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6. SHEAM

EA| AL Prism 5 43X E¢]o] (GraphPad software
Inc., USA)E A}&3}o] r-testE X & one-way
ANOVA ¥ o2 s37}slgl om p gke] 0.05 o|3td 7
o EAH oz solstty gutaledth

2 =
1. MFB2t SNeOllAf AlZHof 2 g 0|A|OtmA|ES)]
OFAF

A Zbel whE SAmAolwA 2] A =S B3] )
k] ot (MFB) 2} SNco] &3 H (rostral part),

3h

Fig. 1. Double immunohistochemistry of TH (brown) and OX6 (black) in coronal sections passing through the MFB middle to the lesioned
site. (A~ D) contralateral; (E~H) ipsilateral; (I~ L) higher magnifications. The number of OX6-ir microglia increases to peak level at 1 week
post lesion and then decrease gradually by 4 weeks post lesions. Scale bar represent 500 um in (H) and 100 um in (L), inset of (L)=25 wm.
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SO AMZMIE SAT 0JMObmAM E &4 Ato]o| THA|
Z4zb & #elslglt}(Fig. 1). SNeo] gz&REe 229 i}
Adnm A AAAEI} o] 7ta 9= Ao OX6ol| W
HEES Hol: %WHM] olmAH 27} =5HIA AANZ
< AT Azl 2
3] 6-OHDA 4] F 159} 25)|A] 7}
Alet =3t 6-

T ZX1 (caudal part)S

@R, A DTN

B 152} 250l A EZ(ipsilateral)el] 2

43hR wlAol A 2 =AARl OX6ol W Whe-g w o Ao} ol A
Mok ol gol 27 AS ST 4+ A9 & A ARD B

1F2E A8 e A 4 B BYEAlwALE S -

ﬁim}%% 53
FB) 338 4}

6-OHDA %3]
BT 4% o

= p]A

ol
31 6-OHDA F3]

Fig. 2. Double immunohistochemistry of TH (brown) and OX6 (black) in coronal sections passing through the rostral part of SN. (A~D)
contralateral; (E~H) ipsilateral; (I~L) higher magnifications. The great number of OX6-ir microglia are crowded in the ipsilateral SN
between 1 and 2 weeks post lesion and then the microglial reaction subsides gradually by 4 weeks post lesions. Scale bar represent 500 um

in (H) and 100 wm in (L), inset of (L)=25 um,
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Fig. 3. Double immunohistochemistry of TH (brown) and OX6 (black) in coronal sections passing through the caudal part of SN. (A~D)
contralateral; (E~H) ipsilateral; (I~L) higher magnifications. The great number of OX6-ir microglia are crowded in the ipsilateral SN
between 2 and 4 weeks post lesion and then the microglial reaction subsides gradually by 8 weeks post lesions. Scale bar represent 500 wm

in (H) and 100 wm in (L), inset of (L)=25 um.

OHDA F4] % 45 o| %2+ &4 mMotuM 27}
S YLD 877 A% 02 ol A
& BASGSHFig. 2). SNee] HEIpe GEnpg
‘:}-E—ﬂ] 6-OHDA F4] ¥ 155¥ 4571 4319 u|
A o]-_‘,jr_x—]];gﬂ- Z715l AL g 4 9,},9\1_1_ 6-OHDA

F9 & 8FeME A A3 P AL sty

o} Fig. 3). o] ol M = SAJu|AokmA 27} =T}RIA 4]
A Z B Sl AL HAT A
of azufl& ARzl AFsl) lﬂ_w_ Gl %,‘—(contralateral)sl o}
zZoky] ohah(MFB) 3} SNeol| 4= 0X60 = o W
o] wlA ofwA 27} As pehtA] 9kgk
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Caudal

Fig. 4. Double immunohistochemistry of TH (brown) and ED1 (black) in the ipsilateral MFB or SN. (A~D) MFB middle level; (E~H)
rostral part of SN; (I~L) caudal part of SN. Left panel of each group: lower magnification of the ipsilateral, scale bar represent 100 wm in
(L). Right panel of each group: higher magnification of the corresponding left panel, scale bar=25 um.
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k] ohi (MFB)#F SNc®] 9F&E-R-3-(rostral part), ¥
Z-H% (caudal part)& HAxA S B3 A4
Zagieh. 530l FAEE vjAolwA £ EA|HE &
o2 4 9l 3laAl Ea EAA] EDI W 1)
S-S Mol wA| oA £ FEYH TP (MFB)ol| A=
6-OHDA 3] % 159} 250 7} wo] Vel 8
F7HA = AR ol 3l%iet(Fig. 4A-D). 281} SNco]
&N (Fig. 4E-H)3} ¥ Z3-% (Fig. 41-L)> 6-OHDA
9] F 150l depdr] Azlsle] 4560 A 71 el
Ehget

o

T

3. SNcof|AM AlZtof| mhE E=mfald HEMZe]

SNcoll A} TH W edut-go <FAS el =3iuiAd
A7 E 45 A St 7} time pointd Sue] o]
e a1 =z=2 Jelgglch 6-OHDA 34 ¥ 7Zh7te]
T4 M2 S vlaste] §350 =IRIA AlA
E 5T} 1FAE 32%, 2FN e 60%, 45 M=
69%, 85X 72%7} FrAaskdeh =3 w23} )

30007 = Contralateral

=@~ Ipsilateral
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Fig. 5. Changes in the number of TH-ir neurons of the SN follow-
ing unilateral injection of 6-OHDA into the MFB. Animals were
killed at the indicated time points and immunostaining was carried
out with TH antibody and TH positive neurons in SNc¢ were count-
ed. The data are displayed as the mean+ SEM. *p<0.05.
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6-OHDA Foi= M ZARS fiss 2xe] dle
o7 chzejet® SIEAY SRl A] Bk o) 3 A
AM oz A= =Ry AAM £ FFe Futbe
T A ofmA 2 2] HHE-2 w7 Aozt ARG =
3l 6-OHDA Fof & nja| o} oA MHC class I 2
17} Z71skekar A 9lA|wH[27], 6-OHDAS] A7 5
Aoz Apdsls =3I AlFM Ee ol EA
FAu|A ot M £ Abol o] Mz sh fA= HEA ol
%) goieh 2 Q7oA 6-OHDA %of A 3 vlHo}a
Mz xA)=8 FA] A} (rat microlgial phagocytic mar-
ker)el EDI (anti-rat lysosomal enzyme)ol] 738t oFAluk-2-
< Holx A mM et 2o} F A u]H okuA 2
Eo]A :A]x}¢] OX6 (anti-rat MHC class II)ol] 733 oF
AUk Ho|y FAnMelaM| 27} Eo]H o =E SNe
=3 A AZAM Eel] F2gHe Eelstolet = o)A
Algo A 2o 2 PBSE FHY3 FellAE Azt
A gle] e mAelA 25 A 4§
colE ¥ oz A vhes FYshs WM &
B A5 £ ofF nlulEte] nAolmM 25 A
3} AI71A Z3AY SlejEl= | J 3k 74 Z3kar
APl E o2 Helw F AHielA Hele A
35l mMolwA| £ 6-OHDA 5oio] w2 =394
AR ] o Qs Yehes oz Helg.

A3t A olmH 2=

necrosis factor-a (TNF-a), nitric oxide (NO), arachdonic

£ 2L

interleukin-1 (IL-1), tumor

acid metabolites, quinolinic acid 52| pro-inflammatory
cytokine == M| EZEA <Ixl= Eu]gho 24 oxidative
stress S Z 33 A EA A6l 71T Aol B
TE o] 9Jr}[28-30]. L2} F 2o catecholamine E-o]
# 417549 6-OHDAS Fogt 92lesy 7 =l
oAl IL-1o E TL-1p mRNAE S7F8pA|RE ghill A
M= -1 2 IL-1p7} &)%) k37, TNF-o. mRNA
79 =% A3 LdEA g 7oz Hol vkl
73 A LA} (chronic neuronal death) 7 Z}A] = o2&} pro-
inflammatory cytokine®] £¥|Z FE3}A] ¢t=viy B
3 HAeHB1) 2 @A A SNeA FEree
Shutel FESk v (MEB) A5k 2ol A m]A of A
2ob 2 BAshEe] B A S 9
L= EF3la IL-1B, iNOS ¥ TNF-a7} mRNA %
A 4Fol A 2 dRe] Z7leA ke el v
AUTH26]. o] 7 A= wAotwAM 27} =] ] A]

w3l S Ea Apdals AAMES IL-1p4 NO<}
Z+-% pro-inflammatory cytokineol] 2|3+ A Z=A] &3}
el EAFE et

b, A3 mjA) ol M| £ reactive oxygen spec-
ies (ROS)2] A& A3ty A17H AL Fofgict
BuEo] Qob[32]. 71&2] o8] in vitro A g o)A A
35l dxHIAZzE Nox gene?] Wa-& Z71A7]H,
W5 Nox: ¢ Eujo] theke] superoxide A4S
ol % eidl Qlodebial A2 FRUAA WA
= NOX7F A 3HEl mA oA ol A W3, 1 A
5} ROSS| o] frese] Ful AFAE] Az
FAAQ e & 4 do AT [34]. o] 9=
gl @43t nAolwalzE =3 Cu/SnSOD H
MnSOD<$} 7Zre] antioxidant® 2F8-3}= §-xz}e] Wl
< SAAA s 224 FHel| AJAJH superoxide S A
Al FozAl AAMZ] ATl FAHAQ FFS &
Ao T4l A= A= lek[35]. webA vlA)
ofwH| 2= FH 379 mA W3l ot AN EE S
AzE 52 AFAZAIAZE H5T 5 glon, o
o} =] ROSE] AA H A|A 7|He] wi¢ Fod
Aow oAl

T e IR sERE F shidl 23
STPHMEB) stz lol ) chpmolzssietd 7] e

o] 8-3te] E|SA Wisle] ol 27| AIRE $HYS &
AulA et 27} Bl =3I AAA E 5ol
Hog HAste] &Aooz F7h37f(piece by piece)
ZATE FEEEH36]. o) EHaAFe =IRIA Al
ANEA AN ARDARE Do) ok o)
ofsf F-A% A FEH] ZAE gt M zApEAL 3}
A& B8 Abdsla, v ohad 2 Al ZAEAL A 2}
ol AH WHSP Aelshn 2l ee 29 AFolh
[36,37]. vlAHletwA £ FA] o] 7‘]—’%“—“—41‘?1
24258 59 21%e b AFA0s AN
off AAT Aoz AAAH, s A= “]f‘ﬂ of A
2o ZAHEE 5] 2 A% B Ak A o
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AANZEALS AQA7IAY AARE 235 Beloy

F b



o Aol Gelez uE e WA F3ol
TEHos A4w 4 olr Aagel ¥ 4 9le e
= nofAig

10.

11.

12.

. Beal MF. Aging, energy, and oxidative stress in neurode-
generative diseases. Ann Neurol 1995; 38:357-66.

. Jenner P. Oxidative mechanisms in nigral cell death in Par-
kinson’s disease. Mov Disord 1998; 13 Suppl 1:24-34.

. Gerlach M, Ben-Shachar D, Riederer P, Youdim M. Altered
brain metabolism of iron as a cause of neurodegenerative
diseases? J Neurochem 2002; 63:793-807.

. Saporito MS, Heikkila RE, Youngster SK, Nicklas WJ, Gel-
ler HM. Dopaminergic neurotoxicity of 1-methyl-4-phenyl-
pyridinium analogs in cultured neurons: relationship to the
dopamine uptake system and inhibition of mitochondrial
respiration. The Journal of pharmacology and experimental
therapeutics 1992; 260:1400-9.

. Cassarino DS, Fall CP, Swerdlow RH, Smith TS, Halvorsen
EM, Miller SW, et al. Elevated reactive oxygen species and
antioxidant enzyme activities in animal and cellular models
of Parkinson’s disease. Biochim Biophys Acta 1997; 1362:
77-86.

. Foley P, Riederer P. Influence of neurotoxins and oxidative
stress on the onset and progression of Parkinson’s disease.
J Neurol 2000, 247:1182-94.

. Factor SA, Sanchez-Ramos J, Weiner WJ. Trauma as an
etiology of parkinsonism: a historical review of the concept.
Mov Disord 2004; 3:30-6.

.Ling Z, Gayle DA, Ma SY, Lipton JW, Tong CW, Hong
JS, et al. In utero bacterial endotoxin exposure causes loss
of tyrosine hydroxylase neurons in the postnatal rat mid-
brain. Mov Disord 2002; 17:116-24.

. McGeer P, Itagaki S, Boyes B, McGeer E. Reactive micro-

glia are positive for HLA-DR in the substantia nigra of Par-

kinson’s and Alzheimer’s disease brains. Neurology 1988;

38:1285-85.

Lawson LJ, Perry VH, Dri P, Gordon S. Heterogeneity in

the distribution and morphology of microglia in the normal

adult mouse brain. Neuroscience 1990; 39:151-70.

Kim WG, Mohney RP, Wilson B, Jeohn GH, Liu B, Hong

JS. Regional difference in susceptibility to lipopolysaccha-

ride-induced neurotoxicity in the rat brain: role of microglia.

J Neurosci 2000; 20:6309-16.

Knott C, Stern G, Wilkin GP. Inflammatory regulators in

Parkinson’s disease: iNOS, lipocortin-1, and cyclooxyge-

nases-1 and -2. Mol Cell Neurosci 2000; 16:724-39.

SIeIA AIZEME

13.

14.

15.

16

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

2l o AT DIMOLMZE 2 Atolo] & 21

Cicchetti F, Brownell A, Williams K, Chen Y, Livni E, Isac-
son O. Neuroinflammation of the nigrostriatal pathway dur-
ing progressive 6-OHDA dopamine degeneration in rats
monitored by immunohistochemistry and PET imaging. Eur
J Neurosci 2002; 15:991-98.

O’Callaghan JP, Miller DB, Reinhard JF. Characterization
of the origins of astrocyte response to injury using the dopa-
minergic neurotoxicant, 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine. Brain Res 1990; 521:73-80.
Kurkowska-Jastrzebska I, Wronska A, Kohutnicka M, Czl-
onkowski A, Czlonkowska A. The inflammatory reaction
following 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
intoxication in mouse. Exp Neurol 1999; 156:50-61.

. Graeber M, Streit W, Kreutzberg G. Axotomy of the rat

facial nerve leads to increased CR3 complement receptor
expression by activated microglial cells. J Neurosci Res
2004; 21:18-24.

Streit WJ, Graeber MB, Kreutzberg GW. Functional plasti-
city of microglia: a review. Glia 2004; 1:301-07.
DuY,MaZ,Lin S, Dodel RC, Gao F, Bales KR, et al. Min-
ocycline prevents nigrostriatal dopaminergic neurodegene-
ration in the MPTP model of Parkinson’s disease. Proc Natl
Acad Sci U S A 2001; 98:14669-74.

Thomas M, Le WD. Minocycline: neuroprotective mecha-
nisms in Parkinson’s disease. Curr Pharm Des 2004; 10:679-
86.

Park EM, Cho BP, Volpe BT, Cruz MO, Joh TH, Cho S.
Ibuprofen protects ischemia-induced neuronal injury via
up-regulating interleukin-1 receptor antagonist expression.
Neuroscience 2005; 132:625-31.

. Liu B, Du LN, Hong JS. Naloxone protects rat dopaminer-

gic neurons against inflammatory damage through inhibi-
tion of microglia activation and superoxide generation. J
Pharmacol Exp Ther 2000; 293:607-17.

Betarbet R, Sherer TB, MacKenzie G, Garcia-Osuna M,
Panov AV, Greenamyre JT. Chronic systemic pesticide ex-
posure reproduces features of Parkinson’s disease. Nat Neu-
rosci 2000; 3:1301-6.

Kostrzewa RM, Jacobowitz DM. Pharmacological actions
of 6-hydroxydopamine. Pharmacol Rev 1974; 26:199-288.

Davis GC, Williams AC, Markey SP, Ebert MH, Caine ED,
Reichert CM, et al. Chronic Parkinsonism secondary to
intravenous injection of meperidine analogues. Psychiatry
Res 1979; 1:249-54.

Tseng JL, Baetge EE, Zurn AD, Aebischer P. GDNF redu-
ces drug-induced rotational behavior after medial forebrain
bundle transection by a mechanism not involving striatal
dopamine. J Neurosci 1997; 17:325-33.

Sugama S, Cho BP, Degiorgio LA, Shimizu Y, Kim SS, Kim
YS, et al. Temporal and sequential analysis of microglia in



22

27.

28.

29.

30.

31.

32.

O|Zl=, OX|E, =/, dHH, =HE

the substantia nigra following medial forebrain bundle axo-
tomy in rat. Neuroscience 2003; 116:925-33.

Akiyama H, McGeer PL. Microglial response to 6-hydrox-
ydopamine-induced substantia nigra lesions. Brain Res 1989;
489:247-53.

Chao CC, Hu S, Molitor TW, Shaskan EG, Peterson PK.
Activated microglia mediate neuronal cell injury via a nitric
oxide mechanism. J Immunol 1992; 149:2736-41.

Rogove AD, Tsirka SE. Neurotoxic responses by microglia
elicited by excitotoxic injury in the mouse hippocampus.
Curr Biol 1998; 8:19-25.

Takeuchi A, Isobe K, Miyaishi O, Sawada M, Fan ZH, Na-
kashima I, et al. Microglial NO induces delayed neuronal
death following acute injury in the striatum. Eur J Neurosci
2001; 10:1613-20.

Depino AM, Earl C, Kaczmarczyk E, Ferrari C, Besedovsky
H, del Rey A, et al. Microglial activation with atypical pro-
inflammatory cytokine expression in a rat model of Parkin-
son’s disease. Eur J Neurosci 2003; 18:2731-42.
Rodriguez-Pallares J, Rey P, Parga JA, Munoz A, Guerra

33.

34.

35.

36.

37.

M]J, Labandeira-Garcia JL. Brain angiotensin enhances do-
paminergic cell death via microglial activation and NADPH-
derived ROS. Neurobiol Dis 2008; 31:58-73.

Bokoch GM, Knaus UG. NADPH oxidases: not just for leu-
kocytes anymore! Trends Biochem Sci 2003; 28:502-8.
Zekry D, Epperson TK, Krause KH. A role for NOX
NADPH oxidases in Alzheimer’s disease and other types
of dementia? [IUBMB life 2008; 55:307-13.

Lindenau J, Noack H, Possel H, Asayama K, Wolf G. Cell-
ular distribution of superoxide dismutases in the rat CNS.
Glia 2000; 29:25-34.

Cho BP, Song DY, Sugama S, Shin DH, Shimizu Y, Kim
SS, et al. Pathological dynamics of activated microglia fol-
lowing medial forebrain bundle transection. Glia 2005; 53:
92-102.

Cho BP, Sugama S, Shin DH, DeGiorgio LA, Kim SS, Kim
YS, et al. Microglial phagocytosis of dopamine neurons at
early phases of apoptosis. Cell Mol Neurobiol 2003; 23:551-
60.



23

b O[MlOtM|Z 2 Alo|of ZtH|

Relationship between Microglial Activation and Dopaminergic
Neuronal Loss in 6-OHDA-induced Parkinsonian Animal Model

Jin-Suk Lee!, J i-Yong Lee!, Won-Gil Cho', Young-Chul Yangl, Byung-Pil Cho'?

'Department of Anatomy, Yonsei University Wonju Collage of Medicine
Institute of Lifestyle Medicine, Yonsei University Wonju College of Medicine
Abstract : This study assessed the dynamics of morphological and immunophenotypic properties of activated
microglia in a 6-hydroxydopamine (6-OHDA) induced Parkinsonian animal model. Neurodegeneration in the
substantia nigra pars compacta (SNc) was induced by unilateral injection of 6-OHDA into the medial forebrain
bundle. Parkinsonian animal model were sacrificed at 1, 2, 4 and 8 weeks after 6-OHDA injection. Changes in the
functional activity of activated microglia were identified using different monoclonal antibodies: OX6 for major

histocompatibility complex (MHC) class II, ED1 for phagocytic activity. Phagocytic microglia, characterized by
ED1- or OX6-immunoreactivity, appeared in the SNc at 1 week after 6-OHDA injection, activated microglia
selectively adhered to degenerating axons, dendrites and dopaminergic neuron somas in the SNc. This was
followed by significant loss of these fibers and nigral dopaminergic neurons. Activation of microglia into
phagocytic stage was most pronounced at 2 week after 6-OHDA injection and gradually subsided, but phagocytic

microglia persisted until 8 weeks after 6-OHDA injection. Taken together, our results indicate that activated
microglia is lead to persistently neuron cell death and promotes loss of dopaminergic neuron by degeneration of

the dopaminergic neurons.

Keywords : Parkinsonian, 6-hydroxydopamine, Dopaminergic neuron, Microglia
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