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PREFACE 

Prion disease, also known as transmissible spongiform encephalopathy, is a group of fatal 

neurodegenerative disorders in both animals and humans which includes scrapie in sheep and 

goats, bovine spongiform encephalopathy (BSE), chronic wasting disease (CWD) in cervids, 

and Creutzfeldt-Jakob disease (CJD) in humans [1]. Whereas the majority of human cases are 

sporadic and familial forms, there are a small number of iatrogenic transmissions of CJD in 

humans, which were related to neurosurgery and therapeutic use of human cadaveric pituitary 

growth hormone [2]. Furthermore, animal prion diseases are usually transmitted via oral 

ingestion of tissues of diseased animals [3] or even via secretions in the case of CWD, showing 

a fast but limited geographic spread so far [4, 5]. Apart from the horizontal transmission in a 

host species, the spatiotemporal relationship between variant CJD and BSE indicated a zoonotic 

potential of prion diseases [2]; therefore, prions may still pose a significant threat to the health 

of humans, animals, and the environment as well. 

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 (PrPSc) in the central nervous system. PrPSc, a key 

component of the infectious agent, prions, is a product of self-seeding conformational 

conversion, or misfolding, of cellular isoform of PrP (PrPC) encoded by the host gene Prnp [6-

8]. The production of PrPSc is strongly associated with prion propagation and neurodegeneration 

in prion diseases. PrP-deficient mice are totally resistant to prion infection, therefore, PrP is a 

key molecule for prion pathogenesis [9-11]. In addition, brain tissue devoid of PrP was not 

impaired by exogenous PrPSc produced in PrP-expressing tissue grafts nearby [12], 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 PrPSc in glial cells and extracellular 

parenchymal space [13, 14]. These facts suggest that not just the presence of PrPSc but 
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intraneuronal prion propagation, i.e., misfolding of intrinsically neuronal PrP, is required for 

the development of prion diseases. Thus, there has been a strong motivation to study the cellular 

aspects of prion propagation in neural cell lines. Previous studies with the use of persistently 

prion-infected immortalized neural cell lines, including Neuro2a murine neuroblastoma cells, 

revealed a subcellular localization of PrPSc. The subcellular sites where PrPSc was found, and 

are likely the conversion site of PrP in those cells, are plasma membranes and lipid rafts [15-

17], endocytic pathway [18, 19] or endocytic recycling pathway [20-24], and early and late 

endosomes at an early step of prion propagation [25]. 

Contrary to prion propagation mechanisms, we have less knowledge of the cellular and 

molecular mechanisms that account for the neurodegeneration in prion diseases. There have 

been two hypotheses that may explain the pathogenesis of prion diseases. One is the loss of 

physiological function of PrPC because of misfolding; however, this speculation can hardly 

explain normal development of PrP-deficient mice and other mammals during fetal growth and 

after birth [26-30]. Another hypothesis is that the gain of toxic function by misfolding into PrPSc 

is the cause of neurodegeneration, which is also subject to doubt because exogenous PrPSc itself 

did not injure neurons of PrP-deficient mice as reported previously [9-14]. It means that there 

ought to be alteration or abnormal induction of cellular responses and abnormalities in PrP 

molecules in the prion pathogenesis. Though limited so far, possible involvements of various 

physiological and cellular functions in the prion pathogenesis have been proposed. 

Synaptic loss and dysfunction are well-described histopathological and 

electrophysiological alterations in the brain of prion-affected animals and humans at a relatively 

early stage of the disease, corresponding to behavioral abnormalities in mice [8, 31, 32]. PrPSc 

can induce some morphological and functional alterations to neurites as well as synapses, such 

as spine retraction, decreased miniature excitatory postsynaptic current (mEPSC), and impaired 

long-term potentiation in cultured hippocampal neurons and slices [33, 34]. The morphological 
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abnormality of PrPSc-exposed hippocampal neurons seemed to be similar to what was induced 

by excitotoxicity in other neurodegenerative disorders [35, 36]. However, the implications of 

acute synaptotoxicity of PrPSc for the irreversible neurodegeneration under a condition of 

continuous prion propagation should still be evaluated. 

Apoptotic cell death is found in the brain of naturally occurring human and animal prion 

diseases and experimental prion disease models as DNA fragmentation and the activated 

caspases [37-41]. Genetic modifications of apoptotic signaling, such as deletion of pro-

apoptotic Bax and Casp12 (caspase-12) and overexpression of anti-apoptotic Bcl2, could not 

prevent neuronal death and degeneration [42-44]; so, the host mice still had a clinical 

manifestation and died [45]. These facts indicate that not all prion-induced neuronal deaths can 

be attributed to apoptosis. 

Autophagy plays an important role in bulk degradation and recycling of disused cellular 

constituents to facilitate physiological turnover for maintaining homeostasis in cells. The auto-

lysosome, which is formed by the fusion of the autophagosome and lysosome, is a characteristic 

vesicular structure where disused proteins are degraded by lysosomal enzymes [46]. These 

autophagic vesicles have been found in the experimental models of several prion diseases 

including scrapie, BSE, and CJD [47, 48], as well as brain biopsies of human patients of prion 

diseases [49]. Autophagy may play a role in the clearance of PrPSc, as the induction of 

autophagy can reduce PrPSc level in persistently prion-infected Neuro2a cells [50, 51]. Also, 

continuous intraperitoneal administration of rapamycin, an autophagy-inducing drug, 

diminished insoluble fraction of PrP and amyloid plaques in the brain and delayed the onset of 

disease in a mouse model of human-inherited prion disease [52]. Nonetheless, these mice finally 

succumbed to the disease, suggesting that the frequent observations of autophagy may be due 

to a passive response to prions but not to a causative mechanism of neurodegeneration. 

Among various cellular functions, unfolded protein response (UPR), in particular the 
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pathway mediated by protein kinase R-like endoplasmic reticulum kinase (PERK) and 

eukaryotic translation initiation factor 2 subunit alpha (eIF2α), has been suggested as one of the 

possible cellular mechanisms that may be involved in the pathogenesis of prion diseases. The 

PERK-eIF2α pathway of UPR copes with endoplasmic reticulum (ER) stress and disrupts 

proteostasis by restraining global translation activity through phosphorylation of PERK and 

eIF2α, decreasing ER tasks and enabling cells time to refold or dispose of inaccurately 

synthesized proteins [53-56]. When the cells can no longer keep up with continual ER stress, 

however, downstream activating transcription factor 4 (ATF4) and C/EBP-homologous protein 

(CHOP) will sensitize the cells for apoptosis by downregulation of the anti-apoptotic protein 

Bcl-2 and by perturbation of cellular redox systems [57, 58]. As regards the pathogenesis of 

prion diseases, there has been a report on the upregulation of ER chaperones and enzymes, 

including Grp58, Grp78, and Grp94, which indicates the induction of UPR, in the brain of 

patients with sporadic and variant CJD as well as prion-infected mice [59-61]. Experimental 

interventions which restore the normal translation activity by impeding the activity of PERK or 

releasing eIF2α from functional repression successfully prolonged the survival of prion-

infected mice, clearly demonstrating that sustained activation of the PERK-eIF2α pathway is 

involved in the prion pathogenesis [62, 63]. 

It is still an open question that which cell types are primarily responsible for 

neurodegeneration in prion diseases. Several examinations on the roles of microglia and 

astrocytes in prion diseases have been carried out due to their remarkable activation. 

Pharmacological ablation of microglia resulted in a dramatic increase in prion titers and the 

amount of PrPSc as well as an increase in susceptibility to prion infection in cerebellar slices 

[64], implying a microglial function to suppress the propagation of prions. Astrocytes also 

support prion propagation in cell cultures [65-67] and modify the microenvironment into what 

is stressful for the sensitized prion-infected neurons [68]. Even though the contributions of glial 
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cells and their functional molecules to neurodegeneration have been energetically studied, it is 

still unclear whether the activation of glial cells is protective or harmful to prion-infected 

neurons. Crucial glial factors that modify the progress of disease have not been found so far 

[69, 70], and the effect of microglia depletion varied either neuro-protective or neuro-

detrimental, in accordance with the period of treatment [71-74]. Anyhow, studies on glial cells 

have not totally explained the neurodegeneration mechanisms caused by prions, which is a 

reminder of the importance of a specific analysis of prion-induced neuronal responses to 

discover whether the neurodegeneration is consequent exclusively on neuron-autonomous 

mechanisms. 

Mice that are inoculated with prions have been the conventional models of prion diseases 

as they faithfully reproduce the neurodegeneration process. However, the analysis of specific 

to neuronal phenomena will be hampered in animal models because of the structural complexity 

of the brain as well as the presence of activated glial cells that obscure the genuine neuronal 

responses. The use of immortalized neural cell lines is one of the options; however, there are 

only a few cell lines that are capable of stable and continual prion propagation [75-79]. 

Unfortunately, those prion-susceptible cell lines showed no sign of cytotoxicity associated with 

persistent prion infection, excluding one report that used the GT1 hypothalamic cell line [80]. 

Primary neurons may serve as versatile ex vivo models, judging from some reports that 

showed that cultured neurons allowed prion propagation and resulting neuronal death and 

degeneration [81-83]. Thus, primary cultures of murine cerebral cortical and thalamic neurons 

were established, in which the growth of glial cells, especially astrocytes that easily contaminate 

neuronal cultures, was successfully and strongly repressed by anti-mitotic drug treatment. 

These primary neurons were susceptible to infection with mouse-adapted scrapie prions (22L, 

Chandler, and Obihiro strains). When assessed using immunofluorescent staining and 

immunoblotting, PrPSc produced in this primary culture of cortical neurons shows unique 
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features; the neuronal PrPSc is localized in the vicinity of the cell surface and neurites [84]. The 

characteristic neuronal PrPSc localization takes after that observed in brains of prion-infected 

mice [85, 86] but not in immortalized cell lines in which intracellular, the N-terminally 

truncated PrPSc is dominant [20-24, 87]. Thus, my study was extended with the use of the 

primary cultures to analyze neuron-autonomous events. 

In my thesis, I extensively analyzed prion-induced neuron-autonomous alterations with 

the use of primary neuronal cultures 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. 
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CHAPTER I 

Characterization of neuron-autonomous phenotypic alterations caused by prion propagation in 

neuron-enriched murine primary cultures. 
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INTRODUCTION 

Numbers of prion diseases have been known in humans and animals, however, knowledge 

of the molecular mechanisms of neurodegeneration is insufficient to understand the 

neuropathobiology of prion diseases. It has been strongly suggested that intraneuronal 

misfolding of PrP and a primary response of neurons to it are essential for the prion pathogenesis  

[9-14]. However, the cellular and molecular mechanisms remain to be elucidated. 

One of cellular machineries to deal with protein misfolding is called UPR (unfolded 

protein response), which is a set of important physiological processes induced by ER stress to 

maintain the proteostasis in cells [53]. The ER stress initially activates a sensor molecule, PERK, 

by inducing autophosphorylation which confers kinase activity on it. The activated PERK then 

phosphorylates eIF2α. Phosphorylated eIF2α deprives a critical function of eIF2 in translation, 

resulting in repression of global protein synthesis in the cell [53-56]. Simultaneously, ATF4 will 

be selectively induced due to its eIF2α-independent translation. ATF4 upregulates several 

stress-responsive genes such as ATF3 (atf3) [88], negative feedback associated-GADD34 

(Ppp1r15A) [89], and pro-apoptotic CHOP (Ddit3) [57, 58]. CHOP finally sensitizes cells that 

cannot keep up with persistent ER stress for cell death [90, 91]. In the last decade, Dr. Moreno 

and her colleagues have demonstrated a crucial role of sustained activation of the PERK-eIF2α 

pathway in the prion pathogenesis. They showed that overexpression of GADD34 or 

pharmacological inhibition of PERK activity, both of which can reduce the phosphorylation 

level of eIF2α, rescued mice from disease progression, whereas administration of an eIF2α 

phosphatase inhibitor, salubrinal, accelerated the disease [62, 63]. It is still an open question as 

to whether production of PrPSc in neurons directly induces ER stress, and if it does, whether 

neuronal PrPSc fully activates neurotoxic signaling pathways downstream of the PERK-eIF2α 

pathway which may lead to loss of synapses or neuronal cell death. 

To analyze neuron-autonomous events specifically, a highly neuronal, but experimentally 



13 

 

tractable models are needed. Unfortunately, lines of immortalized neural and neuronal cells 

rarely showed any alterations associated with persistent prion propagation [75-79]. Primary 

culture of neurons is another option, which usefulness in the study on neurodegeneration has 

been indicated in recent studies [81-83]. These primary neuronal cultures used in previous 

studies allowed the growth of astrocytes, partially due to a need for their neurotrophic support 

during a long-term culture. For the purpose of analyzing the neuron-autonomous events, I 

optimized a neuron-enrichment protocol which is able to control astrocytic growth in cortical 

and thalamic neuronal cultures over four weeks. 

In Chapter I, I extensively analyzed the consequences of autonomous neuronal responses 

on prion propagation using neuron-enriched cortical and thalamic primary cultures. Although 

no apparent neuronal loss or neurite loss was associated with the continuous production of PrPSc 

in the primary neurons, I found that phosphorylation of PERK was enhanced in prion-infected 

cortical neurons in accordance with the amount of PrPSc in a cell. Interestingly, this did not fully 

activate the downstream pathway of UPR. 
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MATERIALS & METHODS 

 

1. Antibodies 

For PrPSc-specific detection in immunofluorescence assay (IFA), mouse monoclonal 

antibodies (mAbs) 132 and 8D5 that recognize mouse PrP amino acids 119–127 [92] and 31–

39 [93], were used. Anti-PrP mAb 31C6 that recognizes mouse PrP amino acids 143–149 [92] 

was used to detect proteinase K-resistant prion protein (PrP-res) by immunoblotting. Other 

commercially available antibodies used in this study are listed in Table 1. 

Table I-1. Commercially available antibodies used in this study 

Antigen Host 
Poly 

/Mono 
Clone Manufacturer 

Product 

No. 

ATF4 rabbit Mono D4B8 CST #11815 

Beta-III tubulin rabbit Poly 
 

abcam ab18207 

Bip rabbit Poly 
 

abcam ab21685 

CHOP rabbit Mono D46F1 CST #5554 

eIF2-alpha rabbit Mono D7D3 CST #5324 

GluR1(AMPA subtype) rabbit Poly 
 

abcam ab31232 

MAP2 chicken Poly 
 

abcam ab5392 

NeuN rabbit Mono EPR12763 abcam ab177487 

NMDAR1 rabbit Mono EPR2481(2) abcam ab109182 

p-EIF2S1(S51) rabbit Mono E90 abcam ab32157 

PERK rabbit Mono C33E10 CST #3192 

p-PERK(Thr980) rabbit Mono 16F8 CST #3179 

PSD95 mouse Mono 7E3-1B8 abcam ab13552 

SAP102 rabbit Poly 
 

abcam ab152132 

SNAP25 rabbit Poly 
 

abcam ab5666 

synaptophysin rabbit Mono EP1098Y abcam ab52636 

syntaxin1a rabbit Poly 
 

abcam ab41453 

VAMP2 rabbit Poly 
 

abcam ab3347 

CST: Cell Signaling Technology 

 

2. Preparation of neuron-enriched primary cultures 

All of the procedures for animal experiments were conducted in accordance with 

protocols approved by the Institutional Animal Care and Use Committee at Hokkaido 

University (approval No.18-0110). Pregnant ICR mice were purchased from CLEA Japan, and 

primary cortical and thalamic neurons were prepared as described previously [84]. Briefly, 
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meninges, hippocampi and olfactory bulbs were carefully removed from embryonic brains at 

day 14 under a stereo microscope. Cerebral cortex and thalamus were collected separately, and 

the tissues pieces were enzymatically dissolved using Neural Tissue Dissociation Kit (P) 

(Miltenyi Biotec, 130-092-628) according to the manufacturer’s instructions except for a 

modification on enzymatic reactions performed on ice. Cells were resuspended into Neurobasal 

medium supplemented with B-27 and GlutaMAX supplements (Gibco, 21103049,17504044, 

and 35050061), seeded at a density of 1.0×105 cells/cm2 on μ-slide and μ-plate polymer 

coverslips (ibidi, 80826 & 89626) for immunostaining, and cell culture multidishes (Thermo 

Scientific). For neuron-enrichment, cells were treated with cytosine β-D-arabinofuranoside 

(AraC) (Sigma-Aldrich, C6645) at a final concentration of 0.25 μM from 4 to 7 days in vitro 

(div). At 7 div, cells were exposed to microsomal fractions prepared from brain homogenates 

of terminally ill mice infected with mouse-adapted scrapie Chandler- and Obihiro-strains at an 

amount equivalent to 5 ng of PrP-res per 105 cells simultaneously with half-replacement of the 

media. Inoculum prepared from brains of age-matched healthy mice was used for mock-

infection at an equivalent total protein amount to prion-containing inocula. At 4 days post 

infection (dpi), the media were completely replaced with AraC-free, fresh media; thereafter, 

media were half-replaced with fresh media twice a week. In some experiments, uninfected 

neurons were treated with tunicamycin (Sigma-Aldrich, T7765) at a final concentration of 5 

μg/ml for 24 hrs just before the experiments to induce ER stress and UPR. 

 

3. Immunoblot analysis 

3-1. Immunoblotting for synaptic proteins 

Primary neurons were lysed by scratching in lysis buffer [78] and subjected to DC protein 

assay (Bio-Rad, 5000112JA) to measure total protein concentrations. For each set of lysates 

collected at the same dpi, an equivalent amount of total protein was subjected to sodium dodecyl 
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sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 8% to 15% which concentration 

was determined according to the molecular size of target proteins. Proteins were transferred 

onto a PVDF membrane (Millipore, IPVH00010), and blocked with 1% skimmilk and 0.1% 

Tween20 in phosphate-buffered saline (PBS). Membranes were cut into strips in accordance 

with protein size standard to detect targets and internal marker (βIII-tubulin) on the same 

membrane for normalization. The blots were probed with appropriate antibodies followed by 

chemiluminescence detection as described elsewhere [78]. βIII-tubulin was used as an internal 

marker for normalization. 

 

3-2. Immunoblotting for UPR-related proteins 

Primary neurons were directly lysed in SDS-sample buffer supplemented with a cOmplete 

protein inhibitor cocktail and PhosSTOP phosphatase inhibitor cocktail (Roche, 4693124001 & 

4906845001), then subjected to SDS-PAGE and following immunoblotting as described in 2-

1. 

 

3-3. Immunoblotting for PrP-res 

From each lysate, 30 μg of total protein were used for proteinase K (PK)-digestions with 

20 ug of PK. SDS-PAGE, immunoblotting and chemiluminescence detection were performed 

as previously described [78, 94] except that PrP-res were detected by direct immunostaining 

with Fab fractions of mAb 31C6 that were genetically conjugated with human placental alkaline 

phosphatase [95]. 

 

4. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

Neurons cultured on 12-well multidish plates were directly dissolved into TRIzol reagent 

(Invitrogen, 15596018) and total RNA was isolated according to the manufacturer’s instructions. 
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RNA was resuspended into nuclease-free water (Invitrogen, AM9932), and the concentration 

was determined using a Nano Drop (Thermo Scientific). cDNA was synthesized from 300-600 

ng of the total RNA using First-Strand cDNA Synthesis kit (GE Healthcare, 27-9261-01) with 

pd(N)6 primer. Quantitative PCR was carried out using TaqMan Fast Universal PCR Mater Mix 

and TaqMan Probes (Applied Biosystems, 4352042) on a 7900HT Fast Real-Time PCR system 

(Applied Biosystems). The TaqMan Probes used in this analysis are listed in Table 2. Data was 

analyzed by delta-delta cycle threshold method using Tubb3 (βIII-tubulin) as an internal control. 

Table 2. Commercially available TaqMan Probes used in this study. 

Target gene Product No. Target gene Product No. 

Atf3 Mm00476033_m1 Ppp1r15A Mm01205601_g1 

Ddit3 Mm01135937_g1 Snap25 Mm01276449_m1 

Dlg4 Mm00492193_m1 Stx1a Mm00444008_m1 

Gria1 Mm00433753_m1 Syp Mm00436850_m1 

Hspa5 Mm00517691_m1 Tubb3 Mm00727586_s1 

 

5. Preparation of recombinant adeno-associated viral vector (rAAV) 

To visualize neurons in primary cultures, a rAAV expressing enhanced green fluorescence 

protein (EGFP) under the control of the human synapsin promoter was used. rAAV was 

prepared as described by Challis et al. [96] with slight modifications. Briefly, the viral genome 

was packaged into AAV-PHP.eB capsid by triple-transfection of HEK293T cells with three 

plasmids; pAAV-hSyn-EGFP was a gift from Bryan Roth (Addgene, plasmid #50465), 

pUCmini-iCAP-PHP.eB was a gift from Viviana Gradinaru (Addgene, plasmid #103005) [97], 

and pHelper vector in AAVpro® CRISPR/SaCas9 Helper Free System (AAV2) (Takara Bio, 

632619). rAAV-PHP.eB-hSyn-EGFP was purified by iodixanol-density gradient centrifugation 

using a SW32 Ti rotor at 175,000 × g (32,000 rpm) for 6.5 hrs at 18°C followed by 

ultrafilteration using Amicon Ultra-15 Ultracel-100K columns (Merck Millipore, UFC910024). 

Titration of rAAV was performed using quantitative PCR. To prepare the viral DNA sample, 

rAAV was digested with PK at 50 μg/ml at 50°C overnight. PK digestion was stopped by adding 
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Pefabloc SC (Roche, 1585916/Sigma-Aldrich 11585916001) at a final concentration of 2.2 mM 

and boiling for 20 min. Quantitative PCR was carried out using a custom-designed TaqMan 

Probe targeting the woodchuck hepatitis posttranscriptional regulatory element sequence with 

TaqMan Fast Universal PCR Mater Mix (Applied Biosystems). Linearized pAAV-hSyn-EGFP 

(5,265 base pairs) with PvuI digestion was used as the DNA standard. Of note, 10 ng of the 

linearized dsDNA fragments correspond to 7.4 × 109 ssDNA molecules. 

 

6. Immunofluorescence assay of primary neurons 

Immunostaining of primary neurons was performed as previously described [24, 84]. 

Briefly, neurons were fixed with 4% paraformaldehyde in PBS at room temperature (RT) for 

10 min and permeabilized with 0.1% TritonX-100, 0.1 M Glycine in PBS. For PrPSc-specific 

staining with mAb 132, cells were treated with 5 M guanidine thiocyanate at RT for 10 min and 

washed with PBS. After blocking with 5% fetal bovine serum-PBS, cells were incubated with 

primary antibodies at 4°C overnight. Appropriate second antibodies conjugated with Alexa 

Fluor dyes (Molecular Probes) were selected for each experiment, and nuclei were 

counterstained with 4',6-diamidino-2-phenylindole (DAPI). An LSM700 inverted confocal 

microscope and ZEN2009 software (ZEISS) were used for image acquisition, except for the 

experiments for Figure I-3 described in the next section. 

 

7. Image analysis of cell density and neurite outgrowth 

Neurons cultured on ibidi μ-plates were immunostained for NeuN and microtubule-

associated protein 2 (MAP2) with DAPI counterstaining as described above. Images were 

acquired at 9 fixed positions in each well configured by XY-coordinates prior to experiments 

(in total 1.36×106 μm2 from one well) using an Olympus IX71 fluorescence microscope with 

×10 objective lens operated by MetaMorph software version 7.8.4.0 (Molecular Devices) 

(multiple stage positions and auto focus functions were used). MetaMorph was also used for 
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image analyses. Living neuronal nuclei were identified as DAPI-positive objects whose size 

was ≥ 60 μm2 and average NeuN intensity was above the threshold. I used the same threshold 

for both mock-infected and prion-infected preparations in the same experiment. Neurite density 

was measured using a threshold function and was represented as the surface coverage (%) by 

MAP2-positive area. In these measurements, an average of the 9 positions was acquired to 

calculate a representative score of the well, and 9 wells from 3 independent experiments were 

used for each group. 

 

8. Three-dimensional (3D) image analyses 

8-1. Quantification of the signal frequency of phosphorylated PERK (p-PERK) 

Z-series of confocal images (z-stack) from the bottom to the top of cell bodies of neurons 

immunostained for p-PERK, MAP2, and PrPSc (with mAb 8D5) were acquired at 0.78 μm steps 

with a ×630 final magnification. The z-stacks were reconstructed by 3D rendering to build a 

segmented object designated as “surface” using Surface function of Imaris software version 

7.6.1. (Bitplane). Surfaces of MAP2 (cell body), DAPI (nucleus), mAb 8D5 (PrPSc) and p-

PERK were reconstructed for each of neurons. Neurites were manually pruned away to separate 

individual neurons. The number of p-PERK granular surfaces inside the cell body (MAP2 

surface) but outside the nucleus (DAPI surface) of each neuron was counted and represented as 

the signal frequency (granule/cell). The number of PrPSc surfaces inside or adherent to the cell 

body was also counted, which was used to classify prion-infected neurons into three 

subpopulations according to the amount of PrPSc as described in Figure I-7. 

 

8-2. Quantification of the density of synaptic terminals 

Neurons transduced with the rAAV vector expressing EGFP were immunostained for 

PrPSc (with mAb 8D5) and PSD95 or synaptophysin. For double staining of PrPSc and PSD95, 
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the immunostaining procedure was slightly modified since both of the antibodies are mouse 

IgGs. First, immunostaining for PSD95 was completed by indirect method, then free Fab 

regions of the anti-mouse IgG secondary antibodies were blocked with a mouse IgG isotype 

control antibody (mAb P2-284 [98]) to avoid cross-reaction with mAb 8D5. Alexa Fluor 555-

conjugated mAb 8D5 was used for the PrPSc-specific immunostaining [84]. Z-stacks of EGFP-

expressing neurons were acquired from the bottom to the top of neurites at 0.78 μm steps with 

a ×63 objective lens and ×0.5 digital zoom, which resulted in acquisition of images of a 203 

μm × 203 μm size at ×315 final magnification. The surfaces of signals from EGFP (neuron), 

DAPI (nucleus), mAb 8D5 (PrPSc), and PSD95- or synaptophysin (post- or pre-synaptic 

terminals) were reconstructed using Imaris software. The number of PSD95 or synaptophysin 

surfaces inside EGFP surfaces were counted and divided by the volume of each EGFP surface 

to represent the densities of post- and pre-synaptic terminals for each neuron (number of 

terminals/cell volume of 1000 voxels). The number of PrPSc surfaces was also counted as 

described above. 
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RESULTS 

 

I-i.  Time-course of prion propagation in primary cultures of mouse cerebral cortical and 

thalamic neurons. 

I previously reported that the primarily cerebral cortical neuronal culture (CxN) propagate 

mouse-adapted scrapie prions (22L, Chandler, and Obihiro strains) [84]. In the current study, I 

prepared primary neuronal cultures from thalamus (ThN) as well as the cortex considering any 

differences in the efficiency of prion propagation ex vivo. To analyze neuron-autonomous 

events triggered by PrPSc production in neurons, primary cultures were briefly treated with 

AraC to suppress glial cells growth (hereafter referred to as neuron-enrichment). Proportion of 

neuronal cells in primary cultures were shown in Figure I-1. NeuN-positive, GFAP-positive, 

and NeuN- and GFAP-double negative cells were 89.3%, 3.5%, and 7.2%, respectively in AraC 

treated, mock-infected CxN. GFAP-positive cells were 13.8% in CxN without AraC treatment, 

indicating successful reduction of astrocyte growth in our CxN. Similar tendency was observed 

in ThN. Immunoblotting showed linear increases in the amount of PrP-res from 7 dpi to 28 dpi, 

in CxNs and ThNs exposed to Chandler and Obihiro prions. As expected, there was no signal 

of PrP-res in mock-infected neurons at 28 dpi, demonstrating successful prion propagations in 

prion-infected cultures (Figures I-2A and I-2B). PrP-res levels in CxNs were equivalent to 

those in ThNs for both prion strains tested at 21 dpi (Figure I-2C). The level of PrP-res in 

Obihiro-infected neurons appeared higher than that in Chandler-infected neurons; this may be 

explained by difference in prion titer of the same amount of PrP-res, and also by difference in 

intrinsic PK-resistance of PrPSc between prion strains [99]. PrPSc-specific immunostaining with 

mAb 132 displayed PrPSc clinging to neuronal cell bodies and neurites in prion-infected CxNs 

and ThNs (Figure I-2D). The frequencies of PrPSc-positive neurons (Figure I-2D, filled 

arrowheads) in Obihiro-infected CxN and ThN were 42.9% and 54.8%, respectively, when 

examined at 200× final magnification (21 dpi). Notably, some PrPSc-positive neurons  



CxN ThN

AraC - + + - + +

Infection (Obihiro strain) - - + - - +

NeuN+ neurons (%) 65.9 89.3 81.4 28.0 89.4 77.5

GFAP+ astrocytes (%) 13.8 3.5 6.2 28.0 1.5 2.9

Unidentified cells (%) 20.3 7.2 12.4 44.1 9.1 19.6

The number of cells counted 782 424 271 472 131 306

Figure I-1. Proportions of NeuN-positive neurons and GFAP-positive astrocytes in primary

cultures used in this study.

Primary neuronal cultures were treated with antimitotic AraC at 0.25 μM from 4 days in vitro

(div) to 7 div in the first week. Cells were immunostained for NeuN and GFAP to identify

neurons and astrocytes in the cultures at 21 days post infection (21 dpi corresponds to 28 div).

MetaMorph software was used to set a threshold of fluorescent intensity for each cell marker.

Cells which were not immunostained for NeuN and GFAP, and have shrunk and condensed nuclei

(DAPI+ area ≤ 80 μm2) were considered as putative dead cells and removed from counting.

Images show representative CxNs and ThNs cultured under each condition. Arrows, filled

arrowheads, and open arrowheads indicate NeuN-positive neurons, GFAP-positive astrocytes, and

unidentified cells (NeuN- and GFAP-negative cells), respectively. The table shows percentages of

each cell type in the cultures. Bars, 50 μm.
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Figure I-2. Prion propagation in primary cultures of mouse cerebral cortical and thalamic neurons.

(A, B) Representative immunoblots for PK-resistant PrPSc (PrP-res) in (A) cerebral cortical neurons (CxN)

and (B) thalamic neurons (ThN), infected with mouse-adapted scrapie Chandler and Obihiro strains. Graphs

show the results of quantification as a mean± SE of three independent experiments performed in triplicate.

Mean intensities at 7 dpi were used as benchmarks (100%) for time-course comparisons: dpi, days post

infection; M, mock-infected neurons at 28 dpi. (C) Comparison of PrP-res levels between neuronal types or

prion strains at 21 dpi. The graph shows the mean ± SD for experiments performed in triplicate. (D)

Immunofluorescent detection of PrPSc in primary neurons at 21 dpi. Cells were denatured with guanidine

thiocyanate but not digested with PK for PrPSc-specific detection by mAb132. Panels labeled fPrPSc show

neurons with a swarm of typical filamentous PrPSc staining. Filled arrowheads, neurons with PrPSc staining

(PrPSc-positive neurons); open arrowheads, neurons with apparently no PrPSc staining. Figures are shown as

maximum intensity projection images created from z-stack confocal sections at ×315 final magnification.
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possessed a swarm of filamentous PrPSc staining around their cell bodies and neurites (fPrPSc 

neurons, Figure I-2D). fPrPSc neurons accounted for 10.0% and 7.5% of the total neurons in 

Obihiro-infected CxN and ThN (21 dpi), respectively.  

 

I-ii.  Influence of prion propagation on the densities of neuronal cells and neurites. 

CxN and ThN successfully propagated Chandler and Obihiro prions (Figure I-2). To 

examine whether production of PrPSc can cause any immediate alteration in CxN and ThN, I 

began a series of analyses with a quantitative image analysis to evaluate the number of neurons 

and their density of neurites in CxN and ThN. MAP2 is mainly distributed over the dendrites 

and cell bodies of mature neurons and is widely used as a neuronal marker in immunostaining. 

NeuN is an alternative splicing factor of pre-mRNAs named Rbfox3, and is also a reliable 

marker for mature neurons. Since NeuN is detected in neuronal nuclei and disappears when 

cells die, immunostaining for NeuN is a convenient way for counting live neurons in primary 

culture where dead cell populations are inevitable over time. As shown in Figure I-3, there were 

time-dependent changes in the number of NeuN-positive cells and MAP2-positive neurite 

extensions; CxN grew slowly and displayed the highest densities of neuronal cells at 14 dpi 

followed by continued elaboration into a dense neurite network (Figure I-3A, 3B), whereas ThN 

had the highest densities of both neuronal cells and neurites at 7 dpi (Figure I-3D, 3E). Taking 

into consideration experimental variations that exist between independently prepared primary 

neuronal cultures, measurements was normalized to the average of mock-treated neurons in the 

same experiment at each time point. Neuronal cell density was lower in prion-infected CxNs 

than in mock-infected CxN at 7 dpi, however, the decreasing trends were not continuous (Figure 

I-3C); in fact, the density of neuronal cells in prion-infected CxNs were comparable to mock-

infected CxN at 21 dpi when 42.9% of cells were positive for PrPSc in Obihiro-infected CxN. 

Neurite densities of prion-infected CxNs were slightly lower than those of mock-infected CxN 

at all experimental timepoints, but neurodegenerative alterations, such as exacerbation of 
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Figure I-3. Influence of prion propagation on the densities of neuronal cells and neurites.

(A&D) Representative images of neurons used for the quantitative image analysis. (A) CxNs at 7 and 21dpi,

and (D) ThNs at 21 dpi. From the left, panels show merged images, subsets of NeuN and DAPI, and binary

images of MAP2 signals. (B&C) Neuronal cell density and neurite density of CxNs were measured by image

analysis of immunofluorescent images stained for MAP2 and NeuN using MetaMorph software. Cell density

and neurite density were defined as the number of NeuN-positive nuclei per 0.01 mm2 and the surface

coverage (%) by MAP2-positive neurites, respectively (B), which are normalized to the averages of dpi-

matched mock-infected neurons in each experiment for comparison with independent experiments at

different dpi (C). Bar graphs show mean± SD of 9 replicates from 3 independent experiments. *, p < 0.05

by Dunnett’s test using dpi-matched mock-infected neurons as control groups. (E&F) Results of image

analysis of ThNs performed as described in (B&C).
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neurite sparseness, were not observed despite the rising levels of PrP-res (Figure I-3C). In prion-

infected ThNs, the number of neurons decreased to approximately 70% of mock-infected ThN 

by 14 dpi, implying the existence of subpopulation(s) that are more susceptible to acute prion 

toxicity [34, 100] ex vivo (Figure I-3F). However, prion-infected ThNs did not show progressive 

neuronal loss despite continuous increases in PrP-res levels. Moreover, prion-infected ThNs 

maintained dense neurite-networks comparable to mock-infected ThNs throughout the 

experiment (Figure I-3F), suggesting that the production of PrPSc did not solely induce neuronal 

death nor neurite loss detectable by immunostaining for MAP2 and NeuN. 

 

I-iii. ER stress and UPR in prion-infected neurons. 

The PERK-eIF2α pathway of UPR copes with disrupted proteostasis by restraining global 

protein synthesis via phosphorylation of PERK and eIF2α; reducing ER tasks and enabling 

cells time to refold or dispose of inaccurately synthesized proteins [53]. ATF4 is a key molecule 

in this pathway as it induces effector molecule production, including the pro-apoptotic protein 

CHOP [101]. The involvement of ER stress and the PERK-eIF2α pathway in prion pathogenesis 

has been demonstrated in prion-infected mice [62, 63], though it is still unclear whether prion 

propagation directly evokes ER stress and induces UPR in neurons. To examine the activation 

state of UPR during the continuous production of PrPSc in CxN and ThN, I first analyzed 

phosphorylation levels of PERK and eIF2α, and the induction of ATF4 in Obihiro-infected 

neurons. Immunoblotting revealed that enhanced phosphorylation of PERK in prion-infected 

CxNs at 7 dpi and thereafter. The prion-infected CxNs also had a tendency to increase the 

phosphorylation level of eIF2α, although it was not statistically significant (Figures I-4A & I-

4C). On the other hand, phosphorylation levels of PERK and eIF2α in Obihiro-infected ThN 

were comparable to those of uninfected ThN (Figures I-4B & I-4C), despite the comparable 

amounts of PrP-res in Obihiro-infected ThN and CxN (Figures I-2C). In contrast to the  
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Figure I-4. ER stress and unfolded protein response in prion-infected neurons.

(A, B) Immunoblot analysis of molecules involved in the PERK-eIF2α pathway in CxNs (A) and ThNs (B).

Protein levels are represented as relative values to the average of mock-infected, dpi-matched neurons (mean

± SD of 6 replicates from 2 independent experiments). p-PERK, phosphorylated PERK; p-eIF2α,

phosphorylated eIF2α. *, p < 0.05 by Student’s t test. (C) Representative blots used for quantification shown

in (A) and (B). βIII-tubulin from the same blot were used as internal controls. M, mock-infected neurons; O,

Obihiro-infected neurons. For the detection of βIII-tubulin in the analysis of ATF4, peroxidase conjugated

with anti-rabbit IgG secondary antibodies used for the detection of ATF4 was deactivated with 15%

hydrogen peroxide solution, then βIII-tubulin was detected with peroxidase-conjugated anti-chicken IgY

secondary antibodies. M, Mock-infected; O, Obihiro-infected. (D) Expression of genes in the PERK-ATF4

axis analyzed by qRT-PCR. Relative expression levels in Obihiro-infected CxNs and ThNs to dpi-matched

mock-infected neurons are shown as mean ± SD of 3 independent experiments. The broken line indicates

relative expression levels = 1. *, p < 0.05 by One sample t test.
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enhanced phosphorylation of PERK, protein levels of ATF4 in prion-infected CxN and ThN 

were not elevated (Figures I-4A-4C). I further examined gene expression levels for Atf3, Ddit3, 

Ppp1r15A, and Hspa5, which encode ATF3, CHOP, GADD34, and Bip, respectively, all of 

which are known to be up-regulated during ER stress through the PERK-ATF4 axis [88, 89, 

101-103]. Upregulation of these genes was not observed in prion-infected CxNs and ThNs, 

except for Hspa5 in prion-infected CxNs at 21dpi (Figure I-4D), which can be upregulated by 

other pathways of UPR, such as ATF6-mediated signaling [104]. As a whole, the results of 

transcriptional analysis were consistent with no increase ATF4 protein levels. Ratios of p-PERK 

to total PERK and p-eIF2α to eIF2α were calculated (Figure I-5). Although differences were 

not statistically significant, p-PERK/total PERK ratios tended to be higher in prion-infected 

CxN and ThN than mock-infected CxN and ThN. In contrast to ratios of p-PERK/total PERK, 

those of p-eIF2α/ total eIF2α did not differ between prion-infected and mock-infected primary 

neurons. Taken together, the results suggest that phosphorylation of PERK was induced in 

response to prion propagation in CxNs, which may reflect ER stress in prion-infected CxNs. 

However, the downstream pathway of PERK was not activated. 

 

I-iv. Influence of prion propagation on the amounts of post- and pre-synaptic proteins. 

Synaptic loss and disfunctions have been observed in the brain of prion-affected animals 

prior to neuronal loss [32, 105]. Of those alterations, decreases in the protein levels of several 

synaptic proteins such as SNAP25 and PSD95 have been reported in association with sustained 

activation of the UPR PERK-eIF2α pathway [62]. To confirm whether prion propagation has 

any influence on synaptic proteins in cultured neurons, I analyzed a total of 8 post- and pre-

synaptic proteins by immunoblotting (Figure I-6): post-synaptic AMPAR and NMDAR1 

(glutamate receptors), and PSD95 and SAP102 (scaffold proteins); pre-synaptic syntaxin1a, 

SNAP25, and VAMP2 (SNARE proteins involved in intracellular membrane fusion during 

exocytosis of neurotransmitters), and synaptophysin (an integral membrane protein of synapse 

  



7dpi 14dpi 21dpi 28dpi

CxN
Mock 1.02±0.19 1.03±0.19 1.13±0.45 1.00±0.28

Obihiro 1.23±0.31* 1.11±0.25 1.44±0.25 1.23±0.21

ThN
Mock 1.02±0.18 1.01±0.16 1.02±0.16 1.03±0.20

Obihiro 1.25±0.46 1.17±0.24 1.00±0.33 1.13±0.43

Figure I-5. Ratios of phosphorylated PERK (p-PERK) to total PERK (t-PERK) and phosphorylated eIF2α (p-

eIF2α) to total eIF2α (t-eIF2α).

Phosphorylation levels of PERK and eIF2α were assessed as ratio between the phosphorylated and total protein

signals quantified by immunoblotting described in Fig 3. Ratios of p-PERK/t-PERK (top) and p-eIF2α/ t-eIF2α

(bottom) are indicated in Tables (mean ± SD). Although differences were not statistically significant, p-PERK/t-

PERK ratios tended to be higher in prion-infected CxNs and ThNs than mock-infected CxNs and ThNs. In contrast to

ratios of p-PERK/t-PERK, those of p-eIF2α/t-eIF2α did not differ between prion-infected and mock-infected primary

neurons.

7dpi 14dpi 21dpi 28dpi

CxN
Mock 1.00±0.11 1.04±0.27 0.97±0.30 1.00±0.18

Obihiro 1.08±0.17 1.05±0.24 1.00±0.28 0.93±0.20

ThN
Mock 1.02±0.27 1.00±0.14 1.01±0.16 1.02±0.16

Obihiro 1.20±0.37 0.99±0.23 0.77±0.27* 1.00+ 0.27

Ratio (p-PERK/t-PERK)

Ratio (p-eIF2α/t-eIF2α)

*p = 0.09 by Student’s t test

*p = 0.09 by Student’s t test

29

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

7 14 21 28 7 14 21 28 (dpi)

R
a
ti
o

(p
-P

E
R

K
/t

-P
E

R
K

)

CxN ThN

*

Mock

Obihiro

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

7 14 21 28 7 14 21 28 (dpi)

R
a
ti
o

(p
-

e
IF

2
α

/t
-e

IF
2

α
)

CxN ThN

*

Mock

Obihiro



30 

 

vesicles). At 7 dpi, although most differences were not statistically significant except for 

SNAP25 (p < 0.05), the levels of these synaptic proteins in Chandler- and Obihiro-infected 

CxNs showed tendencies toward decreased levels in comparison to mock-infected CxNs 

(Figure I-6A), which allowed us to speculate that prion propagation had a repressive influence 

on the expression of synaptic proteins in the early phase of prion infection. Intriguingly, this 

trend unexpectedly reversed; leading to increased synaptic markers by 21 dpi. In particular, the 

levels of PSD95, syntaxin1a, and VAMP2 in Obihiro-infected CxNs were significantly higher 

than mock-infected CxNs. Of note, several studies conducted in the last decade using animal 

models and brain slices also reported that increased numbers of synaptic terminals or spines 

and the size of post-synaptic densities in the early phases of disease, either just before or after 

the first detection of PrP-res [62, 106, 107], which were similar to the autonomous neuronal 

events I observed. 

Obihiro-infected ThNs at 7 dpi also had a tendency for decreased synaptic protein levels, 

similar to CxNs. The levels of AMPAR, VAMP2, and SNAP25 were significantly decreased 

(p < 0.05) compared to mock-infected ThNs (Figure I-6B). The decrease in protein levels 

appeared to be restored by 21 dpi; however, transient increases in synaptic protein levels were 

less obvious in prion-infected ThNs when compared to CxNs. Taken as a whole, the results 

show a tendency for the loss of both post- and pre-synaptic proteins in the early stages of prion 

infection in primary neurons (at 7 dpi). Unexpectedly, the trend was not observed thereafter, 

despite the continuous prion propagation. 

 

I-v. Phosphorylation of PERK in PrPSc-positive neurons. 

Prion-infected CxNs and ThNs did not show any evident neuronal death or 

neurodegeneration in the current study. However, considering that the ratio of PrPSc-positive 

neurons as examined by IFA were 42.9% in CxNs and 54.8% in ThNs including fPrPSc neurons 

(10.0% and 7.5%, respectively) at 21 dpi, I analyzed individual PrPSc-positive neurons to 
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Figure I-6. Influence of prion propagation on the amounts of post- and pre-synaptic proteins.

(A, B) Immunoblot analysis of post- and pre-synaptic proteins in CxNs (A) and ThNs (B). βIII-tubulin from

the same blot were used as internal controls. Protein levels of post- (AMPAR, NMDAR1, PSD95 and

SAP102) and pre- (synaptophysin, syntaxin1a, SNAP25 and VAMP2) synapse-associated molecules are

represented as relative values to the average of mock-infected, dpi-matched neurons (mean ± SD of 7-8

biological replicates from 2 independent experiments; *, p < 0.05 by Dunnett’s test using mock-infected

neurons as control groups).
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examine the effects of PrPSc production on neurons more carefully. The mAb 8D5 has the 

unique property that it selectively binds to native PrPSc in IFA without treating cells with 

chaotropic agents such as guanidine thiocyanate [84, 93], which enabled us to carry out a PrPSc-

positive neuron-selective analysis. 

I examined neurons in mock- and Obihiro-infected CxNs at 21 dpi for p-PERK and PrPSc 

by immunofluorescence staining to ascertain whether initial UPR events were triggered by 

PrPSc production (Figure I-7). Granular stains of p-PERK were observed in the soma of mock-

infected and Obihiro-infected neurons in CxNs at 21dpi, indicating that phosphorylation of 

PERK is not an event specific to prion infection (Figure I-7A). Interestingly, however, intense 

granular stains of p-PERK were often observed in neurons with a larger number of granular 

and/or filamentous PrPSc signals (Figure I-7A, arrow). Quantitative image analysis of p-PERK 

and PrPSc signals in each neuron identified a positive correlation between these two molecules 

in neurons in Obihiro-infected CxN (Figure I-7B, correlation coefficient = 0.49). When neurons 

in Obihiro-infected CxNs were divided into three subpopulations according to the frequency of 

PrPSc signal at its soma (PrPSc_low, PrPSc+, and PrPSc++), the frequency of p-PERK signals was 

significantly increased in PrPSc+ neurons, and PrPSc++ neurons when compared to either mock-

infected neurons or PrPSc_low neurons (Figure I-7C). These data strongly suggest that the 

production of PrPSc caused ER stress to neurons and accelerated the phosphorylation of PERK, 

which is known to be the initial event for activating the PERK-ATF4 axis of UPR. The 

acceleration of PERK phosphorylation was also observed in PrPSc++ neurons of ThN (Figure 

I-8A-8C). I re-examined the expression of ATF4 by co-immunofluorescence staining to see if 

the PERK-ATF4 axis was activated in the neurons with PrPSc. While induction and nuclear 

localization of ATF4 were observed in both CxNs and ThNs treated with tunicamycin, an ER 

stressor, no ATF4-positive neurons were observed in Obihiro-infected CxNs or ThNs (Figures 

I-7D & I-8D). 
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Figure I-7. Phosphorylation of PERK in PrPSc-positive cortical neurons.

(A) Multiple immunofluorescence staining for p-PERK and PrPSc with counter staining for cell bodies

(MAP2) and nuclei (DAPI) in CxNs at 21 dpi. PrPSc was stained with mAb 8D5. Figures are shown as

maximum intensity projection images created from z-stacks of confocal images at×630 final magnification.

Arrows, PrPSc++ neurons; bars, 10 μm. (B, C) Quantification of p-PERK and PrPSc in individual neurons by

3D-image analysis using Imaris software. Each dot in the scatter diagram (B) represents an individual neuron

(r, correlation coefficient). In (C), Obihiro-infected CxN was analyzed as a whole (Obihiro) and as three

subpopulations classified by the frequency of PrPSc signals at the soma. The definition of the three

subpopulations classified by the frequency of PrPSc signals at tha soma. The definition of the three

subpopulations and the number of cells used for this analysis are as follows: PrPSc_low (< 4 PrPSc signals/cell,

n = 19), PrPSc+ (≥ 4 PrPSc signals/cell, n = 29), PrPSc++ (≥ 18 PrPSc signals/cell, n= 16). The number of cells

in mock-infected CxN and Obihiro-infected CxN used for the analysis are n = 35 and n= 48 (a total of

PrPSc_low and PrPSc+ subpopulations), respectively. Differences between the groups were analyzed by Steel-

Dwass’s multiple comparison test (*, p < 0.05; **, p < 0.01). (D) Co-immunofluorescence staining for ATF4

and PrPSc with counter staining for MAP2 and DAPI in CxNs at 21 dpi. PrPSc was stained with mAb8D5.

Uninfected neurons treated with tunicamycin was used as a positive control for ATF4-staining. The green

fluorescence in mock- and Obihiro-infected CxNs is the autofluorescence from condensed nuclei of dead

cells. Arrows, PrPSc++ neurons; Bars, 50 μm.
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Figure I-8. Phosphorylation of PERK in PrPSc-positive thalamic neurons.

(A) Multiple immunofluorescence staining for p-PERK and PrPSc (mAb 8D5) in ThNs at 21 dpi. Figures

are shown as maximum intensity projection images at ×630 final magnification. Arrows, PrPSc++

neurons; bars, 50 μm. (B, C) Quantification of p-PERK and PrPSc in individual neurons by 3D-image

analysis using Imaris software. Each dot in the scatter diagram (B) represents an individual thalamic

neuron although some neurons are spotted at the same position (r, correlation coefficient). In (C),

Obihiro-infected ThN was analyzed as a whole (Obihiro) and as three subpopulations classified by the

frequency of PrPSc signals at the soma. The definition of the three subpopulations and the number of cells

used for this analysis are as follows: PrPSc_low (< 4 PrPSc signals/cell, n = 49), PrPSc+ (≥ 4 PrPSc

signals/cell, n = 26), and PrPSc++ (≥ 13 PrPSc signals/cell, n = 12). The number of cells in mock-infected

ThN and Obihiro-infected ThN used for the analysis are n = 49 and n= 75 (a total of PrPSc_low and

PrPSc+ subpopulations), respectively. Differences between the groups were analyzed by Steel-Dwass’s

multiple comparison test (*, p < 0.05). (D) Co-immunofluorescence staining for ATF4 and PrPSc (mAb

8D5) in ThNs at 21 dpi.Tunicamycin-treated, uninfected neurons were used as a positive control for

ATF4-staining. The green fluorescence in mock- and Obihiro-infected CxNs is the autofluorescence from

condensed nuclei of dead cells. Arrows, PrPSc++ neurons; Bars, 50 μm.
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I-vi. Synapse densities of PrPSc-positive neurons. 

In the end of the series of experiments, I examined synaptic alterations in PrPSc-positive 

neurons by co-immunostaining. The dense networks of neurites in the primary cultures made it 

difficult to identify processes from a single neuron by immunofluorescence staining for MAP2; 

therefore, EGFP was expressed in neurons using an adeno-associated viral vector. In this 

analysis I focused on the densities at post- and pre-synaptic terminals, i.e., the number of 

synaptic terminals in a unit volume of a cell, inside and in close proximity to EGFP-expressing 

neurons by 3D-measurement using a z-series of confocal images (Figure I-9A). Obihiro-

infected CxNs were divided into three subpopulations according to the density of PrPSc signals 

as described above (Figure I-9B, right). Quantitative image analyses of post- and pre-synaptic 

terminals, using PSD95 and synaptophysin as markers respectively, did not show any synaptic 

losses in Obihiro-infected CxNs at 21 dpi, even in PrPSc++ subpopulations (Figure I-9B, left & 

center). The average density of PSD95-positive post-synaptic terminals was slightly higher in 

PrPSc++ neurons when compared to mock-infected neurons (p = 0.08); which may reflect the 

increased levels of PSD95 in Obihiro-infected CxN at 21 dpi detected by immunoblot analysis 

(Figure I-6). No differences were observed in the densities of post- and pre-synaptic terminals 

between neurons in mock- and Obihiro-infected ThNs at 21 dpi (Figure I-10). 

  



Figure I-9. Synapse densities of PrPSc-positive cortical neurons

CxNs were transduced with the rAAV for EGFP expression before immunostaining at 21 dpi. Z-series of

confocal images at a final magnification of 315× were reconstructed in 3D-images for analysis using Imaris

software. (A) Representative confocal images (MIP, maximum intensity projection) and 3D-images

(surfaces) of EGFP-expressing neurons immunostained for PrPSc (with mAB 8D5) and PSD95 in CxNs. (B)

Densities of PSD95-positive post-synaptic terminals, synaptophysin-positive pre-synaptic terminals, and

PrPSc of cortical neurons in CxNs. The density was defined as the number of signals per a unit volume of cell.

Obihiro-infected CxN were analyzed as a whole (Obihiro) and as three subpopulations classified by the PrPSc

density of the cell. The rightmost graph shows the density of PrPSc from a representative data set used for

pre-synapse quantification. The numbers of neurons used for this measurement were as follows: for the post-

synaptic density measurement, 20 neurons from mock-infected CxN and 26 neurons from Obihiro-infected

CxN were used (PrPSc_low, n = 7; PrPSc+, n = 19 including PrPSc++, n = 8). For the pre-synaptic density

measurement, 73 neurons from mock-infected CxN and 78 neurons from Obihiro-infected CxN were used

(PrPSc_low, n = 26; PrPSc+, n = 52 including PrPSc++, n = 19). Differences between the groups were analyzed

by Steel’s test using mock-infected neurons as control groups (NS, no significant differences; ***, p < 0.001).
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Figure I-10. Synapse densities of PrPSc-positive thalamic neurons

The densities of synaptic terminals of thalamic neurons in ThNs at 21 dpi were analyzed following the same

procedure described in Figure I-9. The numbers of neurons used for this measurement were as follows: for

the post-synaptic density measurement, 41 neurons from mock-infected ThN and 42 neurons from Obihiro-

infected ThN were used (PrPSc_low, n = 19; PrPSc+, n = 23 including PrPSc++, n = 12). For the pre-synaptic

density measurement, 18 neurons from mock-infected ThN and 18 neurons from Obihiro-infected ThN were

used (PrPSc_low, n = 5; PrPSc+, n = 13 including PrPSc++, n = 7). Differences between the groups were

analyzed by Steel’s test using mock-infected neurons as control groups (NS, no significant differences; *, p <

0.05; **, p < 0.01; ***, p < 0.001).
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DISCUSSION 

Conversion of neuronal PrPC into PrPSc is a central event that leads to neurodegenerative 

consequences in prion diseases [12-14]; however, the precise process of neurodegeneration and 

its molecular mechanisms remain unclear. While involvement of glial cells, especially of 

microglia, in the neuropathogenesis is getting evident [71, 72, 74], little is known about 

autonomous neuronal responses to prion propagation which may be a clue to understand the 

pathogenesis of prion diseases. Primary cell cultures prepared from mouse brains may serve as 

versatile ex vivo models to analyze molecular mechanisms of neurodegeneration caused by 

prion infection [81-83]; however, it is difficult to evaluate autonomous neuronal response to 

prion propagation due to the presence of astrocytes in those cultures, particularly if cultures are 

kept for long periods [81]. Thus, in the current study, I used neuron-enriched primary cultures 

from cortices and thalami by inhibiting astrocyte growth with AraC treatment, which inhibits 

astrocyte growth [84].  

Previously, Cronier et al. observed an increase of fragmented nuclei that intimate 

apoptotic cell death in prion-infected cerebellar granule neurons (CGNs) of mice cultured on 

an astrocyte feeder layer [82]. Also, Hannaoui and colleagues reported decreases in the 

proportion of MAP2-positive neurons in prion-exposed CGNs from 14 to 21 days post exposure 

(dpe), as well as in striatal and cortical neuronal cultures from 7 to 11 dpe. They also disclosed 

that GFAP-positive astrocytes accounted for 20-30% of cells when neuronal losses were 

observed [81]. In contrast to these studies, no continuous decline of NeuN-positive neurons or 

MAP-2-positive neurite densities in prion-infected cells were observed in CxNs or ThNs 

infected with either the Chandler or Obihiro prion strains (Figure I-3), in spite of the continuous 

increasing of PrP-res levels over 28 dpi. Differences in experimental conditions, including 

mouse strains used for neuronal cultures and prion strains, may account for some of the 

inconsistency of observed neurotoxicity. One of critical differences between the previous 

studies and the current study was presence of astrocytes. Astrocytes can be infected with prions 
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and support the propagation and transmission of prions in cell cultures [65-67, 82] and change 

the microenvironment, which accelerates degeneration of prion-infected neurons [68]. Thus, it 

is possible that efficient prion propagation in primary neuronal cultures with astrocytes 

attributes to the differences in observed neurotoxicity. 

Induction of ER stress, probably due to misfolded PrP, have been recognized by 

upregulation of ER chaperone proteins in the brains of patients with sporadic or variant CJD 

[59, 60] and prion-infected mice [59]. More recently, involvement of the PERK-eIF2α-ATF4 

pathway of UPR in the pathogenesis of prion diseases has been demonstrated by experimental 

interventions to inhibit the PERK activity and/or to reduce the phosphorylation level of eIF2α, 

which successfully prolonged the survival of prion-infected transgenic mice overexpressing PrP  

[62, 63]. I analyzed the PERK pathway-related molecules to assess whether UPR is evoked in 

prion-infected CxNs and ThNs as an autonomous neuronal response. A fine analysis of 

individual neurons by IFA identified a positive correlation between the amounts of PrPSc and p-

PERK in cortical neurons at 21 dpi (Figure I-7A-7C), indicating that the production of PrPSc 

directly provoked neuronal ER stress and enhanced phosphorylation of PERK as an 

autonomous neuronal response. ATF4 is a pivotal transcription factor for full activation of the 

PERK-eIF2α pathway ultimately transducing ER stress into a CHOP-mediated proapoptotic 

phase [91, 101]. Indeed, a time-dependent increase of CHOP level and increased translation of 

ATF4 in the brain of prion-infected transgenic mice suggest activation of this axis with the  

disease progression [62]. Interestingly, neither induction of ATF4 nor upregulation of its 

downstream genes was observed, even in PrPSc++ neurons in prion-infected CxNs and ThNs 

(Figure I-4D, I-7D & I-8D). These data suggest that ER stress and PERK phosphorylation are 

enhanced by prion propagation in a neuron-autonomous manner, whereas activation of 

downstream cascades in the PERK-eIF2α-ATF4 pathway will not take place as a consequence 

of an autonomous neuronal response to prion propagation. 

Recently, Smith et al. have reported that activation of the PERK signaling pathway in 
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astrocytes changed their reactivity state into “UPR-reactive” state, which was harmful to 

neurons in mice with prion neurodegeneration [108]. They also showed that repression of this 

signaling exclusively in astrocytes by overexpressing an active fragment of GADD34 under the 

GFAP promoter using lentiviral vectors was able to prevent neuronal loss in the hippocampus 

and to prolong survival of the mice, providing evidence of a non-cell-autonomous mechanism 

of neurodegeneration in prion diseases. Given that the activation of glial cells is one of the most 

characteristic observations in the brain of animals and human suffering from prion diseases, it 

is likely that the activated microglia and/or astrocytes play intrinsic roles in the process of 

neurodegeneration in prion diseases [109-111]. In fact, depletion and inhibition of microglial 

activity altered disease progression of prion-infected mice [71-73]. Astrogliosis may also 

modify the neuropathological process of prion diseases [112-114]. In addition, there are several 

pieces of evidence for so-called “cross talk” [115, 116] between neurons and glial cells that 

regulates their activation states each other; transducing both neuroprotective and neurotoxic 

signals under pathological conditions [67, 117-120]. Therefore, additional stimuli, possibly 

from activated glial cells as non-autonomous factors, may be required for the full activation of 

the PERK-eIF2α-ATF4 pathway in the brains of prion-infected mice to proceed 

neurodegeneration observed in prion diseases.  

Decrease in levels of synaptic proteins has been observed in brains prion-infected mice 

[32, 105, 121]. It is known that phosphorylation of eIF2α by p-PERK induces global repression 

of translation as a consequence of UPR [54], which targets include several synaptic proteins 

[62]. In neuron-enriched CxN and ThN at 21 dpi, when accumulation of PrP-res were obvious 

in those cultures, no differences were observed in the densities of PSD95- or synaptophysin-

positive granular signals between mock-infected and prion-infected neurons, even in PrPSc++ 

neurons (Figure I-9 & I-10). These results suggest that not only selective translation of ATF4, 

but also repression of global protein synthesis was not autonomously induced in prion-infected 

neurons by PERK phosphorylation, consistent with no differences in p-eIF2α levels being 
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observed between mock- and prion-infected neurons at 21 dpi (Figure I-4). Incidentally, at 7 

dpi, I found that phosphorylation levels of eIF2α were significantly higher, which coincided 

with decreased expression of several synaptic proteins, in prion-infected CxNs than in mock-

infected CxNs in immunoblot analyses. This suggests that activation of UPR via p-PERK is 

somehow limited to a relatively early phase after exposure to prions, even though the ER stress 

and phosphorylation of PERK are sustained in prion-infected neurons. The importance of the 

early PERK-eIF2α pathway activation in neurodegenerative disorders has been also indicated 

by immunoreactivity of p-PERK in pre-tangle neurons rather than in neurons with 

neurofibrillary tangles in Alzheimer’s disease (AD) [122] and in dopaminergic neurons with 

diffused α-synuclein in Parkinson’s disease postmortem brains [123]. Although I focused on the 

later time point (21 dpi) when apparent PrPSc accumulation was observed in neurons, it is of 

interest if acute toxicity of PrPSc [33, 34, 100] or an immediate response of neurons to prions 

strongly stimulates the activation of PERK and its downstream pathways despite a significantly 

lower level of PrPSc accumulation than later time points. 

In this chapter, I described induction of ER stress as genuine neuronal responses to 

prion propagation; however, it did not proceed to a pro-apoptotic phase nor synaptic loss 

autonomously in neurons ex vivo. These findings highlight the presence of additional non-

neuronal factor(s) in the mechanism of neurodegeneration in prion diseases, which may provide 

clues for understanding of the pathogenesis and for therapeutics to prion diseases and other 

misfolding disorders. 
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SUMMARY 

Conversion of PrPC into PrPSc 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. In the present study, I used neuron-enriched 

primary cultures of cortical and thalamic mouse neurons to analyze autonomous neuronal 

responses to prion infection. PrPSc 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 PrPSc and p-PERK, the early 

cellular response of the PERK- eIF2α pathway, demonstrated a positive correlation between the 

number of PrPSc 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-eIF2α pathway. These results suggest that PrPSc 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. 
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CHAPTER II 

Analysis of the neuron-autonomous responses to prion-infected neurons 

 by transcriptome analysis 
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INTRODUCTION 

Conversion of PrPC into PrPSc in neurons is one of the key events in the pathogenesis of 

prion diseases. A number of studies has been carried out to elucidate mechanisms for 

pathogenesis of prion diseases; however, cellular and molecular mechanisms of the 

neurodegeneration remain to be elucidated yet [62]. Identification of host factors differentially 

expressed in prion-infected tissues and neurons will contribute to elucidation of the mechanism 

for pathogenesis of prion diseases. Earlier studies on comprehensive gene expression analysis 

using microarray have identified differentially expressed genes in brains of prion-infected mice 

[124], natural sheep scrapie cases [125], and human sporadic CJD cases [126] in the clinical 

phase of the diseases. These genes included Cathepsin S, C1q B chain of complement, 

apolipoprotein D [127], β2-microglobulin, F4/80, metallothionein II [128], and α-hemoglobin 

stabilizing factor (Edrf) [129]. Unfortunately, alterations of the gene expressions were not 

attributed to changes in neurons but mostly to reactive glial cell responses. 

The next generation sequencing technology and bioinformatics tools have boosted 

investigations of gene expression profiles in the brains of patients and animals affected by 

prions. However, it is still difficult to identify alterations of transcripts in neurons affected by 

prion propagation from the tissue transcriptome, since the use of whole brain tissue may dilute 

modest changes in the gene expression occurring in a specific brain region or specific cell types. 

Moreover, the brain tissue transcriptome will be heavily influenced by changes in constituent 

cell populations in the brain that are caused by neuronal loss and proliferation of microglia 

[130-132].  

There have been several attempts to unveil the authentic neuronal responses during the 

course of prion diseases. Microdissection of the lesions may be effective in identifying disease-

specific changes in those regions [131, 133]; however, it is still difficult to distinguish neuron-

specific responses from transcriptome changes in the lesions. Cell sorting is another method 
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though it is not easy to separate neurons [134, 135]. In the last decade, bioinformatics projects 

have made rapid progress in establishing cell-type specific transcriptomics and proteomics 

resources [136-139]. By utilizing these data sources, several groups have realized selective 

analyses of so-called “cell type-enriched genes”, though the genes analyzed were limited to 

only a part of the whole transcriptome instead. Neuron-specific transcriptome will be of interest 

to understand genuine neuronal responses to prion propagation and to understand pathogenesis 

of prion diseases; however, no data available to date. 

In Chapter I, I described that phosphorylation of PERK, the initial molecular event of 

UPR, was evoked in the prion-infected primary neurons as a neuron-autonomous response to 

prion propagation. This finding suggests that prion propagation affects neuronal homeostasis, 

and alterations other than UPR may also be induced in neurons by prion propagation as neuron-

autonomous responses, even though such alterations would be insufficient to lead neuronal cell 

death ex vivo. Therefore, in Chapter II, I performed transcriptome analysis of prion-infected 

neuron-enriched cultures to identify any neuron-autonomous responses to prion infection using 

next generation sequencing. 
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MATERIALS & METHODS 

 

1. RNA extraction 

Primary cultures of cortical and thalamic neurons were prepared and infected with 

Obihiro strain of mouse-adapted scrapie prion as described in Chapter I. Total RNA was 

extracted with TRIzol reagent (Invitrogen) from neurons cultured in an area of 7.0 cm2 at 14 

and 21 dpi. Concentration and quality of each RNA pellet resuspended in nuclease-free water 

(NFW) was measured by nanodrop (Thermo Scientific) and 2100 Bioanalyzer with the Agilent 

RNA6000 Nano Kit (Agilent Technologies). RNA samples which the RNA Integrity Number 

(RIN) [140] were higher than 7.0 were used to construct cDNA libraries. 

 

2. Purification of mRNA for RNA-sequencing (RNA-Seq) 

To concentrate mRNA for RNA-Seq, 500 ng of the total RNA was used as a start material 

for each sample. Ribosomal RNA (rRNA) were removed from the total RNA using Low Input 

RiboMinus Eukaryote System v2 (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. Briefly, total RNA was denatured at 70°C for 10 min then incubated with 

RiboMinus Eukaryote Probe Mix labeled with biotin, at 37°C for 20 min. The samples were 

incubated with RiboMinus Magnetic Beads conjugated with streptavidin, at 37°C for 5 min to 

capture rRNA hybridized with the biotinylated probes. The rRNA captured with magnetic beads 

in the samples was removed using Magnetic Stand. The rRNA depleted total RNA samples were 

concentrated using Nucleic Acid Binding Beads (Thermo Fisher Scientific). To remove small 

RNAs, the samples were incubated with 2.5 M LiCl at 4°C for 2.5 hrs and centrifuged at 22,500 

× g at 4 for 30 min. After washing with 75% ethanol, the pellets were dissolved into 12 μl of 

NFW. Removal of 18s and 28s rRNAs and small RNAs were confirmed using Bioanalyzer with 

Agilent RNA 6000 Pico Kit. 



47 

 

 

3. Synthesis of cDNA libraries 

The whole transcriptome cDNA libraries were synthesized from the purified mRNA 

samples using Ion Total RNA-Seq Kit v2 (Thermo Fisher Scientific) according to the 

manufacturer’s instructions with some modifications. The mRNA was fragmented with RNase 

III at 37°C for 5 min and immediately purified using Nucleic Acid Binding Beads. The size 

distribution of the fragmented RNA was analyzed using Bioanalyzer. RNA samples were 

concentrated into 3 μl by centrifugal vacuum concentrator (Eppendorf) for next procedure. Ion 

Adaptor mix v2 containing random hexamers with adaptor nucleotides were hybridized with 

the fragmented RNA at 65°C for 10 min followed by incubation at 30°C for 5min. The ligation 

reaction of the adaptor-hybridized fragmented RNA was performed at 30°C for 1 h. After 

denaturing the samples at 70°C for 10 min, reverse transcription was performed using Ion RT 

Primer v2 and 10 × SuperScript III Enzyme Mix at 42°C for 30 min. The synthesized cDNA 

libraries were purified using Nucleic Acid Binding Beads, eluted in 12 μl of NFW and amplified 

by PCR using Ion Xpress RNA 3’ Barcode Primer. After purification of the amplified cDNA 

samples, the size distribution and molar concentration of the cDNA libraries were measured by 

Bioanalyzer using Agilent High Sensitivity DNA Kit (Agilent Technologies). 

 

4. Sequencing by Ion Proton 

The amplified cDNA samples were adjusted to 10 nM and equal volume of four samples 

were mixed for each run of sequencing. The mixture of the samples was adjusted to 100 pM 

before it was subjected to preparation of the template by Ion OneTouch 2 Instrument and Ion 

OneTouch ES module using with Ion PI Hi-Q OT2 200 Kit (Thermo Fisher Scientific). The 

templates were sequenced using Ion pI Hi-Q Sequencing 200 Kit and Ion PI Chip Kit v3 on Ion 

Proton System (Thermo Fisher Scientific) to a depth of ≥ 20 million reads for each sample. 
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5. Data analysis 

Ion Torrent Suit software version 5.0.2.1 (Thermo Fisher Scientific) was used to separate 

out the data for each sample based on their 3’ barcodes. Ion Torrent Suit was also used to align 

the RNA-Seq data to the mm10 mouse reference genome (UCSC) and generate bam files to 

export to StrandNGS software v2.1 (Strand Life Sciences). Using Strand NGS, the RNA-Seq 

data were annotated by Ensemble ver. 14.03.01 and reads were quantified and normalized by 

DESeq method [141] baselined to the mean of all samples. At the quantification, the reads were 

filtered by using quality criteria (read length ≥ 26 nucleotides and mapping quality ≥ 20). 

StrandNGS was also used for expression analyses including calculation of fold change (FC) 

and statistical significance, clustering analysis, and describing Venn diagram. Because there 

was no candidate gene using False Discovery Rate = 0.1, I chose as criteria an unadjusted p-

value < 0.05 by paired t test for selecting potential differentially expressed genes in this study. 

Data were further analyzed for Gene Ontology [142] (the Gene Ontology Consortium, 

http://www.geneontology.org) using MetaScape (http://metascape.org) [143] and QuickGO 

(https://www.ebi.ac.uk/QuickGO/) [144] online software packages. Ingenuity Pathway 

Analysis (QIAGEN, www.qiagen.com/ingenuity) was used for pathway analysis to find unique 

biological processes that differentially regulated in prion-infected neurons. 
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RESULTS AND DISCUSSION 

II-i. Identification of neuronal genes expressed differentially by prion infection in neuron-

enriched primary cultures of cortical and thalamic neurons. 

For the transcriptome analysis of prion-infected neurons, CxNs and thalamic neurons 

ThNs were prepared and infected with Obihiro strain as described in Chapter I. Complementary 

DNA (cDNA) libraries were constructed from ribosomal and small RNAs-removed mRNA 

pools from three independent primary cultures at 14 and 21 dpi when a substantial amount of 

PrPSc was detected in CxNs and ThNs (Figure I-2). Mock-infected, and dpi-matched CxNs and 

ThNs were used as control samples in each experiment. RNA-Seq data were acquired and pre-

processed as described in Materials & Methods section in this chapter. I confirmed the neuron-

enrichment in these primary cultures with AraC-treatment in terms of transcriptome based on 

the normalized RPKM (Read count per Kilobase of exon per Million reads) values (Figure II-

1); expression levels of cell marker genes for neurons (Tubb3, Nefh, Nefm, Nefl, and Rbfox3) 

were generally high. Compared with these neuronal markers, expression of astrocyte (Aldh1l1, 

Gfap, S100b, and Sox9) and microglia (Itgam, Cx3cr1, Cd68, and Aif1l) marker genes were 

detected at much lower levels. In addition, there was no increased expression of glial markers 

in prion-infected neurons. The selective expression of marker genes for neurons such as Tubb3, 

Nfh, and Rbfox3 was consistent with the results of IFA in Figure I-1 in Chapter I. 

Relative gene expression levels were determined as normalized signal values (NSVs) 

which represent log2-formatted expression values normalized between samples by DeSeq 

method [141] using StrandNGS software. A total of 38,887 genes were identified, and those 

genes expressed at extremely low levels (read count per kilobase exon per million reads, RPKM, 

were less than 0.1 in all of the 24 samples) were filtered out. From the remaining genes, those 

coding proteins (19,208 genes) were finally submitted for a hierarchal clustering analysis 

(Figure II-2A). 
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Figure II-1. Expression levels of cell marker genes.

The RPKM values of representative cell marker genes for neurons (Tubb3, Nefh, Nefm, Nefl, and

Rbfox3), astrocytes (Aldh1l1, Gfap, S100b, and Sox9) and microglia (Itgam, Cx3cr1, Cd68, and Aif1l).

Data are shown as mean ± SD of biological triplicates.
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The hierarchical clustering analysis of the 24 samples (CxNs or ThNs, 14 or 21 dpi, 

biological triplicates) showed that they were clearly divided into region-specific clusters, CxNs 

and ThNs, but were not into prion-infection specific clusters (Figure II-2A). There were four 

unique gene clusters (i-iv); gene clusters i & ii were composed of genes with high expression 

in CxNs but low in expression in ThNs, and clusters iii & iv were composed of genes with high 

expression in ThNs but low expression in CxNs. The clustering analysis revealed that a large 

number of genes were expressed excessively in either CxNs or ThNs, suggesting that these ex 

vivo cultures had unique transcriptomic features reflecting brain regions. Additionally, no 

clusters that distinguished prion-infected neurons from mock-infected neurons was generated, 

suggesting the impact of prion propagation on CxNs and ThNs would be mild even if it 

happened.   

Although the impact of prion propagation on the whole gene expression profile in neurons 

seemed to be limited, I carefully looked into the neuronal transcriptome to find any 

characteristic alteration caused by prions. Concerning a possible influence of the uneven 

distribution of gene expression between CxNs and ThNs on the normalization, hereafter I 

separately analyzed one neuronal type from another to optimize the normalization and gene 

selection. NSVs of genes identified in CxNs were re-calculated and protein-coding genes except 

for those expressed at an extremely low level (RPKM < 0.1 in all of the 12 samples) were 

selected for following analyses to identify neuron-autonomous alterations induced by prion 

infection (18,016 genes, Figure II-2B). As for ThNs, 18,297 genes were selected in the same 

way. 

The changes in an expression level of each gene was determined as fold change (FC) 

which was calculated as NSV[Obihiro]/NSV[Mock] for genes upregulated in Obihiro-infected 

neurons, and as −(NSV[Obihiro]/NSV[Mock])-1 for genes downregulated in Obihiro-infected 

neurons. Because there was no candidate gene using false discovery rate = 0.1, I chose as 
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Figure II-2. Identification of differentially expressed genes in prion-infected CxN and ThN.

(A) Hierarchical clustering of samples (left) and genes (top) based on sample conditions (combination of

a neuronal type and dpi) and expression levels (normalized signal values, NSVs) of the genes meeting

the following criteria: protein-coding, and RPKM ≥ 0.1 in at least 1 of 24 samples. The clustering was

performed using Euclidean distance coefficient metric and Ward’s linkage rule on StrandNGS (Strand

Life Sciences). The heatmap shows NSVs of the genes with color intensity as indicated on right of the

heatmap. Underbars i-iv highlight gene clusters that characterize each of neuronal types (CxN, cortical

neurons; ThN, thalamic neurons). M, mock-infected; O, Obihiro-infected. (B) Selection of genes used

for bioinformatics analysis. Genes expressed at extremely low levels in all samples of CxN or ThN were

removed from a total of 38,887 identified genes, then protein-coding genes were selected to proceed to

fold change calculation. A difference in expression is represented as fold change (FC) that is calculated

as NSV[Obihiro]/NSV[Mock] for genes upregulated in Obihiro-infected neurons, and as

−(NSV[Obihiro]/NSV[Mock])-1 for genes downregulated in Obihiro-infected neurons. Differentially

expressed genes between Obihiro- and mock-infected neurons were chosen by paired t-test (p < 0.05) in

which dpi-matched mock- and Obihiro-infected neurons from the same experiment were paired for a

comparison. (C) Venn diagram illustrating overlap of differentially expressed genes across conditions.

Genes differentially expressed in at least 2 conditions are indicated with indexes (a-h) and further

described in Table II-1 and Figure II-3.
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criteria an unadjusted p-value < 0.05 by paired t test for selecting potential differentially 

expressed genes in this study. The differentially expressed genes were defined as a gene which 

absolute fold change was greater than 1.0 (|FC| ≥ 1.0) with a p-value < 0.05 by paired t test in 

which dpi-matched, Obihiro- and mock-infected neurons from the same experiment were paired 

for a comparison.  

Figure II-2B shows the numbers of differentially expressed genes in prion-infected CxNs 

and ThNs that displayed equal to or greater than absolute fold change of |1.0|-, |1.25|-, |1.5|-, 

and |2.0|-folds in expression. For instance, a total of 368 genes were differentially expressed in 

prion-infected CxNs at 14 dpi; of those, 176 genes were upregulated (among them, 44 genes 

were 2-fold upregulated), and 192 genes were downregulated (44 genes were 2-fold 

downregulated). Some of the differentially expressed genes were common in prion-infected 

neurons in several conditions. As represented with small letter-indexes in the Venn’s diagram 

(Figure II-2C), 6 genes (a, Vars; b, Gm8444; c, Slc30a2 and Rangrf; d, Otud7b and Dlec1) were 

differentially expressed over three experimental conditions). A total of 108 genes were included 

in the overlap across 2 or 3 conditions (indexes a-h). Brief description and accession numbers 

(Ensembl Gene IDs) are listed in Table II-1. Figure II-3 describes expression patterns of these 

108 differentially expressed genes in each of experimental conditions (CxNs at 14 and 21 dpi, 

ThNs at 14 and 21dpi). Among the 108 genes, Pin 4 was downregulated both in CxNs (FC = -

2.54) and ThNs (FC = -2.09) at 21 dpi; Unc119b was upregulated both in CxNs (FC = 1.49) 

and ThNs (FC = 1.37) at 21 dpi; Bcl2l11 was upregulated in CxNs at 14 (FC = 1.32) and 21 dpi 

(1.46); Ppme1 and Ncstn were upregulated in ThNs at 14 (FC = 1.13 and FC = 1.24, 

respectively) and 21 dpi (FC = 1.19 and FC = 1.26, respectively). Most of the 108 genes have 

not been reported as differentially expressed genes in the transcriptome analyses of tissues from 

prion-infected animals, except for 4 genes, Pmch [145], Robo1 [131], Ubtf [125], and Ctsz 

[145-147]. The expression levels of these genes were low; therefore, it might have been hidden  
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Figure II-3. Genes differentially expressed in

prion-infected neurons.

The heatmap displays the difference in gene

expression in Obihiro-infected neurons from

mock-infected neurons as average Fold Change

(FC) of three independent experiments. The mean

normalized signal value of each gene is mapped to

a color-intensity value shown in the color-range on

the right of the heatmap. The genes were ordered

as the result of hierarchical clustering on the

expression pattern over samples. The middle

column displays p-values computed by paired t test

without no multiple testing correction carried out

that compared Obihiro-infected and Mock-infected

neurons from the same neuronal type, dpi, and

sequencing date. The absolute values of fold

change satisfying p-value cut-off 0.05 were

displayed in the right column.
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behind the prominent upregulation of glia-derived genes in the transcriptome analyses of brain 

tissues of animals infected with prions. Although the information on the association of the 108 

genes with prion diseases are limited, 10 of the 108 genes have been reported to be directly or 

indirectly involved in neuronal disorders and functional abnormalities in the brain including 

AD (Ncstn [148], Ppme1 [149, 150]), multiple sclerosis (Cd24) [151], amyotrophic lateral 

sclerosis (Ubqln4 [152]), epilepsy (Chd2 [153]), learning disorder (Robo1 [154]), autism 

(Agap1 [155], Gstp2 [156], Upf3b [157]), and neurodegeneration with brain atrophy (Ubtf 

[158]). Our laboratory has acquired tissue transcriptome data from thalamus of prion-infected 

mice at pre-clinical and clinical stages of the disease (conducted by Dr. Yamasaki and Ms. 

Shimakura, unpublished data). Based on normalized RPKM values (nRPKM) in the tissue 

transcriptome, I confirmed upregulation of Ncstn (mean ± SD of nRPKM = 12.3 ± 0.9 in mock-

infected mice versus nRPKM = 13.2 ± 1.0 and 15.4 ± 0.7 in Obihiro- and Chandler-infected 

mice, respectively) and Bcl2l11 (nRPKM = 1.3 ± 0.4 in mock-infected mice versus nRPKM = 

2.5 ± 1.7 and 2.3 ± 0.8 in Obihiro- and Chandler-infected mice respectively). 

Ncstn encodes Nicastrin, a type I transmembrane glycoprotein that is a constitutive 

component of the multimeric gamma-secretase complex [159]. This endoprotease complex is 

known to catalyze the intramembrane cleavage of integral membrane proteins such as Notch 

receptors and amyloid precursor protein [160]. While there is no report that indicates 

association of the function of Nicastrin with prion diseases, several genetic variants of Ncstn 

have been found in familial and sporadic AD patients [161-164] and inhibition of Nicastrin 

restricted amyloid deposition in a mouse model of AD [148], implying a possible association 

of Ncstn with the development of AD. In this study, Ncstn was upregulated in prion-infected 

ThNs at 14 and 21 dpi. Additionally, transcriptome analysis of the thalamus of Obihiro-infected 

mice showed that the expression of Ncstn tended to be upregulated in the thalamus of Obihiro-
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infected mice at a clinical stage (unpublished data), suggesting the implication of Ncstn in the 

pathogenesis of prion diseases. 

Another gene of my interest is Bcl2l11, which showed significant upregulation in prion-

infected CxNs (14 and 21 dpi) as well as tendency toward upregulation in prion-infected ThNs 

at 14 dpi, as well as in the thalamus of Obihiro-infected mice at a clinical stage (unpublished 

data). Bcl2l11, also known as Bim, encodes a pro-apoptotic protein that belongs to the Bcl2 

family. Induction of Bcl2l11 expression has been observed in mouse models of Parkinson’s 

disease [165, 166] and amyotrophic lateral sclerosis [167] that also showed facilitated 

neurodegenerative manifestations. Bcl2l11 is also founded to be upregulated in postmortem 

brain tissues of AD patients [168, 169]. Regarding prion diseases, drug-mediated inhibition of 

cAbl-MST1-Bim pathway alleviated the neurotoxicity of PrP106-126 fragment [170], also 

suggesting that Bcl2l11 functions as a neurotoxic mediator in prion diseases. 

 

II-ii. Biological characterization of the differentially expressed genes in prion-infected neurons. 

To gain insight into biological characteristics of the differentially expressed genes, I 

annotated the genes with Gene Ontology (GO)[142] using MetaScape online software package 

[143]. Of the 243 genes differentially regulated by |FC| ≥ 1.25 in CxNs at 14 dpi, 228 genes had 

known biological functions and were subjected to a biological process GO enrichment analysis. 

GO and Kyoto encyclopedia of genes and genomes (KEGG) terms (Reactome knowledgebase 

[171], https://reactome.org/) enriched in prion-infected CxNs at 14 dpi were associated with 

processes of immune cells and molecules, nucleotide metabolism, and neurofunctions such as 

lymphocyte apoptotic process (GO:0070227), regulation of type I interferon-mediated 

signaling pathway (GO:0060338), purine nucleotide catabolic process (GO:0006195), 

pyrimidine nucleobase metabolic process (GO:0006206), and regulation of behavior (GO: 

0050795) (Table II-2-1). 



Table II-2-1. GO terms enriched in genes differentially expressed (|FC|≥1.25) in prion-infected CxN at 14 dpi

Cluster Term Description -LogP
InTerm

/InList
Genes in list

1 GO:0043029 T cell homeostasis 3.98 5/46 Bcl2l11,Cd24a,Fadd,Rag1,Chst3

GO:0070227 Lymphocyte apoptotic process 3.29 6/98 Bcl2l11,Cd24a,Fadd,Rag1,Ripk1,Traf3ip2

GO:0002260 Lymphocyte homeostasis 2.91 5/78 Bcl2l11,Cd24a,Fadd,Rag1,Chst3

GO:0071887 Leukocyte apoptotic process 2.62 6/132 Bcl2l11,Cd24a,Fadd,Rag1,Ripk1,Traf3ip2

GO:0070231 T cell apoptotic process 2.53 4/58 Bcl2l11,Fadd,Rag1,Ripk1

2 R-MMU-5357786 TNFR1-induced proapoptotic signaling 3.66 3/12 Fadd,Ripk1,Otud7b

GO:0060544 Regulation of necroptotic process 3.19 3/17 Fadd,Ripk1,Ybx3

GO:0060338 Regulation of type I interferon-mediated signaling pathway 2.69 3/25 Fadd,Mmp12,Samhd1

GO:0010939 Regulation of necrotic cell death 2.54 3/28 Fadd,Ripk1,Ybx3

GO:0070266 Necroptotic process 2.46 3/30 Fadd,Ripk1,Ybx3

3 GO:1901136 Carbohydrate derivative catabolic process 3.62 7/120 Mmp12,Pnliprp2,Samhd1,Nudt9,Dpyd,Dera,Pde5a

GO:0072523 Purine-containing compound catabolic process 3.14 4/40 Samhd1,Nudt9,Dpyd,Pde5a

GO:0006195 Purine nucleotide catabolic process 2.54 3/28 Samhd1,Nudt9,Pde5a

4 R-MMU-8956319 Nucleobase catabolism 3.36 4/35 Samhd1,Tymp,Nudt9,Dpyd

GO:0006206 Pyrimidine nucleobase metabolic process 2.97 3/20 Ctps,Tymp,Dpyd

GO:0006213 Pyrimidine nucleoside metabolic process 2.64 3/26 Ctps,Tymp,Dpyd

R-MMU-15869 Metabolism of nucleotides 2.47 5/98 Ctps,Samhd1,Tymp,Nudt9,Dpyd

5 GO:0048739 Cardiac muscle fiber development 3.19 3/17 Myh11,Tcap,Obsl1

6 R-MMU-5576891 Cardiac conduction 2.79 6/122 Kcnj12,Kcnq1,Atp2a3,Atp1a2,Kcnj14,Npr2

R-MMU-397014 Muscle contraction 2.64 7/176 Kcnj12,Kcnq1,Tcap,Atp2a3,Atp1a2,Kcnj14,Npr2

7 GO:0050795 Regulation of behavior 2.51 5/96 Crh,Mc4r,Rag1,Opn4,Pmch

8 GO:0060537 Muscle tissue development 2.44 12/474 Csrp2,Fadd,Fhl2,Myh11,Mapk11,Ripk1,Tcap,Ybx3,Cdon,Rps6kb1,

Obsl1,Cenpf

9 GO:0048535 Lymph node development 2.41 3/31 Fadd,Ltb,Cd248

GO and KEGG terms in Reactome knowledgebase (https://reactome.org/) enriched in the differentially expressed genes in prion-infected CxN at 14 dpi (-LogP > 2.3, equivalent to p <

0.005). The enriched terms were hierarchically clustered based on their gene memberships by Metascape (http://metascape.org), and representative terms in each cluster are listed with

accession numbers, brief descriptions, and the numbers and names of genes in a data list of the differentially expressed genes used for the analysis.
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As for CxNs at 21 dpi, 303 of the 331 differentially expressed genes (|FC| ≥ 1.25) had 

known biological functions. The enrichment analysis showed that GO terms also related to 

processes of immune cells and molecules, such as activated T cell proliferation (GO:0050798), 

regulation of T cell activation (GO:0050863). In addition, GO terms in other categories such as 

regulation of cysteine-type endopeptidase activity (GO:2000116) were enriched at 21 dpi, 

implying that not only immune processes, but also the caspase-mediated apoptotic processes 

were possibly affected by prion infection in cortical neurons (Table II-2-2). The enrichment of 

genes related to the cysteine-type peptidase activity was previously reported in mice infected 

with several strains of prions [147]. 

In ThNs at 14 dpi, 281 of the 318 differentially expressed genes with |FC| ≥ 1.25 were 

annotated with known functions represented by GO and/or KEGG terms, and the terms enriched 

in those genes were related to lipid metabolism (lipid localization, GO:0010876 and 

glycerolipid metabolic process, GO:0046486) and glycosylphosphatidylinositol (GPI)-

anchored protein synthesis (glycoprotein biosynthetic process, GO:0009101, and post-

translational modification: synthesis of GPI-anchored proteins, R-MMU-163125). At 21 dpi, 

466 of the 506 differentially expressed genes (|FC| ≥ 1.25) in prion-infected ThNs were 

annotated with known biological functions. The enriched GO and KEGG terms at 21 dpi also 

had association with lipid metabolism (positive regulation of lipid transport, GO:0032370), 

translocation of proteins to the membrane (regulation of protein localization to cell surface, 

GO:2000008; endosome to plasma membrane protein transport, GO:0099638) (Table II-2-3 & 

2-4). Implication of lipid metabolism-related biological functions were also suggested in 

patients of sporadic CJD [126] and mice infected with prions [147]. In addition, considering 

that the neuronal PrPSc was primarily found around the plasma membrane [84], the pathways 

involved in the lipid metabolism and transport can be a target for further investigation. 

  



Table II-2-2. GO terms enriched in genes differentially expressed (|FC|>1.5) in prion-infected CxN at 21dpi

Cluster Term Description -LogP
InTerm

/InList
Gene Symbols

1 GO:0010950 Positive regulation of endopeptidase activity 4.35 10/153 Rhoa,Bcl2l11,Fadd,Ccn1,Psme3,Syk,Bok,Dap,St18,Aim2

GO:0010952 Positive regulation of peptidase activity 4.14 10/162 Rhoa,Bcl2l11,Fadd,Ccn1,Psme3,Syk,Bok,Dap,St18,Aim2

GO:2001056 Positive regulation of cysteine-type endopeptidase activity 4.01 9/136 Rhoa,Bcl2l11,Fadd,Ccn1,Syk,Bok,Dap,St18,Aim2

GO:2000116 Regulation of cysteine-type endopeptidase activity 3.58 11/226 Rhoa,Bcl2l11,Fadd,Ccn1,Syk,Bok,Bcl2l12,Dap,Lamp3,St18,Aim2

GO:0052548 Regulation of endopeptidase activity 3.16 13/337 Rhoa,Bcl2l11,Fadd,Ccn1,Psme3,Syk,Bok,Bcl2l12,Dap,Serpina3f,

Lamp3,St18,Aim2

GO:0043280 Positive regulation of cysteine-type endopeptidase activity involved in 

apoptotic process

2.93 7/119 Rhoa,Bcl2l11,Ccn1,Syk,Bok,Dap,St18

GO:0052547 Regulation of peptidase activity 2.84 14/411 Rhoa,Bcl2l11,Fadd,Ccn1,Psme3,Syk,Bok,Bcl2l12,Dap,Serpina3f,

Lamp3,St18,Wfikkn2,Aim2

GO:0043281 Regulation of cysteine-type endopeptidase activity involved in apoptotic 

process

2.76 9/202 Rhoa,Bcl2l11,Ccn1,Syk,Bok,Bcl2l12,Dap,Lamp3,St18

2
GO:0050870 Positive regulation of T cell activation 4.31 11/187 Rhoa,Cd24a,Fadd,H2-T23,Igf2,Il4ra,Syk,Tgfb1,Lgals8,Pdcd1lg2,

Dock8

GO:1903039 Positive regulation of leukocyte cell-cell adhesion 3.99 11/203 Rhoa,Cd24a,Fadd,H2-T23,Igf2,Il4ra,Syk,Tgfb1,Lgals8,Pdcd1lg2,

Dock8

GO:0050798 Activated T cell proliferation 3.38 5/47 Cd24a,Fadd,Igf2,Pdcd1lg2,Itgad

GO:0022409 Positive regulation of cell-cell adhesion 3.33 11/242 Rhoa,Cd24a,Fadd,H2-T23,Igf2,Il4ra,Syk,Tgfb1,Lgals8,Pdcd1lg2,

Dock8

GO:0032946 Positive regulation of mononuclear cell proliferation 3.24 8/138 Cd24a,Fadd,H2-T23,Igf2,St6gal1,Syk,Pdcd1lg2,Gpr183

GO:0070665 Positive regulation of leukocyte proliferation 3.10 8/145 Cd24a,Fadd,H2-T23,Igf2,St6gal1,Syk,Pdcd1lg2,Gpr183

GO:0050863 Regulation of T cell activation 3.00 12/307 Rhoa,Cd24a,Fadd,H2-T23,Igf2,Il4ra,Syk,Tgfb1,Trex1,Lgals8,

Pdcd1lg2,Dock8

GO:0045785 Positive regulation of cell adhesion 2.83 14/412 Rhoa,Cd24a,Fadd,H2-T23,Igf2,Ccn1,Il4ra,Syk,Tgfb1,Epb41l4b,

Lgals8,Pdcd1lg2,Smoc2,Dock8

GO:0046631 Alpha-beta T cell activation 2.82 8/160 Rhoa,Cd24a,H2-T23,Il4ra,Syk,Tgfb1,Psmb11,Gpr183

GO:0046006 Regulation of activated T cell proliferation 2.78 4/38 Cd24a,Fadd,Igf2,Pdcd1lg2

GO:1903037 Regulation of leukocyte cell-cell adhesion 2.73 11/287 Rhoa,Cd24a,Fadd,H2-T23,Igf2,Il4ra,Syk,Tgfb1,Lgals8,Pdcd1lg2,

Dock8

GO:0042098 T cell proliferation 2.70 9/206 Cd24a,Fadd,H2-T23,Igf2,Syk,Tgfb1,Pdcd1lg2,Dock8,Itgad

GO:0042102 Positive regulation of T cell proliferation 2.67 6/98 Cd24a,Fadd,H2-T23,Igf2,Syk,Pdcd1lg2

GO:0046635 Positive regulation of alpha-beta T cell activation 2.62 5/69 Rhoa,Cd24a,H2-T23,Il4ra,Syk

GO:0050671 Positive regulation of lymphocyte proliferation 2.60 7/136 Cd24a,Fadd,H2-T23,Igf2,Syk,Pdcd1lg2,Gpr183

GO:0022407 Regulation of cell-cell adhesion 2.54 13/395 Rhoa,Cd24a,Fadd,H2-T23,Igf2,Il4ra,Jag1,Swap70,Syk,Tgfb1,

Lgals8,Pdcd1lg2,Dock8

GO:0046641 Positive regulation of alpha-beta T cell proliferation 2.51 3/22 Cd24a,H2-T23,Syk

GO:0042110 T cell activation 2.51 15/495 Rhoa,Cd24a,Fadd,H2-T23,Igf2,Il4ra,Syk,Tgfb1,Trex1,Lgals8,

Pdcd1lg2,Psmb11,Dock8,Gpr183,Itgad

GO:0046634 Regulation of alpha-beta T cell activation 2.48 6/107 Rhoa,Cd24a,H2-T23,Il4ra,Syk,Tgfb1

GO:0032943 Mononuclear cell proliferation 2.46 11/311 Cd24a,Fadd,H2-T23,Igf2,St6gal1,Syk,Tgfb1,Pdcd1lg2,Dock8,

Gpr183,Itgad

GO:0032944 Regulation of mononuclear cell proliferation 2.42 9/227 Cd24a,Fadd,H2-T23,Igf2,St6gal1,Syk,Tgfb1,Pdcd1lg2,Gpr183

GO:0007159 Leukocyte cell-cell adhesion 2.38 11/319 Rhoa,Cd24a,Fadd,H2-T23,Igf2,Il4ra,Syk,Tgfb1,Lgals8,Pdcd1lg2,

Dock8

GO:0046632 Alpha-beta T cell differentiation 2.33 6/115 Rhoa,Il4ra,Syk,Tgfb1,Psmb11,Gpr183

GO:0042104 Positive regulation of activated T cell proliferation 2.30 3/26 Cd24a,Fadd,Igf2

3 R-MMU-397014 Muscle contraction 3.84 10/176 Itgb5,Kcnj12,Myh3,Ryr1,Abcc9,Tnnt1,Tnnt2,Corin,Rangrf,Kcnk13

4 GO:0043029 T cell homeostasis 3.43 5/46 Bcl2l11,Cd24a,Fadd,Tgfb1,Cacna1f

GO:0002260 Lymphocyte homeostasis 3.19 6/78 Bcl2l11,Cd24a,Fadd,Tgfb1,Slc40a1,Cacna1f

GO:0001776 Leukocyte homeostasis 3.14 7/110 Bcl2l11,Cd24a,Fadd,Tgfb1,Slc40a1,Cacna1f,Gpr183

5
GO:0031032 Actomyosin structure organization 3.33 10/204 Rhoa,Edn1,Itgb5,Tnnt1,Tnnt2,Epb41l4b,Ankrd23,Ppfia1,Cdc42bpg,

Kank4

6 GO:0042832 Defense response to protozoan 2.96 4/34 Il4ra,Tspan32,Gbp7,Gbp11

GO:0001562 Response to protozoan 2.78 4/38 Il4ra,Tspan32,Gbp7,Gbp11

7 GO:0007229 Integrin-mediated signaling pathway 2.89 6/89 Rhoa,Itgb5,Syk,Tec,Tspan32,Itgad

8
GO:0009150 Purine ribonucleotide metabolic process 2.72 14/423 Adcy6,Ak2,Ampd3,Rhoa,Atp5f1,Myh3,Sucla2,Tgfb1,Trex1,Acss2,

Acot12,Acot4,Afg1l,Acot6

GO:0009259 Ribonucleotide metabolic process 2.63 14/433 Adcy6,Ak2,Ampd3,Rhoa,Atp5f1,Myh3,Sucla2,Tgfb1,Trex1,Acss2,

Acot12,Acot4,Afg1l,Acot6

GO:0055086 Nucleobase-containing small molecule metabolic process 2.59 18/635 Adcy6,Ak2,Ampd3,Rhoa,Atp5f1,Myh3,Sucla2,Tgfb1,Trex1,Acss2,

Acot12,Tgds,Nadsyn1,Acot4,Aox2,Afg1l,Acot6,Cyb5r4

GO:0072521 Purine-containing compound metabolic process 2.55 15/490 Adcy6,Ak2,Ampd3,Rhoa,Atp5f1,Myh3,Sucla2,Tgfb1,Trex1,Acss2,

Acot12,Acot4,Aox2,Afg1l,Acot6

GO:0006163 Purine nucleotide metabolic process 2.50 14/447 Adcy6,Ak2,Ampd3,Rhoa,Atp5f1,Myh3,Sucla2,Tgfb1,Trex1,Acss2,

Acot12,Acot4,Afg1l,Acot6

GO:0019693 Ribose phosphate metabolic process 2.48 14/450 Adcy6,Ak2,Ampd3,Rhoa,Atp5f1,Myh3,Sucla2,Tgfb1,Trex1,Acss2,

Acot12,Acot4,Afg1l,Acot6

GO:0009117 Nucleotide metabolic process 2.43 16/555 Adcy6,Ak2,Ampd3,Rhoa,Atp5f1,Myh3,Sucla2,Tgfb1,Trex1,Acss2,

Acot12,Nadsyn1,Acot4,Afg1l,Acot6,Cyb5r4

GO:0006753 Nucleoside phosphate metabolic process 2.36 16/564 Adcy6,Ak2,Ampd3,Rhoa,Atp5f1,Myh3,Sucla2,Tgfb1,Trex1,Acss2,

Acot12,Nadsyn1,Acot4,Afg1l,Acot6,Cyb5r4

9 GO:0043931 Ossification involved in bone maturation 2.63 3/20 Rhoa,Ryr1,Rflna

GO:0070977 Bone maturation 2.51 3/22 Rhoa,Ryr1,Rflna

mmu04921 Oxytocin signaling pathway 2.32 7/153 Adcy6,Rhoa,Kcnj12,Kcnj5,Ryr1,Cacna1f,Raf1

GO:0048799 Animal organ maturation 2.30 3/26 Rhoa,Ryr1,Rflna

10 GO:0036336 Dendritic cell migration 2.63 3/20 Slamf8,Dock8,Gpr183

11 GO:0000271 Polysaccharide biosynthetic process 2.46 5/75 Igf2,Tgfb1,Extl3,Pask,B3gnt6

12 GO:0035813 Regulation of renal sodium excretion 2.40 3/24 Edn1,Anpep,Corin

GO:0035812 Renal sodium excretion 2.30 3/26 Edn1,Anpep,Corin

13 GO:0090305 Nucleic acid phosphodiester bond hydrolysis 2.36 6/113 Endog,Parn,Mei4,Dxo,Fan1,Edc3

14 GO:1903671 Negative regulation of sprouting angiogenesis 2.35 3/25 Rhoa,Klf2,E2f2

15 GO:0030728 Ovulation 2.35 3/25 Inhbb,Pgr,Gpr149

16 GO:0072337 Modified amino acid transport 2.35 3/25 Slc22a21,Slc6a8,Slc5a6

GO and KEGG terms  in Reactome knowledgebase (https://reactome.org/)  enriched in the differentially expressed genes in prion-infected CxN at 21 dpi (-LogP > 2.3, equivalent to p < 

0.005). The enriched terms were hierarchically clustered based on their gene memberships by Metascape (http://metascape.org), and representative terms in each cluster are listed with 

accession numbers, brief descriptions, and the numbers and names of genes in a data list of the differentially expressed genes used for the analysis.
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Table II-2-3. GO terms enriched in genes differentially expressed (|FC|≥1.25) in prion-infected ThN at 14dpi

Cluster Term Description -LogP
InTerm

/InList
Genes in list

1 GO:0006066 Alcohol metabolic process 4.23 14/314 Pcbd1,Dpm1,Gpd1,Ntsr1,Sord,Hnf1a,Dhrs4,Angptl3,Tm7sf2,

Akr7a5,Acer2,Disp3,Ip6k3,Gm9745

GO:1901615 Organic hydroxy compound metabolic process 3.76 17/481 Pcbd1,Dpm1,Gpd1,Ntsr1,Sord,Hnf1a,Slc27a2,Dhrs4,Slco1a6,

Angptl3,Tm7sf2,Akr7a5,Acer2,Disp3,Ip6k3,Rtl4,Gm9745

GO:0044283 Small molecule biosynthetic process 2.70 18/652 Cnp,Pcbd1,Gpd1,Ntsr1,Sord,Sephs2,Hnf1a,Nr1h2,Slc27a2,Nupr1,

Coq10b,Hacd2,Tm7sf2,Acly,Acer2,Ip6k3,Gm9745,Gm3839

GO:0019751 Polyol metabolic process 2.38 6/118 Pcbd1,Ntsr1,Sord,Angptl3,Acer2,Ip6k3

2 R-MMU-212436 Generic Transcription Pathway 3.39 21/717 Ccne2,Kras,Mnat1,Ncor2,Supt4a,Nr1h2,Skp2,Sfn,Zfp235,Yeats4,

Taf12,Rffl,Tmem219,Med6,Dek,Zfp809,Hist1h3c,Hist1h2ap,

Hist1h2af,Hist1h2bh,Zfp967

R-MMU-212165 Epigenetic regulation of gene expression 2.49 6/112 Phf1,Dek,Hist1h3c,Hist1h2ap,Hist1h2af,Hist1h2bh

R-MMU-212300 PRC2 methylates histones and DNA 2.48 5/78 Phf1,Hist1h3c,Hist1h2ap,Hist1h2af,Hist1h2bh

3 GO:0000079 Regulation of cyclin-dependent protein serine/threonine kinase activity 2.63 5/72 Ccne2,Mnat1,Cdc6,Sfn,Bccip

R-MMU-69052 Switching of origins to a post-replicative state 2.62 4/44 Ccne2,Mcm7,Cdc6,Skp2

GO:1904029 Regulation of cyclin-dependent protein kinase activity 2.53 5/76 Ccne2,Mnat1,Cdc6,Sfn,Bccip

R-MMU-68949 Orc1 removal from chromatin 2.41 3/25 Mcm7,Cdc6,Skp2

4 GO:0010876 Lipid localization 2.49 12/371 Ntsr1,Hnf1a,Tex2,Nr1h2,Esyt1,Slc27a2,Slco1a6,Angptl3,Osbpl9,

Atp8b5,Serac1,Rft1

GO:0006869 Lipid transport 2.42 11/331 Ntsr1,Hnf1a,Tex2,Nr1h2,Esyt1,Slc27a2,Slco1a6,Osbpl9,Atp8b5,

Serac1,Rft1

5 GO:0009101 Glycoprotein biosynthetic process 2.48 10/278 Dpm1,Galnt3,Hs3st1,Alg2,Krtcap2,B3galnt2,Acot8,Hs3st2,Acer2,

Gal3st4

GO:1901137 Carbohydrate derivative biosynthetic process 2.30 16/601 Dpm1,Galnt3,Gpd1,Hs3st1,Nupr1,Alg2,Krtcap2,Pigx,B3galnt2,Acly,

Acot8,Hs3st2,Gmds,Acer2,Gal3st4,Gm3839

6 GO:0046486 Glycerolipid metabolic process 2.47 11/326 Dpm1,Fgf7,Gpd1,Nr1h2,Angptl3,Pi4k2b,Gdpd3,Pigx,Serinc5,Ip6k3,

Serac1

7 R-MMU-163125 Post-translational modification: synthesis of GPI-anchored proteins 2.36 5/83 Dpm1,Ceacam9,Prnd,Pigx,Art3

GO and KEGG terms in Reactome knowledgebase (https://reactome.org/) enriched in the differentially expressed genes in prion-infected ThN at 14 dpi (-LogP > 2.3, equivalent to p <

0.005). The enriched terms were hierarchically clustered based on their gene memberships by Metascape (http://metascape.org), and representative terms in each cluster are listed with

accession numbers, brief descriptions, and the numbers and names of genes in a data list of the differentially expressed genes used for the analysis.

Table II-2-4. GO terms enriched in genes differentially expressed (|FC|≥1.25) in prion-infected ThN at 21dpi

Cluster Term Description -LogP
InTerm

/InList
Genes in list

1 GO:2000010 Positive regulation of protein localization to cell surface 4.11 5/22 Cd247,Erbb4,Commd1,Abca7,Rangrf

GO:2000008 Regulation of protein localization to cell surface 3.70 6/41 Cd247,Cdh1,Erbb4,Commd1,Abca7,Rangrf

GO:0034394 Protein localization to cell surface 2.59 6/66 Cd247,Cdh1,Erbb4,Commd1,Abca7,Rangrf

2 GO:0060314 Regulation of ryanodine-sensitive calcium-release channel activity 3.55 4/16 Dmd,Fkbp1b,Pkd2,Jsrp1

3 mmu05203 Viral carcinogenesis 3.41 14/231 Cdkn2b,Atf6b,Egr2,Egr3,H2-Q10,H2-Q4,H2-T22,Hdac3,Rbl1,Rbl2,

Hist1h4d,Hist1h4n,Hist1h2bm,Hist4h4

R-MMU-212165 Epigenetic regulation of gene expression 2.60 8/112 Aebp2,Myo1c,Polr1a,Cd3eap,Hist1h4d,Hist1h4n,Hist1h2bm,Hist4h4

R-MMU-73772 RNA Polymerase I Promoter Escape 2.47 7/93 Ercc3,Polr1a,Cd3eap,Hist1h4d,Hist1h4n,Hist1h2bm,Hist4h4

R-MMU-5250913 Positive epigenetic regulation of rRNA expression 2.44 7/94 Myo1c,Polr1a,Cd3eap,Hist1h4d,Hist1h4n,Hist1h2bm,Hist4h4

R-MMU-5250924 B-WICH complex positively regulates rRNA expression 2.44 7/94 Myo1c,Polr1a,Cd3eap,Hist1h4d,Hist1h4n,Hist1h2bm,Hist4h4

GO:0045653 Negative regulation of megakaryocyte differentiation 2.30 3/17 Hist1h4d,Hist1h4n,Hist4h4

4 GO:0046697 Decidualization 3.15 4/20 Cdh1,Il11ra1,Ptgis,Ash1l

GO:0001893 Maternal placenta development 2.42 4/31 Cdh1,Il11ra1,Ptgis,Ash1l

5 GO:0034655 Nucleobase-containing compound catabolic process 3.14 20/426 Rida,Khk,Ppara,Zfp36,Nt5e,Esrrb,Lsm4,Zbtb20,Exosc3,Nudt16l1,

Rnaseh2c,Exosc8,Brf1,Gale,Nudt17,Csdc2,Mettl14,Dcp1b,Lin28b,

Gm5519

GO:0044270 Cellular nitrogen compound catabolic process 2.63 20/470 Rida,Khk,Ppara,Zfp36,Nt5e,Esrrb,Lsm4,Zbtb20,Exosc3,Nudt16l1,

Rnaseh2c,Exosc8,Brf1,Gale,Nudt17,Csdc2,Mettl14,Dcp1b,Lin28b,

Gm5519

GO:0046700 Heterocycle catabolic process 2.57 20/476 Rida,Khk,Ppara,Zfp36,Nt5e,Esrrb,Lsm4,Zbtb20,Exosc3,Nudt16l1,

Rnaseh2c,Exosc8,Brf1,Gale,Nudt17,Csdc2,Mettl14,Dcp1b,Lin28b,

Gm5519

GO:0019439 Aromatic compound catabolic process 2.48 20/485 Rida,Khk,Ppara,Zfp36,Nt5e,Esrrb,Lsm4,Zbtb20,Exosc3,Nudt16l1,

Rnaseh2c,Exosc8,Brf1,Gale,Nudt17,Csdc2,Mettl14,Dcp1b,Lin28b,

Gm5519

GO:0006733 Oxidoreduction coenzyme metabolic process 2.37 10/177 Khk,Ppara,Esrrb,Zbtb20,Rpe,Nmnat3,Gale,Nudt17,Nmrk1,Coq4

GO:0006401 RNA catabolic process 2.32 12/239 Rida,Zfp36,Lsm4,Exosc3,Nudt16l1,Rnaseh2c,Exosc8,Brf1,Csdc2,

Mettl14,Dcp1b,Lin28b

6 GO:0008356 Asymmetric cell division 3.07 4/21 Sox5,Tead3,Etv5,Insc

GO:0098722 Asymmetric stem cell division 2.88 3/11 Sox5,Tead3,Etv5

GO:0017145 Stem cell division 2.38 5/51 Fzd7,Sox5,Tead3,Esrrb,Etv5

7 GO:0009650 UV protection 3.01 3/10 Cat,Ercc3,Mfap4

8 GO:0060346 Bone trabecula formation 2.88 3/11 Col1a1,Thbs3,Grem1

GO:0060343 Trabecula formation 2.64 4/27 Col1a1,Tgfbr3,Thbs3,Grem1

GO:0061430 Bone trabecula morphogenesis 2.46 3/15 Col1a1,Thbs3,Grem1

9 GO:0050678 Regulation of epithelial cell proliferation 2.81 17/358 Cdh1,Cdkn2b,Egr3,Erbb4,Fzd7,Hes5,Rida,Nkx3-1,Scn5a,Tgfbr3,

Ift88,Zfp36,Srsf6,Pbld1,Marveld3,Esrp2,Iqgap3

GO:0050673 Epithelial cell proliferation 2.39 18/426 Cdh1,Cdkn2b,Egr3,Erbb4,Fzd7,Hes5,Rida,Nkx3-1,Scn5a,Tgfbr3,

Ift88,Zfp36,Ncstn,Srsf6,Pbld1,Marveld3,Esrp2,Iqgap3

10 GO:0035051 Cardiocyte differentiation 2.75 11/184 Parp2,Folr1,Fzd7,Hdac3,Sik1,Pdgfrb,Ppara,Tgfbr3,Ift88,Grem1,

Pbrm1

GO:2000725 Regulation of cardiac muscle cell differentiation 2.49 5/48 Parp2,Fzd7,Hdac3,Ppara,Grem1

11 GO:0048505 Regulation of timing of cell differentiation 2.55 3/14 Hes5,Sox5,Nr2e1

GO:0040034 Regulation of development, heterochronic 2.38 3/16 Hes5,Sox5,Nr2e1

12 mmu04974 Protein digestion and absorption 2.55 7/90 Col4a5,Col6a2,Col1a1,Eln,Slc1a1,Slc7a8,Slc15a1

13 GO:0045292 mRNA cis splicing, via spliceosome 2.52 4/29 Srsf2,Srsf6,Srsf7,Gm12355

R-MMU-159236 Transport of Mature mRNA derived from an Intron-Containing Transcript 2.46 6/70 Ranbp2,Srsf2,Thoc7,Srsf6,Srsf7,Gm8994

14 GO:0032370 Positive regulation of lipid transport 2.49 6/69 Commd1,Nkx3-1,Sstr4,Pla2g10,Abca7,Cyp4f18

GO:0032305 Positive regulation of icosanoid secretion 2.30 3/17 Sstr4,Pla2g10,Cyp4f18

15 R-MMU-180024 DARPP-32 events 2.46 3/15 Prkar2b,Ppp2r1b,Pde4c

16 R-MMU-450513 Tristetraprolin (TTP, ZFP36) binds and destabilizes mRNA 2.46 3/15 Zfp36,Exosc3,Exosc8

GO:0034661 ncRNA catabolic process 2.32 4/33 Exosc3,Nudt16l1,Exosc8,Lin28b

17 GO:0015669 Gas transport 2.46 3/15 Aqp1,Car2,Ngb

18 GO:0000079 Regulation of cyclin-dependent protein serine/threonine kinase activity 2.40 6/72 Ccng2,Ccni,Cdkn2b,Pkd2,Cdc6,Psmd10

19 GO:0099638 Endosome to plasma membrane protein transport 2.38 3/16 Commd1,Trarg1,Lrrc7

20 GO:0006359 Regulation of transcription by RNA polymerase III 2.38 3/16 Ell,Maf1,Brf1

GO and KEGG terms in Reactome knowledgebase (https://reactome.org/) enriched in the differentially expressed genes in prion-infected ThN at 21 dpi (-LogP > 2.3, equivalent to p <

0.005). The enriched terms were hierarchically clustered based on their gene memberships by Metascape (http://metascape.org), and representative terms in each cluster are listed with

accession numbers, brief descriptions, and the numbers and names of genes in a data list of the differentially expressed genes used for the analysis.
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II-iii. Prediction of influence of prion infection on biological pathways and functions. 

The GO analysis revealed that alterations in gene expression induced neuron-

autonomously by PrPSc production were involved in several biological functions including 

immune processes, neurofunctions, the lipid metabolism and the protein translocation to the 

membrane. To interpret and/or speculate influences of prion-induced differentially expressed 

genes on biological functions in neurons, I used the Ingenuity Pathway Analysis (IPA). The IPA 

can identify canonical pathways and biological functions & diseases that are most relevant to 

the gene set, which is similar to the GO enrichment analysis though IPA uses its original terms 

(canonical pathways and diseases & functions) in the IPA knowledgebase. In addition to such 

an enrichment analysis, IPA predicts activation states of the pathways and the functions by 

computing the activation z-score statistically based on alterations in expressions of the gene set. 

Basically, positive z-score means predicted activation, whereas negative z-score means 

predicted inhibition of the pathways and functions.  

The IPA analysis using the data set of differentially expressed genes in prion-infected 

CxNs at 14 dpi (|FC| ≥ 1.25) showed canonical pathways significantly associated with prion-

related changes in the gene expression (Figure II-4-1A). Sumoylation pathway was the only 

pathway that was predicted to be slightly activated (z = 1.34) as the significantly enriched 

canonical pathways in CxNs at 14 dpi (p < 0.05). IPA predicted activation/inhibition of 2 

canonical pathways that are related to cytoskeleton organization and neurite outgrowth, 

RhoGDI signaling (z = -2.00) and signaling by Rho family GTPase (z = 1.34), although their 

enrichments were not statistically significant (p > 0.05). RhoGDI functions as an inhibitory 

regulator of Rho family GTPase proteins [172] so that negative regulation of the RhoGDI 

signaling may also contribute to the activation of the Rho GTPase signaling [173].  

The diseases and functions (D&F) analysis tool of the IPA displayed enriched 

physiological and pathological functions in prion-infected CxNs at 14 dpi (Figure II-4-1B). The  



Ingenuity Canonical Pathways -logP z-score

Salvage Pathways of Pyrimidine Deoxyribonucleotides 2.36

Tight Junction Signaling 1.61

UVA-Induced MAPK Signaling 1.55

Sumoylation Pathway 1.55 1.34

Apelin Cardiomyocyte Signaling Pathway 1.55 0.00

Pyrimidine Ribonucleotides Interconversion 1.51

GPCR-Mediated Integration of Enteroendocrine Signaling 

exemplified by an L Cell

1.46

Alanine Degradation III 1.46

Alanine Biosynthesis II 1.46

L-cysteine Degradation III 1.46

GDP-L-fucose Biosynthesis II (from L-fucose) 1.46

Pyrimidine Ribonucleotides De Novo Biosynthesis 1.45

Retinoic acid Mediated Apoptosis Signaling 1.38

D-myo-inositol-5-phosphate Metabolism 1.33 -0.82

FAT10 Cancer Signaling Pathway 1.33

RhoGDI Signaling 0.72 -2.00

Signaling by Rho Family GTPases 0.63 1.34

Diseases or Functions Annotation -logP z-score

Cell death of lymphoid organ 2.82 1.01

Loss of hair 2.50 -1.03

Apoptosis of lymphoid organ 2.07 1.59

Apoptosis of thymocytes 1.92 1.36

Hyperplasia of exocrine gland 1.77 -1.07

Eating Disorders 1.77 1.99

Cell death of macrophage cancer cell lines 1.75 1.07

Disorder of hair 1.69 -1.03

Apoptosis of cardiomyocytes 1.67 -1.11

Binding of T lymphocytes 1.61 -1.13

Transport of heavy metal 1.59 -1.02

T cell homeostasis 1.54 1.28

Differentiation of T lymphocytes 1.50 1.50

Conversion of lipid 1.50 1.09

z-score

-2 -1 0 1 2

(A)

(B)

z-score

-2 -1 0 1 2

Figure II-4-1. Biological characterization of genes differentially expressed (|FC| ≥ 1.25) in prion-

infected CxN at 14 dpi.

(A) Top canonical pathways determined by IPA using genes differentially expressed with |FC| ≥ 1.25

in prion-infected CxN at 14 dpi. All the pathways that have p values less than 0.05 (-logP > 1.3) in

enrichment analysis are listed above the broken line. In addition, pathways which absolute values of the

activated z-score are above 1.3 with –logP ≤ 1.3 (p > 0.05) are added to the bottom of the list. The

activation z-score is a statistical quantity computed by IPA to infer activation states of biological

functions. Positive z-score (orange) means predicted activation of the pathway, whereas negative z-

score (blue) means predicted inhibition/repression of the pathway. Blanks in the column of z-score

indicate that z-score for these pathways were not able to be culculatged from the data set. (B) Diseases

and functions (-logP > 1.3 and |z| ≥ 1.0) determined by IPA using genes differentially expressed in

prion-infected CxN at 14 dpi. The z-scores and color intensities indicate the same prediction as

described in (A).
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enriched D&F annotations were similar to the enriched biological process GO terms (Table II-

2-1). In relation to “lymphocyte apoptotic process” (GO:0070227), IPA predicted a trend toward 

activation of several D&F related to cell death and homeostasis of lymphoid tissues and cells 

such as “apoptosis of lymphoid organ” (z = 1.59), “apoptosis of thymocytes” (z = 1.36) and 

“differentiation of T lymphocytes” (z = 1.50) (Figure II-4-1B). The D&F analysis also predicted 

activation of “eating disorders” with largest absolute value of z-score (z = 1.99), which seemed 

to be related to the enriched GO term “regulation of behavior”. The activation of “eating 

disorders” is of interest since Obihiro-infected ICR mice show temporary gaining body weight 

just before the onset of ataxia (unpublished data). 

At 21dpi, IPA canonical pathway analysis showed enrichment of the differentially 

expressed genes (|FC| ≥ 1.25) in the pathways related to F-actin formation, cytoskeletal 

reorganization, and axon guidance (Figure II-4-2A). Of those enriched canonical pathways, IPA 

predicted activation of G beta gamma signaling (z = 1.89) which regulates cellular functions 

such as endocytosis, cell survival and neuronal signaling starting from stimulation of G protein-

coupled receptors (GPCRs). Several GPCR-downstream pathways such as PI3K signaling (z = 

1.34), GCPR-mediated nutrient sensing in enteroendocrine cells (z = 0.82), and Cdc42 signaling 

(z = -2.00, however, the enrichment was not significant), were also included in the output of the 

canonical pathway analysis. These signaling pathways are associated with cytoskeletal 

reorganization and the neurite outgrowth [174, 175]. Activation of synaptic long-term 

depression pathway (z = 1.41) was also predicted in prion-infected CxNs at 21 dpi. The D&F 

analysis showed predicted activation of proliferation of immune cells (z = 1.54) simultaneously 

as cell death of T lymphocytes (z = 1.63), and injury of cells (z = 2.00) (Figure II-4-2B). 

As for ThNs at 14 dpi, IPA showed enrichment of the differentially expressed genes (|FC| 

≥ 1.25) in those regulating a canonical pathway named fatty acid activation (z = 1.37), which 

may be associated with the result of the GO enrichment analysis that showed enrichment in  



z-score

-2 -1 0 1 2

Ingenuity Canonical Pathways -logP z-score

Virus Entry via Endocytic Pathways 2.55

Acetate Conversion to Acetyl-CoA 2.49

Ephrin A Signaling 2.36

NAD Biosynthesis from 2-amino-3-carboxymuconate 

semialdehyde

2.28

Caveolar-mediated Endocytosis Signaling 2.19

G Beta Gamma Signaling 2.13 1.89

FcγRIIB Signaling in B Lymphocytes 2.08

CTLA4 Signaling in Cytotoxic T Lymphocytes 1.92

nNOS Signaling in Skeletal Muscle Cells 1.85

Netrin Signaling 1.76 1.34

Cell Cycle: G1/S Checkpoint Regulation 1.76 2.00

Role of Tissue Factor in Cancer 1.76

Molecular Mechanisms of Cancer 1.74

Prostanoid Biosynthesis 1.66

PD-1, PD-L1 cancer immunotherapy pathway 1.65 0.00

Integrin Signaling 1.64 -0.38

NAD biosynthesis II (from tryptophan) 1.58

Actin Cytoskeleton Signaling 1.58 0.33

Role of NFAT in Cardiac Hypertrophy 1.58 0.33

Synaptic Long-Term Depression 1.53 1.41

Cytotoxic T Lymphocyte-mediated Apoptosis of Target cells 1.52

p70S6K Signaling 1.51 0.00

Endocannabinoid Neuronal Synapse Pathway 1.51 0.38

Macropinocytosis Signaling 1.50

Germ Cell-Sertoli Cell Junction Signaling 1.42

Calcium Signaling 1.38 1.00

PI3K Signaling in B Lymphocytes 1.38 1.34

Glioma Signaling 1.36

HER-2 Signaling in Breast Cancer 1.36

GPCR-Mediated Nutrient Sensing in Enteroendocrine Cells 1.34 0.82

Dolichol and Dolichyl Phosphate Biosynthesis 1.33

Granzyme B Signaling 1.32

Autophagy 1.32

Opioid Signaling Pathway 1.25 1.67

Glioblastoma Multiforme Signaling 1.05 -1.34

Role of NFAT in Regulation of the Immune Response 0.96 1.34

Sphingosine-1-phosphate Signaling 0.92 -1.34

D-myo-inositol-5-phosphate Metabolism 0.86 1.63

Cdc42 Signaling 0.67 -2.00

3-phosphoinositide Degradation 0.58 2.24

Senescence Pathway 0.57 -1.63

3-phosphoinositide Biosynthesis 0.51 1.34

D-myo-inositol (1,4,5,6)-Tetrakisphosphate Biosynthesis 0.42 2.00

D-myo-inositol (3,4,5,6)-tetrakisphosphate Biosynthesis 0.42 2.00

Diseases or Functions Annotation -logP z-score

Reperfusion injury 2.41 2.16

Thrombus 2.12 -1.40

Inflammation of muscle 1.92 1.11

Activation of T lymphocytes 1.88 1.18

Proliferation of immune cells 1.88 1.54

Apoptosis of T lymphocytes 1.80 1.38

Cell death of T lymphocytes 1.80 1.63

Pericardial effusion 1.78 -1.13

Proliferation of lymphocytes 1.75 1.39

Injury of cells 1.74 2.00

Development of body trunk 1.73 1.46

Metabolism of hormone 1.72 -1.39

Quantity of metal ion 1.59 -1.45

Activation of lymphocytes 1.54 1.43

Differentiation of B lymphocytes 1.50 1.95

Development of body axis 1.44 -1.34

Inflammation of airway 1.44 1.07

Quantity of islet cells 1.44 -1.17

Proliferation of progenitor cells 1.42 -1.43

Development of head 1.39 -1.34

Differentiation of T lymphocytes 1.37 -1.05

Synthesis of hormone 1.36 -1.39

Figure II-4-2. Biological characterization of genes differentially expressed (|FC| ≥ 1.25) in prion-

infected CxN at 21 dpi.

(A) Top canonical pathways determined by IPA using genes differentially expressed with |FC| ≥ 1.25

in prion-infected CxN at 21 dpi. All the pathways that have p values less than 0.05 (-logP > 1.3) in

enrichment analysis are listed above the broken line. In addition, pathways which absolute values of the

activated z-score are above 1.3 with –logP ≤ 1.3 (p > 0.05) are added to the bottom of the list. (B)

Diseases and functions (-logP > 1.3 and |z| ≥ 1.0) determined by IPA using genes differentially

expressed in prion-infected CxN at 21 dpi.

z-score

-2 -1 0 1 2

(A) (B)
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lipid metabolism-related GO terms (Table II-2-3 & 2-4). Although the canonical pathway 

analysis suggested that there was no enriched pathway predicted to be activated or inhibited in 

prion-infected ThN at 14 dpi (Figure II-4-3A), the D&F analysis using the data set of ThNs at 

14 dpi predicted activation of proliferation of central nervous system cells (z = 2.40) and 

cognitive impairment (z = 2.21) (Figure II-4-3B). Differentially expressed genes involved in 

regulation of the proliferation of central nervous system cells were App (FC = 1.19), Ctf2 (FC 

= 25.93), Kif26a (FC = −1.20), Kras (FC = 1.36), Ncor2 (FC = 1.31), Neto2 (FC = 1.14), Nr1h2 

(FC = −1.44), Wnt7a (FC = 1.96). Genes included the data set that had regulatory influence on 

the predicted activation of the cognitive impairment were Ace, App, Dlg3, Fxr2, Ip6k3, Kcnj11, 

Lcmt1, Pcp4, Ppme1, Ptpra, Ptprf, Rtl4, and Trpm2. IPA did not predict activation of pathways 

or functions related to the synthesis of GPI-anchored proteins, which was suggested by the GO 

enrichment analysis (Table II-2-3). 

Canonical pathways predicted activation of nucleotide excision repair (NER) pathway (z 

= 2.33) which is usually induced by DNA damage caused by UV radiation or DNA-reactive 

chemical compounds, in prion-infected ThNs at 21dpi. Although the enrichment was not 

significant, several pathways related to lipid metabolism, neuronal functions, and cytoskeletal 

organization might be associated with possible prion-induced neuronal damages were predicted 

to be activated; PPARα/RXRα activation pathway (z = 2.83) might be related to the regulation 

of lipid homeostasis, the pigment epithelium derived factor (PEDF) signaling (z = −2.00) which 

promotes survival of neurons by inducing anti-apoptotic and neurotrophic factors. The D&F 

analysis predicted activation of proliferation of neural stem cells (z = 1.68) and pluripotency of 

cells (z = 1.95), suggesting the proliferation of immature neural cells in the prion-infected ThNs. 

In addition, it is of interest that brain function-related D&F, cognition (z = −1.11) and contextual 

conditioning (z = −1.70), tended to be repressed (Figure II-4-4). 

  



z-score

-2 -1 0 1 2

Ingenuity Canonical Pathways -logP z-score

Acetyl-CoA Biosynthesis III (from Citrate) 1.59

Sorbitol Degradation I 1.59

Fatty Acid Activation 1.37

Agrin Interactions at Neuromuscular Junction 1.36 1.00

Gα12/13 Signaling 1.34 0.38

Dolichol and Dolichyl Phosphate Biosynthesis 1.30

GDP-L-fucose Biosynthesis I (from GDP-D-mannose) 1.30

NRF2-mediated Oxidative Stress Response 1.04 2.00

JAK/Stat Signaling 0.82 2.00

VEGF Family Ligand-Receptor Interactions 0.80 2.00

Renin-Angiotensin Signaling 0.75 2.00

Ceramide Signaling 0.75 2.00

PDGF Signaling 0.75 2.00

p70S6K Signaling 0.64 2.00

NER Pathway 0.59 -2.00

NF-κB Signaling 0.56 2.45

CDK5 Signaling 0.55 2.00

Rac Signaling 0.51 2.00

Fc Epsilon RI Signaling 0.48 2.00

Superpathway of Inositol Phosphate Compounds 0.45 1.63

Synaptogenesis Signaling Pathway 0.44 1.67

14-3-3-mediated Signaling 0.40 2.00

P2Y Purigenic Receptor Signaling Pathway 0.40 2.00

Glioblastoma Multiforme Signaling 0.40 2.24

Phospholipase C Signaling 0.39 1.63

Acute Phase Response Signaling 0.37 2.24

Cardiac Hypertrophy Signaling (Enhanced) 0.37 2.31

Colorectal Cancer Metastasis Signaling 0.35 1.89

D-myo-inositol (1,4,5,6)-Tetrakisphosphate Biosynthesis 0.35 2.00

D-myo-inositol (3,4,5,6)-tetrakisphosphate Biosynthesis 0.35 2.00

3-phosphoinositide Degradation 0.28 2.00

PKCθ Signaling in T Lymphocytes 0.28 2.00

D-myo-inositol-5-phosphate Metabolism 0.28 2.00

Synaptic Long-Term Depression 0.00 2.00

IL-8 Signaling 0.00 2.00

Cardiac Hypertrophy Signaling 0.00 2.24

GNRH Signaling 0.00 2.00

CREB Signaling in Neurons 0.00 2.00

Role of NFAT in Cardiac Hypertrophy 0.00 2.24

Adrenomedullin signaling pathway 0.00 2.00

Hepatic Fibrosis Signaling Pathway 0.00 1.67

Diseases or Functions Annotation -logP z-score

Glycolysis of cells 2.35 1.41

Activation of microglia 2.10 1.18

Expansion of lymphoid organ 1.88 1.12

Quantity of double-negative T lymphocyte 1.85 -2.22

Proliferation of central nervous system cells 1.67 2.40

Quantity of kidney 1.59 -2.16

Cognitive impairment 1.48 2.21

Release of metal 1.47 1.11

Quantity of epithelial cells 1.34 1.09

Quantity of nephron 1.31 -1.98

Figure II-4-3. Biological characterization of genes differentially expressed (|FC| ≥ 1.25) in prion-

infected ThN at 14 dpi.

(A) Top canonical pathways determined by IPA using genes differentially expressed with |FC| ≥ 1.25

in prion-infected ThN at 14 dpi. All the pathways that have p values less than 0.05 (-logP > 1.3) in

enrichment analysis are listed above the broken line. In addition, pathways which absolute values of the

activated z-score are above 1.3 with –logP ≤ 1.3 (p > 0.05) are added to the bottom of the list. (B)

Diseases and functions (-logP > 1.3 and |z| ≥ 1.0) determined by IPA using genes differentially

expressed in prion-infected ThN at 14 dpi.

z-score

-2 -1 0 1 2

(A)

(B)
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z-score

-2 -1 0 1 2

Ingenuity Canonical Pathways -logP z-score

DNA Methylation and Transcriptional Repression Signaling 3.49

Cell Cycle: G1/S Checkpoint Regulation 2.42 -0.45

Oxidized GTP and dGTP Detoxification 2.33

Remodeling of Epithelial Adherens Junctions 1.87

NAD Salvage Pathway III 1.83

Wnt/β-catenin Signaling 1.76 0.30

NER Pathway 1.74 2.33

tRNA Splicing 1.64 -0.45

Triacylglycerol Degradation 1.56 1.34

Thioredoxin Pathway 1.53

Lipoate Salvage and Modification 1.40

UDP-N-acetyl-D-galactosamine Biosynthesis I 1.40

CTLA4 Signaling in Cytotoxic T Lymphocytes 1.37

OX40 Signaling Pathway 1.35

UDP-N-acetyl-D-galactosamine Biosynthesis II 1.32

PPARα/RXRα Activation 0.53 2.83

PEDF Signaling 0.39 -2.00

CDK5 Signaling 0.39 2.24

Dendritic Cell Maturation 0.35 -1.89

Sirtuin Signaling Pathway 0.30 1.67

LPS/IL-1 Mediated Inhibition of RXR Function 0.00 -2.00

Role of NFAT in Regulation of the Immune Response 0.00 -2.45

Endocannabinoid Neuronal Synapse Pathway 0.00 -2.00

Synaptogenesis Signaling Pathway 0.00 1.67

White Adipose Tissue Browning Pathway 0.00 2.24

Hepatic Fibrosis Signaling Pathway 0.00 -1.67

Diseases or Functions Annotation -logP z-score

Uptake of Ca2+ 2.44 2.19

Proliferation of neural stem cells 2.38 1.68

Binding of glycosaminoglycan 2.22 -1.17

Pluripotency of cells 2.06 1.95

Weight loss 1.75 -2.78

Cognition 1.69 -1.11

Death of embryo 1.67 -2.01

Proliferation of CD4+ T-lymphocytes 1.55 1.09

Oxidative stress 1.55 1.12

Contextual conditioning 1.54 -1.70

Transport of heavy metal 1.49 1.28

Lymphoma 1.44 1.24

Entry into cell cycle progression 1.43 -1.98

Figure II-4-4. Biological characterization of genes differentially expressed (|FC| ≥ 1.25) in prion-

infected ThN at 21 dpi.

(A) Top canonical pathways determined by Ingenuity Pathway Analysis (IPA, QIAGEN) using genes

differentially expressed with |FC| ≥ 1.25 in prion-infected ThN at 21 dpi. All the pathways that have p

values less than 0.05 (-logP > 1.3) in enrichment analysis are listed above the broken line. In addition,

pathways which absolute values of the activated z-score are above 1.3 with –logP ≤ 1.3 (p > 0.05) are

added to the bottom of the list. (B) Diseases and functions (-logP > 1.3 and |z| ≥ 1.0) determined by

IPA using genes differentially expressed in prion-infected ThN at 21 dpi.

(A)

(B)

z-score

-2 -1 0 1 2
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In this study, I identified 108 genes that may reflect primary, and autonomous responses 

of neurons to the generation of PrPSc. Bioinformatic analyses using GO and IPA did not suggest 

any canonical pathways or biological functions that are directly related to the neuronal cell 

death and neurodegeneration. However, transcriptome analyses suggest further research targets 

on neuron-autonomous changes by prion propagation, such as cellular functions related to the 

lipid metabolism and transport, and reorganization of cytoskeleton. 
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SUMMARY 

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 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. Bioinformatic analyses of differentially 

expressed genes using GO and IPA analyses 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. 
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CONCLUSION 

Conversion of PrPC into PrPSc 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 PrPSc 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. PrPSc 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 PrPSc and p-PERK, 

the early cellular response of the PERK-eIF2α pathway, demonstrated a positive correlation 

between the number of PrPSc 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-eIF2α pathway. These results suggest that PrPSc 

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 
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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 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 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 my doctoral research, 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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和文抄録 

 

神経細胞内での正常型プリオンタンパク質（PrPC）から異常型プリオンタンパク質（PrPSc）

への構造転換は、プリオン病において鍵となる病態生理学的事象のひとつである。神経細胞での

プリオン増殖は、それ自体がプリオン病の神経病理における重要なイベントであると考えられて

いるが、プリオンの増殖に対する真の神経細胞応答については十分に理解されていない。その一

因として、プリオン感染と PrPScの新規産生に対する神経細胞自律的な応答の解析に適した実験系

が確立されていないことが挙げられる。私は、4 週以上にわたってアストロサイトの増殖が抑制

されるよう改良した神経細胞エンリッチメント法を用いて、マウス胎仔大脳皮質および視床の初

代培養神経細胞を作出してきた。この初代培養神経細胞はプリオンの感染に感受性であり、産生

される PrPScはマウス生体で産生される PrPScと形態的・生化学的に類似した特徴を示した。そこ

で本研究ではこの初代培養系を用いて、プリオン感染に対する神経細胞自律的応答を解析した。 

第一章では、大脳皮質および視床由来初代培養神経細胞にプリオンを感染させた時の神

経細胞の変化を解析した。初代培養神経細胞で産生される PrPScは経時的に増加したものの、これ

に伴う明らかな神経細胞数の減少や神経突起密度の低下は認められなかった。小胞体ストレス応

答である Unfolded protein response (UPR) の PERK-eIF2αシグナリング経路の活性化状態について、

個々の神経細胞を免疫染色により詳細に解析したところ、大脳皮質由来神経細胞では PrPScとリン

酸化 PERKの染色シグナル数が正の相関を示し、PrPSc産生による PERKリン酸化の促進が示唆さ

れた。しかし、PERK リン酸化に続く下流シグナルの活性化およびシナプスタンパク質翻訳抑制

は認められなかった。これらの結果は、神経細胞における PrPScの産生は直接に小胞体ストレスを

惹起し、PERK-eIF2αシグナリングの初期段階を神経細胞自律的に活性化させるが、UPR の完全

な活性化には不十分であることを示している。 

第二章では、プリオン感染初代培養神経細胞のトランスクリプトームの変化から神経細

胞自律的応答を解析した。プリオン感染により発現変動を示した遺伝子の Gene Ontology 解析お

よび Ingenuity Pathway Analysis を用いたパスウェイ解析では、神経変性や神経細胞死に直接つな

がるシグナル経路や生物学的機能の活性化は予測されなかった。この結果は第一章の解析結果と
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一致して、初代培養神経細胞でのプリオンの増殖に対する神経自律的応答は、神経細胞死に至る

プロセスを完全には活性化しないことを示唆している。一方で、神経変性や神経細胞死に直接の

関連は認められないものの、プリオン感染神経細胞において細胞骨格リモデリング、脂質代謝に

関連するシグナル経路や生物学的機能が変化することが示唆された。トランスクリプトーム解析

により、プリオン感染神経細胞において細胞・生物機能の劇的な変化は神経細胞自律的には生じ

ないことが示されたが、このプリオン感染初代培養神経細胞の網羅的遺伝子発現変動データはプ

リオン病の神経変性メカニズムを理解するうえで今後も有効に活用されるものと考えている。 

この学位論文では、プリオン病における神経細胞自律的な神経変性メカニズムの解明に

向けて種々の解析に取り組み、プリオンの増殖自体が神経病理学的な初期変化である小胞体スト

レスの原因となるが、この初期異常は神経自律的には UPR全体の活性化に至らないことを明らか

にした。トランスクリプトーム解析においても、プリオンの増殖によって明らかに影響を受ける

神経細胞特異的なシグナル経路や生物学的機能が特定されなかった。これらの結果は、プリオン

病の神経変性メカニズムにおいては、神経細胞での PrPScの産生に加えて、非神経細胞因子が重要

な役割を果たすことを示唆している。本研究は神経変性メカニズムの完全な理解に向けて、基盤

となるプリオン感染神経細胞の変化を明らかにした点で、今後の研究の発展に大きく寄与するも

のである。 

 

 


