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While it is well established that cellular prion protein (PrPC) expression is required for the development of
transmissible spongiform encephalopathies (TSEs), the physiological function of PrPC has yet to be determined.
A number of studies have examined PrP expression in different tissues and in the later stages of embryonic
development. However, the relative levels of expression of PrP RNA and protein in tissues outside the central
nervous system (CNS) is not well documented and the exact point of transcriptional activation of PrP during
embryogenesis is unknown. We have studied PrP mRNA expression in murine embryos and both mRNA and
protein expression in a variety of adult tissues. PrP RNA was detected at different levels in all tissues tested
while PrPC protein was detectable in all adult tissues tested with the exception of kidney and liver. RNA and
protein levels were also assessed at four points during postnatal brain development and levels of both were seen
to increase with development. We also established that, during embryogenesis, induction of PrP RNA expression
occurs between E8.5 and E9, during the period of transition from anaerobic to aerobic metabolism. Preliminary
experiments investigating the effects of superoxide radicals on PrP expression in cultured neuroblastoma and
astrocyte cells support the suggestion that PrPC forms part of a cellular antioxidant defense mechanism.

Prion protein expression Oxidative stress Superoxide radicals Whole-mount in situ hybridization
Prion protein function

THE cellular prion protein (PrPC) is a glycosylphos- of PrPC (26,36), a cellular protein derived from a sin-
gle-copy, host-encoded gene (1,33). Both forms ofphatidylinositol (GPI) anchored protein of unknown

function (44,45). It is well established that expression PrP undergo identical patterns of posttranslational
modification (14) and apparently differ only with re-of this single-copy gene (Prnp) is required for the

development of a group of fatal neurodegenerative spect to α-helical and β-sheet content (34). To gain
insight into the physiological function of PrPC, micedisorders, known as transmissible spongiform en-

cephalopathies (TSEs). These diseases manifest in a that do not express PrPC (Prnp−/− mice) have been gen-
erated and analyzed. These mice apparently developbroad range of species and include BSE in cattle,

scrapie in sheep, and Kuru, CJD, variant CJD, and and reproduce normally (8,23), although Prnp−/− mice
are resistant to experimental TSE infection (12,24,41).GSS in humans. They are without precedence in that

they may present as a result of genetic, sporadic, or Various phenotypes associated with Prnp−/− mice have
been reported that may provide clues to the physio-infectious mechanisms (37). PrPSc, a protein that ac-

cumulates during disease pathogenesis, represents the logical function of PrP. These include a marked re-
duction in hippocampal and myocardial mitochondrialonly TSE-specific macromolecule identified to date

(26,36). PrPSc is a partially protease-resistant isoform numbers (28), abnormal hippocampal synaptic plas-
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ticity, weakened γ-aminobutyric acid type A receptor- used for postnatal developing brain PrPC, which were
of the C57BL strain. Various tissues were collected,mediated fast inhibition (11), and altered circadian

rhythms and sleep patterns (51). In biochemical stud- flash-frozen in liquid nitrogen, and stored at −80°C
until required. Murine embryos collected for RT-PCRies, PrPC has been shown to bind copper directly (2,47)

and to affect the activity of the antioxidant enzyme and whole-mount in situ hybridization experiments
were of the C57BL/6J strain. Embryos were stagedcopper/zinc-dependent superoxide dismutase (Cu/Zn

SOD) (4). Prnp−/− cells have also been shown to be according to standard descriptions (18).
more susceptible to treatment with superoxide radi-
cals (4), and recent studies have indicated that PrPC

Isolation of Total RNA
may possess antioxidant enzyme activity (5). These

Individual tissues and embryos (collected at 9, 11,studies may implicate PrPC as a participant in the cel-
13, 15, and 17 days postcoitum, dissected free of ex-lular response to oxidative stress.
tra embryonic tissues, and stored at −80°C) werePrP mRNA and protein expression have also been
pooled and total RNA isolated using a variable speedstudied on the basis that location and level of expres-
polytron homogenizer and RNAzolTM B (AMS Bio-sion may provide clues to function. The steady-state
technology, Oxon, UK) according to the manufactur-levels of PrP mRNA have been assessed in a number
er’s instructions. Total RNA was stored as an etha-of studies and it is obvious that PrP RNA expression
nolic precipitate at −20°C until required.is widespread in adult rodent tissues, with highest

levels reported for the brain and lowest levels for
RT-PCRspleen and liver (9,33,38). PrP RNA has also been

shown to be expressed during the later stages of em- First-strand cDNA was prepared using a cDNA
bryogenesis and to be developmentally regulated in a Synthesis Kit and a NotI-d(T)18 primer according to
variety of species (13,16,20,21,25,27,31,48). Despite the manufacturer’s instructions (Amersham Pharma-
these studies, the relative levels of PrP mRNA in var- cia Biotech, Bucks, UK) and 5 µg of total RNA (pre-
ious adult non-CNS tissues has not been documented pared from embryos pooled from several pregnan-
in detail and the precise stage of transcriptional acti- cies) pretreated with DNase (RQ1 RNase-free DNase;
vation of PrP during embryogenesis has yet to be es- Promega, Southampton, UK). First-strand cDNA re-
tablished. Establishing the timing and distribution of actions were performed with (RT+) or without (RT−)
PrP expression during embryogenesis and the relative reverse transcriptase in a 15 µl volume. cDNA equiv-
levels of mRNA and protein in a variety of tissues alent to 33 ng of total RNA was used as template.
may aid in our understanding of both PrPC function Primers specific for PrP exon 3 (forward, 5′-GATC
and of the process of neuroinvasion and pathogenesis CATTTTGGCAACGACT-3′; reverse, 5′-ATCCCAC
following exposure to the TSE agent. GATCAGGAAGATG-3′) were used for PCR reac-

Here we have analyzed the expression of the PrP tions that generated a 371-bp product. PCR reactions
transcript and protein in a variety of murine adult tis- (40 µl) contained 10 mM Tris-HCl, 1.5 mM MgCl2,
sues and in the postnatal developing brain. We have 50 mM KCl (pH 8.3), 1.25 µM of each primer, 200
also characterized the expression of the PrP transcript µM dNTP, and 2.5 units of Taq polymerase (Boeh-
at various stages of murine embryogenesis to estab- ringer Mannheim, East Sussex, UK). PCR cycling
lish the point of transcriptional activation. In light of conditions were 1 cycle of 94°C for 2 min, 35 cycles
these and other recently published results, we have of 94°C for 30 s (30 cycles for β-actin RT-PCR),
investigated the effects of exposure to oxidative stress 65°C for 30 s, 72°C for 30 s followed by a final
mediated by superoxide radicals on PrP RNA expres- extension step of 72°C for 5 min. Primers and reac-
sion in cultured neuronal and glial cells. tion conditions for RT-PCR of β-actin have been de-

scribed previously (50). PrP and β-actin RT-PCR
products (20 µl of PCR reaction) were analyzed in a

MATERIALS AND METHODS 1% 1× TBE agarose gel. On completion of electro-
phoresis, the PrP RT-PCR products were transferredAnimals
to Hybond-N nylon membrane (Amersham Phar-

To provide tissues for RNA extraction, postnatal macia Biotech) by standard capillary Southern blot-
(P) mice (129/Ola strain) were sacrificed on the day ting procedures (42).
of birth (P1), and 10, 20, and 42 days after birth (P10,
P20, P42). Mice homozygous for a null mutation in Whole-Mount In Situ Hybridization (WM-ISH)
the Prnp gene (Prnp−/−) have been described else-
where (23). For protein analyses, tissues were col- Embryos were collected at 8.5 and 9.5 days post-

coitum. Following dissection in Ca2+/Mg2+-free PBSlected from 129/Ola mice, with the exception of those
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(ICN Biomedicals Inc., OH) to remove extra embry- bridized overnight at 65°C. Membranes were washed
once for 15 min at room temperature and once for 20onic membranes, the neural tube and heart were pierced

with a needle to prevent trapping of reagents. The min at 65°C in 25 mM Na2HPO4/1% SDS and ex-
posed to autoradiographic film. For Northern analy-embryos were immediately prepared for WM-ISH by

fixing in 4% paraformaldehyde/2 mM EGTA (BDH, ses, hybridization signal was quantitated using a Phos-
phorImager (Molecular Dynamics, Sunnyvale, CA).Dorset, UK) overnight at 4°C.

The WM-ISH procedure was performed as previ- The membranes were stripped and subsequently re-
hybridized with a 255-bp 18S rRNA cDNA probeously described (53). pBluescript KS II+ vector (Strat-

agene, The Netherlands) containing a 930-bp KpnI- (29). Quantitation of 18S rRNA signal was used to
adjust the PrP values to account for variations inEcoRI fragment of Prnp exon 3 was used as template

to synthesize digoxygenin (DIG)-labeled sense and RNA loading.
To establish the relative levels of expression inantisense riboprobes using a DIG-labeling RNA syn-

thesis kit and T7/T3 RNA polymerases (Roche Diag- mouse tissues, a series of Northern hybridizations
was prepared (using RNA isolated from pools of tis-nostics, East Sussex, UK) according to the manufac-

turer’s instructions. Prior to hybridization, riboprobes sues from several animals) and probed with a radiola-
beled PrP probe. Signals were quantitated, and mem-were hydrolyzed to a size of approximately 200 nt as

previously described (53). branes stripped and rehybridized with a probe to 18S
rRNA to adjust PrP values for RNA loading varia-Proteinase K (Life Technologies, Paisley, UK) treat-

ment of embryos was performed at a concentration of tions. Three individual Northern analyses were per-
formed for each tissue sample.10 µg/ml for 10 min and 15 min for E8.5 and E9.5

embryos, respectively.
Western Analysis of ProteinsFollowing hybridization (performed at 63°C over-

night) and washing, bound DIG-labeled riboprobe For Western analysis of PrPC and actin proteins,
tissues were processed essentially as previously de-was detected using an anti-DIG alkaline phosphatase-

conjugated antibody (Boehringer Mannheim) at a di- scribed to obtain enriched membrane preparations
from tissues (17). Briefly, tissues were homogenizedlution of 1:2500. Color development was performed

for 3 or 6 h (E9.5 and E8.5 embryos, respectively) and in 10 mM Tris-HCl, pH 8, containing protease inhibi-
tors (Roche Diagnostics). Samples were centrifugedembryos were subsequently postfixed in 4% parafor-

maldehyde and stored at 4°C. for 20 min, the supernatant was removed, and the
pellets resuspended in 10 mM Tris-HCl, pH 8, 150For photography, embryos were positioned on 0.8%

agarose solid support and photographed using dark- mM NaCl, 1% Triton X-100, 0.5% deoxycholic acid,
0.1% SDS, and 5 mM EDTA. Following determina-field microscopy.
tion of protein concentration by Bradford assay, SDS-
PAGE loading buffer, containing DTT, was added toNorthern Blot Analysis
the sample and 70 µg of protein extract denatured at
99°C for 5 min prior to loading onto Novex 12%RNA was resuspended in buffer containing 10% v/v

MOPS, 6.5% v/v formaldehyde, and 50% formamide Tris-glycine SDS polyacrylamide gels (Invitrogen
Life Technologies, Paisley, UK). Electrophoresis wasand incubated at 65°C for 10 min. Heat-denatured

total RNA (20 µg) was loaded onto a 1% agarose performed at 40 mA for approximately 2 h. Proteins
were transferred to PVDF membranes at 150 mA forgel (containing 7% v/v formaldehyde) and electro-

phoresis was performed at 80 V for 3 h. RNA was approximately 90 min. Western analysis was performed
with a 1:2000 dilution of rabbit anti-mouse PrPC [1B3transferred in 10× SSC, to a Hybond-N membrane

(Amersham Pharmacia Biotech) by capillary action. (12)] or a 1:500 dilution of goat anti-mouse PrPC

(M20, Autogen Bioclear, Wiltshire, UK) or a 1:500Membranes were rinsed briefly in 2× SSC and baked
at 80°C for 2 h. Membranes were prehybridized in dilution of goat anti-mouse β-actin (Autogen Bio-

clear), followed by horseradish peroxidase-linked don-20 ml of 0.5 M Na2HPO4/7% SDS, containing 100
µg/ml of denatured salmon sperm DNA (Life Tech- key anti-goat IgG. Blots hybridized with anti-PrPC

were stripped prior to reprobing with anti-actin anti-nologies, Paisley, UK) and 20 µg/ml tRNA (Sigma
Chemical Co., Dorset, UK) for 1 h at 65°C. Mem- bodies. Signal was visualized by ECL chemilumines-

cence (Amersham Pharmacia Biotech).branes were hybridized with a 930-bp PrP fragment
(exon 3, KpnI-EcoRI) labeled with [α-32P]dCTP (3000

Treatment of Cultured CellsCi/mmol) using a Rediprime II labeling system ac-
With Superoxide Radicalscording to the manufacturer’s instructions. Denatured

radiolabeled probe was added to the hybridization so- Cultured cells were prepared from murine adult
brain essentially as described previously (3). Gliallution at a concentration of 1 × 106 cpm/ml and hy-
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cells were derived from these primary cultures and
utilized at passage 12. The glial cell cultures were
determined by immunofluoresence to be composed
predominantly of astrocytes, as indicated by the as-
trocyte cell marker glial fibrillary acidic protein (GFAP)
(data not shown). Murine neuroblastoma (Neuro-2a)
cells were obtained from the American Tissue Cul-
ture Center (Manassas, VA).

Cells were plated at equivalent densities in six-well
culture dishes (Corning Costar, Bucks, UK) and
maintained in Dulbecco’s minimal essential medium
(Life Technologies), supplemented with 10% fetal

Figure 1. Measurement of PrP expression in the developing mu-calf serum, at 37°C/5% CO2. Cells were treated with
rine embryo by RT-PCR. First-strand cDNA synthesis was per-5 µM xanthine substrate, either alone or in combina-
formed on 5 µg of DNase-treated total RNA extracted from murine

tion with various concentrations of xanthine oxidase embryos at E9, E11, E13, E15, and E17 stages of development
[with (+) or without (−) RT]. A control in which template cDNA(Boehringer Mannheim) as a source of superoxide
was omitted was also included (N). (a) Ethidium bromide-stainedradicals. Xanthine oxidase treatment was carried out
agarose gel following electrophoresis of RT-PCR products of exon

at approximately 60% confluency and the cells main- 3 of the Prnp gene. (b) Southern analysis of gel depicted in (a),
probed with a radiolabeled 930-bp KpnI-EcoRI PrP DNA. (c)tained for a further 24 h. Treatments were performed
Ethidium bromide-stained agarose gel following electrophoresis ofin triplicate. Cells were subsequently rinsed with PBS
RT-PCR products of β-actin.

(Life Technologies), harvested, and total RNA iso-
lated from combined triplicate experiments. Total RNA
(20 µg N2a RNA, 15 µg astrocyte RNA) was used bryos, which could not be reliably demonstrated by

ethidium bromide staining (Fig. 1a).for Northern analysis to establish levels of PrP RNA
in treated compared to untreated cells. To establish both the exact timing of PrP transcrip-

tional activation and the initial spatial expression pat-
tern of PrP transcripts, we selected embryos at E8.5
and E9.5 stages of embryogenesis for further analysisRESULTS
by WM-ISH. PrP RNA expression was undetectable

Embryonic Expression of PrP RNA
in the E8.5 embryo (Fig. 2b) by the WM-ISH proce-
dures utilized here. No expression was detected in theRT-PCR analysis was performed on RNA isolated

from whole mouse embryos in order to determine the primitive forebrain, midbrain, or hindbrain regions,
and while there appeared to be very weak staining inpoint in embryonic development at which activation

of PrP gene expression occurs. Figure 1 shows PrP the region posterior to the optic eminence, this most
likely represents background staining because thisRT-PCR amplification of PrP in developing embryos

(E9 to E17). The same cDNA samples were used for signal was not detectable in other embryos of this
stage. In contrast to the lack of expression in E8.5 em-all RT-PCR reactions. PrP RT-PCR product was

readily detected by ethidium bromide staining in em- bryos, PrP RNA expression was widespread through-
out all regions of the developing brain by the E9.5bryos at all stages examined with the exception of

E9. PCR products were of the expected size and were stage of embryogenesis (Fig. 2d–f). PrP staining could
be detected in the telencephalic, mesencephalic, andpresent only in RT+ reactions, demonstrating speci-

ficity for cDNA as opposed to contaminating ge- metencephalic vesicles and appeared to be limited to
the differentiating neuroepithelium of these structures.nomic DNA (Fig. 1a). Following capillary transfer,

Southern hybridization of PCR products with a radio- In addition, low-level expression of PrP was also de-
tectable in the developing neural tube, again appar-labeled PrP probe clearly confirmed that RT-PCR

products were PrP specific, with noticeably lower ently associated with the differentiating neuroepithe-
lium (Fig. 2e). Although there was no clear expressionlevels at E9 (Fig. 1b). Amplification of β-actin by

RT-PCR produces similar quantities of product for in the peripheral nervous system (PNS) at the E9.5
stage, a faint signal suggests that PrP RNA may beall embryonic stages, suggesting that the lower levels

of PrP observed at E9 do not result from variation in expressed at a low level at this stage in the otic pits
(Fig. 2d, e) and possibly in the optic eminence (Fig.cDNA synthesis (Fig. 1c). The hybridization of PCR

products with a PrP-specific probe confirms both the 2d), structures that develop into the auditory and op-
tic systems, respectively. No signal was detected inspecificity of the reactions and the lower levels of

expression in E9 embryos. This experiment (Fig. 1b) embryos hybridized with the PrP sense probe (Fig.
2a, c).demonstrates low-level PrP expression in E9 em-
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Figure 2. WM-ISH analysis of PrP expression in the developing murine embryo. E8.5 and E9.5 embryos hybridized with a DIG-labeled
PrP sense (a, c) and antisense (b, d, e, f) riboprobe. Lateral (a, b, c, d), dorsal (e), and ventral (f) views. Probe hybridization was detected
using an alkaline phosphatase-linked anti-DIG alkaline phosphatase-linked antibody. Color development was performed for 3 h (c, d, e, f)
and 6 h (a, b). Abbreviations: pmr, prospective midbrain region; hnf, hindbrain neural fold; fnf, forebrain neural fold; t, telencephalon; m,
mesencephalon; mt, metencephalon; op, otic pit; v, 4th ventricle (myelencephalon); nt, neural tube.

Postnatal and Adult Expression of PrP RNA the PrP locus. In addition, Southern blot analyses us-
ing this probe revealed only genomic DNA fragments
of the predicted sizes (data not shown), indicatingPrP RNA expression was studied in the murine

postnatal developing brain and in other adult tissues that the visualized transcripts do not result from hy-
bridization to closely related genes.by Northern analyses. In the developing brain, the

primary 2.4-kb PrP transcript was readily detected, Figure 3 also shows hybridization of PrP probe to
RNA from various non-CNS murine tissues, demon-with highest levels in the P42 adult brain (Fig. 3a).

PrP RNA levels increased in the developing brain ap- strating expression in all tissues examined (Fig. 3a,
b). It is clear that in these tissues PrP RNA levelsproximately eightfold between the P1 and P42 period

of postnatal development (Fig. 3a, c). were highest in lung, kidney, and heart, lower in
muscle and testis, and lowest in spleen and liver. Rel-Transcripts of approximately 1.3 and 3.6 kb were

also clearly detected in addition to the primary 2.4- ative to adult brain (P42), in lung, kidney, and heart
PrP RNA was expressed at levels of 8–10%, in mus-kb PrP transcript in postnatal developing brain (Fig.

3a). As obvious from Figure 3a, the levels of these cle and testis at 5–6%, and in spleen and liver at
2–3% (Fig. 3c). In addition to the primary transcriptadditional transcripts also increased during postnatal

brain development. PhosphorImager analysis showed of 2.4 kb, a secondary transcript of 1.3 kb was also
present in heart and kidney. In contrast to adult brain,that they were present at levels equivalent to approxi-

mately 5% of the primary 2.4-kb transcript in adult this transcript in heart was expressed at approxi-
mately 70% of the level of the primary 2.4-kb tran-brain. These PrP transcripts were not detectable in

tissues in which the PrP gene had been ablated (Fig. script.
Northern analysis demonstrated that expression of3b), suggesting that these transcripts are specific to
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Figure 3. PrP RNA expression in postnatal and adult tissues. Total RNA was prepared from brains collected at 1 (P1), 10 (P10), 20 (P20),
and 42 (P42) days of postnatal development (pooled from six animals), and from adult (P42) heart (H), lung (Lg), testis, (T), kidney (K),
spleen (S), liver, (Lv), and skeletal muscle (M) (pooled from four animals). Denatured RNA (20 µg) was size fractionated through a 1%
agarose gel, containing formaldehyde, transferred to Hybond-N, and the membrane hybridized with a radiolabeled PrP probe (upper panel)
and exposed to BiomaxMS autoradiography film (Sigma, Dorset, UK) for 24 h. Membranes were stripped and reprobed with an 18S rRNA
cDNA probe (lower panel) to normalize for variations in RNA loading. The positions of 28S (4712 nt) and 18S (1869 nt) rRNA are indicated.
(a) Expression of PrP in postnatal developing brain and various adult tissues. (b) Expression of PrP in various Prnp+/+ and Prnp−/− tissues. (c)
PrP phosphorimager values were adjusted in relation to 18S values and expressed as a percentage of PrP expression in the P42 adult brain.
Shown are the means and SDs of values from three separate Northern blots. PrP RNA expression values are presented relative to values
obtained for P42 brain.
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PrP mRNA per microgram of total RNA was most various non-CNS murine tissues. Protein extracts
from Prnp−/− tissues analyzed in parallel in order toabundant in adult brain and least abundant in spleen

and liver (Fig. 3c). However, the yield of RNA per demonstrate which of the proteins reactive with the
anti-mouse PrPC antibody resulted from specific bind-milligram wet weight of tissue varied greatly among

different tissues. In absolute terms, when this varia- ing. While we examined the same representation of
peripheral tissues as used for the RNA expressiontion is accounted for, PrP expression in the spleen

represented 30% of PrP expression in the adult brain analysis outlined in Figure 3, PrPC was only readily
detectable in brain, heart, lung, testis, and skeletal(data not shown).
muscle. Overexposure of blots revealed a faint PrPC

signal in spleen extracts using the M20 polyclonalPostnatal and Adult Levels of PrPC Protein
antibody (data not shown). Based on equivalent pro-
tein loading, relative to adult (P42) brain, PrPC levelsLevels of PrPC protein expression were studied in

the murine postnatal developing brain and in adult were most abundant in heart and skeletal muscle,
then testis and lung (Fig. 4b), then spleen (data nottissues of Prnp+/+ and Prnp−/− mice. In the developing

brain, the primary 34-kDa PrPC protein was readily shown). We were unable to detect PrPC in protein ex-
tracts from kidney or liver under the conditions out-detected, with highest levels in the P42 adult brain

(Fig. 4a). The most significant increase in levels of lined here, even following prolonged overexposures.
In addition to the primary 34-kDa PrPC protein,PrPC was observed from the P1 to P10 period of post-

natal development. Figures 4a and b shows the presence of lower molec-
ular weight proteins that are reactive with the anti-Figure 4 also shows Western analysis of PrPC from

Figure 4. PrPC expression in the postnatal developing brain and adult tissues. Protein extracts were prepared from brains collected at 1 (P1),
10 (P10), 20 (P20), and 42 (P42) days of postnatal development, and from adult (P42) heart (H), lung (Lg), testis, (T), spleen (S), and
skeletal muscle (M) (pooled from two animals). Proteins (70 µg) were size fractionated through 16% SDS-PAGE gels, transferred to PVDF,
and the membrane incubated with anti-mouse PrPC (1B3, 1:2000) or anti-mouse β-actin antibodies (1:500), followed by HRP-linked anti-
goat IgG. Actin was used to indicate approximately equivalent loading of proteins between Prnp+/+ and Prnp−/− tissue pairs . Signals were
detected by autoradiography following ECL chemiluminescence. The positions of molecular weight markers are indicated. (a) Expression
of PrPC in P1 to P42 developing brain. (b) PrPC expression levels in adult (P42) tissues from Prnp+/+ and Prnp−/− mice. The first lane represents
a shorter exposure of the PrPC signal in adult brain, to allow comparison of Prnp+/+-specific PrPC isoforms. Brain PrPC signal is included in the
following panels to indicate PrPC levels in other tissues relative to P42 brain. Bands present in Prnp+/+ tissues but not Prnp−/− tissues represent
different isoforms of PrPC.
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mouse PrPC antibody and that are specific to Prnp+/+ in non-CNS tissues. While the smaller of these is
similar to that previously reported by others in rodenttissues. In most tissues in which PrPC was detectable,

the major protein was approximately 34 kDa. How- tissues (33,38), the existence of a larger transcript is
reported here for the first time. The significance ofever, in testis, the major PrPC protein detected was

approximately 31 kDa (Fig. 4b). these additional transcripts and the possible relation-
ship to alternative PrP transcripts reported in other
species is unclear at present. Additionally, using pro-PrP RNA Levels Following Exposure

to Superoxide Radicals tein extracts from enriched membrane preparations,
we also clearly demonstrate the expression of PrPC

Murine neuroblastoma (N2a) cells and glial cells
proteins that are smaller than the primary 34 kDa

(predominantly astrocytes) derived from the primary
molecular weight of PrPC and that are specific to

culture of dissociated murine brain were used to in-
Prnp+/+ tissue protein extracts. In particular, in the tes-

vestigate PrP RNA expression in response to expo-
tis the largest molecular weight PrPC protein detected

sure to superoxide radicals. Cultures were prepared
was approximately 31 kDa.

in triplicate and pooled on completion of treatment.
It has been documented previously that C-terminal

Cells were exposed for 24 h to varying degrees of
truncated PrPC isoforms are present in mature human

oxidative stress induced by xanthine oxidase (a source
sperm (43). Murine PrPC is synthesized as a protein

of superoxide radicals), and then processed for RNA
of 254 amino acids, which undergoes a variety of

extraction. Northern blot analysis demonstrated that
posttranslational modifications including removal of

PrP RNA expression levels increased in response to
the N-terminal signal peptide, C-terminal cleavage,

exposure to superoxide radicals in both cell types in
and glycosyl-phosphatidylinositol anchor addition (44).

a dose-dependent fashion (Fig. 5a, b). PrP expression
PrPC also contains two N-glycosylation sequences,

increased by up to 30% in N2a cells, while equivalent
both of which can be variably glycosylated, giving

treatment (50 µU/ml of xanthine oxidase) induced an
rise to unglycosylated, monoglycosylated, and digly-

increase in PrP RNA expression of 60% in astrocytes
cosylated species (39,46). Therefore, because mature

(Fig. 5b).
PrPC is a heavily glycosylated protein that has under-
gone cleavage and removal of N- and C-terminal pep-
tides, the different molecular weight isoforms de-

DISCUSSION
tected in the tissues studied here most likely reflect
different stages of protein biogenesis and/or differen-At present, the precise molecular function of PrPC

is unclear. These studies were carried out on the basis tial complexities of glycosyl moieties. This sugges-
tion is supported by the fact that following deglyco-that knowledge of the timing and distribution of PrP

RNA and protein expression may aid our understand- sylation with PNGase, the major PrP-reactive band in
all tissues studied was approximately 25–27 kDaing of the function of PrPC. Northern and Western

analyses were used to characterize PrP RNA and pro- (data not shown). With the exception of the kidney,
the levels of PrPC correlate well with the relative PrPtein expression in the postnatal developing brain and

in various adult non-CNS tissues. To determine the RNA expression levels in murine tissues. While PrP
RNA is apparently expressed at comparable levels inpoint of transcriptional activation, we also analyzed

PrP expression by both in situ hybridization and RT- heart and kidney, of these tissues PrPC protein could
only be detected in protein extracts from heart underPCR techniques at various stages of embryonic de-

velopment between E8.5 and E17. We have estab- the experimental conditions outlined here. We were
unable to detect PrPC in enriched protein extracts fromlished the relative levels of PrP RNA and protein in

different murine adult tissues and demonstrated an membranes from kidney using either the 1B3 rabbit
anti-mouse polyclonal or the M20 goat anti-mouseeightfold increase in RNA levels in the brain between

day 1 and day 42 of postnatal development. PrPC pro- PrPC polyclonal (data not shown). This is in agree-
ment with another report, which showed appreciabletein levels also increase over this period, most signifi-

cantly from P1 to P10. Although the increase in PrP levels of PrP in RNA isolated from sheep kidney but
failed to immunoprecipitate sheep PrPC from kidneyRNA expression over this period has been previously

reported, the eightfold increase reported here is greater (32). It appears that while PrP RNA is readily detect-
able in kidney, in contrast to other peripheral tissuesthan the fourfold increase in expression reported by

others (20). It is also greater than that reported for expressing PrP RNA, kidney does not represent a
tissue in which PrPC protein synthesis is detectablepostnatal developing rat (21) or hamster (27) brains.

In addition to a primary PrP transcript of the expected under these conditions. While it is possible that the
kidney does not synthesize PrP protein, it is also pos-size, we clearly demonstrate the existence of alterna-

tive forms of the PrP transcript in murine brain and sible that kidney PrP protein is not detectable by the
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Figure 5. PrP RNA expression in murine neuroblastoma and astrocyte cells following exposure to superoxide radicals. (a) Northern analysis
of PrP RNA and 18S rRNA in N2a and astrocyte cells treated with xanthine oxidase (source of superoxide radicals). (b) Quantitation of
PrP RNA expression in treated cells. Quantitation of PrP RNA expression levels were adjusted for variations in RNA loading by 18S rRNA
hybridization (lower panel) and quantitation. Values represent the percentage change in PrP RNA expression in cells exposed to superoxide
radicals relative to untreated cells (corrected for loading variation by 18S rRNA hybridization and quantitation).

antibodies used under the conditions outlined in this stage of development expression is already widespread
throughout the central and peripheral nervous system,study.

The levels of PrP RNA reported here for murine and in nonneuronal structures. The precise stage of
transcriptional activation of the PrP gene has not beenpostnatal tissues have been calculated based on equiv-

alent loading of RNA. It is of interest to note that previously described. The RT-PCR data presented in
this article show that expression of PrP RNA is de-when PrP RNA expression is calculated per unit weight

of tissue (taking into consideration varying RNA con- tectable by the E9 stage of embryogenesis. The lower
level of PrP PCR product at E9 compared with alltents of tissues), in absolute terms, the spleen is the

highest non-CNS expressor of PrP RNA. This obser- other stages suggests that E9 may be close to the
point of transcriptional activation of PrP during mu-vation may prove to be of relevance in our under-

standing of the involvement of the lymphoreticular rine embryogenesis. In accordance with this possibil-
ity, in situ hybridization experiments failed to detectsystem in TSE disease pathogenesis, the spleen repre-

senting a major site of TSE agent replication prior to PrP RNA expression in E8.5 embryos. In contrast, by
the E9.5 stage of embryogenesis PrP RNA expressionneuroinvasion (6,19).

While expression of PrP RNA throughout the CNS can be readily detected throughout the CNS; it ap-
pears to be limited to neural structures and is particu-and PNS has previously been reported as early as

E13.5 in the developing mouse embryo (25), by this larly evident in the differentiating neuroepithelium of
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developing brain vesicles. As a consequence, we be- vestigated the effect of this treatment on PrP RNA
levels in these cells.lieve that PrP transcriptional activation occurs between

E8.5 and E9 of murine embryogenesis (the neurala- Expression of PrP RNA in cultured neuronal and
astrocyte cells was shown to be regulated in a dose–tion stage). Our results represent the earliest dem-

onstration of PrP RNA expression during embryo- response fashion in response to exposure to superox-
ide radicals. Exposure to increasing levels of super-genesis and document the period of transcriptional

activation of the PrP gene. oxide radicals results in increased levels of PrP RNA
in both cell types studied. From the data presentedIn developmental terms, the E8.5 to E9.5 period

represents a dramatic stage of murine embryogenesis, here, it seems likely that wild-type (Prnp+/+) cells re-
spond to increased ROS exposure by increased ex-as the processes of turning are initiated at this time

and organogenesis is greatly accelerated (18,40). It pression of PrP. Alternatively, as similar treatments
with xanthine/xanthine oxidase have been shown tohas been recognized for some time that mammalian

embryos are initially physiologically adapted for an- result in more pronounced cell death in Prnp−/− cells
compared with Prnp+/+ cells, it remains a possibilityaerobic (glycolytic) bioenergy production and later

switch to aerobic (oxidative) metabolism (22,40). that superoxide treatment selects for those cells with
higher levels of PrP expression. In any event, the pre-Murine embryos at E8.5 to E9.5 have approximately

8–20 somite pairs (18) and it is at this stage that the liminary data presented here further substantiate the
notion that PrPC forms part of a cellular antioxidantsteady-state production of lactate drops and conse-

quently the embryos’ demand for oxygen grows (10, mechanism.
We suggest that PrP is activated during the em-15,30,49). Mitochondrial ultrastructure also becomes

more characteristic of actively aerobically respiring bryonic E8.5 to E9 period as part of an antioxidant
mechanism required to deal with elevated levels ofcells as the embryo develops from the 8-somite stage

(49). It is interesting to note that the PrP gene is tran- ROS production, which occurs as aerobic metabolism
begins. It is known that copper induces rapid endocy-scriptionally activated during a period of embryogen-

esis when there is a shift in the type of bioenergy tosis of PrPC (35) and, therefore, the role of this pro-
tein in antioxidant defense might be via the provisionproduction utilized from anaerobic to aerobic metab-

olism. Aerobic metabolism carries with it the con- of copper to the cytoslic Cu/Zn SOD. Alternatively,
increased susceptibility of Prnp−/− cells and detectioncomitant production of potentially damaging reactive

oxygen species (ROS) intermediates, such as the su- of increased levels of PrP RNA in response to expo-
sure to superoxide radicals may indicate that PrPC it-peroxide radical. Presumably, antioxidant mechanisms

to deal with generated ROS, such as the expression self has more direct antioxidant capabilities. Indeed,
recent evidence suggesting that both recombinant andof superoxide dismutases, are also required during

this stage of embryogenesis. It has been estimated immunoprecipitated PrPC posses SOD activity sup-
ports this view (5).that approximately 1–2% of the oxygen consumed

for aerobic metabolism is converted to superoxide In summary, we have documented the relative levels
of PrP RNA and protein levels in postnatal developingradicals, potentially capable of damaging DNA, lipid,

and proteins (52,53). It could be speculated that using brain and in various adult tissues. Additionally, we
have shown that transcriptional activation of the PrPthis form of bioenergy production requires the simul-

taneous onset of cellular antioxidant mechanisms gene occurs during the E8.5 to E9 stage of murine
embryogenesis. This represents the earliest demonstra-with which to deal with ROS. Cu/Zn SOD is one

such antioxidant enzyme and it has been demon- tion of PrP expression during embryogenesis to date.
Increased levels of PrP RNA in cultured cells exposedstrated that activity of this copper-dependent enzyme

is impaired in brains from mice devoid of PrPC to superoxide radicals could suggest that initiation of
PrP RNA expression during embryogenesis may be a(Prnp−/−) and that activity is elevated in brains of

transgenic mice overexpressing PrPC (4). This might response to ROS production by the onset of aerobic
metabolism. Evidence accumulating to date stronglyresult from PrPC being a cuproprotein (2,47) and ob-

servations that Cu/Zn SOD receives copper from implicates PrPC as having a physiological role in the
cellular antioxidant response to oxidative stress.PrPC (4). Therefore, a gene dosage effect of PrP on

Cu/Zn SOD activity is clear. Additionally, recent
studies suggest that PrPC itself may possess SOD ac-
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