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PREFACE

Prion disease is a group of fatal neurodegenerative disorders in both animals and humans
[1, 2]. The pathological hallmarks of prion diseases include vacuolation in the neuropil,
microglial activation, astrogliosis, synaptic loss, and specifically, accumulation of the
pathogenic isoform of prion protein (PrP%) in the central nervous system. PrP5, a key
component of the infectious agent, prions, is a product of self-seeding conformational
conversion, or misfolding, of cellular isoform of PrP (PrP€) encoded by the host gene Prap [3-
5]. The production of PrP%¢ is strongly associated with prion propagation and neurodegeneration
in prion diseases; PrP-deficient mice are totally resistant to prion infection [6-8], brain tissue
devoid of PrP was not impaired by exogenous PrP>° produced in PrP-expressing tissue grafts
nearby [9], and the conditional knockout of the neuronal Prnp protected or even rescued mice
from prion infection as well as neurodegeneration in spite of the presence of PrP*¢ in glial cells
and extracellular parenchymal space [10, 11]. These facts suggest that not just the presence of
PrP5¢ but intraneuronal prion propagation, i.e., misfolding of intrinsically neuronal PrP, is
required for the development of prion diseases. However, we have less knowledge of the
cellular and molecular mechanisms that account for the neurodegeneration in prion diseases.
Since experiments did not fully support the loss of physiological function of PrP¢ [12-16] and
the gain of toxic function by misfolding into PrP% [6-11] as the mechanisms of
neurodegeneration,, there ought to be alteration or abnormal induction of cellular responses and
abnormalities in PrP molecules in the prion pathogenesis.

It is still an open question that which cell types are primarily responsible for
neurodegeneration in prion diseases. Several examinations on the roles of activated glial cells
have been carried out [17-27], though it has not been concluded yet whether the contribution of
activated glial cells is protective or harmful to prion-infected neurons. There is the importance

of a specific analysis of prion-induced neuronal responses to discover whether the



neurodegeneration is consequent exclusively on neuron-autonomous mechanisms.

Primary neurons may serve as versatile ex vivo models [28-30], thus in my previous study
primary cultures enriched in murine cerebral cortical neurons (CxN) and thalamic neurons
(ThN) were established [31]. In this thesis, the study was extended with the use of the primary
cultures to analyze neuron-autonomous events to elucidate the mechanisms of
neurodegeneration in prion diseases. In Chapter I, I describe the induction of the early event in
UPR as a neuron-autonomous response to the propagation of prions, and in Chapter II, I
describe the transcriptome analysis of prion-infected neurons to evaluate any changes in

neurons caused by the propagation of prions.



Chapter I

Conversion of PrP® into PrP*° in neurons is one of the key pathophysiological events in
prion diseases. However, the molecular mechanism of neurodegeneration in prion diseases has
yet to be fully elucidated because of a lack of suitable experimental models for analyzing
neuron-autonomous responses to prion infection. One of promising cellular responses that
would be involved in the prion pathogenesis is called unfolded protein response (UPR) [59-61].
UPR is a cellular response to endoplasmic reticulum (ER) stress in order to deal with protein
misfolding [53-56]. The involvement of a UPR pathway mediated by protein kinase R-like
endoplasmic reticulum kinase (PERK) in the progress of prion disease has been demonstrated
using mouse models [62, 63] so that I examined whether upregulation of the PERK pathway
was neuron-autonomous or not. In the present study, I used neuron-enriched primary cultures
of cortical and thalamic mouse neurons to analyze autonomous neuronal responses to prion
infection. PrP%¢ levels in neurons increased over the time after prion infection; however, no
obvious neuronal losses or neurite alterations were observed by immunocytochemistry. The
prion-infected neurons were further analyzed for UPR-related molecules by immunoblot and
RT-PCR. It showed an increasing tendency of phosphorylation of PERK in prion-infected
neurons. Interestingly, a finer analysis of individual neurons by immunocytochemistry
simultaneously for PrPS° and phosphorylated PERK (p-PERK) demonstrated a positive
correlation between the number of PrP>¢ granular stains and p-PERK granular stains, in cortical
neurons at 21 dpi. Although the phosphorylation of PERK was enhanced in prion-infected
cortical neurons, there was no sign of subsequent translational repression of synaptic protein
synthesis or activations of downstream UPR in the PERK-elF2a pathway. These results suggest
that PrP5¢ production in neurons induces ER stress in a neuron-autonomous manner; however,
it does not fully activate UPR in prion-infected neurons. These findings provide insights into
the autonomous neuronal responses to prion propagation and the involvement of neuron-non-

autonomous factor(s) in the mechanisms of neurodegeneration in prion diseases.



Chapter II

Identification of cell biological processes/functions that are affected by prion propagation
in neurons will facilitate to clarify the neuropathogenesis of prion diseases. To gain insight into
the autonomous neuronal responses to prion propagation, I analyzed transcriptome of CxNs and
ThNs cultures infected with prions. Over 2,000 differentially expressed genes were identified
by comparison of gene expression profiles between mock- and prion-infected CxNs or ThNs at
14 and 21 dpi. A total of 108 differentially expressed genes were found in common across 2 or
3 experimental conditions based on neuronal type and days after inoculation. Of the 108 genes,
4 genes were previously reported as differentially expressed genes in prion disease, and 13
genes were associated with other neurodegenerative disorders accompanied by protein
misfolding such as Alzheimer’s disease (AD). Upregulation of Ncstn in prion-infected ThNs at
both 14 and 21 dpi suggests the presence of neuron-autonomous response to prion propagation,
which is also suggested to be involved in the development of AD [148]. Bioinformatic analyses
of differentially expressed genes using Gene Ontology and Ingenuity Pathway Analysis (IPA)
did not suggest any canonical pathways or biological functions that are directly related to the
neuronal cell death and neurodegeneration. This interpretation implies that prion propagation
in neurons would not totally activate neuron-autonomous processes that lead to neuronal death,
which is consistent with the findings in the Chapter I. However, interestingly, IPA analysis
suggested that alterations of some biological processes in prion-infected CxNs and ThNs, which
are associated with cytoskeleton reorganization and lipid metabolism. Although obvious
alterations in cell biological process were not suggested from the transcriptome of prion-
infected neurons, information on comprehensive gene expression profiles of prion-infected
neurons will be useful for understanding the mechanisms of neurodegeneration in prion

diseases.



CONCLUSION

Conversion of PrP€ into PrPS° in neurons is one of the key pathophysiological events in
prion diseases. A line of evidence indicates that microglia and astrocytes play important roles
in the neuropathogenesis of prion diseases as non-autonomous neuronal cell death. Prion
propagation in neurons itself is also believed to be a key event in the neuropathogenesis of prion
diseases; however, genuine neuronal responses to prion propagation have yet to be fully
elucidated because of a lack of suitable experimental models for analyzing neuron-autonomous
responses to prion infection. To analyze neuron-autonomous events specifically, I optimized a
neuron-enrichment protocol which was able to control astrocytic growth in cortical and
thalamic neuronal cultures over a month. These primary neurons were susceptible to prion
infection and the characteristics of PrPS¢ produced in the primary neurons resembled those
observed in brains of prion-infected mice. Therefore, in my thesis, I extensively studied neuron-
autonomous events to prion infection using the primary neuronal cultures infected with prions.

In Chapter I, autonomous neuronal responses to prion infection was analyzed using
neuron-enriched primary cultures of mouse neurons. PrP*° levels in neurons increased over the
time after prion infection; however, no obvious neuronal losses or neurite alterations were
observed. Interestingly, a finer analysis of individual neurons co-stained with PrP5¢ and p-PERK,
the early cellular response of the PERK-elF2a pathway, demonstrated a positive correlation
between the number of PrPS° granular stains and p-PERK granular stains, in cortical neurons at
21 dpi. Although the phosphorylation of PERK was enhanced in prion-infected cortical neurons,
there was no sign of subsequent translational repression of synaptic protein synthesis or
activations of downstream UPR in the PERK-elF2a pathway. These results suggest that PrP5
production in neurons induces ER stress in a neuron-autonomous manner; however, it does not
fully activate UPR in prion-infected neurons.

In Chapter II, I analyzed transcriptome of neuron-enriched primary CxNs and ThNs



infected with prions in order to gain insight into the autonomous neuronal responses to prion
propagation. Bioinformatic analyses of differentially expressed genes using Gene Ontology and
the IPA did not suggest any canonical pathways or biological functions that are directly related
to the neuronal cell death and neurodegeneration. This interpretation implies that prion
propagation in neurons would not totally activate neuron-autonomous processes that lead to
neuronal death, which is consistent with the findings in the Chapter I. However, interestingly,
IPA analysis suggested that alterations of some biological processes in prion-infected ThNs,
which are associated with cytoskeleton reorganization and lipid metabolism. Although obvious
alterations in cell biological process were not suggested from the transcriptome of prion-
infected neurons, information on comprehensive gene expression profiles of prion-infected
neurons will be useful for understanding the mechanisms of neurodegeneration in prion
diseases.

In this study, I have tackled to the lack of our understanding of the neuron-autonomous
mechanism of neurodegeneration in prion diseases. I disclosed that prion propagation itself
induced the early event of ER stress in neurons; however, it does not fully activate UPR in
prion-infected neurons. Transcriptome analyses could not expect any specific neuronal events
that were affected by prion propagation. These facts suggest the presence of additional, non-
neuronal factor(s) in the mechanism of neurodegeneration in prion diseases. Although further
studies are required for a comprehensive understanding of the mechanisms of
neurodegeneration in prion diseases, I believe that this study contributes to elucidation of
neuropathogenesis of prion diseases and identification of potential targets for therapeutic

intervention in near future.
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