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L-trans-pyrrolidine-2,4-dicarboxylate (PDC) is a potent
inhibitor of glutamate transporters. In our current study,
we investigated whether the neuronal death induced by
PDC involves mechanisms other than excitotoxicity in
mixed mouse cortical cultures. Cortical cultures at 13-14
days in vitro were used and cell death was assessed by
measuring the lactate dehydrogenase efflux into bathing
media. Glutamate and PDC both induced neuronal death in
a concentration-dependent manner but the neurotoxic
effects of glutamate were found to be more potent than those
of PDC. Treatment with 10, 100 and 200 pM PDC equally
potentiated 50 pM glutamate-induced neuronal death. The
neuronal death induced by 75 uM glutamate was almost
abolished by treatment with the NMDA antagonists, MK-
801 and AP-5, but was unaffected by NBQX (an AMPA
antagonist), trolox (antioxidant), BDNF or ZVAD-FMK (a
pan-caspase inhibitor). However, the neuronal death
induced by 200 pM PDC was partially but significantly
attenuated by single treatments with MK-801, AP-5, trolox,
BDNF or ZVAD-FMK but not NBQX. Combined treatments
with MK-801 plus trolox, MK-801 plus ZVAD-FMK or
MK-801 plus BDNF almost abolished neuronal death,
whereas combined treatments with trolox plus ZVAD-
FMK, trolox plus BDNF or ZVAD-FMK plus BDNF did not
enhance the inhibitory action of any single treatment with
these drugs. These results demonstrate that the neuronal
death induced by PDC involves not only in the excitotoxicity
induced by the accumulation of glutamate but also the

*Corresponding author: Jong-Keun Kim, M.D Ph.D., Department
of Pharmacology, Chonnam National University Medical
School, 5 Hak-Dong, Gwangju 501-746, Republic of Korea.
Tel.: +82-62-220-4234, Fax.: +82-62-232-6974

E-mail: jkkim57@jnu.ac.kr

97

oxidative stress induced by free radical generation. This
suggests that apoptotic neuronal death plays a role in PDC-
induced oxidative neuronal injury.
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THAIZAAIY NFxH AAALEAS glutamates HAF
Aol A AEZ2] o) F=rb [ uM o]skz fA|Eofof Al
A E7} AESD 4 9ot (Schousboe e al, 1997). AE
9] o glutamate®] F%=+ glutamate <53 (transporter)
= &3 AFAel oJsh ffé fch (Nicholls?H Attwell, 1990).
A3z

¥9] glutamate ¥= S7F= 54 (excitotoxicity)
= a]°7]“%, EEAS AF o A3 F8 wilew
2hg-gko] W3 soilch. AAZ glutamate 52| 7]

sAske} olol] wE FEEAe] o] =3 E (Rossi er
al, 2000), 4~ <A} (Springer et al, 1997) = E3A
A74A A3l (Harris et al, 1996; Lin et al, 1998)2] =
ole] = 4 glFe] B FHoigloh
L-trans-pyrrohdrne-2 4- dicarboxylate(L PDC)= aA <&
HA Qe 5 A A obul:al 55A (Excitatory
Amino Acid Transporter EAAT 1-5) 255 75|
AA|el= dEE glutamate G2} J&Ed% Aol
kA wol ARS=EAL 9lvt (Nakagawa ef al 2008). ©]
=2 EAATI1-4olli= 7343 transportable JA|A| 2 =}
&3k ¥bdel]l EAATSOl+= 7347 non-transportable <
AAZ 283t (Wang er al, 1998; Gegelashvili et al,
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2000). T2k o] oFE A F glutamate &Aloll= 2
o] glgo] «d#A et (Blitzblau e al, 1996). PDC
9] glutamate Mg AZRE-o] vt siupAl A A 2o
4] glutamateol] 2|3k AZAAZAVE S SR FIc B
(Robonson et al, 1993) % ok 31F dj=] Al7AEZ
oA TEEAE doglvhs ¥ (Blitzblau et al, 1996;
Velasco et al, 1996; Volterra et al, 1996) 5= PDC
o] AAAEAE 2ZHgo] glutamate G55 JAISte] L
oS 7117l gk Z#Y} in vivo A&el4 PDCe
o3k Alx29| glutamate®| SVt AlZdAlZAE I} 3HAI7E
k= 231 (Massieu er al, 1995), PDC2] &3¢l
ol oJgk AxA] Al7AMZAFEe] NMDA 84 A3
ol MK-801& A|=]x] ¢t=rl= ¥ (Lievens et al,
1998), 215 slufel AlxAle] 913 PDC7F AE 2]l 9]
glutamate®] F=+= oF 2-38l] S7RA7)R|ak gl Al7A)
FAPES A 7]A] E3lel= 231 (Montiel et al, 2005)
5~ PDColl &J3F Al73AIZAPE ] glutamate A5+ A
off o3t T-FAJolele] ggle] A Al Qlrt.

2 7= viekd AF i IAAZ4 PDCE 4173
AZAPE ofa-E glutamateo]] 2] AIZAZAPE S} w]aL
sle] PDCell ofgh Al ZAME 71| S-54 99

= AlZAPE7H o] HosleAE dofraz) ahglrt.

Mzt Uy

A| 2wl oF

AAA - 2 o] &3 vk WA WA ZE wioks
of 24-well Wi Alol MAE F& ubs & 2 9ol ot
Al AZZAIZE wiekslodet. aAlE wiol A 1~2%0%
A5 (CR AlplA Az HAZSle] Ca™2 Mg ™7h
=] UA % Hanks' balanced salt solution (HBSS)
o 5mg/ml glucose, 7 mg/ml sucrose % 0.35 mg/ml
NaHCOy7} A7F wfeked (o] DMyl @i $JAIdq]
73etollA] ek AAS G} e eAds HEsle] A
27+ Wil 0.25% trypsine] -+ DMell dof 37°C
oA 1582F A=A F 1,000 xgollA4l 587k AAlR-e|5)
Ark. L = trypsine] EoE &AE AlAIEL HeH
A|¥Z-E Eagle's minimal essential medium (MEMP! 2 mM
glutamine?} 10% fetal bovine serum (FBS) % 10%
horse serum (HS)o] 23 wieke] (o]s} PM) 1~2 ml/
of Y& thg Fo] F% pipeteZ 2F 108] ftrituration
3}3ict. o37]ol] epidermal growth factor (EGF)E 10 ng/m/
FE2 A71gF & 24-well plate (Primaria, Falconpl 0.5
hemisphere/plate W= 2 7+ well & 400 ul¥ platings}
o] 37°C, 5% CO2F 100% =7} -FA=1& CO, wi
7] (Formart, wl=hjpllA] wfefsboiet. 2~45-% A 27}
538 SAlske] ok Aol sAe S5 w94l

15~174= AFE halothane® 2 v}&|3le] ZFHH =
AAA AAlel 70% ethanols F-5-3slo] FH3 ZAl &
57 AN AF HelE: AWl HE AEsct
HZH HollA aAE oAl 2 o g viedA
= o] wmAZ7} wiokE plateol|A] vt <bHF] Al
3k ¥ 2.75 hemisphere/plate Wx=2 7 well @ 400 pl
A platinggte] 37°C, 5% CO,, 100% <r=3}oll4 wlk
slqict. olw] AR&3El PMS mAlZ wiokr|e} chEA] 5%
FBS 2 5% HSZ ¥Zslsict. mAlx2e] S5 oA}
7] 98l 3ok 3~5Yel| cytosine arabinosideE 10 uM
FEE 7F wellll Hzlste] oF 297F Z&AZ . vk
o wAl= aA|Zeljoke] 73 2FFHE 17U A,
Skl e AFATTE ATl 24 AlYsisict.

ok

N

oFEA g

wlok 13~14% Fof| AAFRATE, BE 7390l AlZe] o
3 oFE AHEle AP A wjekloz 3H Aol Fa o}
A AABIFAL, 24-well wleF ALl 3 & (4 wellpell 7
2 AL sgler, A GBS Tl % §¢
A 2] (sham wash)>Z 3}t 4 £ NMDA
(500 pMyE AHlsle] AIAAERRE 25 Sole 1 (full
kilhe 2 it Al ZolA XA E7AE o F
o Foz ARgsiglch

g e 7t ofEo] HA3Z} fujlo] Ho] Slofg =t
Eo] 7F well & 4~8 ud A wjokollo] 3]4sle] wljok
of w3t} A Fojsiglond, A b obEe A%t
£S5 2] 93 AfelMe JAGES A A
T 5 ES Aol o] Folslgint

A ZA FA

Ak dulrdez Az &4 AxE st Al
AHE AEkstslr] Slsted ofE Fol 24 AIZE ol Alzet
s}=] A] vl W|Z §5% lactate dehydrogenase (LDH)
o] k& =AsIict. LDH 542 96-well plate2] 7+
wellell wjoked (25 ulye 2 buffer (125 uhet 0.3 mg/
ml NADH (100 ulys 284171 ¥ 22.7mM pyruvate
3O ulyE Yol & ulE microplate reader (Molecular
Device/}, ml=h)E ©]-835ko] 340 nmell4] OD7}e] HE5
477 A3k, olull standard enzyme® Zi= Sigma
Ake] gFaaE AREelsich. FAAE sham washa?t
full kilkme] #olE 10022 3l 7 oFE Foio] 3k
7} sham wash@#} zto]& Aei W b-g2 Fhiksle] o
I+ 357232 (mean + SEM)Z ERSIC)H

A4 Ao
Eagle's minimal essential medium, glutamine, Hanks'

balanced salt solution> GibcorH(MD, =|=) AlE-=-, fetal
bovine serum % horse serum HycloneAl (Ut, ®|=)
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A= 55°CllA] 3087k vIHdst A1 AREs1sdet. HEPES
(amd), glucose, NaHCO,, NaCl, KCIl, MgCl,, CaCl,,
NaOH, phenol rede} == 9| trypsin, cytosine arabinoside,
epidermal growth factor, sucrose, NMDA, MK-801,
NBQX, AP-5, trolox 5~ Sigma-AldrichAl (MO, =|=)
AFES, z-VAD-FMKt Enzyme System Products*} (CA,
u]g) A, BDNF= Leinco Technology Inc. (MO U]
=) Xﬂ%, L PDC+= Tocris*t (Northpoint, %d=) A<
g5t

A2 1A
7t F7ke] wlale 45 ANOVAE Ald)sle] folgh %
9-of Student-Neuman- Keuls test® 7z} £7ke] 524

a0

o

=
Astglend, p<0.05] AF AR Folsicha
g sksict.
YA

Glutamate} PDC9] A7 A A 224

Glutamate™ -§#]E=Q] AlZA ZAE2E-S ERY
t}Fig. 1). & 25uM glutamate 2447} A2 2 Al73A)
FAPEo] A dojux] edgkort, 50, 75 uME S
o web ZH2F 60 £5.1% (8]), 80 +4.6% (8)e] A7
AzAES el er] 100 pMAEE A BE AIZA
= /p]_\:dx]ai;]_(Fig 1). PDC i) LeRo]EA ] Al
A ZAPES FEdtgont 1 okato] glutamate2} 2F7F 2b
°o]7k slet. = 150 uMZHAl = 20%e13te] Zw]gh A7
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Fig. 1. Glutamate ( @ ) and L-trans-pyrrolidine-2,4-dicarboxylate

(PDC, O ) induced concentration-dependent neuronal death in

mixed cortical cultures. Each point and bar is the mean =SEM
from 8-12 wells.
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Fig. 2. Effect of treatment with 10, 100 or 200 uM L-trans-pyrroli-
dine- 2,4-dicarboxylate (PDC10, PDC100, PDC200) on the 50 uM
glutamate (Glut50)- induced neuronal death at the end of 24 hr
exposure. Mean = SEM from 8-12 wells. *; Significantly different
from Glut50 control group (p < 0.05).

A ZAFE-S Boltbrb 200, 300 uM X 2|2 88 +4.8%(12
o), 96 +6.3% (8¢1)2] AlZAZAIES oo (Fig. 1).
300 uM A2 mAZ A fFER] 9k
Glutamateoll 2] 3t A7 Al ZALH o] o3 PDCY 8
PDCA2]7} glutamateol] o3t AlZA|ZAH| o] A
283 =AE dotrr] 913l glutamate 50 pMell 9|3k Al
A ZAFE] o3t PDCY e ARSI L A
10 uM  PDCH| 2]of| 4] H-E glutamateoﬂ o5t A7 ZAL
=S s S7HIFCH(Fig. 2). & 50 uM glutamate
24417 A Z 63 £3.5% (8<1)2] 1_7§/‘4li/‘} & wanl
Zo] PDC 10, 100, 200 uM 54| 22 27t 94i4.6%
(&), 98 £3.2% (8l), 97 £2.1% (8 & Al7dAEAE
o] S7F= .

Glutamateol] 2] & A A A EALH o] u| 2 & 7 F F
9| J&

Glutamateol] ©J3h Al73 4| ZAPHel] T3 NMDA 484

ZAgkAle]l MK-8019F AP-5, AMPA®} kainate 84 2
Aol NBQX, dHkHIal trolox, A1744<1<l2] BDNF
o) caspase AAIAQ] ZVAD-FMKe| 3ks 2AFsIAct.
1 73} NMDA -84 ZaAel MK-801 (10 uMy} AP-
5 (50 uM) 2= 75 uM glutamateol] ]38+ AlZAlZA}L
= (1690, 76 £4.8%)y= A< A3 AAsIH 2 vpeiA]
o2 glutamateol] &J3F AlZJAZAPH || JgkE v|H]%]
F-3k3let(Fig. 3).

PDColl 9% AR A LA ol | X & 24 F FE2) Jg
Glutamateoll ]2+ AIZJAZAPEo] NMDA 484 23
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Alel MK-8013} AP-5 Az]&nl SA=jgleng pDCo
o3t AFAZAMEE E2X]E 47]9]8] PDCell 28k Al
A FA o] gk MK-801, AP-5, NBQX, trolox, BDNF
o ZVAD-FMK®] ¢3S =A}sledct. 2 Az AMPA
%) kainate 524 Z3Ae] NBQXE A3 o2 ©
(10 uM MK-801, 50 uM AP-5, 100 uM trolox, 100 ng/ml
BDNF, 100 uM ZVAD-FMK) A2l 200 uM PDCol|
o3} AZAAZEAE (2490, 86 +3.6%)> £AAT A= F
sl ot frefshAl oJAlskth(Fig. 4).

80{ T T
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% LDH Release
o
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Fig. 3. Effect of treatment with 10 uM MK-801, 50 uM AP-5,
10 uM NBQX, 100 uM trolox, 100 ng/ml BDNF or 100 uM
ZVAD-FMK on the 75 uM glutamate (Glut)- induced neuronal
death at the end of 24 hr exposure. Mean + SEM from 8-16 wells.
*; Significantly different from Glut control group (p < 0.05).
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Fig. 4. Effect of treatment with 10 uM MK-801, 50 uM AP-5,
10 uM NBQX, 100 uM trolox, 100 ng/ml BDNF or 100 uM
ZVAD-FMK on the neuronal death induced by 200 uM L-trans-
pyrrolidine- 2,4-dicarboxylate (PDC) at the end of 24 hr exposure.
Mean + SEM from 8-24 wells. *; Significantly different from PDC
control group (p < 0.05).

PDCol 93t AAAZAE A 74F FE HL&H
29 3

PDColl 9|3t ABAZAPES 75 oFFo] Fizow
ARG e o5 R WEA e EHE =48}

ark. WA MK-8013 NBQXe| #H-8-2h8-5 5_46;} 7
I 7 okee] HEAE7E MK-8019] AAIAE-5 7stst
7 Eskgeh. 22y MK-8013 trolox] Hﬂi Aele 7
7he] o5t AElslle W Mok "Xl Al7A
FAPE qAZREo] ZskE ek (Fig. 5). 5 200 uM PDC
off o3l 86+3.6% (24°1)2] AlZ3AIZAFEe] 10 pM MK-
801 % 100 uM trolox 5H5 Az|2 7H2+ 20 £4.1% (12
o) 3 66+£3.4% (&)= A=l om], MK-801%} trolox
= eAgshd 2+1.3% (8d)E A £AE}(Fig. 5).
ulxb7kz £ MK-801% ZVAD-FMK, MK-8012 BDNF
o] WA= ZHrte] ofag whE AHelsldle w Hrt
HASA AAAZAPE AAZRE0] 7Sk e (Fig. 6). =
200 uM PDColl 2]al 88 +4.8% (16o1])2] Al7dA|EAH o]
10 uM MK-801, 100 pM ZVAD-FMK = 100 ng/ml BDNF
s 2|2 77 334+3.9% (12¢0), 60 +.4.8% (8)
2 70 +.3.0% (8)E A= 2w, MK-8012F ZVAD-
FMK =€ xglol 98] 5+2.1% (8%, MK-8013}
BDNF2] #H-Ex2lell o8l 6+3.8% (8)& PDCel ¢
gk Al73A|lZAEo] AL AAEl ek (Fig. 6).

3l o|el= tk2A] troloxe} ZVAD-FMK, trolox2} BDNF
%l ZVAD-FMKe} BDNFS] g2 w5 xgo] 2|3t
PDCS] AlZAZAPE A2} Afol7h ¢iich(Fig. 7).
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Fig. 5. Effect of single or combined treatment with 10 uM MK-
801, 10 uM NBQX, 100 uM trolox on the neuronal death induced
by 200 uM L-trans-pyrrolidine-2,4-dicarboxylate (PDC) at the end
of 24 hr exposure. Mean £ SEM from 8-24 wells. *; Significantly
different from PDC control group (p < 0.05). #; Significantly dif-
ferent from MK-801-treated group (p < 0.05).
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Fig. 6. Effect of single or combined treatment with 10 pM MK-
801, 100 uM ZVAD-FMK, 100 ng/ml BDNF on the neuronal
death induced by 200 uM L-trans-pyrrolidine-2,4-dicarboxylate
(PDC) at the end of 24 hr exposure. Mean = SEM from 8-16 wells.
*; Significantly different from PDC control group (p < 0.05). #;
Significantly different from MK-801-treated group (p < 0.05).
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Fig. 7. Effect of single or combined treatment with 100 uM trolox,
100 pM ZVAD-FMK, 100 ng/ml BDNF on the neuronal death
induced by 200 uM L-trans-pyrrolidine-2,4-dicarboxylate (PDC)
at the end of 24 hr exposure. Mean = SEM from 8-16 wells. *; Sig-
nificantly different from PDC control group (p < 0.05).

3

ek

i

B A4 PDC (10, 100, 200 pM) A2|7} glutamate
(50 uMpll o5t AlRAZAES FofsiA] 7shA]Fl o,
73t Aree & AdelM AHERE PDC Al 87 kel A
ol7} ¢i3irt. 10 uM PDCi= 2 27} AAAI ZE5A4S

e R 287] wlitell o] A2 10 uM F=olA o]v]
glutamate 5415 A5k 3125 718]7]a YUt PDC
9] glutamate-Al7 54 73pERgo] A9 Aol ok
A qARRERE ozt PDC7F 5415 B3l Al
F=o] glutamate®] 25 FA3h= 2= ke B
31(Griffiths et al, 1994; Volterra et al, 1996)Z w]5-o]
B A= Al Al A glutamate 212 F 7HA
2hgo] jhellA et Aoz IikEc

2 AgollA glutamate (75 uM)ll <J3F AlZ3AEAPE
< NMDA 84 ZaAel MK-8012F AP-57} #A<] <k
3] oJAIstdal, AMPA 484 ZA3A’l NBQX Az
AR HERNA] Z3sledet. &gt PDCell 93t Al
AZAFEE NBQX® A X3k e, MK-8012¢
o] &A= MK-8019] 285 73HA]7|#] H319d
o} o] AL E Aol AREsheE AF i IAAEZ
wjokoll A glutamateel] ©|3F A173A|ZAPE-2 NMDA <
449 245 Fakslht AMPAY kainate 4~8-42] 3
Aske kA ¥a5 7171 Sict

AESHAIR] trolox, A1734d72]%}q]l BDNF o caspase
AA|A9] ZVAD-FMKA 2| glutamateol] 2]3F A173A %
Aol = o3 mIAA] Faislent, PDCo ofgt A7
A ZAPE2 oSl At o] A2 PDCl ¢t
A7 A EA 0] glutamateol] 2|34 AlZAA|ZAFER 2 7]
Aol vhg-& 7H7]a i}, =3E PDCel| o8t A7
A2 MK-801%  trolox, MK-8013} ZVAD-FMK,
MK-8012} BDNF®| w-gxefol] ]3] A2 2bd3] A
= 3det. Trolox7} AlZwt AAAASHE Al i34
FABIA| ZA] ARSHA b AAlshed] 7B 3 SEHA
AgE= eFzolel= & (Chow ef al, 1994; Son & Chun,
2007y zhtepd 2 Adolx] PDCel 2|7k AlZAIZAL;
Hof] NMDA 8415 53 S-+543 3 Ak €&
Aol RS AlAslaL Qlek. PDCoL wljokE dlwl Al1A
AzoA A7 ZAE S frdsled] o] o 547
A AlsHA] =4to] Foddlrls B (Himi ef al, 2003y
2 A dAsE AA el

=3E Al7dAARI=Re] BDNFZF Al ZAE AR A AIjbch=
X3 (Bamji et al, 1998; Estevez et al, 1998), ZVAD-
FMK7} Al ZAEALE AdYsle G43] caspases S AlIsk=
oF=- (Ekert e al, 1999; Nicotera et al, 1999; Thornberry,
1999))ete Az}, 7 & Al73AIEY] Apdol] AlzapEA}L
7} Zofglct= R (Huang et al, 1999; Padmanabhan er
al, 1999) 5 PDCo| AlZA|ZA g Z-545) 3
A ZzApEAL o] Hodghe A|ARRITE.

gk trolox2} ZVAD-FMK, trolox?t BDNF % ZVAD-
FMKe} BDNFe] ¥-8xl2]= ©h5 Azle] 23t PDC]
AAA ZAE ARG} zbe]7) it o] A Alst
43 A ZAEAPE M2 A7 o)A a5 e
Ao Z o] F AlZAlE o] 22 7|HE 53]

[e)
=
A
1
R
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UepdS AARIch & PDCell 23F AlZAEAE ol Ak
3P 4ol ok AlAlZEAPEAPL S ojmgiet.
AR A Al ZzApgAlele] AaaAlele B o]
o] EAIsIA|ul dubH o w At ko] Zhmof ulet
ZAARE ks ¥t g & &= s 291 APt A
ey EAkEL oFskar @l A|7bEel s AlE
AFEAZE Skt Zolth (Tan et al, 1998).

o|Ake]l AJH-e PDColl 9|3} AlZdA|EAPE-LS glutamate
of o3t Al ZzAME A= F2] wiA] W glutamate 5=
o] F7lell o7t TH-5A Wtk ofe} ARSHA £A4bo] I
o]

=

o] = 20044= Ageleta ssolu] x|flef <
Slod QA=

¥

f

o
o
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