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Nitric oxide induces prion protein via MEK and p38 MAPK signaling
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Abstract

The prion diseases or transmissible spongiform encephalopathy, such as human Creutzfeldt-Jakob disease (CJD) and so-called mad
cow disease, are attributed to the causative agent, the scrapie variant of prion protein (PrP5¢) which causes fatal neurodegeneration. To
investigate if stresses such as nitric oxide (NO) induced the cellular isoform of prion protein (PrP), lipopolysaccharide, and sodium
nitroprusside were used to treat N2a and NT2 cells, which resulted in elevated levels of the PRNP mRNA and prion protein. The sig-
naling pathway for the NO-induced PrP© production involved guanylyl cyclase, MEK, and p38 MAPK as shown by the effect of specific
pharmacological inhibitors ODQ, PD98059, and SB203580, respectively. Knowing the PrP induction by the biologically existing stim-
ulus, this study provides useful information about the possible cellular mechanism and strategies for the treatment of CJD.

© 2005 Elsevier Inc. All rights reserved.
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The prion protein (PrP) has been known as the
responsible agent of the transmissible spongiform
encephalopathies (TSE). In humans, these neurodegen-
erative diseases include sporadic or familial Creutz-
feldt-Jakob disease (CJD), Gerstmann-Stiussler—
Scheinker disease, fatal familial insomnia, kuru, and
the variant CJD related to bovine spongiform encepha-
lopathy. The manifestations of sporadic CJD include
ataxia, myoclonus, and subacute mental and motor
deterioration; and in brain the vacuolar or spongiform
change and neuronal loss develop as the disease pro-
gresses [1]. People paid much attention to prion diseases
due to the growing cases of mad cow disease and the
variant CJD during the past years. The raising possibil-
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ity of infectivity crossing the species barrier and different
strains of infectious agent in animals gave evidences of
“virion agents.” But the more prevalent ‘“protein-only
hypothesis” had been proposed as the mechanism of
TSE due to the accumulation of the infective scrapie
variant, PrP%°. It is rich in B-structure, more radiation-
and protease-resistant [2,3], with trimeric predisposition
by the proposed parallel left-handed B-helical model [4],
distinctive from the monomeric or dimeric a-helix-dom-
inant PrP© [5]. This pathogen, devoid of nucleic acid, is
inclined to aggregate and causes different manifestations
as infectious, genetic, or sporadic disorders. PrP5¢ prop-
agation is probably related to post-translational modifi-
cation and abnormal folding of the cellular form of
prion protein (PrPC). Infectivity depends on the pres-
ence of PrP® in hosts and depletion of neuronal PrP in
prion infection reversed the spongiosis in brain [6].
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The protein solely consisting of B-sheet-rich recombi-
nant PrP was also infective and caused brain pathology
[7]. Once exposed, PrP5 propagation develops in the
subjects even during the latent or subclinical chronic
stages [8].

The functions of the PrP may be related to the neural
synaptic transmission, long-term potentiation, cell sur-
vival and neuroprotection, signal transduction, anti-ox-
idation and superoxide dismutase activity [9],
neuroplasticity, epileptogenicity, and even playing a role
in Brucella infection [10]. Some of the clinical manifesta-
tions of TSE/CJD can be explained by these disordered
functions. As known there are stress molecules induced
by PrP5 infection, involving heat shock and inflamma-
tion pathways [11]. In the past years, we had experienced
two sporadic patients who initially had febrile events
attributed to Escherichia coli infection, followed by
full-blown CJD manifestations. The cell wall of E. coli
has lipopolysaccharide (LPS), a common biological
component inducing pro-inflammatory molecules and
their following signals. Among these molecules we at-
tempt to understand the relationship between nitric
oxide (NO) and PrP. Physiologically NO may act as a
signal to regulate gene expressions and the synaptic
functions of the nervous system, but it also participates
in neurodegeneration, such as Parkinson’s disease (PD),
a neurodegenerative disease involving the substantia ni-
gra and striatum, as from the knowledge of the intrani-
gral LPS injection into animal brains [12]. During PrP%¢
infection there were disordered oxidative stress re-
sponses, impaired metabolism of free radicals in neuro-
nal cells [13], and poor production of NO in the
microglia [14]. We suppose that the initial stress stimuli
(such as LPS or/and NO) cause PrP induction, resulting
in a “vulnerable stage” before PrP> infection. There-
fore, we applied LPS into the murine neuroblastoma
N2a cells and the human carcinoma NT2 cell line, and
found increased expression of PrP. Further nested works
were conducted by sodium nitroprusside (SNP, one of
the NO donors) treatment, resulting in induced expres-
sion of PrP and mRNA in NT2 cells. This induction
pathway by NO was focused on guanylyl cyclase,
MEK, and p38 MAPK, using their specific antagonists,
resulting in decline in the expression level of PrP. These
results may imply that stress-induced PrP production
during the “vulnerable stage” occurs just before PrPS¢
invasion or/and propagation. The clinical application
of blockade of the common signal pathways might be
alternative clinical treatment of prion infections.

Methods

Cell culture. The N2a (Neuro-2a, ATCC number CCL-131, murine
neuroblastoma cells) and NT2 (NTERA-2, ATCC number CRL-1973,
a human carcinoma cell line with potency to differentiate into neuronal

cells on induction) cells were cultured at 37 °C with 5% CO, supply in
the presence of minimal essential medium (Eagle) and Dulbecco’s
modified Eagle’s medium (Gibco-BRL Life Technologies), respec-
tively, both supplemented with 10% calf serum. These two cell lines
were seeded at a density of 1x 10° with a recovery time of 18-20 h
before the treatment of drugs.

Drug treatment. Lipopolysaccharide (LPS, from E. coli serotype
0128:B12, Sigma), sodium nitroprusside (SNP, Sigma; the NO
donor), 1H-[1,2,4]Joxaldiazolo-[4,3-a]quinoxalin-1-one (ODQ, the
guanylyl cyclase inhibitor, Sigma), 2-(2-amino-3-methoxyphenyl)-
4H-1-benzopyran-4-one (PD98059, the MEK inhibitor, Sigma), and
4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1 H-imid-
azole (SB203580, the p38 MAPK inhibitor, Sigma) were adminis-
tered at various concentrations as required.

Western blotting. The N2a cells received the 1.0 pg/ml LPS
treatment for 4, 8, 12, 24, and 48 h. The human NT2 cells were
treated with LPS at the concentration of 1.0 pg/ml for 12 h, and
with SNP at 300 uM for 1, 3, 8, 12, and 24 h. The ODQ, PD98059,
and SB203580 were co-administered with the 300 uM SNP, with a
treatment duration of 8 h. The cells were scraped and homogenized
in lysis buffer containing Hepes (pH 7.0), 0.5M NaCl, 1 mM
Na3;VO,, Mini Protease Inhibitor Cocktail (1:100 from the stock,
Roche), and 1% Triton X-100. Equivalent amounts of protein
(100 pg) from the lysate were subjected to electrophoresis by using
4-12% Bis-Tris NuPAGE gels (Invitrogen), and proteins were elec-
troblotted onto methanol-treated polyvinylidene difluoride mem-
brane (Amersham-Pharmacia Biotech). After transfer, the
membranes were blocked in 5% non-fat milk for 1h and then
hybridized with the specific primary antibodies, inducible nitric oxide
synthase (1:1000, NOS2, Santa Cruz), and PrP (1:10,000, CD230,
Serotec, for N2a cells; and 1:1000, sc-7693, Santa Cruz, for NT2
cells). The secondary antibodies of anti-mouse and anti-goat IgG-
HRP (1:1000, Santa Cruz) were used for further hybridization,
respectively. An enhanced chemiluminescence kit (Perkin-Elmer Life
Sciences) was used for antibody-binding detection. Actin protein was
examined as a reference (1:5000, Chemicon).

Reverse transcription and polymerase chain reaction (RT-PCR) of
prion gene (PRNP). Initially the NT2 cells received LPS treatment at
10.0 and 1.0 pg/ml for 8 h or the SNP at 300 uM for 2 and 4 h. Total
RNA from these cells was extracted by the addition of Trizol reagent
(Zymest) followed by chloroform and precipitated by isopropyl alco-
hol. The RNA pellets were dissolved in water pre-treated with
diethylpyrocarbonate (DEPC). Reverse transcription was performed
by 5 pg of the RNA samples under the oligo-d(T);s priming in the
presence of M-MLV reverse transcriptase (Promega) at 50 °C for
60 min. The PCR was conducted by the thermocycler (GeneAmp PCR
system 2400, Perkin-Elmer) in the presence of Taq polymerase (Zym-
est) and the specific primer pairs (10 pmol/ul) (PRNP, sense: 5'-
gaaccttggetgetggatg-3’ and anti-sense: 5'-acatctgctcaaccacgeg-3'; and
the GAPDH, sense: 5'-gaaggtgaaggtcggagtc-3’ and anti-sense: 5'-cagg
aggcattgctgatga-3’). The temperature courses were 94 °C for 2 min; the
first five cycles of 94 °C for 30 s, annealing at 58 °C (PRNP group) or
56 °C (GAPDH group) for 45 s, and 72 °C for 30s; followed by 30
cycles (PRNP group) or 25 cycles (GAPDH group) of 94 °C for 20s,
60 °C for 30 s, and 72 °C for 30 s, and the final extension at 72 °C for
Smin, and soaked at 4°C. The PCR products were subjected to
electrophoresis onto 1% agarose gel and visualized by ethidium bro-
mide staining.

Densitometric analysis. Photoshop7.0 (Adobe)-based histogram
was used for the semi-quantitative densitometric analysis. In brief, the
mean intensity and the total pixels timed each other, both derived from
the histograms of the signal bands from the immunoblots or RT-PCR
products. Data of the signal bands of the protein and RT-PCR
products were at first standardized by those from the internal controls,
actin and GAPDH, respectively, and then normalized by the ratios of
control tests.
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Results

We applied LPS treatment on a cell line model to
evaluate the possible mechanism of prion diseases. The
murine neuroblastoma N2a cells under LPS treatment
had increased PrP (hybridized by anti-CD230 antibody)
(Fig. 1A). There were three protein bands representing
the non-, mono-, and di-glycosylated PrP with different
molecular weights (19-37 kDa). All these three bands
rose up during LPS treatment for more than 8 h. These
cells also showed LPS-induced expression of NOS2 (Fig.
1B), as in the reported studies [14,15]. LPS treatment on
the human NT2 cells increased the expression of PrP
(Fig. 1C). The increased PrP level was associated with
the increased level of mRNA of the prion gene (PRNP),
prominent at 10.0 pg/ml LPS treated for 8 h (Fig. 1D).
These implied the role of NO in the induction of mRNA
and the protein levels of PrP during LPS stimulation in
both murine and human cell lines. Due to the fact of NO
production during stresses and neurodegeneration, we
laid emphasis on this gas molecule and selected one
NO donor, sodium nitroprusside (SNP), as the direct
stimulator.

We used the human NT2 cells for the SNP treatment
experiments. SNP at 100 and 300 uM caused little cell
damage. The NT2 cells may express PrP constitutively
but responded to SNP treatment by elevating the PrP
(Fig. 2A), significantly on treatment for 8§ and 12h
(p <0.05, Fig. 2B). A decrementing tendency of this pro-
tein expression occurred at 12-24 h, as compared with
that at 8 h, in NT2 cells. Although this increase is mod-
erate, the induction effect is dose-dependent (at 100 and
300 uM SNP, Figs. 3A and B). The increase in protein
level could be attributed to an elevated mRNA expres-
sion at 2 h after SNP treatment (Figs. 2C and D), the
latter showing increment by about 1.5-fold as compared
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with the one without SNP treatment. These results sug-
gested the role of NO released by SNP, causing induc-
tion of mRNA expression of PRNP and then of the PrP.

To confirm the relationship between NO and the
induction of PrP expression, we evaluated the signaling
pathway related to NO. The NO binds the guanylyl cy-
clase and increases the cytoplasmic concentration of
c¢GMP which then phosphorylates the downstream sig-
nal proteins, including the MEK and p38 MAPK. We
used the antagonists or blockers to evaluate the NO-re-
lated signaling pathways involving guanylyl cyclase
(ODQ), MEK (PD98059), and p38 MAPK
(SB203580). PrP expressions with the three individual
inhibitors and co-administered 300 uM SNP declined
(Fig. 3B), by about a half compared with the level on
SNP treatment alone for 8 h. However, there was no sig-
nificance among the reductions caused by these three
inhibitors, but the expressions were lower than the mock
control one without any SNP treatment. It could be
attributed to the constitutive expression of PrP also
involving these molecules. In brief, all these results sug-
gest that the SNP releases NO, activating guanylyl cy-
clase, MEK, and p38 MAPK to induce PrP expression
and the induced expression of PrP is reversed by the
co-administered inhibitors.

Discussion

LPS causes the neurodegeneration, including the
dopaminergic neurons demonstrated in intranigrally
LPS-injected mice for the PD model [12,16], and inter-
feres with the neurogenesis in hippocampus [17]. This
biological molecule can explain the increased risk for
PD in the rural residents and the unfiltered water con-
sumer who had possibly exposed himself/herself to the
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Fig. 1. LPS-induced expression of prion protein. (A) PrP expression was induced by LPS (1.0 pg/ml) in murine N2a cells. (B) LPS caused NOS2
induction in N2a cells after 12-h treatment. (C) PrP induction was also noted in human NT2 cells with LPS treatment at 1.0 pg/ml for 12 h. (D) The
mRNA levels of prion gene (PRNP) in NT2 cells increased while LPS treatment (10.0 and 1.0 pg/ml) for 8 h.
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Fig. 2. Increased expression of PrP and PRNP mRNA induced by sodium nitroprusside. (A) The Western blots demonstrated the increased level of
PrP after SNP treatment. Shown here is one representative experiment of three. (B) The expression by densitometric measurement increased under
SNP treatment at 300 uM for 8 and 12 h (p < 0.05). (C) RT-PCR studies by specific primers revealed the increase in mRNA production of PRNP at
2 h after 300 pM SNP treatment. (D) The densitometry of the RT-PCR study showed an elevated mRNA level at 2 h and then a decrease at 4 h.
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Fig. 3. Suppressed expression of PrP by various antagonists. (A) The
2-h expressions of PRNP mRNA induced by SNP were dose-
dependent (SNP 100 and 300 pM). (B) The PrP expression induced
by SNP (300 uM, N) for 8 h was reduced by the co-administered
inhibitors, including ODQ (50 uM), PD98059 (10 uM, PD), and
SB203580 (5 pM, SB), having significance as compared with that by
SNP alone (p <0.05).

Gram-negative bacteria during the early part of life
[18,19]. It may render immune/inflammatory responses
and also induce NO production. NO is a gas molecule
that is produced by NO synthase, signaling via cGMP
formation followed by the activation of MEK and p38

MAPK [20,21]. It is known that induction of NO asso-
ciates with the neurodegeneration of PD and Alzhei-
mer’s disease [22]. These findings suggest a possible
relationship between NO and CJD, the neurodegenera-
tive disorder emphasized here. In this study, after the
LPS and SNP treatment we found that the NO-induced
PrP expression was through signaling of guanylyl cy-
clase, MEK, and p38 MAPK. This induction with the
participation of NO is not regarded as an epiphenome-
non during stresses due to the dose-dependent and
time-related manners.

In addition to endogenous production, NO may also
be derived from inorganic nitrate from diet [23]. No
matter what the source of NO is, the induction of PrP
by LPS and SNP in this study is one of the probable
events during a “vulnerable stage,”” including the phe-
nomena of the amount increasing, clustering or recruit-
ment of PrP (Fig. 4), before the conformation change of
PrP and the amyloid formation during the full-blown
disease. Elevated level of the induced PrP“ might have
a higher tendency toward the PrP* formation spontane-
ously and alter the rate of propagation [24]. Prion prop-
agation is one of the key issues in the pathogenesis of
TSE/CJID. The protein conformation change might in-
volve the non-catalytic/refolding or autocatalytic/seed-
ing pathways, in spite of the cases with the
transmissible or genetic diseases. Furthermore, evi-
dences that in vitro lowering [25] or in vivo depletion
of PrP€ [6] abrogated infection of PrP5¢ and reversed
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Fig. 4. A proposed mechanism showing the role of PrP upon
induction and development of the TSE. The physiological induction
of PrP by stresses (e.g., LPS and NO) with signaling by MEK and p38
MAPK may be self-protecting by anti-oxidation, cell survival signal-
ing, and other neuroprotective pathways during the “vulnerable stage”
(the blue way). But on prion infections there is already enough amount
of PrP to increase the rapidity of PrPS propagation with conformation
change, followed by neuronal cell death (the red way). Toxic peptide
may also play a role. Cell-dying stresses may have the further effect on
induction.

brain pathology cast emphasis on the key role of the
presence and amount of PrP® in prion diseases. On
the other hand, the story of new proteins produced by
NO [26] may also be true for the PrP€ for the purpose
of self-protection against the oxidative stress by its activ-
ities of anti-oxidation and superoxide dismutase [9]. Re-
cent evidence of PrP¢ clustering associated with
phosphorylation of the extracellular receptor kinases 1
and 2 [27] supported our proposition that induced PrP¢
may trigger survival signals before infection.

NO can also be produced by the PrP fragment, such
as PI‘P106,126 [28] It is unknown whether PI'P106,126 €X-
ists by endogenous proteolysis or with abnormal expres-
sion in diseased animals. Yet, the cleaved PrP indeed
occurred by the reactive oxygen species (e.g., H,O,),
phorbol ester, and the bacterial enzymes. PrPjos 126
can cause the aggregation of PrP and induce protease-
resistant prions. It is known as a “toxic peptide” render-
ing cell death [29], as the case of the proteolytic peptide
C31 from the amyloid precursor protein [30].

Dr. Stanley Prusiner raised the protein-only hypoth-
esis of PrP propagation in 1982 [31]. Although PrP‘¢
and PrP% have the same molecular weight and amino
acid sequences, PrP® has the main features of amyloi-
dogenicity and protease resistance. In the microenviron-
ment Mn-bound PrP€, instead of the copper binding,
may result in resistance to protease and compromised
anti-oxidation [32], implying some clinical significance
during TSE/CJD. The lymphoid dendritic cells play a
role on neuro-invasion in the transmission of prion dis-
eases [33], and explain the pathogenesis of the subjects
with new variant CJD who took the beef from the
mad cows. Besides, it is possible that extracellular shed-

ding and accumulation of PrP%° are present in the TSE/
CJD brains due to the intercellular transfer or shedding
of the PrP [34,35]. This transfer explained the work by
Jeffrey et al. [36] who found the extracellular accumula-
tion of PrP%¢ from the prion-expressing astrocytes and
the damage of the prion-null neurons in a transgenic
mouse model. More works are needed to know how
PrP%° is transferred during the prion diseases and the
resulting death signaling in neurons.

Induction of neuronal PrP possibly occurs during the
“vulnerable stage,” mediated by NO, MEK, p38
MAPK, or/and other molecules from the activated glial
cells. The induction is a physiological phenomenon, ini-
tially for the purposes of self-protection by the anti-ox-
idation, cell survival signaling, and other pathways.
Once reaching the amount threshold of the induced
PrP with one invaded molecule of PrP%¢, the cells might
deteriorate into a pathological condition including en-
hanced rapidity of PrP¢ propagation, increased lipid
peroxidation, and impairment of free radical metabo-
lism [13], followed by neuronal cell death (Fig. 4). NO
may play one of the cardinal roles in this pathogenesis.
Our work is of prime importance to evaluate the early
mechanism of prion diseases. Lowering of NO produc-
tion and blockade of the signal pathway may be the pos-
sible ways for the early treatment of the hyper-acute
stage of prion infections.

Acknowledgment

This work was supported by a grant from the Cardi-
nal Tien Hospital (90-202).

References

[1] R.T. Johnson, C.J. Gibbs Jr., Creutzfeldt-Jakob disease and
related transmissible spongiform encephalopathies, N. Engl. J.
Med. 339 (1998) 1994-2004.

[2] J.S. Griffith, Self-replication and scrapie, Nature 215 (1967) 1043~
1044.

[3] S.B. Prusiner, Novel proteinaceous infectious particles cause
scrapie, Science 216 (1982) 136-144.

[4] C. Govaerts, H. Wille, S.B. Prusiner, F.E. Cohen, Evidence for
assembly of prions with left-handed B-helices into trimers, Proc.
Natl. Acad. Sci. USA 101 (2004) 8342-8347.

[5] R.K. Meyer, A. Lustig, B. Oesch, R. Fatzer, A. Zurbriggen, M.
Vandevelde, A monomer-dimer equilibrium of a cellular prion
protein (PrP€) not observed with recombinant PrP, J. Biol. Chem.
275 (2000) 38081-38087.

[6] G. Mallucci, A. Dickinson, J. Linehan, P.C. Klohn, S. Brandner,
J. Collinge, Depleting neuronal PrP in prion infection prevents
disease and reverses spongiosis, Science 302 (2003) 871-874.

[7]1 G. Legname, 1.V. Baskakov, H.O.B. Nguyen, D. Riesner, F.E.
Cohen, S.J. deArmond, S.B. Prusiner, Synthetic mammalian
prions, Science 305 (2004) 673-676.

[8] R. Race, A. Raines, G.J. Raymond, B. Caughey, B. Chesebro,
Long-term subclinical carrier state precedes scrapie replication



100 V. Wang et al. | Biochemical and Biophysical Research Communications 333 (2005) 95-100

and adaptation in a resistant species: analogies to bovine
spongiform encephalopathy and variant Creutzfeldt-Jakob dis-
ease in humans, J. Virol. 75 (2001) 10106-10112.

[9] B.S. Wong, T. Pan, T. Li, R. Li, P. Gambetti, M.S. Sy,
Differential contribution of superoxide dismutase activity by
prion protein in vivo, Biochem. Biophys. Res. Commun. 273
(2000) 136-139.

[10] M. Watarai, S. Kim, J. Erdenebaatar, S. Makino, M. Horiuchi,
T. Shirahata, S. Sakaguchi, S. Katamine, Cellular prion protein
promotes Brucella infection into macrophages, J. Exp. Med. 198
(2003) 5-17.

[11] C.A. Baker, L. Manuelidis, Unique inflammatory RNA profiles
of microglia in Creutzfeldt-Jakob disease, Proc. Natl. Acad. Sci.
USA 100 (2003) 675-679.

[12] B. Liu, L. Du, J.S. Hong, Naloxone protects rat dopaminergic
neurons against inflammatory damage through inhibition of
microglia activation and superoxide generation, J. Pharmacol.
Exp. Therap. 293 (2000) 607-617.

[13] O. Milhavet, H.LE.M. McMahon, W. Rachidi, N. Nishida, S.
Katamine, A. Mangé, M. Arlotto, D. Casanova, J. Riondel, A.
Favier, S. Lehmann, Prion infection impairs the cellular responses
to oxidative stress, Proc. Natl. Acad. Sci. USA 97 (2000) 13937—
13942.

[14] H. Lindegren, P. Ostlund, H. Gyllberg, K. Bedecs, Loss of
lipopolysaccharide-induced nitric oxide production and inducible
nitric oxide synthase expression in scrapie-infected N2a cells, J.
Neurosci. Res. 71 (2003) 291-299.

[15] S.C. Chang, M.C. Kao, M.T. Fu, C.T. Lin, Modulation of NO
and cytokines in microglial cells by Cu/Zn-superoxide dismutase,
Free Radic. Biol. Med. 31 (2001) 1084-1089.

[16] V. Wang, L.G. Chia, D.R. Ni, L.U. Cheng, Y.P. Ho, F.C. Chen,
J.S. Hong, Effects of the combined treatment of naloxone and
indomethacin on catecholamines and behavior after intranigral
lipopolysaccharide injection, Neurochem. Res. 29 (2004) 341-346.

[17] M.L. Monje, H. Toda, T.D. Palmer, Inflammatory blockade
restores adult hippocampal neurogenesis, Science 302 (2003)
1760-1765.

[18] B.S. Schoenberg, Environmental risk factors for Parkinson’s
disease: the epidemiologic evidence, Can. J. Neurol. Sci. 14
(Suppl. 3) (1987) 407-413.

[19] K. Marder, G. Logroscino, B. Alfaro, H. Mejia, A. Halim, E.
Louis, L. Cote, R. Mayeux, Environmental risk factors for
Parkinson’s disease in an urban multiethnic community, Neurol-
ogy 50 (1998) 279-281.

[20] C.J. Oliveira, F. Schindler, A.M. Ventura, M.S. Morais, R.J.
Arai, V. Debbas, A. Stern, H.P. Monteiro, Nitric oxide and
cGMP activate the Ras-MAP kinase pathway stimulating protein
tyrosine phosphorylation in rabbit aortic endothelial cells, Free
Radic. Biol. Med. 35 (2003) 381-396.

[21] R. Carini, M. Grazia De Cesaris, R. Splendore, C. Domenicotti,
M.P. Nitti, M.A. Pronzato, E. Albano, Signal pathway respon-

sible for hepatocyte preconditioning by nitric oxide, Free Radic.
Biol. Med. 34 (2003) 1047-1055.

[22] A.J. Duncan, S.J. Heales, Nitric oxide and neurological disorders,
Mol. Aspects Med. 26 (2005) 67-96.

[23] J.O. Lundberg, M. Govoni, Inorganic nitrate is a possible source
for systemic generation of nitric oxide, Free Radic. Biol. Med. 37
(2004) 395-400.

[24] S. Liemann, R. Glockshuber, Transmissible spongiform enceph-
alopathies, Biochem. Biophys. Res. Commun. 250 (1998) 187-193.

[25] M. Enari, E. Flechsig, C. Weissmann, Scrapie prion protein
accumulation by scrapie-infected neuroblastoma cells abrogated
by exposure to a prion protein antibody, Proc. Natl. Acad. Sci.
USA 98 (2001) 9295-9299.

[26] T. Andoh, P.B. Chock, C.C. Chiueh, Preconditioning-mediated
neuroprotection: role of nitric oxide, cGMP, and new protein
expression, Ann. NY Acad. Sci. 962 (2000) 1-7.

[27] C. Monnet, J. Gavard, R.M. Mege, A. Sobel, Clustering of
cellular prion protein induces ERK1/2 and stathmin phosphor-
ylation in GT1-7 neuronal cells, FEBS Lett. 576 (2004) 114—
118.

[28] C. Fabrizi, V. Silei, M. Menegazzi, M. Salmona, O. Bugiani, F.
Tagliavini, H. Suzuki, G.M. Lauro, The stimulation of inducible
nitric-oxide synthase by the prion protein fragment 106126 in
human microglia is tumor necrosis factor-a-dependent and
involves p38 mitogen-activated protein kinase, J. Biol. Chem.
276 (2001) 25692-25696.

[29] G. Forloni, N. Angeretti, R. Chiesa, E. Monzani, M. Salmona,
O. Bugiani, F. Tagliavini, Neurotoxicity of a prion protein
fragment, Nature 362 (1993) 543-546.

[30] D.C. Lu, S. Rabizadeh, S. Chandra, R.F. Shayya, L.M. Ellerby,
X. Ye, G.S. Salvesen, E.H. Koo, D.E. Bredesen, A second
cytotoxic proteolytic peptide derived from amyloid B-protein
precursor, Nat. Med. 6 (2000) 397-404.

[31] S.B. Prusiner, Research on scrapie, Lancet 2 (1982) 494-495.

[32] D.R. Brown, F. Hafiz, L.L. Glasssmith, B.S. Wong, I.M. Jones,
C. Clive, S.J. Haswell, Consequences of manganese replacement
of copper for prion protein function and proteinase resistance,
EMBO J. 19 (2000) 1180-1186.

[33] M. Prinz, M. Heikenwalder, T. Junt, P. Schwarz, M. Glatzel,
F.L. Heppner, Y.X. Fu, M. Lipp, A. Aguzzi, Positioning of
follicular dendritic cells within the spleen controls prion neuro-
invasion, Nature 425 (2003) 957-962.

[34] T. Liu, R. Li, T. Pan, D. Liu, R.B. Petersen, B.S. Wong, P.
Gambetti, M.S. Sy, Intercellular transfer of the cellular prion
protein, J. Biol. Chem. 277 (2002) 47671-47678.

[35] E.-T. Parkin, N.T. Watt, A.J. Turner, N.M. Hooper, Dual
mechanism for shedding of the cellular prion protein, J. Biol.
Chem. 279 (2004) 11170-11178.

[36] M. Jeffrey, C.M. Goodsir, R.E. Race, B. Chesebro, Scrapie-
specific neuronal lesions are independent of neuronal PrP expres-
sion, Ann. Neurol. 55 (2004) 781-792.



	Nitric oxide induces prion protein via MEK and p38 MAPK signaling
	Methods
	Results
	Discussion
	Acknowledgment
	References


