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The prion protein (PrP) has a central role in the
pathogenesis of transmissible spongiform encepha-
lopathies (TSE). Accumulating evidence suggests that
normal cellular PrP (PrPc) may be involved in copper
homeostasis and modulation of copper/zinc superox-
ide dismutase (Cu/ZnSOD) activity in neurons. Hydro-
gen peroxide (H2O2) is a toxic reactive oxygen species
generated through normal cellular respiration, and
neurons contain two important peroxide detoxifying
systems (glutathione pathway and catalase). To deter-
mine whether PrP expression affects neuronal resis-
tance to H2O2, we exposed primary cerebellar gran-
ule neuron cultures derived from PrP knockout
(PrP2/2) and wild-type (WT) mice to H2O2 for 3, 6,
and 24 hours. The PrP2/2 neurons were significantly
more susceptible to H2O2 toxicity than WT neurons
after 6 and 24 hours’ exposure. The increased H2O2

toxicity may be related to a significant decrease in
glutathione reductase activity measured in PrP2/2

neurons both in vitro and in vivo. This was supported
by the finding that inhibition of GR activity with 1,3-
bis(2-chloroethyl)-1-nitrosurea (BCNU) increased
H2O2 toxicity in WT neurons over the same exposure
period. The PrP toxic peptide PrP106–126 signifi-
cantly reduced neuronal glutathione reductase activ-
ity and increased susceptibility to H2O2 toxicity in
neuronal cultures suggesting that PrP toxicity in vivo
may involve altered glutathione reductase activity.
Our results suggest the pathophysiology of prion dis-
eases may involve perturbed PrPc function with in-
creased vulnerability to peroxidative stress. (Am J
Pathol 1999, 155:1723–1730)

Creutzfeldt-Jakob disease (CJD) is a transmissible spon-
giform encephalopathy (TSE) with some variants (nvCJD)
zoonotically linked to bovine spongiform encephalopa-
thy.1–3 Etiologically, TSEs are unique, developing from
both genetic and infectious or transmissible origins.4 The
disease process is characterized neuropathologically by
vacuolar neuronal degeneration and accumulation of al-
tered forms of prion protein (PrP) in the brain.5,6 Normal
cellular PrP (PrPc) can be expressed in neurons as either
a glycosylphosphotidylinositol-anchored sialoglycopro-
tein or as a transmembrane molecule.7,8 The molecular
and cellular events leading to PrP accumulation appear
to involve transformation of the soluble low b-sheet-con-
taining PrPc to the infectious, relatively protease-resistant
form with a high b-sheet content (PrPres).9,10 Infectivity
and toxicity are dependent on the expression of PrPc

because PrP knockout (PrP2/2) mice are resistant to
scrapie prions in vivo.11 In vitro studies have demon-
strated that a synthetic peptide corresponding to human
PrP residues 106–126 (PrP106–126) is toxic to neu-
rons,12,13 with toxicity simultaneously dependent on PrPc

expression,12 the presence of microglia,14 and possibly
NMDA receptor-associated Ca21 channel activa-
tion.15–18

Although the normal function of PrPc is unknown, a
possible role for PrP in modulating neuronal oxidative
stress has been recently identified. Studies using PrP2/2

neuronal cultures have shown that a lack of PrP expres-
sion increases susceptibility to superoxide anions
(O2

2)14 or copper-mediated toxicity.19 This appears to
be related to decreased copper/zinc superoxide dis-
mutase (Cu/ZnSOD) activity in PrP2/2 cultured neurons
and brain.20 The exposure of wild-type neurons to
PrP106–126 also reduced Cu/ZnSOD activity and predis-
posed cells to increased O2

2 toxicity. If PrPc is associ-
ated with antioxidant activity, then the interaction be-
tween PrP106–126/PrPres and PrPc could impair these
antioxidative defenses (through loss of function) and pre-
dispose neurons to increased free radical toxicity.
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Another important antioxidant pathway in neurons in-
volves glutathione reduction (GSH) and oxidation. The
reduced form of GSH is critical for detoxification of cel-
lular hydrogen peroxide (H2O2), prevention of lipid and
protein oxidation,21 and the transport, detoxification, and
sequestration of copper.22,23 GSH metabolism and per-
oxidation appear to play a central role in a number of
neurodegenerative disorders.24,25 We therefore studied
the relationship between PrPc expression on H2O2 toxic-
ity and the glutathione pathway. As H2O2 is a major
metabolic and excitotoxic byproduct, we wished to de-
termine whether PrP2/2 neurons were more vulnerable to
peroxide toxicity than WT neurons. Our studies revealed
a significant increase in H2O2 toxicity in PrP2/2 neurons.
This may be related to the decreased glutathione reduc-
tase (GR) activity observed in PrP2/2 neurons in vitro and
in vivo. The toxic PrP106–126 peptide also induced a
significant reduction in GR activity in neuronal cultures,
suggesting that altered GR activity may be relevent to
PrPres toxicity in vivo. These studies support the important
extensive role PrPc has in antioxidant activity in neurons
and that perturbations to PrP function in CJD may pre-
dispose neurons to peroxidative damage.

Materials and Methods

Materials

PolyL-lysine and 3,[4,5 dimethylthiazol-2yl]22,5 diphe-
nyltetrazolium bromide (MTT) were from Sigma Chemical
Co. (Australia). Glutamine, glucose and gentamicin sul-
fate were obtained from Gibco BRL (Australia). Fetal calf
serum (FCS) and horse serum were from the Common-
wealth Serum Laboratories (Sydney, Australia). 1,3-bis(2-
chloroethyl)-1-nitrosurea (BCNU) was from Bristol Myers
Squibb (UK).

Primary Cultures

PrP2/2 mice were obtained from Dr C. Weissmann, Insti-
tut fur Molekularbiologie I (Zurich, Switzerland). The ab-
sence of PrP expression in the PrP2/2 mice has been
previously reported26 and was confirmed by immunoblot
analysis in our laboratory (unpublished observations).
Wild-type (WT) control mice (C57BL6J 3 129/Sv) corre-
spond to genetically matched mice from which the
PrP2/2 mice were derived26 and are of the same back-
ground as those used in previous studies of PrP2/2

mice.14,19,20,27 Primary cultures of cerebellar granule
neurons (CGN) were established from PrP2/2 and WT
mice using previously described methods.28 Cerebellar
granule neurons were plated at 350,000 cells/cm2 in
Basal Medium Eagle (BME) (Gibco BRL) with 10% (v/v)
FCS. Cultures were maintained at 37°C in 5% CO2. Cy-
tosine arabinofuranoside Ara C (10 mmol/L) was added at
day 2.

Measurement of Neuronal Cell Viability and
Cell Death

Cell viability was determined by measuring the redox
potential of the cells using the MTT assay as previously
described.28,29 Culture medium was replaced with 0.6
mg/ml MTT in control salt solution (CSS) for 2 hours. The
supernatant was removed and cells solubilized with di-
methyl sulfoxide. Aliquots of 100 ml were measured with a
spectrophotometer at 570 nm. The MTT assay compared
well to other cell viability assays such as Alamar Blue
(Serotec, Sydney, Australia) and provided an accurate
indication of neuronal viability under the conditions used.

Induction of Oxidative Stress

Peroxide toxicity was induced in day 4 CGN cultures by
adding H2O2 diluted from 30% stock solution to culture
media for 3, 6, and 24 hours, followed immediately by
MTT assay of cell viability. Data represents the mean and
standard error of the mean (SE) of experiments per-
formed in at least 3 to 4 cultures measured in triplicate. To
determine the effect of BCNU on H2O2 toxicity, BCNU
was added 1 hour before addition of H2O2. A BCNU
stock solution (1 mmol/L) was prepared in absolute eth-
anol and stored at 270°C before use.

Exposure of Neuronal Cultures to
Amyloidogenic Peptides

PrP106–126 and a scrambled version of this peptide
were synthesized as previously described.30 Peptides
were dissolved in fresh, serum-free culture medium at a
concentration of 2 mg/ml before use. PrP106–26 dis-
played fibrillogenic and neurotoxic properties consistent
with previous reports.18,28 CGN cultures were exposed to
80 mmol/L PrP106–126 or 80 mmol/L scrambled PrP106–
126. These concentrations did not alter cell viability after
24 hours’ exposure.

Measurement of Glutathione Peroxidase and
Glutathione Reductase Levels in Primary
Cultures

Determination of glutathione peroxidase (GPx) and GR
levels in CGN cultures and brain tissue were performed
using the respective assay kits per the manufacturer’s
instructions (Oxis International Inc., R&D Systems, Min-
neapolis, MN). Protein estimation was performed with a
BCA protein assay kit (Pierce, Rockford, IL) on aliquots of
homogenized cultures before centrifugation. For GPx ac-
tivity, control and H2O2-treated CGN cultures and
2-week-old brain tissue were homogenized for 10 sec-
onds in a polytron homogenizer in ice-cold 50 mmol/L
Tris-HCl containing 1 mmol/L 2b-mercaptoethanol, pH
7.5, centrifuged at 8500 3 g for 10 minutes at 4°C, and
the supernatants were stored at 270°C. For GR activity,
control, H2O2- and peptide-treated CGN cultures and
2-week-old brain tissue were homogenized as above in
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ice-cold 60 mmol/L KPO4 buffer, pH 7.5, centrifuged, and
stored at 270°C. Determination of GR activity was based
on the equation: (A340 minutes/6220 mol/L21 cm21) 3
5 5 mU/ml, where A340 5 change in absorbance per
minutes at 340 nm, 6220 mol/L21 cm21 5 the molar
extinction coefficient of NADPH, and 5 5 assay dilution.
Determination of GPx activity was achieved by the equa-
tion: (A340 minutes/6220 mol/L21 cm21) 3 16 5 mU/ml,
where 16 5 assay dilution. Results for both GR and GPx
assays were then adjusted to give data as mU/mg pro-
tein. One GR unit reduces 1 mmol of oxidized glutathione
(GSSG) per minute at 25°C and pH 7.6. One GPx unit
consumes 1 mmol NADPH per minute at 25°C and pH 7.6.

Statistical Analysis

Data represent the mean and SE of experiments per-
formed in at least 3 to 4 cultures measured in triplicate. In
all cases, comparisons of data were performed with anal-
ysis of variance and Newman-Keuls tests.

Results

PrP2/2 Cerebellar Granule Neurons Are More
Susceptible to H2O2 Toxicity than WT Neurons

To determine whether PrPc expression affects neuronal
survival under our basal culture conditions, CGN cultures
were grown from PrP2/2 and WT mice for up to 8 days
and cell viability was determined with the MTT assay.
PrP2/2 and WT cultures grown with the astrocyte growth
inhibitor, Ara C, added at day 2 showed no significant
difference in cell viability between day 1 and day 8 in
vitro. (Cell viability in PrP2/2 cultures was 97 6 4.0% of
the WT value after 8 days in vitro). These data indicate
that under the conditions used, PrPc expression did not
affect basal cell survival in neuronal cultures.

Previous studies have shown that PrP2/2 neurons are
more susceptible to superoxide toxicity.14,20 To deter-
mine whether PrP2/2 neurons are more susceptible to
other forms of oxidative stress, we tested PrP2/2 neurons
against peroxidative toxicity. Four-day-old cultures of
PrP2/2 and WT CGN (3.5 3 105 cells/cm2) were exposed
to different concentrations of H2O2 for 3, 6, and 24 hours
and cell viability was measured using the MTT assay. The
cell density used is consistent with previous studies on
CGN oxidative toxicity.31–33 The MTT assay measures
cellular redox potential and is a sensitive indicator of
neuronal cell viability.29 The MTT assay was used in
preference to cell death assays (such as the lactate
dehydrogenase assay) as nonlethal changes to neuronal
viability are an important indicator of neuronal dysfunc-
tion and increased susceptibility to oxidative in-
sults.28,34,35 H2O2 induced a significant decrease in neu-
ronal viability after 3 hours’ exposure (Figure 1A). At this
time point there was no difference in cell viability between
PrP2/2 and WT cultures. However, after a 6- or 24-hour
treatment with H2O2, cell viability was significantly lower
(*P , 0.05, **P , 0.01) in the PrP2/2 cultures as com-
pared to WT treated with $40 mmol/L H2O2 (Figure 1, B

Figure 1. Effect of H2O2 on cell viability in PrP2/2 and WT CGN cultures.
A-C: Primary CGN cultures were grown for 4 days and exposed to H2O2 for
3 (A), 6 (B), and 24 hours (C). Untreated controls represent 100% cell
viability. Cell viability was determined by MTT assay immediately after
removal of H2O2. PrP2/2 neurons revealed significantly lower cell viability
than WT neurons exposed to H2O2 for 6 or 24 hours (*P , 0.05, **P , 0.01).

Glutathione Reductase Activity in PrP2/2 Neurons 1725
AJP November 1999, Vol. 155, No. 5



and C). At 100 mmol/L H2O2, PrP2/2 neurons revealed
approximately 40 and 60% lower viability than WT neu-
rons after 6 and 24 hours’ treatment, respectively (**P ,
0.01, Figure 1, B and C). These findings clearly demon-
strate that, in vitro, neurons lacking PrPc are significantly
more susceptible to peroxide toxicity than WT neurons.

Glutathione Reductase Activity Is Significantly
Reduced in PrP2/2 CGN

Perturbations to the activity of the GSH-metabolizing en-
zymes GPx or GR can mediate increased sensitivity to
H2O2 in neurons.25 To determine whether increased sus-
ceptibility to H2O2 toxicity in PrP2/2 neurons was related
to perturbed GSH metabolism, we measured the activity
of these two main GSH-associated enzymes, GPx and
GR, in CGN cultures and cerebellum.

Assessment of GR levels in cultures under basal con-
ditions revealed that PrP2/2 neurons had approximately
17% lower GR activity than WT neurons at day 4 in vitro
(*P , 0.05, Figure 2, Control). To determine whether
H2O2 exposure affected the GR activity in PrP2/2 or WT
neurons, 60 mmol/L H2O2 was added to cultures for 6 or
24 hours. In both WT and PrP2/2 neurons, 60 mmol/L
H2O2 did not significantly alter GR activity after 6 hours
(Figure 2). However, a 24-hour exposure to 60 mmol/L
H2O2 caused a 31% lower GR activity in PrP2/2 neurons
compared to WT neurons (**P , 0.01, Figure 2). This

treatment regimen (60 mmol/L H2O2 for 24 hours) resulted
in 35% lower cell viability in PrP2/2 compared to WT
neurons (Figure 1C). To determine whether these in vitro
GR levels are consistent with in vivo GR levels, 2-week-old
WT and PrP2/2 mouse cerebella were assayed and GR
activity was found to be approximately 30% lower in
PrP2/2 mice (**P , 0.01, Figure 2). These findings indi-
cate that the difference in GR activity between WT and
PrP2/2 neurons in vitro is not a culture-derived artifact.

Measurement of cellular GPx levels in primary CGN
cultures revealed no significant differences in activity
between WT and PrP2/2 neurons under basal culture
conditions at day 4 in vitro (Figure 3, Control). Similarly, a
6- and 24-hour H2O2 exposure (60 mmol/L) caused no
significant change in GPx activity in PrP2/2 or WT cul-
tures (Figure 3). The activity of GPx was also measured in
tissue extracts obtained from 2-week-old mouse cerebel-
lum and was the same in both WT and PrP2/2 mice
(Figure 3). These data indicate that PrPc expression is
probably not an important modulator of neuronal GPx and
is consistent with a recent report.36

Inhibition of GR Activity Increases H2O2 Toxicity
in CGN Cultures

To determine whether the reduced GR activity in PrP2/2

neurons could account for the differences in cell viability
in response to H2O2 toxicity, the GR-specific inhibitor
BCNU was used.37 WT and PrP2/2 CGN were treated
with different concentrations of BCNU and measured
after 6 hours for GR activity. BCNU induced a dose-
dependent reduction in enzyme activity in both PrP2/2

and WT cultures (*P , 0.05, **P , 0.01, Figure 4A). The

Figure 2. GR activity in WT and PrP2/2 neurons. Lysates from CGN cultures
or 2-week-old cerebellum (cer) from WT or PrP2/2 mice were used to
determine GR activity. PrP2/2 CGN revealed significantly lower GR activity
than WT CGN under basal conditions (Control; *P , 0.05) and after 6 or 24
hours’ exposure to 60 mmol/L H2O2 (*P , 0.05, **P , 0.01). PrP2/2 cere-
bellum revealed significantly lower GR activity than genetically and age-
matched WT cerebellum (**P , 0.01).

Figure 3. GPx activity in WT and PrP2/2 neurons. Lysates from CGN cultures
or 2-week-old cerebellum (cer) from WT or PrP2/2 mice were used to
determine GPx enzyme activity. There was no significant difference in GPx
activity between WT and PrP2/2 neurons in control cultures or in cultures
exposed to H2O2 (60 mmol/L) for 6 or 24 hours. No difference in GPx activity
was observed between WT and PrP2/2 cerebellum.
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susceptibility of the BCNU-treated cultures to H2O2 was
tested by cotreating with 60 mmol/L H2O2. There was a
significant decrease in cell viability with increasing BCNU
concentration in both PrP2/2 and WT cultures (*P , 0.01,
Figure 4B). BCNU alone had no effect on cell viability at
concentrations up to 100 mmol/L. To examine whether a
direct correlation exists between GR activity and H2O2

toxicity, we compared WT neurons exposed to 0.1 mmol/L
BCNU with untreated PrP2/2 neurons. Both cultures re-
vealed a GR activity of approximately 27 mU/mg protein
(Figure 4, A and C) and after exposure to 60 mmol/L H2O2

for 6 hours there was a similar decrease in cell viability
(Figure 4C). These data demonstrate a direct link be-
tween GR activity and peroxide toxicity and confirm that
the lower GR activity in PrP2/2 neurons can result in
increased sensitivity to H2O2 toxicity.

PrP106–126 Significantly Inhibits GR Activity
and Increases H2O2 Toxicity in CGN

It has been demonstrated that the toxic PrP fragment
PrP106–126 can reduce SOD activity and GSH levels in
primary neurons.20,38 We therefore tested the effect of
PrP106–126 on neuronal GR activity. Exposure of WT and
PrP2/2 CGN to a nontoxic concentration of PrP106–126
(80 mmol/L) for 24 hours resulted in significantly lower GR
activity compared to untreated controls (approximately
50 and 44% decrease in GR activity, respectively, *P ,
0.01, Figure 5A). Exposure of CGN to a nonfibrillogenic
scrambled version of PrP106–126 failed to alter GR ac-
tivity. Exposure of PrP106–126-treated cultures to 60
mmol/L H2O2 for 6 hours resulted in significantly in-
creased toxicity compared to H2O2 alone (*P , 0.01,
Figure 5B). These results provide evidence that de-
creased GR activity may be relevent to the mechanism of
PrP toxicity in vivo.

Discussion

Our studies indicate that PrPc expression appears to
modulate neuronal GR activity levels. They also show that
PrP2/2 neurons are more susceptible to peroxide toxicity
in the range of 40 to 100 mmol/L H2O2, which is within the
reported range of H2O2 levels measured in rat brain
during oxidative stress (25–160 mmol/L).39 This is con-
gruent with previous findings showing that a lack of PrPc

expression increases susceptibility to O2
2 toxicity and

lowers Cu/ZnSOD activity.20 We found that PrP2/2 CGN
were up to 60% more susceptible to H2O2 toxicity than
WT neurons compared to 20 to 30% lower viability of
PrP2/2 CGN exposed to the superoxide generator, xan-
thine/xanthine oxidase.20 PrPc expression, therefore, ap-
pears to have an important role in modulating neuronal
antioxidant homeostasis. These data also demonstrate
important differences in the response of PrP2/2 and amy-
loid precursor protein knockout (APP2/2) neurons to ox-
idative stress, because APP2/2 and WT neurons re-
vealed no differences in susceptibility to H2O2 toxicity.28

As APP and PrPc are the respective parental protein
molecules for generation of toxic amyloids in AD and
CJD, our data highlight important divergences in the
oxidative stress pathways in these neurodegenerative
illnesses.

We believe the increased vulnerability of PrP2/2 neu-
rons to H2O2 is relevant to the pathophysiology of prion
disease, because H2O2 toxicity is an important mediator

Figure 4. Effect of BCNU on H2O2 toxicity in CGN cultures. A: WT and
PrP2/2 CGN were treated with the GR inhibitor, BCNU (0.1 to 50 mmol/L) for
6 hours and cell lysates were used for measurement of GR activity. BCNU
significantly inhibited GR activity at all concentrations used (*P , 0.05, **P ,
0.01). B: WT and PrP2/2 CGN were exposed to 60 mmol/L H2O2 for 6 hours
alone (0 mmol/L BCNU and broken lines) or with 0.1 to 50 mmol/L BCNU
(circles). Cell viability was determined with the MTT assay. Combined ex-
posure to BCNU and H2O2 significantly decreased neuronal viability com-
pared to H2O2 alone (*P , 0.01). BCNU alone was not toxic. C: Comparison
of H2O2 toxicity in WT cultures treated with BCNU and untreated PrP2/2

cultures. 0.1 mmol/L BCNU reduced WT neuronal GR activity to the same
level as untreated PrP2/2 neurons. After exposure to 60 mmol/L H2O2 for 6
hours there was no significant difference between cell viability in the WT and
PrP2/2 cultures. This demonstrates a close correlation between GR activity
and H2O2 toxicity.
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AJP November 1999, Vol. 155, No. 5



of oxidative stress in neurons.24 Peroxides play an impor-
tant role in the pathology of several neurodegenerative
disorders, as indicated by perturbations to GPx and GR
activities and increased lipid peroxidation in Alzheimer’s
disease, CJD, and amyotrophic lateral sclerosis.25 Per-
oxides may also be involved in Ab and PrP106–126
toxicity in vitro14,21 and scrapie in vivo.40 H2O2 is gener-
ated from many intracellular metabolic processes or
through excitotoxicity41 and is released by activated mi-
croglia.42 H2O2 can also interact with copper to form the
hydroxyl radical (OHz), one of the most destructive bio-
logical molecules generated in cells.43 Because PrPc is
involved in neuronal copper binding44 and modulation of
copper neurotoxicity,19 interactions between H2O2 and

copper via PrPc could promote neuronal degeneration in
prion disease.

To counter H2O2 toxicity, neurons contain the GSH
pathway and catalase.41 The finding that PrP2/2 neurons
had lower GR, but not GPx, activity may be related to the
increased sensitivity of PrP2/2 neurons to H2O2. This
finding is consistent with the lower SOD activity observed
in PrP2/2 neurons, which resulted in increased sensitivity
to O2

2 toxicity.20 The lack of significant differences in
GPx levels between PrP2/2 and WT neurons under basal
conditions or after H2O2 exposure is also consistent with
recent studies in PrP2/2 and WT myoblasts, myotubes,
and mouse brain.36,45 This indicates that increased per-
oxide toxicity in PrP2/2 neurons is not due to impaired
GPx activity. However, the analogously lower GR activity
in PrP2/2 neurons in vitro and PrP2/2 mouse cerebellum
in vivo indicates that lower GR levels are unlikely to be
irrelevant culture artifacts. Moreover, inhibition of GR ac-
tivity in WT neurons with BCNU, a GR-specific inhibi-
tor,46–48 increased susceptibility to peroxide toxicity and
correlated well with the GR level and toxicity in PrP2/2

neurons (Figure 4C). Furthermore, the PrP106–126 pep-
tide reduced GR levels (this study) and SOD activity20 in
neurons and increased susceptibility to H2O2 toxicity,
supporting the relevance of these findings to prion dis-
eases.

A consequence of lower GR activity may be increased
copper toxicity. Copper is a highly reactive metal and
Cu(I) can combine with H2O2 to form OHz.49 GSH is an
important chelator of intracellular copper49 and may con-
tribute to transport of copper to Cu/ZnSOD and metallo-
proteins.50 Lower GR activity would reduce the cellular
capacity to regenerate glutathione, resulting in the desta-
bilization of Cu homeostasis and increased OHz forma-
tion. In support of this, we have shown that GSH depletion
dramatically increases Cu toxicity with no effect on Fe
toxicity in cultured neurons.35 Future studies will need to
establish that the level of reduced GSH is lower in PrP2/2

neurons due to the impaired GR activity. Perovic et al38

have shown that PrP106–126 depletes neuronal GSH
levels in vitro, a phenomenon that may be related to the
reduced GR activity we observed in neurons treated with
PrP106–126. Significantly, treatment of cultures with flu-
pirtine to prevent GSH depletion also inhibited PrP106–
126 neurotoxicity.38 These studies strongly suggest that
perturbations to GSH metabolism could be involved in
neurodegeneration in prion disease. PrPres may induce a
similar loss of GR and GSH function in neurons and
therefore increase susceptibility to both O2

2 and H2O2.
The fact that PrP106–126 inhibits Cu/ZnSOD20 and GR
activity in both WT and PrP2/2 neurons indicates that the
peptide can induce oxidative stress without direct inter-
action with PrPc. Only WT neurons are susceptible to
PrP106–126-induced cell death,12 suggesting that resis-
tance to PrP106–126 toxicity by PrP2/2 neurons may
result in part from lower ROS generation in these cultures.
This is consistent with the findings that microglia (which
can release O2

2, H2O2, and glutamate) are required for
PrP106–126 toxicity in vitro and that WT microglia are
more toxic than PrP2/2 microglia when incubated with
PrP106–126.12

Figure 5. Effect of PrP106–126 on GR activity and H2O2 toxicity in CGN
neurons. A: Neuronal cultures were exposed to 80 mmol/L PrP106–126 or
scrambled PrP106–126 for 24 hours. No loss of cell viability was observed
with either peptide after 24 hours’ exposure at these concentrations. Cell
lysates were used for measurement of GR activity. PrP106–126-treated cul-
tures revealed significantly lower GR activity than untreated cultures (*P ,
0.01). Scrambled PrP106–126 had no effect on GR activity. B: PrP2/2 and WT
cultures were exposed to PrP106–126 for 24 hours followed by a 6-hour
treatment with 60 mmol/L H2O2. Compared to H2O2 alone, PrP106–126
significantly decreased cell viability in both WT and PrP2/2 cultures
(*P , 0.01).
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The evidence presented here and in previous stud-
ies44,45 indicates that PrPc expression modulates neuro-
nal antioxidant activity. This is supported by the reduced
antioxidant activity (GR and Cu/ZnSOD) in neurons de-
void of PrPc in vitro and in vivo and by the correlation
between PrPc expression levels and Cu/ZnSOD activity in
neurons overexpressing PrPc.45,51 Whether PrPc directly
interacts with GR and Cu/ZnSOD or acts upstream of
antioxidant enzyme activation is still to be determined.
The ability of PrP106–126 to inhibit GR and Cu/ZnSOD
activity in PrP2/2 neurons indicates that these antioxidant
enzymes are affected by regulatory molecules down-
stream from PrPc (Figure 6). Moreover, lower SOD and/or
GR activity could also result from oxidative damage to the
antioxidant enzymes. Interestingly, Barker et al52 demon-
strated that oxidative stress in rat brain significantly and
specifically inhibited GR activity, an enzyme particularly
susceptible to oxidative damage from peroxynitrite
(ONOO2), a by-product of O2

2 and NO. Other studies
have similarly shown that GR is particularly susceptible to
oxidative damage from excessive free radical generation
in vitro and in vivo.53,54 However, the pathways linking
PrPc expression to Cu/ZnSOD and GR activity are not
understood and their study will be important in under-
standing how PrP modulates these key antioxidant en-
zymes.

The present study provides further evidence that PrPc

modulates susceptibility to oxidative insults. Studies on
animal models and cell lines infected with prions will help
to determine whether PrPres accumulation results in per-
turbation of antioxidant activity and increases in oxidative
stress leading to neuronal degeneration.
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