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Figure 2. Degeneration of Purkinje cells in Tg(Dpl) mice is asymmetric. Brain sections from a group 2 mouse at 100 days of age were stained with anti-calbindin
antibody to visualize cerebellar Purkinje cells. Representative images from lobules 1Il (A), IV (B), V (C), VI (D), VIII (E), and X (F) are shown. At this stage, lobules
III to V show severe Purkinje cell loss (A=C), lobules V1 and VIII are less affected (D and E), and lobule X is spared (F). Purkinje cell loss was not uniform within
a lobule; Purkinje cell-free regions showed reduced calbindin staining of the adjacent molecular layer due to the absence of Purkinje cell dendrites (arrows in

A and B). Scale bar = 150 um.

the 82 glutamate receptor,®® and from Tg(F35) mice,
which show apoptosis of granule cells due to expres-
sion.of an N-terminally truncated form of PrP.22:3% Pos-
itive staining for TUNEL and activated caspase-3 was
evident in degenerating Purkinje cells (0.1 to 1 per X20
field) in Lurcher mice (Figure 5, C and G) and -in
degenerating granule cells (20 to 50 per X20 field) in
Tg(F35) mice (Figure 5, D and H).

Bax Deletion Does Not Alter Express/on Levels
of Dpl or Bak

Western blotting was used to analyze the levels of PrP,
Dpl, Bax, and Bak in brain homogenates prepared from
Tg(Dpl) mice (Figure 6). Bak, a proapoptotic member of
the Bcl-2 family, is expressed as an alternatively spliced
BH3-only isoform in postnatal neurons.“® B-Actin was
used as a loading control. Groups 1 to 4 mice all ex-
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pressed Dpl at similar levels (lanes 1 to 4), but only
groups 3 and 4 mice expressed PrP (lanes 3 and 4). Bax
was present only in groups 1 and 3 mice (lanes 1 and 4),
whereas Bak was present at similar levels in all mice
(lanes 1 to 5). Pr-p®° Bax®? mice lacking the Dpl trans-
gene did not express PrP, Dpl, or Bax (lane 5). Thus, the
lack of effect of Bax deletion on the Tg(Dp!) phenotype is
not because of compensatory up-regulation of Bak or
Dpl. We also found that levels of Bel-2 were similar in
mice from groups 1 to 4 (not shown), suggesting that
expression of antiapoptotic family members are not al-
tered by Bax deletion.

Discussion

In this study, we have tested whether Bax plays a role
in the neurodegenerative phenotype produced in

Figure 3. Quantitation of Purkinje cell loss in
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Tg(Dpl) mice. Purkinje cells were counted in six
serial sections from lobule IV of the cerebellum
from three mice of each of the indicated geno-
types, as described in Materials and Methods.
Bars represent the mean * SD. Means for bars
marked with an asterisk are statistically differ-
ent (P < 0.01, Student’s ~test) from means for
bars marked with a number sign. Means for
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groups 1 and 2 are not statistically different from
each other at 50, 100, or 130 days.
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Figure 4. Bax deletion does not affect astrocytosis in the cerebellum of Tg(Dpl) mice. A~D: Brain sections from mice of the indicated genotypes at 130 days of
age were stained with an antibody to glial fibrillary acidic protein. GCL, grarule cell layer; ML, molecular layer. Scale bar = 100 pm.

transgenic mice by neuronal expression of the PrP
paralog Dpl. Bax is a multidomain, proapoptotic mem-
ber of the Bcl-2 family, which is known to play a major
role in mitochondrially mediated apoptosis in the CNS,
including in the cerebellum. 252641 We found that de-
letion of both copies of the Bax gene had no effect on
the development of clinical symptoms in Tg(Dpl} mice
or on the characteristics of Purkinje cell degeneration
seen in these animals.

Bax-Independent Purkinje Cell Death in Tg(Dpl)
Mice
Why does Purkinje cell degeneration in Tg(Dpl) mice

occur independently of Bax? Purkinje cells have been
shown to express Bax,*2 which appears to be the only
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A. T
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Calbindin (red)
Caspase-3 (green)
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multidomain, proapoptotic regulator present in neu-
rons.*® Moreover, Bax has been demonstrated to play a
role in developmental death of Purkinje cells. Thus, elim-
ination of Bax partially rescues the apoptotic death of
Purkinje cells that is thought to occur naturally during the
embryonic and postnatal periods, causing as much as a
30% increase in total Purkinje cell number.” Therefore,
Purkinje cells possess the molecular machinery required
for execution of a Bax-dependent, mitochondrially medi-
ated pathway of apoptosis.

Presumably, Dpl must be activating alternative non-
Bax-dependent pathways in Purkinje cells. Current think-
ing suggests that cells die via three kinds of processes:
apoptosis, autophagy, and necrosis.2”"4® Apoptosis can
involve the intrinsic (mitochondrial) pathway, which is
dependent on Bel-2 family members such as Bax, or the

Lurcher

Figure 5. Purkinje cell death in Tg(Dpl) mice occurs independently of detectable DNA cleavage and caspase-3 activation. Brain sections were prepared from the
following mice at 100 days of age: group 1 (A and E), group 2 (B and F), Lurcher (C and G), and Tg(F35) (D and H). Sections were stained for calbindin (green)
and TUNEL (red) (A-D) or for calhindin (red) and activated caspase-3 (green) (E-H). A representative area from cerebellar lobule 1V is shown for each brain.
Arrows in C and G indicate Purkinje cells in Lurchermice that are positive for TUNEL and activated caspase-3, respectively. In contrast, no Purkinje cells positive
for these markers are seen in groups 1 or 2 mice (A, B, E, and F). Numerous granule cells stained by TUNEL and for activated caspase-3 are apparent in the granule
cell layer of Tg(F35) mice (D and H). GCL. granule cell Jayer; ML, molecular layer. Scale bar = 20 pm.
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Figure 6. Bax deletion does not alter expression levels of Dpl or Bak. Brain
homogenates from mice of the indicated genotypes were analyzed by West-
ern blotting using antibodies directed against PrP, Dpl, Bax, Bak, or B-actin
(as a loading control). Molecular size markers are given in kilodaltons.

extrinsic pathway, which is initiated by cell surface death
receptors.?’” Thus, Dpi may be acting via an extrinsic
apoptotic pathway, which in some cell types can induce
death without amplification by the mitochondrial path-
way.*# Alternatively, Dpl may activate autophagic or ne-
crotic mechanisms.

Evidence from mouse cerebellar mutants indicates
that Purkinje cells possess several non-Bax-dependent
pathways for neuronal death. For example, elimination of
Bax does not prevent postnatal degeneration of Purkinje
cells in Lurcher mice, which express a mutant form of the
52 glutamate receptor.*®® Recent work has demon-
strated that Purkinje cell death in Lurcher mice occurs
via an autophagic process mediated by the protein
Beclin-1.474% Autophagy is an organelle engulfment
process that is usually considered to be distinct from
apoptosis.*® Interestingly, however, dying Purkinje
cells in Lurcher animals display caspase activation and
DNA fragmentation, characteristics of apoptosis.3®4°
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Elimination of Bax prevented caspase activation and DNA
fragmentation, even though Purkinje cell death was not
blocked.*®%° Thus, it has been suggested that both auto-
phagic and apoptotic processes play a role in Purkinje cell
degeneration in Lurcher mice, as well as in other cerebellar
mutants.’

Possible Nonapoptotic Neuronal Death in
Tg(Dpl) Mice

Interestingly, we did not observe DNA cleavage or
caspase-3 activation in Purkinje cells of Tg(Dpl) mice,
suggesting the absence of apoptosis in these cells. Pur-
kinje cells are known to contain pro-caspase-3.38 In ad-
dition, caspase-3 activation and DNA fragmentation have
been documented in these cells during developmentally
regulated death, as well as in many cerebellar mouse
mutants including Lurcher, Purkinje cell degeneration
(pcd), Toppler, Woozy, Tambaleante, and Sticky.5'-52
Thus, Purkinje cells are capable of undergoing caspase-
mediated apoptotic death. Of course, it is possible that
our failure to detect DNA cleavage and caspase-3 acti-
vation in Tg(Dpl) mice is attributable to the relatively small
number of Purkinje cells present in the cerebellum
(~220,000),% the extended time course over which cell
loss occurred (>50 days), or the rapid engulfment and
elimination of apoptotic cells. Apoptosis is much easier to
appreciate in the granule cell layer, which contains a
much larger number of cells (3 x 107).%7 Arguing against
these possibilities, however, we monitored staining for
TUNEL and activated caspase-3 throughout the whole
cerebellum from 30 to 180 days, corresponding to the
entire course of Purkinje cell degeneration. Because the
loss of Purkinje cells occurs asymmetrically in different
lobules of the cerebellum (Figure 2), our analysis is likely
to have captured cells in several different stages of de-
generation. As a positive control, we were able to capture
small numbers of apoptotic Purkinje cells in the brains of
Lurcher mice. If Purkinje cells in Tg(Dpl) mice are dying in
the absence of caspase activation and DNA fragmenta-
tion, this would suggest the involvement of nonapoptotic
processes, perhaps autophagic mechanisms as in
Lurcher mice. Analysis of Tg(Dpt) brain tissue using mark-
ers for these alternative death pathways will help shed
light on this possibility.

Comparison of Neuronal Degeneration Induced
by Dol and N-Terminally Deleted PrP

In a recently published study, we analyzed the effect of
Bax elimination on the neurodegenerative phenotypes
produced in Tg mice by expression of either of two N-
terminally deleted forms of PrP, A32-134 or A105-125
(collectively referred to here as APrP).3° We found that
deletion of Bax slowed but did not prevent clinical illness
and development of neuropathology induced by PrP
A32-134 and had no effect on neurodegeneration in-
duced by PrP A105-125. We thus concluded that APrP
activates both Bax-dependent and Bax-independent
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neurotoxic pathways, with the latier assuming a dominant
role in the terminal stage of the disease. Because Dpl
structurally resembles APrP and because each of these
proteins induces neurodegeneration that is suppressible
by coexpression of wild-type PrP, it is likely that they
activate related neurotoxic pathways. Indeed, we have
postulated that these proteins interact with a common
receptor that serves to transduce the toxic signal, with
PrP A105-125 having the highest affinity for the recep-
tor.2® The Bax-independent mechanisms engaged by
both Dpl and APrP may represent the downstream ele-
ments of such a common cellular program.

In contrast to the Tg(NSE-Dpl) mice analyzed here,
mice expressing PrP A32-134 and PrP A105-125 display
neuronal degeneration with prominent apoptotic features,
including caspase-3 activation and DNA fragmenta-
tion.22:23.3% Thig discrepancy between the effects of Dpl
and of APrP may reflect the different neuronal popula-
tions that are impacted by the two kinds of proteins.
Neuronal ioss in Tg(APrP) mice involves primarily cere-
bellar granule cells with sparing of Purkinje cells,
whereas Tg{NSE-Dpl) mice show Purkinje cell loss with
sparing of granule cells. It is thus possible that granule
cells and Purkinje cells differ in how they read out the
death signals initiated by Dpl and APrP. The fact that
granule cell death induced by PrP A32-134 includes a
Bax-dependent component, whereas Dpl-induced death
of Purkinje cells is entirely Bax-independent, may also re-
flect the presence of different cell death pathways in these
two neuronal cell types. Indeed, there are prominent differ-
ences between granule and Purkinje cells in how they re-
spond to several other kinds of death-inducing stimuli.**

The different pathologies observed in Tg(NSE-Dpl)
and Tg(APrP) mice are probably attributable to expres-
sion in different neuronal cell types, rather than to intrinsic
differences in the neurotoxic activities of the two kinds of
proteins. Dpl mRNA expression in Tg(NSE-Dpl) mice is
detectable in Purkinje cells but not in granule cells,?®
consistent with other evidence that the NSE promoter is
more active in Purkinje than in granule cells.53%* This
restricted expression pattern presumably explains the
Purkinje cell-specific pathology seen in Tg(NSE-Dpl)
mice. However, when expression is driven by a Pm-p
cosmid, Dpl causes TUNEL-positive apoptosis of granule
cells as well as degeneration of Purkinje cells.® Conversely,
expression of PrP A32-134 using the Purkinje cell-specific
L7 promoter causes Purkinje cell degeneration.®® it would
be of interest to détermine whether neuronal loss in the latter
two lines of mice is Bax-independent, as itis in TQ(NSE-Dpl)
animals, or whether it also includes a Bax-dependent com-
ponent as in Tg(PrP A32-134) mice.

Conclusion

Taken together, our results highlight an important role for
Bax-independent pathways in the neurotoxicity of Dpl
and raise the possibility that Dpl activates nonapoptotic
mechanisms of neuronal death in Purkinje cells. It will be
important now to define further the relevant neurotoxic
pathways, to identify the commonalities between the ac-
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tions of Dpl and APrP, and to determine how the activities
of these proteins manifest themselves in different neuro-
nal and non-neuronal cell types. It is likely that this infor-
mation will provide important clues to the normal func-
tions of Dpl and PrP® and how subversion of PrP© activity
might contribute to prion-induced neurodegeneration.
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Abstract: Previous studies have shown that cellular prion protein (PrP°) plays anti-apoptotic and anti-
oxidative role against cell death induced by serum-deprivation (SDP) in an immortalized prion protein
gene-deficient neuronal cell line derived from Rikn prion protein (PrP) gene-deficient (Prnp™) mice,
which ectopically produce excess Doppel (Dpl) (PrP-like glycoprotein). To investigate whether PrP°
inhibits apoptotic neuronal cell death without Dpl, an immortalized cell line was established from the brain
of ZrchI Prnp™" mice, which do not show ectopic expression of Dpl. The results using a ZrehlI neuronal
Prnp~- cell line (NpL2) showed that PrP° potently inhibited SDP-induced apoptotic cell death. Further-
more, PrP° expression enhanced the superoxide dismutase (SOD) activity in NpL2 cells. These results indi-
cate that Dpl production did not affect anti-apoptotic and anti-oxidative functions of PrP, suggesting that
PrP¢ may be directly correlated with protection against oxidative stress.

Key words: Prion protein, Oxidative stress, Apoptosis, Doppel

Scrapie and bovine spongiform encephalopathy
(BSE) in animals and Creutzfeldt-Jakob disease (CID)
in humans are neurodegenerative disorders caused by
the intracerebral accumulation of an abnormal prion
protein (PrP) designated as PrP* (19, 33). PrP¥ is
implicated as the pathogenic agent in these diseases.
The cellular prion protein (PrP), a 30- to 33-kDa mem-
brane glycoprotein anchored by a glycosylphos-
phatidylinositol moiety (2), is highly expressed in neu-
rons (12) and glia cells (17).

To examine the function of PrP® in the living system,
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several PrP-deficient (Prnp™ ) mouse lines generated
independently by different groups using a homologous
recombination technique are designated accordingly as

Abbreviations: BSE, bovine spongiform encephalopathy;
CJD, Creutzfeldt-Jakob disease; DMEM, Dulbecco’s modified
Eagle’s medium; Dpl, Doppel; ECL, enhanced chemilumines-
cence; ELISA, enzyme-linked immunosorbent assay; FCS, fetal
calf serum; GFAP, glial fibrillary acidic protein; MAP-2, micro-
tubule associated protein-2; OD, optical density; ORF, open-
reading frame; PBS, phosphate-buffered saline; PCR, poly-
merase chain reaction; PLL, poly-L-lysine; PMSF, phenyl-
methyl-sulfonyl fluoride; PrP, prion protein; PrP¢, cellular prion
protein; PrP¥, abnormal prion protein; Prnp, prion protein gene;
PVDF, polyvinylidene difiuoride; RIPA, radioimmunoprecipita-
tion assay; ROS, reactive oxygen species; SDP, serum depriva-
tion; SDS, sodium dodecyl sulfate; SEM, standard error of the
mean; SOD, superoxide dismutase; STI1, stress-inducible pro-
tein-1; SV40, simian virus 40, UV, uitraviolet; WT, wild-type.
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Zxchl (8), Zrchl (22), Npu (14), Ngsk (23), Rcm0 (16)
and Rikn (38). Initial studies generating two indepen-
dent lines of mice (Zrchl, Npu) have suggested that
these Prnp™" mice are anatomically and behaviorally
normal (8), although these Prnp™ cultured neurons are
more sensitive than wild-type (WT) neurons to oxida-
tive stress in vitro (14). Further studies have demon-
strated that copper-bound PrP¢ elicits superoxide dis-
mutase activity (7), suggesting that the loss of PrP*-
mediated anti-oxidant function may be involved in
prion diseases (36).

There are other groups of Prnp™ mice that appar-
ently display neurological abnormalities. The recombi-
nant mice (Ngsk, Rem0, Zrchll, and Rikn) produce
similar symptoms and indicate late-onset ataxia with
Purkinje cell loss (23, 38). Ngsk, Rem0, ZrchlIl and
Rikn Prnp ' mice were generated using different tar-
geting cassettes previously used for non-phenotype
mice. A detailed study of Ngsk, Rem0 and Rikn
Prap’ " mice has shown that they ectopically express a
novel protein known as Doppel (Dpl) (16, 30). The
phenotype of these mice can be rescued by reintroduc-
tion of the PrP gene to abolish the abnormal phenotype
(18). _
Previously, we have reported that PrP° prevents
apoptotic cell death in Prnp ™ cell lines established
from Rikn Prnp'’" mice (13, 31, 32). In addition,
serum-deprived Rikn Prnp~'~ mouse cell lines are more
sensitive than WT cells to apoptosis. Transfection of a
PrP°- or Bcl-2-expressing construct into these cells fur-
nishes protection from apoptosis induced by serum
deprivation (SDP), thus abolishing the sensitive pheno-
type (13, 26).

Removal of serum from neuronal cultures induces
intracellular oxidative stress (1); elucidation of an anti-
apoptotic effect of PrP® is warranted to clarify its pro-
tective effects against oxidative stress using Rikn
Prap™ cell lines (31, 32). However, since these cell
lines have excess Dpl expression, the involvement of
Dpl in the mechanism of action could not be excluded,
although the function of Dpl remains unknown. There-
fore, the anti-oxidative property of PrP¢ was analyzed to
determine the mechanism of apoptosis in the presence
or absence of PrP in Dpl-nonexpressing Zrchl Prnp’
cells.

Data on apoptosis using Zrchl Prnp '* mouse brain-
derived cell lines were thus reassessed after SDP in the
present study. The results suggest that PrP¢ induced
antioxidative conditions to prevent apoptosis via a
mechanism independent of Dpl expression.
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Materials and Methods

Mice. Zrchl Prnp™" and Rikn Prap™" mice, respec-
tively described by Biieler et al. (8) and Yokoyama et al.
(38), were used in the experiments.

Reagents. Unless otherwise specified, chemical
reagents of the highest grade were obtained from Sigma
Chemical Co. (St. Louis, Mo., U.S.A.) and Wako Pure
Chemical Industries (Osaka, Japan). The anti-PrP mon-
oclonal antibody 6H4 was purchased from Prionics,
Switzerland. Anti-Bax and anti-Bcl-x rabbit polyclonal
antibodies were from Pharmingen (Oxford, UK.).
Anti-p53 rabbit polyclonal antibody was from Santa
Cruz Biotechnology (Calif.,, U.S.A.). Anti-caspase-3
rabbit polyclonal antibody and anti-caspase-9 polyclo-
nal antibody were from Cell Signaling Technology
(Beverly, Mass., U.S.A.). HRP-conjugated rabbit-spe-
cific IgG (H-+L.) polyclonal antibody was from Amer-
sham Pharmacia Biotech (Buckinghamshire, UXK.).
Alexafluor 546 anti-mouse IgG (H+L) goat polyclonal
antibody was from Molecular Probes (Eugene, Oreg.,
U.S.A).

Immortalization of neuronal cells. Hippocampal
cells were isolated from the brain of embryonic day 14
mice using the standard techniques (9, 10). Tissues
were dissected and the cells were dissociated in the
presence of trypsin (0.25 mg/ml), and then resuspended
in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum (FCS). The cells were
plated on poly-L-lysine (PLL)-coated tissue culture
plastic dishes at a 100 mg of hippocampus tissue/5 ml
and allowed to settle. Monolayers of primary brain
cells were then exposed to 10° plaque-forming units/ml
of a y vector with 8 pg/ml polybrene to enhance viral
infection, as described by Cepko (9). After incubation
with retrovirus for 16 hr, the medium was replaced with
neurobasal medium (NB) (Gibco BRL, Gaithersburg,
Md., U.S.A.) and then complemented with B27 supple-
ment (B27) (Gibco), glutamine, penicillin and strepto-
mycin (NB/B27 medium) (37). Passages were repeated
once per week for more than 1 month. Staining with
microtubule associated protein-2 (MAP-2) antibodies
was used to screen neuronal cell lines. Retrovirus vec-
tor was introduced as described above (9).

Cell lines. The Zrchl Prnp '~ neuronal cell line
(NpL2) was grown in NB/B27 medium. HpL3-4 (13)
was used for the Rikn Prnp /. cell line. Cells were col-
lected with mild trypsinization (0.25 mg/ml for 1 min)
before confluence and resuspended in growth medium
before being replated on PLL-coated dishes at a density
of 1X 10’ cells/ml.

Culture media of these cell lines were replaced to
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examine the SDP effect on NpL2. Cells were plated on
culture dishes at 5X10° cells/dish in the growth medi-
um. Two days later, cells were washed thrice with
phosphate-buffered saline (PBS) before being placed in
fresh media for indicated period.

Immunofluorescent staining. Cells grown on PLL-
coated substrate were fixed in 4% paraformaldehyde for
10-20 min at room temperature before staining with
PrP, MAP-2 and glial fibrillary acidic protein (GFAP).
When staining Dpl, cells were fixed with 10% formalin.
After rinsing in PBS, cells were incubated overnight at 4
C with a primary antibody. The cells were then rinsed
again in PBS before being incubated with a secondary
antibody for 60 min. Negative controls consisted of
cells incubated in contro} serum or without any primary
antibody. Primary antibodies included the anti-PrP
monoclonal antibody 6H4, anti-Dpl rabbit sera (27, 30),
anti-GFAP (Clontech, PaloAlto, Calif., U.S.A.) rabbit
sera, anti-MAP2 (Sigma) monoclonal and anti-simian
virus 40 (SV40) monoclonal antibodies, while sec-
ondary antibodies included the Alexa-conjugated anti-
mouse IgG (Molecular Probes) and rhodamine-conju-
gated anti-rabbit IgG (Dako, Tokyo).

Establishing stable gene-transfer to cell lines. The
recombinant constructs, such as pMSCVpuro-PrP,
pMSCVpuro-Dpl and pMSCVpuro-EGFP (27), were
transfected into NpL2 cells by the lipofectamine-medi-
ated method (Gibco). These cells were selected after
incubating for more than 3 days in a complete medium
containing 1 ug/ml puromycin (Wako Chem. Co., Ltd.).
The recombinant stable transfectants were named
NpL2-PrP, NpL2-Dpl and NpL2-E, respectively. PrP
and Dpl expression of Prap-transfected lines were
examined by immunofluorescence.

Detection of apoptosis. DNA fragmentation was
detected by the DNA ladder assay (25).” Harvested cells
were prepared with 1ysis using TE buffer [10 mm Tris-
HCI (pH 7.4), 10 mMm EDTA (pH 8.0) and 0.5% Triton
X-100] for 20 min on ice before centrifugation

(12,000Xg, 30 min, 4 C). The aqueous phase was:

incubated with 400 pg/ml DNase-free RNase A (Nip-
pongene, Tokyo) for 1 hr at 37 C. Proteins were digest-
ed with 400 pg/ml of proteinase K for 1 hr at 37 C
before DNA was precipitated in a solution of 0.4 M
NaCl in 50% isopropanol overnight at —20 C. Precipi-
tated DNA samples were resuspended in TE buffer and
electrophoresed in 2.0% agarose gel. The gel was
stained with ethidium bromide (0.5 ug/mil) for 10 min
and destained with ultra-purified water for 10 min.
DNA bands were visualized by an ultraviolet (UV)
light transilluminator and photographed (Bio-Rad,
Cambridge, Mass., U.S.A.). '

Quantitative internucleosomal DNA fragmentation

-164-

was determined by cell-death detection using enzyme-
linked immunosorbent assay (ELISA) (Roche Molecu-
lar Biochemicals, Mannheim, Germany) according to
the manufacturer’s instruction. The assay determines
the apoptosis index by detecting histone-associated
DNA fragments (mono- and oligo-nucleosomes) gener-
ated from the apoptotic cells.

Assay for superoxide dismutase (SOD) activity. A
SOD assay kit (WST Dojindo, Kumamoto, Japan) was
used to measure the SOD activity as described previ-
ously (24, 25, 28, 29). Each protein extract (20 ug) was
assayed and compared with 1 U of bovine erythrocyte
Cu/Zn-SOD activity. The SOD activity was estimated
using the standard curve of SOD activity versus
absorbance.

Western blot analysis. Collected cells were pelleted
with PBS and 10% FCS, before sonication at pH 7.4 in
radio immunoprecipitation assay (RIPA) buffer [10 mm
Tris-HCl containing 1% sodium deoxycholate, 1%
Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS) and
0.15 M sodium chloride supplemented with 2 mM
phenylmethyl-sulfonyl fluoride (PMSF)]. Protein con-
centrations were determined by the Bio-Rad DC assay
and resolved by SDS-PAGE. Cell samples were pre-
pared by resuspension in 2X SDS gel-loading buffer
[90 mm Tris-HCl (pH 6.8), 10% mercaptoethanol, 2%
SDS, 0.02% bromophenol blue and 20% glycerol] and
each volume of protein was separated in 10-12% SDS-
polyacrylamide gel electrophoresis (PAGE). Proteins
were blotted onto polyvinylidene difluoride (PVDF)
membranes (Hybond-P; Amersham-Pharmacia Biotech,
Piscataway, N.J., U.S.A.) for 60 min at 15 V. Nonspe-
cific binding was blocked by 1-hr incubation at room
temperature with Block Ace (Dainippon Pharmaceuti-
cal, Osaka, Japan). Membranes were incubated with
specific primary antibodies in PBS containing 0.1%
Tween-20 (PBS-T) and 10% Block Ace for 1 hr before
further incubation with rabbit-specific HRP-conjugated
secondary antibodies (diluted 1 : 5,000 in PBS-T) for 1
hr. Membranes were detected by the enhanced chemi-
luminescence (ECL) reagent (Amersham-Pharmacia
Biotech) according to the manufacturer’s instruction,
and exposed to X-ray film (Amersham-Pharmacia
Biotech) for measuremnts.

Reverse transcription polymerase chain reaction
(RT-PCR). RT-PCR was performed by the previous
reported methods (13, 27, 30). Dpl cDNA was ampli-
fied by PCR using DPL-KOZAK-SF and DPL-STOP-
SR primers (27), whereas cDNA of PrP, neurofilament
light subunit (NF-L), neurofilament middle subunit
(NF-M), or neurofilament heavy subunit (NF-H) was
amplified using the previous described primers (13).

Statistical analysis. Statistical significance was veri-
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fied using the unpaired Student’s r-test. Differences
where P<<0.05 were considered to be statistically signif-
icant.

Results and Discussion

Among the various cell lines with different pheno-
types established thus far, Zrchl Praup™ neuronal cell
line (Fig. 1A) was analyzed. The immunoreactivity of
nuclear SV40 large T antigen was visualized in the
immortalized NpL2 cells, respectively (data not
shown). Although the RT-PCR technique detected the
expression of neither PrP mRNA nor Dpl mRNA in
Zrchl Prap™'~ cell lines (Table 1), such was not the case
in Dpl mRNA -expressing Rikn Priup '~ cell lines.

NpL2 in medium NB/B27 manifested rapid cell pro-
liferation and neuronal characteristics of being able to
produce neuritis and varicosities (data not shown). In
DMEM with 10% FCS medium, NpL2 cells showed
enriched cytoplasm. By immunocytochemistry, NpL2
cells were stainable with a neuron-specific marker,
MAP-2 (data not shown), but not with the glial cell
marker, GFAP. These staining methods can therefore
differentiate and categorize Npl.2 cells as either neu-
ronal glial cells or both. To further study the cellular
activities of PrP and Dpl, NpL2 cells were transfected
with a plasmid with an open-reading frame (ORF) con-
taining the PrP or Dpl gene. Transfection of these plas-
mids into NpL2 celis resulted in PrP or Dpl expression
(Fig. 1). In addition, Western blotting showed distinct
positive production of PrP in NpL2-PrP (Fig. 1).

The remarkable feature of neuronal NpL2 cells was
observed when the medium was replaced by serum-free
DMEM medium. SDP induced morphological alter-
ations within 1 hr after culture (extension of neurite-like
structures). Within 4 days in serum-free media, almost
all NpL2 cells died. Cells curled up, displayed cyto-

plasmic condensation followed by neurite disruption.

The rate of apoptotic cell death was analyzed with
the DNA ladder assay to elucidate the relationship of
PrP to apoptosis. SDP conducted in these series of
NpL2 transfectants consistently induced DNA fragmen-
tations in three transfectants (Fig. 2A) 24 hr after cul-
ture. The detectable sign of NpL2-PrP was apparently
the weakest among all samples. These results indicate
that a lack of PrP resulted in Dpl-nonexpressing neu-
ronal cells sensitive to SDP-induced oxidative stress
and apoptotic cell death. In addition, NpL2-E and
NpL2-Dpl showed DNA fragmentations in NB without
B27 at 24 hr after culture.

At 24 hr after medium replacement, DNA fragmenta-
tion was assessed by ELISA using monoclonal antibod-
ies. Under apoptotic condition in DMEM, the frag-
mented DNA value in NpL2-E approximated 3.7-fold
higher than that obtained in DMEM/FCS (Fig.2B).
However, fragmented DNA values of NpL2-PrP in
DMEM and in DMEM/FCS were not different. These
results indicate that value of DNA fragmentation
decreased with reintroduction of Prup. Furthermore, in
NB without B27, the fragmented DNA value of NpL2-E
in B27-free NB approximated 6-fold higher than that
obtained in NB/B27. B27 in the media apparently sup-
pressed DNA fragmentation of NpL2-E.

Although the mechanism(s) remains unclear, many
reports (1, 4, 6, 28, 29) have documented that Cu/Zn
SOD delays neuronal death. The SOD activity of trans-
fectants was therefore measured. The lysate of NpL2-
PrP displayed PrP° with enhanced SOD activity com-
pared to NpL2-E cells (Fig. 2C), suggested that the
anti-apoptotic effect of PrP® might be directly correlated
with the protection of cells against oxidative stress.

Next, changes of apoptosis-related protein produc-
tion were analyzed by Western blotting. The expres-
sions of p53, Bax, Bcl-x,, caspase-9, and caspase-3

Table 1. The immunofluorescence and expression of mRNA of various markers in established cell lines

Sample Mouse brain Cell line
Type WT Zrchl Prap™ Rikn Pl_'ﬁp"' NpL2 (Zrchl) HpL3-4 (Rikn)
PrP + - - - -
Dpl - - + - +
MAP-2* + + + + -
GFAP* - + + - ~
NF-L + + + + +
NF-M + + —+ + -
NF-H + + + + -

* Reactivity by immunofiuorescence. No asterisk: RT-PCR.

Various markers were tested by immunofluorescence and RT-PCR to confirm the characteristics of established cell
lines by previously reported methiods (13). Brain samples of WT and ZrchI and Rikn Prap™” mice were pooled as a
control. The protein production or mRNA expression was either positive (+) or negative (—).
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genes were studied. Proteins were extracted from neu- electrophoresed on a 10-12% PAGE gel and blotted.
ronal cell lines cuitured in serum-free or serum-main- Various proteins were detected, and the expression lev-
tained medium for 0, 24, and 48 hr. Equivalent els and/or activated forms were quantified (Fig. 3). In
amounts of protein from NpL2-E and NpL2-PrP were both NpL2-E and NpL2-PrP, changes of the steady state

A

E [kDa] 1 2 3 4

25|

Fig. 1. Transfection of PrP or Dpl gene to NpL2 cells. Neuronal cell line, NpL2 cells transfected with modified
pMSCV-puro construct expressing PrP or Dpl protein. To confirm the expression of PrP and Dpl in each transfectant,
PrP and Dpl were stained with monoclonal antibodies against PrP and Dpl in NpL2-PrP (A) and NpL2-Dpl (C),
respectively. NpL2-E samples were incubated with anti-PrP (B) and anti-Dpl (D) accordingly (NpL-E; Bar: 50 pym).
(E) Western blotting analysis of transfectants was performed as described in “Materials and Methods.” The WT
mouse brain (lane 1) was used as a positive control. Lanes 2, 3 and 4 represent NpL2, NpL2-E and NpL2-PrP,
respectively. .
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Fig. 2. Detection of DNA fragmentation in NpL2-E and NpL2-PrP cells. (A) DNA ladder pattemns confirmed that apo-
ptosis was induced by serum deprivation. DNA fragmentation assay showed that NpL2-PrP cells resisted apoptosis
more than NpL2-E and NpL2-Dpl. Samples were collected 24 hr after changing the medium. Three transfectants in
media NB/B27 (lanes 1-3), DMEM/10% FCS (lanes 4-6) and DMEM (lanes 7-9). (B) DNA fragmentation was
assessed by the ELISA method using monoclonal antibodies 48 hr after replacement of media such as (NB/B27, NB,
DMEM/FCS or DMEM). Values of optical density (OD) are indicated. Absorbance measured in triplicate is expressed
as the mean = standard error of the mean (SEM). Differences where P<<0.01 (*) were considered statistically signifi-
cant. These results snggest that the DNA fragmentation value was decreased by reintroduction of Prip. (C) Studies on
the effect of PrP* in SOD activity demonstrated that the SOD level of NpL2-PrP cells was higher than those of the other
transfeclants. SOD activity was determined by a xanthine-based spectrophotomeric assay. Results are expressed as
units/mg protein. Differences where P<0.05 (*) were statistically significant compared with NpL.2-E cells.
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levels of pre-apoptotic p53 and Bax were not observed
in response to SDP. p53 activates bax to trigger apopto-
. sis, implying that induction of apoptosis in Prap™" cells

by SDP may be mediated by a certain p53-independent
pathway(s). Bcl-x, blocks the Bax-dependent release
of cytochrome ¢ and Bax expression (1, 11). SDP
induced a marked reduction in the cellular level of anti-
apoptotic Bel-x, protein (Fig. 3). In Western blotting of
caspase 3 and 9, NpL2-E exhibited the active forms of
caspase-3 (16k) and caspase-9 (35k), respectively (Fig.
3). However, HpL2-PrP did not show the active form of
either caspase-3 or -9 (Fig. 3). These results suggest
that mitochondria play a central role in SDP-induced
apoptosis of these cells.

We have previously demonstrated that a neuronal

time[h] 24 48

serum + -

cell line derived from Rikn Prnp " mice is more sus-
ceptive to SDP-induced apoptosis than that derived
from the WT cell line, and Prup™"" cell lines could be
prevented from apoptosis by Bcl-2 or PrP transfection
(13). Further studies have shown that PrP plays a role
in the apoptosis prevention by inducing molecules such
as SOD-1, Bcl-2 or Bel-x, with expression vector (6,
26). It has been shown that PrP potently inhibits Bax-
induceéd cell death in human primary neurons, and
octapeptide-repeats of PrP partially abolish the neuro-
protective effect of PrP (3). SDP in neuronal cultures
and Bax expression are both known to induce intracel-
lular oxidative stress (1, 11). These results suggest that
PrP played a role in inducing a certain protein(s)
against oxidative stress, or PrP itself is an anti-oxidant

pS3

Bax
Bel-x,,

caspase-9 |

caspase-3

oy

lane 1 2 3 4

56 7 8

NpL2-E NpL2-PrP

Fig. 3. Changes in signaling proteins during apoptosis. Western blot analysis of apoptotic proteins in neurons was per-
formed to elucidate the underlying mechanism(s) of apoptosis. NpL2-E and NpL2-PrP cells were cultured in media
with or without serum for 24 and 48 hr. Protein extracts were loaded from cultured neuronal cells and prepared to be
50 pg/lane. Samples were electrophoresed on an SDS-PAGE gel before being blotted onto a PYDF membrane. Spe-
cific antibodies were used to probe the presence of p53, Bax, Bcl-x,, caspase-9 and caspase-3 on the blots. Cells in
media with serum (+) (Janes 1, 3, 5 and 7) and without serum (—) (lanes 2, 4, 6, and 8) were portrayed by the blots.
The positions relative to the molecular weight standards are represented on the right, while those p35 and p16
(respective activated fragments of caspase-9 and -3) are accordingly demarcated on the right by arrows.

-168-



464 T. NISHIMURA ET AL

protein. In this study, PrP prevented apoptosis in
Prnp™ cell lines after SDP without the influence of
Dpl in Rikn Prup™ cell lines. When we examined if
Dpl gene transfection enhanced apoptosis after SDP, no
apparent differences were noted in the severity of SDP-
induced apoptosis between NpL2-E and NpL2-Dpl.
Transfection of the Dpl gene did not promote apoptotic
cell death in NpL2 cells. In these cell lines, we only
observed short-term cultures of 4 days. Abnormalities
might be caused by Dpl if the study was conducted for a
duration longer than 4 days. At any rate, this result
demonstrated that apoptotic cell death was caused by
PrP deficiency, and not by Dpl production.

PrP¢ deficiency causes neurons to become more sen- -

sitive to oxidative stress induced by free radicals such as
superoxides and hydrogen peroxide. Prap™’ cerebellar
neurons are more susceptible to copper toxicity and
oxidative stress such as xanthine oxidase (4, 5). When
the mitochondrial electron transport system may
increase reactive oxygen species (ROS) production,
SOD delays cell death induced by the increase of intra-
cellular ROS. To explain this phenomenon, we focus on
the relationship between PrP and SOD. Brown et al.
have shown that PrP elicits SOD activity (6), which in

vitro is increased by copper (II) ions (7). In a cell cul- -

ture study, PrP overexpression induces upregulation of
SOD activities without affecting the expression level of
SOD in Rikn Prrp™" cell lines (25, 28). In another
report, stress-inducible protein (STI1) has been indicat-
ed to be responsible for the interaction between PrP and
SOD molecules (29). STI1 is a candidate for the neuro-
protective signals which interact with amino acids
113-129 of PrP (39). Truncated PrP enhances SOD
and caspase-3/caspase-9 to levels much higher than the
original Rikn Prap ™"~ cell lines (25). The same STI1
signals might be responsible for the neuroprotective
signals in ZrchI Prup™" cell lines as well. Our results
using Dpl-nonexpressing Zrchl Prnp’ cells and
endogenous PrP substantiate these findings. Further-
more, Dpl expression did not enhance SOD activity in
Zrchl Prap™ neurcnal cell lines. It has been docu-
mented that Dpl has a copper-binding capacity similar to
PrP (21). We therefore deduced that the introduction
of Dpl would result in an increase of SOD activity in
our cell lines, because the effect of PrP on SOD activity
would be enhanced by the amount of copper (II) ions
(7). However, Dpl expression failed to alter SOD activ-
ity in Zrchl Prnp™ neuronal cell lines. Copper-binding
to Dpl alone may not increase the SOD activity in neu-
ronal cell lines, and the underlying mechanism(s) of the
reaction remains unknown as yet. It must be clarified
whether PrP has a neuroprotective role on the cell sur-
face inducing antioxidant activity, or in an intemal sig-
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naling pathway activating phosphatidylinositol 3-kinase
(34).

Little is known about the events of apoptotic process
that PrP° intervened to protect neurons. Bounhar et al.
have shown that PrP° protect neurons against Bax-
mediated cell death to a level equivalent to the neuro-
protective action of Bcl-2 (3). In addition, PrP¢ dis-
plays potent neuroprotective effect and prevents cell
death of Bax-microinjected neurons. Bax is a major
neuronal pro-apoptotic protein. In healthy cells, Bax
usually resides in the cytoplasm and mitochondrial
membrane. Bax is translocated from the cytoplasm to
the mitochondrial membrane in apoptotic death (20,
35), and it promotes the release of cytochrome ¢ from
mitochondria (35). In addition, Bax is known to be a
target for transcriptional activation by p53 in response to
DNA damage (15). Significant changes of p53 and Bax
expression were not observed in NpL2-E and NpL2-
PrP cells treated with or without serum. Activations of
caspase-9 and -3 were inhibited in serum-nontreated
NpL2-PrP cells. Caspase-9 is the apical caspase of the
mitochondrial pathway, while caspase-3 activates
downstream in the mitochondrial pathway. These data
suggest that PrP¢ interacts with the factors effective in
the upstream of apoptosis cascade.

This work was partly supported by Grant-in-Aid from the
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script. ’
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Abstract

Splenocytes of wild-type (Prnp+/ *) and prion protein gene-deficient (Prnp'/ ~) mice were treated with various activation stimuli such
as T cell mitogen concanavalin A (ConA) phorbol 12-myristate 13-acetate (PMA) + ionomycin (Io), or B cell mitogen llpopo]ysaccha-
ride (LPS). Cellular pI‘lOI‘l protein (PrPC) expression was enhanced following ConA stimulation, but not PMA +Jo or LPS in Prrzp+ +
splenocytes. Rikn Prnp ~ splenocytes elicited lower cell proliferations than Prnp orZrch 1 Prnp ~ splenocytes after LPS stimulation
and showed sporadic nerve cells in the cerebral cortex and deeper structure. Around the degenerated nerve cells, mild vacuolation in the
neuropil was observed. This neural alteration correlated well to the suppressed response of B cells in the spleen. The finding that discrete
lesions within the central nervous systems induced marked modulation of immune function probably indicates the existence of a deli-
cately balanced neural-endocrine network by PrP€ and PrPLP/Doppel.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Prion disease; Prion protein; Apoptosis; PrP-deficient mice; Spleen

'~ mice (type-1 Prnp_/ ~ mice) display normal devel-

The nature of prion protein (PrP) has long been the sub-
ject of considerable controversies [1]. Little is known about
the molecular state of the protein that constitutes the self-
propagating, 1nfect10us particle per se [1]. PrP gene ( Prup)-
deficient (Prnp ~) mice exhibit complete protection
against scrapie infection, indicating that normal cellular
prion protein (PrP) is an essential factor for inducing
prion dlseases [2]. However, studies on phenotype of
Prnp ~ mice have documented inconsistent results. Zrch

* Corresponding author. Fax: +81 3 5841 8020.
. E-mail address: aonoder@mail.ecc.u-tokyo.ac.jp (T. Onodera).
! These authors contributed equally to this work.
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1 Prnp™
opment and behavior {3], while Zrch II, Ngsk, Rcm0 and
Rikn Prnp‘/ ~ mice (type-2 Prnp ~ mice) show late-onset
ataxia [4-7]). This discrepancy may be due to genetic com-
binations without PrP and ectopic expression of PrP-like
protein (PrPLP/Doppel) [4). Several in vitro studies have
suggested that PrP¢ plays important roles in inhibiting
apoptosis in neurons, and inflammatory responses (e.g.,
glial proliferation) [8-10]. While PrP€ is expressed in sev-
eral peripheral tissues [11,12], most of the studies on nor-
mal functions of PrP€ have been restricted to the central
nervous system (CNS) [13,14]. In this study, murine spleno-
cytes were investigated to elucidate the function of PrPC,
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especially its responses to mitogen-stimulation and apopto-
sis in splenocytes.

Materials and methods

Cell culture. The entire Prnp gene open-reading frame (ORF) and the
3’-end of intron 2 were replaced with a pgk-neo gene cassette in Rikn
Prnp*'~ mice [7]. Genotyping of tested animals was performed by poly-
merase chain reaction (PCR) analysis and/or southern blotting of DNA
prepared from the tails of mice. After sacrificing male Prnp™* and Rikn

Prnp'/ ~ mice (50-week-old), the spleens were aseptically isolated. Single- .

cell suspensions were prepared as previously described [15]. Splenocytes,
which were suspended in RPMI 1640 complete medium supplemented
with 10% heat inactivated-fetal calf serum (HI-FCS), were cultured with

100 U/ml penicillin and 100 pg/m! streptomycin at a density of 1x10°

cells/ml. The cultures contained 10 pg/m! T-cell mitogen concanavalin A
(ConA; Sigma. St. Louis, MO), 25 ng/ml phorbol 12-myristate 13-acetate
(PMA)+ 1 pg/ml ionomycin (Io), 5 pg/ml, or B-cell mitogen lipopoly-
saccharide (LPS) were incubated for 48 h at 37 °C in a humidified 5% CO,
incubator.

Cell proliferation assay. The tetra-color one-cell proliferation assay was
performed according to manufacture’s instructions (Seikagaku Corpora-
tion, Tokyo Japan).

Staining of CD4-CD8 cell-surface antigen. Cells were collected from
cultures, and further incubated with fluorescein isothiocyanate (FITC)-
conjugated anti-mouse CD4 (Pharmingen, San Diego, CA) and phycoer-
ythrin (PE)-conjugated anti-mouse CD8 (Pharmingen) antibodies in the
dark at 4°C for 1h. The cells were washed twice after harvest and
resuspended in phosphate-buffered saline (PBS) supplemented with 2%
HI-FCS before analysis with the FACScan (Becton—Dickinson).

Intracellular cytokine staining. Intracellular staining of interleukin-2
(IL-2) was performed with the Cytofix/Cytoperm Plus™ (with Golgi-
Plug™) kit (Pharmingen), using PE-conjugated anti-mouse IL-2 (Pharm-
ingen) and FITC-conjugated anti-mouse CD4 (Pharmingen) antibodies
following the manufacturer’s instruction.

DNA fragmentation assay. Flow cytometry analysis based on DNA
fragmentation with the terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling (TUNEL) method [16] was performed to quantify
apoptotic cells. The TUNEL method was conducted with the in siru cell-
death detection kit (Fluorescein; Roche Applied Science, Penzberg, Ger-
many) according to manufacture’s instructions with slight modification.
Briefly, cells cultured in the presence and absence of mitogen at a density
of 1x 107 cells/well in a 24-well plate for 24 h were fixed with 2% para-
formaldehyde overnight before further incubation in 0.1% Triton X-100
with 0.1% sodium citrate at 4 °C for 2 min. The TUNEL reaction was
performed according to manufacture’s instructions (Roche Applied Sci-
ence). Fluorescence of FITC-dUTP was then analyzed with flow cytom-
etry (FACScan).

Histological studies. Mice were anaesthetized with diethyl ether and
perfused transcordially with PBS containing 4% para-formaldehyde fixa-
tive (pH 7.4) before the brain of each animal was isolated and immediately
immersed in said fixative overnight at 4 °C. Coronal sections of the
olfactory bulb and sagittal sections of the cerebrum and cerebellum were
prepared. Tissue specimens dehydrated with a graded ethanol series were
embedded in paraffin for serial sectioning. Serial sections (6-um thickness)
deparaffinized in xylene and re-hydrated in a series of graded ethanol were
subjected to staining with the hematoxylin-eosin (H&E) reagent before
observations under light microscopy.

Western blotting of PrPLP/Doppel. Doppel (Dpl) was detected as
previously described [17). To fractionate tissues samples, 10% (w/v)
homogenate was prepared in sterile PBS followed by sonication. After
initial centrifugation at 600g for 15min at 4 °C, the supernatant was
further ultracentrifuged at 100,000g for 2 h at 4 °C. The pellet was sus-
pended in ice-cold radio-immunoprecipitation assay {RIPA) buffer con-
taining 10 mM Tris-HCI (pH 7.4), 1% deoxycholate, 1% Nonidet P-40,
0.1% sodium dodecyl sulfate (SDS), 150 mM NaC}, 2 pg/ml aprotinin, and
2 mM phenylsulfonyl fluoride (PMSF). The protein concentration was

determined by the Bradford assay according to the manufacturer’s
instruction (DC protein assay kit; Bio-Rad Laboratories Inc., Tokyo).
Lysates were boiled in 2-fold volume of sodium dodecyl sulphate (SDS)-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer {I M Tris—
HC (pH 6.8), 200 mM dithiothreitol, 10% SDS, 2% bromopheno! blue,
20% glycerol] for 5 min. The samples were then subjected to electropho-
resis in 12% SDS-polyacrylamide gels and transferred to polyvinylidene
difluoride (PVDF) membranes (Hybond-P, Amersham, Piscataway, NJ,
USA) for 60 min (15V). The membrane was blocked with Block Ace
(Dainippon Pharmaceutical, Japan) overnight at room temperature. Pri-
mary anti-Dpl rabbit antiserum (a kind gift from Dr. Chen, Case Western
University, Cleveland, OH, USA) diluted at 1:2500 in PBS/0.1% Tween 20
containing 10% Block Ace was incubated for 1h at room temperature.
After washing thrice with PBS/0.1% Tween 20, the membrane was further
incubated with horseradish peroxidase-conjugated anti-rabbit immuno-
globulin antibodies (dilute at 1:5000 with PBS/0.1% Tween 20 containing
10% Block Ace) for 1 h at room temperature. Mouse hybridoma (T2) {18]
was used for PrP detection in mouse brain. Hybridoma was purified with
the MabTrapTM Kit (Amersham,) according to manufacturer’s instruc-
tions. After treatments with primary antibodies, the blot was incubated
with a horseradish peroxidase-conjugated anti-mouse Ig sheep F (ab’),
fragment (dilution: 1:5000), and subsequently washed thrice in PBS/0.1%
Tween 20 for 10 min. Blots were developed by exposing the enhanced
chemiluminescence (ECL) reagent (Amersham) to Hyperfilm™ MP
(Amersham) before being automatically processed in an X-ray film pro-
cessor (Konica, Tokyo).

Results

Certain schools have previously characterized constitu-
tive expression of PrP€ in murine immunocyte populations,
using the Rikn Pmp'/ ~ mouse as a negative control by
flow cytometry. This suggests that PrP€ is involved in
development of immunocytes [15]. In this study, spleno-
cytes from Prp ™" and Rikn Prnp~/~ mice were stimulated
with T-cell mitogen ConA, PMA + Io, or B-cell mitogen
LPS to evaluate if PrP® was involved in splenocytes
activation.

First, flow cytometry analysis was performed to examine
the effect of mitogen on population of Prnp*/* and Rikn or
Zrch I Prnp‘/ ~ splenocytes. CD4-CD8 cell-surface anti-
gens (CD4 and CD8) were used as markers to characterize
the cell population. Splenocytes were treated with and
without ConA, PMA + Io or LPS for 48 h before analyses
of the respective cell populations for CD4 or CDS expres-
sion were conducted. No differences in the cell population
between Prnp+/ * and Prnp_/ ~ splenocytes were observed
as previously reported (data not shown) [15]. Although,
the percentages of CD4-positive and CDS8-positive T cells
were altered by mitogen, no differences between Prnp+/ +
and Prnp'/ ~ splenocytes were encountered (data not
shown). Moreover, the incidence of IL-2-positive cells
appeared to have increased by mitogen as previously
reported [19], albeit differences between Prnp+/ * and
Prnp'/ ~ splenocytes were not observed (data not shown).
We next investigated if PrPC affected the responsiveness
to mitogen, mitogen effects on cell proliferation in Prnp+/ +
and Rikn or Zrch I Prnp’/ ~ splenocytes according to a pre-
viously described approach [20]. Cell counts of Prnp™*
splenocytes were elevated by ConA, PMA + lo, and LPS
stimulation after 48-h incubation when compared with
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non-stimulated Prnp*'/+ splenocytes (Fig. 1). Increases of
the cell count in Prnp'/ ~ splenocytes surpassed 2- and
3-fold with ConA and PMA +Io or LPS st1mu11 respec-
tively, when compared with non-stimulated Prnp ~ spleno-
cytes (Fig. 1). However, the cell counts in Prap™/*
splenocytes registered a mere 1.3-fold increase with
PMA + Io sitmulation as compared to similarly stimulated
Prnp ~ splenocytes. Interestingly, Zrch 1 splenocytes prolif-
erated more efficiently than Rikn Prnp cells while Rikn
Prnp~/= splenocytes proliferated less efficiently than
Prnp+/ * splenocytes after LPS stimulation (Fig. 1). These
results suggest that PrPLP/Doppel-producing splenocytes
were more sensitive to the toxic effects of LPS.

Since PrPLP/Doppel produces cytotoxicity in neurons
[5], a similar effect would be expected to affect the prohfer-
ation rate of splenocytes As apoptotic rates of Prnp
splenocytes, Rikn Prnp ~ splenocytes and Zrch I Prnp
splenocytes approximated 37% without any stimulation
(controls), Rikn and Zrch I Prip -/- splenocytes were thus
equally susceptible to apoptosis compared with Prnp+/+
splenocytes (Fig. 2). These susceptibility tendencies were
also observed in ConA-, PMA + Io-, and LPS-stimulated
splenocytes. Note that ConA, PMA +Io, and LPS sup-
pressed apoptoses in Prnp™’*, Rikn Prmp~'~, and Zrch I
Prnp~/- splenocytes, (Fig. 2), and the treatment with
PMA + Io was especially marked in attenuating the apop-
tosis rate.

ek
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o O Zrchl | |
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Fig. 1. Effects of mitogen on cell proliferations in wild-type prion proten
(PrP) (Prnp+/ *) and PrP gene-deficient (Prnp'/ ") mouse splenocytes.
" Prrp™*’* and Zrch I or Rikn Prap’ /' mouse splenocytes were cultured for
48 h in the absence or presence of T-cell mitogen concanavalin A (ConA),
phorbol 12-myristate 13-acetate (PMA) + ionomycin (lo), and B-cell
mitogen lipopolysaccharide (LPS). Cell counts were determined by the
tetra-color one-cell proliferation assay. Cell counts of Prnp"/ " splenocytes
were compared with those of Prnp'*/"' splenocytes with non-treated
cultures as controls (controls: 100%). Zrch I and Rikn Prnp /- splenocytes
revealed significantly lower cell proliferation rates than Prnp+/+ spleno-
cytes on exposure to PMA + Io. Furthermore, Rikn Prip’ /- splenocytes
showed significantly lower cell proliferation rates than LPS-stimulated
Prnp"'/"' splenocytes and Zrch I Prnp'/ splenocytes. Differences where
p <0.05 (#) or <0.01 (»*) were statistically significant, or not significant
(NS) compared with controls {(unpaired -test).
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Fig. 2. Ratio of cell counts with fragmented DNA in Prrp~!-
/-

after mitogenic stimulation. Splenocytes from Zrch I and Rikn Prnp
mice or Prnp"'/+ (WT) mice were untreated (Control) or treated with
ConA, PMA + ionomycin (P + 1) or LPS for 24 h. Quantitative analysis
of apoptotic cells was performed with the terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL) method. The
numeral in each panel represents the ratio of the number of apoptotic cells
(FITC-dUTP-positive cells) to total cell population. Refer to Fig. 1 for
abbreviations.

Groups of 5 Prnp‘/ - and'Prnp"'/ * mice each were hist-
opathologically examined. Results mdlcated neuronal
damage in erther Zrch 1 Prnp' T or Prnp mice. In 5
Rikn Prnp‘ ~ mice that displayed reduced responses to
LPS stimulation, sporadic nerve cells were observed in
the cerebral cortex and deeper brain structures (Fig. 3A
and B). Around the degenerated nerve cells, mild vacuola-
tion in neuropils was observed (Fig. 3B). In the cerebellum,
most of the Purkinje cells were degenerated or beyond
identification (Fig. 3C).

On detecting the brain of WT, Zrchl, and Rikn Prnp~/~
mice with Western blot analysis using a polyclonal anti-
body against recombinant Dp), a strong Dpl band was
observed in samples of Rikn Pr np ~ mice, but not in those
of Zrchl Prnp'/ and WT mice (Fig. 4A). Furthermore
PrP and Dpl were detected only in the brain of Prnp
mice. Age-related distributions of Dpl in the mouse brain,
cerebrum, cerebellum, and olfactory bulb were traced in
mice ranging from 5-100 weeks. Based on the expression-
sites and age difference, the regional Dpl production levels
were compared; viz., between the cerebrum, cerebellum and
olfactory bulb. The molecular weight of Dpl in the respec-
tive sites approximated 25-30 kD, indicating Dpl mole- -
cules with a similar size prevailed in the different sites
examined (Fig. 4B). Despite prevalence of such a common-
ality, hlstopathologlcal changes were observed only in Rikn
Prnp™™ mice.

Discussion

Certain schools have previously established the Prnp‘/ -
neuronal cell lines and implicated an important role played
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Rika
80weeks

Fig. 3. Hematoxylin—eosin (H&E) staining of the cerebral cortex in a Prnp_/ " mouse. Histopathological analysis by H&E staining of the brain obtained
from an 80-week-old Rikn Prnp'/ ~ mouse (A—C) under light microscopy (magnification 132x). Sagittal brain sections (6-pm thick) after fixation with 4%
paraformaldehyde showed vacuolar degeneration and necrosis in the brainstem (A), lemniscus trigeminalis (B; higher magnification); and cerebellum (C).

A 10 weeks 80 weeks
WY ZrhI Rikm WT Zch! Riko

B Cerebrum Cerebellum GHactory bulb
WT Zrchl Rikn WT Zrch1Rén WT Zrck] Rikn

4 PrP

Fig. 4. Detection of Chimeric Prnp/Prnd mRNAs, prion pretein (PrP) and

Doppel (Dpl) in brains of wild-type (Prnp+/+) and PrP gene-deficient

(Prnp~ / ~) mice. (A) Western blot analysis of Dpl in brains of 10- or 80-
week-old WT, Zrchl and Rikn Prnp‘/ " mice. Dpl was detected with a size
of 25-30 kDa. (B) Western blot analyses of PrP and Dpl in the cerebrum,
cerebellum and olfactory bulb of WT, Prnp'/ " and I-"mp*'/+ mice at 50
weeks of age. T2 antibodies were used to detect PrP. Western blotting was
performed with anti-Dpl rabbit antiserum at a dilution rate of 1:2500.
Each lane was loaded with 60 pg of protein.

by PrP€ in regulating apoptosis [10]. Although, PrPLP/
Doppel reportedly displays certain neurotoxicities in the
absence of PrP [5], it is not known whether PrPLP/Doppel
induces cell death in other cells. Based on observations of
said phenomenonal actions restricted to the CNS, apoptos-
es of Prnp+/+, Rikn Prnp'/ ~ (ectopically PrPLP/Doppel-
producing strain) and Zrch I Pmp—/ ~ (non-ectopically
PrPLP/Doppel-producing strain) splenocytes were ana-
lyzed before and after mitogen-stimulation.

In this study, cell proliferations/populations of Prmp*/*
and _Prnp“/ ~ splenocytes after mitogen stimulation were
investigated. ConA-stimulated Prap*’™ splenocytes yielded
higher PrP€ levels, confirming previous observations using
human and murine lymphocytes [12,20]. However, the pro-

liferation rates were not different between Prmp™" and
Prnp~/~ splenocytes after ConA stimulations. However,
PMA + Io stimulations enhanced the proliferation rate of
Prnp+/+ splenocytes compared with Prnp_/ splenocytes.
Furthermore, Rikn Prnp‘/ ~ splenocytes showed decreased
proliferation rates compared with Prnp™* or Zrch I
splenocytes after LPS stimulation. These findings suggest
that PrP< expression is regulated in the T cell, while inhib-
itory effects of PrPLP/Doppel on cell proliferation were
probably induced in the B cell.

Garfin et al. have reported that the LPS-stimulated
mitogen-response in splenocytes cultures (derived from
experimental scrapie-infected mice) is reduced to 30-60%
compared with controls [21]. In the brain of Rikn™/~ mice,
characteristic necrotic nerve cells were located throughout
the cerebral cortex and deeper brain structures. Therefore,
the reduced response of B cells may implicate that primary
damage has been inflicted on the central nervous system by
PrPLP/Doppel. In other words, PrP¢ and PrPLP/Doppel
might be critically involved in mitogen-responsiveness in
T and B cells.

The CD4/CDS ratios and IL-2 productions before and
after mitogen stimulation were also investigated. In the
absence and presence of mitogen stimulation, the CD4/
CDS8 ratios of Prnp™’* and Prmp™/~ splenocytes were the
same. Although mitogenic stimulations enhanced IL-2 pro-
ductions, there was no difference between Prmp™’™ and
Prnp‘./ ~ splenocytes. Moreover, PrP plays a role in regu-
lating apoptotic cell death in neurons and neuronal cell
lines [10,22]. In the present study, we did not investigate
differences in the ratio of apoptosis between Prnp™* and
Prnp_/ ~ splenocytes, with and without mitogen-stimula-
tion. PrP€ and PrPLP/Doppel expressions may not play

~ an important role in apoptosis of splenocytes. Treatments

with PMA + Io suppress apoptosis both in Prnp+/+ and
Prnp_/ ~ splenocytes. Mitogen-stimulated T cells may
secrete factors suppressing apoptosis. However, further
studies on the relationships between PrP€ and cytokines
or oxidative stress using lymphocytes are warranted to fully
elucidate the role of PrP€ in lymphocytes. In conclusion,
our findings suggest that PrPC expression may have con-
tributed to the regulation and proliferation in lymphocytes.

Through various investigations and clinical correlations,
it has become evident that the neuronal and immunological
systems are intricately linked via neuro-immunomodula-
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tion [23-29]. It is well established that an ablation of spe-
cific brain areas is associated with dramatic alterations in
immune functions [23,24,30,31], and mechanisms involved
in brain-immunoreactions remain to be explored. The find-
ings of receptors specific for hormones and neurotransmit-
ters on the surface membrane of lymphocytes suggest that
these soluble mediators may serve as the communicative
link. Accumulating evidence has, in fact, advocated that
these effects are the results of changes in the specific chem-
ical neuroanatomy of the brain; viz., altered functions of
neurotransmitter-containing neurons.

When significant neurodegenerations are induced in the
cerebral cortex and deeper brain structures by PrPLP/
Doppel, neural alterations would correlate well with the
suppressed response of B cells in the spleen. Although this
hypothesis remains to be elucidated, the finding of
marked modulations of the immune function (derived
from discrete lesions) within the central nervous systems
indicates that the possible existence of a delicately bal-
anced neural-endocrine network. Availability of a reliable
animal model offers an excellent approach to dissecting
the intricacies of this ‘network’ to facilitate further under-
standing of the regulatory mechanism of immune
Tesponses.
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