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Studies on the cellular and molecular mechanism of neurotransmitter receptor-signaling and of neuronal and glial
cell responses to stresses seem to be important to elucidate the action mechanism of centrally-acting drugs and to develop
novel therapeutics against several diseases in the brain. The present review shows our findings with regard to the mem-
brane receptor-signaling mechanism including serotonin, noradrenaline, glutamate receptors, ion channels, G—proteins,
protein kinases and drug actions in Xenopus oocytes injected with rat brain mRNA, NG108-15 cells and brain mem-
branes. Regarding the results of studies on the inter- and intra-cellular mechanism of neurons and glial cells against
cerebral ischemia/hypoxia, we review the involvement of a transcription factor NF-xB in LPS—elicited inducible NO
synthase (iNOS) expression in rat astroglial cells. Then we describe possible involvement of: 1) ADP-ribosylation/
nitrosylation of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 2) decrease in mitochondrial membrane
potential, release of caspase—3 from mitochondria and degradation of the inhibitor of caspase-activated DNase by acti-
vated caspase in NO-induced neuronal apoptosis. We observed that hypoxia results in expression of a molecular chape-
ron such as protein disulfide isomerase (PDI) and HSP70 in astroglial cells. Our recent findings indicate that overexpres-
sion of PDI in the rat hippocampus (in vivo) and in neuroblastoma SK-N-MC cells (in vitro) significantly suppress the
hypoxia-induced neuronal death. From physiological/pathophysiological and pharmacological aspects, we review the
importance of studies on the cellular and molecular mechanism of membrane receptor-signaling and of stress-responses
in the brain to identify functional roles of neuro-glial- as well as neuro-neuronal interaction in the brain.
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Fig. 1. Current and Biochemical Analysis of 5S~HT-Induced Responses in Oocytes Reconstituted by Injection of mRNA from Rat

Brain

ZEETHIE, ZOCatt icko TiEM LN
IIVEY 2 > (CaM) KU CaM FF—HF A5
-HT @ CI- F v+ x)VEOEbLS Z &, —7,
Ca2t |3 4 & /= diacylglycerol (DG) & & BT
70514 >F%F—+ C (PKC) ZiEMA, EH(
XN 7/= PKC % 5-HT,. Z 54K - Gi/Go RDEHE
Y b, 5-HT W& ERE 7+ — RNy 7l
HdT 5z EERLE (Fig. 2). & 57 5-HT &
BRDIEEEPID DEOI T > =R APD
DEDF T ITIICKIOMAFIETNEZEKD, HR
R R R IZPT D DEDOIEBEH D 1 DEL T
FRTHhHaeEZRL .

XU AMRRSEREE S Sy MBED N T
v Rt TdH 5 NG108-15 fifuZ M L, 5-HT @
cGMP BEIMERIC 2 D 5-HT ZBKIEH S Z
LZ,RLUJ (Fig. 3). =0 1 DX 5-HT; 254K/
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Ca>* B &MY 20, FANINEZHER/F v+
IVHEEREZWICHIRIT 2 2 &, —H A1 = VB2 RIK
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Mmofz (Fig. 4). =R H1D DN NMDA =
BIR/F ¥RV OBEDLERENMGTZ L B
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JE W sy~ D [PH] MK-801 &2 25 DH 5D
EOHIHT S Z R LA (Table 1), =BRHR

PKC€DG 1° CaMKi
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Fig. 2. Intracellular Signaling Mechanism of 5-HT-Induced
Cl~ Current in Oocytes Injected with Rat Brain mRNA

5-HT activates 5-HT,. receptors (5-HT,.R), Gi//Go and phospholi-
pase C (PLC). Inositol 1,4,5-trisphosphate (IP3) releases Ca?* from en-
doplasmic reticulum, and then Ca2* + calmodulin (CaM) complexes activate
CaM kinase II (CaM KII) which opens CI1~ channels. On the other hand, di-
acylglycerol (DG) and Ca?* activates protein kinase C (PKC) and inhibits
Gi/Go. Thus the inhibition of Gi/Go underlies negative feedback inhibition
in the 5-HT- induced Cl~ current.

Fig. 3. 5-HT-Induced cGMP Formation in NG108-15 Cells

5-HT causes cGMP formation by two signaling systems: 1) after activa-
tion of 5-HT; receptor/cation channels increases influx of Ca2*, Ca2* -
CaM activates NO synthase, followed by activation of guanylate cyclase by
NO, 2) activation of novel 5-HT receptors subtype causes NO release from
storage pool and NO activates guanylate cyclase.
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Fig. 4. Effects of TPA on Currents Activated by Each Sub-
class of Glutamate Receptors

Membrane potentials were clamped at —60 mV, and Mg2*—free MBS
was perfused. Each agonist was applied twice to the same oocyte before and
after 10 min of treatment with 1 um TPA. The typical current responses in-
duced by each agonist and the influences of TPA treatment are shown. Gly,
glycine, TPA, 12-0-tetradecanoylphorbol-13-acetate, QA: quiscalic acid,
KA: kainic acid.
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Table 1. Effects of Antidepressants on [3H]MK-801 Binding
to Mouse Brain Membranes
Drugs ICso (um)
Antidepressants

i) Tricyclic antidepressants
Desipramine 19+3
Imipramine 75+3
Amitriptyline 7410

ii) Others
Nomifensine 69+12
Maprotiline 90+7
Amoxapine 176 £23
Mianserin 321+214
Viloxazine 488+214
Zimelidine 531£36

iii) PCP-like drugs
MK-801 0.016+0.002
PCP 0.245+0.025
Ketamine 0.961+0.121

The homogenates of the removed cerebral cortex and hippocampus
from mice were centrifuged at 50,000 xg for 20 min. The pellets suspended
in 0.05 M Tris-acetate buffer (pH 7.4) were incubated with test drugs and
5 nm [3BH]MK-801. Non-specific binding of [3H]MK-801 was estimated in
the presence of 10 um unlabelled MK-801.

Values are means =SE of three experiments, each of which was carried
out in duplicate.
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IL-2 P immune function 4

Fig. 5. Stimulatory Effects of Acetylcholine on IL-2 Formation in Human T Cells
Activation of m; acetylcholine (ACh) receptors by ACh increases phytohemagglutinin (PHA)-induced IL-2 formation by activating MAP kinase and c—Jun N—
terminal kinase. NF-AT: nuclear factor of activated T cell, LAT: linker for activation of T cell.
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Fig. 6. Neuron-Glia Interaction

Neurons and glial cells closely interact via neurotransmitters and
cytokines etc. in the brain. Various stresses such as cerebral ischemia affect
the interaction. As an example of the stress responses in the brain, (patho)
physiological active proteins expressed in glial cell affect neuronal survival/
death.

BB, INOS), T ENA > ENTFI v ROVH
BIERE, KUINO 4T3 + X0 > O mikkiifd 7
N b= XE/ B, NN O B EE A
W E R LN IORT A ZE S~ (Fig. 7).
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FEUM., TREEBELELZ7 ) 7S+
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(protein disulfide isomerase, PDI) (Fig.7) %
HSP70 #3895 2 &, MKEIMIZHEWY in vivo (K
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Fig. 7. Schematic Diagram of Glial Responses to Cerebral Stresses

Cerebral stresses (ischemia and cytokines etc.) cause iNOS, chemokines and molecular chaperons which affect neuronal survival/death, brain edema and in-
flammation. LPS induces iNOS via activation of herbimycin A—sensitive protein kinase (s), IxBa kinase, degradation of IxB« and intra-nuclear translocation of
p50/p65. The idea that LPS induces iNOS by activating NF—«B is supported by a result that LPS did not induce iNOS in C6 glioma cells transfected with dominant
negative (dN) IxBa (Ser-32/36—Ala-32/36) . IFNy activates Jak2 kinase and phosphorylates Stat 1, whose dimers then translocate into the nucleus. In contrast,
hypoxia expresses molecular chaperons which protect glial cell death by perhaps refolding of denaturated proteins. HSP70 is formed via p38 MAP kinase and pro-

tein disulfide isomerase (PDI) is induced via a transcription factor Ire 1.
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L-BAFNy - - -+ + - - - +
Fig. 8. The Effects of IxBa Mutants Expressed by IPTG

(isopropyl-1-thio—f-p—galactopyranoside) on iNOS Induc-
tion Stimulated by LPS/IFN-y or IL-18/IFN-y in C6 Cells
Immunoblot analysis of the effect of IxBags—.aa on iNOS induction is
shown in two cases of clones No. 40 and 43. IkBags.4a—C6 cells were
pretreated with 5 mm IPTG for 24 h at 37°C followed by stimulation with 10
ug/ml LPS plus 250 U/ml rat IFN—y (Gibco) or 5 ng/ml mouse IL-18 plus
250 U/ml rat IFN-p for 24 h at 37°C. Crude cytosolic fractions were pre-
pared and subjected to immunoblotting using anti-maciNOS mAb and anti-
IxBa pAb.

M E2 ) 128 W T mRNA i N PDI 78 mRNA L
~N)V (Fig. 9) T, KkWinvitro (Y XA~z )7
ML) ITBWTEREL X)L (Fig. 10) THEI N
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BILEN DAL, 7AMOZ7 U7 OREEAY
GFAP (glial fibrillary acidic protein) O %%k
W E—HTHIEMS, PDIEEELLTT
AhOZ Y7 TCHEEINDIENREBINZ. D
FERICEDE, MRHIIE & i L2y 7 #ifEA A b
VATt 2 ET 5D 1 DELT, FEINZY
FryROVAEDOZEWI HLWESZIEHL
7z. T3, PDl &2 T v MNMEKOMKEMBICZL Y
FORL—2 g3 ETHREFEBEIE S5 &, WHEMmIC
S MR EME T2 2 &, /- inviro TH
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TR A il SK-N-MC #ifigic PDI Z R BB S &
% (Fig. 11 ® D) &, (KB FITHE D Mt i sE =
Bl 2 Z EMREI N7z, PDI O—KAEEICITfi
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x5 / T FELIE S e 08 e S 40 TR 12 B 2 v i
ABHTHD., INZMAT LS 3MOZERR,
7B N KRR (N, Cys36/40Ser) & C K
ZEFLAL (C, Cys383/387Ser), Kk UV oK Wi 25 HL AU
(NC, Cys36/40Ser T~ Cys383/387Ser) O fllfin %
TERR U7z, & U TIRER R A 1T 1F S ik o S8 5
OEEZMBHL-E A Fig. 11IRTEIIT, W
THOMAKEA (N, C RUNC) b ikl fust =
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5 & b MM EIE R D 2 EHE Lz, BLE
PDI O %l el 5E BN I3 1 2 SRAE U 7203, AfE R
VKA 21T K 2 s sE lC o 28 5T TR /iR
BIEE L CORREMEZRBT S EE X, S5 ITHE
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Fig. 9. Up-Regulation and Localization of PDI in Response
to Ischemia in vivo
RT-PCR analysis to determine PDI expression in the ischemic brain is
shown. RT-PCR was performed on mRNA from brain sections of sham-
operated rat (s) and 12th, 1 day (1d), 3 days (3d), and 5 days (5d) follow-
ing 15 min of forebrain ischemia. Twenty cycles of PCR produced a linear
relationship between the amounts of input RNA and resulting PCR product.

A . hypoxia (48 h)
hypoxia Ireoxygenation
0 8 12 24 48 3 6 12 2448 (h)
288 —
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188 —

OO0V »®« | H-actn

Fig. 10. Up-Regulation of PDI in Response to Hypoxia

ZHEDTND,
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I /AR IR R I E W E S NZ 7Y 7 #illld iNOS
i EE D NO Z Ak Uitz sl S 23
ZEERETHEEDIL, TOMEELT, Z7Ut
07 )b b R-3-1 >k FEEE# (glyceraldehyde—
3—-phosphate dehydrogenase, GAPDH) @ Cys—149
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kS
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Mock WT N C NC
Fig. 11. Overexpression of PDI Protects against the Loss of
Viability Induced by Hypoxia in SK-N-MC Cells

Cells were transfected with 1.25 ug of the vector (PcDNA3), PDI WT,
PDIN, PDI C, or PDI NC plus 0.3 ug of pACT—f-gal using SuperFect rea-
gent (QIAGEN). Twenty-four hours after transfection, each transfectant
was transferred to a low oxygen chamber and incubated for another 20 h.
After fixation, the cells were incubated with X-gal buffer, and the stained
cells were then counted. Viability is represented as the ratio of stained cells
under normoxia and hypoxic challenge. Values represent the means+S.E. of
triplicate cultures run in parallel and are expressed as the percentages of
those under normoxic conditions in control cultures. Star represents sig-
nificantly different values from those of mock-transfected cells subjected to
hypoxia (p<0.01, Student’s ¢ test) . Insent, Western blot analysis of the ex-
pression of PDI transfected with each vector in SK-N-MC cells.

PDI WT represents the wild-type PDI with both catalytic sites intact.
The PDI N variant had both cysteines in the N—terminal thioredoxin-like ac-
tive site mutated to serines, and the PDI C variant had both cysteines in the C—
terminal thioredoxin-like active site mutated to serines. The PDI NC variant
was a double mutant with cysteines in both N and C termini replaced with
serines. Values represent the means+S.E. of triplicate cultures run in
parallel. Star represents significantly different values from those of mock-
transfected cells (p<0.01, Student’s ¢ test).

B i hypoxia (48 h)
hypoxia Ireoxygenation
0 6 12 24 48 3 6 12 24 48 (h)
kDa
814
47 -

A and B, changes in PDI mRNA and protein levels during hypoxia/reoxygenation in astrocytes. Total RNA and the cytosolic fraction were prepared from cells
exposed to hypoxia/reoxygenation for the indicated periods. The mRNA (A) and protein (B) levels were analyzed by Northern blotting using full-length PDI
c¢DNA and Western blotting using anti-PDI mAb, respectively. Under these conditions (10 ug of total RNA/lane), PDI mRNA was undetectable in the quiescent
state but was detected 12 h after hypoxia. The levels peaked 24 h after hypoxia and were sustained until 12 h after reoxygenation, decreasing gradually thereafter. On
the other hand, PDI protein was detected at low levels in the quiescent state, and the levels increased 24 h after hypoxia. The levels peaked 6 h after reoxygenation

and remained constant for 48 h.
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IZx9 % ADP U R )b/ = ok K 2 &%
M nBEH B Z & ZFHL 2 (Fig. 12). 251
NOWRI hIRUYIZMEML, REEMEKTE, Fh
70— ¢ i, caspase—3 JEM:{l, caspase-acti-
vated DNase (CAD) MHEHEHE D5 f#, CAD O
N7, DNA WA LICKD 7R h—> X2 EikK
T2 EEHSMTLL (Fig. 12). &RED NO
DRINAFEREIE I L, (IR D NO 133 I #l
faZEZME T2 Z &, Z OMFHINEMIL caspase-3 1T
EEND cysteine 2= kO3 )L L FDOFBEIEN:Z
M2 EITKD T EERB LT, TR BRI
27U 7 M THEE I NS MRS ERN T GDNF
7Y, BRRZIMIC PR S WS fsE 2 Mifl g5 2 & B
R U7

3-4. MHRELEWMOHBBRMIRT R b -2 XER/
B 0 D # g2 o IN—F 2 2R IR R gl
MPP* (1-methyl-4-phenylpyridinium ion) @ K/X
S UMRERISE RSN, ROT R b — > A5
F Bel-2 BHIEM & &b, MPPT OHMIIEEER
ERHOWTNNITK L TH EGF & FK506 73 FhfHIE
MEf32ZEnngholz. €73 RO
EEMERIC caspase2 [ U-3 DB H 2 Z EZEH 5 M
2L, 78K two-hybrid % %z I \» T caspase—2
&2 #9525 kDa @ Ca?t #5&EH'E O B
2, AFEHE % ISBP (Ich-2s binding protein)
EHAT 2. ISBP I3k MRAE T Ml (Jurkat #H@)
2B W TH Fas FLARULEEIC£E S pro-caspase 2L @
Tty 2T EMET 5 (Fig. 13) Z&nb,
ISBP |3l il N C caspase 2 DE AL ZHH L, 7
RNE—= ZHIHICEDS CHEEL, I S5ITHREZEM
ATNW5,

ISBP - - - - - -

+

Glia stimulated with ischemia/hypoxia
|Induced GDNF & IL-6 |~ [induced iNOS |

. .
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* é}gm
1

Glyceraldehyde
3-phosphate
dehydrogenase

ATPY

uisjoud Buipuig-g esedseo JO UOIE[0S|

Transfection
of DNA
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Fig. 12. The Intracellular Mechanism of GDNF/IL-6 and
NO on Neuronal Apoptosis

Induction of apoptosis: 1) the large amount of NO causes nitrosylation/
ADP-ribosylation (ADP-R) of Cys—149 in glyceraldehyde—3—phosphate de-
hydrogenase, inactivates of the enzyme activity and results in depletion of
ATP. NO also decreases mitochondrial membrane potential, followed by
cytochrome ¢ (Cyt ¢) release and activation of caspase 9, 3, 7 and 2. Then
caspase-activated DNase (CAD) dissociated from degraded ICAD (inhibi-
tor of CAD) translocates into nucleus and causes DNA fragmentation.

Protection of apoptosis: 1) the small amount of NO perhaps inhibits
caspase 9 and 2 by nitrosylation of Cys in caspase, 2) overexpression of
caspase 2-binding protein isolated in a present study delays cleavage of pro-
caspase 2 by anti-Fas antibody-treatment in Jurkat cells, and 3) overexpres-
sion of PDI in hippocampal CA1 area and SK-N-MC cells (human neuro-
blastoma) protects ischemia/hypoxia-induced neuronal apoptosis in both in
vivo and in vitro. 4 Ym: membrane potential, VDAC: voltage dependent-an-
nion channel, CAD: caspase-activated DNase. PDI: protein disulfide
isomerase.

o+ o+ o+

Jurkat lysates O

15 30 45 80 120 0

15 30 45 60 120 (min)

Fig. 13.

--—355-pro-caspase-2L

v P14

The Suppressive Effect of ISBP on in vitro Cleavage of Pro-caspase—2

Jurkat cells were treated with 250 ng/ml anti-Fas monoclonal antibody CH-11 for 4 h and cytosolic lysates were prepared. In vitro translated 3’S-labeled pro-
caspase—2 was incubated with cytosolic lysates for the indicated times at 30°C in the presence or absence of recombinant ISBP protein.
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BiE L <HERTDEMBEIFEOHRT, WE#EZ
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FHeL ] S DR IN D 3 27 F )UAREERERE & MRS O 5%
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LT, MREEVEZARISERBIIMA, 77U
MDA B L ZPRED 1 DE L TOIEMST-5HE M
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filF L NV OREEDRRICHA L THHRELETES
KD, R RRERIREEDOREITRR E &
ABIENTELIOEVWDD, 5 —-EE L
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