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Nonselenium glutathione peroxidase (NSGP) is a new
member of the antioxidant family. Using antibodies
to recombinant NSGP we have examined the distribu-
tion of this enzyme in normal, Parkinson’s disease
(PD), and dementia with Lewy body disease (DLB)
brains. We have also co-localized this enzyme with
�-synuclein as a marker for Lewy bodies. In normal
brains there was a very low level of NSGP staining in
astrocytes. In PD and DLB there were increases in the
number and staining intensity of NSGP-positive astro-
cytes in both gray and white matter. Cell counting of
NSGP cells in PD and DLB frontal and cingulated cor-
tices indicated there was 10 to 15 times more positive
cells in gray matter and three times more positive
cells in white matter than in control cortices. Some
neurons were positive for both �-synuclein and NSGP
in PD and DLB, and double staining indicated that
NSGP neurons contained either diffuse cytoplasmic
�-synuclein deposits or Lewy bodies. In concentric
Lewy bodies, �-synuclein staining was peripheral
whereas NSGP staining was confined to the central
core. Immunoprecipitation indicated there was direct
interaction between �-synuclein and NSGP. These re-
sults suggest oxidative stress conditions exist in PD
and DLB and that certain cells have responded by
up-regulating this novel antioxidant enzyme. (Am J
Pathol 2002, 161:885–894)

Parkinson’s disease (PD) and dementia with Lewy bodies
(DLB) are late-onset neurodegenerative diseases charac-
terized by the presence of fibrillar cytoplasmic inclusions
termed Lewy bodies (LBs) in the brain. In PD the brain
regions primarily affected are the basal forebrains and
brainstem especially the substantia nigra, whereas in DLB,
abundant LBs are also found in widespread cerebral corti-
cal regions.1 LBs are intraneuronal inclusions composed of

numerous modified proteins including the presynaptic pro-
tein �-synuclein.2 In addition to proteins, lipids have been
demonstrated in brainstem3 and cortical LBs.4

The formation of LBs in rare familial cases could be
explained by mutations in �-synuclein, but the cause of
the vast majority of cases is unknown.5 Environmental
and genetic factors may all play a role in the development
of LBs in PD. Several hypotheses including a viral origin,
dysfunction of mitochondrial complex 1 activity, and ox-
idative stress have been put forward to explain the de-
velopment of PD. No one hypothesis fully explains the
development of PD, but several observations are consis-
tent with a role for oxidative stress in the development of
PD.6–8 A defect in mitochondrial complex 1 activity is
reported in PD.9,10 A high degree of nitration of tyrosine
residues in �-synuclein has been reported in PD.11 The
nitrotyrosine could be because of the presence of the
strong nitrating agent peroxynitrite, the product of super-
oxide and nitric oxide and strong evidence of oxidative
stress conditions. There is a consistent decrease in the
level of the antioxidant glutathione and increased lipid
peroxidation in the substantia nigra in the brains of peo-
ple dying with PD.12,13 The reduced form of glutathione is
an antioxidant used to remove hydrogen peroxide and
protect against oxidation of proteins in a reaction cata-
lyzed by glutathione peroxidase.

Glutathione peroxidase is a selenium-dependent en-
zyme important in the cellular antioxidant defense mech-
anism. Glutathione peroxidase has been extensively ex-
amined in human brain and in PD and there is wide
variability in the reported levels but generally the levels
and activity are not elevated.14,15 The enzyme has been
localized exclusively in glial cells.16

Recently, we have identified a novel nonselenium glu-
tathione peroxidase (NSGP) from rat lung. This enzyme
has no amino acid sequence homology to any of the
known selenium-dependent glutathione peroxidase en-
zymes.17 This enzyme has antioxidant and phospho-
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lipase A2 activity that can reduce phospholipid hydroper-
oxides,18,19 and thus could play a role in the antioxidant
mechanism, especially toward oxidized lipids. The en-
zyme has not been previously examined in human brain. In
this study, we raised and characterized an antibody that
recognized human NSGP. We then examined the cellular
locations of the enzyme in normal human brains, and in LB
pathology in PD and DLB, using immunoblotting, immuno-
cytochemistry, and immunoelectron microscopy.

Materials and Methods

Production of Recombinant NSGP

Screening of an adult rat lung cDNA library (Clonetech
Laboratories, Palo Alto, CA) with rabbit polyclonal anti-
NSGP17 produced a 1435-bp cDNA. Sequencing of this
clone demonstrated that it was identical to the published
sequence of a rat lung acidic Ca2�-independent PLA2

19

that was later shown to possess both NSGP and phos-
pholipase activity.20 Using this cDNA as a template,
polymerase chain reaction was performed using primers
5�-GGAATTCATGCCCGGA-GGGCTGCTTCTC-3� and
5�-CCGCTCGAGCGGGTTCCCGCAGACTTAAGGCTG-
3�, which included restriction sites for EcoR1 and XhoI (in
bold) on the upstream and downstream primers, respec-
tively. The amplicon generated by these primers spans
the entire coding sequence of NGSP. After amplification,
the products were treated with EcoR1 and XhoI to pro-
duce cohesive ends, purified, and cloned in frame into
the glutathione S-transferase expression vector pGEX-6P
(Amersham Pharmacia Biotech, Piscataway, NJ, USA);
the expression construct was sequenced to ensure fidel-
ity of polymerase chain reaction amplification. Transfor-
mation of bacteria, purification of the fusion protein, and
cleavage of the glutathione S-transferase tail from the re-
combinant NGSP were all performed according to the man-
ufacturer’s instructions. The purified protein was concen-
trated by lyophilization and used for antibody production.

Antibodies

Antibodies against NSGP

Antiserum was raised in New Zealand White rabbits
using recombinant rat NSGP as antigen. The IgG fraction
was obtained using Protein A affinity chromatography
and concentrated using a Centriprep concentrator. The
concentrated antibody was stored in phosphate-buffered
saline (PBS) in small aliquots at �20°C. Chicken anti-
NSGP antibodies were obtained from Antibody Technol-
ogy Pty. Ltd., Stirling, South Australia.

Antibodies against �-Synuclein

�-Synuclein antibodies were raised in sheep against
human �-synuclein peptide sequence 116 to 131. The
antibodies were affinity-purified using the antigen and
extensively characterized as described.4,21–23

Antibodies against Glial Fibrillary Acidic Protein
(GFAP)

GFAP antibodies were obtained from DAKO Pty. Ltd.,
Botany, NSW, Australia.

Tissue

The human brain tissue used in this study is listed in
Table 1. Brain tissue was obtained from the National
Health and Medical Research Council South Australian
Brain Bank. These brains were removed at autopsy, gen-
erally within 24 hours of death. Brains were bisected and
one half was snap-frozen at �70°C while the other half
was either perfusion-fixed or immersion-fixed with 4%
formaldehyde and 2% picric acid as previously de-
scribed.4 Tissue blocks were embedded in paraffin and
5-�m sections obtained for each brain. Each case was
examined from a clinicopathological perspective to de-
termine the pathology. In this article brain tissue from
seven PD cases, five DLB cases, and five normal cases
were examined. Brain regions examined include the fron-
tal cortex, cingulate, and the brain stem.

Homogenates

Frozen tissue from the cortex, cingulate, and substantia
nigra from each case was carefully dissected to obtain
white and gray matter and homogenized in PBS using a
motorized Wheaton Teflon pestle tissue grinder (clear-
ance, 0.15 to 0.23 mm). The homogenate was centri-
fuged at 8000 � g for 30 minutes to remove particulate
matter and the supernatant was assayed for total protein
and frozen at �70°C.

LB Isolation

Cortical LBs were isolated using magnetic bead immu-
noprecipitation from fresh frozen cortices from DLB

Table 1. Human Brain Tissues Used in Study

Case Age Gender Region

PD (123/93) 65 Male BS
PD (52/99) 84 Male BS
PD (7/95) 68 Female BS
PD (P21) 80 Female BS, C, MFC
PD (P22) 85 Female C, MFC
PD (P25) 83 Female MFC
PD (P31) 81 Female C, MFC
DLB (P23) 67 Male C, MFC
DLB (P26) 91 Female C, MFC
DLB (P30) 81 Female C, MFC
DLB (P36) 80 Male C, MFC
DLB (P40) 86 Male C, MFC
Normal (N10) 79 Female C, FC
Normal (N18) 69 Male C, FC
Normal (N19) 61 Female C, FC
Normal (N20) 84 Female C, FC
Normal (N24) 71 Female C, FC

Abbreviations: PD, Parkinson’s disease; DLB, dementia with Lewy
bodies; BS, brain stem; C, cingulate; MFC, mid-frontal cortex; FC,
frontal cortex.
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cases as described.4,22 For immunoelectron microscopy,
isolated LBs were pelleted in a microcentrifuge at
13,000 � g for 5 minutes, fixed for 10 minutes with 0.25%
glutaraldehyde-2% formaldehyde in PBS, pH 7.4, post-
fixed in 0.5% osmium tetroxide for 30 minutes, and pro-
cessed as described in the Electronmicroscopy section.

One-Dimensional Electrophoresis and Western
Blotting

Proteins from brain homogenates were separated using a
Bio-Rad Minigel System (Bio-Rad, Richmond, CA) and 4
to 20% precast polyacrylamide gel electrophoresis gels
(Gradipore Ltd., Frenchs Forrest, NSW, Australia). The
separated proteins were transferred onto nitrocellulose
using a Semidry Transfer Unit (model TE70 SemiPhor;
Hoeffer Scientific Instruments, Pharmacia) using a trans-
fer buffer of 0.25 mol/L Tris, 0.192 mol/L glycine, and 20%
methanol for 90 minutes. The nitrocellulose membrane
containing the transferred protein was blocked with milk
proteins and incubated overnight with a primary antibody
to NSGP. The antigen:antibody complex was visualized
using a Vector ABC kit (Vector Laboratories Inc., Burlin-
game, CA).

Immunohistochemistry

Co-Localization of NSGP and �-Synuclein

Sections from each brain were incubated with either
sheep anti-�-synuclein as a marker for LBs, rabbit anti-
NSGP, or both antibodies for 18 hours. For 3,3� diamino-
benzidine tetrahydrochloride dihydrate (DAB) staining,
the single antibodies were visualized with either donkey
anti-sheep-conjugated horseradish peroxidase (Jackson
ImmunoResearch, West Grove, PA) or in the case of
NSGP donkey anti-rabbit conjugated to biotin (Jackson
ImmunoResearch) and the antibody complex was visu-
alized using a Vector ABC kit. Sections were examined
and photographed with an Olympus BX50 microscope
linked to a Kodak EOS-DCS digital camera. For fluores-
cence staining the �-synuclein was visualized with don-
key anti-sheep-conjugated fluorescein isothiocyanate
(Jackson ImmunoResearch) and NSGP with donkey anti-
rabbit-conjugated Cy5 (Jackson ImmunoResearch). Sec-
tions were examined using a Bio-Rad confocal laser
scanning microscope and software package (Bio-Rad
MRC 1024, Bio-Rad).

Immunoabsorption of Antibody

To confirm that the staining observed was specific, two
aliquots of NSGP antibody as used in the previous stain-
ing were prepared, with one aliquot being immunoab-
sorbed for 24 hours with excess NSGP antigen. Both
aliquots were then centrifuged and the supernatants
used to stain identical tissue and Western blots.

Co-Localization of NSGP and GFAP

Sections from each brain were incubated for 18 hours
with antibodies to NSGP and GFAP to determine whether
NSGP was specifically up-regulated in astrocytes. For
fluorescence staining, NSGP was detected using donkey
anti-rabbit-conjugated Cy5 (Jackson ImmunoResearch)
and GFAP with donkey anti-mouse-conjugated Cy3
(Jackson ImmunoResearch). Sections were examined
using a Bio-Rad confocal laser-scanning microscope
and software package.

Electronmicroscopy

Fresh brain pieces and pellets from magnetic bead
immunoisolation were immersion-fixed with 2.0% parafor-
maldehyde, 0.25% glutaraldehyde (w/v) in 0.1 mol/L
phosphate buffer at pH 7.4 for 3 hours and postfixed in
0.5% osmium tetroxide (w/v) for 1 hour at 4°C. Blocks
were dehydrated through graded acetone at 4°C and
embedded in L.R. White resin (London Resin, Basing-
stoke, UK). Ultrathin sections were incubated for 3 hours
with rabbit anti-NSGP and visualized with donkey anti-
rabbit-conjugated 12-nm gold (Jackson Immuno-
Research). NSGP preimmune serum was used as a neg-
ative control. The sections were stained with lead citrate
and uranyl acetate and examined in a JEM 1200 EX
electron microscope (Jeol, Tokyo, Japan).

Counting of Positive Glial Cells

NSGP-positive glial cells were counted at �40 magnifi-
cation with a graticule eyepiece (250 �m2 or 0.0625
mm2) using an Olympus HO-2 microscope from five
fields from seven control, six DLB, and four PD cases. In
each case, the regions were selected from the white and
gray matter of the frontal cortex and cingulate. The pos-
itive cells from the five randomly selected regions were
averaged and divided by the area of the graticule (0.0625
mm2) and expressed as cells/mm2. The mean and SE of
the positive cells from each case are shown in Figure 4.
Significance at the 0.05 level of probability was deter-
mined between grouped data using Student’s t-tests. The
brain stem of another three PD cases were examined
histologically but were not included here as the cingulate
and cortex were not available.

Immunoprecipitation

Fresh-frozen cortical tissue from two cases without evi-
dence of neurological disease were homogenized in 10
vol of PBS (pH 7.4) containing a cocktail of protease
inhibitors, using a motorized Wheaton Teflon pestle tissue
grinder. The homogenate was centrifuged at 8000 � g for
30 minutes to obtain a cytosol fraction. In some experi-
ments, the cytosol fraction was extracted to remove res-
idue lipids. Affinity-purified sheep antiserum was raised
against �-synuclein C-terminal (116 to 131 amino acids)
and affinity-purified rabbit antiserum against N-terminal
(11 to 26 amino acids) was covalently coated to tosylac-
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tivated magnetic beads (Dynabeads M-500) according
to the manufacturer’s instructions. Coated beads were
mixed with the human brain cytosol fraction (�2 �
107beads/ml) and incubated overnight at 4°C. The beads
were washed four times with PBS, and bound material
was eluted with sodium dodecyl sulfate sample buffer.
The sample was run on a one-dimensional PAGE gel and
Western blotted as described above. The blot was
probed with a chicken anti-nonselenium glutathione per-
oxidase antibody (Antibody Technology Pty. Ltd.).

Results

NSGP Is Present in Normal and Diseased Brain
Tissue

On one-dimensional reducing PAGE gels the recombi-
nant NSGP protein ran as a clearly defined band below
the prestained carbonic anhydrase standard at 33.4 kd at
�31 kd on all tissues examined (Figure 1, A and B). The
stained gels were loaded with 10 �g of total protein per
well and all bands showed staining of similar intensities.
The Western blot gels were all loaded with 2.5 �g of total
protein. Although breakdown products or reaggregations
were not observed on the stained gels they were de-
tected on the Western blots (Figure 1B). The recombinant
protein showed a series of reaggregations between 45
and 100 kd and a breakdown fragment at �15 kd. Inter-
estingly, the human brain samples exhibited a similar
range of higher molecular weight reaggregations but the
lower molecular weight fragment was not seen. Western
blotting indicated that there might be elevated levels in
PD. After the antibody was preabsorbed with excess

antigen no labeling was observed with Western blotting
or immunohistochemistry, indicating that the antibody is
specific.

NSGP Is Primarily Localized in Astrocytes in
Human Brains

Light immunohistochemistry of normal cortical tissue us-
ing the NSGP antibody indicated that this protein is
present in the cytoplasm of a population of round cells
with a circular or ovoid nucleus with small projections that
resembled astrocytes (Figure 2; A, B, and E). Not all glial
cells were positive and in some tissues identical adjacent
cells showed different staining. No staining was observed
in any neurons in normal cortex (Figure 2A). In addition,
no staining was seen with the preimmune serum.

Increased Glial Staining in Brain Regions
Affected in PD and DLB

In DLB and PD, there was a much greater staining in the
cortex than in normal tissue from the same regions. There
was staining in the cytoplasm of most astrocytes. Some
astrocytes resembled those found in normal tissues
whereas many took on a large star-shaped appearance
with intense staining (Figure 2, C and D). The positive
astrocytes appeared larger with more processes, indic-
ative of hyperplastic changes (Figure 2, F and G). The
NSGP staining appeared to be regional. In the white
matter of most regions examined, some regions had in-
tense astrocyte staining whereas other areas on the same
section showed far less staining. The gray matter closer

Figure 1. A: PAGE analysis of soluble brain proteins from white and gray matter of normal, PD, and DLB brains. Lane 1, PD, FC, and GM; lane 2, PD, FC, and
WM; lane 3, PD and SN; lane 4, NSGP recombinant protein; lane 5, DLB, FC, and GM; lane 6, DLB, FC, and WM; lane 7, N, FC, and GM; lane 8, N, FC, and
WM; and lane 9, N and SN. Gel was stained with Coomassie blue. Molecular weights in kd are indicated at the left. Abbreviations: FC, frontal cortex; GM, gray
matter; WM, white matter; SN, substantia nigra; DLB, dementia with LBs, N, normal. B: Western blot of the same samples as indicated in A. Primary antibody was
protein A-purified rabbit anti-NSGP IgG, secondary antibody was a biotin-labeled donkey anti-rabbit (711-065-152, Jackson ImmunoResearch) and visualized with
a Vector ABC kit using DAB.
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Figure 2. A–D: Low-power images (original magnifications, �400) of the NSGP immunocytochemistry of gray and white gray matter from normal (A and B) and
DLB (C and D) brain tissue. NSGP was visualized using a biotinylated donkey anti-rabbit secondary antibody and a Vector ABC staining kit with DAB. Sections
were lightly counterstained with hematoxylin. NSGP-positive glial cells were markedly increased in both gray and white matter of DLB compared to normal. The
arrows in C and D indicate NSGP-positive glial cells. E–G: Comparison of astrocyte labeling (oil immersion; original magnifications, �1000) with NSGP antibodies
in normal white cortical matter (E), and white (F) and gray matter (G) of DLB cortical tissue. H and I: LB labeling with rabbit anti-NSGP antibodies (H), and
labeling with sheep anti-�-synuclein antibodies (I) within the gray matter of DLB tissue (oil immersion; original magnifications, �1000). Immunoreactivity was
visualized with biotinylated secondary antibodies and a Vector ABC kit using DAB. Arrows indicate the positively stained LBs within the cytoplasm of neurons.
J–R: J to L show �-synuclein labeling with fluorescein isothiocyanate in homogeneous LBs (J) and two forms of concentric LBs (K and L); M to O show NSGP
labeling with Cy5 in the same three LBs; and P to R depict the merged image showing the co-localization.
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to the white matter boundary showed more intense stain-
ing than the gray areas more distant. The staining seen
with the NSGP antibody was completely blocked when
the antibody was immunoabsorbed with the antigen con-
firming the staining was indeed specific.

Counting of NSGP-positive glial cells in white and gray
matter of frontal and cingulated cortical regions from
different cases confirmed the histological observations.
There was �15 times more positive cells in the gray
matter and four times more in the white matter in the
frontal cortex in both DLB and PD (Figure 3). In the
cingulate gray and white matter there was a threefold to
fivefold increase in the number of positive cells in DLB
and PD. The increases in DLB and PD gray matter astro-
cyte numbers were highly significant. Similarly, the in-
creases in positive astrocytes in the cingulate white mat-
ter were highly significant, but the cortical data were
more varied and not significant at the 0.05 level of prob-
ability. The low level of astrocyte staining was very con-
sistent throughout all control cases as indicated by the
tight standard errors. Similarly, the increase number of
NSGP-positive cells in the gray mater was consistent
throughout all cases. The increase in positive astrocytes
in cortical white mater in both DLB and PD was much
more varied. Some cases showed very high levels of
astrocyte activation whereas other cases were similar to
the control cases.

Although the increase in the number of positive cells in
the white matter was not as great as in the gray matter,
the level of astrocyte activation was far greater. The white
matter astrocytes were much larger with approximately
five times the level of NSGP staining (see Figure 2; E, F,
and G). This increase in staining taken with the increase
in the number of astrocytes indicates a similar total in-
crease as in the gray matter. The gray mater astrocytes

had increased in number but were not activated to the
same level as the white matter astrocytes.

Confocal microscopy supported the findings at the
light microscopy level. Very little staining was observed in
normal brain tissue or disease tissue with the preimmune
serum. A population of cells with a circular nucleus with
few projections (astrocytes) were positive for NSGP but
not for �-synuclein in both normal and disease brain
tissue. In addition, a population of star-shaped cells with
an abundant cytoplasm and many extensive projections
(activated astrocytes) stained very strongly in the white
matter of disease brain tissue. These were also observed
in the gray matter adjacent to the white matter in disease
tissue.

Co-localization of GFAP and NSGP indicated that both
antigens were present in astrocytes and that the staining
was much more intense in disease brains. NSGP stained
more cells than GFAP, and many cells that had the ap-
pearance of astrocytes were labeled with NSGP but not
with GFAP.

NSGP in Neurons with LBs in PD and DLB

In PD and DLB, the neurons containing LB-like inclusions,
as compared with those determined by �-synuclein stain-
ing, were also positive for NSGP (Figure 2, H and I). When
the general outline of the LB could be seen, the NSGP
staining was clearly more intense toward the central core
of the LB (Figure 2H). Double staining confirmed the
co-localization of the LB marker �-synuclein and NSGP in
LBs (Figure 2; P, Q, and R). Confocal microscopy anal-
ysis indicated that NSGP was detected in �50% of
�-synuclein-positive LBs in both PD and DLB. Under the
confocal microscope, LBs showed different staining pat-
terns for �-synuclein and NSGP. In general, the staining
area for �-synuclein was greater than for NSGP. Some
LBs had an even distribution of �-synuclein staining (ho-
mogenous LBs, Figure 2J), whereas others had more
peripheral labeling with an unstained central region or
core (concentric LBs; Figure 2, K and L). The NSGP
staining appeared granular, compared to �-synuclein
staining, and staining was more intense in the central
region although there was a light staining throughout the
entire LB in homogeneous LBs (Figure 2M). In concentric
LBs, NSGP was very intense in the central core where
�-synuclein was lacking (Figure 2, N and O). When the
two images are merged the area of co-localization was
clearly evident (Figure 2; P, Q, and R).

Although there was an increase in the level of staining
of astrocytes in the cingulate and cortex in PD, we found
very few LBs in these regions. In the brain stem in PD,
many large LBs and Lewy neurites were observed in the
substantia nigra. Approximately 50% of the LBs were
positive for NSGP. Only the occasional large Lewy neurite
had some labeling, most Lewy neurites were not positive
for NSGP.

Apart from some labeling in LBs, the substantia nigra
did not exhibit the same level of up-regulation of NSGP as
other brain regions. The large neurons in the oculomotor
nucleus however, showed more staining than any other

Figure 3. Number of NSGP-positive glial cells in the white and gray matter of
control (n � 7), DLB (n � 6), and PD (n � 4) brains. Mean � SE.
Significance was determined using unpaired Student’s t-tests and the aster-
isks indicate significance at the 0.05 level of probability.
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neurons in any region examined. These neurons were not
positive for �-synuclein, and contained an even distribu-
tion of NSGP.

NSGP Is Localized in Purified LBs and Interacts
with �-Synuclein

To examine whether NSGP is incorporated into LBs, im-
munoelectron microscopy was conducted on magnetic
bead-immunopurified LBs. Under the electron micro-
scope, the distribution of immunogold labeling for NSGP
was patchy within given LBs (Figure 4A), consistent with
the distribution observed at the confocal level. It was
difficult to differentiate between concentric and homog-
enous LBs at this level, but the center of some LBs did
appear to contain vesicles that were more heavily labeled
with gold particles than the surrounding LB material and
were possibly of the concentric type. These results indi-
cate NSGP is incorporated into LB filamentous structures.

Localization of NSGP in LBs suggests the protein may
interact with �-synuclein, abnormal �-synuclein filamen-
tous aggregates, or any other LB components. To exam-
ine if NSGP interacts with normal �-synuclein, the cytosol
fractions from normal control brains without neurodegen-
erative pathology were immunoprecipitated using affinity-
purified �-synuclein antibodies. A 31-kd NSGP-immu-
nopositive band was co-precipitated with �-synuclein
(Figure 4B, lanes 1 to 4). No high molecular species were
detected. Both N- or C-terminal �-synuclein antibodies
were able to pull down NSGP (Figure 4B, lanes 2 and 3)
but the C-terminal antibodies appeared more effective
than N-terminal antibodies, suggesting the N-terminal
portion of �-synuclein is more important in mediating the
interaction. Both NSGP and �-synuclein interact with lip-
ids,18,24,25 and �-synuclein N-terminal portion contains
the lipid binding sites,24,25 suggesting lipids could be
involved in the interaction between �-synuclein and
NSGP. To further examine if there is direct interaction
between �-synuclein and NSGP, the cytosol fractions
were extracted with acetone to remove any residue lipids,
and immunoprecipitated with �-synuclein C-terminal an-
tibodies. A smaller amount of NSGP was still co-precipi-
tated with �-synuclein (Figure 4B, lane 4), indicating
some direct binding between NSGP and �-synuclein.

Discussion

We have shown for the first time that NSGP is present in
human brain tissue and that it is up-regulated in astro-
cytes and in neurons containing LBs, possibly as a result
of oxidative stress. NSGP was first identified in human
skin where it was implicated in wound repair,26 and in rat
lung where it lines the entire conducting airways.17 In the
human brain it is present as a 31-kd protein in both gray
and white matter in all tissues examined. This was slightly
higher than the native protein (26 kd) previously ob-
served in rat tissue.17 It did run however, identical to the
rat recombinant protein used as a marker. This was prob-
ably because of different gel conditions, in this study 4 to
20% precast gradient gels were used as opposed to
standard 12% gels in the previous study and unstained
standards were used. NSGP is an antioxidant enzyme
catalyzing the conversion of hydrogen peroxide to H2O
using reduced glutathione and has no sequence homol-
ogy with the selenium-dependent forms of glutathione
peroxidase (SGP) that are reported to be exclusively
located in glial cells.16 A significant feature of NSGP is
that it is able to reduce phospholipid hydroperoxides
unlike SGP.18 This activity might be highly significant and
explain the up-regulation and localization of NSGP in
neurons. In addition, this enzyme is reported to be bi-
functional with some phospholipase activity and both
active sites have been mapped.20 Although it is not
known what initiates oxidative stress in PD or DLB the
resulting generation of reactive oxygen species leads to
damage to DNA, proteins, and lipids.27

In the lung this enzyme is a secreted protein and the
possibility exists that this is also a secreted protein in the
brain. Although the antibody was protein G-purified there

Figure 4. A: Electronmicrograph of a LB purified using magnetic beads and
immunostained with a NSGP primary antibody and visualized with a sec-
ondary antibody conjugated to 12-nm gold. Top right inset shows the intact
LB bound to magnetic beads (MB), small arrows indicate the boundary of
LB. The area indicated was taken at higher power and shows the distribution
of the gold particles. B: Immunoprecipitation of NSGP by anti-�-synuclein
antibodies from a cytosol fraction of normal control human brain. Immuno-
blotting was conducted by using chicken IgY raised against recombinant
NSGP, followed by biotinylated donkey anti-chicken IgY, and streptavidin-
biotin-HRP complex. The membrane was developed using X-ray film and a
enhanced chemiluminescence kit (Amersham Pharmacia Biotec, Sydney,
Australia). Lane 1, Recombinant NSGP (�15 ng). Lane 2, Precipitates using
antibody to �-synuclein C-terminal 116 to 131 amino acids. Lane 3, Precip-
itates using antibody to �-synuclein N-terminal 11 to 26 amino acids. Lane 4,
Precipitates from acetone-extracted cytosol using antibody to �-synuclein
N-terminal 11 to 26 amino acids.
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was a much higher background than with �-synuclein or
the preimmune serum suggesting this protein might also
be secreted by some brain cells. Although PAGE gels
and Western blots are only a crude measure of specific
protein levels, there did appear to be increased levels in
the PD samples shown in Figure 1 but not in DLB. Further
studies using an enzyme-linked immunosorbent assay
are required to accurately determine tissues levels.

The oxidative stress that has lead to the formation of
LBs would appear to be more widespread than just af-
fecting neurons. In normal brain tissue the astrocytes are
small round cells with little cytoplasm with only a few
processes evident. NSGP staining is much more intense
in disease brain tissue than in normal tissue with wide-
spread activation of astrocytes from the brain stem to the
cortex. In PD, the pigmented cells of the substantia nigra
were not heavily labeled with NSGP. We suspect that this
was because the susceptible neurons had been previ-
ously destroyed. The large neurons of the occulomotor
region of the brainstem were more intensely labeled with
NSGP even though they were not positive for �-synuclein.
The ability to up-regulate the antioxidant enzymes such
as NSGP may determine whether certain neurons are
sensitive or more resilient to oxidative stress conditions.

Despite the fact that the substantia nigra is one of the
major regions devastated in PD, this region was not
heavily stained for NSGP. Intense astrocyte staining in
the white matter was observed in some but not all regions
of the brain stem. Although very few LBs were seen in
other brain regions in PD, the cingulate and cortex re-
gions examined showed extensive, regional up-regula-
tion of NSGP in astrocytes. In PD and DLB many of the
astrocytes were large star-shaped cells with many pro-
cesses with intense staining for NSGP and appeared to
be activated. This would also support the model that
oxidative stress conditions exist in these disease brains.
The intense staining of astrocytes was seen mainly in the
white matter although there was a much greater increase
in the number of positive cells in the gray matter. The
staining in the gray matter was highest at the boundary
with the white matter, which decreased further from the
white matter boundary. This would infer that the oxidative
stress conditions are not confined to the gray matter
where LBs are found and that both white and gray matter
are involved. The up-regulation of this enzyme is regional.
Some regions were affected much more than others in
close proximity. It is difficult to explain these findings but
they could possibly be related to regional blood flow. Our
preliminary studies suggests there is also an increase in
NSGP in glia but not in neurons in Alzheimer’s disease,
indicating that up-regulation of NSGP in glia is not unique
to PD and DLB but the neuronal response seems to be
unique.

The pathological hallmark of PD and DLB is the pres-
ence of LBs, which are an ordered collection of damaged
lipids and proteins, many of which are aggregated,
ubiquinated, and nitrated.4,11,28 �-Synuclein is a major
modified LB protein and we have used this as a marker
for LBs in the current study. We have previously shown
that LBs are not uniform and that �-synuclein is located
more peripherally than ubiquitin and that the concentric

types have a lipid core.4 In concentric LBs, NSGP has a
similar distribution to the lipid and this might be because
of its role in reducing lipid peroxides. Light, confocal, and
electron microscopy all confirmed the presence of NSGP
in LBs. NSGP was present in the cell bodies of some
neurons that were positive for diffuse cytoplasmic
�-synuclein but did not have LBs, suggesting that NSGP
is present before LBs form. Approximately 50% of the
LBs were positive for NSGP, and LBs that were negative
tended to be larger. We suggest that the neuron re-
sponds to the oxidative stress conditions by unregulating
NSGP as a protective mechanism. As these conditions
persist cellular damage occurs leading to the formation of
LBs. When the cell dies NSGP is no longer expressed
and only the protease resistant LB remains. The NSGP
staining in neurons and LBs is not as intense as the
staining for �-synuclein and was not evident at the con-
ventional fluorescence microscopic level, but was clearly
present at the confocal level and with DAB staining. The
confocal microscopy was performed using Cy5-conju-
gated donkey anti-rabbit IgG and fluorescein isothiocya-
nate-conjugated donkey anti-sheep IgG, to eliminate
cross reactivity and bleach through. Each secondary
antibody was immunoabsorbed against several other
species, and there is little overlap in the emission spec-
trums of these two fluorophores.

Although the LB pathology in DLB and PD are essen-
tially the same, why these have developed LBs in differ-
ent regions is still a major question. Although speculative,
it would appear from this study that NSGP is up-regulated
in specific cells early in the disease process as part of the
neurons defense against oxidative stress because it is
only present when LBs are present in viable neurons as
indicated by an intact nucleus. The trigger for the up-
regulation of this enzyme might be the change in cellular
redox potential, which is primarily determined by the level
of reduced glutathione. Low levels of reduced glutathione
in affected regions has been a consistent finding in the
PD brain.29,30 Changes in cellular redox potential are
reported to activate cell-signaling pathways including
transcription factors.31,32

Our results indicate the NSGP is a component of LBs,
and the interaction between NSGP and �-synuclein may
at least partially account for the accumulation of this
protein in LBs. LBs also contain many other proteins as
well as lipids and these could be the potential binding
partner for NSGP. It is interesting to note that NSGP staining
is more widespread in homogenous LBs, whereas it is con-
centrated in the core in concentric LBs. These patterns
suggest that after recruitment into LBs, NSGP may undergo
redistribution to certain subdomains that have higher bind-
ing affinity to NSGP. The LB core contains concentrated
lipids that could be the substrates for NSGP. However, it
remains to see if such accumulation and redistribution of
NSGP in LBs has any physiological or pathological conse-
quence.

There is considerable evidence that oxidative stress
and �-synuclein are involved in neurodegeneration in PD.
There are however, many unresolved questions relating
to the roles of oxidative stress and �-synuclein in the
formation of inclusions in PD and other neurodegenera-
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tive diseases. One question is whether oxidative stress
causes damage to RNA, DNA, proteins, and lipids and
results in protein and lipid aggregation and the formation
of inclusion bodies and �-synuclein is just one of many
proteins involved, or, whether �-synuclein overexpres-
sion results in the oxidative stress that then damages
DNA, RNA, proteins, and lipids. Hsu and colleagues33

using a murine hypothalamic cell line have reported that
�-synuclein overexpression results in �-synuclein-posi-
tive inclusions, mitochondrial modification, and the gen-
eration of free radicals, which suggests �-synuclein plays
an active role in producing oxidative stress. Using the
same murine hypothalamic cell line transfected with
�-synuclein, they found the cells were more resistant to
oxidative stress, which suggests �-synuclein has a pro-
tective role.34 Overexpression of �-synuclein may well
deplete cellular energy reserves and result in oxidative
stress and may be a similar process to the genetic forms
of PD. Whether �-synuclein has an active role in neuro-
degeneration or is just an innocent bystander remains to
be determined. Nunomura and co-workers35 have re-
ported that 8-hydroxyguanisone, an oxidized nucleoside
from RNA, is elevated well before the formation of
plaques and tangles in Alzheimer’s disease and that
oxidative stress is an early event in this disease. We
would also suggest that the elevated levels of NSGP in
neurons is a early event in PD as its up-regulation is more
widespread than LBs.

In conclusion, we have demonstrated for the first time
that NSGP is present in the human brain and that it is
present in neurons that contain LBs. In addition, we have
demonstrated widespread gliosis in many brain regions
without LB pathology. Because this only occurred in PD
or DLB and not in control brains we suggest that the most
likely explanation for the up-regulation of NSGP is in
response to increased oxidative stress conditions in
these diseases.
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