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Thrombin-Induced Microglial Activation Produces
Degeneration of Nigral Dopaminergic Neurons In Vivo
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The present study examined whether thrombin-induced microglial activation could contribute to death of dopaminergic neurons in the
rat substantia nigra (SN) in vivo. Seven days after thrombin injection into the SN, tyrosine hydroxylase immunohistochemistry showed
a significant loss of nigral dopaminergic neurons. In parallel, thrombin-activated microglia, visualized by immunohistochemical stain-
ing using antibodies against the complement receptor type 3 (OX-42) and the major histocompatibility complex class II antigens were also
observed in the SN, where degeneration of nigral neurons was found. Reverse transcription PCR at various time points demonstrated that
activated microglia in vivo exhibited an early and transient expression of inducible nitric oxide synthase (iNOS), cyclooxygenase-2
(COX-2), and several proinflammatory cytokines, including interleukin 1� (IL-1�), IL-6, and tumor necrosis factor �. Western blot
analysis and double-label immunohistochemistry showed an increase in the expression of iNOS and COX-2 and the colocalization of these
proteins within microglia. The thrombin-induced loss of SN dopaminergic neurons was partially inhibited by N G-nitro-L-arginine methyl
ester hydrochloride, an NOS inhibitor, and by DuP-697, a COX-2 inhibitor. Additional studies demonstrated that extracellular signal-
regulated kinase 1/2 (ERK1/2) and p38 mitogen-activated protein kinase (MAPK) were activated in the SN as early as 30 min after
thrombin injection, and that these kinases were localized within microglia. Inhibition of ERK1/2 and p38 MAPK reduced iNOS and COX-2
mRNA expression and rescued dopaminergic neurons in the SN. The present results strongly suggest that microglial activation triggered
by endogenous compound(s) such as thrombin may be involved in the neuropathological processes of dopaminergic neuronal cell death
that occur in Parkinson’s disease.
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Introduction
Parkinson’s disease (PD) is a common neurodegenerative disor-
der associated with a dramatic loss of dopaminergic neurons in
the substantia nigra (SN; Giasson and Lee, 2001). Although little
is known about the cause of PD, a growing body of evidence
supports the notion that activated microglia play a critical role in
the degeneration of nigral dopaminergic neurons (Hirsch, 2000;
Le et al., 2001; Vila et al., 2001). Many studies have reported the
presence of reactive microglia in the SN of PD patients (Hunot et
al., 1999; Knott et al., 2000) and in the SN of animal models of PD
produced by administration of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP; Kohutnicka et al., 1998; Liberatore et
al., 1999; Dehmer et al., 2000; Wu et al., 2002) or
6-hydroxydopamine (6-OHDA; He et al., 2001; Rodrigues et al.,
2001; Cicchetti et al., 2002). In vivo and in vitro studies have
shown that death of dopaminergic neurons can also be produced

by microglial activators such as lipopolysaccharide (LPS; Castano
et al., 1998; Kim et al., 2000). Additionally, �-amyloid (A�) and
prion have been implicated in the processes of neurodegenera-
tion through the activation of microglia (Meda et al., 1995;
Combs et al., 1999; Brown, 2001). In this regard, it has been
suggested that microglia activator(s) could be involved in the
pathogenesis of neurodegenerative diseases, including PD. This
hypothesis is supported by our most recent finding that trisi-
laoganglioside (GT1b), a component of the neuronal membrane,
triggers in vivo degeneration of nigral dopaminergic neurons via
microglial activation (Ryu et al., 2002a).

Thrombin is generated from the precursor prothrombin en-
dogenously expressed in human, mouse, and rat brain, including
dopaminergic neurons in the SN (Dihanich et al., 1991; Soifer et
al., 1994; Weinstein et al., 1995). Prothrombin also exists and
circulates in blood at micromolar levels (Fenton, 1986). Cerebro-
vascular injury triggers the rapid conversion of prothrombin to
thrombin, resulting in extravasation into the CNS (Gingrich and
Traynelis, 2000). In rat brain treated with thrombin, infiltration
of inflammatory cells, brain edema, and reactive gliosis were ob-
served (Nishino et al., 1993). In addition, thrombin induces var-
ious biological responses in the CNS, although its effect on neu-
rons and astrocytes is either protective or toxic, depending on the
thrombin concentration. Increased thrombin in brain has been
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shown to lead to the degeneration of the hippocampal neurons
(Striggow et al., 2000), spinal motoneurons (Turgeon et al.,
1998), and astrocytes (Donovan et al., 1997). Recently, we (Lee at
al., 2001) and Debeir et al. (1998) reported that thrombin was
directly toxic to dopaminergic neurons in mesencephalic cultures
containing few of microglia. However, these results do not rule
out the involvement of microglia in thrombin-induced neuro-
toxicity in vivo. In this regard, recent studies, including ours,
clearly demonstrate that thrombin activates cultured microglia,
leading to increased production of proinflammatory cytokines,
inducible nitric oxide synthase (iNOS), and nitric oxide (NO;
Möller et al., 2000; Ryu et al., 2000; Suo et al., 2002), which have
been proposed to play a pathological role in several neurodegen-
erative disorders such as PD and Alzheimer’s disease (Dickson et
al., 1993; Boka et al., 1994; Hunot et al., 1999; Hirsch, 2000).

All of these observations raise the possibility that thrombin
may contribute to neurodegenerative diseases both directly,
through toxicity to neurons, and indirectly, through activation of
microglia. In the present study, we examined whether thrombin
could activate microglia in vivo by injecting this protease into the
rat SN and whether activated microglia were implicated in
thrombin-induced degeneration of dopaminergic neurons in the
SN. We also investigated the molecular mechanisms underlying
microglial activation by thrombin. Our results suggest that
thrombin can activate microglia in vivo via mitogen-activated
protein kinases (MAPKs) such as extracellular signal-regulated
kinase 1/2 (ERK1/2) and p38 MAPK, and this microglial activa-
tion can mediate degeneration of dopaminergic neurons in the
SN by increased expression of iNOS, cyclooxygenase-2 (COX-2),
and proinflammatory cytokines from activated microglia.

Materials and Methods
Chemicals. Chemicals were purchased from the following companies:
thrombin, Sigma (St. Louis, MO); N G-nitro-L-arginine methyl ester hy-
drochloride (L-NAME), Tocris (Ellisville, MO); DuP-697, Cayman
Chemical (Ann Arbor, MI), and PD98059 and SB203580, Calbiochem
(La Jolla, CA). The vehicle used to dissolve both thrombin and L-NAME
was sterile PBS. PD98059 and SB203580 were dissolved in 1% dimethyl-
sulfoxide in PBS. DuP-697 was dissolved in dimethylformamide (DMF)
and then diluted with PBS (1:1 solution of DMF/PBS).

Stereotaxic injection of thrombin. All experiments were done in accor-
dance with approved animal protocols and guidelines established by
Ajou University. Female Sprague Dawley rats (260 –280 gm) were anes-
thetized with injection of chloral hydrate (360 mg/kg, i.p.) and posi-
tioned in a stereotaxic apparatus (Kopf Instrument, Tujunga, CA), and
they received a unilateral administration of thrombin into the right SN
[anteroposterior (AP), �5.3; mediolateral (ML), �2.3; and dorsoventral
(DV), �7.6 mm from bregma] according to the atlas of Paxinos and
Watson (1998). Thrombin was injected at a rate of 0.2 �l/min using a 26
gauge Hamilton (Reno, NV) syringe attached to an automated microin-
jector (Buwon, Seoul, Korea). After injection, the needle was left in place
for an additional 5 min before slow retraction. Intact (nontreated) or
PBS-treated animals were used as controls. Animals were killed by an
overdose of chloral hydrate for further studies.

Pretreatment with L-NAME, DuP-697, PD98059, and SB203580.
L-NAME (50 mg/kg), an NOS inhibitor, or DuP-697 (5 mg/kg), a specific
COX-2 inhibitor, were administered intraperitoneally 1 hr before throm-
bin injection. PD98059 (100 �M), an MAPK kinase (MEK) inhibitor, and
SB203580 (50 �M), a p38 MAPK inhibitor, were administered into the
right ventricle (AP, �0.6; ML, �1.6; and DV, �4.0 mm from bregma) 30
min before intranigral thrombin injection under general anesthesia de-
scribed above. Animals were killed for further studies. Doses of these
inhibitors were chosen in accordance with those of previous studies (Ia-
decolar et al., 1994; Alessi et al., 1995; Li et al., 1997; Sugino et al., 2000).

Tissue preparation and immunohistochemistry. Animals were transcar-
dially perfused with a saline solution containing 0.5% sodium nitrate and

heparin (10 U/ml) and then fixed with 4% paraformaldehyde dissolved
in 0.1 M phosphate buffer (PB). Brains were removed from the skull,
postfixed overnight in buffered 4% paraformaldehyde at 4°C, stored in a
30% sucrose solution for 24 – 48 hr at 4°C until they sank, were frozen
sectioned on a sliding microtome in 40-�m-thick coronal sections. All
sections were collected in six separate series and processed for immuno-
histochemical staining as described previously (Ryu et al., 2002a). In
brief, brain sections were rinsed in PBS and then incubated overnight at
room temperature with primary antibodies. The following day, brain
sections were rinsed with PBS and 0.5% bovine serum albumin (BSA),
incubated with the appropriate biotinylated secondary antibody, and pro-
cessed with an avidin–biotin complex kit (Vectastain ABC kit; Vector Lab-
oratories, Burlingame, CA). The bound antiserum was visualized by incu-
bating with 0.05% diaminobenzidine-HCl (DAB) and 0.003% hydrogen
peroxide in 0.1 M PB. The DAB reaction was stopped by rinsing tissues in 0.1
M PB. Labeled tissue sections were then mounted on gelatin-coated slides
and analyzed under a bright-field microscope (Nikon, Mellville, NY). The
primary antibodies were used anti-OX-42 [specific for complement receptor
type 3 (CR3), 1:200; Serotec, Oxford, UK], anti-OX-6 (specific for major
histocompatibility complex class II antigens, 1:200; PharMingen, San Diego,
CA, USA), and ED1 (specific for glycosylated lysosomal antigen, 1:200; Se-
rotec) for microglia, anti-neuron-specific nuclear protein (NeuN, 1:200;
Chemicon) for neurons, anti-tyrosine hydroxylase (TH, 1:2000; Pel-Freez
Biologicals, Rogers, AR) for dopaminergic neurons, anti-glutamic acid
decarboxylase (GAD, 1:1000; Sigma) for GABAergic neurons, and GFAP
(1:500; Sigma) for glial fibrillary acidic protein in astrocytes.

For Nissl staining, some of the SN tissues were mounted on gelatin-
coated slides, dried for 1 hr at room temperature, stained in 0.5% cresyl
violet, dehydrated, coverslipped, and then analyzed under a bright-field
microscope (Nikon).

Stereological cell counts. The unbiased stereological estimation of the
total number of the TH-immunopositive (TH-ip) cells in the SN was
made using the optical fractionator, as previously described in detail with
some modifications (Kirik et al., 1998, 2000). This sampling technique is
not affected by tissue volume changes and does not require reference
volume determinations (West et al., 1991). The borders of the SN at all
levels in the rostocaudal axis were defined. As previously described (Kirik
et al., 1998), the medial border was defined by a vertical line passing
through the medial tip of the cerebral peduncle, by the medial terminal
nucleus of the accessory nucleus of the optic tract for excluding the TH-ip
cells in the ventral tegmental area (VTA), or both. The ventral border
followed the dorsal border of the cerebral peduncle, thereby including
the TH-ip cells in the pars reticulata, and the area extended laterally to
include the pars lateralis in addition to the pars compacta. The sections
used for counting covered the entire SN from the rostral tip of the pars
compacta back to the caudal end of the pars reticulata (AP, �4.5 to �6.3
mm from bregma, according to the atlas of Paxinos and Watson, 1998).
This generally yielded eight or nine sections in a series. Sampling was
done using the Computer-Assisted Stereological Toolbox system, ver-
sion 2.1.4 (Olympus Denmark A/S, Ballerup, Denmark), using an Olym-
pus BX51 microscope, a motorized microscope stage (Prior Scientific,
Rockland, MA) run by an IBM-compatible computer, and a microcator
(Heidenhain ND 281B) connected to the stage and feeding the computer
with the distance information in the z-axis. The SN was delineated at a
1.25� objective and generated counting areas of 150 � 150 �m. A count-
ing frame (1612 �m 2) was placed randomly on the first counting area
and systemically moved through all counting areas until the entire delin-
eated area was sampled. The sampling frequency was chosen so that
�130 TH-ip cells were counted in each specimen on the contralateral
side. Actual counting was performed using a 100� oil objective. Guard
volumes (4 �m from the top and 4 – 6 �m from the bottom of the sec-
tion) were excluded from both surfaces to avoid the problem of lost caps,
and only the profiles that came into focus within the counting volume
(with a depth of 10 �m) were counted. The estimate of the total number
of neurons was calculated according to the optical fractionator formula
(West et al., 1991).

Immunofluorescence double labeling. For double-immunofluorescence
staining, tissue sections were processed as described previously (Ryu et
al., 2002a). Briefly, free-floating sections were mounted on gelatin-
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coated slides and dried for 1 hr at room temperature. After washing in
PBS, sections were incubated in 0.2% Triton X-100 for 30 min and rinsed
three times with 0.5% BSA. The sections were incubated in a combina-
tion of a rabbit polyclonal antibody to iNOS (Upstate Biotechnology,
Lake Placid, NY; diluted at 1:100), COX-2 (Cayman Chemical; 1:200),
phospho-ERK1/2 (Cell Signaling; 1:100), or phospho-p38 MAPK (Cell
Signaling; 1:100) and either a mouse monoclonal antibody against
OX-42 (Serotec; 1:100) or a mouse monoclonal antibody against GFAP
(Sigma; 1:100) overnight at 4°C. After washing in PBS, the sections were
incubated simultaneously with a mixture of FITC-conjugated goat anti-
mouse IgG (Vector Laboratories; 1:100) and Texas Red-conjugated goat
anti-rabbit IgG (Vector Laboratories; 1:100) for 1 hr at room tempera-
ture. Slides were coverslipped with Vectashield medium (Vector Labora-
tories) and viewed using an IX71 confocal laser scanning microscope
(Olympus Optical, Tokyo, Japan). To analyze the localization of different
antigens in double-stained samples, images were obtained from the same
area and merged using interactive software.

Reverse transcription PCR analysis. After thrombin injections, rats were
killed at 1, 4, 8, 12, 24, and 94 hr (four or five at each time interval from
each group), and the SN area was rapidly removed from the brains and
frozen at �70°C. Total RNA was extracted from dissected tissue using
RNAzol B (Tel-Test, Friendwood, TX) according to the manufacturer’s
instructions and quantified spectrophotometrically. Reverse transcrip-
tion (RT) was performed using Superscript II reverse transcriptase (In-
vitrogen, Rockville, MD) according to the manufacturer’s instructions.
The primers for interleukin 1� (IL-1�), IL-6, tumor necrosis factor �
(TNF-�), iNOS, and COX-2 were as follows: 5�-TGA TGT TCC CAT
TAG ACA GC-3� (sense) and 5�-GAG GTG CTG ATG TAC CAG TT-3�
(antisense) for IL-1�, 5�-AAA ATC TGC TCT GGT CTT CTG G-3�
(sense) and 5�-GGT TTG CCG AGT AGA CCT CA-3� (antisense) for
IL-6, 5�-GTA GCC CAC GTC GTA GCA AA-3� (sense) and 5�-CCC TTC
TCC AGC TGG GAG AC-3� (antisense) for TNF-�, 5�-GCA GAA TGT
GAC CAT CAT GG-3� (sense) and 5�-ACA ACC TTG GTG TTG AAG
GC-3� (antisense) for iNOS (557 bp), and 5�-CCA TGT CAA AAC CCG
TGG TGA ATG-3� (sense) and 5�-ATG GGA GTT GGG CAG TCA TCA
G-3� (antisense) for COX-2 (374 bp). The PCR cycles consisted of dena-
turation at 94°C for 30 sec, annealing at 55°C for 30 sec (IL-1�, TNF-�,
iNOS, and COX-2) or 60°C for 30 sec (IL-6), and extension at 72°C for 90
sec for 30 cycles. Glyceraldehyde-3-phosphate dehydrogenase was also
amplified as an internal PCR control using the following primers: 5�-
TCC CTC AAG ATT GTC AGC AA-3� (sense) and 5�-AGA TCC ACA
ACG GAT ACA TT-3� (antisense). The temperature cycling conditions
were as follows: 2 min at 94°C, 25 cycles of 94°C for 30 sec, 55°C for 30 sec,
and 72°C for 90 sec, and a final extension at 72°C for 10 min. The PCR
product was separated by electrophoresis on a 1.5% agarose gel, stained
with ethidium bromide, and then detected under UV light.

Western immunoblot analysis. As described previously (Ryu et al.,
2002a), animals receiving intranigral injection of thrombin or PBS as a
control were killed at the indicated time points, and the SN area was
rapidly removed from the brains and frozen at �70°C. For gel electro-
phoresis and Western blotting, the SN was homogenized with 0.5 ml of
ice-cold lysis buffer containing 20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 5
mM MgCl2, 1 mM dithiothreitol (DTT), 20 �g/ml aprotinin, and 1 mM

phenylmethylsulfonyl fluoride (PMSF). Aliquots of total tissue homog-
enate were frozen and kept at �70°C. The protein concentration was
determined using a BCA kit. Equal amounts of protein (50 �g) were
loaded in each lane with loading buffer containing 62.5 mM Tris-HCl, pH
6.8, 2% SDS, 10% glycerol, 50 mM DTT, and 0.1% (w/v) bromphenol
blue. Samples were boiled at 100°C for 2 min before gel loading. Homog-
enate samples were electrophoresed on 10 –12% SDS-polyacrylamide gel
and transferred to polyvinylidene difluoride membranes (Millipore,
Bedford, MA) using an electrophoretic transfer system (Bio-Rad, Her-
cules, CA). The membranes were then blocked in TNE buffer (in mM: 10
Tris-HCl, pH 7.5, 50 NaCl, and 2.5 EDTA, pH 8.0) containing 5% skim
milk for 1 hr with gentle shaking. Membranes were then incubated over-
night at 4°C with the primary anti-rabbit polyclonal antibodies in TNE
containing 5% skim milk, respectively. The following primary antibodies
and dilutions were used: iNOS (1:500), COX-2 (1:500), ERK1/2 (1:1000),
and p38 MAPK (1:1000). After washing, the membranes were incubated

with horseradish peroxidase-conjugated anti-rabbit IgG secondary anti-
body (Amersham Biosciences, Piscataway, NJ) diluted 1:2000 for 1 hr at
room temperature and washed again. The blots were developed with an
enhanced chemiluminescence kit according to the manufacturer’s in-
structions (Amersham Biosciences). For gel electrophoresis and Western
blotting of active forms of p38 MAPK and ERK1/2, the SN was homog-
enized with 0.5 ml of ice-cold lysis buffer containing 20 mM Tris-HCl, pH
7.5, 1 mM EDTA, 5 mM MgCl2, 1 mM DTT, 20 �g/ml aprotinin, 1 mM

PMSF, and 2 mM sodium orthovanadate. After SDS-PAGE and electro-
phoretic transfer, membranes were blocked with 1% BSA for 1 hr at room
temperature, incubated overnight at 4°C with the primary anti-rabbit
polyclonal phosphorylated forms of p38 MAPK and ERK1/2 diluted
1:1000 in TNE buffer with 1% BSA, and processed as described above.

Measurement of the densities of the immunoblot bands. For semiquan-
titative analysis of immunoblot bands, the density of each band was
measured with a computer imaging device and accompanying software
(Bio-Rad). The background value was subtracted from all other readings.

Statistical analysis. All values are expressed as mean � SEM. Statistical
significance ( p � 0.05 for all analyses) was assessed by ANOVA using
Instat 3.05 (GraphPad, San Diego, CA), followed by Student–Newman–
Keuls analyses.

Results
Thrombin induces degeneration of dopaminergic neurons in
the SN in vivo
Thrombin or PBS as a control was unilaterally microinjected into
the SN of rats. Seven days later, brains were removed, and sec-
tions were processed for Nissl staining and immunostaining for
NeuN to detect general nigral neurons or for TH to specifically
detect dopaminergic neurons in the SN. In the SN treated with
thrombin, a dramatic reduction in Nissl-stained cells was in-
duced (Fig. 1C,D) compared with PBS-treated SN (Fig. 1A,B).
Moreover, PBS-treated SN had a clear defined nucleus and prom-
inent Nissl substances when compared with thrombin-treated
SN, showing marked loss of Nissl substances with gliosis. NeuN
and TH immunohistochemical staining was performed on sec-
tions adjacent to those used for Nissl staining. Thrombin-treated
SN displayed a significant loss of NeuN-ip (Fig. 1G,H) and TH-ip
(Fig. 1K,L) cells in the SN when compared with PBS-treated SN,
respectively (Fig. 1E,F,I,J). In highly magnified photographs,
thrombin-induced degenerating neurons appeared as shrunken
and rounded cell bodies with few processes (Fig. 1L), in contrast
to healthy and large dopaminergic neurons with long and
branched neuritic processes in PBS-treated controls (Fig. 1 J). All
of these observations indicated that TH-ip cells in the SN were
substantially destroyed. Additional immunostaining also showed
a significant loss of GAD-ip neurons (GABAergic neurons) in the
substantia nigra reticulata (SNr) after intranigral injection of
thrombin (Fig. 1O,P) compared with PBS-treated SN (Fig.
1M,N).

Thrombin induces microglial activation and produces
proinflammatory cytokines in the SN in vivo
Recent findings, including ours, indicated that thrombin acti-
vated cultured rat microglia (Möller et al., 2000; Ryu et al., 2000;
Suo et al., 2002). The present study determined the activation of
microglia in the SN by thrombin in vivo. Sections adjacent to
those used for TH immunostaining in Figure 1 were processed for
immunohistochemical staining using antibodies against OX-42,
OX-6, and ED1 to detect microglial activation as described pre-
viously (Ryu et al., 2002a). In PBS-treated SN, the majority of
OX-42-ip microglia exhibited resting morphology, specifically
small cell bodies and thin, long, or ramified processes (Fig. 2A).
Consistent with our previous report (Ryu et al., 2002a), activated
microglia with larger cell bodies with short, thick, or no processes
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in PBS-treated SN were observed only
along the needle tract because of mechan-
ical damage. In marked contrast, however,
thrombin triggered profound activation of
microglia in the SN, with enhanced stain-
ing intensity and activated morphology in
OX-42-ip cells (Fig. 2B). The data also
showed that thrombin treatment resulted
in many OX-6-ip cells in the SN (Fig. 2D),
whereas in PBS-treated controls, OX-6-ip
cells were seen exclusively along the needle
tract (Fig. 2C). Microglia appeared to
reach a state similar to that of active
phagocytes (Fig. 2F), as determined by
ED1 immunohistochemical staining,
which labels phagocytic microglia, in par-
ticular, the presence of accumulating in-
tracellular lipid vacuoles (Popovich et al.,
1997). ED1-ip cells were undetectable in
the SN on either the contralateral side
(data not shown) or the PBS-treated side
as controls (Fig. 2E). Additional examina-
tion clearly showed thrombin-induced
morphological changes of OX-42-ip mi-
croglia, from resting to activated, as early
as 4 hr after injection (Fig. 2H), compared
with nontreated (Fig. 2G) or PBS-treated
(Fig. 2A) SN. It appeared that 24 hr after
thrombin injection resulted in more acti-
vated microglia than seen 4 hr after throm-
bin injection (Fig. 2 I). Accompanying
these results, there was no substantial loss
of nigral dopaminergic neurons as deter-
mined by Western blot analysis of TH in
the SN at 1, 4, 12, and 24 hr after intrani-
gral injection of thrombin (data not
shown), indicating that microglial activa-
tion occurred before the lesion of nigral
dopaminergic neurons.

Given the effects of thrombin-induced
neurotoxicity and microglial activation,
we next sought to determine whether in-
tranigral injection of thrombin produced
microglia-derived proinflammatory cyto-
kines such as IL-1�, IL-6, and TNF-�. RT-
PCR analysis showed the induction of IL-1�, IL-6, and TNF-�
mRNA expression as early as 1 hr after thrombin injection (Fig.
3). Although expression of IL-1� and TNF-� mRNA was main-
tained up to 96 hr after injection, IL-6 mRNA expression re-
turned to normal levels at 96 hr after thrombin treatment.

Thrombin-induced iNOS and COX-2 expression is localized
within activated microglia in the SN in vivo
We examined whether intranigral injection of thrombin in-
duced expression of iNOS and COX-2 in the SN. RT-PCR
analysis demonstrated in vivo that thrombin induced iNOS
and COX-2 expression as early as 4 and 1 hr after injection,
respectively (Fig. 3). In parallel, the results of Western blot
analysis showed that thrombin upregulated iNOS expression,
with maximal levels reached 12 hr after injection and levels
returning to basal 48 hr after injection (Fig. 4 A,B). In contrast
to thrombin-treated SN, iNOS expression was inconsiderable

in PBS-treated (12 hr) or nontreated (0 hr) SN as controls. In
the thrombin-treated SN, expression of COX-2 protein was
observed as early as 1 hr after injection and maintained up to
24 hr after injection (Fig. 4 E). To further evaluate the cellular
location of iNOS and COX-2 expression, double-
immunofluorescence staining with a combination of antibod-
ies of iNOS and OX-42, iNOS and GFAP, or COX-2 and
OX-42 was performed. Activated microglia stained with
OX-42 antibody were visible 12 hr after thrombin injection
(Fig. 4C,F, green). Increased immunofluorescence of iNOS or
COX-2 was also seen in the SN 12 hr after thrombin injection
(Fig. 4C,F, red), consistent with the data obtained from West-
ern blot analysis. Simultaneous imaging of immunofluores-
cence on the same tissue sections revealed that thrombin-
induced iNOS and COX-2 expression was localized in
activated microglia. In agreement with our previous findings
(Ryu et al., 2002a), thrombin-induced iNOS expression was
not found in astrocytes (Fig. 4 D).

Figure 1. Thrombin-induced in vivo neurotoxicity on dopaminergic neurons in the SN. PBS (A, B, E, F, I, J, M, N ) or thrombin (C,
D, G, H, K, L, O, P; 20 U/4 �l) was unilaterally injected into the SN. Animals were killed 7 d after injection; brains were removed; and
coronal sections (40 �m) were cut using a sliding microtome. Every sixth serial section was selected and processed for Nissl
staining or immunostaining. A–D, SN stained for Nissl substance (cresyl violet). B, D, Higher magnifications of A, C, respectively.
E–H, NeuN immunohistochemical staining in the SN. Note a significant reduction of NeuN-ip cells in thrombin-treated SN (G, H )
when compared with PBS-treated SN (E, F ). F, H, Higher magnifications of E, G, respectively. I–L, TH immunohistochemical
staining in the SN. J, L, Higher magnifications of I, K, respectively. M–P, GAD immunohistochemical staining in the SNr. N, P, Higher
magnifications of M, O, respectively. These data were are representative of six to eight animals per group. Dotted lines indicate
substantia nigra pars compacta (SNpc) where dopaminergic neurons were degenerated. Scale bars: A, C, E, G, M, O, 200 �m; I, K,
250 �m; B, D, F, H, J, L, N, P, 50 �m.
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Neurotoxic actions of iNOS and COX-2 on degeneration of
dopaminergic neurons in the SN in vivo
We hypothesize that NO, released by activated microglia as a
result of thrombin-stimulated iNOS expression, contributed to
the degeneration of nigral dopaminergic neurons. To test this, we
investigated whether L-NAME, an NOS inhibitor, altered the ef-
fects of thrombin on nigral dopaminergic neurons in the SN.
Intraperitoneal treatment with L-NAME partially rescued TH-ip
neurons (Fig. 5C). When quantified and expressed as a percent-
age of neurons on the ipsilateral compared with the contralateral
side (I/C %), L-NAME was found to increase the number of
TH-ip neurons by 22% ( p � 0.01; Fig. 5D). As controls, vehicle

(PBS) or L-NAME alone had no effects (data not shown) (Ryu et
al., 2002a).

To determine whether COX-2 expression contributed to
thrombin-induced dopaminergic neurodegeneration, we also
used the relatively selective COX-2 inhibitor DuP-697 (Li et al.,
1997). In SN treated with DuP-697, the loss of TH-ip neurons
was partially attenuated. When quantified and expressed as I/C
%, DuP-697 was found to increase the number of TH-ip neurons
by 17% ( p � 0.01; Fig. 5D). As controls, vehicle or Dup-697
alone had no effects (data not shown).

Figure 2. Thrombin-induced microglial activation in the SN. A–F, Sections (A, C, E, PBS; B, D,
F, thrombin) adjacent to those used in Figure 1 were immunostained with OX-42 (CR3; A, B),
OX-6 (major histocompatibility complex class II; C, D), or ED1 (glycosylated lysosomal antigen; E,
F ) antibodies for microglia. The data are representative of six to eight animals used for each
experimental group. Insets, Highly magnified areas of OX-42, OX-6, and ED1 immunoreactivity
indicated by arrows. Arrowheads indicate needle tracts. Accumulating intracellular lipid vacu-
oles are denoted by arrowheads in F, inset. G–I, Morphological changes of microglia from the
resting state (G; small cell bodies and thin, long, or ramified processes) to the activated state (H,
I; larger cell bodies with short, thick, or no processes) in the SN after thrombin injection. Animals
receiving unilateral injection of thrombin (20 U) in the SN were killed at 4 or 24 hr after injection;
brains were removed; and coronal sections (40 �m) were cut using a sliding microtome. Every
sixth serial section was selected, immunostained with OX-42 antibody as a marker of microglia,
and visualized by FITC-conjugated secondary antibody. The OX-42-ip microglia were observed
in the contralateral SN ( G) as controls and in the ipsilateral SN at 4 hr ( H ) and 24 hr ( I ) after
thrombin injection. These data are representative of five to seven animals per group. Scale bars:
A–D, 250 �m; E, F, 200 �m; G–I, 50 �m.

Figure 3. RT-PCR analysis of thrombin-induced mRNA expression of proinflammatory cyto-
kines, iNOS, and COX-2 in the SN. Total RNA was isolated in the ipsilateral SN at indicated time
points after intranigral thrombin injection (20 U). These results are representative of four or five
independent replicate experiments.

Figure 4. Thrombin-induced iNOS and COX-2 protein expression in activated microglia. A,
Western blot analysis showing levels of iNOS expression in the SN at indicated time points after
intranigral thrombin injection (20 U). Nontreated or PBS-treated (12 hr) SN was used as a
control. B, Mean � SEM of four or five pooled samples per time point. *p � 0.05; **p � 0.01,
significantly different from control (0 or 12 hr after PBS treatment; ANOVA and Student–New-
man–Keuls analyses). C, D, Colocalization of iNOS immunoreactivity within the activated mi-
croglia. The sections of rat SN were immunostained simultaneously with iNOS and OX-42 as a
marker of microglia ( C) or iNOS and GFAP as a marker of astrocytes ( D) and then visualized by
FITC- and Texas Red-conjugated secondary antibodies 12 hr after thrombin injection (20 U),
respectively. Each image was captured from the same area and merged. Note that iNOS (C, red)
was detected in numerous activated microglia (C, green) but not in astrocytes (D, green). E,
Western blot analysis showing levels of COX-2 expression in the SN at indicated time points after
intranigral thrombin injection (20 U). Nontreated or PBS-treated (4 hr) SN was used as a control.
F, Colocalization of COX-2 immunoreactivity within activated microglia. Inset, Highly magnified
cell marked by an arrowhead. Scale bar, 50 �m.
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Thrombin activates ERK1/2 and p38
MAPK localized within microglia in the
SN in vivo
Recently, we reported that thrombin acti-
vated cultured rat microglia via MAPKs,
such as ERK1/2 and p38 MAPK (Ryu et al.,
2000). Thus, we examined the involve-
ment of MAPKs in the SN in vivo in the
process of microglial activation after in-
tranigral injection of thrombin. The acti-
vation of these two MAPKs was deter-
mined by Western blot analysis, using
specific antibodies for the phosphorylated
forms of ERK1/2 (P-ERK1/2) and p38
MAPK (P-p38 MAPK). The results of
Western blot assays showed that thrombin
upregulated the levels of both P-ERK1/2
and P-p38 MAPK in the ipsilateral SN as
early as 30 min after thrombin treatment
(Fig. 6A,B). In contrast, these MAPKs
were slightly visible in nontreated (0 hr) or
PBS-treated (30 min after PBS) SN as
controls.

To clarify the cellular location of acti-
vated MAPKs, double-immunofluorescence
staining was performed with a combination
of antibodies against P-ERK1/2 and OX-42
or P-p38 MAPK and OX-42. Activated mi-
croglia stained with OX-42 antibody were
visible 8 hr after thrombin injection (Fig.
6C,F). Increased P-ERK1/2 (Fig. 6D) and
P-p38 MAPK (Fig. 6G) immunofluores-
cence was also seen in the SN 8 hr after
thrombin injection, consistent with the results of Western blot anal-
yses. Simultaneous imaging of immunofluorescence on the same
tissue sections revealed that thrombin-activated ERK1/2 and p38
MAPK were colocalized within microglia (Fig. 6E,H).

Inhibitors of MAPK pathways rescue dopaminergic neurons
in the SN from thrombin-induced neurotoxicity in vivo
To elucidate the physiological functions of MAPK activation in
microglia after thrombin injection, we examined whether
thrombin-induced expression of iNOS, COX-2, and proinflam-
matory cytokines and degeneration of dopaminergic neurons in
the SN could be affected by MAPKs inhibitors. For this purpose,
PD98059 (100 �M), a specific MEK inhibitor, and SB203580 (50
�M), a p38 MAPK inhibitor, were administered intraventricu-
larly 30 min before intranigral injection of thrombin (20 U).
Animals were killed 4 hr (Fig. 7A) or 7 d (Fig. 7B,C) after throm-
bin treatment, and brain tissues were prepared for RT-PCR anal-
ysis or sectioned for immunostaining with TH antibody for do-
paminergic neurons or OX-42 antibody for microglia in the SN.
The results of RT-PCR assays showed that these MAPK inhibitors
dramatically attenuated the thrombin-induced expression of
iNOS and COX-2 mRNA, whereas PD98058 or SB203580 alone
had little effect on the iNOS and COX-2 expression as controls
(Fig. 7A). This inhibitory effect appeared more prominent when
these inhibitors were administered simultaneously. Intriguingly,
however, these inhibitors did not alter expression of other proin-
flammatory cytokines, including IL-1�, IL-6, and TNF-�, tested
in this study. Accompanying the downregulation of molecular
events, these MAPK inhibitors morphologically inhibited micro-
glial activation, as determined by OX-6 immunohistochemical

staining (Fig. 7C). Because both iNOS and COX-2 were impli-
cated in thrombin-induced degeneration of nigral dopaminergic
neurons, and MAPK inhibitors reduced iNOS and COX-2 ex-
pression (Fig. 5), we speculated that these inhibitors could con-
tribute to survival of dopaminergic neurons in the SN. As a result,
at 7 d after intranigral thrombin injection, TH immunohisto-
chemistry revealed that intraventricular administration of these
inhibitors protected dopaminergic neurons from thrombin-
induced neurotoxicity. When quantified and expressed as I/C %,
both PD98059 and SB203580 were found to increase the number
of TH-ip neurons by 20% ( p � 0.05) and 31% ( p � 0.01),
respectively, compared with ipsilateral SN treated with thrombin
only (Fig. 7B). As controls, these inhibitors alone had no effects
on neuronal survival (data not shown).

Discussion
Recently, we provided evidence for direct neurotoxic actions of
thrombin against dopaminergic neurons in neuron-enriched and
microglia-scarce mesencephalic cultures (Lee et al., 2001). How-
ever, the possibility remained that the thrombin-induced neuro-
toxicity observed in vivo was attributable, at least in part, to mi-
croglial activation stimulated by this serine protease in the SN.
This is because thrombin can activate cultured microglia, result-
ing in the production of proinflammatory factors, cytotoxic fac-
tors, or both that in turn can affect the onset of neurodegenera-
tion, the progression of neurodegeneration, or both (Möller et
al., 2000; Ryu et al., 2000; Suo et al., 2002).

The present study is the first to demonstrate that thrombin-
induced neurotoxicity of dopaminergic neurons in the SN in vivo
is mediated by significant activation of microglia, with expression
of iNOS, COX-2, and proinflammatory cytokines. The localiza-

Figure 5. L-NAME or DuP-697 protects thrombin-induced neuronal death. A–C, TH immunohistochemistry showing protective
effects of L-NAME on the thrombin-induced degeneration of dopaminergic neurons in the SN. TH-ip neurons in the contralateral
( A) and ipsilateral SN at 7 d after thrombin injection either in the absence ( B) or presence ( C) of L-NAME are shown. L-NAME (50
mg/kg, i.p.) was administered 1 hr before intranigral injection of thrombin (20 U). Scale bar, 250 �m. D, Number of TH-ip neurons
in the SN treated with thrombin either in the absence or presence of the NOS inhibitor L-NAME or COX-2 inhibitor DuP-697. Animals
receiving intranigral thrombin injection (20 U) with or without administration of L-NAME (50 mg/kg, i.p.) or DuP-697 (5 mg/kg,
i.p.) were killed 7 d after injection. Brain tissues were cut, and every sixth serial section was immunohistochemically stained with
antibodies against TH. TH-ip neurons were counted using a stereological technique in the whole SN treated with thrombin. Six to
eight animals were used for each experimental group. The results represent mean � SEM. **p � 0.01, significantly different
from contralateral side; ##p � 0.01, significantly different from ipsilateral side treated with thrombin only (ANOVA and
Student–Newman–Keuls analyses).
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tion of iNOS and COX-2 in activated microglia and the protec-
tion of dopaminergic neurons from thrombin-induced cell death
by an NOS inhibitor (L-NAME) and a COX-2 inhibitor (DuP-
697) underscore the pathological significance of iNOS and
COX-2 expression in microglia. Importantly, the thrombin-
stimulated activation of ERK1/2 and p38 MAPK, the localization
of these two MAPKs within activated microglia, and the reduc-
tion in iNOS and COX-2 expression and resultant increase in the
survival of dopaminergic neurons by inhibition of these MAPKs
strongly suggest that the MAPK signaling pathway is the mecha-
nism underlying thrombin-induced microglial activation in the
SN in vivo.

Microglia are intrinsic immune effector cells in the CNS, and
activation of microglia is a common phenomenon in response to
neural tissue injury (Kreutzberg, 1996; Aloisi, 2001; Nakajima
and Kohsaka, 2001). Microglial activation is generally deter-
mined by the gradual change of morphology from a quiescent
ramified form (resting state) to an amoeboid form (activated
state) within hours (Stence et al., 2001). This is consistent with
our results in which the majority of microglia displayed activated
morphology (larger cell bodies with short, thick, or no process) as
early as 4 hr after thrombin injection.

Accompanying this morphological transformation, activated
microglia can produce several potentially neurotoxic substances,

including NO and prostaglandins synthesized by iNOS and
COX-2, respectively. Microglia-derived NO has been presumed
to be neurotoxic (Chao et al., 1992; McMillian et al., 1997), al-
though the presence of iNOS in human microglia is still contro-
versial (Colasanti et al., 1995; Walker et al., 1995; Ding et al.,
1997; Zhao et al., 1998). The current study provides strong evi-
dence for a role of NO in thrombin-induced degeneration of
nigral dopaminergic neurons. We found that thrombin upregu-
lated iNOS mRNA and protein expression, whereas L-NAME
partially prevented dopaminergic neuron death. These results are
consistent with previous studies showing that in iNOS-deficient
mice, nigral dopaminergic neurons were protected from MPTP
toxicity (Liberatore et al., 1999; Dehmer et al., 2000) and that
LPS-induced iNOS expression and NO production in microglia
(Murphy et al., 1993) led to the death of dopaminergic neurons in
the SN (Castano et al., 1998; Kim et al., 2000). Recently, we also
demonstrated in vivo that NO mediated the degeneration of do-
paminergic neurons in the SN treated with GT1b (Ryu et al.,
2002a).

In vivo and in vitro studies demonstrated that the prostanoid-
synthesizing enzyme COX-2 was markedly upregulated in micro-
glia in rodent brain after LPS treatment (Bauer et al., 1997; Ming-
hetti et al., 1999) and in human brain during chronic cerebral
ischemia (Tomimoto et al., 2000). This is consistent with the
present finding that thrombin-induced COX-2 expression in the
SN is localized within microglia. These results suggest that micro-
glia may represent an important source of prostanoids in the
brain, although COX-2 expression has been also localized in neu-
rons (Nogawa et al., 1997; Minghetti et al., 1999). A growing body
of evidence indicates that increased levels of COX-2 and prosta-
noids are implicated in neurodegeneration in cortical, hip-
pocampal, and spinal motor neurons (Drachman and Rothstein,
2000; Hewett et al., 2000; Araki et al., 2001; Kim et al., 2001; Kunz
and Oliw, 2001; Mirjany et al., 2002). These studies have also
shown that COX-2-mediated neurotoxicity is prevented by
COX-2 inhibitors. The current study strongly supports the hy-
pothesis that microglia-derived COX-2 participates in thrombin-
induced death of dopaminergic neurons in the SN. Here we pro-
vide clear evidence that thrombin produces COX-2 expression,
localized in microglia, whereas DuP-697, a COX-2 inhibitor, par-
tially attenuates the loss of dopaminergic neurons. These data are
in agreement with recent studies showing that inhibition of
COX-2 can protect dopaminergic neurons from cell death in the
MPTP model of PD (Teismann and Ferger, 2001).

Although our results point to a likely role of iNOS and COX-2
in thrombin-mediated neurotoxicity in the SN, the possibility
remains that other microglia-derived proinflammatory factors,
cytotoxic factors, or both may also be involved. Candidate factors
include NMDA receptor agonists (Giulian et al., 1993), TNF-�
(Kim et al., 2000), IL-1�, and quinolinic acid (Espey et al., 1997).
The likelihood of the involvement of such factors is supported by
our observations that other proinflammatory mediators, includ-
ing IL-1�, IL-6, and TNF-�, are also expressed in the SN after
thrombin treatment.

The MAPK (ERK1/2, p38, and c-Jun N-terminal kinase/
stress-activated protein kinase) signaling pathways were found to
be common mediators of microglial activation (Bhat et al., 1998;
Pyo et al., 1998, 1999; Ryu et al., 2000, 2002b; Tikka et al., 2001).
The results of these studies showed ERK1/2- and p38 MAPK-
mediated microglial activation in cultured rat microglia after
treatment with a variety of microglial activators, including LPS,
A�, gangliosides, thrombin, prothrombin kringle 2, and gluta-
mate, resulting in increased production of NO and expression of

Figure 6. Activation of MAPKs by thrombin in the SN. A, Expression of ERK1/2 and p38 MAPK
protein in the SN. Tissue homogenates were prepared from ipsilateral SN treated with thrombin
(20 U) for the indicated times and subjected to Western blot analysis using specific antibodies
that recognize P-ERK1/2 and P-p38 MAPK. The blots were then reprobed with antibody against
total ERK1/2 and p38 MAPK. The results are representative of four independent replicate exper-
iments. B, Mean � SEM of four pooled samples at indicated time points. C–H, Colocalization of
P-ERK1/2 or P-p38 MAPK immunoreactivity within activated microglia in the SN 8 hr after
intranigral injection of thrombin (20 U). P-ERK1/2 ( D) and P-p38 MAPK ( G) were detected by
Texas Red immunofluorescence (red) with an antibody against the phosphorylated forms of
these kinases. OX-42 (C, F ) as a marker of microglia was visualized with the FITC-conjugated
secondary antibody (green). Each image was captured from the same area and merged (E, H ).
Scale bar, 25 �m.

Choi et al. • Neurotoxicity of Thrombin-Induced Microglial Activation J. Neurosci., July 2, 2003 • 23(13):5877–5886 • 5883



iNOS, COX-2, or both. This effect was
abolished by inhibitors of the ERK1/2
(PD98059) or p38 MAPK (SB203580)
pathway. These in vitro data are consistent
with our present findings that thrombin
induced both ERK1/2 and p38 MAPK ex-
pression in microglia in the SN in vivo, and
inhibitors of two MAPKs reduced expres-
sion of iNOS and COX-2 and conse-
quently prevented death of nigral dopami-
nergic neurons. These results strongly
suggest central roles for these kinase cas-
cades in the thrombin-induced microglial
activation that contributes to neurotoxic-
ity. In contrast to iNOS and COX-2
mRNA expression, inhibitors of two
MAPKs, added separately or simulta-
neously, did not attenuate thrombin-
induced expression of proinflammatory
cytokines such as IL-1�, IL-6, and TNF-�,
which are implicated in neurotoxicity. Al-
though the exact mechanisms of this ap-
parent differential regulation remain to be
explored, these results suggest post-
transcriptional regulation of the induction
of these cytokines. Recent studies in other
laboratories support this interpretation. In
LPS-treated microglia in culture, MAPK
inhibitors attenuated expression of iNOS
mRNA and protein and TNF-� protein
but not TNF-� mRNA (Bhat et al., 1998).

Activation of the ERK1/2 pathway is
not restricted to microglia but also found
in neurons in response to various stimuli,
and its effect on neurons is either neuro-
protective or neurotoxic. The capacity of the ERK1/2 signaling
pathway to exert neuroprotective effects is well documented in
global cerebral ischemia (Hu et al., 2000; Sugino et al., 2000) and
on hypoxic cortical neurons (Jin et al., 2002). In contrast, how-
ever, several lines of evidence suggest that sustained activation of
ERK1/2 can be deleterious after hyperexcitation and focal isch-
emic injury (Murray et al., 1998; Alessandrini et al., 1999; Wang
et al., 2001) and in the CNS-derived TH-expressing cell line
treated with 6-OHDA (Kulich and Chu, 2001). Regarding this,
we examined and found that intraventricular treatment with
PD98059 alone had little effects on the neuronal death in the SN
(data not shown), whereas PD98059 prevented thrombin-
induced death of dopaminergic neurons by inhibiting microglial
activation (Fig. 7). However, these results cannot rule out the
alternative hypothesis that blockade of this signaling pathway in
neurons reduces thrombin-induced death of dopaminergic neu-
rons in the SN. This interpretation is supported the observation
that P-ERK was localized within nigral dopaminergic neurons at
12 hr after intranigral injection of thrombin (data not shown; our
unpublished observation). All of these results collectively under-
score the need to carefully use and to further thoroughly study
ERK1/2 inhibitors.

In summary, the present results showed possible involvement
of thrombin-activated microglia in the degeneration of nigral
dopaminergic neurons. Thrombin may activate microglia
through activation of MAPKs such as ERK1/2 and p38 MAPK by
phosphorylation of these proteins. Activated microglia can in-
duce iNOS and COX-2 expression, consequently leading to death

of dopaminergic neurons in the SN. Alternatively, activated mi-
croglia also produce proinflammatory cytokines, including IL-
1�, IL-6, and TNF-�. Cytokines such as TNF-� may exert a direct
toxicity on dopaminergic neurons.

Finally, the connection to PD depends on selective neurotox-
icity against dopaminergic neurons. Regarding this, we failed to
show selectivity because thrombin produced degeneration of
both dopaminergic neurons and nondopaminergic neurons
(GABAergic neurons) in the SN under our experimental condi-
tions. However, despite lacking selectivity, our data allow us to
carefully suggest that thrombin could contribute to death of ni-
gral dopaminergic neurons, at least in part, through microglial
activation. This microglial-mediated effect would be in addition
to the direct neurotoxicity of thrombin on dopaminergic neu-
rons. This observation appears to be important under patholog-
ical conditions, given that microglial activation is considered to
play a pivotal role in the initiation of PD, its progression, or both.
Therefore, it is likely that thrombin can act as an endogenous
neurotoxin and may contribute to dopaminergic neuronal cell
death in PD both directly and indirectly.
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