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he cellular prion protein (PrP) is a

highly conserved protein, which is
anchored to the outer surface of the
plasma membrane. Even though its phys-
iological function has already been inves-
tigated in different cell or mouse models
where PrP© expression is either upregu-
lated or depleted, its exact physiological
role in a mammalian organism remains
elusive. Recent studies indicate that PrP®
has multiple functions and is involved in
cognition, learning, anxiety, locomotion,
depression, offensive aggression and nest
building behavior. While young animals
(3 months of age) show only marginal
abnormalities, the deficits
become apparent as the animals age,
which might indicate its role in neurode-
generation or neuroprotection. However,

most of

the exact biochemical mechanism and
signal transduction pathways involving
PrPC are only gradually becoming
clearer. We report the observations made
in different studies wusing different
Prnp0/0 mouse models and propose that
PrP€ plays an important role in the regu-
lation of the cytoskeleton and associated
proteins. In particular, we showed a
nocodazole treatment influenced colocali-
zation of PrP© and o tubulin 1. In addi-
tion, we confirmed the observed deficits
in nest building using a different back-

crossed Prnp0/0 mouse line.

Introduction

The opportunity to study the function
of PrP¢ improved dramatically with the
of Prnp ablated
mice." These Prnp ablated mice were

creation transgenic
shown to be resistant to prion diseases.’

Prion

Curiously, the Nagasaki, Rem0O, and
Zurich II lines displayed a phenotype that
was dramatically different from the Zurich
I and Edinburgh lines. The Zurich I and
Edinburgh lines, produced by simple dis-
ruption of an open reading frame of the
Prup  gene, developed normally and
appeared to have no obvious behavioral
defects."” In contrast, the Nagasaki, Rem0
and Zurich II mouse lines, produced by
using more extensive deletion methodol-
ogy, showed an impaired motor coordina-
tion and died of cerebellar ataxia resulting
from loss of Purkinje cells.>* The latter
phenotype was discovered to be the conse-
quence of a Prnp promoter driven expres-
sion of an adjacent protein, Doppel, in the
brain and not the lack of PrP<.**® Intro-
ducing the Prnp gene into these Doppel
expressing mice rescues them from the
effects of demyelination and Purkinje cell

degradation.7

Behavior Abnormalities of Prnp0/
0 Mice Increased As The Mice
Aged

The function of PrP® has been investi-
gated by using different transgenic mouse
models, a variety of behavioral tasks, and
mice of different ages. These studies and
their outcomes were summarized in
Table 1. The initial studies of PrP€
knockout mice (Prnp0/0) did not reveal
any notable behavioral deficits or abnor-
Upon
interestingly, Prnp ablated mice showed
subtle physiological defects. Mice lacking

.12 . .
malities. closer examination,

PrP© were observed to have sleep and cir-
cadian rhythm alterations that could be
restored upon expression of the Prup
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gene.®” Recovery from sleep
deprivation was noticeably
slower in Prnp0/0 mice than
in wild-type (WT) mice.
Ablated mice showed hyper-
corticism during the night
and following stress, and
their  adrenocorticotropic
hormone remained high.10
The behavior of Prnp0/0
mice and WT mice has been
studied using a variety of
well-established  behavioral
tests. PrP ablated mice per-
formed as well as WT mice

in the Morris Water maze,
the Y maze discrimination
test and the 2-way avoidance
test.>'" More detailed stud-
ies revealed that Prrp0/0 (11
months) mice showed a
decrease in locomotor activ-
ity in the open field test
their WT
counterparts.'? Further-
more, their nest building
abilities were significantly
poorer than WT controls.'?

compared  to

B Nest building
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These findings were initially

observed in a  Prnp0/0

mouse line with a mixed
129B6 background12 and
later confirmed in back-
crossed  Prnp0/0  mice
(C57BL/6NR]) (Figs. 1A1-
2 and B). The Prnp0/0

mice also showed a decrease

Figure 1. Deficits in nest building behavior of Prnp0/0 mice. (A) The nest building behavior of WT (1) and Prnp0/0
mice (2) was assayed by assessing the nest quality after overnight exposure to a sheet of tissue paper. (B) Compar-
ing the nest quality, statistically significant differences were obtained between WT and Prnp0/0 mice independent
of their age. Values are depicted as mean £ SEM (n = 6). The quality of the nests was evaluated using a modified
5-point scale according to method of Deacon et al. Tissue not noticeably touched (>90 % intact, 1 point); tissue
partially shredded (50-90% remained intact, 2 points); mostly shredded but not identifiable as a nest (=50 % of the
tissue is shredded, 3 points), an almost intact nest (>90 % of the tissue is shredded, 4 points); an intact nest (100%
of the tissue is shredded, 5 points).

in memory performance,
associative  learning, and
basal anxiety as they aged (starting at 9
months) compared to WT controls.'”
These observations were supported by
other studies using the Zurich I Prnp0/0
mouse line which demonstrated that
Prnp0/0 mice have cognitive deficits in
short-term social recognition or short-
and long-term  memory  retention
(Table 1).1%1¢ They had decreased anxi-
ety after acute stress conditions'” but not
under normal conditions.'*'®'? Olfac-
tory deficits in cookie finding, increased
grooming and an increased latency to ini-
tiate exploration of a new environment
(Table 1) were also observed. An increased
latency to initiate exploration and deficits
in spatial learning were seen in Prnp0/0
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mice on the 129/0la background.'® These
age-dependent results have been inter-
preted to suggest that PrP< plays a role in
protecting animals from the effects of
aging, such as oxidative stress.'>"?

Prpn ablated and WT mice were used
to study the role of PrP“ in animals sub-
jected to increased physiological demands,
such as those with brain seizures or ische-
mia.”® These studies demonstrated that
PrP© expression in WT-mice was upregu-
lated in response to focal cerebral ische-
mia. Prnp0/0 mice displayed significantly
greater infarct volumes when compared to
WT controls following both permanent
and transient ischemia.”' Even though it
has been suggested that PrP“ exerts

Prion

neuroprotective effects via phosphatidyli-
nositol 3-kinase (PI3K)/Akt*® and mito-
gen-activated protein kinase/extracellular
signal-regulated  kinase (MAPK/ERK)
pathways,”> the molecular mechanisms
underlying PrP© mediated neuroprotec-
tion following ischemic brain injury
appears to be different and will require
further characterization.

Prnp0/0  mice were shown to be
more to pain,® displayed
depressive behavior,”® and have altered
aggressive  behavior.”> These results
demonstrated that the engineered mice
display different age-dependent and
age-independent behaviors compared to

WT controls.

sensitive
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When the behavioral studies of Prap
ablated mice were summarized and com-
pared (Table 1), it was clear that they
were not always consistent. These incon-
sistencies may have been due to the
genetic background of the transgenic mice
or the strain of mice (Nagasaki, Zurich 1,
Zurich 11 and Edinburgh strains), where
the deletion of genes other than Prip
could not be excluded. Additional varying
factors were the number of animals, the
age of the mice (usually between 3 and 9
months) and inconsistences in applying
behavioral tests which may result in con-
tradictory findings. Moreover, it might be
possible that PrP ablated mice have a
strain-dependent compensatory mecha-
nism that could have a specific strain-
dependent impact.

Prnp0/0 Mice Exhibit Alterations
in The Cytoskeleton

The cytoskeleton executes many impor-
tant physiological functions, e.g. cell struc-
tural stability, maintenance of neurons,
intracellular transport, metabolism, and
cell division. Three principal kinds of

o. tubulin 1

3h

24h

filaments make up the cytoskeleton in
eukaryotic cells, microfilaments, interme-
diate filaments, and microtubules. Disrup-
tion of the physiological metabolism of the
cytoskeleton is associated with several neu-
rodegenerative diseases, including
Alzheimer’s Disease (AD), Parkinson’s
Disease (PD), and Amyotrophic Lateral
Sclerosis (ALS). In these diseases, the dis-
ruption of cytoskeletal metabolism is the
result of a cascade of events including the
toxic accumulation of affected proteins
(tau), mitochondrial dysfunction, and oxi-
dative stress.?

These observations suggested an asso-
ciative role for PrP® in maintaining the
cytoskeleton, since many (>40%) of the
PrP¢ binding partners, including actin,
B-actin-like protein, vimentin, tubulin,
cofilin-1 and profilin-1 were found to be
involved with cytoskeletal processes.27’28
We observed that several of the proteins
comprising the intermediary filaments of
the cytoskeleton, neurofilament heavy
chain (NF-H), neurofilament light chain
(NF-L), spectrin, a-internexin, or vimen-
tin, were differentially abundant in the
insoluble fractions of older (18 months)

Prnp0/0 mice as compared to age matched

controls.'* Furthermore, the phosphoryla-
tion of NF-H protein was decreased in a
Prnp-knock-down cell model as well as in
old (18-20 months) Prnp0/0 mice as
compared to age-matched controls.'* This
was found to be important, since elevated
levels of NF phosphorylation during
aging29 are associated with an increase in
the stability and organization of NFs
within the cytoskeleton.’® Interestingly,
this decreased NF phosphorylation was
found to be associated with a downregula-
tion of the kinase Fyn. The regulation of
Fyn kinase was found to occur via the for-
mation of a protein complex between
PrP¢ and caveolin-1.%" These results indi-
cate that PrP€ is associated with cytoskele-
tal metabolism at the protein level.

At the physiological level, Prnp0/0
mice exhibit a reduced number of B tubu-
lin Ill-positive neurons and pyramidal
cells in the dentate gyrus, which indicates
that PrP< has a role in the microtubule
system. '

The microtubular cellular structures in
the cytoskeleton were found to play a cen-
tral role in intracellular transport, metabo-

lism, and cell division. Microtubule
networks are used as tracks for
Scatter plot Colocalization freg

Figure 2. Effect of nocodazole on « tubulin 1 and PrP€ colocalization. HpL3-4 cells were transfected with Prnp (PrP+/+) and then treated with nocoda-
zole (4 M) for different time intervals. « tubulin 1 (green) and PrP (red) were stained in (A) untreated cells and in nocodazole treated cells (3 and
24 hours) (B-C). Nuclei were stained with TO-PRO-3 fluorescent dye (Life-technologies). Distribution of PrP€ and « tubulin 1 were analyzed using anti-
PrP€ (3F4) and anti- tubulin 1 antibodies (Leica TCS SPE microscope). The scatter plots show the quantitative localization of a tubulin 1 and PrPS. After
3 h of treatment with nocodazole there was a significant loss of colocalization between o tubulin 1 and PrP€ as compared to untreated cells. After 24 h
of treatment colocalization of both proteins increased. At least 25 cells were observed per condition per experiment with an equal exposure time (Scale
bar: 10 pm). The scatter plots of the individual pixels from paired images were generated by Image (WCIF plugin) software.
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Table 2. « tubulin 1 partially colocalizes with PrP<. Pearson’s correlation coefficient rP (=1 < rp < 1)
demonstrated partial colocalization (p = 0.049, n = 5) between « tubulin 1 and PrP¢ in untreated
HpL3-4 cells transfected with PrP<, Treatment of the cells with nocodazole for 3 h or 24 h showed less
colocalization as compared to untreated cells. Colocalization coefficients, M7 and M2 ranged between 0
and 1, showing partially colocalized pixels of interest within each channel. The cell lysates from HpL3-4
treated cells were then used to verify PrP< and « tubulin 1 expression.

Nocodazole Colocalization Colocalization

(4 nM) PrP¢ P coefficient PrP€ (M1) coefficient « tubulin (M2)
— + 0.790 0.883 0.796

3h + 0.525 0.602 0.418

24 h + 0.738 0.805 0.731

intracellular protein trafficking. In other
studies, tubulin was found to interact with
PrP©.*”3? The binding of PrP® to tubulin
may result in the ordered oligomerization
of tubulin and the inhibition of microtu-
bule formation.”> We investigated the
potential role of PrP¢ in altering the
metabolism of the tubulin cytoskeleton by
incubating Prnp transfected murine hip-
pocampus (HpL3—4) neuronal cells with a
drug that interferes with microtubule
polymerization, nocodazole (Fig. 2A-C).
When these cells were treated for 3 h and
24 h with nocodazole, an altered PrP®
localization pattern was observed, where
PrP¢ was situated nearer the cytosolic
region of the cell (Fig. 2B and C). We
used the distribution of fluorescent inten-
sities to quantify the colocalization rate of
a tubulin 1 and PrP® and compared
untreated and nocodazole treated cells.

The distribution of fluorescence inten-
sities in the scatter plots was used to quan-
tify the localization of o tubulin 1 and
PrP€ after treatment with nocodazole.
These results demonstrated a significant
loss of colocalization between « tubulin 1
and PrP€ after 3 h of treatment, as com-
pared to untreated cells. However, after
24 hours of exposure to nocodazole, PrPC
and « tubulin 1 showed more colocaliza-
tion (Fig. 2A-C).

We interpreted the reduction of the
colocalization coefficient after 3 h of noco-
dazole treatment to be a consequence of
degradation of the a tubulin 1 transport
machinery. This would result in a lower
amount of a tubulin 1 being expressed,
which may result in the accumulation of
PrP€ in the cytosolic or nuclear region. As
a potential consequence the colocalization
rate may decrease. We presume the trans-
port machinery can recover after 24 h

www.landesbioscience.com

which may result in the observed increase
in the colocalization rate.

Moreover, we quantified the colocaliza-
tion rates using Pearson’s correlation coef-
ficients (Table 2). This analysis confirmed
that o tubulin 1 and PrP€ showed altered
colocalization after 3 h treatment with
nocodazole. If the cells were incubated
with nocodazole for 24 hours, PrP€ and «
tubulin 1 were observed to share the same
compartments (Fig. 2C), which showed
that the effects of nocodazole on the orga-
nization of microtubules were reversible.>*

Conclusion

These results and those summarized
provide strong evidence of the import role
that PrP© plays in brain function. PrP¢
has a role in memory, associative learning,
general anxiety, nesting (confirmed on a
backcrossed Prup0/0 mouse line), aggres-
sion, and depression. Deficits in cogni-
tion, learning and fear increased with age,
which suggests that PrP© has a neuropro-
tective function with respect to brain
trauma and stress.

Furthermore, PrPC is associated with
all 3 parts of the cytoskeleton (microtu-
bules, intermediary filaments and microfi-
laments) either as a regulator or as an
interaction partner. Moreover, it colocal-
izes with a tubulin 1, an important com-
ponent of microtubules, suggesting a
molecular mechanism for the age-associ-
ated structural changes we observed in the
cytoskeleton.
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