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Oxidative stress has been shown to be important in several neurodegenerative disorders. Previous in
vitro studies have already demonstrated the ability of a prion protein fragment to induce oxidative
stress in cultured cells. By immunohistochemistry for nitrotyrosine (NT) and heme oxygenase-1 as
markers for oxidative stress, we found widespread neuronal labeling for NT in scrapie-infected mouse
brains, in agreement with peroxynitrite mediated neuronal degeneration. Damage by free radicals is
a likely cause for neurodegeneration in prion disease, and antioxidants are a potential therapy of these

disorders. © 2000 Academic Press
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INTRODUCTION

Transmissible spongiform encephalopathies (TSEs)
or prion diseases are infectious, inherited, or sporadic
neurodegenerative disorders [for a review see
(Prusiner, 1998)]. Human TSEs include Creutzfeldt–
Jakob disease (CJD), Gerstmann–Sträussler–Scheinker
disease, kuru and fatal familial insomnia. Animal
prion diseases include most notably scrapie and bo-
vine spongiform encephalopathy or “mad cow” dis-
ease. Spongiform change, astrogliosis, and neuronal
loss are the classical neuropathological triad of tissue
lesioning in TSEs. Recent studies showed diffuse,
early and severe loss of parvalbumin positive (PV1)
neurons in human and experimental TSEs (Guentchev
et al., 1998, 1999), suggesting such selective neuronal
vulnerability is possibly related with typical symp-
toms in CJD. However, the cause for and mechanism
of neuronal loss is yet unknown.

There is increasing evidence that oxidative stress,
resulting from damage by free radicals to lipids, car-
bohydrates, proteins, and DNA, is involved in neuro-
nal death in Alzheimer’s (Pappolla et al., 1998; Smith et
l., 1998, 1997) and other neurodegenerative diseases
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(Beal et al., 1997; Browne et al., 1999; Cookson and
Shaw, 1999). Moreover, several studies have sug-
gested that the cellular prion protein (PrPc), a mole-
cule having a crucial role in TSE, may be involved in
the cellular response and resistance to oxidative stress
(Brown et al., 1997b, 1998b; Choi et al., 1998; Wong et
al., 1999), showing that neurons and astrocytes from
mice deficient in PrPc are more sensitive to oxidative
tress (Brown et al., 1998a, 1997c).

In this study we investigated whether free radicals
damage is involved in the neuronal degeneration of an
experimental TSE model. We used immunohistochem-
istry for nitrotyrosine (NT), an indicator of peroxyni-
trite generation (Smith et al., 1997) as marker for oxi-
dative stress, and for heme oxygenase-1 (HO-1), an
enzyme leading to formation of antioxidant molecules
(Smith et al., 1994).

MATERIALS AND METHODS

Ten terminally diseased mice which had been intra-
cerebrally inoculated with scrapie (four ME7, two
RML, four 22A strains) and 4 age-matched controls
(Guentchev et al., 1998) were investigated. Mice inoc-

ulated at mean ages of 7 weeks were killed at mean
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ages of 240 days (RML), 255 days (ME7), and 600 days
(22A), respectively.

Formol-fixed and paraffin-embedded brain sections
cut at 4 mm were used for immunohistochemistry.
Sections for NT and HO-1 labeling were boiled 20 min
in citrate-buffered saline, pH 6.0. Before incubating
with the primary antibody, sections were rinsed in
0.1% Triton X. Polyclonal antibodies against GFAP
(1:500, Dako, Glostrup, Denmark), NT (1:50, Upstate
Biotechnology, Waltham, MA), and HO-1 (1:200,
StressGen, Victoria, British Columbia, Canada) were
used. Dako ChemMate detection kit or swine anti-
rabbit and PAP-rabbit (Dako, Glostrup, Denmark)
were used as secondary system. Both secondary sys-
tems have shown similar results, while immunohisto-
chemistry with Dako ChemMate detection kit ap-
peared to give a stronger signal.

The following controls for NT staining were per-
formed: (1) adsorption of the primary antibody using
a combination of three proteins: bovine superoxide
dismutase, bovine serum albumin and rabbit muscle
myosin that were nitrated using peroxynitrite (total
protein concentration 8.1 g, Upstate Biotechnology,
Waltham, MA, Catalogue No. 12-354) at 4°C over-
night; (2) reduction of NT with 15 mM sodium hydro-
sulfite in 50mM carbonate buffer, pH 8.0, for 15 min at
room temperature (Smith et al., 1997), and (3) omission
of the primary antibody. In these control sections, we
found no or only a slight background staining.

RESULTS

Control Mice

GFAP positive astrocytes are mainly distributed in
the white substance and around the dentate gyrus.
The cerebral cortex (except the molecular layer) and
thalamic nuclei show no GFAP immunopositive cells
(Fig. 1A). In the cerebral cortex, almost all neurons are
negative for NT and HO-1 (Figs. 1C and 1E). Few
neurons in the thalamus (in all control cases) and
upper cortical layers (in one from four control cases)
are positive for NT (data not shown). Protoplasmatic
(GFAP negative) astroglial cells in the cortex are
strongly immunoreactive for NT and HO-1 (Figs. 1C
and 1E).

Experimental Scrapie

There is a large number of GFAP-positive astrocytes

in the cortex (Fig. 1B), hippocampus, and thalamic
nuclei. Almost all neurons of the cortex (especially in
the upper layers), thalamus, and dentate nuclei show
an intracellular, perikaryal staining for NT (Fig. 1D),
but are negative for HO-1 (Figs. 1D and 1F). The
neuropil is also positive for NT. GFAP-immunoposi-
tive reactive cortical astrocytes are mostly negative for
NT and HO-1 (Figs. 1D and 1F). As compared to
controls, the extracellular matrix and neuropil is
strongly immunoreactive for HO-1 (Fig. 1F). NT and
HO-1 immunostaining was diffusely distributed
through the investigated regions and did not correlate
with other pathologic changes. There were no un-
equivocal differences in the regional distribution of
both markers. There is no significant difference be-
tween the three different scrapie strains.

DISCUSSION

Using NT as marker for oxidative stress, free radi-
cals damage has been shown as a major event in
neurodegenerative disorders (Beal et al., 1997; Browne
t al., 1999; Scott et al., 1999; Smith et al., 1997). Expo-

sition to a neurotoxic prion protein peptide, PrP106–126,
induces oxidative stress to PC12 cells (Brown et al.,
1997b) and HO-1 mRNA in cultured astrocytes (Riz-
zardini et al., 1997). Furthermore, the reduction of
Cu/Zn SOD activity in PrP knock-out mice (Brown et
al., 1997a) and the increased sensitivity to free radicals
damage of neurons and astrocytes from these mice
suggest a function of PrPc in the cellular response and
esistance to oxidative stress (Brown et al., 1997a,
998a, 1998b, 1997c). The immunocytochemical detec-
ion of NT and the changed immunohistological pro-
le for HO-1 (in a similar way as in APP transgenic
ice (Pappolla et al., 1998)) in scrapie infected brains

provides the first in vivo evidence that oxidative stress
has a major role in neurodegeneration in TSEs. In
Alzheimer’s disease, previous studies showed only
vulnerable neurons as positive for NT (Smith et al.,
1997). In human and experimental TSEs, we and other
investigators demonstrated severe vulnerability of
PV1 neurons (Guentchev et al., 1998, 1999), thus we
expected to find damage by free radicals mainly in this
neuronal subset. However, NT-positive neurons were
widely distributed through the whole brain, even in
regions without PV1 neurons (Guentchev et al., 1998).
Moreover, we did not find differences between the
three scrapie strains used, although they show distinct
patterns of PrPSc deposition. This suggests oxidative

stress as a global event in TSEs, affecting almost all

Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



272 Guentchev et al.

A

neurons in the terminal stage, while probably the most
vulnerable to free radicals damage degenerate first.

The detection of some NT immunoreactive neurons
in healthy controls in the cerebellum (Smith et al.,
1997), thalamus and cortex suggests that oxidative
stress might occur physiologically in some neuronal
subsets.

In sum, peroxynitrite mediated neuronal damage is
widespread in experimental scrapie, confirming oxi-
dative stress as an important event in the terminal
stage of experimental TSEs. Further investigation on
the temporary occurrence of oxidative stress markers
in a sequential series will clarify its importance during
disease development and the possible benefit of an

FIG. 1. GFAP immunostaining (A, B), nitrotyrosine (NT) (C, D), a
cortex in control (A, C, E) and scrapie ME7 (B, D, F) brains. Note th
and of HO-1 staining in the neuropile of the scrapie brain. Most
magnification, 3128.
antioxidant therapy.

Copyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
ACKNOWLEDGMENTS

Special thanks are due to Dr. Johannes Hainfellner for help and
support. This work was supported by the European Union
Biomed-2 Concerted Action “European Centralized Facility for Hu-
man TSEs” (Project Leader, H. Budka, Vienna) and European Union
Biomed-2 Shared Cost Action “Molecular biology of prion diseases”
(Project Leader, J. Collinge, London).

REFERENCES

Beal, M. F., Ferrante, R. J., Browne, S. E., Matthews, R. T., Kowall,
N. W., & Brown, R. H. J. (1997) Increased 3-nitrotyrosine in both
sporadic and familial amyotrophic lateral sclerosis. Ann. Neurol.

e oxygenase-1 (HO-1) (E, F) staining in the retrosplenial granular
ase of GFAP immunoreactive astrocytes, of neuronal NT staining,
ot all neurons in the scrapie brain are positive for NT. Original
nd hem
e incre
but n
42, 644–654.



B

B

B

B

B

C

C

G

G

P

P

R

S

S

S

S

W

273Oxidative Stress in Scrapie
Brown, D. R., Qin, K., Herms, J. W., Madlung, A., Manson, J.,
Strome, R., et al. (1997a) The cellular prion protein binds copper in
vivo. Nature 390, 684–687.

rown, D. R., Schmidt, B., & Kretzschmar, H. A. (1997b) Effects of
oxidative stress on prion protein expression in PC12 cells. Int. J.
Dev. Neurosci. 15, 961–972.

rown, D. R., Schmidt, B., & Kretzschmar, H. A. (1998a) Effects of
copper on survival of prion protein knockout neurons and glia.
J. Neurochem. 70, 1686–1693.

rown, D. R., Schmidt, B., & Kretzschmar, H. A. (1998b) A prion
protein fragment primes type 1 astrocytes to proliferation signals
from microglia. Neurobiol. Dis. 4, 410–422.

rown, D. R., Schulz-Schaeffer, W. J., Schmidt, B., & Kretzschmar,
H. A. (1997c) Prion protein-deficient cells show altered response
to oxidative stress due to decreased SOD-1 activity. Exp. Neurol.
146, 104–112.

rowne, S. E., Ferrante, R. J., & Beal, M. F. (1999) Oxidative stress in
Huntington’s disease. Brain Pathol. 9, 147–163.

hoi, S. I., Ju, W. K., Choi, E. K., Kim, J., Lea, H. Z., Carp, R. I., et al.
(1998) Mitochondrial dysfunction induced by oxidative stress in
the brains of hamsters infected with the 263 K scrapie agent. Acta
Neuropathol. 96, 279–286.

ookson, M. R., & Shaw, P. J. (1999) Oxidative stress and motor
neurone disease. Brain Pathol. 9, 165–186.
uentchev, M., Groschup, M. H., Kordek, R., Liberski, P. P., &
Budka, H. (1998) Severe, early and selective loss of a subpopula-
tion of GABAergic inhibitory neurons in experimental transmis-
sible spongiform encephalopathies. Brain Pathol. 8, 615–623.
uentchev, M., Wanschitz, J., Voigtländer, T., Flicker, H., & Budka,

H. (1999) Selective neuronal vulnerability in human prion dis-
eases: Fatal familial insomnia differs from other types of prion
diseases. Am. J. Pathol. 155, 1453–1457.

appolla, M. A., Chyan, Y. J., Omar, R. A., Hsiao, K., Perry, G.,
Smith, M. A., et al. (1998) Evidence of oxidative stress and in vivo
neurotoxicity of beta-amyloid in a transgenic mouse model of
Alzheimer’s disease: A chronic oxidative paradigm for testing
antioxidant therapies in vivo. Am. J. Pathol. 152, 871–877.

rusiner, S. B. (1998) Prions. Proc. Natl. Acad. Sci. USA 95, 13363–
13383.

izzardini, M., Chiesa, R., Angeretti, N., Lucca, E., Salmona, M.,
Forloni, G., et al. (1997) Prion protein fragment 106-126 differen-
tially induces heme oxygenase-1 mRNA in cultured neurons and
astroglial cells. J. Neurochem. 68, 715–720.

cott, G. S., Jakeman, L. B., Stokes, B. T., & Szabo, C. (1999) Peroxyni-
trite production and activation of poly (adenosine diphosphate-
ribose) synthetase in spinal cord injury. Ann. Neurol. 45, 120–124.

mith, M. A., Hirai, K., Hsiao, K., Pappolla, M. A., Harris, P. L.,
Siedlak, S. L., et al. (1998) Amyloid-beta deposition in Alzheimer
transgenic mice is associated with oxidative stress. J. Neurochem.
70, 2212–2215.

mith, M. A., Kutty, R. K., Richey, P. L., Yan, S. D., Stern, D., Chader,
G. J., et al. (1994) Heme oxygenase-1 is associated with the neu-
rofibrillary pathology of Alzheimer’s disease. Am. J. Pathol. 145,
42–47.

mith, M. A., Richey, P. L., Sayre, L. M., Beckman, J. S., & Perry, G.
(1997) Widespread peroxynitrite-mediated damage in Alzhei-
mer’s disease. J. Neurosci. 17, 2653–2657.
ong, B. S., Wang, H., Brown, D. R., & Jones, I. M. (1999) Selective
oxidation of methionine residues in prion proteins. Biochem. Bio-

phys. Res. Commun. 259, 352–355.

Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.


	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	FIG. 1

	ACKNOWLEDGMENTS
	REFERENCES

