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ABSTRACT. The aberrant alterations of calmodulin (CaM) and its downstream substrates have been
reported in some neurodegenerative diseases, but rarely described in prion disease. In this study, the
potential changes of Ca2C/CaM and its associated agents in the brains of scrapie agent 263K-infected
hamsters and the prion infected cell line SMB-S15 were evaluated by various methodologies. We
found that the level of CaM in the brains of 263K-infected hamsters started to increase at early stage
and maintained at high level till terminal stage. The increased CaM mainly accumulated in the
regions of cortex, thalamus and cerebellum of 263K-infected hamsters and well localization of CaM
with NeuN positive cells. However, the related kinases such as total and phosphorylated forms
of CaMKII and CaMKIV, as well as the downstream proteins such as CREB and BDNF in the brain
of 263K-infected hamsters were decreased. Further analysis showed a remarkable increase of
S-nitrosylated (SNO) form of CaM in the brains of 263K-infected hamsters. Dynamic analysis of
S-nitrosylated CaM showed the SNO form of CaM abnormally increases in a time-dependent manner
during prion infection. Compared with that of the normal partner cell line SMB-PS, the CaM level in
SMB-S15 cells was increased, meanwhile, the downstream proteins, such as CaMKII, p-CaMKII,
CREB, as well as BDNF, were also increased, especially in the nucleic fraction. No SNO-CaM was
detected in the cell lines SMB-S15 and SMB-PS. Our data indicate an aberrant increase of CaM
during prion infection in vivo and in vitro.
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INTRODUCTION

Prion diseases, or transmissible spongiform
encephalopathies (TSEs), are a unique family
of invariably lethal chronic neurodegenerative
diseases that affect humans (Creutzfeldt-Jakob
disease, CJD; Gerstmann-Str€aussler-Scheinker
disease, GSS; fatal familial insomnia, FFI;
Kuru), and animals such as cattle (bovine spon-
giform encephalopathy, BSE or ‘mad cow dis-
ease’), goat and sheep (scrapie), deer, elk and
moose (chronic wasting disease, CWD).1

Human prion diseases can be infectious
(acquired), inherited (genetic), or sporadic. The
etiological agent is prion, whose propagation is
believed to be conformational conversion from
the cellular prion protein (PrPC) to the patho-
logical form (PrPSc).2 The neuropathological
hallmarks of prion diseases are deposits of
PrPSc, spongiform degeneration, neuron loss
and reactive astrogliosis in the central nerve
system (CNS).3

Calmodulin (CaM) is a ubiquitous calcium-
binding protein that can bind up to four calcium
ions and functions as a major transducer of cal-
cium signals.4 Binding of Ca2C induces confor-
mational change in CaM, i.e., exposing its
hydrophobic residues, which promotes interac-
tions of the Ca2C/CaM complex with numerous
targeting proteins and subsequently regulates
their functionalities.5,6 Many of these Ca2C/
CaM targets modulate cellular signaling path-
ways, such as various Ser/Thr protein kinases
(Ca2C/CaM binding protein kinase, CaMKs),
which are particularly abundant in brain and
induce phosphorylation on their downstream
substrates after binding of Ca2C/CaM. Activa-
tions of CaMKs are described to be able to reg-
ulate numerous activities in neuronal
development, plasticity and behavior.7,8 Some
studies have reported the dysregulation of
Ca2C/CaM and its associated kinases involve in
neurodegenerative disorders, e.g. Alzherimer’s
disease (AD) and Parkinson’s disease (PD).9-11

Our proteomic results have revealed that CaM
level is elevated in the cortex and CSF of sCJD
patients.12,13 Nevertheless, the statuses of CaM
and the relevant kinases in prion infected brains
are limitedly reported.

To figure out the possible alterations of
Ca2C/CaM and its associated agents in the
brains during prion infection, the levels of CaM
and its downstream factors in the brains of
hamsters infected with scrapie agent 263K and
the prion infected cell line SMB-S15 were eval-
uated by various methodologies. We found that
the level of CaM in the brains of 263K-infected
hamsters started to increase at early stage and
maintained at high level till the terminal stage.
However, the related kinases such as total and
phosphorylated forms of CaMKII and CaM-
KIV, as well as the downstream proteins such
as cAMP-response element binding protein
(CREB) and brain derived neurotrophic factor
(BDNF) in the brains of 263K-infected animals
were decreased. Further analysis showed a
remarkable elevation of S-nitrosylated CaM in
the brain tissues of hamsters infected with scra-
pie agent 263K, which might relate with the
inhibition of CaM activity.

RESULTS

The Level of CaM Was Markedly
Increased in the Brains of Scrapie Agent
263K-Infected Hamsters, with a Time-
Dependent Phenomenon

To see the potential alteration of CaM in the
brain tissues of TSE, 10% brain homogenates
of three scrapie strain 263K-infected hamsters
and three age-matched control ones were evalu-
ated by Western blots with the CaM-specific
antibody. A 17-kDa large CaM-specific band
was observed in the brain homogenates of all
three tested 263K-infected hamsters, while
almost undetectable in the normal ones
(Fig. 1A). Analysis of the relative gray values
of CaM after normalized to that of the individ-
ual b-actin revealed that significantly higher
CaM levels in 263K-infected hamsters com-
pared with that of normal control (P D 0.0001).

To access the changes of the brain CaM dur-
ing prion infection, the brain specimens of
hamsters infected with scrapie agent 263K col-
lected at different time points during incubation
period were comparatively subjected into
Western blots. Prior to the dynamic test, the
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levels of CaM in the brain tissues of the young
and adult healthy hamsters that were at the
same ages as the animals of pre-inoculation
(roughly 3 weeks after weaning) and at termi-
nal stage were evaluated. Weak, but clear,
CaM-specific bands were detected by Western
blots, which showed quite similar levels
between young and adult healthy animals
(Supplementary Fig. 1), indicating a stable
expression of CaM in brain tissues. As shown
in Fig. 1B, the signals of CaM became
markedly stronger in the brain sample of the
hamsters 20 days post-inoculation (dpi) and
maintained at the comparatively level in the
subsequent samples. Quantitative analyses of
the average gray values of CaM after normal-
ized with the individual b-actin illustrated rapid
increase of brain CaM level in the early stage of
prion infection (20 dpi).

To get more detailed insight into the alter-
ation of CaM in various brain regions at termi-
nal stage of prion infection, brain sections of
263K-infected and controls were stained by
CaM-specific IHC assays. Large quantities of
the CaM-specific brown signals, with irregular
and variably sized astral shapes morphologi-
cally, were observed in the regions of cortex,
thalamus and cerebellum of 263K-infected
hamsters, (Fig. 1C). However, in the regions of
hippocampus, rhombencephalon and olfactory
bulb of 263K-infected hamsters, only few of
the CaM stained signals were identified, which
were comparable with that of normal controls
(Supplementary Fig. 2).

The Increased CaM Localized Well in
Neurons, but not in Proliferative
Astrocytes in the Brains of 263K-Infected
Hamsters

To further identify the distributing feature of
the CaM positive signals during prion infection,
the brain sections of 263K-infected hamsters
collected at early (20 dpi) and terminal stage
(80 dpi) were immunofluorescently double-
stained with CaM and GFAP- or NeuN-specific
antibodies, respectively. Compared with that of
the individual age-matched normal hamsters,
much more CaM positive signals (green) were

observable in the brain slices of 263K-infected
hamsters of both 20 and 80 dpi (Fig. 2). In the
preparations stained with CaM and NeuN anti-
bodies, the CaM signals looked to colocalize
well with the NeuN positive cells (red) both in
the infected and normal hamster brains
(Fig. 2A). In contrary, CaM signals seemed
colocalize neither with the GFAP positive cells
in the normal controls nor with the proliferative
GFAP positive cells in 263K-infected hamsters
(Fig. 2B). Further, the integrated optical den-
sity (IOD) of CaM per NeuN positive cell from
three slices from the 263K-infected or normal
hamsters was counted. It showed a significantly
increased average IOD CaM in each NeuN pos-
itive cell of the 263K-infected hamsters col-
lected at early and terminal stage than that of
normal ones (Fig. 2C). It may highlight that the
increased brain CaM in the scrapie-infected
hamsters possibly derives mainly from the
remained neurons.

Alterations of CaMKII and CaMKIV in
the Brains of 263K-Infected Hamsters at
End Stage

To assess the influences of the elevated
brain CaM on the downstream elements of
Ca2C-signaling during prion infection, the
expressions of CaMKII and CaMKIV in the
brains of 263K-infected hamsters were sepa-
rately investigated by Western blots. Com-
pared with the data of normal hamsters, the
levels of CaMKIIa and CaMKIIb in the brains
of 263K-infected hamsters were significantly
decreased (Fig. 3A). Meanwhile, the levels of
the phosphorylated for CaMKIIa at Threonine
286 (p-CaMKIIa, T286) were reduced
(Fig. 3A). Further analysis of the ratios of p-
CaMKIIa to CaMKIIa revealed significant
reduction in the brain tissues of 263K-infected
hamsters (P<0.05).

The levels of brain CaMKIV and its phosphor-
ylated form of CaMKIV at Threonine 196 and
200 (p-CaMKIV, T196 and T200) between the
infected and normal hamsters were comparatively
tested by Western blots. Although both CaMKIV
and p-CaMKIV levels in the infected brains were
slightly lower than that of normal ones, no
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FIGURE 1. Upregulation of CaM in the brains of scrapie-infected rodents. A. Western blot analysis
of CaM in the brain homogenates of scrapie agents 263K-infected hamsters collected at terminal
stage. The same amounts of individual brain homogenate were loaded and analyzed by 12% SDS-
PAGE. b-actin was used as an internal control. The scrapie agent 263K as well as normal control is
shown on the top of the graphs. The densities of signals are determined by densitometry and
shown relative to CaM/b-actin. Graphical data denote meanCSD (n D 3). Statistical differences
compared with controls are illustrated on the top. B. Dynamic assays of CaM in the brain tissues of
normal and 263K-infected hamsters during the incubation period. Experiments were repeated three
times. Various specific immunoblots are marked on the right and the time-point of the day post-
inoculation is shown as dpi. The gray values of each line are shown relative to CaM/b-actin. C. Rep-
resentative IHC assays of CaM in the cortex, thalamus and cerebellum of 263K-infected hamsters
and normal controls (40 £).
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statistical difference was addressed (Fig. 3B).
However, the ratio of p-CaMKIV to CaMKIV at
the end stage of prion infection was significantly
lower than that in the normal control.

To evaluate the dynamic alterations of CaMKII
and p-CaMKII during scrapie infection, the brain
samples of 263K-infected hamsters collected on
the 20th, 40th, 60th, 80th dpi were comparatively
evaluated. Both brain levels of CaMKIIa and
CaMKIIb showed time-dependent downtrend
during the incubation periods, that CaMKIIa and
CaMKIIb decreased markedly since 40 and

60 dpi, respectively (Fig. 3C). Meanwhile, the
level of phospho-CaMKIIa (p-CaMKIIa)
dropped down evenmore notably, showing signif-
icant reduction since 20 dpi (Fig. 3C).

Further, the amounts of brain CREB and
BDNF, which are the substrates of CaMK,
were analyzed by Western blots. As shown in
Fig. 3D, the amounts of CREB in the brains of
263K infected animals increased, but that of
the phosphorylated form of CREB (at Ser 133),
which represents the activated form, were obvi-
ously decreased. In line with our previous

FIGURE 2. Immunofluorescent analysis of the associations of CaM with different kinds of CNS
cells of normal and scrapie-infected hamsters collected at early and terminal stage. Representa-
tive images double-immunostained with the antibodies for CaM (green) and GFAP (red) on the
slices from the hamsters of 20 dpi (A) and 80 dpi (B), or that for NeuN (red) from the hamsters of
20 dpi (C) and 80 dpi (D) (£ 40). The normal controls are the individual age-matched healthy
hamsters. The merged signals are shown with the white arrow. E. Analyses of the IOD values
with the software in Operatta. The average IOD values of CaM per NeuN-positive cell (£ 105).
Left panel: the infected hamsters of 20 dpi. Right panel: the infected hamsters of 80 dpi. Statisti-
cal differences between the infected animals and the individual normal controls are indicated
above.
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observation,14 the brain levels of BDNF of the
hamsters infected with scrapie agent 263K
were remarkably lower than that of the normal
control (Fig. 3D). Those data indicate a down-
regulated situation of CaMKs in the brain tis-
sues during prion infection.

The Alterations of CaM and CaMKs
in Prion-Infected Cell Line SMB-S15

The levels of CaM and its downstream kin-
ases in prion-infected cell line SMB-S15 and
its partner normal cell line SMB-PS were

FIGURE 3. Downregulation of CaMKs and phospho-CaMKs (p-CaMKs) in the brains of scrapie
infected hamsters. Western blots analysis of CaMKIIa, CaMKIIb and p-CaMKIIa (T286) (A), as well
as CaMKIV and p-CaMKIV (T196CT200) (B) in the brain homogenates of scrapie agent 263K-
infected hamsters collected at moribund stage. C. Dynamic analysis of the CaMKIIa, CaMKIIb and
p-CaMKII (T286) in the brains of 263K-infected hamsters during incubation periods. The brain sam-
ples were collected 0, 20, 40, 60, 80 dpi and pooled with three individual hamsters. D. Western
blots for CREB, p-CREB (S133) and BDNF in the brain homogenates of scrapie agents 263K-
infected hamsters collected at end stage. The same amounts of individual brain homogenate were
loaded and analyzed by 12% SDS-PAGE. b-actin was used as an internal control. The quantitative
analysis of the signal densities of CaMKs, p-CaMKs, CREB, p-CREB and BDNF were normalized
with that of b-actin. Graphical data denote meanCSD.
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comparative evaluated. Western blots showed
an increase of CaM levels in SMB-S15 cells,
with statistical difference compared with SMB-
PS cells (Fig. 4A). Similar as our previous
study,15 only CaMKIIa could be detected by
Western blot in SMB cells. In contrast to the
data of scrapie infected brains, both total
CaMKIIa and phosphorylated CaMKIIa in
SMB-S15 cells were slightly, but significantly,
increased (Fig. 4B). Quantitative assays of the
gray values also demonstrated marked increase
of the ratio of p-CaMKIIa/CaMKIIa in SMB-
S15 cells. The levels of total CaMKIV and p-
CaMKIV in SMB-S15 cells were decreased,
meanwhile, the ratio of p-CaMKIV/CaMKIV
of SMB-S15 cells was also declined (Fig. 4C).
Moreover, the level of CREB of SMB-S15 cells
was higher than that of SMB-PS cells, whereas
that of p-CREB of SMB-S15 cells was lower
(Fig. 4D). In line with our previous observa-
tion,14 slight increase of BDNF was also
observed in SMB-S15 cells (Fig. 4D).

To figure out the distributions of above fac-
tors in the cultured cells, the cellular fractions
of cytoplasm and nucleus of SMB-S15 and -PS
cells were separately prepared and subjected
into the individual Western blots. Besides of
large amounts in cytoplasm, much more
CaMKIIa and p-CaMKIIa were identified in
the fraction of nucleus of SMB-S15 cells than
that of SMB-PS cells (Fig. 5A). The signals of
CaMKIV and p-CaMKIV were only detected
in the preparations of cytoplasm of both SMB-
S15 and -PS cells (Fig. 5A). Although CREB,
p-CREB and BDNF distributed in the fractions
of cytoplasm and nucleus of both SMB-S15
and -PS cells, more CREB, p-CREB and
BDNF were in the nucleus of S15 cells
(Fig. 5B). Above results highlight that the
increased CaM in SMB-S15 cells might possess
its normal biological function.

Upregulation of S-Nitrosylation for Brain
CaM and Relative Agents During Prion
Infection

S-nitrosylated forms of many proteins are
abnormally altered in the brains of patients and
animal models with prion infection.16 To see

the possible alterations of S-nitrosylated (SNO)
CaM during prion infection, the total SNO-pro-
teins were extracted from the brain tissues of
scrapie agent 263K infected hamsters at end
stage and age-matched normal controls. CaM-
specific Western blots for extracts revealed that
the levels of SNO-CaM in the brains of 263K-
infected hamster were significantly increased
compared with these of normal controls, show-
ing statistical difference (Fig. 6A). To test the
possible alterations of brain SNO-CaM in the
incubation period of prion infection, we pre-
pared the tissue homogenates and whole SNO
protein extracts of the brains of 263K-infected
hamsters collected at various day post-infec-
tion. It demonstrated that the levels of brain
SNO-CaM increased in the sample collected at
20 dpi, reached to the peak at middle-late stage
(60 dpi) and dropped down but still maintained
at high level at terminal stage (80 dpi)
(Fig. 6B). It implies that the SNO-CaM abnor-
mally increases and altered in a time-dependent
manner during prion infection.

To further get more insight into the changes
of SNO-CaMKs during prion infection, the
extracts of SNO proteins from normal and
263K-infected hamsters at terminal stage were
employed into individual CaMKs-specific
Western blots. Contrary to the decrease of total
brain CaMKII and unchanged CaMKIV in
263K-infected hamsters, both blots of SNO-
CaMKIIa and SNO-CaMKIV in the brains of
263K-infected hamsters at terminal stage were
remarkably stronger than that of normal con-
trol, showing statistical differences (Fig. 6C). It
illustrates an obvious upregulation of the nitro-
sylation forms of CaM and its down-stream
kinases in the brain tissues during prion infec-
tion. Additionally, the presence of SNO-CaM
in the cell lines SMB-S15 and SMB-PS were
tested. No CaM-specific signal was detected in
the extracts of SNO proteins from those two
cell lines (Fig. 6D).

DISCUSSION

CaM is a ubiquitous Ca2C receptor protein
mediating a large number of signaling pro-
cesses in all eukaryotic cells, meanwhile, it
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FIGURE 4. Evaluations of the levels of CaM and associated agents in scrapie cell line SMB-S15
and its normal cell line SMB-PS. Western blots for CaM (A), CaMKIIa and p-CaMKIIa (B), CaMKIV
and p-CaMKIV (C), as well as CREB, p-CREB and BDNF (D). b-actin was used as an internal con-
trol and illustrated under each blot. The quantitative analyses of gray values of each blot after nor-
malized with the individual b-actin are shown on the right. The average relative gray value is
calculated from three independent blots and presented as meanCSD.
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FIGURE 5. Analysis of the levels of CaMKs, p-CaMKs, CREB, p-CREB and BDNF in the fractions
of the nucleus and cytoplasm of SMB cells. Western blots for CaMKIIa, p-CaMKIIa, CaMKIV and
p-CaMKIV (A) as well as CREB, p-CREB and BDNF (B) in the fractions of the nucleus and cyto-
plasm of the cells. N: nucleus, C: cytoplasm. Various blots are shown on the left. Gray value analy-
sis of the signals of CaMKs, p-CaMKs, CREB, p-CREB and BDNF in nucleus and cytosolic
fractions are shown on the right. The quantitative results are collected from three independent
experiments and are presented as meanCSD.
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FIGURE 6. Increases of SNO-CaM and the related kinases in the brains of 263K-infected ham-
sters. A. The CaM-specific signals in the extracts of brain SNO proteins from three individual 263K-
infected hamsters at terminal stage were comparatively evaluated with three normal ones. Graphi-
cal data are expressed as meanCSD. B. Dynamic alteration of SNO-CaM in the brains of 263K-
infected hamsters during the incubation period. The extracts of brain SNO-proteins were pooled
from the brains of three normal hamsters and 263K-infected hamsters collected 20, 40, 60 and
80 dpi. C. Western blots for SNO-CaMKs in the extracts of brain SNO-protein from three individual
263K-infected hamsters at moribund stage were comparatively analyzed with three normal ones.
Graphical data are expressed as meanCSD. The relative gray values of CaM were normalized with
that of the individual b-actin. D. Western blots for SNO-CaM in the extracts of SNO-protein from
SMB-S15 and SMB-PS cells. The blot of SNO-CaM in the extract of brain SNO-protein from a
263K-infected hamster running in the same SDS-PAGE is used as control shown on the left.
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plays a central role in regulating a myriad of
cellular functions via interaction with multiple
target proteins.8 In the present study, we have
firstly investigated the situations of the brain
CaM levels in the pathogenesis of prion infec-
tion and demonstrated that the brain CaM level
is increased in the hamsters infected with scra-
pie agent 263K with the help of Western blots,
IHC, and IFA. However, the expressions and
phosphorylations of some downstream factors
of CaM, i.e., CaMKII and CaMKIV, are obvi-
ously decreased in the brains of 263K-infected
hamsters. Those aberrant alterations of the
downstream factors of CaM may highlight a
malfunction of brain CaM, despite of signifi-
cantly increased expression, during prion infec-
tion. Further analysis has revealed a
remarkable increase of SNO-CaM in the brains
of 263K-infected hamsters, which may associ-
ate with the dysfunction of the brain CaM in
prion infection.

As a calcium-binding protein, abnormal
changes of CaM level will interrupt Ca2C

homeostasis and further influence the func-
tion of many physiological processes in vari-
ous types of cells. Abnormal increase of
CaM level has been repeatedly reported in
the specimens of AD patients, AD animal
models and the relevant cell lines.8,11,17

Intracellular aberrant Ca2C homeostasis is
also observed in both sporadic and familial
forms of AD.18,19 Recently, elevation of
CaM level has been described in the brains
and CSF of the patients with sCJD.12,13 It
seems that increase of CaM is a common
phenomenon in neurodegeneration diseases.
The morphological data here illustrate that
CaM-positive cells colocalize well with
NeuN-positive cells, even the damaged cells,
but not with GFAP-positive ones, indicating
that the increased CaM levels may largely
come from the neurons of the infected
brains. The higher CaM content is associated
with impaired cell survival/death mecha-
nisms.21,22 Studies show that CaM plays an
important role in the cell cycle and reaches
high level at the G1/S and G2/M transi-
tion,23-25 indicating that disease-related cell
cycle arrest may influence the brain CaM
level. Actually, aberrant expressions of cell

cycle regulatory proteins has been identified
in the prion-infected experimental animals,
which leads to the cell cycle arrest at M
phrase.26 One may speculate that large
amount of CaM accumulating in neurons
during the progression of prion disease may
contribute to the abortive cell cycle events
observed in the brains during prion infection.

Activation of CaM dependent kinases is
one of the most prominent biological func-
tions of CaM, in which CaMKII and CaM-
KIV are two important ones. However, the
increased CaM level in the prion infected
brains seems not to be normally functional,
since the either the expression or phosphory-
lation of CaMKs are down-regulated. Study
on AD proposes that high level of CaM in
brain tissues and lymphoblasts possibly
relates with the consequence of impaired
proteasomal degradation of the protein.17

Interestingly, we have identified that along
with the increase of the total brain CaM
level during prion infection, the amounts of
SNO forms of CaM and CaMKs are
markedly up-regulated. Most of the signal
transduction pathways are mediated by pro-
tein S-nitrosylation in eukaryotic cells, con-
trols cell processes e.g. metabolism and
transcription, and plays an important role in
intercellular communication.27 It may medi-
ate either protective or neurotoxic signaling
depending on the action of target proteins. A
number of S-nitrosylated proteins have been
proposed to be able to contribute to the path-
ogenesis of neurodegenerative diseases.28,29

Although we are still not well understood
the precise effectiveness of S-nitrosylation of
CaM on its activation for the downstream
kinases, it is not hinder us to assume that
amounts of SNO-CaM in prion-infected
brains will influence its normal functions,
which might associate the lack of activities
of CaMKs in the late stage of prion disease.
Recently, we have confirmed that the levels
of nitric oxide (NO) and nitric oxide syn-
thase (NOS) in the brains of several prion
infected rodent models, including 263K-
infected hamsters, show time-dependent
alteration, which started to increase at early
stage, reached to the peak in the middle
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stage and dropped down at late stage.30

Coincidentally, the increase of brain SNO-
CaM in this study reveals the same pattern.

Our previous study15 and the data here verify
persistent decrease of CaMKII and p-CaMKII
in the brain tissues during prion infection.
Reduction of the levels of CaMKII and its auto-
phosphorylation form p-CaMKII (T286) has
been noticed in hippocampus and frontal cortex
of the severe AD brains.31 Although the brain
levels of CaMKIV and phosphorylated CaM-
KIV do not show significant reduction in the
scrapie infected hamsters, the ratio of p-CaM-
KIV/CaMKIV does decrease, which may
reflect a down-regulated activity of brain CaM-
KIV. In addition, increased SNO-forms of both
CaMKII and CaMKIV during prion infection
in this study may also affect their biological
functions. CaMKII is the major post-synaptic
protein at excitatory synapses, which is funda-
mentally important for synaptic plasticity and
memory formation.32,33 CaMKIV works as an
important player in neuronal cell survival and
overexpression of CaMKIV can attenuate neu-
ronal apoptosis in cerebellar granule neurons.34

Both CaMKII and CaMKIV are responsible for
phosphorylation of cAMP response element-
binding protein (CREB) at Ser 133, which
induces a vast amount of gene expressions sub-
sequently.35 One of the regulated genes is Bdnf,
encoding BDNF. BDNF affects many processes
in neuronal development, such as axonal and
dendritic development, synapse formation and
maturation, synaptic potentiation, and neuronal
survival. More recently, we have reported that
BDNF and its signaling components in the
brain tissues of scrapie experimental rodents
are severely hindered.14 Severe loss of brain
BDNF in our previous and present studies may
represent one of the consequences of the
depression of CaMKs during prion infection.

Compared the dramatically increase of brain
CaM in scrapie infected animals, the increase of
CaM level in the prion infected cell line SMB-
S15 seems to be limited but still significant.
However, unlike the observations in the brains of
scrapie infected hamsters, the levels of some
downstream kinases and effective factors in
SMB-S15 cells are also increased, such as CaM-
KII, p-CaMKII, CREB and BDNF. It seems that

the activation of CaM for CaM-dependent kinases
in the cultured cells with prion propagation func-
tions well. Moreover, no SNO form of CaM is
detected in SMB-S15 cells, which supplies useful
evidence for the association between S-nitrosyla-
tion of CaM and loss of activation for its down-
stream kinases. Under our experimental
condition, SMB-S15 cells exhibit almost same
replicating capacity as its normal partner cell line
SMB-PS. However, remarkably more down-
stream factors of CaM, including CaMKIIa and
p-CaMKIIa, CREB and p-CREB, as well as
BDNF, distribute in the nucleus fraction of SMB-
S15 cells than in that of SMB-PS cells. Based on
the results obtained in this study, wemay hypothe-
size that the increased CaM caused by prion infec-
tion may present different consequences in vitro
and in vivo. In the cultured cells, prion propaga-
tion induced the increase of cellular CaM level.
The cellular CaM triggers activations of CaM-
dependent kinases and other biological compo-
nents or pathways to overcome the harmful effect
of prion accumulation and maintain the cell via-
bility and proliferation. In the brains of prion
infected animals, the increased CaM undergoes
extensive S-nitrosylation due to the abnormal
changes of NO andNOS in CNS and loses its acti-
vation for CaM-dependent kinases and other
downstream biological modulators. Meanwhile,
large amount of CaM accumulates in neurons,
possibly due to impaired proteasomal degradation
of the protein, may cause turbulence of cell cycle
that is arrest at M phase. Further studies to evalu-
ate the situations of other CaM related events dur-
ing prion infection both in vitro and in vivo will
uncover the whole significance of CaM on the
pathogenesis of prion disease.

MATERIALS AND METHODS

Ethics Statement

Usage of animal specimens in this study was
approved by the Ethical Committee of National
Institute for Viral Disease Prevention and Con-
trol, China CDC. Animal housing and experi-
mental protocols were in accordance with the
Chinese Regulations for the Administration of
Affairs Concerning Experimental Animals.
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Preparation of Brain Homogenates

The brain samples of Syrian golden hamster
inoculated with hamster-adapted scrapie agents
263K were enrolled in this study. The clinical and
neuropathological characteristics of these models
have been described previously.20,36 The incuba-
tion time of 263K-infected hamsters was 70.5§
4.93 days. For dynamic study, brain samples of
themice infectedwith agents 263Kwere collected
on the 20th, 40th, 60th and at terminal stage (80th

dpi). The healthy hamsters roughly 3 weeks after
weaning were used as pre-infection control.

The brains were removed surgically, imme-
diately dissected, then frozen and stored at
-80�C until use. 10% (w/v) brain homogenates
were prepared based on the protocol described
previously.37 Briefly, brain tissues were
homogenized in lysis buffer (100 mM NaCl,
10 mM EDTA, 0.5% Nonidet P-40, 0.5%
sodium deoxycholate, 10 mM Tris, pH 7.5)
containing protease inhibitors cocktail set III.
The tissue debris was removed with low speed
centrifugation at 2000 g for 10 min and the
supernatants were collected for further study.

Cell Culture and Cell Lysates

SMB-PS and SMB-S15 cell line derived from
mice neurons were obtained from the Roslin
Institute (UK) and cultured in Dulbecco’s modi-
fied Eagle’s medium (Gibco, USA) supple-
mented with 12% fetal bovine serum (FBS)
(AusgeneX, Australian). Cells were maintained
at 37�C in a humidified 5% CO2 atmosphere.
The cell line of SMB-S15 was originally
infected with scrapie strain Chandler, in which
PrPSc replication was maintained by cell pas-
sage. Cell line SMB-PS was SMB-S15 cells that
were completely cured of prion by pentosan sul-
fate (PS) treatment without detectable PrPSc.
Cultured cells were washed twice with cold
PBS and harvested with cold lysis buffer
(100 mM NaCl, 10 mM EDTA, 10 mM Tris,
0.5% sodium deoxycholate, 0.5% Nonidet P-40,
pH 7.5) containing protease inhibitors cocktail
set III. The lysate was placed on the ice for
30 min and then centrifuged at 5,000 g at 4�C

for 5 min. The supernatants were collected and
stored at ¡20�C until needed.

Western Blots

Aliquots of brain homogenates or cell lysates
were separated on 12% SDS-PAGE and electro-
blotted onto NCmembrane using a semi-dry blot-
ting system. Membranes were blocked with 5%
(w/v) BSA in Tris-buffered saline containing
0.1% Tween 20 (TBST) at room temperature
(RT) for 1 h and incubated with various primary
antibodies, including anti-CaM polyclonal anti-
body (pAb, 1:100, Santa Cruz, USA), anti-CaM
monoclonal antibody (mAb, 1:1,000, Cell Signal-
ing Technology, USA), anti-CaMKII mAb
(1:500, Abcam, USA), anti-p-CaMKII alpha
(phospho T286) pAb (1:1,000, Abcam, USA),
anti-CaMKIV pAb (1:5,000, Abcam, USA), anti-
p-CaMKIV (phospho T196CT200) pAb
(1:1,000, Abcam, USA), anti-CREB mAb
(1:5,000, Abcam,USA), anti-p-CREB (phospho
S133) mAb (1:5,000, Abcam, USA), or anti-
BDNF pAb (1:500, Santa Cruz, USA) at 4�C
overnight. After washing with TBST, membranes
were probed with HRP-conjugated goat-derived
anti-mouse or anti-rabbit secondary antibodies at
RT for 1 h, and then blots were developed using
ECL and visualized on autoradiography films.
Images were captured by ChemiDocTM XRS C
Imager and quantified by Image J software.

Immunohistochemical Assays

Brains tissues were fixed in 10% formalin and
embedded in paraffin. For IHC, paraffin slides
(5-mm thick) were deparaffinised in xylene and
ethanol. Antigen retrieval was performed in
sodium citrate buffer (pH 6.0) by heating for
30 min followed by enzyme digestion for 1 min.
The slides were quenched in 3% H2O2 for 15 min
and permeabilised in 0.3% Triton X-100 for
20 min. The sections were blocked with 1% nor-
mal goat serum at RT for 15 min and then incu-
bated at 4�C overnight with 1:50-diluted pAb for
CaM, the slides were then incubated with 1:200-
diluted HRP-conjugated goat-derived anti-rabbit
secondary antibody at 37�C for 1 h and visualized
by incubation with 3,30-diaminobenzidine
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tetrahydrochloride (DAB). The slices were coun-
terstained with hematoxylin, dehydrated and
mounted in Permount.

Immunofluorescence Assay

Paraffin embedded brain tissue slices were
used in the study. The slices were permeabilizated
by 0.3% Triton X-100 in PBS for 30 min and
blocked with normal goat serum for 1 h. After
blocked, samples were probed with 1:100 diluted
pAb anti-CaM (Santa Cruz, USA), 1:200 diluted
pAb anti-NeuN (Millipore, USA) or 1:200-diluted
pAb anti-GFAP (Cell Signaling Technology,
USA) in dilution solution (PBS with 2% BSA and
0.3% Triton X-100) at 4�C overnight. The sec-
tions were subsequently probed with 1:400-
diluted Alexa Fluor 488-labeled goat anti-rabbit
and Alexa Fluor 568-labeled goat-derived anti-
mouse secondary antibodies (Invitrogen, USA)
for 1 h. After removing secondary antibodies,
DAPI (Invitrogen, USA) was used to stain the
nucleus at concentration of 1 mg/ml at 37�C for
30 min. The slices were then mounted with per-
mount and viewed using a high content screening
system (Operetta Enspire, Perkin Elmer, USA).

Biotin-Switch Assay of Extracting
S-Nitrosylated Protein

Brain SNO-proteins were preparedwith a com-
mercial detection assay kit (Cayman Chemical,
USA) according to the protocol described previ-
ously.38 Briefly, brain homogenates of scrapie
infected and normal hamsters were incubated
with the blocking buffer, gently agitating the mix-
ture at 4�C for 30 min to block free thiol groups.
Precipitation of the mixture with ice-cold acetone
at -20�C, and the nitrosothiols were reduced to thi-
ols with reducing reagent. The newly formed thi-
ols were labeled with biotinylating reagent. The
total biotinylated proteins were immunoprecipi-
tated with streptavidin-agarose beads and various
SNO-proteins was detected with the specific
Western blots.

Statistical Analysis

In this study, all the experiments were con-
ducted at least three times with consistent
results. The mean value and standard error of
multiple data points or samples were used to
represent the final results. The student’s t test
was used for statistical analysis and P <0.05
was considered significant. All data were pre-
sented as the meanCSD.
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