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Chronic accumulation of misfolded proteins such as PrPSc can alter the endoplasmic reticulum homeostasis triggering the unfolded protein response (UPR). In this pathogenic event, the molecular chaperones play an important role. Several reports in humans and animals have suggested that neurodegeneration is related to endoplasmic reticulum stress in diseases caused by the accumulation of misfolded proteins. In this study, we investigated the expression of three endoplasmic reticulum stress markers: PERK (protein kinase R-like endoplasmic reticulum kinase), BiP (binding immunoglobulin protein), and PDI (Protein Disulfide Isomerase). In addition, we evaluated the accumulation of ubiquitin as a marker for protein degradation mediated by the proteasome. These proteins were studied in brain tissues of sheep affected by scrapie in clinical and preclinical stages of the disease. Results were compared with those observed in healthy controls. Scrapie-infected sheep showed significant higher levels of PERK, BiP/Grp78 and PDI than healthy animals. As we observed before in models of spontaneous prion disease, PDI was the most altered ER stress marker between scrapie-infected and healthy sheep. Significantly increased intraneuronal and neuropil ubiquitinated deposits were observed in certain brain areas in scrapie-affected animals compared to controls. Our results suggest that the neuropathological and neuroinflammatory phenomena that develop in prion diseases cause endoplasmic reticulum stress in brain cells triggering the UPR. In addition, the significantly higher accumulation of ubiquitin aggregates in scrapie-affected animals suggests an impairment of the ubiquitin-proteasome system in natural scrapie. Therefore, these proteins may contribute as biomarkers and/or therapeutic targets for prion diseases.
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1. Introduction

Prions are infectious agents causing fatal neurodegenerative disorders termed prion diseases or transmissible spongiform encephalopathies (TSEs) that affect both animals and humans. Examples of these disorders are Creutzfeldt-Jakob disease (CJD) and fatal familial insomnia in humans; and bovine spongiform encephalopathy in cattle (BSE), chronic wasting disease (CWD) in cervids and scrapie in sheep and goats. TSEs are characterized by the accumulation of the pathological prion protein (PrPSc)in the central nervous system (CNS), an abnormal isoform of a physiological membrane glycoprotein called cellular prion protein (PrPC) (Prusiner, 1998).

In eukaryotic cells the endoplasmic reticulum (ER) participates in the synthesis and folding of proteins. However, it is believed that the ER plays an important role in the development of neurodegenerative diseases such as TSEs. Several studies have found that the ER function is impaired in prion diseases and that the accumulation of PrPSc perturbs ER homeostasis triggering ER stress. This situation activates a prosurvival signaling network called the unfolded protein response (UPR), causing the upregulation of ER chaperones and foldases and the reduction of protein translation (Xu and Zhu, 2012; Otero et al., 2021).

Proline-rich extension-like receptor protein kinase (PERK) is one of the major sensor proteins that activates the UPR (Wang et al., 2018). During the pathogenesis of ER stress, PERK phosphorylation reduces protein synthesis and alleviates the burden of misfolded proteins in the ER (Harding et al., 1999; Kim et al., 2022). In vitro and in vivo studies suggest that PERK phosphorylation is induced in response to prion propagation of PrPSc in neurons (Tanaka et al., 2020; Otero et al., 2021).

Another major player in ER stress is the binding immunoglobulin protein (BiP/Grp78 hereafter referred to as BiP), an ER chaperone and a primary sensor in the activation of the UPR. Misfolded proteins bind to BiP, which acts as a ER stress sensor when PERK switches BiP from its chaperone cycle (Kopp et al., 2019) and participates in the correct folding of PrPc (Jin et al., 2000).

BiP overexpression was demonstrated in cells undergoing ER stress, acting as a quality control protein with high potential to reduce the accumulation of PrP aggregates (Thapa et al., 2018). Previous studies show that overexpression of BiP decreases prion propagation, thus, a reduction in the expression of this molecular chaperone accelerates prion pathogenesis in in vitro and in vivo models (Park et al., 2017). The main objective of the UPR is to assist in the refolding of these misfolded proteins, and participate in their degradation through the endoplasmic reticulum associated degradation (ERAD) mechanism, which is the principal ER quality control machinery that recognizes unfolded proteins and relocates them to the cytosol to be degraded by the ubiquitin-proteasome system to maintain homeostasis (Hwang and Qi, 2018). If these adaptive events are incapable of correcting cellular stress, cells undergo cell death by apoptosis (Hetz et al., 2011).

The role of molecular chaperones is key in the folding of PrP. One study showed that the members of the family of PDI (Protein Disulfide Isomerases), play an important role in scrapie-infected animals (Wang et al., 2012). PDI chaperones are responsible of catalyzing the formation, reduction, and isomerization of disulfide bonds of proteins (Rutkevich and Williams, 2011) and play an important role in ensuring the quality control in the PrP maturation pathway (Wang et al., 2012). PDI was overexpressed in brains of sporadic Creutzfeldt–Jakob disease patients (Yoo et al., 2002) and in brain tissues from hamsters infected with prions (Wang et al., 2012). PDI has been reported to have different roles during the prion pathogenesis (Rutkevich and Williams, 2011). At early stages of the disease, PDI overexpression has a protective activity, eliminating misfolded proteins (Rutkevich and Williams, 2011; Hetz, 2012). At the late stages, PDI activity may induce oxidative stress and triggers apoptosis (Perri et al., 2016).

The main role of the UPR is to reduce the load of misfolded proteins and maintain homeostasis in the ER. Overactivation of the UPR in cells plays a neuroprotective role in prion diseases and has been studied in models of animal and human neurodegenerative diseases (Ironside et al., 1993; Lin et al., 2013). The ubiquitin-proteasome system (UPS) is involved in the degradation of resident or abnormal proteins that accumulate in the endoplasmic reticulum. Misfolded proteins are labeled by ubiquitin molecules and degraded by the 26S proteasome complex (Lin et al., 2013). If this degradation is unsuccessful, ubiquitin aggregates will accumulate and the cell will undergo apoptosis (Hetz, 2012). Previous studies documented increased ubiquitin immunoreactivity in brain tissues from human prion diseases (Ironside et al., 1993) and in prion-infected mice (Kristiansen et al., 2007; Otero et al., 2021). Thus, UPS dysfunction contributes to the accumulation of neurotoxic proteins and promotes neurodegeneration (Zheng et al., 2016).

All the events described above are key to maintaining ER homeostasis and preventing neurodegenerative pathologies. In recent studies, scientists focusing on pathogenic mechanisms have suggested that neurodegeneration is caused by the accumulation of misfolded proteins that trigger ER stress (Perri et al., 2016; Ghemrawi and Khair, 2020). In 2021, we described the overexpression of PERK, BiP, PDI and ubiquitin in brain areas in a murine model developing spontaneous prion disease, indicating that ER and proteasome impairment occurs during pathogenesis of prion diseases (Otero et al., 2021). Therefore, the main objective of this study is to evaluate the presence of PERK, BiP and PDI proteins as potential biomarkers of ER stress in brain tissue and the presence of ubiquitinated deposits that suggest an impaired proteasome system in a natural model of prion disease: sheep naturally infected with scrapie.



2. Materials and methods


2.1. Animals and sampling

Brain samples from sheep infected with a natural prion disease and control samples were obtained from the tissue bank of Centro de Encefalopatias y Enfermedades Transmisibles Emergentes of the University of Zaragoza. Sample collection and demographic details of animals were described in a previous study (Betancor et al., 2022). Thus, we used brain samples from 21 female Rasa Aragonesa sheep. All sheep were 4 to 5-year-old females of the ARQ/ARQ PRNP genotype. 8 animals were euthanized at clinical stage, 5 animals in preclinical stage, and 8 animals were healthy controls. Euthanasia was performed by intravenous overdose of pentobarbital. Clinical signs of scrapie detected in clinical animals were pruritus, hyperesthesia, cachexia, bruxism, alopecia by continuous scratching, and hyperexcitability to external stimuli. The diagnosis of preclinical scrapie, which were obtained from a different flock, was performed by immunohistochemical analysis against PrPSc in rectal mucosa biopsies. The 8 animals from the control group were obtained from a herd in which no scrapie cases had been reported. CNS samples consisted of two replicates from nine brain areas: spinal cord (Sc), medulla oblongata (Mo), cerebellum (Cbl), hypothalamus (Ht), thalamus (T), parietal cortex (Pc), basal ganglia (BG), cortex at the level of basal ganglia (BGc), hippocampus (Hc) and frontal cortex (Fc). Brain samples were taken for histopathological and immunohistochemical analyses (fixed in 10% formalin and then embedded in paraffin) or preserved by freezing at −80°C for biomolecular analyses. For gene expression analyses, samples from frontal cortex, thalamus, hippocampus and medulla oblongata were collected in RNAlater™ solution (Thermo Fisher Scientific, Waltham, MA, USA).



2.2. Histological and immunohistochemical analyses

To carry out the IHQ technique we used 4-μm-thick tissue sections obtained from paraffin-embedded brain samples. Sections were incubated overnight at 56°C.

These samples were stained with hematoxylin and eosin to analyze spongiform lesions. Immunohistochemical detection of prion protein was performed using the monoclonal primary antibody L42 (1:500, R-Biopharm, Darmstadt, Germany) after formic acid treatment and proteinase K digestion, as described in a previous study (Betancor et al., 2022).

For immunohistochemical detection of the four ER stress markers we used different primary antibodies: ab79483, Abcam (Cambridge, United Kingdom) for PERK protein; ab108613, Abcam (Cambridge, United Kingdom) for BiP protein; sc-166,474, Santa Cruz Biotechnology (Dallas, Texas, USA) for PDI protein and ab7780, Abcam (Cambridge, United Kingdom) for Ubiquitin protein. After being deparaffinized, samples were boiled in a citrate buffer (pH 6.0) solution for 20 min at 96°C to retrieve the antigens. The endogenous peroxidase activity was blocked by incubation with a ready to use blocking solution (Dako Agilent, Glostrup, Denmark) for 15 min. Tissue sections were incubated overnight at 4°C with commercial monoclonal and polyclonal antibodies diluted in a precast EnVision FLEX antibody diluent (Dako, Glostrup, Denmark) (Table 1). Immunodetection was performed using an anti-rabbit Envision polymer (Dako, Glostrup, Denmark) or an anti-mouse Envision polymer (Dako, Glostrup, Denmark), for 30 min at room temperature followed by incubation with diaminobenzidine (DAB, Dako, Glostrup, Denmark) as chromogen substrate.



TABLE 1 Immunohistochemical protocols used for ER stress markers detection.
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2.3. Evaluation and quantification

Brain sections were studied using a Zeiss Axioskop 40 optical microscope (Zeiss, Oberkochen, Germany). BiP, PERK, PDI and Ubiquitin immunostaining was blindly evaluated in the aforementioned 9 encephalic areas of the three groups of sheep described. For the analysis of the deposition of ER stress markers and ubiquitin deposition we used the same scoring scale as previous studies based on a semiquantitative assessment of the immunolabeling for the four markers (Otero et al., 2019, 2021; Betancor et al., 2022). Immunostaining was scored as: 0 (absence of immunostaining), 1 (minimal to slight immunostaining found in a reduced amount of brain cells), 2 (slight immunostaining present in cells from several areas of the evaluated tissue section), 3 (moderate immunostaining present in >50% of the cells of the tissue section), 4 (intense immunostaining observed in >50% of the cells of the tissue section and several areas of the neuropil) and 5 (widespread intense immunostaining throughout the entire section, observed in cells and the neuropil). Scoring of slides was performed blindly by two independent pathologists, and the results were averaged. Spongiosis and PrPSc scores, obtained in a previous study (Betancor et al., 2022) were used for a Spearman’s correlation test.



2.4. Gene expression analyses

The expression profile of the EIF2AK3, HSPA5, P4HB genes; encoding PERK, BiP and PDI proteins, respectively, was determined in tissue samples collected in RNAlater Solution (Thermo Fisher Scientific, Waltham, MA, USA). A total of 100 mg from the frontal cortex, thalamus, hippocampus and medulla oblongata areas were subjected to RNA extraction using a RNeasy Lipid Tissue Mini kit (QIAGEN, Venlo, Netherlands) following the manufacturer’s recommended protocol. QScript cDNA Super Mix (Quanta Bioscience™, Beverly, MA, USA) was used to obtain complementary DNA (cDNA) from a total of 1ug of RNA. The resulting cDNA was diluted 1:5 in pure water for further analyses. Primers design for EIF2AK3, HSPA5, P4HB was performed with the Primers3Plus program, a widely used tool for primer selection (Untergasser et al., 2012). The sequences, accession numbers, and concentrations of the used primers can be found in Table 2.



TABLE 2 Primers used for the genomic study.
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The quantitative real-time quantitative (qPCR) assays were performed using the StepONE Real-Time PCR System (Termo Fisher Scientific, Waltham, MA, USA). Amplifications were carried out using a total volume of 10 μL reaction solution containing 8 μL of SYBR® Green Master Mix (Applied Biosystems, Waltham, MA, USA) and 2 μL of diluted cDNA. Each assay was performed with technical triplicates for each of the samples. Amplification conditions for quantitative real-time polimerase were 95°C for 10 min followed by 40 cycles of 95°C for 3 s and 60°C for 30 s. The expression of the housekeeping genes GAPDH and SDHA was used to normalize the results since both genes were described as reference genes in scrapie (Lyahyai et al., 2009). Finally, the relative gene expression quantification analyses were performed using the 2−∆∆Ct method. Data were statistically analyzed with the one-way ANOVA, with Bonferroni Post Hoc multiple comparisons test using Prism 6 for Windows (GraphPad Software).




3. Results


3.1. ER stress markers are overexpressed in scrapie-infected sheep

PERK immunoreactivity was observed in cellular nuclei of neurons and glial cells in all sheep (clinical, preclinical and healthy controls) (Figure 1A). We observed the same pattern in a previous study using transgenic mice (Otero et al., 2021).

[image: Figure 1]

FIGURE 1
 PRK-like Endoplasmic Reticulum Kinase (PERK) expression in clinical and preclinical scrapie-infected sheep and healthy sheep. (A) Immunohistochemical detection of PERK in thalamus. PERK-positive immunostaining was detected in cellular nuclei from clinical, preclinical and control sheep. A higher number of immunopositive cells is observed in the clinical group. (B) Expression levels of protein PERK in eight clinical, five preclinical and eight control animals evaluated using the following semi-quantitative scoring system a rating of 0 (lack of immunostaining) to 5 (very intense immunostaining) in nine brain areas: [spinal cord (Sc), medulla oblongata (Mo), cerebellum (Cbl), hypothalamus (Ht), thalamus (Th), parietal cortex (Pc), basal ganglia (BG), cortex at the level of basal ganglia (BGc), hippocampus (Hc) and frontal cortex (Fc)]. Clinical sheep showed the highest scores in the hippocampus, thalamus, hypothalamus and the cortex at the level of the thalamus followed by preclinical animals with similar scores in the same areas. Comparison of means was analyzed using the nonparametric Mann–Whitney U test (*p < 0.05, **p < 0.01, Mann–Whitney U test) (Figure 1B). (C) Gene expression of EIF2AK3 in frontal cortex, thalamus, hippocampus and medulla oblongata of clinical, preclinical, and control sheep. SDHA and GAPDH were used as housekeeping genes. Results are expressed as the mean ± standard deviation. The expression values were determined using the 2−∆∆Ct method, and differences between experimental groups were analyzed using the one-way ANOVA test, followed by the Bonferroni post hoc test. No significant differences were found.


Comparison of PERK immunolabeling revealed significant differences between groups. The hypothalamus, thalamus, parietal cortex and hippocampus were the regions showing the most intense PERK expression in scrapie-infected sheep. Statistically significant differences in the presence of PERK positive cells were found between clinical and healthy sheep in the hippocampus (**p < 0.01), hypothalamus, thalamus and parietal cortex (*p < 0.05). Significant differences in PERK immunostaining were also observed between preclinical and healthy animals in the areas of hypothalamus and hippocampus (*p < 0.05), suggesting that the overexpression of PERK in these areas starts during the preclinical phase of the disease (Figure 1B).

The expression of the EIF2AK3 gene, which encodes PERK protein, was analyzed by quantitative PCR in four brain areas (medulla oblongata, hippocampus, thalamus, and frontal cortex) of the three sheep groups to determine their mRNA expression levels throughout the course of the disease. Figure 1C shows the mean ∆Ct values of EIF2AK3. No significant differences in EIF2AK3 expression were found between sheep groups.

Immunohistochemical staining of BiP shows its expression as granules in the neuropil and intraneuronal deposition of the protein in all groups of sheep (Figure 2A). Statistical analysis showed that clinical sheep presented significantly higher levels of BiPin the thalamus, parietal cortex (**p < 0.01) basal ganglia, hippocampus and frontal cortex (*p < 0.05) when compared with healthy sheep. Significant differences were also observed in the parietal cortex between clinical and preclinical sheep (*p < 0.05) (Figure 2B). Quantitative PCR was performed to assess the expression of HSPA5, the gene that encodes the BiP protein, in the four brain areas previously used to study EIF2AK expression in the three study groups. Figure 2C represents the mean ∆Ct values of HSPA5. Clinical animals showed a downregulation of the gene compared with preclinical and control animals, in frontal cortex and thalamus. In contrast, preclinical sheep showed an upregulation of this gene in thalamus compared to control sheep.

[image: Figure 2]

FIGURE 2
 Binding immunoglobulin protein (BiP) expression in clinical and preclinical scrapie-infected sheep and control sheep. (A) Immunohistochemical detection of BiP in clinical, preclinical and control groups. Representative images correspond to the thalamus. Intense deposits of BiP protein were observed in the cytoplasm of neurons in clinical and preclinical sheep. (B) Expression levels of BiP in eight clinical, five preclinical and eight control animals were evaluated using the following semi-quantitative scoring system a rating of 0 (lack of immunostaining) to 5 (very intense immunostaining) in nine brain areas: spinal cord (Sc), medulla oblongata (Mo), cerebellum (Cbl), hypothalamus (Ht), thalamus (T), parietal cortex (Pc), basal ganglia (BG), cortex at the level of basal ganglia (BGc), hippocampus (Hc) and frontal cortex (Fc). Clinical sheep showed significantly higher deposition of BiP when compared with preclinical and control animals (*p < 0.05, **p < 0.01, Mann–Whitney U test). (C) mRNA expression profiles of the HSPA5 gene in frontal cortex, thalamus, hippocampus and medulla oblongata of clinical, preclinical, and control sheep. Relative expression levels are expressed as the mean ± standard deviation. The results were normalized using the expression of SDHA and GAPDH housekeeping genes. The expression values were determined using the 2−∆∆Ct method, and differences between experimental groups were assessed using the one-way ANOVA test followed by the Bonferroni post hoc test (*p < 0.05).


PDI immunolabeling pattern was characterized by intraneuronal staining and granular deposits in the neuropil in all groups of sheep (Figure 3A). In the medulla oblongata, PDI immunostaining was found mainly in the dorsal motor nucleus of the vagus nerve (DMNX). Comparison of PDI immunolabeling revealed higher significant differences between clinical and healthy sheep in numerous brain areas (medulla oblongata, hypothalamus, hippocampus cerebellum, basal ganglia and frontal cortex). Preclinical animals showed significantly higher deposition of PDI in medulla oblongata and hippocampus compared to controls. Only in the hypothalamus we observed differences between clinical and preclinical sheep (Figure 3B).
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FIGURE 3
 Protein disulfide isomerase (PDI) expression in clinical and preclinical scrapie-infected sheep and control sheep. (A) A strong intraneuronal labeling of PDI was observed in the medulla oblongata of clinical animals [pictures show the dorsal motor nucleus of the vagus nerve (DMNX)]. (B) PDI protein expression levels are more intense in clinical sheep when compared to controls in most brain areas. Expression levels of PDI protein in eight clinical, five preclinical and eight control animals were semi quantitatively evaluated using a scale of 0 (lack of immunostaining) to 5 (very intense immunostaining) in nine brain areas: [spinal cord (Sc), medulla oblongata (Mo), cerebellum (Cbl), hypothalamus (Ht), thalamus (Th), parietal cortex (Pc), basal ganglia (BG), cortex at the level of basal ganglia (BGc), hippocampus (Hc) and frontal cortex (Fc)]. Clinical sheep showed the highest levels of PDI in almost every brain area evaluated (*p < 0.05, **p < 0.01, Mann–Whitney U test). (C) Gene expression of P4HB in frontal cortex, thalamus, hippocampus and medulla oblongata of clinical, preclinical, and control sheep. The results were normalized using the expression of SDHA and GAPDH housekeeping genes. The expression values were determined using the 2−∆∆Ct method. Mean scores between experimental groups were assessed using the one-way ANOVA test followed by the Bonferroni post hoc test (*p < 0.05).


The expression of the P4HB gene, encoding PDI, was analyzed by quantitative PCR in four brain areas (medulla oblongata, hippocampus, thalamus, and frontal cortex) of the three sheep groups to determine their mRNA expression levels. Figure 3C shows the mean ∆Ct values of P4HB. In preclinical sheep we found an upregulation of P4HB in thalamus compared to either clinical (p < 0.01) and control animals (p < 0.01). Clinical animals showed a downregulation in the frontal cortex region when compared to controls (p < 0.05).



3.2. The ubiquitin-proteasome system is impaired in scrapie-infected sheep

To determine whether scrapie infection causes an impairment of the ubiquitin-proteasome degradation system the accumulation of ubiquitin aggregates was determined by immunohistochemistry in the brain of scrapie-infected (clinical and preclinical) and healthy sheep. Intraneuronal and neuropil ubiquitinated deposits in the form of granules were found in all groups of animals. However, scrapie infected sheep showed higher levels of ubiquitin deposition in several brain areas, such as the hippocampus (Figure 4A). Statistical analysis showed that clinical sheep had significantly higher levels of ubiquitin deposits in medulla oblongata, basal ganglia, hippocampus, frontal cortex and thalamus when compared to controls. Preclinical animals showed significant differences with controls in the same areas, except in basal ganglia. Preclinical and clinical animals showed significant differences in basal ganglia (Figure 4B).
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FIGURE 4
 Ubiquitin accumulation in clinical and preclinical scrapie-infected sheep and healthy sheep. (A) Ubiquitin-protein intraneuronal aggregates are observed in the hippocampus. The CA1-CA2 regions of the hippocampus showed the strongest immunostaining for ubiquitin in clinical and preclinical sheep. (B) Expression levels of ubiquitin protein in eight clinical, five preclinical and eight control animals were semiquantitatively evaluated using a scale of 0 (lack of immunostaining) to 5 (very intense immunostaining) in nine brain areas: [spinal cord (Sc), medulla oblongata (Mo), cerebellum (Cbl), hypothalamus (Ht), thalamus (Th), parietal cortex (Pc), basal ganglia (BG), cortex at the level of basal ganglia (BGc), hippocampus (Hc) and frontal cortex (Fc)]. Comparison of Ubiquitin immunolabeling revealed significant differences between clinical and control sheep in several brain areas. Preclinical animals showed higher levels of ubiquitin accumulation in the frontal cortex, thalamus (**p < 0.01) medulla oblongata and hippocampus (*p < 0.05) when compared to controls. Clinical and preclinical animals showed significant differences in the basal ganglia area. Comparison of means was analyzed using the nonparametric Mann–Whitney U test.




3.3. Correlation between PERK, BiP, PDI, and ubiquitin proteins and neuropathological lesions

Spearman’s ρ correlation (Table 3) was calculated with the values obtained in the immunohistochemical study for ER protein stress markers, spongiform lesions and PrPSc deposition (Supplementary Figures S1, S2) to determine whether there is a possible correlation between ER stress and the impairment of the ubiquitin-proteasome system with neuropathological lesions in sheep naturally infected with scrapie. Correlations were performed using the scores obtained for each marker through the whole brain, following previous studies using this kind of analysis in neurodegenerative diseases (López-Pérez et al., 2019, 2020; Otero et al., 2021). The accumulation of ER stress markers and ubiquitin showed a significant positive correlation with spongiosis and PrPSc deposition in the brains of sheep, except for PERK, which was not correlated with spongiosis. Among these markers, PDI and ubiquitin were the proteins with the highest correlation levels with PrPSc deposition. Our results suggest that the accumulation of PDI, ubiquitin, BiP, and PERK proteins is related with the neuropathological phenomena developed in scrapie.



TABLE 3 Spearman’s correlation values between scores of endoplasmic reticulum (ER) stress, proteasome impairment markers, and prion-associated histopathological lesions.
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4. Discussion

In recent years, ER and UPS impairment have been suggested to be implicated in certain neurodegenerative diseases, including Parkinson, Alzheimer and prion diseases among others, which share common pathogenic mechanisms based on the accumulation of misfolded proteins (Xiang et al., 2017; Ghemrawi and Khair, 2020).

Other studies concerning ER and UPS impairment in prion and prion-like diseases have found contradictory results (Quaglio et al., 2011). In previous studies (Otero et al., 2021), we demonstrated the upregulation of PERK, BiP, PDI and ubiquitin in murine models of a spontaneous prion disease, indicating that ER and proteasome impairment are important events during the pathogenesis of prion diseases. However, as previously demonstrated, acquired, spontaneous and genetic prion diseases may not share the same pathogenesis (Quaglio et al., 2011; McKinnon et al., 2016). Moreover, previous studies on different proteins related to the pathogenesis of prion diseases have led to different results when comparing experimental and natural models of prion disease (Barrio et al., 2021; García-Martínez et al., 2022). Since there are no studies related to ER and UPS impairment on natural prion models, especially in preclinical individuals affected by a prion disease, the objective of this study was to determine whether these pathogenic markers were altered throughout the course of the disease in naturally scrapie infected sheep. In prion diseases neurons experience “ER stress” due to the accumulation of pathogenic prion protein PrPSc (Xu and Zhu, 2012). Immediately, cells trigger the UPR and the overexpression of chaperones in response to ER stress to assist refolding and maintain the cell homeostasis. If this mechanism fails, chaperones target the misfolded protein for degradation through the UPR pathway (Ciechanover and Kwon, 2017). However, prolonged ER stress in neurons leads to cell death producing neurodegeneration (Zheng et al., 2016; Ciechanover and Kwon, 2017). In addition, PrPSc aggregates cause proteasome impairment, resulting in the accumulation of PrPSc that leads to neuronal disruption and contributes to extensive neuronal loss in prion-infected mice (Kristiansen et al., 2007). In 2021, we demonstrated the up-regulation of chaperones PERK, BiP and PDI in response to ER stress in a spontaneous model of prion disease (Otero et al., 2021). Other authors have also proven that ER stress develops in brains of prion-infected mice (Hetz et al., 2003; Brown et al., 2005; Moreno et al., 2012). In this study, we investigated the accumulation of these markers of ER stress and evaluated the impairment of the proteasome activity in a natural model of prion disease.

Several authors have focused their studies on ER stress and proteasome impairment in prion diseases, but the results are limited and contradictory. PERK and BiP have been studied as markers of ER stress in brain tissues of CJD patients (Costa et al., 2010) and in spontaneous prion disease in mice (Otero et al., 2021). Other studies showed PERK activation in brain tissues from Alzheimer’s (AD) patients, and the authors suggested an important role for the UPR in the initial stages of AD neurodegeneration (Hoozemans et al., 2005, 2009).

In this study, the expression of PERK in scrapie-infected sheep was increased in several brain areas, such as the hippocampus, thalamus and hypothalamus, when compared to controls. Our results are consistent with those obtained in murine models of spontaneous prion disease (Otero et al., 2021). The upregulation of phosphorylated PERK in the hippocampal region has been described in prion-infected mice, and it has been associated with an increase in the phosphorylated form of the α-subunit of the eukaryotic translation initiation factor (eIF2α-P), which leads to neuronal loss (Moreno et al., 2012). In addition, immunohistochemical increase of PERK was described in the hippocampus in AD, especially affecting neurons in CA1 and CA2 regions (Hoozemans et al., 2005; Unterberger et al., 2006).

The upregulation of this protein was also detected in the hippocampus and hypothalamus in preclinical sheep when compared to controls. An upregulation of PERK during the preclinical phase of a spontaneous prion disease in mice was also detected in our previous study (Otero et al., 2021). These results confirm the activation of the UPR in early stages of neurodegenerative diseases (Hoozemans et al., 2009).

Spearman’s ρ correlation (Table 3) was used to determine correlations between the ER protein stress markers, spongiform lesions and PrPSc deposition. The main objective of this analysis is to know whether the expression of these proteins and the intensity of neuropathological lesions is correlated throughout the brain, independently from the area, and therefore correlations were performed for the whole brain, as previously done in other studies (López-Pérez et al., 2019, 2020; Otero et al., 2021). Although we did not find a correlation between the levels of PERK and the intensity of spongiosis, PERK expression showed a positive correlation with deposition of PrPSc (Table 3). The correlation between PrPSc deposition levels and PERK staining was also reported in an ex vivo study of prion-infected cortical neurons, and was associated to the early neuronal cellular response of the PERK-eukaryotic initiation factor 2 (eIF2α) (Tanaka et al., 2020). Interestingly, in this study, the authors did not find evident neurodegeneration or activation of the UPR through the PERK-eIF2α pathway, suggesting that the accumulation of prions induces ER stress in a neuron-autonomous manner (Tanaka et al., 2020). Spearman’s test showed also a positive correlation between PERK and BiP levels (Table 3), as we also observed in our previous study (Otero et al., 2021). Under normal conditions, BiP binds to the PERK stress sensor, functioning as a primary stress detector. When misfolded proteins accumulate, BiP activates the PERK pathway, and therefore the expression of these proteins is correlated (Hetz, 2012). However, as we observed before in models of spontaneous disease, PERK appears to be correlated with prion pathology in sheep with natural scrapie but not so strongly compared to the other ER stress markers. This conclusion is supported by our results in the expression of the EIF2AK3 gene, that encodes PERK, since we did not find significant differences in EIF2AK3 expression between prion infected and healthy sheep.

The involvement of the PERK-eukaryotic initiation factor 2 (eIF2α)-ATF4 pathway in prion diseases is still controversial. Depending on the mechanism of PERK activation, this pathway may have a proadaptive or proapoptotic role. In the proadaptive role, protein synthesis is suppressed so as not to burden the ER, through a negative feedback loop that activates the PERK-ATF4 pathway leading to the expression of several genes encoding CHOP and BiP proteins, among others, whose function is the dephosphorylation of P-eIF2α to restore the protein synthesis before neurons undergo apoptosis (Hetz et al., 2003). Recently, inhibitors of the PERK pathway have been tested in murine models, but understanding the mechanisms of PERK regulation remains a challenge (Moreno et al., 2013). Indeed, PERK inhibitors have shown neuroprotective effects in preclinical studies in mice (Moreno et al., 2013; Radford et al., 2015). Other authors agree that PERK activation could be beneficial (Hoozemans et al., 2009; Bruch et al., 2017). However, all this remains questionable since prolonged PERK activation inhibits protein synthesis and promotes neurodegeneration (Ohno, 2018). In our study, the stress sensor protein PERK shows an strong significant positive correlation with PDI, but a weak significant positive Spearman’s correlation to BiP and a non-significant correlation to ubiquitin. These findings could indicate that the molecular mechanism of PERK regulation would be mediated by PDI, being indispensable the presence of this protein to allow the oligomerization and activation of PERK (Kranz et al., 2017).

Another major player in ER stress is the ER chaperone BiP. It has been described that the expression and activity of BiP is essential for neuroprotection, to prevent protein aggregation and to regulate proper signaling of UPR (Park et al., 2017). This protective role of BiP has also been described in prion infected mice (Park et al., 2017).

There are reports revealing significant increases in the BiP chaperone expression in spontaneous prion disease (Otero et al., 2021), in in vitro and in vivo studies in prion-infected mice (Park et al., 2017), as well as in sporadic cases of CJD (Hetz et al., 2003). Also, upregulation of this protein was observed in AD models (Roller and Maddalo, 2013). In this study, we have detected significantly higher levels of BiP in several brain areas of prion infected animals, but these differences were only observed between the clinical and the control group. No significant differences in the accumulation of BiP were found between the preclinical and control groups, in contrast with our previous findings in transgenic mice (Otero et al., 2021). However, these mice developed a spontaneous prion disease, not a natural prion infection like the sheep in the present study, and, therefore, the activation of this chaperone may vary according to the different nature of the prion disease or even the infecting prion strain. Other authors have found an upregulation of BiP only in the terminal stage of murine scrapie, supporting this conclusion (Turano et al., 2002). We observed an increase in BiP protein deposition in the frontal cortex, thalamus, parietal cortex, basal ganglia and hippocampus of clinical sheep. We also analyzed the expression of the HSPA5 gene in four areas of the brain. In the frontal cortex and thalamus, the expression of the HSPA5 gene showed a clear downregulation in clinical animals compared with controls. In contrast, a positive regulation of the HSPA5 (BiP) gene was reported in cortical neurons of prion-infected mice (Tanaka et al., 2020). However, in the thalamus, our preclinical animals exhibited a significant upregulation of the HSPA5 gene. Other authors did not find an upregulation of this gene in thalamic neurons in prion-infected mice (Tanaka et al., 2020). Studies in prion disease models suggest that the thalamus displays prion deposition prior to cortex and hippocampus and is affected more severely than other brain regions (Carroll et al., 2016; Makarava et al., 2020).

Our results showed that BiP was positively correlated with PrPSc deposits and spongiosis in prion infected sheep. However, as seen with PERK, BiP is correlated to PrPSc deposition but not so strongly compared to other markers (Table 3). We, and other authors, have suggested that the PERK-eIF2α pathway may not play a crucial role in neurodegeneration in prion diseases (Unterberger et al., 2006; Otero et al., 2021). As we observed in previous studies (Otero et al., 2021), Spearman’s test confirmed a strong correlation between the expression of BiP/Grp78 and PDI. This could be due to the fact that BiP/Grp78 as master regulator of the unfolded protein response, activates the PERK-eIF2-ATF4 pathway leading to cell death or activates the IRE1 or ATF6 pathway branches as a cell survival mechanism favoring PDI expression (Unterberger et al., 2006). Thus, the significant increase of PDI in clinical sheep favors the hypothesis that the IRE1 or ATF6 pro-survival pathways are activated to suppress the proapoptotic action of PERK. This third branch of the UPR directed by ATF6 regulates the transcription of genes that favor survival such as GRP78 and 94 and the protein disulfide isomerase (PDI) proteins (Roller and Maddalo, 2013). It has been mentioned that the inhibition of PERK could be the key to avoid neurodegeneration, it was also reported that the reduction in the expression of BiP/Grp78 accelerates the pathogenesis of the prion in vivo, suggesting an important protective role of this chaperone avoiding the spread of infectious prions (Park et al., 2017). Our findings suggest that BiP may play a role in the induction of multiple pathogenic mechanisms involved in neurodegeneration in natural scrapie and that the response to unfolded proteins might be more noticeable in brain areas showing more severe PrPSc deposition such as the thalamus.

Several authors have focused on the role of protein disulfide isomerase (PDI) in prion diseases. Increased levels of PDI have been observed in brains of patients with sporadic Creutzfeldt-Jakob disease (Yoo et al., 2002) and in murine models of prion disease (Wang et al., 2012; Otero et al., 2021). Yoo et al. (2002) have attributed its upregulation to a cellular defense response against PrPSc accumulation. Several studies on PDI chaperones in neurodegenerative diseases have provided valuable information about their molecular mechanisms of activation and their protective role against prion neurotoxicity (Hetz et al., 2005; Wang et al., 2012). Dynamic assays of PDI fluctuation in experimental models of scrapie determined that the upregulation of PDI starts at early stages of the disease and persistently increases until later stages (Wang et al., 2012). High levels of Grp58, a member of the PDI family, have been detected in human samples from sCJD patients (Hetz et al., 2005). In our study, as we observed before in models of spontaneous prion disease (Otero et al., 2021), PDI is the ER stress marker that shows the greatest alterations between prion infected and healthy animals (Figure 3). These differences were not only detected between clinical and control animals. Preclinical animals also showed a significant increase of PDI compared to healthy controls in medulla oblongata and hippocampus, which seems to indicate that the levels of this protein start increasing at the early stages of the disease, as reported by other authors (Wang et al., 2012).

During the analysis of the EIF2AK3, HSPA5, and P4HB genes, we observed similar trends for each brain area. Although these trends might be influenced by fluctuations in the housekeeping genes, the analysis of SDHA and GAPDH showed no differences between each studied brain area (Supplementary Figure S3). Therefore, we believe these trends observed for each brain area are not due to fluctuations in the housekeeping gene expression, but rather to a differential response to ER stress in each brain area, as it has been reported for other markers of neurodegeneration in prion diseases (Makarava et al., 2020; Betancor et al., 2022; García-Martínez et al., 2022).

Moreover, after analyzing the expression of PERK, BiP, and PDI and the corresponding genes that encode each of these proteins (EIF2AK3, HSPA5 and P4HB, respectively), we observed certain differences between the gene and protein expression of each of these ER stress markers. These differences between the expression at the protein and gene levels have been previously reported for several proteins, and are typically attributed to other levels of regulation between the transcript and the protein product (Koussounadis et al., 2015). Although gene analyses are widely used to support protein expression analyses, due to these regulation differences that can occur between the mRNA and the protein synthesis, we believe immunohistochemistry reflects in a more proper manner the ER stress phenomena occurring in prion diseases, and therefore, this is the preferred method to analyze these differences throughout our experiment.

Spearman’s test confirmed a strong positive correlation between PDI levels and neuropathological changes. This suggests that the accumulation of PrPSc aggregates triggers the positive regulation of this stress chaperone perhaps as a neuroprotective response. However, it has also been reported that PDI and GRP58 are involved in apoptosis induced by misfolded proteins (Hoffstrom et al., 2010) and therefore, the increase in PDI observed in this study could be related to the apoptosis produced by the prion disease. In addition, PDI shows a strong positive correlation with the other ER stress markers evaluated. This is not surprising since PDI is an essential activator of PERK (Kranz et al., 2017) and works synergistically with BiP in the correct folding of proteins (Mayer et al., 2000).

As observed with the HSPA5 gene, encoding BiP, we also observed a significant upregulation of the P4HB gene, encoding PDI, in the thalamus region in animals in the preclinical phase. The downregulation of PDI gene in the end-stage of the disease could be related with the development of spongiosis, indicating neuronal loss in scrapie-affected animals, and had been previously observed by Hetz et al. (2005) in the thalamic region.

In this study, we also investigated the possible role of proteasome impairment at different stages of natural prion disease through the analysis of the accumulation of ubiquitin aggregates in the brains of scrapie-infected (clinical and preclinical) and healthy sheep. Several studies in cellular and animal models show that proteasome impairment may be important in the pathogenesis of prion diseases. Impaired proteasome activity and increased levels of ubiquitinated conjugates have been reported in human prion diseases (Ironside et al., 1993) and in the brains of prion-infected mice (Kang et al., 2004; McKinnon et al., 2016), especially in the thalamic area at the early stages of the disease (McKinnon et al., 2016; Otero et al., 2021). However, other authors have not been able to detect alterations in UPS activity in vivo (Quaglio et al., 2011). Similar to what we observed with ER stress markers, we detected accumulation of ubiquitin aggregates in the brains of all sheep. However, clinical sheep showed significantly greater accumulation of this protein in numerous brain areas compared to healthy sheep. Differences in ubiquitin accumulation were also detected between the clinical and preclinical group in the hippocampus and basal ganglia (Figure 4), suggesting that ubiquitin accumulation increases as the disease progresses in these animals. Moreover, preclinical animals showed higher accumulation of ubiquitin in medulla oblongata and thalamus, the two brain areas which are earlier affected by prion neurodegeneration, therefore pointing at a relation between prion-related pathogenesis and an increase in ubiquitin accumulation.

Spearman’s correlation test showed that ubiquitin deposition was positively correlated with spongiform lesions and PrPSc deposits, as well as with ER stress markers BiP and PDI, but not PERK. We may suggest that, in sheep naturally infected with scrapie, as previously described in models of experimental prion disease (Axten, 2017) and in models of spontaneous prion disease (Otero et al., 2021), there is an impairment of the ubiquitin-proteasome system, which is essential in the degradation of misfolded proteins. It has been described that PrPSc specifically inhibits the β proteolytic subunit of the 26S proteasome (Kristiansen et al., 2007), which can be caused by chronic ER stress since cells under chronic ER stress accumulate non translocated PrP in the cytosol (Orsi et al., 2006). Interestingly, in this study, as we observed with models of spontaneous prion disease, we detected that certain brain areas, such as the thalamus and hypothalamus seem to be affected more frequently by these mechanisms than other brain areas. These differential responses to ER stress and proteasome dysfunction have been reported before (Hetz et al., 2005; Stutzbach et al., 2013).

These differences could be due to the fact that PrPSc deposits and the response to these protein aggregates are different in each brain region, considering also that the cell population is distinct in each brain area and could influence this response, as has been demonstrated in chronic neuroinflammation involving reactive microgliosis and astrogliosis (Makarava et al., 2020).

Based on the results of this study, the intracellular ubiquitinated deposits detected in preclinical animals could be associated with the early aggregation of PrPSc since we observed that ubiquitin deposition strongly correlates with spongiosis and PrPSc accumulation, and UPS activation is indispensable to remove polyubiquitinated substrates and reduce the PrPSc load (McKinnon et al., 2016).

Although we cannot elucidate that ER stress or UPS dysfunction play a major role in the pathogenesis of scrapie, we have demonstrated that these phenomena are present during the pathogenesis of the disease. However, we should also consider that clinical and preclinical animals in the present study were obtained from different flocks, and it is possible that these sheep were infected with different scrapie strains. Although we observed that ER stress and UPS dysfunction are present in both groups of sheep, it would be interesting to analyze both phenomena throughout the course of the disease in sheep infected with the same scrapie strain and to elucidate whether the alteration in these pathogenic mechanisms varies depending on the infecting prion strain.

Even though, naturally acquired, spontaneous and genetic prion diseases may not share the same pathogenic mechanisms (Quaglio et al., 2011; McKinnon et al., 2016), our results here, in sheep with natural scrapie, are very similar to those observed in spontaneous models of prion disease. However, further biochemical and molecular studies in animals that have developed natural prion disease are necessary to confirm the involvement of ER stress and proteasome malfunction in natural prion disease.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was reviewed and approved by the Ethical Advisory Commission for animal experimentation of the University of Zaragoza (identification code: P138/15) and performed under their supervision. All procedures involving animals adhered to the guidelines included in the Spanish law for Animal Protection RD53/2013 and the European Union Directive 2010/63 on the protection of animals used for experimental purposes.



Author contributions

JLO performed most experiments and wrote the original draft of the manuscript. MB gathered the samples, evaluated the neuropathological lesions, and revised the manuscript. SPL collaborated in some of the experiments. RB and JB obtained the funding, supervised the experiments, and revised the final draft of the manuscript. AO obtained the funding, designed the study, supervised the experiments, and revised the final draft of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was financed by the project n° PID2021-125398OB-I00, funded by MCIN/AEI/10.13039/501100011033/ FEDER and the EU.



Acknowledgments

The authors would like to thank Sandra Felices and Daniel Romanos for their excellent technical assistance.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnmol.2023.1175364/full#supplementary-material



References

 Axten, J. M. (2017). Protein kinase r(PKR)–like endoplasmic reticulum kinase (perk) inhibitors: a patent review (2010–2015). Expert Opin. Ther. Pat. 27, 37–48. doi: 10.1080/13543776.2017.1238072 

 Barrio, T., Vidal, E., Betancor, M., Otero, A., Martín-Burriel, I., Monzón, M., et al. (2021). Evidence of p75 Neurotrophin receptor involvement in the central nervous system pathogenesis of classical Scrapie in sheep and a transgenic mouse model. Int. J. Mol. Sci. 22:2714. doi: 10.3390/ijms22052714 

 Betancor, M., Pérez-Lázaro, S., Otero, A., Marín, B., Martín-Burriel, I., Blennow, K., et al. (2022). Neurogranin and neurofilament light chain as preclinical biomarkers in scrapie. Int. J. Mol. Sci. 23:7182. doi: 10.3390/ijms23137182 

 Brown, A. R., Rebus, S., Mckimmie, C. S., Robertson, K., Williams, A., and Fazakerley, J. K. (2005). Gene expression profiling of the preclinical scrapie-infected hippocampus. Biochem. Biophys. Res. Commun. 334, 86–95. doi: 10.1016/j.bbrc.2005.06.060 

 Bruch, J., Xu, H., Rösler, T. W., de Andrade, A., Kuhn, P. H., Lichtenthaler, S. F., et al. (2017). Perk activation mitigates tau pathology in vitro and in vivo. EMBO Mol. Med. 9, 371–384. doi: 10.15252/emmm.201606664 

 Carroll, J. A., Striebel, J. F., Rangel, A., Woods, T., Phillips, K., Peterson, K. E., et al. (2016). Prion strain differences in accumulation of PrPSC on neurons and glia are associated with similar expression profiles of neuroinflammatory genes: comparison of three prion strains. PLoS Pathog. 12:e1005551. doi: 10.1371/journal.ppat.1005551 

 Ciechanover, A., and Kwon, Y. T. (2017). Protein quality control by molecular chaperones in neurodegeneration. Front. Neurosci. 11:185. doi: 10.3389/fnins.2017.00185

 Costa, R. O., Ferreiro, E., Cardoso, S. M., Oliveira, C. R., and Pereira, C. M. (2010). ER stress-mediated apoptotic pathway induced by abeta peptide requires the presence of functional mitochondria. J. Alzheimers Dis. 20, 625–636. doi: 10.3233/JAD-2010-091369 

 García-Martínez, M., Cortez, L. M., Otero, A., Betancor, M., Serrano-Pérez, B., Bolea, R., et al. (2022). Distinctive toll-like receptors gene expression and glial response in different brain regions of natural Scrapie. Int. J. Mol. Sci. 25:3579. doi: 10.3390/ijms23073579

 Ghemrawi, R., and Khair, M. (2020). Endoplasmic reticulum stress and unfolded protein response in neurodegenerative diseases. Int. J. Mol. Sci. 21:6127. doi: 10.3390/ijms21176127 

 Harding, H. P., Zhang, Y., and Ron, D. (1999). Protein translation and folding are coupled by an endoplasmic-reticulum-resident kinase. Nature 397, 271–274. doi: 10.1038/16729 

 Hetz, C. (2012). The unfolded protein response: controlling cell fate decisions under er stress and beyond. Nat. Rev. Mol. Cell Biol. 13, 89–102. doi: 10.1038/nrm3270 

 Hetz, C., Martinon, F., Rodriguez, D., and Glimcher, L. H. (2011). The unfolded protein response: integrating stress signals through the stress sensor ire1α. Physiol. Rev. 91, 1219–1243. doi: 10.1152/physrev.00001.2011 

 Hetz, C., Russelakis-Carneiro, M., Maundrell, K., Castilla, J., and Soto, C. (2003). Caspase-12 and endoplasmic reticulum stress mediate neurotoxicity of pathological prion protein. EMBO J. 22, 5435–5445. doi: 10.1093/emboj/cdg537 

 Hetz, C., Russelakis-Carneiro, M., Wälchli, S., Carboni, S., Vial-Knecht, E., Maundrell, K., et al. (2005). The disulfide isomerase grp58 is a protective factor against prion neurotoxicity. J. Neurosci. 25, 2793–2802. doi: 10.1523/JNEUROSCI.4090-04.2005 

 Hoffstrom, B. G., Kaplan, A., Letso, R., Schmid, R. S., Turmel, G. J., Lo, D. C., et al. (2010). Inhibitors of protein disulfide isomerase suppress apoptosis induced by misfolded proteins. Nat. Chem. Biol. 6, 900–906. doi: 10.1038/nchembio.467 

 Hoozemans, J. J., Van Haastert, E. S., Nijholt, D. A., Rozemuller, A. J., Eikelenboom, P., and Scheper, W. (2009). The unfolded protein response is activated in pretangle neurons in Alzheimer’s disease hippocampus. Am. J. Pathol. 174, 1241–1251. doi: 10.2353/ajpath.2009.080814 

 Hoozemans, J. J., Veerhuis, R., Van Haastert, E. S., Rozemuller, J. M., Baas, F., Eikelenboom, P., et al. (2005). The unfolded protein response is activated in Alzheimer’s disease. Acta Neuropathol. 110, 165–172. doi: 10.1007/s00401-005-1038-0

 Hwang, J., and Qi, L. (2018). Quality control in the endoplasmic reticulum: crosstalk between ERAD and UPR pathways. Trends Biochem. Sci. 43, 593–605. doi: 10.1016/j.tibs.2018.06.005 

 Ironside, J. W., Mccardle, L., Hayward, P. A., and Bell, J. E. (1993). Ubiquitin immunocytochemistry in human spongiform encephalopathies. Neuropathol. Appl. Neurobiol. 19, 134–140. doi: 10.1111/j.1365-2990.1993.tb00418.x 

 Jin, T., Gu, Y., Zanusso, G., Sy, M., Kumar, A., Cohen, M., et al. (2000). The chaperone protein BIP binds to a mutant prion protein and mediates its degradation by the proteasome. J. Biol. Chem. 275, 38699–38704. doi: 10.1074/jbc.M005543200 

 Kang, S. C., Brown, D. R., Whiteman, M., Li, R., Pan, T., Perry, G., et al. (2004). Prion protein is ubiquitinated after developing protease resistance in the brains of scrapie-infected mice. J. Pathol. 203, 603–608. doi: 10.1002/path.1555 

 Kim, S., Kim, D. K., Jeong, S., and Lee, J. (2022). The common cellular events in the neurodegenerative diseases and the associated role of endoplasmic reticulum stress. Int. J. Mol. Sci. 23:5894. doi: 10.3390/ijms23115894 

 Kopp, M. C., Larburu, N., Durairaj, V., Adams, C. J., and Ali, M. M. U. (2019). UPR proteins IRE1 and perk switch BIP from chaperone to ER stress sensor. Nat. Struct. Mol. Biol. 26, 1053–1062. doi: 10.1038/s41594-019-0324-9 

 Koussounadis, A., Langdon, S. P., Um, I. H., Harrison, D. J., and Smith, V. A. (2015). Relationship between differentially expressed mRNA and mRNA-protein correlations in a xenograft model system. Sci. Rep. 8:10775. doi: 10.1038/srep10775

 Kranz, P., Neumann, F., Wolf, A., Classen, F., Pompsch, M., Ocklenburg, T., et al. (2017). PDI is an essential redox-sensitive activator of perk during the unfolded protein response (UPR). Cell Death Dis. 8, –e2986. doi: 10.1038/cddis.2017.369 

 Kristiansen, M., Deriziotis, P., Dimcheff, D. E., Jackson, G. S., Ovaa, H., Naumann, H., et al. (2007). Disease-associated prion protein oligomers inhibit the 26s proteasome. Mol. Cell 26, 175–188. doi: 10.1016/j.molcel.2007.04.001 

 Lin, Z., Zhao, D., and Yang, L. (2013). Interaction between misfolded PrP and the ubiquitin-proteasome system in prion-mediated neurodegeneration. Acta Biochim. Biophys. Sin. Shanghai 45, 477–484. doi: 10.1093/abbs/gmt020 

 López-Pérez, Ó., Otero, A., Filali, H., Sanz-Rubio, D., Toivonen, J. M., Zaragoza, P., et al. (2019). Dysregulation of autophagy in the central nervous system of sheep naturally infected with classical scrapie. Sci. Rep. 13:1911. doi: 10.1038/s41598-019-38500-2

 López-Pérez, Ó., Toivonen, J. M., Otero, A., Solanas, L., Zaragoza, P., Badiola, J. J., et al. (2020). Impairment of autophagy in scrapie-infected transgenic mice at the clinical stage. Lab. Investig. 100, 52–63. doi: 10.1038/s41374-019-0312-z 

 Lyahyai, J., Serrano, C., Ranera, B., Badiola, J. J., Zaragoza, P., and Martin-Burriel, I. (2009). Effect of scrapie on the stability of housekeeping genes. Anim. Biotechnol. 21, 1–13. doi: 10.1080/10495390903323851 

 Makarava, N., Chang, J. C.-Y., Molesworth, K., and Baskakov, I. V. (2020). Region-specific glial homeostatic signature in prion diseases is replaced by a uniform neuroinflammation signature, common for brain regions and prion strains with different cell tropism. Neurobiol. Dis. 137:104783. doi: 10.1016/j.nbd.2020.104783 

 Mayer, M., Kies, U., Kammermeier, R., and Buchner, J. (2000). BIP and PDI cooperate in the oxidative folding of antibodies in vitro. J. Biol. Chem. 275, 29421–29425. doi: 10.1074/jbc.M002655200 

 Mckinnon, C., Goold, R., Andre, R., Devoy, A., Ortega, Z., Moonga, J., et al. (2016). Prion-mediated neurodegeneration is associated with early impairment of the ubiquitin–proteasome system. Acta Neuropathol. 131, 411–425. doi: 10.1007/s00401-015-1508-y 

 Moreno, J. A., Halliday, M., Molloy, C., Radford, H., Verity, N., Axten, J. M., et al. (2013). Oral treatment targeting the unfolded protein response prevents neurodegeneration and clinical disease in prion-infected mice. Sci. Transl. Med. 5:206ra138. doi: 10.1126/scitranslmed.3006767

 Moreno, J. A., Radford, H., Peretti, D., Steinert, J. R., Verity, N., Martin, M. G., et al. (2012). Sustained translational repression by eif2α-p mediates prion neurodegeneration. Nature 485, 507–511. doi: 10.1038/nature11058 

 Ohno, M. (2018). Perk as a hub of multiple pathogenic pathways leading to memory deficits and neurodegeneration in Alzheimer’s disease. Brain Res. Bull. 141, 72–78. doi: 10.1016/j.brainresbull.2017.08.007 

 Orsi, A., Fioriti, L., Chiesa, R., and Sitia, R. (2006). Conditions of endoplasmic reticulum stress favor the accumulation of cytosolic prion protein. J. Biol. Chem. 281, 30431–30438. doi: 10.1074/jbc.M605320200 

 Otero, A., Betancor, M., Eraña, H., Borges, N. F., Lucas, J. J., Badiola, J. J., et al. (2021). Prion-associated neurodegeneration causes both endoplasmic reticulum stress and proteasome impairment in a murine model of spontaneous disease. Int. J. Mol. Sci. 22:465. doi: 10.3390/ijms22010465 

 Otero, A., Duque Velásquez, C., Johnson, C., Herbst, A., Bolea, R., Badiola, J., et al. (2019). Prion protein polymorphisms associated with reduced CWD susceptibility limit peripheral PrPCWD deposition in orally infected white-tailed deer. BMC Vet. Res. 15:50. doi: 10.1186/s12917-019-1794-z 

 Park, K. W., Eun Kim, G., Morales, R., Moda, F., Moreno-Gonzalez, I., Concha-Marambio, L., et al. (2017). The endoplasmic reticulum chaperone grp78/bip modulates prion propagation in vitro and in vivo. Sci. Rep. 7:44723. doi: 10.1038/srep44723 

 Perri, E. R., Thomas, C. J., Parakh, S., Spencer, D. M., and Atkin, J. D. (2016). The unfolded protein response and the role of protein disulfide isomerase in neurodegeneration. Front. Cell Dev. Biol. 3:80. doi: 10.3389/fcell.2015.00080

 Prusiner, S. B. (1998). Prions. PNAS 95, 13363–13383. doi: 10.1073/pnas.95.23.13363 

 Quaglio, E., Restelli, E., Garofoli, A., Dossena, S., De Luigi, A., Tagliavacca, L., et al. (2011). Expression of mutant or cytosolic PrP in transgenic mice and cells is not associated with endoplasmic reticulum stress or proteasome dysfunction. PLoS One 6:e19339. doi: 10.1371/journal.pone.0019339 

 Radford, H., Moreno, J. A., Verity, N., Halliday, M., and Mallucci, G. R. (2015). Perk inhibition prevents tau-mediated neurodegeneration in a mouse model of frontotemporal dementia. Acta Neuropathol. 130, 633–642. doi: 10.1007/s00401-015-1487-z 

 Roller, C., and Maddalo, D. (2013). The molecular chaperone grp78/bip in the development of chemoresistance: mechanism and possible treatment. Front. Pharmacol. 4:10. doi: 10.3389/fphar.2013.00010

 Rutkevich, L. A., and Williams, D. B. (2011). Participation of lectin chaperones and thiol oxidoreductases in protein folding within the endoplasmic reticulum. Curr. Opin. Cell Biol. 23, 157–166. doi: 10.1016/j.ceb.2010.10.011 

 Stutzbach, L. D., Xie, S. X., Naj, A. C., Albin, R., Gilman, S., Lee, V. M. Y., et al. (2013). The unfolded protein response is activated in disease-affected brain regions in progressive supranuclear palsy and Alzheimer’s disease. Acta Neuropathol. Commun. 1:31. doi: 10.1186/2051-5960-1-31

 Tanaka, M., Yamasaki, T., Hasebe, R., Suzuki, A., and Horiuchi, M. (2020). Enhanced phosphorylation of perk in primary cultured neurons as an autonomous neuronal response to prion infection. PLoS One 15:e0234147. doi: 10.1371/journal.pone.0234147 

 Thapa, S., Abdulrahman, B., Abdelaziz, D. H., Lu, L., Ben Aissa, M., and Schatzl, H. M. (2018). Overexpression of quality control proteins reduces prion conversion in prion-infected cells. J. Biol. Chem. 293, 16069–16082. doi: 10.1074/jbc.RA118.002754 

 Turano, C., Coppari, S., Altieri, F., and Ferraro, A. (2002). Proteins of the pdi family: unpredicted non-er locations and functions. J. Cell. Physiol. 193, 154–163. doi: 10.1002/jcp.10172 

 Unterberger, U., Höftberger, R., Gelpi, E., Flicker, H., Budka, H., and Voigtländer, T. (2006). Endoplasmic reticulum stress features are prominent in Alzheimer disease but not in prion diseases in vivo. J. Neuropathol. Exp. Neurol. 65, 348–357. doi: 10.1097/01.jnen.0000218445.30535.6f 

 Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B. C., Remm, M., et al. (2012). Primer3—new capabilities and interfaces. Nucleic Acids Res. 40:e115. doi: 10.1093/nar/gks596 

 Wang, P., Li, J., Tao, J., and Sha, B. (2018). The luminal domain of the er stress sensor protein perk binds misfolded proteins and thereby triggers perk oligomerization. J. Biol. Chem. 293, 4110–4121. doi: 10.1074/jbc.RA117.001294 

 Wang, S. B., Shi, Q., Xu, Y., Xie, W. L., Zhang, J., Tian, C., et al. (2012). Protein disulfide isomerase regulates endoplasmic reticulum stress and the apoptotic process during prion infection and PrP mutant-induced cytotoxicity. PLoS One 7:e38221. doi: 10.1371/journal.pone.0038221 

 Xiang, C., Wang, Y., Zhang, H., and Han, F. (2017). The role of endoplasmic reticulum stress in neurodegenerative disease. Apoptosis 22, 1–26. doi: 10.1007/s10495-016-1296-4

 Xu, K., and Zhu, X.-P. (2012). Endoplasmic reticulum stress and prion diseases. Rev. Neurosci. 23, 79–84. doi: 10.1515/rns.2011.062

 Yoo, B. C., Krapfenbauer, K., Cairns, N., Belay, G., Bajo, M., and Lubec, G. (2002). Overexpressed protein disulfide isomerase in brains of patients with sporadic creutzfeldt–jakob disease. Neurosci. Lett. 334, 196–200. doi: 10.1016/S0304-3940(02)01071-6 

 Zheng, Q., Huang, T., Zhang, L., Zhou, Y., Luo, H., Xu, H., et al. (2016). Dysregulation of ubiquitin-proteasome system in neurodegenerative diseases. Front. Aging Neurosci. 8:303. doi: 10.3389/fnagi.2016.00303



OPS/images/fnmol-16-1175364-t001.jpg
Clone n' Isotype Manufacturer Antigen retrieval Dilution

Anti-PERK Polyclonal Rabbit Abcam, Cambridge, Gitrate pH 6.0 for 1250
ab79483 1sG United Kingdom 20min at 96°C
Monoclonal Rabbit Abcam, Cambridge, Gitrate pH 6.0 for 1:500
ab108613 156 United Kingdom 20min at 96°C

Anti-PDI Monoclonal Mouse Santacruz Biotechnology, Dallas, | Citrate pH 6.0 for 1:200
F-11 (sc-166.474) 1gG Texas, USA. 20min at 96°C

Anti-Ubiquitin Polyclonal Rabbit Abcam, Cambridge, Gitrate pH 6.0 for 1100
ab7780 1sG United Kingdom 20min at 96°C

PERK, Protein kinase R -like endoplasmic reticulum kinase; BiP, Binding immunoglobulin protein; PDI, Protein disulfide isomerase,





OPS/images/fnmol-16-1175364-t002.jpg
Primer and probe

sequences (50,30)

Accession Number

EIF2AK3

HSPAS

P4HB

GAPDH

SDHA

F: AGGTCTCCGTTGCAGATTGG
R: ACTCCATCACTGGGGGTGTA
F: CCCGTGGCATAAACCCAGAT
R: GGTCATGACACCTCCCACAG
F: TCAGACTCCGCAAAGCAGTT
R: CAAAGTTGTTCCGGCCTTCG

F: TCCATGACCACTTGGCATCGT
R: GTCTTCTGGGTGGCAGTGA

F: CATCCACTACATGACGGAGCA

RATCTTGCCATCTTCAGTTCTGCTA

300
300
200
200
300
300
900
900
300
300

XM_004005901.5

XM_004005637.4

XM_027974277.2

AF_035421

AY_970969





OPS/images/fnmol-16-1175364-g003.jpg
Semiquantitative score

Clinical

Brain areas

Preclinical

Fe

T He
Brain areas

= Clinical
== Precinical
== Control





OPS/images/fnmol-16-1175364-g004.jpg
== Clinical
mm Preclinical
= Control

Sc Mo Cb H Th Pc By BGe Hc Fc
Brain areas





OPS/images/fnmol-16-1175364-t003.jpg
RK PDI Ubiquitin Spongiosis Pri
PERK - 02079+ 035015+ 00641805 0.1557ns. 02319+
BiP 0.2079* - 0.2075%%% 0.2431%% 0.2990%% 02137+
PDI 03501+ 0.2075%%% - 0.1486% 0253455 0.3545%%4%
Ubiquitin 0.06418n.5. 0.2431%% 0.1486* - 0.1840% 03090+
Spongiosis 0.1557ns. 0.2990%% 025345 0.1840% - 0.7373%%4%
Pep 0.2319%% 02137% 0354555+ 030907 07373855 -

Correlations were calculated using the completeset of data obtained in all rain areas. PERK, PKR-ike endoplasmic reticulum kinase; Bif, Binding immunoglobulin proteins PrP,
Pathological prion protein; .5, no satistically significant value. Spearman'scorelation *p<0.05, *#p <0.01, *#*p <0.001, and ***% <0.0001






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Endoplasmic reticulum stress and ubiquitin-proteasome system impairment in natural scrapie



		1. Introduction



		2. Materials and methods



		2.1. Animals and sampling



		2.2. Histological and immunohistochemical analyses



		2.3. Evaluation and quantification



		2.4. Gene expression analyses









		3. Results



		3.1. ER stress markers are overexpressed in scrapie-infected sheep



		3.2. The ubiquitin-proteasome system is impaired in scrapie-infected sheep



		3.3. Correlation between PERK, BiP, PDI, and ubiquitin proteins and neuropathological lesions









		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fnmol-16-1175364-g001.jpg
Clinical Preclinical

Thalamus

2 = Cinical = Cinical
g ‘= Predinical = Preciinical
H - Control 5w . Conirol
H H
H f.
5
3

o

s S 3
Se Mo oW W Th e By  BGc M  Fo Brain areas

Brain areas





OPS/images/fnmol-16-1175364-g002.jpg
Clinical Preclinical

== Clinical
= Precinical
== Control

- Control

MeanACt

L) Fc Th He Mo
Brain areas Brain areas





OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Neuroscience

Endoplasmic reticulum stress and
ubiquitin-proteasome system
impairment in natural scrapie












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
, frontiers Frontiers in Molecular Neuroscience






