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1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine  (MPTP) dam-
ages the nigrostriatal dopaminergic pathway as seen in Parkin-
son’s disease (PD), a common neurodegenerative disorder with
no effective protective treatment. Consistent with a role of glial
cells in PD neurodegeneration, here we show that minocycline,
an approved tetracycline derivative that inhibits microglial ac-
tivation independently of its antimicrobial properties, mitigates
both the demise of nigrostriatal dopaminergic neurons and the
formation of nitrotyrosine produced by MPTP. In addition, we
show that minocycline not only prevents MPTP-induced acti-
vation of microglia but also the formation of mature
interleukin-18 and the activation of NADPH-oxidase and induc-
ible nitric oxide synthase (INOS), three key microglial-derived

cytotoxic mediators. Previously, we demonstrated that ablation
of INOS attenuates MPTP-induced neurotoxicity. Now, we
demonstrate that INOS is not the only microglial-related culprit
implicated in MPTP-induced toxicity because mutant iNOS-
deficient mice treated with minocycline are more resistant to
this neurotoxin than iNOS-deficient mice not treated with mi-
nocycline. This study demonstrates that microglial-related in-
flammatory events play a significant role in the MPTP neuro-
toxic process and suggests that minocycline may be a valuable
neuroprotective agent for the treatment of PD.
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Parkinson’s disease (PD) is a common neurodegenerative disor-
der whose cardinal clinical features include tremor, slowness of
movement, stiffness, and postural instability (Fahn and Przedbor-
ski, 2000). These symptoms are primarily attributable to the
degeneration of dopaminergic neurons in the substantia nigra
pars compacta (SNpc) and the consequent loss of their projecting
nerve fibers in the striatum (Hornykiewicz and Kish, 1987; Pa-
kkenberg et al., 1991). Although several approved drugs do alle-
viate PD symptoms, chronic use of these drugs is often associated
with debilitating side effects (Kostic et al., 1991), and none seems
to dampen the progression of the disease. So far, the development
of effective neuroprotective therapies is impeded by our limited
knowledge of the pathogenesis of PD. However, significant in-
sights into the mechanisms by which SNpc dopaminergic neurons
may die in PD have been achieved by the use of the neurotoxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (M PTP), which rep-
licates in humans and nonhuman primates a severe and irre-
versible PD-like syndrome (Przedborski et al., 2000). In several
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mammalian species, MPTP reproduces most of the biochemical
and pathological hallmarks of PD, including the dramatic neuro-
degeneration of the nigrostriatal dopaminergic pathway (Przed-
borski et al., 2000).

To elucidate PD pathogenic factors, and thus to develop ther-
apeutic strategies aimed at halting its progression, we revisited
the neuropathology of this disease in search of putative culprits.
Aside from the dramatic loss of dopaminergic neurons, it appears
that the SNpc is also the site of a robust glial reaction in PD and
experimental models of PD (Vila et al., 2001b). Although gliosis
and especially activated microglia may sometimes be associated
with beneficial effects, often gliosis appears to be deleterious
(Vila et al.,, 2001b). For instance, microglial cells, which are
resident macrophages in the brain, have the ability to react
promptly in response to insults of various natures (Kreutzberg,
1996) in that resting microglia quickly proliferate, become hyper-
trophic, and increase or express de novo a plethora of marker
molecules (Banati et al., 1993; Kreutzberg, 1996). The multi-
functional nature of activated microglia encompasses the up-
regulation of cell surface markers such as the macrophage
antigen complex-1 (M AC-1), phagocytosis, and the production
of cytotoxic molecules, including reactive oxygen species
(ROS), nitric oxide (NO), and a variety of proinflammatory
cytokines such as interleukin-18 (IL-1B) (Banati et al., 1993;
Gehrmann et al., 1995; Hopkins and Rothwell, 1995). Given
this, there is little doubt that activated microglia, through the
actions of aforementioned factors, can inflict significant dam-
age on neighboring cells.

Minocycline, a semisynthetic second-generation tetracycline, is
an antibiotic that possesses superior penetration through the
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brain-blood barrier (Aronson, 1980). Minocycline has emerged
as a potent inhibitor of microglial activation (Amin et al., 1996;
Yrjanheikki et al., 1998, 1999; Tikka and Koistinaho, 2001; Tikka
et al., 2001a), an anti-inflammatory property completely separate
from its antimicrobial action, and as an effective neuroprotective
agent in experimental brain ischemia (Yrjanheikki et al., 1998,
1999), in the R6/2 mouse model of Huntington’s disease (Chen et
al., 2000), in traumatic brain injury (Sanchez Mejia et al., 2001),
and in the 6-hydroxydopamine model of PD (He et al., 2001). In
the present study, we report that, in the MPTP mouse model of
PD, minocycline (1) mitigates, in a dose-dependent manner, the
loss of dopaminergic cell bodies in the SNpc and of nerve termi-
nals in the striatum, (2) reduces the levels of nitrotyrosine, a
marker of protein nitrative modification, (3) prevents microglial
activation with minimal effects on the astrocytic response, (4)
reduces the formation of mature IL-18 and decreases activation
of NADPH-oxidase and upregulation of inducible nitric oxide
synthase (iNOS), two enzymes implicated in microglial-derived
production of ROS and NO, respectively, and (5) protects against
MPTP beyond the beneficial effect of iNOS ablation (Liberatore
et al., 1999; Dehmer et al., 2000).

MATERIALS AND METHODS

Animals and treatment. All mice used in this study were 8-week-old male
C57BL/6 mice from Charles River Laboratories (Wilmington, MA) and
iNOS-deficient mice (C57BL/6-NOS2; The Jackson Laboratory, Bar
Harbor, ME) and their wild-type littermates weighing 22-25 gm. For
MPTP intoxication, mice received four intraperitoneal injections of
MPTP-HCI (18 or 16 mg/kg of free base; Sigma, St. Louis, MO) in
saline at 2 hr intervals. For minocycline treatment, mice received twice
daily (12 hr apart) intraperitoneal injections of varying doses of
minocycline-HCI ranging from 1.4 to 45 mg/kg (Sigma) in saline starting
30 min after the first MPTP injection and continuing through 4 addi-
tional days after the last injection of MPTP; control mice received saline
only. Mice (n = 5-8 per group; saline—saline, saline-minocycline,
MPTP-saline, and MPTP-minocycline) were killed at selected time
points, and their brains were used for morphological and biochemical
analyses. Procedures using laboratory animals were in accordance with
the National Institutes of Health guidelines for the use of live animals
and were approved by the institutional animal care and use committee of
Columbia University. MPTP handling and safety measures were in
accordance with our published recommendations (Przedborski et al.,
2001b).

Immunoblots. Cytosolic and particulate fractions from selected mouse
brain regions were prepared as described previously (Vila et al., 2001a)
and used for either one-dimensional Western blot or dot-blot analyses.
For Western blots, the following primary antibodies were used: mono-
clonal anti-p67phox (1:1000; Transduction Laboratories, Lexington,
KY), polyclonal anti-calnexin (1:2000; Stressgen, Victoria, British Co-
lumbia, Canada). For dot-blot analyses, 25 pg of protein extracts were
loaded onto the 0.2 wm nitrocellulose membrane in dot-blot apparatus
(Bio-Rad, Hercules, CA), and blots were probed with an affinity-purified
polyclonal antibody against nitrotyrosine (1:1000) (Przedborski et al.,
2001a) that was preconjugated overnight at 4°C with 1:5000 dilution of
horseradish-labeled donkey anti-rabbit IgG. For all blots, bound primary
antibody was detected using a horseradish-conjugated antibody against
IgG and a chemiluminescent substract (SuperSignal Ultra; Pierce, Rock-
ford, IL). All films were quantified using the NIH Image analysis system.

RNA extraction and reverse transcription-PCR. Total RNA was ex-
tracted from midbrain, striatal, and cerebellar samples from all four
groups of mice at selected time points and used for reverse transcription-
PCR analysis as described previously (Vila et al., 2001a). The primer
sequences used in this study were as follows: for mouse MAC-1, 5'-CAG
ATC AAC AAT GTG ACC GTA TGG-3' (forward) and 5'-CAT CAT
GTC CTT GTA CTG CCG C-3’ (reverse); for mouse glial fibrillary
acidic protein (GFAP), 5'-CAG GCA ATC TGT TAC ACT TG-3'
(forward) and 5'-ATA GCA CCA GGT GCT TGA AC-3’ (reverse); and
for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5'-GTT TCT
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TAC TCC TTG GAG GCC AT-3' (forward) and 5'-TGA TGA CAT
CAA GAA GTG GTG AA-3' (reverse). PCR amplification was per-
formed for 26 cycles for MAC-1 and GFAP and 18 cycles for GADPH.
After amplification, products were separated on a 5% PAGE. Gels were
dried and exposed overnight to a phosphorimager screen, and then
radioactivity was quantified using a computerized analysis system (Bio-
Rad Phospholmager system).

Immunohistochemistry and stereology. Brains were fixed and processed
for immunostaining as described previously (Liberatore et al., 1999).
Primary antibodies used in this study were as follows: rat anti-MAC-1
(1:200; Serotec, Raleigh, NC), mouse anti-GFAP (1:1000; Boehringer
Mannheim, Indianapolis, IN), and a rabbit polyclonal anti-tyrosine hy-
droxylase (TH) (1:1000; Calbiochem, San Diego, CA). Immunostaining
was visualized by using either 3,3’-diaminobenzine (brown) or SG sub-
strate kit (gray blue; Vector Laboratories, Burlingame, CA). Sections
were counterstained with thionin.

The total number of TH-positive SNpc neurons was counted in the
various groups of animals at 7 d after the last MPTP or saline injection
using the optical fractionator method as described previously (Liberatore
et al., 1999). This is an unbiased method of cell counting that is not
affected by either the volume of reference (SNpc) or the size of the
counted elements (neurons). Striatal density of TH immunoreactivity
was determined as described previously (Burke et al., 1990).

Assay of NOS catalytic activity. Ventral midbrain NOS activity was
assessed by measuring both the calcium-dependent and calcium-
independent conversion of [*H]arginine to [*H]citrulline as described
previously (Liberatore et al., 1999).

Mature IL-1B measurement. Ventral midbrain content of mature mu-
rine IL-1B was done as described using an enzyme-linked immunosor-
bend assay kit specific for this cytokine (R & D Systems, Minneapolis,
MN) (Li et al., 2000).

Measurement of striatal levels of 1-methyl-4-phenylpyridinium. This was
done in MPTP-saline and MPTP-minocycline mice killed at 90 min
after one intraperitoneal injection of 18 mg/kg MPTP using an HPLC
method with ultraviolet detection (wavelength, 295 nm) as described
previously (Przedborski et al., 1996).

Synaptosomal 1-methyl-4-phenylpyridinium uptake. Naive mice were
killed, and their striata were dissected out and processed for uptake
experiments as described previously (Przedborski et al., 1992). The
uptake of [ *H]1-methyl-4-phenylpyridinium (MPP *) was assessed in the
absence and presence of minocycline (concentration raging from 1 to 330
um). The assay was repeated three times, each time using duplicate
samples.

Mouse tissue slices and lactate measurement. Striatal slices (300 wm)
were prepared and processed as described by Kindt et al. (1987) using 50
M MPP ™ and varying concentrations of minocycline (0-333 um). At
the end of the incubation (60 min; 37°C), media were collected and used
for lactate quantification by enzymatic assay based on the formation of
NADH, followed by 340 nm in a spectrophotometer. The assay was
repeated three times, each time using duplicate samples.

Statistical analysis. All values are expressed as the mean = SEM.
Differences between means were analyzed using a two-tail Student’s ¢
test. Differences among means were analyzed using one-way ANOVA,
with time, treatment, or genotype as the independent factors. When
ANOVA showed significant differences, pairwise comparisons between
means were tested by Newman—Keuls post hoc testing. In all analyses, the
null hypothesis was rejected at the 0.05 level.

RESULTS

Minocycline attenuates MPTP-induced

dopaminergic neurodegeneration

As illustrated in Figure 1G, the numbers of SNpc TH-positive
neurons varied significantly among the various groups of mice
(Fo.71y = 7.045; p < 0.001). MPTP, 18 mg/kg for four injections
over 8 hr, caused more than a 55% reduction in the number of
SNpc dopaminergic neuron numbers, as evidenced by TH immu-
nostaining (Fig. 1C,G). In MPTP-treated mice, minocycline in-
creased significantly the number of surviving SNpc TH-positive
neurons in a dose-dependent manner (Fig. 1D, G). Minocycline at
a dose of 1.4 mg/kg twice daily had no effect on MPTP neuro-
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Figure 1. Effect of minocycline on MPTP-induced SNpc dopaminer-

gic neuronal death. In saline-injected control mice treated without (A)
or with (B; 45 mg/kg twice daily) minocycline, there are numerous
SNpc TH-positive neurons (brown; A, B). MPTP (18 mg/kg for 4
injections) reduces the number of SNpc TH-positive neurons (C) 7 d
after the last injection. In mice treated with both MPTP and minocy-
cline, there is a noticeable attenuation of SNpc TH-positive neuronal
loss (D). At a lower MPTP dosage (16 mg/kg for 4 injections), loss of
TH-positive structures is less (E) and minocycline protection is more
obvious (F). Scale bar, 50 um. Bar graph shows SNpc TH-positive
neuronal counts (G) assessed under the various experimental condi-
tions. Minocycline 1, 6, 11, 22, 45, Mice injected with minocycline at
1.4, 6.1, 11.3, 22.5, and 45.0 mg/kg twice daily. *p < 0.05, fewer than
saline-injected or minocycline-injected control mice. #p > 0.05, same
as MPTP-injected mice. **p < 0.05, fewer than control mice but more
than MPTP-injected mice. ##p < 0.05, more than MPTP-injected
mice and not different from control mice. Values are means = SEM
(n = 6-8 per group).
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Figure 2. Effect of minocycline on MPTP-induced striatal dopaminergic
fiber loss. In saline-injected control mice treated without (A4) or with (B;
45 mg/kg twice daily) minocycline, there are a high density of striatal
TH-positive fibers. MPTP (18 mg/kg for 4 injections) reduces the density
of striatal TH-positive fibers (C) 7 d after the last injection. In mice
treated with both MPTP and minocycline, there is also a noticeable
striatal TH-positive fiber loss (D). At a lower MPTP dosage (16 mg/kg
for 4 injections), loss of TH-positive structures is less (E) and minocycline
protection is obvious (F). Scale bar, 1 mm. Bar graph shows striatal
TH-positive optical density (G) assessed under the various experimental
conditions (F(s33 = 41.475; p < 0.001). *p < 0.05, fewer than saline-
injected or minocycline-injected control mice. #p > 0.05, same as MPTP-
injected mice. **p < 0.05, more than MPTP-injected mice but fewer than
control mice. Values are means = SEM (n = 6-8 per group).

toxicity, whereas at doses of 11.25 mg/kg twice daily and higher,
there was significant neuroprotection (Fig. 1G). Even at the
highest dose tested (45 mg/kg twice daily), minocycline was well
tolerated and did not produce any behavioral abnormality. To test
whether minocycline could provide complete neuroprotection, we
examined another group of mice with less severe SNpc damage by
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Table 1. Nitrotyrosine levels (pg/pug protein)

Saline Minocycline MPTP MP TP-minocycline
Ventral midbrain 162+ 1.3 185+ 1.7 322 *+6.0* 21.8 £ 1.8%*
Cerebellum 13108 140 = 2.1 134+ 1.0 11.7 1.1

Nitrotyrosine levels are significantly different among groups in the ventral midbrain (F 3y = 4.56; p < 0.05) but not in cerebellum (F 3 53, = 0.618; p > 0.05). *p < 0.05, more
than saline-injected and minocycline-injected control mice. **p < 0.05, less than MP TP-injected mice but not different from both control groups. Saline, Mice injected with
saline; Minocycline, mice injected with minocycline only (45 mg/kg twice daily); MPTP, mice injected with MPTP only (18 mg/kg MPTP for 4 injections in one day);
MP TP-minocycline, mice injected with both MPTP and minocycline. Values are means = SEM (n = 6-8 per group).

Table 2. Striatal MPTP metabolism

MPP™" level

Treatment MPTP only

ug/gm tissue 6.42 £0.92 5.21 = 0.66
[PHIMPP™" uptake

Minocycline (uM) 0 10

% of control 100 98 £3

MPP"-induced lactate
Minocycline (um) 0 10
um/100 mg protein 74 =4 71*=6

MP TP-minocycline pretreatment

MP TP-minocycline post-treatment

6.52 = 0.59

100 333
9 =3 82*1

100 333
70 £ 6 67 =6

For MPP* levels, minocycline (45 mg/kg) was given either 30 min before or after MP TP administration. Values are means = SEM of either six mice per group (MPP™ levels)
or three independent experiments each performed in duplicate (*H]MPP™ uptake and lactate levels). None of the presented values differ significantly (p > 0.05) from MPTP

only (MPP™* levels) or from 0 um minocycline ([PHJMPP™ uptake and lactate levels).

injecting a lower dose of MPTP (16 mg/kg for four injections). In
mice that received MPTP only, this lower regimen reduced
numbers of SNpc TH-positive neurons by ~30% compared with
controls (Fig. 1E,G). Minocycline at 45 mg/kg twice daily pro-
duced >90% protection against MPTP at 16 mg/kg for four
injections (Fig. 1F,G).

Sparing of SNpc dopaminergic neurons does not always corre-
late with sparing of their corresponding striatal nerve fibers
(Liberatore et al., 1999), which is essential for maintaining dopa-
minergic neurotransmission. To determine whether minocycline
can prevent not only MPTP-induced loss of SNpc neurons but
also the loss of striatal dopaminergic fibers, we assessed the
density of TH immunoreactivity in striata from the different
groups of mice (Fig. 2). Four injections of MPTP at 18 and 16
mg/kg reduced striatal TH immunoreactivity compared with
controls by 96 and 79%, respectively (Fig. 2C,E,G). Mice that
received minocycline (45 mg/kg twice daily) and four injections
of 18 mg/kg MPTP (Fig. 2D,G) showed no protection of striatal
dopaminergic fibers, whereas mice that received the same dose of
minocycline and four injections of 16 mg/kg MPTP (Fig. 2F,G)
showed significant sparing of striatal TH-positive fibers. These
findings indicate that minocycline protects the nigrostriatal path-
way against the effects of the parkinsonian toxin MPTP.

Minocycline decreases MPTP-mediated

nitrotyrosine formation

A significant part of the M P TP neurotoxic process is mediated by
NO-related oxidative damage (Przedborski et al., 2000), the ex-
tent of which can be evaluated by assessing nitrotyrosine levels
(Liberatore et al., 1999; Pennathur et al., 1999). In saline-injected
mice, the levels of nitrotyrosine in ventral midbrain were similar
between non-minocycline and minocycline-treated animals (Ta-
ble 1). In MPTP-injected mice (18 mg/kg for four injections),
nitrotyrosine levels were significantly increased in ventral mid-
brain (brain region containing SNpc) and unchanged in cere-
bellum (brain region unaffected by MPTP) (Table 1). MPTP
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Figure 3. Minocycline prevents MPTP-induced MAC-1 transcription.
A, B, Ventral midbrain MAC-1 mRNA levels but not GFAP mRNA levels
are increased by 24 hr after MPTP injection compared with those of
saline- or minocycline-injected mice. Minocycline prevents MPTP-
induced MAC-1 mRNA increases. MAC-1 and GFAP mRNA values are
normalized with GAPDH. Values are mean = SEM ratios (n = 5-7 mice
per group). Saline, Saline-treated; Mc, minocycline-treated; MPTP,
MPTP-treated; M + Mc, MPTP plus minocycline-treated. *p < 0.05,
higher than both saline- and minocycline-injected control groups. **p <
0.05, lower than MPTP-injected group and not different from both
control groups.
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Substantia nigra

A

Figure 4. Minocycline prevents M P TP-induced microglia reaction. Microglia cells (brown) and TH-positive neurons ( gray blue) are seen in both SNpc
and striatum of all mice. One day after the last MPTP injection, numerous activated microglia (larger cell body, poorly ramified short and thick
processes) are seen in SNpc (A4, B) and striatum (C, D). Mice injected with both MPTP and minocycline show minimal microglial activation in SNpc
(E) and striatum ( G); here, microglial cell bodies are small and processes are thin and ramified (F, H). Scale bar: 4, C, E, G, 1 mm; B, D, F, H, 100 pm.

produced significantly smaller increases in nitrotyrosine levels
in ventral midbrains of minocycline (45 mg/kg twice daily)-
treated mice than in their non-minocycline-treated counter-
parts (Table 1). This confirms that minocycline not only atten-
uates the morphological but also the biochemical impacts of
MPTP neurotoxicity.

MPTP metabolism is unaffected by minocycline

The main determining factors of MPTP neurotoxic potency are
its conversion in the brain to MPP " followed by MPP* entry
into dopaminergic neurons and its subsequent blockade of mito-
chondrial respiration (Przedborski et al., 2000). To ascertain that
resistance to the neurotoxic effects of MPTP provided by mino-
cycline was not attributable to alterations in any of these three key
MP TP neurotoxic steps, we measured striatal levels of MPP ™ 90
min after injection of 18 mg/kg MPTP, striatal uptake of
[PHJMPP " into synaptosomes, and striatal MPP "-induced lac-
tate production, a reliable marker of mitochondrial inhibition
(Kindt et al., 1987) (Table 2). These investigations showed that
striatal levels of MPP ™ did not differ between MPTP-injected
mice that either received or did not receive minocycline (45
mg/kg) 30 min after MPTP administration. In addition, minocy-
cline up to 333 uM (maximal solubilizing concentration) did not
affect striatal uptake of [’H]JMPP" or MPP *-induced lactate
production (Table 2).

Minocycline inhibits MPTP-induced
microglial activation

To determine whether neuroprotection by minocycline is associ-
ated with inhibition of MPTP-induced glial response, we exam-

ined the expression of MAC-1, a specific marker for microglia,
and GFAP, a specific marker for astrocytes. As shown in Figure
3B, MAC-1 mRNA contents (F 3,3, = 4.252; p < 0.05), but not
GFAP mRNA contents (F; ;5 = 2.843; p > 0.05), varied signif-
icantly among the various group of mice. In saline-injected mice,
ventral midbrain expression of MAC-1 and GFAP mRNA was
minimal (Fig. 34,B). In these animals, only a few faintly immu-
noreactive resting microglia and astrocytes were observed in
SNpc and striatum by immunostaining (data no shown). In
MPTP-injected mice (18 mg/kg for four injections) without treat-
ment with minocycline, ventral midbrain expression of MAC-1
mRNA was significantly higher, whereas expression of GFAP
mRNA, although also higher, was not significantly increased
compared with saline controls (Fig. 3). Morphologically, numer-
ous robustly immunoreactive M AC-1-positive activated micro-
glia were observed 24 hr after the last injection of the toxin (Fig.
4A4-D). Although GFAP immunostaining appeared somewhat
increased at 24 hr after the last MPTP injection (Fig. 54,B), the
strongest GFAP reaction was noted 7 d after the last injection of
MPTP (Fig. 5C,D). Conversely, in MPTP-injected mice treated
with minocycline (45 mg/kg twice daily), ventral midbrain
MAC-1 mRNA contents (Fig. 3) and SNpc and striatal immuno-
staining were similar to those seen in saline-injected mice (Fig.
4E-H). In contrast, in MPTP-injected minocycline-treated mice,
ventral midbrain GFAP mRNA content (Fig. 3) and SNpc immu-
nostaining (Fig. SE,F) were almost as high and as intense as in
MPTP-only mice. Staining with Isolectin B-4 (Sigma), another
marker for microglia, gave results similar to that of MAC-1 (data
not shown).
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Figure 5. Minocycline does not affect MPTP-induced astrocytic reac-
tion. One day after the last injection of MPTP, there is a mild astrocytic
response (A4, B), but 7 d after the last injection of MPTP, it becomes
conspicuous (C, D). Minocycline does not affect the astrocytic response
(E, F)7d after MPTP administration. Scale bar: 4, C, E, 1 mm; B, D, F,
100 pm.

Minocycline prevents the production of
microglial-derived deleterious mediators

Given the effect of minocycline on MPTP-induced microglial
activation, we assessed whether the production of known mi-
croglial noxious mediators such as IL-1B3, ROS, and NO will
also be inhibited by minocycline (Fig. 6). The levels of ventral
midbrain IL-1p differed significantly among the four group of
mice (F;,q = 7.946; p < 0.001) (Fig. 64). Ventral midbrain
levels of the proinflammatory cytokine IL-18 in MPTP-
injected mice (18 mg/kg for four injections) were significantly
increased (Fig. 64). However, MPTP produced significantly
smaller increases in IL-18 levels in ventral midbrain of MPTP
mice treated with minocycline (45 mg/kg twice daily) (Fig.
64). iINOS activity (F(; .4y = 9.055; p < 0.001) and the ratio of
membrane/total p67P" (F323) = 4.336; p < 0.05) also varied
significantly among the various groups. iNOS and NADPH-
oxidase, two prominent enzymes of activated microglia that
produce NO and ROS, respectively, exhibited induction pat-
terns similar to those described for IL-1B in that ventral
midbrain iNOS activity was increased by 200% (Fig. 6B) and
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NADPH-oxidase activation, evidenced by the translocation of
its subunit p67P"°* from the cytosol to the plasma membrane,
was increased by 80% 24 hr after the last injection of MPTP
(Fig. 6C,D). MPTP-induced iNOS activity and NADPH-
oxidase were both abolished by minocycline administration
(Fig. 6B-D).

Minocycline confers resistance to MPTP beyond

iNOS ablation

Previously, it has been demonstrated that iNOS ablation attenu-
ates MPTP neurotoxicity (Liberatore et al., 1999; Dehmer et al.,
2000). Thus, to demonstrate whether minocycline-mediated
blockade of microglial activation protects solely because it inhib-
its iNOS induction, we compared the effect of MPTP (16 mg/kg
for four injections) on the network of striatal dopaminergic nerve
fibers between mutant iNOS-deficient mice that received or did
not receive minocycline (45 mg/kg twice daily). As shown in
Figure 7, MPTP administration reduced by >80% the striatal
density of TH-positive fibers both in wild-type and iNOS ™/~
mice; this is consistent with our previous data that ablation of
iNOS protects against MPTP-induced SNpc dopaminergic neu-
ronal loss but not against MPTP-induced striatal dopaminergic
fiber destruction (Liberatore et al., 1999). In contrast, striatal
TH-positive fiber densities were more than twofold higher in
MPTP-treated wild-type and iNOS ~/~ mice that received mino-
cycline compared with those that did not receive minocycline
(Fig. 7). However, there was no difference in the magnitude of the
minocycline beneficial effect between MPTP-treated iNOS '~
mice and their MPTP-treated wild-type counterparts (Fig. 7).

DISCUSSION

The main finding of this study is that inhibition of microglial
activation by minocycline protects the nigrostriatal dopaminergic
pathway against the noxious effects of the parkinsonian toxin
MPTP. In mice that received minocycline, MPTP caused signif-
icantly less neuronal death in the SNpc, as evidenced by the
greater number of TH-positive neurons, compared with those
that received MPTP only (Fig. 1). Although less prominent, a
similar observation was made for striatal dopaminergic nerve
terminals (Fig. 2). The magnitude of resistance to MPTP in mice
appears to result from a balance between the dose of minocycline
and the dose of MPTP (Fig. 1), with the greatest neuroprotection
observed in mice that received >11.25 mg/kg minocycline twice
daily and MPTP at 16 mg/kg four times in 1 d and the least
neuroprotection in mice that received the regimen of minocycline
at 6.1 mg/kg twice daily and MPTP at 18 mg/kg four times in 1 d.
In our study, minocycline was given twice daily beginning on the
day of MPTP administration and continuing through 4 d there-
after because of its long half-life (>12 hr) and because we showed
that, with this MPTP regimen, nigrostriatal degeneration occurs
during the first 4 d after the last injection of MPTP (Jackson-
Lewis et al., 1995). Therefore, we cannot exclude that greater
protection could have been achieved if minocycline had been
administered more frequently or for a longer period of time.
Also, because we focused our assessment of nigrostriatal neuro-
degeneration at 7 d after MPTP administration, we cannot ex-
clude with certainty that minocycline had delayed rather than
prevented neuronal death. However, in light of what we know
about how minocycline presumably mitigates cellular damage in a
variety of experimental models (Tikka and Koistinaho, 2001;
Tikka et al., 2001a), the aforementioned possibility appears un-
likely. In addition, we did not pretreat mice with minocycline
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Figure 6. Effects of MPTP and minocycline on microglial-derived deleterious factors IL-18 (A), iNOS (B), and NADPH-oxidase (C, D). MPTP (18
mg/kg for 4 injections) increases ventral midbrain mature IL-18 formation, iNOS catalytic activity, and NADPH-oxidase activation, as evidenced by
the translocation of its subunit p67P"* from the cytosol to the plasma membrane, 1 d after the last injection of MPTP. Minocycline (45 mg/kg twice
daily) attenuates MPTP-related effects on mature IL-1B, iNOS, and NADPH-oxidase. Saline, Saline-treated; Mc, minocycline-treated; M, MPTP-
treated; M+Mc, MPTP plus minocycline-treated. *p < 0.05, more than saline-injected or minocycline-injected control mice. **p < 0.05, less than
MPTP-injected mice but not different from both control groups. Values are means = SEM (n = 5-8 mice per group).

because we found that administration of minocycline before
MPTP injection reduces striatal MPP ™ levels by 20% (Table 2),
which could complicate the interpretation of minocycline neuro-
protection. Indeed, it is established that striatal contents of
MPP ™" correlate linearly with magnitudes of MPTP toxicity
(Giovanni et al., 1991). Thus, to avoid this potential confounding
factor in our study, all mice were injected first with MPTP and
then with minocycline, which we found not to affect striatal
MPP " levels (Table 2). Along this line, it is also worth mention-
ing that minocycline, as used here, not only failed to alter MPP *
levels but also failed to interfere with other key aspects of MPTP
metabolism (Przedborski et al., 2000), such as entry of MPP™*
into dopaminergic neurons and inhibition of mitochondrial res-
piration at concentrations as high as 333 um (Table 2).
Nitrotyrosine is a fingerprint of NO-derived modification of
protein and has been documented as one of the main markers of
oxidative damage mediated by MPTP (Schulz et al., 1995; Ara et
al., 1998; Liberatore et al., 1999; Pennathur et al., 1999; Przed-
borski et al., 2001a). Consistent with our previous studies (Lib-
eratore et al., 1999; Pennathur et al., 1999), nitrotyrosine levels
increased substantially in brain regions affected by MPTP, such
as ventral midbrain, but not in brain regions unaffected by
MPTP, such as cerebellum (Table 1). As with the loss of SNpc
neurons and striatal fibers, minocycline dramatically attenuated
ventral midbrain increases in nitrotyrosine levels (Table 1). Col-
lectively, our data demonstrate that minocycline protects against
morphological as well as biochemical abnormalities that arise
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Figure 7. Minocycline attenuates MPTP-induced striatal damage by
inhibiting microglia but not just by inhibiting iNOS. The optical
density of striatal TH-positive fibers varied significantly among the
various groups (F; 47, = 83.576; p < 0.001). Minocycline, Mice injected
with minocycline 45 mg/kg twice daily. MPTP, Mice injected with
MPTP (4 injections of 16 mg/kg). *p < 0.05, fewer than saline-injected
or minocycline-injected control mice. #p < 0.05, fewer than control
mice but no different than wild-type mice injected with MPTP. **p <
0.05, fewer than control but more than MPTP-injected mice. # #p <
0.05, more than MPTP-injected mice but no different from wild-type
mice injected with both MPTP and minocycline.
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from MPTP insult. That said, we now need to consider the nature
of the mechanism underlying the beneficial effects of minocycline
on MPTP neurotoxicity.

Previously, we demonstrated that, aside from a dramatic loss of
dopaminergic neurons, gliosis is a striking neuropathological fea-
ture in the SNpc and the striatum in the MPTP mouse model as
in PD (Liberatore et al., 1999). However, activated microglia
appear in the SNpc earlier than reactive astrocytes (Liberatore et
al., 1999) and at a time when only minimal neuronal death occurs
(Jackson-Lewis et al., 1995). This supports the contention that
the microglial response to MPTP arises early enough in the
neurodegenerative process to contribute to the demise of SNpc
dopaminergic neurons. Consistent with this is the demonstration
that direct injection of the known microglial activator lipopoly-
saccharide into the rat SNpc causes a strong microglial response
associated with significant dopaminergic neuronal death (Cas-
tano et al., 1998; Herrera et al., 2000; Kim et al., 2000). Given
these data, the key to the minocycline neuroprotective effect in
the MPTP mouse model may lie in the second main finding of our
study, which is that minocycline prevented MPTP-induced mi-
croglial response in both the SNpc and the striatum (Figs. 3, 4). In
contrast, minocycline did not alter MPTP-related astrocytic re-
sponse (Fig. 5). These results suggest that minocycline acts on
microglia specifically and not on all components of gliosis. Our
data also support the view that reduction of MPTP-related mi-
croglial response seen after minocycline administration is not
secondary to the attenuation of neuronal loss but rather the
reverse. This interpretation does not rule out, however, that at
least some of the neuroprotection of minocycline against MPTP
is attributable to a direct action on neurons as suggested previ-
ously (Tikka et al., 2001b).

Inhibition of microglial activation using minocycline has also
been demonstrated in vitro (Tikka et al., 2001b) and in other
experimental models of acute and chronic brain insults (Yrjan-
heikki et al., 1998, 1999; Tikka and Koistinaho, 2001; Tikka et al.,
2001a) and results, presumably, from the blockade of p38
mitogen-activated protein kinase (Tikka et al., 2001a). It is be-
lieved that activated microglia exerts cytotoxic effects in the brain
through two very different and yet complementary processes
(Banati et al., 1993). First, they can act as phagocytes, which
involve direct cell-to-cell contact. Second, they are capable of
releasing a large variety of potentially noxious substances (Banati
et al., 1993). Consistent with the notion that minocycline inhibits
the ability of microglia to respond to injury, we show that mino-
cycline not only prevents the microglial morphological response
to MPTP but also the microglial production of cytotoxic media-
tors such as IL-1B and the induction of critical ROS- and NO-
producing enzymes such as NADPH-oxidase and iNOS (Fig. 6).
Although we did not test this, it is quite relevant to mention that
minocycline may also prevent the induction of cyclooxygenase-2,
a key enzyme in the production of potent proinflammatory pro-
stanoids, either directly or indirectly via the blockade of IL-183
formation (Yrjanheikki et al., 1999). Little is known about the
actual role of IL-18 in either MPTP or PD neurodegenerative
process, except that IL-18 immunoreactivity is found in glial cells
from postmortem PD SNpc samples (Hunot et al., 1999) and that
blockade of interleukin converting enzyme, the known activator
of IL-1p, attenuates MP TP-induced neurodegeneration in mice
(Klevenyi et al., 1999). As for ROS, oxidative stress is a promi-
nent pathogenic hypothesis in both MPTP and PD (Przedborski
and Jackson-Lewis, 2000). However, many of the microglial-
derived ROS, such as superoxide, cannot readily transverse cel-
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lular membranes (Halliwell and Gutteridge, 1991), making it
unlikely that these extracellular reactive species gain access to
dopaminergic neurons and trigger intraneuronal toxic events.
Alternatively, superoxide can react with NO in the extracellular
space to form the highly reactive tissue-damaging species per-
oxynitrite, which can cross the cell membrane and injure neurons.
Therefore, microglial-derived superoxide, by contributing to per-
oxynitrite formation, may be significant in this model. As for NO
in both MPTP and PD, the pivotal pathogenic role for microglial-
derived NO is supported by the demonstration that ablation of
iNOS attenuates SNpc dopaminergic neuronal death (Liberatore
et al., 1999; Dehmer et al., 2000) and the production of ventral
midbrain nitrotyrosine after MPTP administration (Liberatore
et al., 1999). In this context, it is worth mentioning that minocy-
cline, which protects in global brain ischemia (Yrjanheikki et al.,
1998) and in a mouse model of Huntington’s disease (Chen et al.,
2000), appears to do so by abating iNOS expression and activity.
Remarkably, iNOS ablation does protect SNpc neurons from
MPTP toxicity but does not protect striatal nerve terminals and
does not prevent microglial activation (Liberatore et al., 1999).
This is in striking contrast to the effect of minocycline treatment,
which protects both dopaminergic cell bodies and nerve fibers and
inhibits the entire microglial response. This strongly suggests that
microglial-associated deleterious factors other than iNOS are
involved in the demise of the nigrostriatal pathway in the MPTP
mouse model of PD and possibly in PD itself. Consistent with this
interpretation are our data in iNOS ~/~ mice (Fig. 7), which show
that minocycline protects striatal dopaminergic fibers regardless
of the presence or absence of iNOS expression. Therefore, our
study provides strong support to the idea that activated microglia
are important contributors to the overall demise of SNpc dopa-
minergic neurons in the MPTP mouse model of PD and, possi-
bility, in PD itself. It also suggests that therapeutic interventions
aimed at preventing the loss of striatal dopaminergic fibers, which
is essential to maintaining dopaminergic neurotransmission, must
target microglial-derived factors other than iNOS.
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