBEREHINS S
WEI DB FTTATHS., £, NEIFTX
IZFEET 5 PSDIIES HHE<IES /NI W, ITHY

A [ #L+TFR B

EERER
M

R :
mmum §

C

PAVZ o3

#
BURYBEER
Ui

Sl = U v d
GRVIVE
=

JaFA oxr—+.
HKRT74—€

Fig. 14. Characterization of PSD?
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A: The two most common types of synapses in the central nervous system. Type I synapses are usually excitatory, as exemplified by glutamatergic synapses.
Type 11 synapses are usually inhibitory, as exemplified by GABAergic synapses. B: SDS-PAGE of CaM kinase I1 (lane 1) and PSD proteins (lane 2) . Lower and up-
per arrows indicate « and § isoforms of CaM kinase II, respectively. One of the major PSD proteins is « CaM kinase II. C: grouping of PSD proteins. PSD proteins
are analyzed by proteomic analysis and total 492 proteins are identified. PSD proteins are divided into functional groups and data are shown based on their contents

calculated from the data of Yoshimura et al.89
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FTAEFMENES FTATHD, BEWEELT
GABA Ml &% GABA >+ 7 A TH5. PSD
THRI %27 AKEERAEGN, > F 7 ArEEICE
BETHhHHZELEBAETRELHEHMEINTNS, 8289
Linl, B8 LZPSDIIKIIAREETHD Z &0
5 PSD O AEALZFRIRMT S OBEREFAET D A 71 = X L
DFENMMIEEITEN TS, BE, HRESSE5IC
BT 2EELRPILHED 1 DIZia> T 5,

6-2. PSD O FHM  PSD ICI3fEx DR R
2 BK, 14> F v o xbe, N6 0/E
SNDE, AF v BRI RYNIHE, kU, fx
DEEFEY D INT BT T FIVIREIFRD D5 2N
BENELEEN, —BHOITFIEENAT—R
BT D EZEZHNTINS, 8380 PSD DKL T
ZHONIZT 50T DORANBRIN TV
2%, K100 BEOY N 7ELhmEENTES
T, BERGRE BN IPHSHIINRN O, K
I, EHIT 05747 AFIEICED PSD O4 1
MR T2 AT L, £ 500 DY >\ E & FE
Lz, ZOHICIEBEHOY >NV BNEEAEESE
NTHO, PSD OHLE T O BRI S NITR
> 7= (Fig. 14(C)).% PSD O X EHERL A 11, 3
TFIVRZERD 50T EMillaks >NV ETH
5. T FIVRERD D0 TOHRTIE, ZHIK,

AF>Fry ), 7Oa5A>FF—¥, 7O571
CHRAT =Y, G NIEEETOHESY >~
INZE, AF X HR—=IVRY NV ERT YT —4
SNV EEMSH S (Fig. 15). ZOHT, ZIILy =2
CEBEZRKENLF T UNRDELFET D
T ThHV, PSDOEELREKKFTHS. £
e, 7O FF—ELFrAT77yI -, G¥
SN BT OB 2N 7 B3 T < OffkE
MEEL TWD ZENHSNTR S, TD%, [FH
FEDRERDMOMEEN S bE I N80 2o
DFERMNS, FFEHOENIZEISNTVAEVNHEDHED
2L DT FIUGEN A — ROBFENTEIN5S.
6-3. HLxF+—F I DPSD ADEITEPSD ¥
SINVEDY CERE haFF—tHo%<id
MEICHEEL TW5A, PSD O FEEMKS T T
HDHZEMHSMNTINTLR, PSD EfifaE D
ALFF—F I OFEVIZEENS 2072, PSD D
HALFF—FIIZHDY CBIEICLD Ca*t JEKTF
PEIEH DS ERREL D BRMSET2 28,8 B
CUCBELEEFERNY T HETSHE, T
&4 30 kDa OiEEW A PSD 20 6 nliE (b I 1 %
ZEMRMEIN, ZOIEEKR 28— TER U
BTSN, MIE OB & AlEE VI E WS
WZ EDIREINTZ.

FESF

SEK
Fr Rl
JaTFAox+—+€

JaFL4y
KRR 78—

TETE—

g
wa&ss

TIE I UBRZRE
(NMDA-R, AMPA-R, mGIuR)

Ca* Fv¥ R
hihx+—+E1o,B,v.95,
PKC, ht M ¥ F+—+F

PPL,FAY VKRR I 7 48—+

CaM, CDC10,
14-3-3 (TH,TPH activator)

ZER-ERFGRUINVE.,
#E4RQ D GEF & GAP

ERDOPDZ R VINVE

TRSp58/53, SH3 2 2 /IRV B

0 10
ElE (%)

Fig. 15. PSD Protein Involved in Signal Transductions

20

left: species and content of molecules involved in signal transduction. 137 molecules are identified and divided into groups. right: major molecules in each

group.
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e & PSD @ 41 A FF— 11 OIE (L IREEZ
FANDE, MREDOH LFF—Y I IZ Ca2 &
EFaU CHFEERICHEY Y BET 52 &12kD,
AR MR 2 5 PSD ICRAIT 5 2 E A5 0
ETRo /.89 Zp L&, BHRIT Ca2t EIKFHED
EERIC AR I N/ £ FE PSD {79 5. PSDIC
BITLIZALAFF—Y 1T Ca2t DEE LW
TPSD DL DH > NNIEZEY VLT 5 (Fig.
16). PSDICBFHHLFF—F I OHEEIX, 7
OFA I A0HICED 25 BEL ERE XN
72389 sk, 1 F>F vy, ZRHEK, R
Fr BRIV RYNDE, BE, MlEgs >Ny
BELHEETH D, WAFF—FUNEIDEN
EEERMENS, PSD 0% < OHEERHEICHRD S
ZENMRBINS.

6-4. PSD (CKTBhLxF—F I OFEAER
HNALAFF—FINIEPSDICBITTAHE, FELT
NMDA Z BRI ST 20,2 ZDMofEES >
NIZEBREINTWS. Y FIZE, F-77F 2,
A7) AkEEFF—Y 5 (CDKS), >+ 7 2k
B GTPase {11t % > /)N 7E (synGAP), o- 7
DFZ, Ty -I80FICHEEAT S, b
DENIEERLFF—E U OHAEERZ, 5
LFF—FIUOU CEAREEICE > TELT 5.9
PSD TBITLEALFF—F LNIZT 071 2K A
7y&—¥ 1 (PP1) IZXOY B LI, e
BIZRE2.2PSD 34070571 2 RAT 7

PSD

2+
_ CaMKIL-P ATP, Ca?*, CaM

PSD/CaMKII-P

CaMKII + PSD

= Sy
ATP~__ Pi
PSD-P

(1) VBEIE PSD 2 /89 8)

Fig. 16. Formation of PSD/CaM Kinase II Complex and
Phosphorylation of PSD Proteins

CaM kinase II (CaMKII) is autophosphorylated with ATP in the
presence of Ca?* and calmodulin (CaM), and the phosphorylated kinase
(CaMKII-P) translocates to PSD resulted in the formation of PSD/CaM
kinase II complex (PSD/CaMKII-P). CaM kinase II in the complex has
Ca2*-independent activity and phosphorylates various PSD proteins even in
the absence of Ca2*. CaM kinase II in the complex is dephosphorylated by
protein phosphatase, and then return to cytosol.

7 —ENEET S0 PPl R BIEENE L. 20
KO, MREHRL AR A& 2 Ca2t Y ERT S
&, WAFF—F INIEHEMIC PSD IZHT L,
PSD % > NZEH DY gtz L T PSD DOFRE
AT ENS, HAFF—YNIZIFT XA
MUEOF—T L —F—& U THAET 5.

6-5. BHRZEE(ICH (T DL+ T —1+ II mRNA
ONMEFR  HRMIETIE, & >N =M
RTHREN, MIENRZES X7 LXK D BHREE
PERICHEIND E—RITELZLGNTNS, —
#, BHRZEEICRY URY —LNREFEELY VNI E
MERS NDATHEENHE SN, &0 FHUNERS
5 2NV EH MAP2 % o 71 AFF—1 11 ® mRNA
DIBHIRZGEICHFIET D 2 &A% 1990 EEMN B EH &
N7z, 6 235D mRNA IZ1ZA T, NMDA Z#K
72 EROT R BT S PSD O EERRLS T
AINVETFT2YU >, RIIHELZTEY Arc O
mRNA & RSN TW3. K, BIREEZD
mRNA 2RI E L TRIRE Y > N7 8
BRAEHE SN, TNDEE - FHICHEHETHD I &
M|EINZ. O NALAFF—LHIZDODVWTH, %
WDOEDIZ, BEFERERTAZHWEHENS,
mRNA D BHRZEEEIZ BT 2 BIER D EL B R b B
THDHZENHSNERD T @

6-6. PSD SW[¥A%  PSD 3 F 7 A %M
DT FIEEEEE L THEHBLINTEBD,
HFEVU L, FERBECHBEEIKEEDEL
WSS 5., LER->T, PSDIZSF T AEES
T AR - GUIE - FE OB & U T
THD, PSD OHIZ, METHRDERENERE
ROBIEHKEED S T 2 DML - FH D
ANZALDRANGFEIET HEEZEZHNS. N5
DEREREDELTEBRE E L THIS5 N5 LTP % LTD
I PSD ICEBZBENTWVWDS EE 250, PSDIE
FUIEEE) H2VIE TREEMREE] &L THEE
THEEENEND D, PSD D7 FIVEEICHED S
FIONIBEOEL A DT OTA > FF—E0TS
054 >RAT7 7y —Xizk0y Vb - iy 8
LI NBERENFEI SN D (Fig. 17).Y 2T F )L,
ZRETZEIND EAF T v 2 RIVOESY 2N
DEOEEIEREIL, XF v HR—=ILRY >IN
BRYRGY INVE, VT =5 2N EIEE
XN, BEE, MILEKSY >IN EOMEEY >NV E
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THTE—
SR - - £E - #EY
K —’?J(‘/}wbﬂ’;;fxﬁ?g‘ > s O amEwom -
[Ty Wiy v H
FarL rFF—F
Glu NMDAR PSD-95 Shank/ProSAP TIFV .
SAPI02 GKAP/SAPAP angrFy
AKAP SynGAR NOs
Chapsin-110 MALS MAP %5 —+¥
Yotiao Rap
Citron Ras
Rho
CaMKII, PKA, PKC, Fyn
Glu AMPA-R GRIP/ABP Stargazin ZAFS

KaiateR  PICK
SAP:97

CaMKIl, PKA, PKC

Glu mGIR  Homerl Shank bzl

PKC, CaMKI1l, Src family

‘AL KeFx o  PSD9S GKAP/SAPAP Ca¥*F ¥ >R
Chapsin-110
(PKC, CaMKIL MAP +7—+ )
BDNF TrkB PSD:95 Sch MAP $5—#
=7y EphR : Grb2
AR A PI3K
IGF IGF-R IRS.p58(53
RTK, Src family, CaMKII
N-# K~y Nt K~y alp #r=y FrFy

Fig. 17. Signaling and Regulatory Molecules in the PSD$?

There are various stimuli and signaling systems in the PSD. Signal is
transduced by protein-protein interactions, and regulated by phos-
phorylation-dephosphorylation through the actions of various protein
kinases. Major protein kinases in the PSD are CaM kinase II (CaMKII),
cAMP-dependent protein kinase (PKA), protein kinase C (PKC), MAP
kinase, src family tyrosine kinases including fyn, and receptor tyrosine
kinase (RTK). Ifalic letter: protein kinase, underlined letter: substrate of
protein kinase. Abbreviations: AKAP: PKA-anchoring protein, AMPA-R:
AMPA receptor, BDNF: brain-derived neurotrophic factor, Eph-R: ephrin
receptor, GKAP/SAPAP: guanylate kinase-associated protein/PSD-95-
SAP-90-associated protein, Glu: glutamic acid, GRIP/ABP: glutamate
receptor interacting protein/AMPA receptor-binding protein, IGF (-R) : in-
sulin-like growth factor (-receptor), IP;: inositol 1,4,5-trisphosphate,
IRSp58/53: insulin-receptor tyrosine kinase 58/53 kDa substrate, Kinate-R:
kinate receptor, MALS: mammalian LIN-7 protein, mGluR: metabotropic
glutamate receptor, NMDA-R: NMDA receptor, NOS: nitric oxide synthase,
PI3K: phosphatidylinositol-3 kinase, PICK: protein interacting with PKC,
SynGAP: synaptic ras GTPase-activating protein.

DEHEICEEEZE5EZS. LTP OFEITBWTHA
Fr—FHOOHCY VEfbE Cat JEKFIEEED
Wz, AaFrF—tHiZEk>TINGD
E N2 AV A=V NG I AT 4 |- (R A RS )
EOCHLFF—FHIEPSDDIFEAETRTD
BREDFREICEHEREH 2Rzl TnWd EZEA N
%.

TIVE I UEEZRED AMPA Z54K1%, W< D
hoTO5A FF—Fick DU VELINFHE S
NTWEN, HAFF—FYINIZL>THU V1L
IN5.¥M DY Ll LTP FHICKLETH

5. §iabb, LTP FEEMHFITEI D AMPA 244K
KO —@PEIC Ca2t DHIRENICTIRA L I A FF—F
HAEELINS &, MBNICAEERE L TF
£9 % AMPA Z&{A® GluRl 78D > (LS N,
PSD ICHiik S NMEEMICHNS Z LITK D ZE
KF v o xIVENHML, ZIVY I UBITHT 2
PSD OEZMENE T, LTPFEI NS EE X
S5NTNVWE . MER, VIYIVEZEREKD
NMDA Z %4k 2A (NR2A) & T 2B(NR2B) 7L
—v b, BAFF—FHICHEAELEEKREIEK
T%., hia¥sF—1F I-NR2B #EEEKIZ, HoF
F—€ I #{EHRIREICHRF 52 &ITXkD LTP @
HEFFITIRD B9 £/, TNHDY N IEDY >
giick 59570574 >FF—EE L TIT,
PKC, PKA, MAP 7 —+t, Src 77y I U —F0O
CFF—EBLLLHFARSGNTNS. Y 2D LD,
PSD DM T DV ZEALIC K DHEIICK D, FiL
BOELBRE L2 > F T AR HEENENS &5 2
55,

7. ALFF—€ 10 OMRERGEER

7-1. EEMHRFHERZACCET S TX
APYAPEICII BRI, RN O, MR SE O Bl
NG T52EME, TOEFTIVE L THEMR
FHIfE O OEBIMEICER L 2R T T
5. FHZL, HLFF—E I O cDNA z &M
THETH2ZEEZRHLEZZ E05, 2 MRER
Td % Neuro2a (Nb2a) %> CAD fiflliZEA L B
FeMERBL M EERLZ. ZNS5DHLAF
F—C BB TIIREMRENEL <IN
5 ENRBINA, 599 ZOFIIZLD, B
LFF =PI a I TEEMHBEER N,
TAV T+ —ALIZKBDIERDENDPHID THE N &
o, ZOALFF—Y U OLEEMEBEERIA
LFF—FOHEANCKOEEINZZENS, 7
LFF—Y U DNEEHRBICEEREEH 2RI
ENBHENERS T £, HAFF—F U OIE
FA7 PKC BHEANC L D s I 4, il e o> 34 5l 0 il
E MR MR EFHBE T B Z AR S /- (Fig.
18).979 H AFF—F I OECDY »EALEL D A
VA&7 ANTF RRITERL U 2RI
BIL 28 ICEE R OB (T286D BE ) 7% ik
MR HBE S E 5 &, REMENEMICEDRKEL
EWwglEzE/A Lz LML, BOU VERIEEAAD
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CaM KII < PKC
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&
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Fig. 18. Schematic Representation of Changes in Cell Morphology of Nb2a Cells
Wild-type Nb2a cells have relatively strong PKC activity than CaM kinase II activity, and proliferate. By the expression of « or f# CaM kinase 11, Nb2a cells
form neurites. Formation of neurites is inhibited by KN62, a CaM kinase inhibitor. H-7, selective PKC inhibitor stimulate neurite extension induced by CaM kinase

II. # CaM kinase II has a greater effect on neurite extension than .

AVFAZ2ET T UTERL Ca?t RIS
MENIRWEESE (T286A BEF) Tld, HEffEN
EIohhot, LiaNoT, EINCESRikFm S
REMBMEMICE, HoaFF—EHOHECY VEE
LD Ca2t JEAKAF PTG PE N B /2 B 2 4H > T
52 EMBASMNETR D Tz, 969100

72, WLx+—+ NOEREERAF © Arc
Arc (activity-regulated cytoskeleton-associated pro-
tein) 1EMGITHB W TEERRD K S 7o iR W AR
RO ECNITHEESNSHIFIIEETEM E LT
[FE S N72#]) 45 kDa DIERERHM DL > NI EHTH
S, 100 Arc /w77 YT ATIEREENFEES
NBHZEMNSHEHINTWS. Arc mRNA 135 A
FJF— II mRNA & [F#R I HREHE G O BHR 228 1T
FIET 5. BHRZEE O mRNA L, FIERK 7E 0912 HY
RENY NTENEREND ZENASN TN
%, F£7z, BHRZZEIC mRNA BEET DY 2N
Bi3hLadxFr—tHORESCHLFF—E T EM
BERT2HBEMNLZN. O N6 DORNLEHRIZ
ArciZIEHL T, Arc DA LFF—E I S1E
Mzt L7z. v FPRMICBW TEBREICLD
HEINT Arc ¥ NI BIZ PSD /T BH T L,
Arc cDNA Z 15 & e F I I E A L Are & 2N
DEERB D E Arc EHAFF—F I BHA
ERT2Z2 &, HaFdFrF—E 10 OREMEEMZ
Arc iICKDHRIND ZEENRBEINE. 12 ZNn
50fEHEMS, PSDIZBWT Arc EHAFF—1F
I BHHEFERT S Z &Ik D PSD ITHBIT 2 #ifkis
KL D > 7 A v DR ET S 5 FTREME A A,
Ha .

8. NoxSF—HENERFHEYTTADEIE -
2

HALFF—E U O%E|Z in vivo TRITT 5720
2, BRETEETAMERIN, ahLoFF—F
NO/y 77T RSO LTP Ak EX
N, B ZAKREFET A MTXDEMEENEL
SIETTHIENHD THESINL. 1D ZOWE
&, LTP 23228 - BB BRETHL &, 7
LFF—FUNEMFEFHRIILETHDIE, &0
SHEIAM AR EZRLTEBD, BB - E2HEVIK
DERERED > T L NIV TRIHTE 2 2 ln0 2 5
AT, MREREDOHEBOMICRERAL NI F&
FLWERZREELZ, BETIE, ahaFF—+F
I Dk & 285 T W2~ ™7 A DMESL X NS RE R AT
INTW3B, 104

aNLFF—FIHND28WFEHDAL A= %T
SR - T286A BEFE L, BHAMERL
Ca* f{kfF G ZRTHN, HCYU BILiCk2
Ca2t JERGEMEEMENAEC B WAEELEBEHETDH
5. ZODT286ABEHEZN T AICEAT S E, LTP
MEFL, ZEEFENELEEINDGZENS,
g ¥ e haF -t N OHEDY VEkE
Ca2t JEKFIEIEMENEE TH S Z AN ETR
S5 g HAFF—F I D286 FEHDAL F =
CETANTF UBRITER L /- T286D I,
Ca?t JERFIIEM 2D, HOY VR BB RIS
BFUUEEREREOEEZHT 5. O T286D
HREITACEALEZN I VAP T2y IR TR
Tg(T268D) 1%, THIZKL TR - FHEE K
Tl Z0Z&id, FEBE<FIT S I IR
> THRHEREDRETNIIRELZGI SR I L, FHEN
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FRTSIHDIERZRLTNVNS 10 o AFF—F
HDOALFA=2305 &£3061%, HEY LIk
DEEEEMEDOR T 2RI L, BEIRNEHELEN
5, ZOALVFZUBEEAEENETANY ETY T
ISR L 7 TT305/306VA B3 S Bk and
AEEEEI NN, ZOBRTEEALEIYY XX
PSD DA LFF—F U L N)UNEL<L/LD, LTP X
E¥THhD. Lhl, ZMFEHIBW TR
RRAONEEINTVWS, 1D XL 4 =2305%7 A
INTFBITAER L - T30SD B HlE, HILVET 2
U K DEEF DIEMELE Z 5 I W ARTE P B &
ThHD, PSDNOBITHHEFEINS. ZOEEKET
ZEALEYT AL, LTP RNFEINT, ¥HHEE
NIMEFEBLSEEINS. D ZNSOBENS, &
B FH3HLFF—F U OEMEABETH
STENHENERD T,

AR D K D1 a 1 FF—F 11 mRNA (AL &
I TRSBHRERICO AT 50, 3 FERERE
BIZh HEHRBERITS VIV EER IS
A, BREET o hLFF—tE N F NI E
DERMHEFSN, BHREEOMESY >NV EHL X
IWIMEFRT 5, ZOX 7 Z2EHH LTP IZIE# T,
MREIEITE S, B LTP MEFL, KM
BOAEEINDZENAHEIN, ahLFF—F
IT mRNA O#HRZZEIC BV 2 BIERATEC B IE AT 4
BTHHIENHSNETRD /2.9

CDEI BB TEANTRAICKDHER, b
LFF—VY U OEENETETCHRTETH, £
7o, WEVEEVERRE T B RRFFITH, REEENR
0, ahAhFF—Y I oYt -+ T70#H
HinRelE - FH I TEETHAH I EERL TN
%, Leh>T, MRBEHKEED o T LFF—
I O, KO ahLFF—FUNIZEoT
FEHI S NDMD T T FIVRERES & OH EVER %
5MITT 2 Z ENRE - FEH O TR MBINIEAT
DEEZOENS.

9. ALFF—F I LMKRE

ALFF—EHIEFREE - FHOF—LERD20T
ThoN, MHRREEEOEESIEHINTWS, &
LAFF—F U DU CEBLORIZLDIEEFE D
AR RSB OBfRAS, HEEGRMEE LR
PES RS MIEZETH % Angelman’s H5 12 HHE R 1E D
JWREX T ZDOMZEICK D, #IDTHLEMZIIN

2 9 EFITIVIYNA =R EDBRIZIER L
iz AWTHEZED TN 5D,

9-1. 7ILIYNAR—R/YIDOhLFF—EII(C
KB EBE  TIVYNA IR T R
MRETHD, MMM ERET 28 B & ik
ML NIC ERE T 2 Mk 22 1 (NFTs) 1Tk D
N5, 18109 ARy 010 KA Y
OINVENEAGLEZDONERS THS. NFTs
W, B THUNERB Y DNV ETH DY IMNER
BTHO, FUNREITELL U BIES NABEEI
7$%. NTFs NE&EFET DG R ifno Y R b —
ZAEBEIVEPEL S NAIRSED L Z 5. NFTs D
<oy ra oFF—HIickr5 70U Tk
B3> TS, DT I INA I —IHITR 5
72 Y b1 2B 5N THD, GSK3 %
CDK5 %70y gmt++—+ & PKA © PKC
LI ETOY ARAEFF—EOREENHEE TN T
Wb, LrL, HREDFF—ENTIVYNA I —IF
& DRED Y PEALEALE Y R T 5 T & D
iznWEFEEsNTHWARY, B MDY IR A
TI5A I TIREONDNDT A T+ — LD
19270, EHRIRODRKERATIAAENTHS
57441 EHWT, hAadFF—Y U TY VRt
L, YAARZ hOA MY —=I2&DY CBET1 b
BRELE. TOMRE, AAFF—HFINRIYTID
TIVINA R —IFICE RN Db &4 p
Fr >®ikd 52 ENHSMER> K (Fig.
19). 10 ZpZ &, hAFF—FINIIMTHRD %
BICHHETZ2FF—ETHDH N5, TOIEML
DIREITBNTHOUREDWGT D Z N7 IV N
AR —IRDFREIC I B alEME 2R L T 5,

9-2. Y IBARRBICLDZTRMN-—X R
HIRESEIC BT 25 T OEEIZEITT 572012, 7
WRFEB ML T oy 75T i ER LN
2. TIVINAR—IFIIBIT BT TOEEZRHND
OB E W NZ <ITONTW5h, EHE
A AVES i} N3 heh et Fed A = €S RN [OL AT (AN
BRINBV, FVICERZEALTHOTHYID
WRIFEBIC K MBI S NS5, TILYNA
Y—IWDEL I TIZRENA SN N, Lo
T, EERBRYTEHANVWTY Rh— 22583 54
faCEET I ZERT D ENBNETH D EE X
5N%. EHIZOREMTORS MR ZH N
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Fig. 19. Schematic Representation of AD Specific Phos-
phorylation Sites of Human Tau-441 in AD-tau

AD specific phosphorylation sites of AD-tau without the same sites of
fetal type phosphorylation are indicated, although AD-tau is also phos-
phorylated at the same sites of fetal type phosphorylation. P: AD-tau specific
phosphorylation site, P in circle: AD-tau specific phosphorylation site of
CaM kinase II, [J: tubulin binding site, numbers shows amino acid number
from N-terminal amino acid as +1, amino acid sequences around AD-tau
specific phosphorylation sites are also shown.

THREES U 7z, U i 2RI 1 & 0 2 i I SR B
U7z tau Mg 2 ERL L el d 2 &, tau MRS AL
oML (wt i) &, WEOEEETIIRHARIC
EWNA SN, LML, cAMPIZX %50
2 X0, tau HIAE & wt MR ISR EEMY 72 2L AV 4
53, [FRFIZ, tau MIfETIZY 70U > AL T
L, 7R = AETHRTFTH S HA/)N—F 3 DIF
e EATS Lal, UCBEOBEOARTIEH
ZN—E 3 OIEHE EANNS WD IZ2EBR T R
= ZMFE I NN 1D~ BlOMERIC
BWTHIZBERHIEZEETD, EFMEE
REAZ BT 2RI NN, L
BYLEDICVF /A CBERNTASZEICKD,
tau ML TIZEF BRI LW T R h— 2 ZANEE X
Nz 121 g ) A R AEMEEYE & LT
AR FMEE RS T D I ENMENT NS, EE
WCHRB L5 73 Mg oM/NEN SN TREICE
fillze. ZOZENSKBIZBIEBLF /A - L
FIA CBEZERO ST FIVRERNY TICXDHE
EIN, WRMEBREIIBIZELVWTRE— 2
MFBEINDEEZSNL. D LN T, Rk
MfsEZ B &R T 2DI21E, o0 Bz
ATCTHIORIENHETH D ZEE2RLTHD, fig
RIZBUIT DN S T IV INA R —I% DIFKRIZ K
LU WAREE R S Nz,

9-3. 7RF-2RCKTFTDHhLFF—ENDHE
5 AYUBREREBMBEOLF A CEIZK DR
SHEERE T, ¥ UM RNICEL WY R =2 X

BITLIEYTDDLF A DB T FIVGREDHEC
KOTYRE=ZATBHAREMEDEZEASN, TIVYN
AR—FNDALFF—F I OEENEZ 5N 5.

10. EESF - EREE

FOIE - FEIT R & MR IE O Ry b — 2
WCEOEREINREINSEEZEZSNS. E O
TlEHB K7 1000 oMM D 0, R FRED
1 DOMREMIE, #1000 D> 72 %2HD &
WHNTHD, Z<DEBEZET D LML
DHFEMIEANEBSZREL TVWS, 20X D ik
ML D %y BT — 7 ORI R D HHE D 2% %
HEMNMZITHZERBMDTRETH 22, 1D1D
ORI, RBORTER25EES T, iLlE
LENFETDHIENEEINS. hoaFdF—1F
mix, Edoksic TREEs T SLTEHSZE
NHLMNERS T, 1 DDY 2N EHTTINFE
LB ENHEESINTVDE D TIE, haFsr—tF
HPUACIFEEAEARAL N VEIEEN S T TH
5. Flz, Z<OEERDYNVED ) v 7T T b
RIAR ) w7 A T ANEE - FHEEH OTUiE
PEEZFIEEITLENIOREDBERLTBO, Z
NSO THEES T L TEHBTREERH D, B
LFF—C I EOHENERPL T FIVRERE D
PFEHNREEEBEORTEI D TNSEEBEZI LN 5.
Tz, HREAEICISEL OB ThBERENS
Rz (RCIREEE ) NEET D EEZEZA N2,
EEOEKE, —HEHLFF—YU ELHEETS
MEANEALICHEET S EEZH5NS. PSD D41
BRSO LFF—Y 1L OBENIHT 5% < O
M5, PSDSGEEHEE & L CORANIEE 2 A
TWwasEEZ6N5.

Ll - FEIE, 2<OnTFAEREL THE < i &
LTROEDIZEZLGNS. Thabb, KOEZEMN
HREDIEENIC K D MRIREME DT IV Y 2 VBRI G
WEND., pWINETIVY I DRI, RANF
7 AMfE D PSD ICER L, MiRIANT Ca*t 23 LA
L, haFF—tUniEsisn, —Eo2 7+
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Fig. 20. Schematic Representation of the Regulation of PSD
and Postsynaptic Signaling by CaM Kinase 113

When a nerve impulse reaches nerve terminals and local Ca2* increases,
glutamate is released into the synaptic cleft. Glutamate binds to the NMDA
receptor in the PSD of postsynaptic cells, and Ca2* enters into postsynaptic
cells. Ca?* binds calmodulin and activates CaM kinase II. The activated
CaM kinase 11 is autophosphorylated at Thr286 and translocated to the PSD,
and then phosphorylates various PSD proteins. At the same time, the activat-
ed CaM kinase II also phosphorylates various proteins in postsynaptic cells.
Phosphorylated proteins change their activity resulted in the activation of the
signal pathway. Arc is also induced by strong stimuli, and potentiates CaM
kinase II function. When the signaling reaches to the nuclei, gene expression
and synthesis of synaptic proteins are activated, new synapses are formed
and stabilized resulting in a change of synaptic activity, and then memory is
formed and stabilized.

IWGERWIENAL I NS Z EICKDIEEINS. H
A2 = IHICIE, PSD RFDREEDSY >IN
BOU CBENEZD, 0%, BHRZERICEET
% mRNA OFERS, MK, 5 OWEEREIZEKD
LW FTANER SN, mENEEIND EE
AbN0% (Fig. 20).Y 20O kD2, L F7AH
el DERSRAEAR D 43318 & PSD D Fo 8 2 & 2Y ik
IEEMKERNCHAEER L, BINICELdT 5 2 &Ik
0, FHREHTAE & R i o A0 BLVEH O R R AL
L, F 7 2=z, nEENENSEEZON
%.

11. &HYIC

TF T AR ERE - FHITOWT, 4T LR
IWTHRAICHONIZR D TER., Z0EoNT &R
SO LFF—F I ORI T D EE DR
MThbd. EHEINLFF—FUEEALTNLS
FFZEDHERE L, 4 FH0ICiED — B L TARBEE N
532 BEOMEZ T 5N Z EI3IERICHEET
Hol. WAFF—YHNRBBEOHEZED, i
18 - 2 R RE R AT PO 7 B 2 -9 2
EnG, HRAMICEHINTWSE T THD, BIfE
THHENINICHENEEINTWS, HAFF—F
HICEAT 2L < OWMTENS, AEEFHEIT Fig. 1 1TR

TR T T AMEREIN S > F T AR D
—HOKEDIFEALETXNTORMEICEET S
EMHSNER ST, ABERITODWTHMICHIET
BT EITKRD, MREBERERET O AR EEN 1 D
DRNELTHMTESLEEZONS. Thbhb,
HRRREWE NGRS IR S N 2R, FIRICER
DWW NSERE, REWMENZERITHES Uk
PITIEBROMRE S N S8R, MRZEES A1 >0
MO T, BIRERETOY >N EDORMR &
PSD ND gk, BEBRTFHEREOENSE D —HDR
NELTHRTEZS, MBMICIZZ DX D IEH
GERBNEBEETHIENS, TNTHORE
DF >« F T ORERITOHEIERIC X 2 FE 5 E)
E, LW FT AN N, P F T ARENER
MU ATHENENS, Lo T, Ko EDHE
LT, EOXDIRBRIAIVITTENETNDHTHE
BOMEB T 20 M T DI EI2LD, 25 D%
HOEKGBNHSNERD, ZO TR & #
AL D Ry b T — 27 B S NERENERE NS
BRENEMTELEEZEZI5N5.

BT BEEHEOHLFF—FU2HLELD
Ze0%, MNNERIKRYE, HEEREREEL 2 ERR A ST,
EERFHEETICBWT, B, %, FH#E, #
i, W NE, RERFEE, WRERBYAS,
Z<DNEEEDITITOLNZDHDTH D, EHERITHE
UL ET., ABFHZE2ZD4 ARSI N-HHEE
CEERICETET.
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