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MAPK activation, and a reduction in glial cell line-derived neurotrophic factor
(GDNF) occur in Parkinson's disease. Microglial activation in the substantia nigra and a tyrosine hydroxylase
deficit in the striatum of 3-month-old GDNF heterozygous (GDNF+/−) mice were previously reported and both
were exacerbated by a toxic methamphetamine binge. The current study assessed the effects of minocycline
on these methamphetamine-induced effects. Minocycline (45 mg/kg, i.p.×14 days post-methamphetamine
or saline injections) reduced microglial activation and phospho-p38 MAPK in the substantia nigra of saline-
treated GDNF+/− mice and in methamphetamine-treated wildtype and GDNF+/− mice. Although minocycline
increased tyrosine hydroxylase-immunoreactivity in GDNF+/− mice, it did not attenuate the methampheta-
mine-induced reduction of tyrosine hydroxylase. The results suggest that neuroinflammation is deleterious
to the dopamine system of GDNF+/− mice but is not the primary cause of methamphetamine-induced damage
to the dopamine system in either GDNF+/− or wildtype mice.

© 2008 Elsevier Inc. All rights reserved.
Introduction

Mice with a partial deletion of glial cell line-derived neurotrophic
factor (GDNF) are more vulnerable than wildtype (WT) mice to the
neurotoxic effects of the dopaminergic (DAergic) neurotoxin,
methamphetamine (METH) (Boger et al., 2007). Possible anti-
inflammatory properties of GDNF are suggested by greater microglia
activation in the substantia nigra (SN) of 3-month-old GDNF+/−

compared to age-matched WT mice. METH exacerbated microgliosis
in the SN and tyrosine hydroxylase (TH) depletion in the striatum of
GDNF+/− mice; however, the mechanisms are unknown.

HighMETH doses produce a swift and transient increase in reactive
astrogliosis (Sheng et al., 1994; Hebert and O'Callaghan, 2000) and
microgliosis in the striatum (Lavoie et al., 2004; Thomas et al., 2004a,
b). Striatal microgliosis was resolved within 1 week in the latter study
and within 2 weeks in our recent study (Boger et al., 2007).
Microgliosis in SN was absent 2 days after the METH binge in the
study of Thomas et al. (2004b); however, it was present 2 weeks after
the METH binge in our study, suggesting a delayed microgliotic
response without a simultaneous DA cell body loss. In addition to
glial activation, METH induces protein phosphorylation cascades that
are associated with inflammation and cellular stress (Hebert and
O'Callaghan, 2000). Cellular stressors activate the p38 MAPK pathway
irect.com).

l rights reserved.
which has been implicated in neuronal cell death associated with
axotomy and excitotoxicity (Glicksman et al., 1998; Kawasaki et al.,
1997). Further, p38 MAPK mediates pro-inflammatory cytokine
production in a variety of cell types (Lee et al., 1994; Chen and
Wang, 1999; Hendricks et al., 2008), including microglia (Bhat et al.,
1998). Inhibition of p38 MAPK activation improves DA neuronal
survival both in culture and after neurotransplantation in a rat model
of Parkinson's disease (PD; Zawada et al., 2001). However, to date
induction of the p38 MAPK pathway by METH has not been reported.

Minocycline, a tetracycline-related antibiotic, has anti-inflamma-
tory (Tikka and Koistinaho, 2001; Tikka et al., 2001) and anti-apoptotic
properties (Zhu et al., 2002; Wang et al., 2004). Minocycline easily
crosses the blood–brain barrier and is reported to reduce neurode-
generation in animal models of ischemia (Yrjanheikki et al., 1998,
1999), amyotrophic lateral sclerosis (ALS; Zhu et al., 2002; Kriz et al.,
2002), Huntington's disease (HD; Chen et al., 2000;Wang et al., 2003),
and PD (Du et al., 2001; Wu et al., 2002; Quintero et al., 2006). The
treatment potential for minocycline, however, is tempered by
additional reports that it can exacerbate brain injury in animal models
of PD, HD, and ischemia (Diguet et al., 2004; Yang et al., 2003; Tsuji et
al., 2004; Sriram et al., 2006), as well as ALS symptoms in a clinical
trial (Gordon et al., 2007). Despite the controversy over its positive vs.
negative effects, the efficacy and safety of minocycline are being
evaluated in clinical trials for PD and HD (Blum et al., 2004; LeWitt and
Taylor 2008).

In the present study, we used a minocycline treatment regimen,
demonstrated to be neuroprotective in two different models of
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neurotoxicity in our laboratories (Hunter et al., 2004; Quintero et al.,
2006), to investigate whether suppression of inflammation would
attenuate METH-induced DAergic damage in the striatum of GDNF+/−

vs. WT mice.

Materials and methods

Experimental design

Young adult GDNF+/− and WT mice, 2.5 months of age, were
injected 4 times at 2 h intervals with methamphetamine hydro-
chloride (10 mg/kg, i.p., Sigma-Aldrich) or saline (0.2 ml 0.9% NaCl,
i.p.) as outlined in Fig. 1. Rectal temperatures were recorded 20 min
prior to the 1st injection and 20 min after each METH injection and
motor activity was recorded after the first and fourth injections as
previously reported (Boger et al., 2007). Starting 24 h after the last
METH injection, mice from the two genotypes were injected for
14 days with minocycline hydrochloride (45 mg/kg, i.p. MP
Biomedicals) or saline (0.2 ml 0.9% NaCl, i.p.). The final experimental
design was a 2 (Genotype)×2 (METH Binge)×2 (Minocycline
Treatment) factorial with N=8 in each group. After the 14-day
minocycline regimen, motor activity was assessed before the mice
were perfusion-fixed and brains sectioned for immunohistochemical
detection of TH, CD45 (marker of microglia activation), and
phospho-p38 MAPK.

Animals

GDNF+/− mice were compared to their WT littermates in all
experiments. The nonfunctional allele for the GDNF gene was
generated by replacing part of the third exon that encodes the
GDNF protein with a cassette expressing the selectable marker
neomycin phosphotransferase, as described previously in detail
(Pichel et al., 1996). After introducing this construct into embryonic
stem cells, six clones were identified with the predicted mutant
allele. CD1 or C57BL/6 recipient strains were used to obtain germline
transmission of the targeted allele. The mice for this study were bred
locally at the Medical University of South Carolina on a C57BL/6J
background, weaned, and genotyped as described (Pichel et al., 1996),
according to NIH approved protocols. Heterozygous offspring were
viable and fertile whereas mice homozygous for the mutant GDNF
allele died within 24 h of birth. The mice were housed in groups of
3–4 to a cage and had free access to food and water. They were
maintained on a 12-h light:12-h dark cycle at an ambient
temperature of 20–22 °C.
Fig. 1. Experimental design. On day 1, 2.5-month-old GDNF+/− and WT mice were
injected 4 times at 2 h intervals with METH (10 mg/kg, i.p.) or saline. Rectal
temperatures were recorded 30 min prior to the initiation of injections (T0) and
20 min following each injection (T1–T4). Locomotor activity was recorded for 20 min
following the 1st and 4th injections. On days 2–15, starting 24 h after the 4th METH
injection, the mice received daily injections of saline or minocycline (45 mg/kg, i.p.). On
day 16, locomotor activity was assessed and the mice were perfused and the brains
processed for immunohistochemical (IHC) analysis. N=8 per treatment group.
Body temperature measurements

Rectal temperaturewasmeasuredwith a TH-5 Thermalert Monitor
Thermometer (Physitemp Instruments, Inc., Clinton, NJ, USA) prior to
the first injection and then 20 min after each i.p. METH injection, by
holding each mouse at the base of the tail and inserting a probe
(RET-3) 2.0 cm past the rectal opening until a constant temperature
was maintained for 3 s. Body temperature data at each time point
were analyzed with 2 (Genotype)×2 (METH) ANOVAs.

Locomotor activity testing

GDNF+/− and WT mice were tested after the 1st and 4th injections
of saline or 10 mg/kg METH according to group assignment, and then
again 2 weeks later to evaluate any residual behavioral effects of the
METH binge and subsequent minocycline treatment. Locomotor
activity (total distance traveled) was assessed in a Digiscan Animal
Activity Monitor system for 20 min (Omnitech Electronics Model
RXYZCM(8) TAO, Columbus, OH). The details of the apparatus have
been described previously (Halberda et al., 1997). Data were collected
in one-minute intervals for 20 min at the same time of day (8 am to
12 pm) for each test period. The locomotor activity data for the 1st and
4th injections were analyzed with the 2-way ANOVA described above.
The locomotor activity data collected 2 weeks following the METH
binge procedure were analyzed with a 2 (Genotype)×2 (METH)×2
(Minocycline) ANOVA.

Immunohistochemistry

After the motor activity tests, mice were anesthetized with
halothane and perfused transcardially with saline followed by 4%
paraformaldehyde in phosphate buffer (0.1M, pH 7.4). The brainswere
removed, post-fixed in 4% paraformaldehyde for 24 h, and then
transferred to 30% sucrose in 0.1 M PBS for at least 24 h before
sectioning for histochemical analysis. The striatum andmidbrainwere
sectioned on a cryostat (Microm, Zeiss, Thornwood, NY, USA) at 40 µm.
Sections through the striatum and SNwere processed for free-floating
immunohistochemistry using a rabbit polyclonal antibody against TH
(1:5000 Pel-Freeze Biologicals, Rogers, AR), or a rat polyclonal
antibody against CD45 (1:500 AbD Serotec, Raleigh, NC). Sections
through the midbrain were stained with a rabbit polyclonal antibody
against phospho-p38 MAPK (1:500 Millipore Biosciences (formerly
Chemicon) Temecula, CA). Immunohistochemistry was performed
using the avidin-biotin-immunoperoxidase method (Choe and
McGinty, 2000). Briefly, after a 5 min pretreatment with 2% Triton-X
to allow penetration into the tissue, a subset of sections from each
mouse was incubated simultaneously in the primary antisera against
TH, CD45, or phospho-p38 MAPK for 24 h at 4 °C. The sections were
then rinsed and incubated for 1 h in biotin-conjugated goat anti-rabbit
(for TH and phospho-p38 MAPK) or biotin-conjugated rabbit anti-rat
(for CD45) IgG, rinsed, and incubated for 1 h in avidin-biotin-
peroxidase reagents (Elite Vectastain kit, Vector Labs, Burlingame,
CA). The reaction was developed by staining with VIP (Vector Labs,
Burlingame, CA) to yield a purple reaction product. Each of the above
steps was separated by three 10 min washes in PBS. Sections were
mounted on glass slides and coverslipped with DPX. Selected sections
immunostained with p38 MAPK-ir were counter-stained with
Richardson's (methylene blue/azure II) stain to distinguish glial nuclei
from neuronal cell bodies.

Immunohistochemical image analysis

Analysis of striatal TH-ir and SN CD45-ir was performed using the
NIH Image program as described previously (Choe and McGinty,
2000). Briefly, background was subtracted and the LUT scale was
adjusted using density slicing. This approach captures all labeled



461H.A. Boger et al. / Neurobiology of Disease 33 (2009) 459–466
profiles above a threshold density and interactively discriminates
them from density values below the threshold. The software then
automatically measures the mean optical density and number of
pixels per area of the extracted profiles in the selected medial or
lateral striatal regions. Two parameters were obtained from this
procedure: the area covered by the specific profile population (field
area), and the mean density of the specific profiles. Total immunor-
eactivity (integrated density) was obtained by multiplying the field
area times the mean density value. The average number of
phosphorylated p38 MAPK-positive cells in the SN was determined
using a 1000 µm×200 µm oval encompassing the SN pars compacta
(SNpc) starting on a random nigral section approximately −2.92 mm
relative to bregma (Paxinos and Franklin, 2001). Measurements were
thereafter performed on every 6th section through the SNpc. The
hippocampus andmammillary nucleus were used as landmarks in the
rostro-caudal plane, and the lateral boundary of the VTA (A10) was
used as the medial landmark. Further, the oval excluded the SNpr
ventrally, so that the cell body region of the SN was exclusively
investigated for phospho-p38 MAPK immunoreactivity. The span of
the sectioned tissues exceeded the rostral and caudal extents of the
SN, as determined by Nissl staining on an adjacent section series,
allowing a systematic random design for the study with a random
start within the first sections (see Fig. 3J). Cell counts were conducted
with a person blind to the treatment groups. Every 6th section
Fig. 2.Minocycline attenuated theMETH-induced microglial activation in the SN of GDNF+/− (
and GDNF+/− mice treated with Sal+Sal (A, E), METH+Sal (B, F), Sal+Mino (C, G), and METH
Saline-treated GDNF+/− mice had significantly more CD45-ir in the SN than saline-treated W
Similarly, METH treatment caused a significantly greater increase in CD45-ir in the SN of GD
mice than in METH-treated WT mice (pb0.05). Minocycline treatment reduced CD45-ir i
minocycline attenuated the CD45-ir in mice treated previously with METH, although not
Mino=minocycline. N=8 per group (⁎p=0.05). Scale bar=100 µM. Inset pictures are 60× ma
through the SNpc was counted to include four independent sections
per animal to generate an average count for each subject. The resulting
data were statistically evaluated using a 2 (Genotype)×2 (METH)×2
(Minocycline) ANOVA. Additional analysis included a comparison
across groups with a one-way ANOVA followed by Neuman–Keuls
multiple comparison tests when a significant F-value (pb0.05) was
obtained.

Results

METH effects on body temperature

The effects of METH on GDNF+/− and WT mice were similar to
those previously reported (Boger et al., 2007). Briefly, body
temperatures of the four groups did not differ prior to or after the
1st injection whether the mice were injected with METH or saline.
However, body temperature was elevated for mice in the METH
injected groups mice when assessed after the second (F(1,55)=28.312,
pb0.001), third (F(1,55)=43.794, pb0.001), and fourth (F(1,55)=49.376,
pb0.001) METH injections. Neither Genotype nor its interaction with
the METH binge factor influenced body temperature. Saline-treated
mice had stable temperatures across the entire 4 h treatment
procedure similar to the basal levels established prior to the injection
regimen.
HT) andWTmice. CD45-ir illustrating activation states of microglia in the SN ofWTmice
+Mino (D, H). (I) Quantification of the average integrated density of CD45-ir in the SN.
T mice (pb0.05). METH induced more CD45-ir in WT mice than saline did (pb0.05).

NF+/− mice 2 weeks after injection than saline did. This increase was greater in GDNF+/−

n saline-treated GDNF+/− mice to levels comparable to saline-treated WT mice. Also,
to levels comparable to saline-treated mice. Sal=saline, METH=methamphetamine,
gnification of resting, active, and reactive microglia.
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Locomotor activity

As previously described (Boger et al., 2007), motor activity during
the first assessment was greater for METH- than saline-treated mice
(F(1,55)=21.343, pb0.0001) with no effect of Genotype or its interaction
with drug. After the fourth injection, motor activity of METH-treated
mice was lower than that of saline-treated controls (F(1,55)=7.807,
pb0.0001), again with no influence of Genotype or its interaction
with drug. When tested after the 14-day minocycline regimen, motor
activity did not vary according to any of the three factors or across any
of the eight treatment groups (data not shown).

Substantia nigra microglial activation

The microglial response in the SN to the toxic METH binge is
illustrated in Fig. 2. Microglia were stained with a CD45 antibody that
detects cluster differentiation marker 45. Resting state microglia are
characterized by a smaller cell body with long, thin processes (see
Fig. 2A inset), whereas reactive microglia are characterized by
increased cell body volume, short, thick processes, and increased
intensity of staining for cell surface markers, such as CD45 (see
Figs. 2B and F insets; Lavoie et al., 2004). Because CD45 is expressed
by both resting and activated microglia, qualitative assessment of the
morphological appearance of microglia supplemented density
measurements.

The integrated density data (Fig. 2I) indicate higher average CD45-
ir integrated density values for GDNF+/- than WT mice (Genotype:
Fig. 3. Phosphorylated p38 MAPK in the SN is decreased after minocycline treatment. Pho
treated with Sal+Sal (A, E), METH+Sal (B, F), Sal+Mino (C, G), and METH+Mino (D, H). (I)
Photomicrograph of Nissl stained section outlining the SNpc used for phospho-p38 MAPK co
nucleus of neurons (arrows). No localization of phospho-p38 MAPK was observed in glial ce
than saline-treated WTmice (pb0.05). METH treatment increased the number of phosphory
mice (C, G; pb0.05). Minocycline decreased the number of phospho-p38 MAPK-positive cell
the METH-induced phosphorylation of p38 MAPK-ir (pb0.05). Sal=saline, METH=methamp
F(1,47)=5.566, pb0.05) and for METH- compared to saline-treated
mice (METH: F (1,47)=76.205, pb0.0001) with no interaction of the
main factors. Additional analysis with one-way ANOVAs established
group differences (F (7,47)= 13.091, pb0.001). Neuman–Keuls analyses
indicated greater density of CD45-ir in the SN of GDNF+/− than in WT
mice treated with saline (pb0.05; Figs. 2A, E, I), as previously
reported (Boger et al., 2007). In addition, CD45-ir was elevated in SN
of both WT and GDNF+/− mice subjected to the METH binge compared
to their respective saline controls (pb0.05; Figs. 2A, B, E, F, I).
Although METH treatment elevated CD45-ir in the SN of WT and
GDNF+/− mice, the additive contributions of genotype and METH
resulted in the highest CD45-ir for GDNF+/− mice subjected to the
METH binge (pb0.05; Figs. 2B, E, F, I).

The two-week minocycline regimen lowered CD45-ir (F(1,47)=5.981,
pb0.05) with no interaction of the Minocycline factor with either
Genotype or METH treatment factors. Neuman–Keuls tests following
the one-way ANOVA established that minocycline reduced the
elevated CD45-ir in the SN of saline-treated GDNF+/− mice to levels
no different from the saline-treated WT mice (pb0.05). This minocy-
cline-induced reduction in CD45 immunoreactivity is complemented
by the similar morphological appearance of the microglia in minocy-
cline-treated mice (Fig. 2G inset) and saline-treated WT mice (Fig. 2A
inset). Similarly, METH-induced microglial activation was reduced in
both WT and GDNF+/− mice following treatment with minocycline
(pb0.05, Figs. 2D, H, I). However, the CD45 staining levels in METH-
treated mice were not reduced to those of saline-treated mice,
regardless of genotype.
tomicrograph of p38 MAPK phosphorylation in the midbrain of WT and GDNF+/− mice
Quantitation of the average number of phosphorylated p38 MAPK cells in the SN. (J)
unts. (K) 60× oil magnification demonstrating localization of phospho-p38 MAPK in the
lls (arrow heads). Saline-treated GDNF+/− mice demonstrated more phospho-p38 MAPK
lated p38 MAPK-positive cells, with the greatest increase seen in METH-treated GDNF+/−

s in the SN of saline-treated GDNF+/− mice (pb0.05). Furthermore, minocycline reduced
hetamine, Mino=minocycline. N=8 per group (⁎p=0.05). Scale bar=100 µM.
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Substantia nigra p38 MAPK phosphorylation

Because of the low constitutive expression of phospho-p38 MAPK
and its confinement to discrete somal profiles when induced, cell
counting was used to detect differences among groups. As can be
appreciated from Fig. 3K, phospho-p38 MAPK-ir was localized to the
nucleus of neurons, with no indication of immunolabeling in glial
cells. A significant Genotype×METH interaction (F(1,47) =28.380,
pb0.0001) was revealed for phospho-p38 MAPK cell counts in the
SN (Fig. 3). Further analysis by one-way ANOVA demonstrated group
differences (F(7,47)=123.400, pb0.001). Neuman–Keuls analyses indi-
cated that saline-treated GDNF+/− mice had a greater number of
phospho-p38 MAPK stained cell bodies than saline-treated WT mice
(pb0.05, Figs. 3A, E, I). 2 weeks after a toxic binge of METH, phospho-
p38 MAPK counts were increased in the SN of WT and GDNF+/− mice
(pb0.05), with the highest number observed in METH-treated
GDNF+/− mice (Figs. 3B, F, I).

The 14-day regimen of minocycline resulted in a significant
Genotype×METH×Minocycline interaction (F(1,47)=8.027, pb0.01).
Neuman–Keuls analysis after the one-way ANOVA demonstrated
that minocycline attenuated the number of phospho-p38 MAPK cells
in saline-treated GDNF+/− mice (pb0.05; Figs. 3C, G, I). Similarly, the
METH-induced increase of p38 MAPK immunoreactivity was
decreased in mice treated with minocycline, regardless of genotype,
Fig. 4.METH-induced striatal TH depletion is unaffected by minocycline treatment. Striatal
Sal+Mino (C, G), and METH+Mino (D, H). Medial (M) and lateral (L) striatal selection are
between the different treatment groups. No differences existed in the lateral region of the
the GDNF+/− mice displayed less TH-ir. 2 weeks after the METH binge, METH-induced a sim
saline treated mice (pb0.05) and a significantly greater depletion in the medial striatum o
medial striatum of saline-treated GDNF+/− mice compared to non-minocycline treated GDN
treated mice, regardless of genotype. Sal=saline, METH=methamphetamine, Mino=minoc
although the % decrease was greater in WT mice (pb0.05, Figs. 4D, H,
I). There was a positive correlation (r=0.972; pb0.001) between SN
CD45-ir and SN phospho-p38 MAPK-positive cells in saline-treated
WT mice that underwent the minocycline regimen, suggesting that
there is an integral relationship between phosphorylation of p38
MAPK and microglial activation. Saline-treated GDNF+/− mice also had
a positive correlation between SN CD45-ir and SN phospho-p38MAPK
counts after a 14-day regimen of minocycline (r=0.983; pb0.001). No
other group displayed a correlation between these two immunohis-
tochemical measurements.

Tyrosine hydroxylase immunohistochemistry

In the lateral region of the striatum, therewere significant Genotype
(F(1,47)=6.665, pb0.05) and METH treatment (F(1,47)=130.317, pb0.05)
effects, with no effect of minocycline treatment or interactions of
the main factors. In addition, group differences existed as demon-
strated by one-way ANOVA analysis (F(7,47) =19.095, pb0.001).
Neuman–Keuls analysis revealed that TH-ir in the lateral striatum
was similar in the saline+saline and the saline+minocycline-treated
groups, regardless of genotype (Figs. 4A, B, E, F, I-left). METH
treatment caused a greater reduction of TH-ir in the lateral striatum
of GDNF+/− (93%) than in WT (69%) mice 2 weeks after injections
(pb0.05; Figs. 4C, G and I-left). The 14-day regimen of minocycline
TH-ir images from WT and GDNF+/− mice treated with Sal+Sal (A, E), METH+Sal (B, F),
as are illustrated. (I) Quantification of the average integrated density of striatal TH-ir
striatum between the GDNF+/− and WT mice treated with saline. In the medial region,
ilar TH-ir depletion in the lateral striatum of GDNF+/− and WT mice when compared to
f GDNF+/− than WT mice (pb0.05). Minocycline treatment increased the TH-ir in the
F+/− mice (pb0.05). However, minocycline did not have any effect on TH-ir in METH-
ycline. N=8 per group (⁎p=0.05). Scale bar=0.5 mm.
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had no effect on METH-induced reductions of TH-ir in the lateral
striatum.

Similarly, in themedial region of the striatum, significant Genotype
(F(1,47)=5.734, pb0.05) and METH treatment (F(1,47)=111.455, pb0.05)
effects existed with no effect of minocycline treatment or
interactions of the main factors. Group differences existed in
medial striatum TH-ir as demonstrated by one-way ANOVA
analysis (F(7,47)=16.607, pb0.001). Neuman–Keuls analysis indicated
that saline+saline-treated GDNF+/− mice had lower TH-ir staining
compared to age-matched WT mice (pb0.05; Figs. 4A, E, I-right). In
contrast, saline-treated GDNF+/− mice treated with minocycline for
14 days displayed an increase in TH-ir in the medial striatum as
compared to saline+saline-treated GDNF+/− mice (pb0.05; Figs. 4E,
G, I). No effect of minocycline treatment was evident in WT mice
(saline+mino group). Furthermore, METH treatment produced a
significantly greater decrease in TH-ir in the medial striatum of
GDNF+/− (89%) than in WT (55%) mice (pb0.05; Figs. 4B, F and I-
right). Minocycline treatment had no effect on the METH-induced
decrease in TH-ir, regardless of genotype (Figs. 4D, H, I). These data
indicate that minocycline was able to increase striatal TH-ir in
mice with a partial depletion of GDNF but was not able to rescue
the METH-induced striatal DAergic depletion, regardless of
genotype.

Discussion

Confirming our previous report (Boger et al., 2007), 3 month-old
mice with a genetic GDNF deficiency had greater microglial activation
in SN and less TH-ir than WT controls. Further, a minocycline
treatment paradigm, with demonstrated efficacy in animal models
of neurotoxicity, attenuated the SN microglial activation and the
phospho-p38 MAPK response in the saline-treated GDNF+/− mice and
in mice of both genotypes exposed to the METH binge. Minocycline
also attenuated the lower TH-ir levels in the medial striatum that
characterize GDNF+/− vs. WT mice. Despite reducing inflammation,
minocycline did not prevent the METH-induced TH-ir loss in the
striatum in mice of both genotypes. The ability of minocycline to
attenuate the TH-ir reduction in mice with a genetic reduction of
GDNF, but not the METH-induced TH-ir reduction, suggests different
mechanisms of TH-ir regulation and depletion.

Substantia nigra microglial activation

Microglial activation is associated with various types of brain
injury in humans (Kato et al., 2000), with neurotoxic chemical damage
in animal models of various diseases (Jorgensen et al., 1993; Scali et al.,
1999; Fiedorowicz et al., 2001) and with the DAergic neurodegenera-
tion characterizing PD and animal models of PD (Francis et al., 1995;
Czlonkowska et al., 1996; Langston et al., 1999). In the present study,
microglial activation was observed in the SN, but not the striatum, of
3-month-old GDNF+/−, but not WT mice, confirming our previous
findings (Boger et al., 2007). Our previous work established that in
spite of the microglial activation in the young adult GDNF+/− mice, loss
of TH-positive neurons in SN is not evident until mid-life (12 months
of age; Boger et al., 2006, 2007). The delayed loss suggests that chronic
SN microglial activation might weaken the integrity of DAergic
neurons, leading to cell death later in life.

The minocycline treatment in our study decreased the density of
CD45-ir and phospho-p38 MAPK cell counts and attenuated the
reduction in striatal TH-ir in GDNF+/−mice to the level obtained forWT
mice. The ability of minocycline to attenuate differences in these three
parameters of nigrostriatal integrity in GDNF+/− andWTmice suggests
that chronic inflammation contributes to the DA neuronal damage in
the GDNF+/− mice. Minocycline attenuated the microglial activation in
METH binge-treated mice of both genotypes; however, not to the
levels of saline-treated mice. The finding that the anti-inflammatory
action of minocycline did not protect DAergic neurons from METH-
induced damage is consistent with a report that minocycline reduced
the inflammatory markers, interleukin-6, F4/80, and interleukin-1α,
in the striatum of MPTP-treated and METH-treated mice but did not
prevent MPTP-induced toxicity unless TNFα 1 and 2 receptors were
deleted (Sriram et al., 2006). Thus, attenuating microglial activation is
not sufficient to protect against METH-induced striatal DAergic
damage nor does it eliminate the exacerbated DAergic toxicity
METH produces in GDNF+/− mice. Future experiments to assess the
contribution of TNFα and/or other pro-inflammatory cytokines to
METH-induced striatal damage in GDNF+/− mice are necessary to
establish the mechanism underlying the interaction between GDNF
depletion and METH-induced damage.

The increase in phosphorylated p38MAPK in the SN of naïve young
adult GDNF+/− compared to WT mice and the further increase
produced by the METH binge in combination with increased
microglial activation in these mice suggest that the p38 MAPK
pathway may be activated in response to cell stressors such as, in this
case, genetic and neurotoxin-induced neuroinflammation. The block-
ade of p38 MAPK can therefore be expected to benefit neuronal
populations affected by microglial activation and inflammation by
activating transcription factors that regulate the induction of cell
stress mechanisms, such as inflammatory genes (Bhat et al., 1998). In
vitro studies indicate that minocycline exerts protective effects in
different ways, including the reduction of p38 MAPK phosphorylation
(Du et al., 2001; Wu et al., 2002; Hunter et al., 2004). Because
minocycline reduced phospho-p38 MAPK staining in GDNF+/− vs. WT
mice, as well as mice of both genotypes exposed to a toxic binge of
METH without affecting the TH-ir reduction, phospho-p38 MAPK
appears not to contribute to METH-induced TH-ir depletion.

Tyrosine hydroxylase immunohistochemistry

Minocycline treatment prevented the reduced levels of striatal TH-
ir observed in young GDNF+/− mice relative to WT control mice,
suggesting that SN inflammation contributes to the reduced DAergic
innervation of striatum in these mice. This restorative effect of
minocycline in GDNF+/−mice could be due to the reversal of microglia-
exacerbated injury to astrocytes as reported by Yenari et al. (2006). In
that study, the addition of microglia to endothelial cell/astrocyte co-
cultures increased cell death; however, minocycline prevented the
microglial-induced increased injury. Future studies to determine if
minocycline increases GDNF will be necessary to establish whether or
not GDNF provides a biological substrate for minocycline-mediated
neuroprotection.

In contrast to its restorative effects in saline-treated GDNF+/− mice,
minocycline did not restore the striatal TH loss associated with the
toxic METH binge. The absence of a minocycline effect on METH-
induced DAergic damage suggests that inflammation is not a
necessary condition for METH toxicity. An alternative possibility is
that METH stimulates spectrin proteolysis, which is mediated via
calpain activation in a time-dependent manner within the striatum
(Staszewski and Yamamoto, 2006). Interestingly, proteolysis of
spectrin, a cytoskeletal protein contributing to neuronal integrity,
has been proposed as an important component of neuronal death
(Lowy et al., 1995). It should be noted, however, that minocycline has
been reported to be protective in experimental conditions which
promote caspase, rather than calpain, induction (Bantubungi et al.,
2005). Minocycline was also not protective in a Huntington's disease
model (3-nitropropionic) in which striatal neurotoxic damage was
associatedwith increased calpain (not caspase) activation (Bantubungi
et al., 2005). Since dose-dependent differences in minocycline
efficacy have been reported (Yrjanheikki et al., 1999; Ahuja et al.,
2007), it might be argued that the particular dosing paradigm used in
our study prevented its efficacy against METH-induced DAergic
toxicity. However, the minocycline dosing paradigm effectively
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attenuated METH-induced phospho-p38 MAPK and CD45-ir in the
present study making this an unlikely interpretation. Finally, there is
evidence that METH damages DA neuronal terminals by generating
nitric oxide and reactive oxygen species (for a review see Imam et al.,
2000). In fact, a radical scavenger, edaravone, reportedly blocks
METH-induced DA neuron toxicity without decreasing METH-induced
inflammation (Kawasaki et al., 2006), making radical oxygen species
formation a likely mechanism underlying the METH-induced damage
in this study.

In conclusion, the present study demonstrated that minocycline
suppressed microglial activation and decreased the phosphorylated
state of p38 MAPK in the SN of GDNF+/− mice and mice administered a
toxic regimen of METH. Additionally, minocycline partially rescued
DAergic damage associated with a genetic reduction of GDNF;
however, minocycline did not protect the DAergic terminals from
METH-induced toxicity. Thus, while TH expression in GDNF+/− mice
was enhanced by minocycline, the toxic effects of METH on DA
neurons were not reversed and, therefore, must depend on other
biological mechanisms, such as mitochondrial dysfunction, oxidative
stress, or glutamate excitotoxicity.
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