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Doppel (Dpl) is a prion protein paralog that causes
neurodegeneration when expressed ectopically in the
brain. To investigate the cellular mechanism underly-
ing this effect, we analyzed Dpl-expressing transgenic
mice in which the gene for the proapoptotic protein
Bax had been deleted. We found that Bax deletion
does not alter either clinical symptoms or Purkinje
cell degeneration in Dpl transgenic mice. In addition,
we observed that degenerating Purkinje cells in these
animals do not display DNA fragmentation or caspase-3
activation. Our results suggest that non-Bax-dependent
pathways mediate the toxic effects of Dpl in Purkinje
cells, highlighting a possible role for nonapoptotic
mechanisms in the death of these neurons. (Am J
Pathol 2007, 171:599–607; DOI: 10.2353/ajpath.2007.070262)

Transmissible spongiform encephalopathies are fatal
neurodegenerative disorders of humans and animals
caused by infectious proteins called prions.1,2 Mamma-
lian prions are composed of PrPSc, a conformationally
altered isoform of a normal cellular glycoprotein called
PrPC. Prions propagate by the templated autocatalytic
conversion of PrPC into PrPSc. Although a great deal is
known about the role of PrPSc in the infectious transmis-
sion of prion diseases, much less is understood about
PrPC.3 The PrPC molecule of �250 amino acids consists
of a flexible, N-terminal tail and a structured C-terminal
half composed of three �-helices and two �-strands
flanking the first helix.4 The N-terminal tail contains a
series of five octapeptide repeats and a highly conserved
hydrophobic segment that serves as a transmembrane
anchor under some circumstances.5,6 The C terminus of

PrPC is attached to the cell membrane via a glycosyl-
phosphatidylinositol anchor.7,8

Analysis of the region surrounding the PrP gene
(Prn-p) uncovered a second gene (Prn-d) that encodes a
PrP-like protein called Doppel (Dpl, German for “dou-
ble”).9 Dpl is a protein of 179 amino acids that is homol-
ogous to the structured C-terminal half of PrP and lacks
the flexible N-terminal tail. Dpl is normally expressed
primarily in testis, where it seems to play a role in sper-
matogenesis.10,11 However, several lines of PrP knockout
(Prn-p0/0) mice display ectopic expression of Dpl in the
central nervous system (CNS) because of aberrant
mRNA splicing between the adjacent Prn-p and Prn-d
genes.9,12–14 Surprisingly, these mice, but not those lines
of Prn-p0/0 mice without up-regulation of Dpl, develop a
severe neurodegenerative disorder characterized by
ataxia and loss of cerebellar Purkinje cells. Interestingly,
this phenotype is completely suppressed by the pres-
ence of the Prn-p gene. Subsequent studies of Dpl trans-
genic mice and Prn-d0/0 mice confirmed that expression
of Dpl in the CNS is sufficient to produce neurodegen-
eration and that the neurotoxic effect of Dpl is antago-
nized in a dose-dependent fashion by coexpression of
PrP.12,15–18 Dpl causes loss of both Purkinje and granule
cells in the cerebellum, depending on the cell type in
which the protein is expressed.15,16 Dpl also produces a
leukoencephalopathy characterized by axon loss and
myelin degeneration.19

Although it is not essential for propagation of pri-
ons,20,21 Dpl is likely to provide important clues to the
normal physiological function of PrPC. Interestingly, trans-
genic mice expressing PrP forms deleted for portions of
the N-terminal tail (�32–121, �32–134, �94–134, and
�105–125) display neurodegenerative phenotypes that
are suppressible by coexpression of wild-type PrP, as is
the case for mice expressing Dpl in the CNS.22–24 These
observations suggest that Dpl and the deleted forms of
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PrP act via a similar neurotoxic mechanism and that the
N-terminal tail of PrP (in particular, residues 105 to 125) is
capable of suppressing a potent neurotoxic activity that
resides in the C-terminal half of both PrPC and Dpl.

What are the neurotoxic pathways activated by Dpl? To
begin to address this question, we have analyzed how
the phenotype of Tg(Dpl) mice is affected by deleting the
gene that encodes Bax. Bax is a proapoptotic member of
the Bcl-2 family that plays a major role in regulating cell
death in the CNS, both during development and following
injury.25,26 Bax is a cytoplasmic protein that translocates
to mitochondria in response to extrinsic or intrinsic sig-
nals, thereby causing release of cytochrome c and sub-
sequent activation of caspases.27,28 In this study, we find
that Bax deletion does not alter clinical symptoms or
Purkinje cell degeneration in Tg(Dpl) mice, suggesting
that the neurotoxic effects of Dpl occur independently of
Bax, possibly via nonapoptotic processes.

Materials and Methods

Mice

Tg(N-Dpl) mice (line 32)29 and Bax0/0 mice30 have been
previously described. Prn-p0/0 mice,31 which do not
spontaneously develop ataxia, were obtained from
Charles Weissmann (The Scripps Research Institute, Ju-
piter, FL) and Tg(F35) mice22 from Adriano Aguzzi (Uni-
versity of Zurich, Zurich, Switzerland). All of these mice
were maintained on a C57BL/6J � CBA/J hybrid back-
ground. Lurcher mice were purchased from the Jackson
Laboratory (Bar Harbor, ME).

To generate mice for this study, we first crossed Dpl�/0

Prn-p�/0 Bax�/� males with Prn-p�/� Bax0/0 females and
recovered Dpl�/0 Prn-p�/0 Bax�/0 offspring. Males of the
latter genotype were then mated to Prn-p0/0 Bax0/0 fe-
males to produce littermate offspring in groups 1 to 4
(see Results). Prn-p0/0 Bax0/0 mice were produced by
mating Prn-p�/� Bax0/0 females to Prn-p0/0 Bax�/� males
and then intercrossing the resulting Prn-p�/0 Bax�/0 off-
spring. Prn-p0/0 Bax�/0 mice were generated by crossing
Prn-p0/0 Bax0/0 females to Prn-p0/0 Bax�/� males.

Mice were genotyped by polymerase chain reaction
analysis of tail DNA prepared using the Puregene DNA
Isolation Kit (Gentra Systems, Inc., Minneapolis, MN).
Primer pairs for Prn-p,32 Dpl,29 and Bax30 have been
previously been reported. Ataxia was assessed using a
set of objective criteria as described previously.32

Histology

Mice were anesthetized and perfused transcardially with
40 ml of 0.9% (w/v) NaCl and then with 40 ml of 4%
paraformaldehyde in 0.1 mol/L phosphate-buffered sa-
line (PBS), pH 7.35. Brains were removed and postfixed
in 4% paraformaldehyde for 1 hour and then transferred
to PBS for 24 hours at 4°C. After freezing, sagittal sec-
tions (14-�m thickness) were cut on a cryostat starting
from the midline of each bisected brain. Sections were
floated in PBS and stored at 4°C before staining.

Staining was performed on free-floating cryostat sec-
tions. Sections were permeabilized in PBS containing
0.1% Triton X-100 for 15 to 30 minutes, followed by block-
ing with 1% bovine serum albumin-PBS for 1 hour, all at
room temperature. Sections were then incubated over-
night at 4°C with antibodies directed against the following
antigens: calbindin (1:1000 dilution; Sigma Chemical Co.,
St. Louis, MO); glial fibrillary acidic protein (1:1000 dilu-
tion; Dako, Carpinteria, CA); activated caspase-3 (1:1000
dilution; Cell Signaling Technology, Danvers, MA). Anti-
bodies were diluted in PBS containing 0.1% bovine se-
rum albumin and 0.1% Triton X-100. Sections were
washed in PBS and then incubated with Alexa Fluor 488-
or Alexa Fluor 594-labeled anti-IgG antibody (1:100 dilu-
tion; Invitrogen, Carlsbad, CA) for 45 minutes at room
temperature. After further washing in PBS, sections were
mounted on slides and imaged with a Zeiss LSM 510
confocal fluorescence microscope. Terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling (TUNEL)
was performed on calbindin-stained cryostat sections
using the In Situ Cell Death Detection Kit according to the
manufacturer’s directions (Roche Diagnostics, Indianap-
olis, IN).

Purkinje Cell Counts

Counts were performed in cerebellar lobule IV, which
displayed consistent Purkinje cell loss in all sections an-
alyzed. Serial cryostat sections (14-�m thickness) were
cut from each half brain beginning at the midline. The first
section to show all of the cerebellar lobules was identi-
fied, and then every third consecutive section after that
one was collected for a total of six sections. Sections
were stained for calbindin as described above, and the
total number of Purkinje cells residing in lobule IV of all six
sections was counted. The position of the first section
used for counting varied by �28 �m (plus or minus one
section thickness). The six sections used for counting
spanned a total thickness of 224 �m in each half
cerebellum.

Western Blotting

Brain homogenates 10% (w/v) in PBS were centrifuged at
1000 � g for 10 minutes, and the supernatant was col-
lected. Total protein concentration was determined using
BCA protein assay kit (Pierce Biotechnology, Rockford,
IL). Two hundred micrograms of protein was analyzed in
each lane of 12% sodium dodecyl sulfate-polyacrylamide
electrophoresis gels. After transfer, the blot was blocked
in 5% nonfat dried milk-PBS and then probed with pri-
mary antibodies to PrP (8H433), Dpl,34 Bax (Santa Cruz
Biotechnology, Santa Cruz, CA), Bak (Sigma Chemical
Co.), or �-actin (Chemicon, Temecula, CA). Blots were
developed using an enhanced chemiluminescence sys-
tem (Amersham Biosciences, Piscataway, NJ).
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Results

Bax Deletion Does Not Affect the Clinical
Phenotype of Tg(Dpl) Mice

The Tg(Dpl) mice used in this study (N-Dpl, line 32)
express Dpl in the CNS driven by the neural-specific
enolase (NSE) promoter.29 On the Prn-p0/0 background,
these mice develop ataxia at �60 days of age, accom-
panied by massive degeneration of cerebellar Purkinje
cells. This phenotype is rescued in a dose-dependent
fashion by coexpression of wild-type PrP encoded by the
endogenous Prn-p allele.

To determine whether Bax inactivation affects the neu-
rodegenerative phenotype of Tg(Dpl) mice, we gener-
ated four groups of mice with the following genotypes, as
described in Materials and Methods: Dpl�/0 Prn-p0/0

Bax�/0 (group 1); Dpl�/0 Prn-p0/0 Bax0/0 (group 2); Dpl�/0

Prn-p�/0 Bax�/0 (group 3); and Dpl�/0 Prn-p�/0 Bax0/0

(group 4). We did not observe any clinical or histological
differences between mice from groups 1 and 3 (which
are Bax�/0) and mice with the same genotypes but car-
rying two Bax alleles (Bax�/�) (data not shown). Thus, one
intact Bax allele is sufficient for production of the Tg(Dpl)
phenotype. In the experiments described below, we there-
fore used Bax�/0 mice (groups 1 and 3) as littermate con-
trols to compare with Bax0/0 mice (groups 2 and 4).

Group 1 mice, which carry a single Bax gene, devel-
oped ataxia beginning at 56 � 5 days of age and be-
came terminally ill at 157 � 35 days (Table 1), similar to
the values reported previously.29 Group 2 mice, which
lack Bax expression, showed almost identical times of
symptom onset and terminal illness (55 � 6 and 154 � 30
days, respectively). Introduction of a single endogenous
Prn-p allele significantly delayed the onset of ataxia and
development of terminal illness to �260 and �365 days,
respectively, regardless of the presence of a copy of the
Bax gene. Thus, deletion of the Bax gene had no significant
effect on the clinical phenotype of Tg(Dpl) mice.

Bax Deletion Does Not Prevent Purkinje Cell
Degeneration in Tg(Dpl) Mice

To determine whether Bax deletion had any effect on the
neuropathology of Tg(Dpl) mice, we stained brain sec-
tions with an antibody to calbindin to visualize Purkinje
cells, the major neuronal type that undergoes degenera-
tion in these animals. Mice were analyzed during the

presymptomatic, symptomatic, and terminal phases of
illness (50, 100, and 130 days of age, respectively). In
group 1 animals, Purkinje cell numbers decreased pro-
gressively from 50 to 130 days (Figure 1, A, E, and I).
Calbindin-positive deposits in the granule cell layer and
underlying white matter could also be observed (Figure
1, E and I). These most likely represent swellings or
torpedoes in the axons of degenerating Purkinje cells, a
feature common in other cerebellar mutant mice with
Purkinje cell loss.35 There was also a decrease in the
staining of Purkinje cell dendrites in the molecular layer
as the illness progressed (Figure 1, A, E, and I). Deletion
of Bax (group 2) did not have any observably effect on
the development of these pathological features (Figure 1,
B, F, and J). The presence of a single Prn-p allele sup-
pressed Purkinje cell degeneration, regardless of whether
or not Bax was present (Figure 1, C, D, G, H, K, and L). We
did not observe any loss of granule neurons in Tg(Dpl) mice
from any of the four experimental groups (data not shown).

We observed that loss of Purkinje cells in Tg(Dpl) mice
was not uniform in all parts of the cerebellum. Purkinje
cell loss was most severe in lobules III to V, with lobules
VI to VIII showing moderate loss, and lobules IX and X
remaining relatively unaffected (Figure 2). This gradient
of Purkinje cell degeneration was apparent at all stages
of the disease but was most obvious during the middle of
the clinical phase (100 days of age). A similar sparing of
Purkinje cells in lobules IX and X has been observed in
other mice expressing Dpl in the CNS.12,16 Even within a
single lobule, Purkinje cell loss was often patchy, with
some areas being completely devoid of Purkinje cells,
other areas showing calbindin-positive torpedoes of de-
generating Purkinje cell axons, and still other areas dis-
playing a relatively intact Purkinje cell layer. Areas with
fewer Purkinje cells showed diminished calbindin stain-
ing of the molecular layer, due to the absence of Purkinje
cell dendrites (Figure 2, A and B, arrows). Nonuniform
loss of Purkinje cells in a parasagittally oriented stripe-like
pattern has been observed in several cerebellar mouse
mutants and is thought to reflect differential sensitivity of
cells residing in different anatomical compartments.36

To quantitate Purkinje cell loss, the number of Purkinje
cells in lobule IV of the cerebellum was counted in six
regularly spaced serial sections from three mice of each
genotype (Figure 3). Group 1 mice (Bax�/0) showed a
progressive loss of Purkinje cells beginning as early as
50 days of age (before development of symptoms), with
about 50% of the cells being lost by 130 days (in the
terminal phase). Purkinje cell loss in group 2 mice
(Bax0/0) was almost the same as in group 1 mice at 50,
100, and 130 days of age. The presence of a single Prn-p
allele (groups 3 and 4) effectively preserved Purkinje
cells, so that at 130 days their numbers were almost the
same as those in mice lacking the Dpl transgene (Figure
3, bars labeled Prn-p�/0 Bax�/0 and Prn-p�/0 Bax0/0). We
noted that Purkinje cell number was consistently 5 to 10%
higher in Bax0/0 mice compared with Bax�/0 mice. This
difference was observable in Dpl�/0 mice whether or not
the Prn-p gene was present (compare group 1 versus
group 2, group 3 versus group 4), and was also seen in
the absence of the Dpl transgene (compare Prn-p�/0

Table 1. Bax Deletion Does Not Affect the Clinical
Phenotype of Tg(Dpl) Mice

Genotype
Symptom

onset Death

Group 1 (Dpl�/0 Prn-p0/0 Bax�/0) 56 � 5 (46) 157 � 35 (9)
Group 2 (Dpl�/0 Prn-p0/0 Bax0/0) 55 � 6 (31) 154 � 30 (11)
Group 3 (Dpl�/0 Prn-p�/0 Bax�/0) 266 � 40 (6) �365 (12)
Group 4 (Dpl�/0 Prn-p�/0 Bax0/0) 261 � 52 (5) �365 (10)

Ages at symptom onset and death are given as mean number of
days � SD, with the number of animals in each group in parentheses.
Mice in groups 3 and 4 were still alive at the time of writing.
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Bax�/0 versus Prn-p�/0 Bax0/0 at 130 days). This differ-
ence is probably due to a rescuing effect of Bax deletion
on developmental death of Purkinje cells, a phenomenon
described previously.37 Taken together, the quantitative
results confirm the lack of effect of Bax deletion on Dpl-
induced Purkinje cell loss.

Purkinje cell degeneration in Tg(Dpl) mice is accom-
panied by a marked astrocytic reaction in the molecular
and granule cell layers of the cerebellum, including
prominent hypertrophy of radial Bergmann glial fibers, as
revealed by staining for glial fibrillary acidic protein (Fig-
ure 4A). This pathology is not altered by deletion of Bax
(Figure 4B). As expected, introduction of a Prn-p allele
prevented the astrocytic reaction (Figure 4, C and D).

Purkinje Cell Death in Tg(Dpl) Mice Occurs
Independently of Detectable DNA Cleavage
and Caspase-3 Activation

Bax-mediated apoptosis is typically accompanied by
internucleosomal cleavage of DNA and activation of
caspase-3.27,28 To test for these changes in the cere-

bella of Tg(Dpl) mice, we stained brain sections using
the TUNEL method and using an antibody that selec-
tively recognizes the cleaved form of caspase-3. We
failed to observe any Purkinje or granule cells that were
positive for TUNEL or activated caspase-3 in cerebel-
lar lobule IV of Tg(Dpl) mice from groups 1 or 2 at 100
days of age (Figure 5, A, B, E, and F). Purkinje cells are
undergoing extensive degeneration in lobule IV at this
stage (Figure 1). To be sure that we had not missed
positively stained cells at other ages or in other lob-
ules, we analyzed the entire cerebellar cortex (lobules
II to X) of groups 1 and 2 mice at 30, 100 and 180 days
of age, corresponding to the presymptomatic, symp-
tomatic, and terminal phases of illness. We again failed
to detect any TUNEL-positive or activated caspase-3-
positive cells (data not shown). Because the loss of
Purkinje cells occurs in a gradient from lobules III to X
(see above), it is likely that our analysis would have
captured cells in several different stages of degener-
ation. As controls for the staining procedures, we an-
alyzed cerebellar sections from Lurcher mice, which
display apoptosis of Purkinje cells due to a mutation in
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Figure 1. Bax deletion does not prevent Purkinje cell degeneration in Tg(Dpl) mice. Mice from group 1 (A, E, and I), group 2 (B, F, and J), group 3 (C, G, and
K), and group 4 (D, H, and L) were sacrificed at 50 days (A–D), 100 days (E–H), and 130 days (I–L) of age. Brain sections were stained with anti-calbindin antibody
to visualize cerebellar Purkinje cells. A representative area from lobule IV is shown for each brain. Progressive loss of Purkinje cells occurs between 50 and 130
days of age in Dpl�/0 Prn-p0/0 mice and is not affected by Bax deletion (compare groups 1 and 2). GCL, granule cell layer; PCL, Purkinje cell layer; ML, molecular
layer. Scale bar � 100 �m.
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the �2 glutamate receptor,38 and from Tg(F35) mice,
which show apoptosis of granule cells due to expres-
sion of an N-terminally truncated form of PrP.22,39 Pos-
itive staining for TUNEL and activated caspase-3 was
evident in degenerating Purkinje cells (0.1 to 1 per �20
field) in Lurcher mice (Figure 5, C and G) and in
degenerating granule cells (20 to 50 per �20 field) in
Tg(F35) mice (Figure 5, D and H).

Bax Deletion Does Not Alter Expression 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.40 �-Actin was
used as a loading control. Groups 1 to 4 mice all ex-

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). Prn-p0/0 Bax0/0 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(Dpl) phenotype is
not because of compensatory up-regulation of Bak or
Dpl. We also found that levels of Bcl-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

III eluboL .A VI eluboL .B V eluboL .C

IV eluboL .D IIIV eluboL .E X eluboL .F

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 III (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 VI 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 �m.

Figure 3. Quantitation of Purkinje cell loss in
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 t-test) from means for
bars marked with a number sign. Means for
groups 1 and 2 are not statistically different from
each other at 50, 100, or 130 days.
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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.25,26,41 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,42 which appears to be the only

multidomain, proapoptotic regulator present in neu-
rons.40 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.37 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.27,43 Apoptosis can
involve the intrinsic (mitochondrial) pathway, which is
dependent on Bcl-2 family members such as Bax, or the
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age were stained with an antibody to glial fibrillary acidic protein. GCL, granule cell layer; ML, molecular layer. Scale bar � 100 �m.
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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 calbindin (red) and activated caspase-3 (green) (E–H). A representative area from cerebellar lobule IV is shown for each brain.
Arrows in C and G indicate Purkinje cells in Lurcher mice 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 layer; ML, molecular layer. Scale bar � 20 �m.
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extrinsic pathway, which is initiated by cell surface death
receptors.27 Thus, Dpl may be acting via an extrinsic
apoptotic pathway, which in some cell types can induce
death without amplification by the mitochondrial path-
way.44 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
�2 glutamate receptor.45,46 Recent work has demon-
strated that Purkinje cell death in Lurcher mice occurs
via an autophagic process mediated by the protein
Beclin-1.47,48 Autophagy is an organelle engulfment
process that is usually considered to be distinct from
apoptosis.43 Interestingly, however, dying Purkinje
cells in Lurcher animals display caspase activation and
DNA fragmentation, characteristics of apoptosis.38,49

Elimination of Bax prevented caspase activation and DNA
fragmentation, even though Purkinje cell death was not
blocked.46,50 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.51

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.51,52

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),37 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 � 107).37 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(Dpl) brain tissue using mark-
ers for these alternative death pathways will help shed
light on this possibility.

Comparison of Neuronal Degeneration Induced
by Dpl 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, �32–134 or �105–125
(collectively referred to here as �PrP).39 We found that
deletion of Bax slowed but did not prevent clinical illness
and development of neuropathology induced by PrP
�32–134 and had no effect on neurodegeneration in-
duced by PrP �105–125. We thus concluded that �PrP
activates both Bax-dependent and Bax-independent
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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 �-actin
(as a loading control). Molecular size markers are given in kilodaltons.
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neurotoxic pathways, with the latter assuming a dominant
role in the terminal stage of the disease. Because Dpl
structurally resembles �PrP 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 �105–125 having the highest affinity for the recep-
tor.23 The Bax-independent mechanisms engaged by
both Dpl and �PrP 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 �32–134 and PrP �105–125 display
neuronal degeneration with prominent apoptotic features,
including caspase-3 activation and DNA fragmenta-
tion.22,23,39 This discrepancy between the effects of Dpl
and of �PrP may reflect the different neuronal popula-
tions that are impacted by the two kinds of proteins.
Neuronal loss in Tg(�PrP) 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 �PrP. The fact that
granule cell death induced by PrP �32–134 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.41

The different pathologies observed in Tg(NSE-Dpl)
and Tg(�PrP) 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,29

consistent with other evidence that the NSE promoter is
more active in Purkinje than in granule cells.53,54 This
restricted expression pattern presumably explains the
Purkinje cell-specific pathology seen in Tg(NSE-Dpl)
mice. However, when expression is driven by a Prn-p
cosmid, Dpl causes TUNEL-positive apoptosis of granule
cells as well as degeneration of Purkinje cells.15 Conversely,
expression of PrP �32–134 using the Purkinje cell-specific
L7 promoter causes Purkinje cell degeneration.55 It would
be of interest to determine whether neuronal loss in the latter
two lines of mice is Bax-independent, as it is in Tg(NSE-Dpl)
animals, or whether it also includes a Bax-dependent com-
ponent as in Tg(PrP �32–134) 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-

tions of Dpl and �PrP, 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 PrPC and how subversion of PrPC activity
might contribute to prion-induced neurodegeneration.
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Billeter M, Calzolai L, Wider G, Wüthrich K: NMR solution structure of
the human prion protein. Proc Natl Acad Sci USA 2000, 97:145–150

5. Stewart RS, Drisaldi B, Harris DA: A transmembrane form of the prion
protein contains an uncleaved signal peptide and is retained in the
endoplasmic reticulum. Mol Biol Cell 2001, 12:881–889

6. Hegde RS, Mastrianni JA, Scott MR, Defea KA, Tremblay P, Torchia
M, DeArmond SJ, Prusiner SB, Lingappa VR: A transmembrane form
of the prion protein in neurodegenerative disease. Science 1998,
279:827–834

7. Narwa R, Harris DA: Prion proteins carrying pathogenic mutations are
resistant to phospholipase cleavage of their glycolipid anchors. Bio-
chemistry 1999, 38:8770–8777

8. Stahl N, Baldwin MA, Hecker R, Pan K-M, Burlingame AL, Prusiner
SB: Glycosylinositol phospholipid anchors of the scrapie and cellular
prion proteins contain sialic acid. Biochemistry 1992, 31:5043–5053

9. Moore RC, Lee IY, Silverman GL, Harrison PM, Strome R, Heinrich C,
Karunaratne A, Pasternak SH, Chishti MA, Liang Y, Mastrangelo P,
Wang K, Smit AF, Katamine S, Carlson GA, Cohen FE, Prusiner SB,
Melton DW, Tremblay P, Hood LE, Westaway D: Ataxia in prion
protein (PrP)-deficient mice is associated with upregulation of the
novel PrP-like protein doppel. J Mol Biol 1999, 292:797–817

10. Behrens A, Genoud N, Naumann H, Rulicke T, Janett F, Heppner FL,
Ledermann B, Aguzzi A: Absence of the prion protein homologue
Doppel causes male sterility. EMBO J 2002, 21:3652–3658

11. Paisley D, Banks S, Selfridge J, McLennan NF, Ritchie AM, McEwan
C, Irvine DS, Saunders PT, Manson JC, Melton DW: Male infertility
and DNA damage in Doppel knockout and prion protein/Doppel
double-knockout mice. Am J Pathol 2004, 164:2279–2288

12. Rossi D, Cozzio A, Flechsig E, Klein MA, Rülicke T, Aguzzi A,
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Rülicke T, Flechsig E, Cozzio A, von Mering C, Hangartner C, Aguzzi
A, Weissmann C: Expression of amino-terminally truncated PrP in the
mouse leading to ataxia and specific cerebellar lesions. Cell 1998,
93:203–214

23. Li A, Christensen HM, Stewart LR, Roth KA, Chiesa R, Harris DA:
Neonatal lethality in transgenic mice expressing prion protein with a
deletion of residues 105–125. EMBO J 2007, 26:548–558

24. Baumann F, Tolnay M, Brabeck C, Pahnke J, Kloz U, Niemann HH,
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