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Nigrostriatal Dopaminergic Neurodegeneration in the
Weaver Mouse Is Mediated via Neuroinflammation and
Alleviated by Minocycline Administration

Jun Peng,' Lin Xie,' Fang Feng Stevenson,' Simon Melov,' Donato A. Di Monte,? and Julie K. Andersen'
"Buck Institute for Age Research, Novato, California 94945, and 2Parkinson’s Institute, Sunnyvale, California 94089

The murine mutant weaver (gene symbol, wv) mouse, which carries a mutation in the gene encoding the G-protein inwardly rectifying
potassium channel Girk2, exhibits a diverse range of defects as a result of postnatal cell death in several different brain neuron subtypes.
Loss of dopaminergic nigrostriatal neurons in the weaver, unlike cerebellar granule neuronal loss, is via a noncaspase-mediated mech-
anism. Here, we present data demonstrating that degeneration of midbrain dopaminergic neurons in weaver is mediated via neuroin-
flammation. Furthermore, in vivo administration of the anti-inflammatory agent minocycline attenuates nigrostriatal dopaminergic
neurodegeneration. This has novel implications for the use of the weaver mouse as a model for Parkinson’s disease, which has been

associated with increased neuroinflammation.
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Introduction

Weaver (wv) is a naturally occurring murine mutation in the
Girk2 gene, which encodes a G-protein-activated inwardly recti-
fying potassium ion channel (Patil et al., 1995). Mice carrying two
copies of the mutant gene display ataxia, hyperactivity, and
tremor (Caviness and Rakic, 1978). These neurological defects
are associated with neuronal degeneration during postnatal de-
velopment in the ventral midbrain among dopaminergic neurons
of the substantia nigra (SN) and retrorubral nucleus (Schmidt et
al., 1982; Roffler-Tarlov and Graybiel, 1984; Triarhou et al., 1988;
Graybiel et al., 1990; Roffler-Tarlov et al., 1996), within granule
cells (Rezai and Yoon, 1972; Rakic and Sidman, 1973a,b) and
Purkinje cells (Blatt and Eisenman, 1985; Herrup and Trenkner,
1987; Smeyne and Goldowitz, 1990) of the cerebellum and the
deep cerebellar nuclei (Maricich et al., 1997). The Girk2wv defect
appears to initiate different types of cell death based on the mor-
phological appearance of dying neurons in these different brain
regions. Affected cerebellar granule neurons display the morpho-
logical characteristics of classic apoptosis, including chromatin
condensation and aggregation to the nuclear margin, cytoplas-
mic shrinkage, and membrane blebbing (Savitz and Rosenbaum,
1998). In addition, discreet chromatin cleavage as indicated by
DNA end-labeling is also observed in dying granule neurons
(Smeyne and Goldowitz, 1989; Harrison and Roffler-Tarlov,
1998). In contrast, dying midbrain dopaminergic neurons can-
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not be detected by assays for end-labeled cells and do not display
classic morphological features of apoptosis (Oo et al., 1996;
Migheli et al., 1997, 1999). Instead, cell death is characterized by
lack of chromatin clumping, maintenance of neuronal shape, and
unshrunken cytoplasm in the retrorubral nucleus (A8) and the
substantia nigra pars compacta (SNpc) (A9) regions, whereas the
adjacent A10, which contains dopaminergic cells in the medial
portion of the ventral midbrain, is mostly spared (Roffler-Tarlov
and Graybiel, 1984, 1986). The selective vulnerability in the ven-
tral midbrain is explained by the fact that the dopaminergic neu-
rons of the A8 and A9 express Girk2, whereas little or no Girk2 is
found within A10 neurons (Schein et al., 1998). However, the
molecular mechanisms involved in Girk2wv-mediated dopami-
nergic cell death are not known.

To verify that dopaminergic cell death in the midbrains of
weaver mice does not occur via apoptosis, we expressed the gen-
eral caspase inhibitor baculoviral p35 and examined cell loss in
the midbrain. Expression of p35 did not attenuate death of do-
paminergic neurons in the weaver ventral midbrain (supplemen-
tal data, available at www.jneurosci.org as supplemental mate-
rial). To better understand the mechanisms underlying selective
dopaminergic cell death in this brain region, we performed mi-
croarray analyses to assess gene expression in the weaver SN dur-
ing the period of selective dopaminergic neurodegeneration. We
discovered, among alterations in expression of other genes, an
elevation in expression levels of the mRNA for the microglial-
associated inflammatory gene 32-microglobulin and several ma-
jor histocompatibility complex (MHC) class I proteins. These
changes were subsequently found to be associated with increased
expression of the corresponding proteins within nigral dopami-
nergic neurons in the weaver midbrain along with increased levels
of microglial activation. Minocycline, an anti-inflammatory
agent and inhibitor of microglial activation, was found to atten-
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uate Girk2wv-induced nigrostriatal dopaminergic neurodegen-
eration both in isolated mesencephalic cultures and after in vivo
administration in weaver mice. In addition, weaver mice treated
with minocycline displayed a significant improvement in loco-
motor behavior but not ataxia. This suggests that neuroinflam-
mation constitutes a major constituent involved in the selective
nigrostriatal neurodegeneration in the weaver mouse. Given that
neuroinflammation appears to be a major mediator of dopami-
nergic neurodegeneration associated with this same set of neu-
rons in Parkinson’s disease (PD) as well as in various Parkinso-
nian animal models, this study has novel implications in terms of
the use of weaver as a model for this disorder and for the associ-
ated testing of anti-inflammatory therapeutics.

Materials and Methods

Materials. PCR reagents, DNA polymerase, and positively charged nylon
membranes for genotyping were obtained from Roche Molecular Bio-
chemicals (Indianapolis, IN). Rabbit and sheep anti-tyrosine hydroxy-
lase (TH) polyclonal antibodies were purchased from Chemicon (Te-
mecula, CA). Rabbit anti-p35 polyclonal antibody was obtained from
Biocarta (Carlsbad, CA). Rabbit anti-mouse cleaved caspase-3 polyclonal
antibody was obtained from Cell Signaling Technology (Beverly, MA).
Rabbit anti-glial fibrillary acidic protein (GFAP) antibody was purchased
from Sigma-Aldrich (St. Louis, MO). Mouse anti-mouse H-2K® MHC
class I alloantigen antibody was from BD Biosciences (San Jose, CA).
Mouse anti-mouse B2-microglobulin antibody was obtained from Re-
search Diagnostics (Flanders, NJ). Rat anti-mouse CD11b antibody was
purchased from Serotec (Raleigh, NC). Protease inhibitor mixture and
monoclonal anti-B-actin antibody were purchased from Sigma. Polyvi-
nylidene difluoride (PVDF) membrane and SDS-PAGE gels were ob-
tained from Bio-Rad (Hercules, CA).

Animals and treatment. All mice were maintained on B6CBACa-A™"7/
A-Kcnj6 ™" hybrid background and were offspring of breeding pairs ob-
tained from The Jackson Laboratory (Bar Harbor, ME). A transgene
consisting of the neuron-specific enolase promoter and the p35 coding
sequence was microinjected into fertilized B6C3F1 oocytes to generate
p35 transgenic mice as described previously (Viswanath et al., 2000).
Mice used for this study were offspring of breeding pairs between female
+/wv, p35 +/—, or wv/wv, p35 +/— mice, and male +/wv, p35 +/—
mice. The presence of the p35 transgene was identified by DNA slot blot
analysis as described previously (Viswanath et al., 2000). Weaver geno-
types were determined by a restriction site-generating PCR protocol as
described previously (Peng et al., 2002). For minocycline treatment, mice
were administered minocycline-HCI (60 mg/kg/d in 5% sucrose; Sigma)
or 5% sucrose by oral gavage from postnatal day 10 (P10) through P24.

Immunohistochemistry. For immunofluorescent staining, sections
were fixed and processed for immunostaining as described previously
(Peng et al., 2004). Primary antibodies used in this study were as follows:
sheep anti-tyrosine hydroxylase (1:500), rabbit anti-p35 (1:200), rabbit
anti-GFAP (1:500), mouse anti-H-2K® (1:100), mouse anti-32-
microglobulin (1:100), and rat anti-CD11b (1:150). The secondary anti-
bodies were Alexa Fluro 488-, 594- or 647-conjugated donkey anti-
mouse, anti-rat, anti-sheep, or anti-rabbit IgG (1:200-500; Invitrogen,
San Diego, CA). Nuclei were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI) using proLong Gold anti-fade reagent (Invitro-
gen), and fluorescence signals were detected with an LSM 510 NLO Con-
focal Scanning System mounted on an Axiovert 200 inverted microscope
(Carl Zeiss, Thornwood, NY) equipped with a two-photon Chameleon
laser (Coherent, Kitchener, Ontario, Canada). Images were acquired us-
ing LSM 510 Imaging Software (Carl Zeiss). Four-color images were
scanned using Argon, 543 HeNe, 633 HeNe, and Chameleon (750-780
nm for DAPI) lasers. IMARIS (Bitplane, Zurich, Switzerland) imaging
software was used for three-dimensional image reconstruction. For
quantitation of CD11b immunoreactivity, each midbrain section was
viewed at low power (10X objective), and the SNpc was outlined by using
the set of anatomical landmarks. Then at a random start, the number of
CD11b-positive cells was counted at high power (100X; numerical aper-
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ture, 1.30 oil immersion objective). After all sections from the SNpc were
analyzed, the numbers of CD11b-positive cells within the SNpc were
counted for each animal by using SIMPLE PCI (Compix, Cranberry
Township, PA) (Galvan et al., 2006). For immunohistochemical analysis
of cleaved caspase-3, sections were incubated with rabbit anti-cleaved
caspase-3 (1:200) antibody overnight at 4°C, washed with PBS, and in-
cubated with biotinylated secondary antibodies (1:200) for 1 h at room
temperature. Color development was done with the Vectastain ABC kit
in combination with 3,3'-diaminobenzidine reagents following the in-
structions of the manufacturer. Subsequently, the sections were counter-
stained with hematoxylin. For stereology studies, cryostat-cut sections
were taken through the entire midbrain. TH-positive neurons were im-
munolabeled and counted as described previously (Peng et al., 2004).
Controls included omitting or preabsorbing primary or omitting sec-
ondary antibodies.

Silver staining. Dying neurons in the ventral midbrains of P24 litter-
mates were marked by a silver stain, and the numbers of silver stained
neurons in the A9 region were performed from four mice per group using
methods described in detail previously (Oo et al., 1996). Unbiased stereo-
logical counts of silver-stained cells were obtained from the A9 by using a
computer-assisted image analysis system consisting of a Zeiss Axioplan2
photomicroscope equipped with a Neurolucida Stereo Investigator (Micro-
BrightField, Williston, VT). The number of silver-stained neurons in the A9
was calculated by using methods described in detail previously (Coggeshall,
1992; Coggeshall and Lekan, 1996; Oo et al., 1996).

Neurochemical analyses. HPLC with electrochemical detection was
used to measure striatal levels of dopamine (DA), 3,4-
dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA) as
described previously (Przedborski et al., 1996). P24 mice were killed by
cervical dislocation, the brains were quickly removed, and the caudate—
putamen was dissected onto an ice-cold glass Petri dish. Samples were
immediately frozen on dry ice and stored at —80°C until analysis. Dopa-
mine and two of its metabolites, DOPAC and HVA, were analyzed and
quantitated by HPLC using a 5 um C-18 reverse-phase column and
precolumn (Brownlee Labs, Wellesley, MA) followed by electrochemical
detection with a glassy carbon electrode as described previously (Klivenyi
et al., 2000).

Microarray and reverse transcription-PCR. Total RNA from P7 cere-
bella and P24 midbrain of +/+ and wv/wv mice (n = 4 per group) were
extracted manually using Trizol-chloroform and DNase treated with
DNA-free solution (Ambion, Austin, TX). Quality control of RNA was
performed using an Aglient 2100 Bioanalyzer. Only samples that passed
this quality control were used for subsequent amplication and labeling.
RNA was routinely amplified using one round of linear amplification
using a MessageAmp aRNA Amplification kit (Ambion) and was labeled
using an Array 350RP Genosphere kit (Genisphere, Hatfield, PA). Mi-
croarrays used in this study consisted of 23,000 mouse cDNA feature
arrays, which were printed on MWG epoxy slides at the Buck Institute
Genomics facility, and hybridized and washed on Lucidia HybPro (GE
Healthcare, Arlington Heights, IL) automated hybstations. Hybridized
arrays were then scanned on Packard Bioscience (Meridian, CT) scan-
ners using balanced power settings for each dye. Quantitation of the
resultant images was performed using Genepix (Axon, version 4.1) using
default settings for background subtraction. All analyses were performed
in the computing environment R (version 1.8) running on a G4 Macin-
tosh, and all subsequent calculations were performed using the limma
package (available at www.bioconductor.org). Briefly, Lowess subgrid
normalization was performed and differential expression was evaluated
between the samples via ranking of genes in decreasing probable order of
differential expression after correcting for multiple testing. Candidate
genes were then picked from this list for validation via real-time PCR
using preoptimized Tag-man primers purchased from the assay on de-
mand collection from ABI. Reverse transcription (RT)-PCR was per-
formed on an automated ABI prism 7000 RT-PCR machine in 96-well
format. Each sample was assessed in quadruplicate in 10 ul total volume
using 10 ng equivalents of reverse transcribed RNA.

Primary mesencephalic cultures. Primary mesencephalic cell cultures were
prepared from embryonic gestation day 14 (E14) to E15 mouse embryos as
described previously (Peng et al., 2005). Briefly, dissociated cells were seeded
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Immunofluorescence detection of MHC class | and 32-microglobin proteins in TH-positive cells of the weaver SNpc. 4, Quadruple labeling shows immunostaining for MHC class | (green),

TH (red), GFAP (purple), and counterstained with DAPI (blue) in the SNpc of +/+ and wv/wv mice. B, Quadruple labeling demonstrates immunostaining for 32-microglobulin (green), TH (red),
GFAP (purple), and counterstained with DAPI (blue) in the SNpc of +/+ and wv/wv mice. Original magnification, 10X; three-dimensional (3D) magnification, 100X. Note that TH+ cells
demonstrate colocalization with both neuroinflammatory markers (yellow) but not GFAP-positive cells.

at 7 X 107 cells per well onto poly-p-lysine-coated 24-well culture plates.
Cultures were maintained at 37°C in a humidified atmosphere containing
95% air and 5% carbon dioxide in Neurobasal medium (Invitrogen) con-
taining 2% B27 supplement, 2 mm glutamate, 100 U/ml penicillin, and 100
ug/ml streptomycin. Cells were treated with or without 20 um minocycline
for 8 d. The number of TH-positive neurons in mesencephalic cultures was
determined as described previously (Peng et al., 2005).

Western blot analysis. Total protein was isolated from brain tissue as
described previously (Peng et al., 2004). Protein concentration of the
supernatant was determined using a commercially available protein assay
kit (Bio-Rad, Hercules, CA). Equal concentrations of protein extracts
were electrophoretically resolved on SDS-polyacrylamide gels and trans-
ferred to PVDF membranes. After transfer, the membrane was blocked
with Tris-buffered saline containing 0.05% Tween 20 (TBS-T) and 5%
milk for 60 min, incubated with the primary antibody at the appropriate
dilution (mouse anti-CD11b, 1:1000; mouse anti-B-actin, 1:5000) in
TBS-T with 5% low-fat milk at 4°C overnight. Detection was performed
using horseradish peroxidase-conjugated secondary antibody and an
ECL kit (GE Healthcare).

Behavioral testing. Spontaneous locomotor activity was measured in an
automated Tru Scan photobeam activity system (Coulbourn Instruments,
Allentown, PA) under illumination (Peng et al., 2002). Animals were habit-
uated to the apparatus for 15 min before running the experiment. Behavioral
data were collected in the apparatus over a 10 min period and then analyzed
using Tru Scan 99 software (Coulbourn Instruments).

Statistical analysis. All data are expressed as mean = SEM for the
number (1) of independent experiments performed. Differences among
the means for all experiments described were analyzed using one- or
two-way ANOVA. Newman—Keuls post hoc analysis was used when dif-
ferences were observed by ANOVA testing ( p < 0.05).

Results

Nigrostriatal dopaminergic cell death in the weaver is, in
contrast to cerebellar granular loss, via a noncaspase-
mediated mechanism

In a previous study from our laboratory, we demonstrated that
cerebellar granular cell death associated with the murine Girk2wy

mutation was caspase mediated and could be attenuated by neu-
ronal transgenic expression of the general caspase inhibitor bacu-
loviral p35 protein (Peng et al., 2002). In this study, we first
determined that neuronal p35 expression was unable to attenuate
dopaminergic nigrostriatal degeneration associated with the
Grk2wv mutation, suggesting that, unlike in the weaver cerebel-
lum, cell death in the midbrain dopaminergic neurons is via a
noncaspase-mediated mechanism (supplemental Figs. 1, 2, avail-
able at www.jneurosci.org as supplemental material).

Girk2wv results in neuroinflammation in the weaver SNpc

To elucidate the possible mechanism(s) responsible for nigrostri-
atal dopaminergic cell loss in the weaver mouse, we performed
microarray analysis followed by RT-PCR verification in an at-
tempt to identify genes altered during the period of wv/wv SNpc
cell loss in this brain region. The gene demonstrating the largest
upregulation of expression by RT-PCR in the SNpc (360%) was
B2-microglobulin, a chaperone for MHC class I molecules, which
play a central role in antigen presentation and immunoglobulin
transport (Tysoe-Calnon et al., 1991). Several MHC class I pre-
cursor proteins (H-2D® « chain, H-2D ¢ & chain, H-2K"® « chain,
and H-2L¢ « chain) also demonstrated significant upregulation
of expression in the weaver SNpc.

To determine the levels of protein expression of [2-
microglobulin and associated class I molecule proteins in the
weaver midbrain, which demonstrated mRNA upregulation dur-
ing the period of Girk2wv-induced midbrain neurodegeneration,
tissue sections from P24 +/+ or wv/wv mice brains were immu-
nostained against both H-2K® MHC class I alloantigen and 82-
microglobulin (Fig. 1A,B). MHC class I alloantigen and (2-
microglobulin were not detectable in TH-positive neurons and
astrocytes of +/+ mice; however, MHC class I alloantigen and
B2-microglobulin demonstrated robust expression in the TH-
positive neurons but not astrocytes of wv/wv mice.
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Figure2. Microglial activation in the weaver SNpc. A, (D11b-positive microglia (green) and

TH-positive neurons (red) in SNpc of +/+ and wyv/wv mice. Original magnification, 10X. B,
Photomicrograph of representative activated microglial cell in the wv/wv SNpc. Original mag-
nification, 40<. (, Quantitative analysis of the number of activated microglia in +/+ versus
wy/wv SNpc. Mean = SEM, n = 6. *p << 0.001 wv/wv significantly different from +/+. (,
Western blot analysis of CD11b protein levels in wv/wv and +/+ midbrain; 3-actin was used
as a loading control.

Elevations in MHC class I and B2-microglobulin protein
levels in the brain are traditionally associated with microglial
activation. Activation of microglia is a common phenomenon
associated with neuronal injury associated with several neurode-
generative diseases including PD (Gao et al., 2003; Hunot and
Hirsch, 2003). To determine whether Girk2wv-induced nigro-
striatal dopaminergic neurodegeneration is associated with a
heightened microglial response, we examined the expression of
CD11b, a specific marker for activated microglia, in wv/wv mice
versus +/+ littermate controls. In contrast to P24 +/+ mice,
numerous robustly immunoreactive CD11b-positive activated
microglia were noted in the SNpc of P24 wv/wv mice (Fig. 2A-C).
In wv/wv mice, ventral midbrain CD11b-positive activated mi-
croglia increased by ~137 = 5%. Immunostaining with isolectin
B-4, another marker for microglia, resulted in similar observa-
tions (data not shown). Differences in levels of CD11b in the
weaver SNpc were verified via Western blot analysis (Fig. 2 D).

Pharmacological treatment of weaver mice with the
anti-inflammatory agent minocycline attenuates
Girk2wv-induced nigrostriatal dopaminergic
neurodegeneration and locomotor dysfunction

Minocycline, a pharmacological anti-inflammatory and inhibi-
tor of microglial activation, has been reported previously to pro-
tect nigrostriatal dopaminergic neurons from the neurotoxic ef-
fects of 1-methyl-4-phenyl-1,2,3,6-hydropyridine (MPTP)
administration (Du et al., 2001; Wu et al., 2002). To examine
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Figure 3.  Minocycline attenuates microglia activation in the weaver SNpc. A, Quantitative
analysis of the number of activated microglia from +/+ (white bars) or wv/wv (black bars)
mice. Mean = SEM, n = 3. *p < 0.001 wv/wv significantly different from -+/+; *p << 0.01
wv/wv plus minocycline significantly different from wv/wv alone. B, Western blot analysis of
SNpc CD11b protein levels; B-actin was used as a loading control.

whether minocycline blocks Girk2wv-mediated microglial acti-
vation in the weaver mouse, the expression of CD11b was ana-
lyzed by immunostaining in SNpc tissues. As shown in Figure 3A,
pretreatment with minocycline was found to significantly sup-
press the number of activated microglia. Indeed, counts of
CD11b-positive activated microglia were not significantly differ-
ent in the SNpc of wv/wv mice administered minocycline com-
pared with +/+ controls. Levels of CD11b protein in the weaver
SNpc were also found to be reduced in the presence of minocy-
cline administration (Fig. 3B).

To assess whether inhibition of microglial activation via mi-
nocycline is capable of affording neuroprotection against mid-
brain dopaminergic cell loss in the weaver mouse, we further
assessed the effects of treatment of primary mesencephalic cul-
tures isolated from either +/+ or wv/wv mice with minocycline
on dopaminergic cell survival. Cells were stained for TH at 8 d
after minocycline treatment, and TH-positive cells were counted.
As demonstrated in Figure 4, treatment with minocycline (20
M) significantly protected cultured midbrain TH-positive neu-
rons from Girk2wv-induced dopaminergic cell death, reducing
dopaminergic midbrain cell loss from 50 to 20%.

To examine whether inhibition of microglial activation via
minocycline administration afforded protection against loss of
wv/wv SNpc dopaminergic neurons in vivo, we stereologically
counted TH-positive SNpc neurons from wv/wv mice after oral
administration of either minocycline or vehicle alone from P10
through P24 versus +/+ littermate controls. As demonstrated in
Figure 5, administration of minocycline protected against
Girk2wv-induced dopaminergic neuron loss, reducing losses by
~42% in the SNpc of wv/wv mice treated with minocycline com-
pared with wv/wv controls, suggesting a critical role for neuroin-
flammation in Girk2wv-mediated nigral dopaminergic neuronal
death.
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Figure 4.  Protective effects of minocycline administration on weaver nigral dopaminergic
neuronal damage in vitro. A, Photomicrographs of TH-positive neurons (green) in primary mes-
encephalic cultures. B, TH-positive neuron counts in primary mesencephalic cultures from
+/+ (white bars) or wv/wv (black bars) mice. Mean = SEM, n = 5. #p < 0.001 wv/wy
significantly different from +/4; *p << 0.01 wv/wv plus minocycline significantly different
from wv/wv alone.

The weaver mouse behavioral phenotype is characterized by
ataxia, curled posture, gait instability, hypertonia, and tremor
(Sidman et al., 1965). This is attributed to the combined death of
both the cerebellar granular neurons and midbrain dopaminergic
cells. We assessed whether the minocycline-mediated protection
against Girk2wv-mediated SNpc dopaminergic neurodegenera-
tion resulted in an attenuation of previously observed locomotor
deficits in the weaver (Peng et al., 2002). Locomotor activity of
+/+ and wv/wv mice was compared as previously on a battery of
behavioral tests in an open-field environment, including mea-
surements of total movements, movement time, movement dis-
tance, and mean velocity. Weaver mice receiving minocycline
exhibited significant recovery of locomotor activity compared
with wv/wvy controls (Fig. 6). Weaver mice treated with minocy-
cline were also noted to have normal posture and attenuated
rigidity, however, did not display a significant reduction in ataxia
as had been observed previously in weaver mice with reduced
cerebellar cell death as a consequence of expression of the bacu-
loviral antiapoptotic p35 gene.

Discussion
Two well-known neuronal subtypes that undergo neurodegen-
eration as a consequence of the Girk2wv mutation are dopami-
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Figure 5.  Oral administration of minocycline protects degeneration of the weaver SNpc
dopaminergic neurons in vivo. A, Photomicrographs of TH-positive sections. B, Quantitative
stereological analysis of the number of TH-positive profiles from +/+ (white bars) or wv/wv
(black bars) SNpc. Mean == SEM, n = 4. “p < 0.001 wv/wsignificantly different from +/+;
*p < 0.01 wv/wv plus minocycline significantly different from wv/wv alone.

nergic neurons of the ventral midbrain and granule neurons of
the cerebellum. These two populations have in common the ex-
pression of the Girk2 channel, the fact that presence of the wv/wy
version of the channel kills large numbers of each population
postnatally, and that neuronal cell death occurs after the comple-
tion of mitosis and before completion of differentiation. They
differ in that most of the vulnerable cerebellar granule neurons
die almost immediately after completing mitosis in the ECL be-
fore their migration to the internal granule neuron layer (Rezai
and Yoon, 1972; Rakic and Sidman, 1973a,b; Smeyne and Gold-
owitz, 1989), whereas the dopaminergic neurons die long after
completion of mitosis and their migration to their proper loca-
tion in the ventral midbrain (Schmidt et al., 1982; Roffler-Tarlov
and Graybiel, 1984; Triarhou et al., 1988; Graybiel et al., 1990;
Roffler-Tarlov et al., 1996). There are, in addition, no doubt
scores of additional intrinsic differences between granule neu-
rons and nigrostriatal dopaminergic neurons in the weaver
mouse that might differentially impact how these neuronal pop-
ulations die. Dying neurons in these two groups have different
morphological characteristics as a consequence of the presence of
the Girk2wv mutation. Cerebellar granule neurons in the weaver
mouse demonstrate characteristics of apoptotic cell death, in-
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Figure 6.  Locomotor deficits in weaver mice are attenuated by oral minocycline administra-

tion. All experiments were performed during a 10 min trial period after 15 min of habituation to
the apparatus. 4, Total movements. B, Movement time. C, Movement distance. D, Mean veloc-
ity. Sample sizes were 6 (+/+, saline), 4 (wv/wy, saline), 6 (+/+, minocycline), and 6
(wv/wv, minocycline). Mean = SEM, *p << 0.001 wv/wv significantly different from +/+;
*p < 0.01 wv/wv plus minocycline significantly different from wv/wv alone.

cluding chromatin condensation and aggregation to the nuclear
margin, cytoplasmic shrinkage, membrane blebbing, and DNA
fragmentation that is detectable by DNA end-labeling (Smeyne
and Goldowitz, 1989; Migheli et al., 1995; Harrison and Roffler-
Tarlov, 1998; Peng et al., 2002). Dopaminergic SNpc neurons are
capable of undergoing apoptotic cell death both during normal
development and in response to various neurotoxins such as
MPTP and 6-hydroxydopamine (6-OHDA) (Offen et al., 1998;
Viswanath et al., 2001; Nicotra and Parvez, 2002; Serra et al.,
2002). However, dying dopaminergic neurons in the weaver
mouse, in contrast, does not display DNA end-labeling or other
morphological characteristics of apoptosis (Oo et al., 1996; Har-
rison and Roffler-Tarlov, 1998). We previously reported that ex-
pression of a transgene encoding baculoviral p35 attenuates cer-
ebellar granule neuronal death in wv/wv mice and improves
behavioral deficits caused by the Girk2wv mutation (Peng et al.,
2002). In contrast, we report here that p35 expression does not
protect dopaminergic neurons in the ventral midbrain. It is clear
that the same mutation results in a different mode of cell death in
the dopaminergic midbrain neurons versus the cerebellar granule
neurons of the weaver mouse, and these result in morphologically
distinct forms of neuronal death observed in the two affected
neuronal populations. The molecular mechanism(s) involved in
the selective nigrostriatal dopaminergic cell death in the weaver
mouse has remained relatively unexplored.

The data from this present study demonstrate that dopami-
nergic SNpc neurons undergoing neurodegeneration in the
weaver mouse express both MHC class I and 2-microglobin.
Girk2wv-induced dopaminergic neuronal loss in the SN in vivo is
also accompanied by significant microglial activation as detected
by CD11b immunocytochemistry. Furthermore, inhibition of
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neuroinflammation via the anti-inflammatory agent minocy-
cline significantly protects against the nigrostriatal dopaminergic
neuronal death as well as improving locomotor deficits. Taken in
total, these data suggest that neuroinflammation plays a critical
role in cell death associated with the selective nigrostriatal dopa-
minergic degeneration in the weaver mouse. Neuroinflammation
is a prominent characteristic of neurodegeneration associated
with several neurodegenerative diseases, including PD. It is also
observed in several murine models of the disorder including sys-
temic acute MPTP (Kurkowska-Jastrzebska et al., 1999; Du et al.,
2001; Wu et al., 2002) and chronic rotenone administration
(Sherer et al., 2003) and intrastriatal 6-OHDA infusion (He et al.,
2001). Degeneration of dopaminergic neurons in the human dis-
order is accompanied by massive microglial activation (McGeer
et al., 1988). Microglial activation has also been noted postmor-
tem in both humans and primates exposed to MPTP (Langston et
al., 1999; McGeer et al., 2003) and in the chronic mouse rotenone
model before appearance of the dopaminergic lesion (Sherer et
al., 2003). MHC class I antigens are readily upregulated in the
CNS as a consequence of cell injury or infection. MHC class I
molecules, together with 2-microglobulin, play an important
role in immune responses to antigen (Pamer and Cresswell,
1998). Both have been reported to be upregulated in association
with degenerating dopaminergic neurons and microglia in the
PD SN as well as in the MPTP mouse model in association with T
cell infiltration and proinflammatory cytokines (McGeer et al.,
1987; Mogi et al., 1995; Kurkowska-Jastrzebska et al., 1999; Linda
etal., 1999). As has been noted previously, there are a number of
analogous changes, including dopamine concentrations and ni-
grostriatal dopaminergic cell loss, in the weaver mouse and in
Parkinson patients (Schmidt et al., 1982; Roffler-Tarlov and
Graybiel, 1984; Triarhou et al., 1988; Graybiel et al., 1990;
Roffler-Tarlov et al., 1996). There are differences between mid-
brain dopaminergic cell loss in the weaver mouse versus the hu-
man disorder, including the fact that PD is a progressive disease
of which the incidence increases markedly with age (Forno, 1996;
Lang and Lozano, 1998), whereas comparable neuronal cell loss
in the weaver occurs in early adult life and is essentially nonpro-
gressive (Schmidt et al., 1982; Roffler-Tarlov and Graybiel, 1984;
Triarhou et al., 1988; Graybiel et al., 1990; Roffler-Tarlov et al.,
1996). However, given the data presented here, the weaver may
serve as an important model for the impact of neuroinflamma-
tion on this particular cell type, including in PD.

Minocycline, a semisynthetic second-generation tetracycline,
easily penetrates the blood—brain barrier and has been shown
recently to have effective neuroprotective properties in other
mouse disease models, including amyotrophic lateral sclerosis,
cerebral ischemia, Huntington’s disease, multiple sclerosis, and
spinal cord injury (Domercq and Matute, 2004), all of which
cause neuron degeneration as a consequence of inflammation. In
addition, minocycline treatment has been found to attenuate
6-OHDA- and MPTP-induced dopaminergic neurodegenera-
tion (Du et al., 2001; He et al., 2001; Wu et al., 2002). Our data
suggest that neuroinflammation is critical to the demise of SNpc
dopaminergic neurons in the weaver mouse. Given that neuroin-
flammation is a major mediator of dopaminergic neurodegen-
eration associated with the same set of neurons in PD and in
several animal models of the disorder, this has important novel
implications for the use of weaver as a model for this particular
aspect of the disease as well as for testing anti-inflammatory
agents as PD-related therapies.
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