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Abstract. Sporadic Creutzfeldt-Jakob disease (sCJD) is characterized by wide clinical and pathological variability, which is
mainly influenced by the conformation of the misfolded prion protein (PrPSc) and by methionine and valine polymorphism
at codon 129 of the gene encoding PrP. This heterogeneity likely implies differences in the molecular cascades that lead to
the development of certain disease phenotypes. Here, we investigated synaptic proteome patterns in two most common sCJD
subtypes (MM1 and VV2) using 2D DIGE and mass spectrometry. We found that 23 distinct proteins were differentially expressed
in at least one sCJD subtype when compared to age-matched controls. The majority of these proteins displayed significant
subtype-specific alterations, with only up-regulated glial fibrillary acidic protein and down-regulated spectrin alpha chain in
both sCJD subtypes. Differentially expressed proteins found in this study are mainly involved in synaptic structure and activity,
mitochondrial function, or calcium metabolism. Moreover, several of them have been already linked to the pathophysiological
processes occurring in Alzheimer’s disease.

Keywords: Creutzfeldt-Jakob disease, 2D fluorescence difference gel electrophoresis (2D DIGE), proteomics, sCJD, synapse,
synaptic dysfunction

INTRODUCTION

Sporadic Creutzfeldt-Jakob disease (sCJD), the
most common form of human transmissible spongi-
form encephalopathy, displays a broad heterogeneity
of clinical and pathological features. Disease pheno-
type is mainly influenced by the methionine/valine
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(M/V) polymorphism at codon 129 in the human prion
protein gene (PRNP gene) and by the presence of two
major types of pathological, protease-resistant forms of
prion protein (PrPSc) leading to two different profiles
in Western blot (type 1 and type 2), giving six pos-
sible combinations: MM1, MM2, MV1, MV2, VV1,
and VV2 [1]. The major subtypes of sCJD are homozy-
gotes for methionine at codon 129 in PRNP gene with
PrPSc type 1 (MM1) and homozygotes for valine at
codon 129 in PRNP gene with PrPSc type 2 (VV2),
representing about 67% and 15% of all sCJD cases,
respectively. The clinical and pathological characteris-
tics of the molecular disease subtypes differ markedly
with respect to symptoms at onset, localization and
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type of the pathological changes as well as PrPSc depo-
sition pattern [1, 2]. For instance, MM1 subtype is a
myoclonic type with cognitive impairments accompa-
nied by mental and visual signs at the disease onset
while VV2 is an ataxic type, where dementia is devel-
oped later in disease progression. Differences between
subtypes can be also found in the brain histopathol-
ogy. The topography of MM1-associated lesions shows
that the rostral regions are more severely affected than
the caudal ones, while in the VV2, it is the opposite
[2]. Such a high degree of heterogeneity might sug-
gest involvement of different molecular partners and/or
pathways in sCJD pathogenesis depending on the PrP
misfolded form.

Beside the spongiform changes or severe gliosis,
neuronal loss and dysfunction are a fundamental and
constant feature of animal and human prion diseases
[3, 4]. Interestingly, synaptic loss and degeneration
of the axon terminal preceded neuronal loss in the
hippocampus of ME7-infected mice, and it occurs
even before clinical manifestation of the disease [5].
Electron microscope study showed the presence of
abnormally shaped synapses in which the postsynaptic
membrane modifies its curvature in the intrahip-
pocampally injected ME7 prion model [6]. Moreover,
Western blot analysis showed PrPSc accumulation
in the synaptosomal fractions isolated from scrapie
infected hamsters [7].

Therefore, determining proteins involved in patho-
physiological processes responsible for synaptic
failure may increase our knowledge of molecular
mechanisms underlying onset of clinical signs and
open new ways for the diagnosis and treatment of
human prion diseases.

In this study, we analyzed prion-induced synaptic
proteome alterations in the two most frequent sub-
types of sCJD: MM1 and VV2. Our data revealed that
23 distinct proteins showed altered expression levels
due to the PrPSc presence in the brain tissue. Inter-
estingly, only one isoform of the glial fibrillary acidic
protein (GFAP) displayed a significant up-regulation
in both analyzed subtypes. Furthermore, two isoforms
of spectrin alpha chain were down-regulated (isoform
with ID 6355 was specific for MM1 while isoform
with ID 10783 was specific for VV2). Remaining pro-
teins were differentially expressed either in the MM1 or
VV2 subtype. Differentially expressed proteins found
in this study are mainly involved in synaptic struc-
ture and activity, mitochondrial function, or calcium
metabolism. Moreover, several of them have been
linked to the pathophysiological processes occurring
in Alzheimer’s disease (AD).

PATIENTS, MATERIALS, AND METHODS

Patients

Samples from the frontal cortex were obtained from
10 pathologically confirmed sCJD patients (5 with
MM1 and 5 with VV2 subtype) and 5 age-matched
control cases (CON). The mean age for the MM1, VV2,
and CON group was 71 ± 7, 68 ± 6, and 69 ± 7 years,
respectively. Histopathological examination of the
brain tissues revealed spongiform changes and prion
protein (PrPSc) depositions in all sCJD patients while
only insignificant age-related changes of the brain
structure and neuronal morphology were observed
in control cases (no signs of intracranial pressure,
bleeding, or vascular changes). Control patients were
diagnosed with multi-organ dysfunction syndrome,
chronic kidney dysfunction, lung cancer, or myocardial
infarction. The sCJD patients showed typical disease
duration as well as clinical and neuropathological find-
ings. The mean disease duration of MM1 and VV2
subtype was 4 ± 2 and 8 ± 2 months, respectively.
Moreover, all sCJD patients were demented and pos-
itive for 14-3-3 protein in CSF. Three MM1 and four
VV2 patients displayed hyperintensity in the basal gan-
glia detected by T2-weighted MRI while the presence
of periodic sharp wave complexes (PSWC) in EEG
was detected in one MM1 and all VV2 patients. More-
over, pattern of PrP-depositions in MM1 cases was
punctuate while some perineuronal and plaque-like
aggregates were detected in VV2 cases.

The postmortem delay was around 24 h for all ana-
lyzed samples. Until autopsy procedure, corpses were
stored at 4◦C.

2D fluorescence difference gel electrophoresis
(2D-DIGE)

Synaptosome preparation
Samples from the frontal cortex were stored at

−80◦C prior to analysis, and synaptosomal frac-
tions were prepared at the same time. Tissue samples
were homogenized in 5 volumes of homogeniza-
tion buffer (H buffer) containing 20 mM HEPES (pH
7.4), 0.32 M sucrose, 1 mM sodium orthovanadate,
1 mM EDTA and Complete Protease Inhibitor Cock-
tail (Roche), using a glas-teflon homogenizer. Brain
homogenates were centrifuged at 1,500× g for 10 min
to remove unhomogenized tissue parts. Supernatants
were retained and centrifuged again at 15 000× g for
10 min. The pellets were resuspended in 1 ml of H
buffer and layered over discontinuous sucrose gradient
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(0.85 M pH 7.4, 1 M pH 7.4, 1.2 M pH 8.5 sucrose solu-
tions, supplemented with 10 mM HEPES and 2 mM
EDTA) and spun at 82,500× g for 1 h at 4◦C. Synap-
tosomes were collected from 1 M and 1.2 M sucrose
interface, washed with 5 volumes of H buffer and cen-
trifuged at 20,000× g for 20 min at 4◦C. Finally, pellets
containing synaptosomal fraction were resuspended in
0.5 ml H buffer and stored at −80◦C and at −20◦C.

2D-DIGE and 2D image analysis
Prior to analysis, protein concentration was deter-

mined using Bradford Protein Assay (Bio-Rad). 25 �g
of protein were precipitated overnight with acetone-
methanol (8:1; vol:vol) at −20◦C and centrifuged at
16,000× g for 15 min. The pellet was resuspended
in 10 �l of lysis buffer containing 7 M urea, 2.5 M
thiourea, 4% CHAPS, 30 mM TRIS, and 5 mM magne-
sium acetate and subsequently labeled with 100 pmol
of CyDye (GE Healthcare) as follows: pooled samples
as internal standard with Cy2, individual control, and
sCJD samples with either Cy3 or Cy5. The dye-switch
between control and sCJD samples was done in order
to avoid dye-to-protein preferences.

Labeling reaction was performed on ice in the dark
for 30 min, terminated by adding 10 mM lysine and
incubation for an additional 10 min. Equal volume of
a lysis buffer containing 130 mM DTT and 0.8% 3–10
Bio-Lyte (Bio-Rad) was added to the labeling mix-
ture. Then samples were mixed together, diluted up
to 350 �l with a rehydration buffer composed of 7 M
urea, 2.5 M thiourea, 4% CHAPS, 0.2% 3–10 Bio-Lyte,
and 65 mM DTT and loaded on ReadyStrip IPG non-
linear pH 3–10, 17 cm strip (Bio-Rad). After 12 h of
active rehydration at 50 V, isoelectric focusing was ini-
tiated at 500 V for 1 h, followed by ramping at 1,000 V
for 1 h and 5,000 V for 2 h. The final focusing was
carried out at 8,000 V reaching a total of 60,000 Vh
using PROTEAN IEF CELL (Bio-Rad). The strips
were then equilibrated twice for 20 min in a buffer con-
taining 6 M urea, 2% SDS, 30% glycerin, and 150 mM
Tris, pH 8.8, supplemented with 2% DTT in the first,
and with 2.5% iodoacetamide in the second equilibra-
tion step. SDS-PAGE was performed overnight with
homogenous 12% polyacrylamide gel and constant
20 mA using Protean II XL Cell (Bio-Rad). CyDye-
labeled protein gels were scanned by three different
lasers with band pass filtered emission wavelengths of
510 nm (Cy2), 575 nm (Cy3), and 665 nm (Cy5) using
FLA-5100 imaging system (Fujifilm).

Protein spot abundances within 20 brain proteome
patterns (5 MM1, 5 VV2, 5 CON, and 5 internal sam-
ples) were analyzed using the Delta2D software (v. 3.6)

(DECODON). Differences in spot abundance detected
by densitometric analysis were statistically evaluated
using the unpaired Student’s t-test. A protein spot
was considered differentially expressed when its den-
sitometric analyses showed at least 2-fold change in
abundance was accompanied by a p-value <0.05 in the
unpaired Student’s t-test.

Preparative 2D gels and protein identification
To identify differentially expressed protein spots,

the preparative 2D gels containing 350 �g protein
were prepared as described above (DIGE-staining pro-
cedure was omitted). To reduce the infectivity of
synaptic extracts and to minimize the risk of infec-
tion for laboratory staff, samples were boiled at 95◦C
in 5% SDS for 10 min [8–11] before precipitation with
acetone-methanol (8:1; vol:vol) at −20◦C. After gel
electrophoresis was terminated, gels were stained with
colloidal Coomassie staining solution according to the
protocol given by Candiano et al. [12]. Gel plugs con-
taining visualized proteins of interest were manually
excised from gels and subjected to in-gel digestion.
The detailed protocol of this procedure is given by
Ramljak et al. [13]. In-gel digested peptides were dis-
solved in 0.1% TFA followed by injection into the
Q-TOF Ultima Global mass spectrometer (Micromass,
Manchester, UK) as previously described [14]. The
data were acquired with the MassLynx (v 4.0) soft-
ware on a Windows NT PC and further processed
using ProteinLynx Global Server (PLGS, v 2.2, Micro-
mass, Manchester, U.K.) as PKL (peak list) under
the following settings: electrospray, centrioid 80%
with minimum peak width 4 channel, noise reduction
10%, Savitzky-Golay, MSMS, medium deisotoping
with 3% threshold, no noise reduction, and no smooth-
ing. The peaklists were searched out using the online
MASCOT algorithm against the SwissProt 2011 07
(530264 sequences; 1879410742 residues). The data
obtained were retrieved against the whole database
with search parameters set as follows: enzyme, trypsin;
allowance of up to one missed cleavage peptide; mass
tolerance ± 0.5 Da and MS/MS tolerance ± 0.5 Da;
modifications of cysteine carboamidomethylation and
methionine oxidation when appropriate with auto hits
allowed only significant hits to be reported.

Western blotting
25 �g of proteins were separated on 12% SDS-

PAGE gel and transferred to PVDF membrane.
Membrane was blocked with 5% skimmed milk in
phosphate buffer saline with 0.2% Triton X-100
(TBST) for 1 h at room temperature. Subsequently,
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membranes were incubated overnight at 4◦C with
one of the following primary antibodies: mouse
anti-annexin A6 (1:1000, ECMBiosciences), mouse
anti-spectrin alpha chain (1:2000, Abcam), mouse
anti-�-actin (1:7500, Abcam), rabbit anti-syntaxin-
binding protein 1 (1:500, LifeSpan BioSciences), or
rabbit anti-synaptophysin (1:2000, Dako Cytomation).
Thereafter, membranes were washed with PBST and
incubated for 1 h at room temperature with a corre-
sponding horseradish peroxide-conjugated secondary
antibody: goat anti-rabbit (1:5000, Jackson Research)
or goat anti-mouse (1:5000, Jackson Research). The
immunoreactivity was detected after immersion of the
membranes into enhanced chemiluminescence (ECL)
solution and exposition to ECL-Hyperfilm (Amersham
Biosciences). The film was scanned and densitomet-
ric and statistical analysis was performed with ImageJ
(Image Processing and Data Analysis free software)
and Sigmaplot (Exact Graphs and Data Analysis soft-
ware, Systat), respectively. The protein was considered
as specific sCJD-regulated when a p-value was lower
than 0.05 in Kruskal-Wallis ANOVA with Tukey’s
range test.

RESULTS

Synaptosome isolation

A proper and efficient isolation of synaptosomes was
proven by Western blot analysis directed against synap-
tophysin, which is a major protein component of a
synaptic vesicle membrane (Fig. 1). Positive immunos-
taining was detected only in the synaptic fraction
confirming proper isolation of the fraction of interest.

Comparative brain proteome analysis using
2D-DIGE

Using 2D-DIGE technology and Delta2D’s 100%
spot matching approach, around 260 protein spots
could be detected on synaptic proteome patterns.

Densitometric and statistical analysis revealed 40
protein spots (15% of all detected protein spots) with
significantly altered expression level in at least one
sCJD subtype when compared to age-matched con-
trols. Proteins were identified from 29 out of 40 protein
spots. From remaining 11 protein spots identification
was not possible due to not detectable or very faint
staining on colloidal Coomassie stained preparative gel
(Fig. 2 and Table 1).

The expression level of sCJD-related proteins did
not show any significant differences between MM, MV,

Fig. 1. Western blot analysis of synaptosomes isolation. After cen-
trifugation steps, supernatants (S) containing soluble proteins were
discarded and pellets were utilized to isolate synaptosomes (SYN)
by the ultracentrifugation in the sucrose gradient. The Western
blot obtained after immunodetection using specific antibody raised
against synaptophysin, a synaptic specific marker, confirmed the
isolation of synaptic fraction from the brain homogenates.

and VV genotypes in the control group, except for 14-
3-3 protein epsilon and gamma isoform. It appears that
valine at codon 129 is associated with a lower 14-3-3
level while methionine with a higher 14-3-3 level (data
not shown).

Identified protein spots correspond to 23 distinct
proteins. In both analyzed subtypes, significant up-
regulation was observed for one isoform of the glial
fibrillary acidic protein (GFAP, ID 6805) and down-
regulation was observed for two isoforms of spectrin
alpha chain (isoform with ID 6355 was specific for
MM1 while isoform with ID 10783 was specific for
VV2 subtype). However, the p-value at 0.053 for pro-
tein spot with ID 6355 lies just above significance
level, and it is likely that under other experimental
conditions, it would reach statistical significance level.
Remaining proteins showed subtype-specific differen-
tial expression.

Overall, differentially expressed proteins found in
this study were clustered into four distinct groups
according to their biological function: proteins belong-
ing to cell structure and transport, proteins of the
cellular metabolism, proteins related to apoptosis and
oxidative stress, and proteins involved in protein fold-
ing (Fig. 3 and Table 1).

Differentially expressed proteins in sCJD versus
control

Proteins belonging to cell structure and transport
This group includes above mentioned GFAP iso-

form, spectrin alpha chain, and several proteins specific
for certain subtype. Around 3-fold up-regulated gel-
solin isoforms, GFAP (ID 6810 and 6811) as well
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Fig. 2. 2D-maps of synaptosomal proteome. Differentially expressed proteins in the MM1 (panel A) and VV2 (panel B) subtypes versus
age-matched controls are marked.
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Fig. 3. Biological function of differentially expressed synaptic pro-
teins. The differentially expressed proteins were categorized in four
groups according to their biological function: cell structure and trans-
port; cellular metabolism; apoptosis and oxidative stress; and protein
folding (chaperon proteins). The pie chart indicates the impact of a
single function alteration on the total classified functions.

as 2-3-fold down-regulated syntaxin-binding protein 1
and ferritin heavy, were specific for MM1 subtype. In
turn, 2.4-fold up-regulated tubulin beta chain as well
as 2.4-fold down-regulated annexin A6 and vesicle-
fusing ATPase were specific for VV2 subtype.

Proteins of the cellular metabolism
Both core mitochondrial proteins mitofilin (VV2-

specific) and NADH-ubiquinone oxidoreductase
75 kDa subunit were around 2.6-fold up-regulated
while another mitochondrial protein called ATP
synthase subunit alpha was 3-fold down-regulated.
Two last mentioned proteins were specific for MM1
subtype. Moreover, all proteins implied in the lipid
or energy metabolism (Enoyl-CoA hydratase, malate
dehydrogenase, aspartate aminotransferase and
fructose-bisphosphate aldolase A) displayed between
2.4 and 3.3-fold lower expression level solely in MM1
subtype.

Proteins related to apoptosis and oxidative stress
In the MM1 subtype, both 14-3-3 protein

gamma and epsilon were 3.5-fold up-regulated while
peroxiredoxin-2 and PEBP 1 were 3.8-fold and 2.9-
fold down-regulated, respectively. In contrast, sole
DDAH 1 protein was 2.1-fold down-regulated in VV2
subtype.

Proteins involved in protein folding (chaperone
proteins)

Two proteins assisting in protein folding, namely
heat shock protein 90 (Hsp90) and 78 kDa glucose-
regulated protein (Grp78), displayed more than a
2-fold increased level, and alpha-crystallin B chain

showed more than a 4-fold decreased level in MM1
subtype. No VV2-specific protein was found in this
functional group.

Differentially expressed protein between sCJD
subtypes

Several proteins showed significant differential
expression between the two analyzed sCJD subtypes.
Tubulin beta chain, ferritin heavy chain, mitochondrial
enoyl-CoA hydratase, mitochondrial malate dehydro-
genase, PEBP1, and both alpha crystallin B chain
isoforms were 0.16 to 0.48-fold down-regulated in the
VV2 versus the MM1 subtype, while 14-3-3 protein
was more than 3.5-fold up-regulated in the VV2 versus
the MM1 subtype. For fructose-bisphosphate aldolase
A and DDAH1, statistical requirement for a protein to
be classified as differentially expressed was fulfilled;
however, 1.95-fold of change in abundance was just
below the 2-fold threshold.

Western blot analysis

We focused our interest on three particular proteins
(annexin A6, syntaxin-binding protein 1, and spec-
trin) likely linked to the synaptic dysfunction. The
expression levels of these proteins were further ana-
lyzed by Western blotting in synaptosomal fractions
from at least three different patients. All of them were
significantly down-regulated in both sCJD subtypes
in Western blot analysis though their decreased lev-
els were significant in only one of sCJD subtypes in
2D-DIGE analysis (Fig. 4).

Annexin A6 immunoreactivity was 0.4-fold and
0.5-fold down-regulated in the MM1 and VV2 sub-
types, respectively (Fig. 4A). Syntaxin-binding protein
1 was 0.6-fold down-regulated in both subtypes
(Fig. 4B). Finally, spectrin level was 0.2-fold decreased
in MM1 and 0.3-fold in VV2 subtype (Fig. 4C).
For all computed statistical analyses using Kruskal-
Wallis ANOVA test, the p-value was lower than
0.05.

DISCUSSION

Growing evidence indicate that synaptic dysfunc-
tion is a key process in the development of many
neurodegenerative disorders including sCJD. Synap-
tic failure and loss can occur even before the onset of
the clinical symptoms. For instance, scrapie-infected
mice showed changes in motivational behavior long
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time before the appearance of motor signs, and they
correlated with the initial loss of presynaptic terminals
in the dorsal hippocampus [15, 16]. In the Tg(PG14)
mouse model of inherited prion disorders, expres-
sion of mutant PrP with 14 octapeptide repeats was
associated with extended cell loss occurring in the cere-
bellum. Crossing these mice with Bax deficient mice
rescued neuronal apoptosis. However, it rescued nei-
ther synaptic loss nor clinical symptoms suggesting
that synaptic dysfunction rather than cell death makes
a critical contribution to the Tg(PG14) mouse pheno-
type [17]. Moreover, reversing synaptic dysfunction
can rescue neurons and prevent neuronal death at an
early stage of the prion infection [18].

Involvement of different molecular partners and/or
pathways might underlie the unusual degree of the clin-
ical and pathological heterogeneity observed in sCJD.
Indeed, our proteomic findings indicate that diverse
molecular pathways could be involved in the pathogen-
esis of the MM1 and VV2 subtypes. Moreover, these
data are in line with previous work on gene expres-
sion profiles in various subtypes of sCJD, where genes
explicitly associated with MM1 subtype were reported
[19].

Among 23 proteins with altered expression level in
sCJD-affected brain, only one isoform of GFAP and
spectrin alpha chain showed significant common dif-
ferential expression in both analyzed sCJD subtypes.
However, few further proteins displayed tendency to
up- or down-regulation, though significance level was
not reached in one of the analyzed subtypes. Western
blot analysis of annexin A6, syntaxin-binding pro-
tein 1, and spectrin showed significant decrease in
expression level in both subtypes, although significant
regulation was reached in only one of sCJD subtypes
in 2D gel analysis.

Thus, it is likely that other proteins showing changes
in abundance without fulfilling statistical requirements
to be classified as differentially expressed (p-value
>0.05) might reach significance in other experimental
conditions.

Fig. 4. Western blot analysis of annexin A6 (A), syntaxin-binding
protein 1 (B), and spectrin (C). All analyzed proteins showed signif-
icant down-regulation in both sCJD subtypes as compared to CON
(p-value <0.05 in Kruskal-Wallis ANOVA with Tukey’s range test,
indicated as *). The representative blots are shown below graphs.
�-actin expression was used as a control for an equal protein load.
Expression level of each protein displayed by Western blot was quan-
tified by densitometric analysis and presented as a graph. Data were
normalized against �-actin and are given as a ratio of each protein/�-
actin ± SD and expression levels were analyzed in at least three
patients per group.
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The inclination to the more prominent proteome
alterations was observed in the MM1 subtype.
Interestingly, this phenomenon was not observed
when soluble fractions of these brain homogenates
(supernatants) were analyzed. However, the degree
of subtype-specific proteome changes was maintained
and comparable to those observed in synaptic fractions
[20]. This might indicate that pathological changes at
the synaptic level might be responsible for the hetero-
genic clinical picture of sCJD.

The accumulation of PrP aggregates is associated
with various cellular morphological changes. In human
embryonal teratocarcinoma NTERA2 cells (NT2) ter-
minally differentiated into neuronal and glial cells,
it was shown that rPrP fibrils could cause degener-
ation of neuronal processes. This degeneration was
accompanied by the collapse of microtubules, aggrega-
tion of cytoskeletal proteins, and formation of neuritic
beads [21]. The presence of PrPSc, or even conversion
of PrPC into PrPSc itself, might disturb some spe-
cific protein-protein interactions with transporters or
receptors leading to disruption of cell structure, impair
communication between neurons, and finally to the cell
death. Spectrin binds in a calcium-dependent manner
to NMDA receptor, which in turn plays a critical role
in synaptic activity, plasticity, and memory process
[22, 23]. In addition, PrPC is involved in cell prolif-
eration and in the distribution of junction-associated
proteins, such as spectrin [24], which could suggest
direct or indirect interaction between PrPC and spec-
trin. Thus, it is conceivable that PrP misfolding may
lead to spectrin distribution failure and further to the
synaptic dysfunction in neurons.

In the group of sCJD-associated proteins related to
cell structure and transport, annexin A6, calcium, and
phosholipid-binding protein requires special attention.
Members of annexins A family are repeatedly men-
tioned in the context of the PrP biology [13, 19, 25,
26], therefore they may play some decisive role in the
PrP pathophysiology.

Syntaxin-binding protein 1 (Munc18) plays en
essential role in neurosecretion [27, 28] and its com-
plex with X11 and syntaxin 1 prevents the interaction
of amyloid-� protein precursor (A�PP) with BACE 1,
thus inhibiting the amyloidogenic A�PP �-cleavage.
Furthermore, phosphorylation of syntaxin-binding
protein 1 by the cyclin-dependent kinase 5 (Cdk5)
induces A�PP shift to the BACE 1-reach domain
promoting �-cleavage of A�PP [29]. Taken together,
these findings might support a hypothesis on a molec-
ular cross-talk between pathology of AD and prion
diseases involving Cdk5 [30, 31]. Indeed, it was

shown that both PrP106-126 and amyloid-�1-40 peptides
can trigger Cdk5-mediated apoptotic neuronal death
[32].

The overall picture deduced from our data indicates
that over the course of sCJD, synaptic mitochondrial
malfunction could occur, which negatively influences
cell metabolism. This hypothesis is in line with finding
showing that in neurodegenerative disorders aggre-
gated proteins such as A� or tau protein can induce
oxidative stress leading to mitochondrial malfunction
and finally to cell death [33]. Moreover, mitochon-
dria play a crucial role in intracellular Ca2+-buffering
at the synaptic compartment. Thus, their malfunction
could result in disrupted calcium homeostasis. Indeed,
prion-induced calcium dyshomeostasis and mitochon-
drial malfunction was already shown in cell culture
models [34, 35]. In our study, at least five out of the
23 differentially expressed proteins are either calcium-
binding or calcium-dependent, suggesting that calcium
metabolism is an important factor in prion-induced
neurodegeneration.

Moreover, our findings support a hypothesis of
molecular cross-talk between pathological processes
occurring in AD and prion disease. At least six of
the differentially expressed proteins have been already
associated with A� pathobiology and AD. For exam-
ple, alpha-crystallin, a small heat shock protein, is
potent inhibitor of A�1-40 fibril formation in PC12
cell culture [36] but it also induces fragmentation of
PrP fibrils in vitro [37].

The proteomic technologies give a unique opportu-
nity to analyze biological processes at the protein level
on the global scale. Knowledge about changes in the
protein abundances and their modifications, as a con-
sequence of a certain disease or induced by toxic agent,
can bring new insight into pathological processes and
can improve our understanding of underlying mech-
anisms. However, analysis of human brain tissue is
limited to the analysis of the end-stage of the dis-
ease, where neurodegenerative changes are in the most
advance stage. The employment of an animal model
allows investigation of the potential involvement of
differentially expressed proteins found in human stud-
ies in the early stages of the disease or even in the
pre-symptomatic phase. In our case, research on synap-
tic failure in sCJD could be approached by using
mice expressing human PrPC or by a cellular model
of primary cortical neurons both infected with brain
homogenate from either the MM1 or VV2 subtype [38,
39]. This approach may help to understand the cascade
of molecular events and to identify crucial steps for
therapeutic intervention or early effective diagnostics.



60 J. Gawinecka et al. / Synaptic Proteome Alterations in sCJD

CONCLUSIONS

Taken together, differential regulation of proteins
that we identified in this study could lead to significant
disruption of synaptic activity and further to neu-
ronal death. Special attention should be paid to
the observation that several of these proteins have
already been associated with mitochondrial function
and calcium metabolism suggesting a probable role of
mitochondrial malfunction and calcium homeostasis
in prion-induced pathology.

Striking differences in altered proteome patterns
between MM1 and VV2 subtypes may further sup-
port hypothesis that diverse molecular pathways and/or
molecular partners are triggered by the different forms
of misfolded PrP. And this, in turn, may result in
the observed heterogeneous clinical and pathological
sCJD phenotype.

Another interesting aspect is that many differen-
tially expressed proteins found in this study were
already associated with AD, suggesting the presence of
molecular-cross talk between these neurodegenerative
disorders or the implication of a common mecha-
nism(s) underlying their pathophysiology, but further
research is needed to solve this issue.
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Chambaz J, Rousset M, Thenet S, Clair C (2008) The cel-
lular prion protein PrP(c) is involved in the proliferation of
epithelial cells and in the distribution of junction-associated
proteins. PLoS One 3, e3000.

[25] Weiss E, Ramljak S, Asif AR, Ciesielczyk B, Schmitz M,
Gawinecka J, Schulz-Schaeffer W, Behrens C, Zerr I (2010)
Cellular prion protein overexpression disturbs cellular home-
ostasis in SH-SY5Y neuroblastoma cells but does not alter
p53 expression: A proteomic study. Neuroscience 169, 1640-
1650.

[26] Zafar S, von Ahsen N, Oellerich M, Zerr I, Schulz-Schaeffer
WJ, Armstrong VW, Asif AR (2011) Proteomics approach
to identify the interacting partners of cellular prion protein
and characterization of Rab7a interaction in neuronal cells.
J Proteome Res 10, 3123-3135.

[27] Han GA, Malintan NT, Collins BM, Meunier FA, Sugita S
(2010) Munc18-1 as a key regulator of neurosecretion. J Neu-
rochem 115, 1-10.
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